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Abstract

Mechanical ventilation is a life-saving measureciitical and intensive care and in the
treatment of patients with chronic respiratory ffisiency. Despite of the great
significance of the supportive ventilation for teggatients, an insufficient setting of the
assistance still causes distress and lung damageung patients instead of healing them.
This still represents an unresolved problem. Adegseatting of ventilatory support can
only be achieved through the correct continuousitaong of the breathing effort of the
patient, which is subject to variations, for exaengue to muscular weakness. Until now,
an exact assessment has only been possible thaouiglivasive manoeuvre, which consists
of the insertion of a catheter or a tube into thagmt’'s body. But such a procedure is not
only uncomfortable for the conscious patients,ibalso increments the risks of injury and
infection.

The goal of this project was the design, the im@etation and the validation of a method
for the noninvasive and continuous estimation of respirateffprt during spontaneous
breathing and support ventilation.

As a first step, the human respiratory mechanicsewmodelled using the single-
compartment model of the respiratory system. Whthdid of the modelled system and its
equation of motion (EOM), the method was developeddetermine the respiratory
parameters resistance (R) and compliance (C) amdate a periodic calculation of the
breathing effort as the inspiratory Pressure-TimadBct (PTPinsp) from the calculated
muscular pressure.

The novel method received the name Occlusion+0€lteD). Its development integrated
the advantages from known procedures like the @ishart interruptions of the airway
flow (occlusion), established mathematical modglliof the respiratory system and
algorithms like multiple linear regression.

The main components of the method are the execofimaspiratory occlusions of about
200 ms and the comparison of pairs of cycles. Thémssumptions are that both the
muscular pressure and the respiratory mechanitgiselected pairs of cycles are constant
during regular breathing. The main goal is to ehaté the necessity of invasive
techniques, which are normally required to meastinedmuscular pressure or surrogates
of it. Another essential goal of the project wasdtiver the results already during the
measurement of the respiratory signals. Ultimatbly aim would be to integrate the
system in existing ventilation machines.

The implementation of the method required the aonrtbn of two electronic devices: a
shutter to generate short airway occlusions dutlegexpiratory phase of a breath and a
measurement box with a flow sensor, pressure se@sar a data acquisition system to get
and record the necessary signals. The test phasereduired the recalibration of an
electromechanical lung simulator (LS4000) and tlegmamming of its control software,
as well as the development of dedicated softwanedord, process, analyse and display
the course of the respiratory signals and the tesfithe method.

The development of the method was accompanied impuoter simulations. The provided

test data permitted the verification of the correoplementation of the measurement
system and the algorithms. In the next step, teetr@imechanical simulator was used to



produce test data under real conditions. This stmyeed as the first validation of the
estimated variables against the simulated muspuésmsure and breathing effort.

After the verification with simulations, a studyti25 healthy volunteers (10 smokers and
15 non-smokers) was executed. The examinationsicaat three levels of effort: normal,
augmented by added dead-space and reduced by 10 ahipmessure support with a
commercial ventilator. These three levels were with the volunteers, to represent
conditions of adequate and insufficient suppogatients from the ventilator.

The O+D method was validated in the study with atders by comparing its performance

and results to those of the simultaneous invasieasmrement of transdiaphragmatic

pressure (Pdi), using a double-balloon cathetdn thi¢ balloons placed in the oesophagus
and in the stomach, in combination with multipleekr regression.

The examinations with the volunteers took aroune baur each, the short occlusions of
the O+D method did not disturb the subjects and/eledd the expected signals. This part
of the project required deeper analysis to:
1. identify abnormal cycles — for example breaths udelg swallowing — and
artefacts,
2. to automatically and correctly recognise the sigti@m the occlusions
3. and to identify the corresponding effort level.

In general the estimation of resistance from théQOrethod was lower than the results
from the invasive method, whereas the differencesompliance from the non-invasive
and the invasive method strongly varied. Accordmghese results, the O+D method can
contribute to quantify the resistance, but the meitgation of the compliance is not reliable
enough yet. Nevertheless the values of R and C ft@mO+D method could be used to
create successful reconstructions of the muscuéaspre of the single cycles.

For the final validation of the method, the vale¢she inspiratory Pressure-Time-Product
(PTPinsp) from the invasive measurement of thesttephragmatic pressure (REPand
from the non-invasive estimation of the musculaespure (PT&p) were compared
through linear regression and the Bland-Altman ysigl These revealed ample positive
agreement between the PTPinsp values from bothadetfPTR.p = 1.13*PTRy - 0.85,

R2 = 0.84; meanz 2SD of the differences = -1.78.287mbar*s;n = 2500 cycles) with
increased variation of the differences during augpest effort.

The main contribution of the method developed Hays in its useful non-invasive and
continuous assessment of changes in respiratavyt.eff

Although the procedure described in this investigatis not completely ready for
implementation in commercial devices yet, manyhef dbjectives were reached. Certainly
it can be concluded that — based on the novel O€ihod — a procedure for commercial
devices for assisted ventilation can be implement€dis would bring important
advantages: a prompter and a more adequate seftingntilatory support _duringhe
ventilation of patients suffering respiratory infstiency without invasive catheters or
tubes.



Zusammenfassung

Die maschinelle Beatmung ist eine lebenserhaltavidBnahme, sowohl in der Notfall-
und Intensivmedizin als auch fur chronisch atmumgdifiziente Patienten. Trotz der
groRen Bedeutung der unterstiitzenden Beatmung Iesierd Patienten stellt eine
unzureichende Einstellung der Assistenz ein un¢ggd6Broblem dar. Essenziell fur die
richtige Auswahl der Unterstiitzung ist eine koreektberwachung der Atemleistung der
Patienten, welche Schwankungen - beispielhaft d&chidung - unterworfen ist. Dies
kann bisher nur durch ein invasives Mandver - giedas Einbringen eines Katheters oder
einer Sonde in den Patienten - ausreichend exaeschatzt werden. Aber solch eine
Prozedur ist nicht nur unangenehm fir die bei Betaesn behandelten Patienten, sondern
sie erhdht auch das Verletzungs- und Infektioriguisi

Ziel dieses Projektes war das Design, die Umsetzumpdie Validierung einer Methode
zur nicht-invasiven kontinuierlichen Schatzung ééemleistung bei Spontanatmung und
unterstitzender Beatmung.

Zunachst wurde hierfur die Atemmechanik beim Meersctiurch das Ein-Kompartiment-
Modell des respiratorischen Systems modelliert. Mife des modellierten Systems und
dessen Bewegungsgleichung (EOM) wurde die MethanleBestimmung der Parameter
Resistance (R) und Compliance (C) entwickelt. Déchste Schritt beinhaltet dann die
periodische Kalkulation der fir die Inspiration bagten Atemleistung — pro Atemzug, als
das inspiratorische Druck-Zeit-Produkt (PTPinspy dem berechneten Muskeldruck.

Die neuartige Methode wurde Occlusion+Delta (O+Dgnannt. Ihre Entwicklung

integriert die Vorteile aus bekannten Prozedurere wiie Nutzung von kurzen

Unterbrechungen des Luftdurchflusses (Okklusionetgblierte mathematische Modelle
des respiratorischen Systems und Algorithmen waeMiultiple Lineare Regression. Die
Grundlagen der O+D Methode sind die Durchfihrungn vea. 200 ms langen

exspiratorischen Okklusionen und der Vergleich mwehtemziige, basierend auf den
Annahmen, dass der Muskeldruck bei diesen Atemzig@hrend regularer Atmung
ahnlich und die Atemmechanik konstant ist. Hieris#i das Ubergeordnete Ziel, die
Notwendigkeit von invasiven Techniken zu eliminigredie normalerweise bendtigt
werden, um den Muskeldruck oder dessen Substituteessen.

Ein weiteres wesentliches Ziel der Arbeit ist ee &rgebnisse bereits wahrend der
Messung der respiratorischen Signale zu liefernmiDaverbunden ist die logische
Schlussfolgerung, ein solches System in vorhanBea¢mungsgerate zu integrieren.

Die Umsetzung der Methode erforderte die Herstgllmweier elektronischer Gerate: ein
Shutter, um kurze Okklusionen der Atemwege in desadmungsphase eines Atemzuges
akkurat zu erzeugen, und ein Messgerat mit Druokt Durchflusssensoren sowie einem
Datenerfassungssystem, um alle notwendigen Sigpnaleerfassen und zu speichern.
Erforderlich  fir die Testphase waren aul3erdem diealibKierung eines
elektromechanischen Lungensimulators (LS4000) und Brogrammierung seiner
Steuerung, sowie die Entwicklung der Software zda€sung, Verarbeitung, Analyse und
Darstellung des Verlaufes respiratorischer Signatkder Ergebnisse der Methode.



Die Entwicklung der Methode wurde von Computersmtiohen begleitet. Diese lieferten

Testdaten und ermdglichten die Verifikation desrékien Aufbaus des Messsystems und
des Algorithmus. Im n&chsten Schritt wurde der tetekechanische Lungensimulator

dahingehend etabliert, Testdaten unter realen Beadgen zu erzeugen. Diese Etappe
diente der ersten Validierung der geschatzten Ybmm gegentber den bis dahin

simulierten Daten fir den Muskeldruck und die Ateistung.

Anschlie3end wurde eine Studie mit 25 gesundenapiadn (10 Raucher und 15 Nicht-
Raucher) durchgefihrt. Die Messung enthielt dreife®t der Atemarbeit: normal, erhéht
durch zusatzlichen Totraum und vermindert durchmilfar unterstiitzenden Drucks aus
einem kommerziellen Beatmungsgerat. Diese dreie8tukurden mit den gesunden
Probanden festgelegt, um Umstande darzustellenlenen Patienten angemessene und
unangemessene Unterstltzung durch das Beatmungbgi&oinmen. Die Validierung der
entwickelten O+D Methode in dieser Studie basiet @&em Vergleich der erhobenen
Messdaten mit parallel erhobenen Messungen desdiegsghragmalen Drucks (Pdi) durch
invasiv in den Osophagus und den Magen eingefidoppel-Ballon Katheter.

Die Untersuchungen mit den Probanden dauerten [pwéva eine Stunde. Die kurzen
Okklusionen der O+D Methode haben die Probandeht rgestort und lieferten die
erwarteten Signale. Dieser Teil des Projektes hgietiveiterfihrende Analysen zur:
1. Identifikation von nicht normalen Atemzigen - bésfipaft Atemzigen mit
Schluckbewegungen - und Artefakten,
2. automatischen und korrekten Erkennung der Signedelan Okklusionen,
3. und die Zuordnung zu den am Beatmungsgerat eirigesteeistungsstufen.

Im Allgemeinen war die Schatzung der Resistancelddie O+D Methode niedriger als
das Ergebnis der invasiven Methode. Bei der Compdavariierten die Differenzen
zwischen den Methoden deutlich. GemaR diesen Eiggdm kann die O+D Methode
einen Beitrag liefern, die Resistance zu quanéfem, wahrend die Bestimmung der
Compliance mit diesem Verfahren noch als unzureidheu bezeichnen ist. Dennoch
konnten die Werte von R und C aus der O+D Methaderilgreichen Rekonstruktionen
des Muskeldrucks der einzelnen Atemziige eingesetzten.

FUr die endgiltige Validierung der Methode wurdee Werte vom inspiratorischen
Druck-Zeit-Produkt (PTPinsp) aus der invasiven 8teg) des transdiaphragmalen Drucks
(PTRg) und die aus der nicht-invasiven Schatzung deskMdseucks (PTB.p) durch
lineare Regression und die Bland-Altman Analysegkeen. Diese zeigten ausreichende
Ubereinstimmung zwischen den PTPinsp Werten beidethoden (PTB:,p = 1.13 *
PThygi - 0.85, R2 = 0.84; Mittelwert + 2s der Differenzen1.78 + 7.18 mbar * Sek; n =
2500 Atemzuge) mit breiterer Schwankung der Difieen bei erhdhter Anstrengung.

Der Hauptbeitrag der hier entwickelten Methodetliag der wertvollen nicht-invasiven
kontinuierlichen Schéatzung der respiratorischentesmgung.

Auch wenn das hier abgebildete Verfahren noch nitthtReife fur eine kommerzielle
Einbindung in Beatmungsgerate hat, sind viele @erleiteten Ziele erreicht worden. Es
kann sicherlich die Schlussfolgerung gezogen werddass - basierend auf dieser
neuartigen O+D Methode - ein Verfahren fiur kommnadltei Gerate zur assistierten
Beatmung implementiert werden kann. Damit wareni 2seebliche Vorteile verbunden:
schnellere adaquate Einstellung der Unterstitzunghrend der Beatmung
atmungsinsuffizienter Patienten ohngasive Katheter oder Sonden.



Table of Contents

Y 0153 1 = Lo OO PPPPPP Il
ZUSAMMENTASSUNG ...ttt e s e e e e e e e e e e e e et eeeeeebbaesn s e e e e e e e eeeaaas AV
I [ 01 1o o [FTox 1 o] o TP PPPPUPUPPPPR 14
0 R |V o 1Y Z= 11 [0 o PP 14
1.2 FUNAAMENTAIS ...ttt e e e e e e e e e 14
0 A o 1270 (o T | U 14
1.2.1.1  Ventilation .......ooooiiiiiiiiiii e 15
1.2.2 PathophySiology ....ccceeeiiiuiiiiiii e e 15
2 T W o 0 1= o o = g (o 16
1.2.3.1 The single compartment model ........cccoaeeiiiiiiiiiis 16
1.2.3.2 The equation of MOLION ..........coiiiccceeeeeeiiiiere e e e e e 18
1.2.3.3 Work of breathing........ccooooo oo 20
1.2.3.4 Inspiratory Pressure-Time Product.....cccccccooeeeeeieeeeeieiieeceeiiiiiinnns 20
1.2.4 Mechanical VeNtilation ............cooii oo 21
1.2.4.1 Functional principle and iNnterfaces ... .cceeerereereerrririiiiiiinnnnnnn. 21
1.2.4.2 Positive end-expiratory PreSSUIE ...eeeeeeeiiriniiiiianeeeeeeeeeeeeeee 21
1.2.4.3 Triggered pressure SUPPOIT ......... o eeeeeeerrrmmnnnnnnmnaaeeaeeeeeeeeeeens 22
1.2.4.4 ASSOCIAtEA MSKS ...uuviiiiiiieie ettt 22
1.3 State OF the @IT..cccoi i e 23
1.3.1 Assessment of respiratory mechaniCs....ccccccc.vuvvviiiiiiiniiiieeiiis 3.2
1.3.1.1 Methods to assess respiratory mechaniCS...c....ccoeeeeevvevvvveeennnnns 23
1.3.1.2 Comparison of existing methods ..........ccccoeiiiiiiiiiiiiiiiiieiiiiis 27
1.3.2 Adaptive Ventilation ..............uuuiiieemmmiiiiiiiiiiiie e e e e e e e e ee e 28
1.3.2.1 Adaptive support ventilation .........cccccceeeieeiieiiiiiiiiceeen 28
1.3.2.2 Proportional pressure SUPPOIT...... o eeeeeeeereeeeeeeriininniinnnneeeeeae 29
1.4 Definition of the Problem ... 30
141 PUIPOSE ..ttt s s+t e ettt e e ettt e e e e et e e e eaa e e e ennnn e e e enaneaee 30
1.4.2 MethOUOIOQY......cceeiiiiiiiiiiiitieeit ettt e e e e e e e e e e e e eeeeeeesbnnnnneenenees 30
2 Materials and MethOAS ..........uuiiiiiiiiiiiiii e 34
2.1 BasSiS MELNOUS .......coiiiiiiiiiiiiie i eemmmmm e e e e e e e e 34
2.1.1 EXPIratory OCCIUSIONS ........uuuuuuuieeeeeeiiniiissaseeeeeeeeeeeeeeeeeeeennnnnnnnnns 34
2.1.2 The Delta-INSt PriNCIPIE.........uuuutt e e e e 34
2.1.3 Multiple linear regreSSION............ cocceeeeeeeeeiiieiiiese e e e e e e e e eeeeeeeeeseeeeenees 35
2.1.4 Computation of MUSCUlAr PreSSUIE. ... eeeeeeeiiiiiiiiiiaaaae e e eeeeeeeeee 37
2.1.5 JOINING MELNOUS.....ccii i i e i s e e e e e e e e e aeeeeeeeeessssnnnnneennnes 37
2.1.6 The Occlusion+Delta method: implementatioth @onsiderations.............. 40
2.1.6.1 Similarity Of CYCIES.....covviiiiieeeee e 40
2.1.6.2 Selected pairs of CYCIES........oovviiiiiiiiiiiiii e 41.
2.1.6.3 Definition Of QULHEIS .......ccooeiii e 41
2.1.6.4 Graphical deSCriptioN............uuuummeeieiieiiiaae e e e e e e e eeeeeeeeeeeeeanans 42.
2.2 SIMUIALEA GALA .....cceiiiiiiiiie it e e e e e e e e e e bbb bbb e e 43
2.2.1 Computer SIMUIAIONS. ......uuiee et e e eeeeeees 43
2.2.2 Simulations with the lung simulator LS4000...........ccccoeviiiiiieeeeinieeeeeeennns 44
2.2.2.1 The active [lung SIMUIALOT .........oi i 44
2.2.2.2 Resistance and cCOmplianCe...........ccceeeeviiiiieeeiiiiicceee e 45
2.2.2.3  Software CONtrol ..o 45
2.3 Invasive measurement of transdiaphragmatiGpres............ccccvvvvvevvivivniiiiiieeeeeenn. 46

Vi



2.3.1 The balloon catheter teChNiQUEe.......cooeeiiiiiieiie e a7

2.3.2 Filtering artefacts and offset COrrection...............ccoovveveeiviiiiiccienneee 48
2.4 Study WIth VOIUNTEEIS ......ueeiiiiie e 50
At R S (8T VAo [ o | o 50
2.4.2 Validation SEIUP ........ooiiiiiiiiiiiiicemmemer e e 51
P2 3G TR Y/ 11 1 T Yo o] [0 To ) 2 54
244 SABLY ..ttt n———— e aaarr 56
2.5 EVvaluation Of FESUILS ......uueiiiiiiiiiii e e 57
2.5.1 Abnormal signals and outlying estimates...............cccceeviiiiiiiiiiiiiiieieiiiinnns 57
2.5.2  SHALISTICS . ..iieeeeeee et e e e a e b e 58
3 RESUILS .. e e 60
3.1 Results from the invasive reference methQd.............cccceveviiie, 62
3.1.1 Simulations with the lung SIMUIALOr....cccaeeiiiiiiiiiiiii e 62
3.1.1.1 Results per simulation CASE........ e eeeeeeeeeeeeeerieeeeeiiiii 62
3.1.1.2 Analysis Of pPhasSesS PEr CASE ........uuuuuuumrrmriiiiiiaeeee e eeeeeeeeeeeeiiieeaanes 62
3.1.2 Results of the study with VOIUNTEErS..cuueeeeeiiiiiiieeeeeeee e 62
3.1.2.1 Preparation and pre-processing Of dat@ . .coooevvveeeeeiiiiieiiiiiinnn, 62
3.1.2.2 ReSUItS Per SUDJECT.....uuueiiiiiii e 67
3.1.2.3 Analysis of phases per subject..... . eeeeiiiiiiiiiiiiiieeeeeeiieeeeenn. 67
3.2 Results from the non-invasive O+D Method..............ccccuvviiiiiiiiiiieeeeee 68
3.2.1 Simulations with the lung SIMUIALOr....cccaeeiiiiiiiiiiiii e 68
3.2.1.1 Results per SIMUlation CASE........ o eeeeeeeereeeerriiiiiiinaaaeeeeaaaaaes 68
3.2.1.2 Analysis Of pPhases PEr CASE ........uuuuuuuurrrmiiiiiaeeeeeee e e eeeeeeeeiereenanns 68
3.2.2 Results of the study with VOIUNIEErS..cuueeeeeiiiiiiiceeeeeee e 68
3.2.2.1 ReSUIS Per SUDJECE ... .. 69
3.2.2.2 Analysis of phases per subject... Y 4 0
3.3 Validation of the non-invasive O+D method 70
3.3.1 Simulations with the lung simulator......ccec...ccicceiiiiieeeeeeeeeeeeeeeeeeeeenn 0
3.3.1.1 Validation results per simulation case.............ccccceeeeeiiieeieeiinneenen. 70
3.3.1.2 Analysis Of pPhaSes PEr CASE ........cuuuuuuurrriiiiiieeieeeeeeeereeeeeeeeenenanens 72
3.3.1.3 Overall analysis of simulation cases...........ccccceeeeeeveiiiiiiiieeeeennnnn, 73
3.3.2 Results of the study with volUNtEers...ceeeeceeiieeeiieeiiieeeeeeeee 4
3.3.2.1 Validation results per SUDJECL ... eeeeemiiiiinaieee e 74
3.3.2.2 Analysis of phases per SUDJECL..... . eeeeeeeeiiniiiiiiiiieeeeeeeeeeennnnn 11
3.3.2.3 Overall analysis of data from volunteers.............ccccceeeeeeeeevnnnnnnnn. 78
3.3.2.4 Overall comparison of phases ..... ... eeeeeeeeeeeeeeeeieeeeininiinnennns 19
3.4 Summary Of MaIN FESUILS.........ooiiiiii oottt e e e e ee e e e e e eeees 80
I T ot U 1] o] o OO PPPPPPPPPPPP 83
4.1 Dealing With real data.............oooiiiceeariiii e 83
4.1.1 Invasive measurement Of Pdi..........ocoeeeeeiiiiiiiiiiie 83
4.1.1.1 Measurement Of gaStriC Pre@SSUIE .....ccceeurrmuiiiiaaaeeeeeeeeeeeeeeeeienens 83
4.1.1.2 Disturbances, presumed reactions and caadiefacts ................... 84
4.1.1.3 Constant and variable offSet............uuiiiiiiiins 86
4.1.1.4 Abnormal pressure SIgNalS ..........cccceeeeuvrrummmiiiiiieeeeeeeeeerereeeennnnnn 87
4.1.2 Measurement Of flOW........ccoooiii i 88
4.1.2.1 Real expiratory flOwW...........ooviiiieeeemiciiiiciie e 88.
4.1.2.2 Volume compensation and flow offSet. oo, 89
4.1.2.3 Quality of the 0CCIUSIONS .........uueiiieeeiiiiiieeeeecr e 90
4.2 The Occlusion+Delta method: Comparison to taeeofthe art .............coevvvinnnnnes 90
4.3 Agreement between Methods..........oovicecee i 93
4.3.1 Resistance and ComplianCe...........ooooeeeiriiiiiiiiiiiiie e 93

1



4.3.2 Agreement Of PTPINSP ....cooviiiiiiiiiimmmmmmm et e e e e e e 96

4.3.3 Suitability of the RC model...........voreiiiiiieeeie e 98
5 Conclusions and OULIOOK ............ooieiiiiiiiiee s 100
I I (=T = (0] (= TP PPPPPPPPPPPPR 102
7 LISt Of PUBDICALIONS ...t e a e 107
ANNEX AL POSTEL ...t et e e e e e e e e e s mme e e e e e nnnn e e e e eenes 109
Annex A2. Letter from the commission Of ethiCS..uu.coovviiiiiiiiiii e, 110
ANNex B. DediCated SOfWAIE.........uuuiiiiiiiieeeeeiie it e e e e e 111
Annex C. Dedicated NArdWAIE .............uuuuiieeeeiiiiiiiiie et 116
ANNEX D. EIECIIONIC TALA ... ..uvveieiiiiiiiiies sttt e et rr e e e e e e e e e e e nne 117
Annex E. Smokers vS. NON-SMOKEIS ........coooiiiiiieiiiiiiiiiii e 118
Annex F. Detailed results of the analysis of phases.........cccccccvceiiiiiiiie e, 119
ACKNOWIBUGES ...ttt e e e e et et e e e e ee e e e e et e esaeebnn s 122
CUITICUIUM VITBE ...ttt ettt et e e e e e e e e e e e e s e e s e n e e e e e e e e e e e e e e e e e nnnne 123

VI



List of fi

Figure 1-1:
Figure 1-2:
Figure 1-3:
Figure 1-4:
Figure 1-5:
Figure 1-6:
Figure 1-7:
Figure 1-8:
Figure 1-9:
Figure 1-10
Figure 1-11
Figure 1-12
Figure 1-13
Figure 1-14
Figure 2-1:
Figure 2-2:
Figure 2-3:
Figure 2-4:
Figure 2-5:
Figure 2-6:
Figure 2-7:
Figure 2-8:
Figure 2-9:

Figure 2-10:
Figure 2-11:
Figure 2-12:
Figure 2-13:
Figure 2-14:
Figure 2-15:
Figure 2-16:
Figure 2-17:
Figure 2-18:
Figure 2-19:
Figure 2-20:
Figure 2-21:
Figure 2-22:
Figure 2-23:
Figure 2-24:

Figure 3-1:
Figure 3-2:
Figure 3-3:
Figure 3-4:
Figure 3-5:
Figure 3-6:
Figure 3-7:
Figure 3-8:
Figure 3-9:
Figure 3-10
Figure 3-11

gures

Displacement of the diaphragm durirgphming .............cooevvviiviiiciinennnn. 15.
State of the airways before and afteattack of asthma ............................ 6..1
The linear single compartment modeaheflung..............ccccceeeeiiiiiinenennnn 17
Pressure-volume loop and the calculatioccompliance ...............ovvvvciiinnnnn. 18
Equivalent circuit for the RC modeltbé respiratory system. ....................... 19
Patients receiving invasive and noragive ventilation..............cccccc.ovvene. 1.2
Scheme of measured signals in a P@ILKION. ........ccccoeveveiiieiiiiiiiieiiiinnns 23
Determination of R with an inspirat@gclusion............cccovvviiiiiiiiciiiies e 24
Determination of R with an expiratogclusion..........cccoooeviviiiiiiiiiiiiiiiiies 25

: Scheme of the delta-inSt Method. oo oo, 27

: Flow and volume assistance in PPS.............uvvviiiiiie, 29

: Scheme of signals for the O+D method..............cooooiiiiiiiiee 31

: Overview of methods and data ....cccceevveeeeeieiiiiiiiiiee e, 33

: Overview of tasks performed for thesant investigation............................ 33
Example of measured Pdi and a posegiolenstruction..............cccceevvvvvvvinnnns 37
Signals of a normal and an occludediktad cycles...........ccccooviiiiiinnnnnd 8.3
Similarity test using the flow-volumaationships.........ccccceeeviiiiiieniinnnne, 40
Summary of steps for the novel methad.............cccceeeeiiiiiiiiiiiiiiieeee, 42
Simulink model of a system affectecbffget and noise. ...........cccccceeeeeeennnnn. 43
Simulation setup with the active luMWEator............ccceeiiiiiiiiiiiis 44
Scheme of the SIMUulatioN SETUP. ceeeemaerivieeee e e 45
User interface of the software to colnine simulator. ..............................46
Single and double balloon catheters.............cccccceiiiiiiiieiiieeeeeeee a7

Pressure measurement with two singlledn catheters..............cccevvvvvnnnnes 47
Pressure measurement with a doubledratatheter.................ccccvvvvieeneeen. 48
Cardiac artefacts in the measuredstliaphragmatic pressure..................... 49
Single-sided amplitude spectrum ofrtteasured Pdi................cccevvvvvvivinnnes 49
Validation SETUP ....cevveiiiiiiceeeee e 51
Evita4 and shutter, front side andklmde ............ccccoceeiiiiiiiiiii e 52
Capnograph and sensors 0f @@ SPQ...........coovvviiiiiiiiiiiiiiiii e 52
SENSING SYSIEIM . e e e e e e e e e e e e e e e e e eees 52
Double-balloon catheter........ . e 53
Device for measurement of oesophammdlgastric pressure....................... 53
Interface shutter-ventilator..............coooivi i 53
MeEaSUIEemMENT DOX ....oooiiiiii e e 54
Setup in the study With VOIUNIEEIS..cc..uuvveeiiieiiiee e 55
Two examples of abnormal Pdi......cccc.uuviiiiiiiiis 57
Examples of disturbances in flow duswallowing ............ccccooeeeiiiiiiiiinnnns 57
Pressure signals for placement of #ilebn-catheters.....................ooll 63..
Examples of Pes, Pga and Pdi in tHeréift levels of effort ........................ 63
Analysis of frequencies of Pdi of thdiééerent subjects...........ccccccoveneeee 64.
Example of original and filtered Pic............ouuiiiiiiiiiinieeeeee, 64
Percentage of cycles with abnormalgedisubject ..............cccoovvvvvriiinnnnns 64.
Example of offset correction in Pdio............oooiiiiiiiiiiiiieeeeeee 65
Offset correction in Pdi from subjeBtdhd 27.........cccceevveiviiiiiiiiiiiieanad 65
Cycle with high end expiratory volume................ooooiiiiiiiiiiiiiiies 66
End-expiratory volumes in cycles withand with leak.................ccceeeeee 66
: Examples of signals in occluded cyele3 levels of respiratory effort........ 69

: Examples of simulated Pdi and itS mgt@ICtions. ..............ceevvvvivviieeennn. 70.

IX



Figure 3-12:
Figure 3-13:
Figure 3-14:

Summary of results for a single simakacase. ............ccccoeeeviveiiiiiiiiinnn. 71
Differences in R and C between methiodise simulated cases. ................. 72
Analysis of phases by Bland-AltmarPdPinsp per simulation. ................. 72

Figure 3-15: Results of O+D with SIMulationS....ccc....ceiiiiiiiiiii s 73
Figure 3-16: Summary of results for single subjects............cccooeeiiiiieeeee, 74
Figure 3-17: Differences in mean resistance andptiance between methods................ 76
Figure 3-18: Differences in PTPinsp for all 25 v@Rers.............cooooiiiiiiiiicee, 76
Figure 3-19: Analysis of phases by Bland-Altmargd#n of two subjects. ..................... 77
Figure 3-20: Analysis of phases by Bland-Altmargdsn of PTPinsp per subject.......... 78
Figure 3-21: Analysis of mean R and C of all sutgjgrer phase...........cccovvvvvvivvvinnnns 78..
Figure 3-22: Regression and Bland-Atman analysiRTd?insp from all volunteers......... 79
Figure 3-23: Overall mean differences in PTPingwben phases. ...........cccccvvvvviviiinnnnnn, 80
Figure 3-24: Differences in mean resistance andptiance between methods................ 81
Figure 3-25: Differences in PTPinsp for all 25 v@lers.............ccooeeevieviiciee e 82
Figure 3-26: Regression and Bland-Atman analysRTd&®insp from all subjects. ........... 82
Figure 4-1: Observations on the invasively measpredsures.............cccceeeevvvvvvvnnnnns 84..
Figure 4-2: Divergence of areas due to a distu®amedi................oeeeeeeiiiiiiiiiiiiiienes 85
Figure 4-3: Presumed reactions of Pdi in an ocdwdel an undisturbed cycle................ 85
Figure 4-4: Effect of a constant Pdi offset in RTdpi and correction.............ooceeeeeeeeee. 6..8
Figure 4-5: Changing offset in transdiaphragmat@spure................cccceeeeiiiiiieeeeeeeen. 37
Figure 4-6: Cycles with normal and abnormal Pdie...........oooooiiiiiiiiiiiiiiiiees 88
Figure 4-7: Exponential decrease of expiratory fEowd FV-100p...........ovvvviiiiiiiiinnennnn. 89
Figure 4-8: Non-exponential decrease of expirationy and FV-100p. .......cccceeeiviinennnnn. 89
Figure 4-9: Offset in the flow SigNal ...........uiiiiiiii e 89
Figure 4-10: Flow signal from slow valve closureamold study ..............ccceevvvveerinnnns Q.9
Figure 4-11: Example of large variation of R antt@n real data.................cccovvvvennnnns 4.9
Figure 4-12: Mean R and C per volunteer per phas€.........cccoeeeeeiiiiiiieiiiiiiiiiiinane 95
Figure 4-13: Mean R and C per volunteer per phaBex—lots ..........ccceeveeeeeeeiiiiiiennnnns 95
Figure 4-14: Scheme of expected differences in BIIRI.......ccevvvriviieniiiiiiniieeeeeeeeeee Q8
Figure 4-15: Example of agreement per phase USTIRIR .....cooooeeeeeeieeiiiieeee, 99
Figure B-1: Window for SOUrce SeleCtion..........cc.ouuuuiueiiiiiiiiieee e 111
Figure B-2: USer INErfaCe .........cooiiiiiiieeee et e e e e e e e e ee e e e e e eeeeaneees 112
Figure B-3: Example of outputs while the programuisning.............cccceeeeeinieeeeeeeeneene. 31
Figure B-4: Flow chart of the program for O+D . cceeeeeiiiiiiiiiiiiiiiiiie e eeeen, 114
Figure B-5: WINAOW fOr F@SUILS.....ccooi i 114
Figure B-6: Window for offline analysis.......cu.ooiiieiieieiiieec e 115
Figure C-1: SNULET CIFCUIIIY ...uueeiiiiie et e e n e e e e e e e e 116
Figure E-1: t-test for comparison of R and C of kere and non-smokers..................... 118



List of tables

Table 2-1: Model parameters for simulation with lilveg simulator. ...........cccccoeeivennnenn. 45
Table 2-2: Timing for the examination phases...............cvcviiiiiiii e, 56
Table 3-1: Overview of the chapter ReSUILS. ... 60
Table 3-2: Abbreviations used in the tables Of R8SU...............cccoooviiiiiiiiiiiiiiiiiee, 60
Table 3-3: Cases simulated for the validation 0DQ...........oooviiiiiiiiiiiiiii e, 61
Table 3-4: Demographic data of the participantgefstudy ............cccoevvvvviiiiiiinnnn e 61
Table 3-5: R and C from the simulated cases bygdimérol method...............ccoooeeeiiiiie. 62
Table 3-6: Characterisation of the balloon catleter............coooiiii e 63
Table 3-7: R and C from the volunteers by the imeamethod. ...........cccoovviiiiiiinnn. 7.6
Table 3-8: R and C from the simulated cases byotHB method. ...........ccccceeevveeeiinnnn, 68
Table 3-9: R and C from the volunteers by the O+&had. ..., 9.6
Table 3-10: Validation results from simulated Cases.............cccccvvvvviiiiiiiieiiieeeieneenns 71
Table 3-11: Results of measurements with volunteers..............oouviiiiiiinieeeeieeenn. 75
Table 3-12: Sample results of measurements peephas.............cccevvvevviiiivinnnnns v 77
Table 3-13: Results of measurements with volunteers..............oovvvviiiiiiiniieeeeeeeenn. 81
Table 4-1: Differences between mean resulting andlated values of Rand C............. 93
Table 4-2: Agreement of PTPinsp using values of MbRthe reconstruction................. 99

XI



Notation

ALl
ARDS
ASB
ASV

Acute lung injury
Acute respiratory distress syndrome
Assisted spontaneous breathing
Adaptive support ventilation
Intercept of the regression line
Compliance, Capacitance
Gliding average of Cocc
Compliance calculated by multiple linear reggion
Carbon dioxide
Compliance calculated by the Occlusion+Dekghod
Chronic obstructive pulmonary disease
Continuous positive airway pressure

Mean difference
Data acquisition card
Elastance
Similarity factor
End inspiratory occlusion
Equation of motion
Extrinsic positive end-expiratory pressure
Flow assistance in PPS mode
Functional residual capacity
Null hypothesis
Intrinsic positive end-expiratory pressuieg @autoPEEP
Length of the tube, litre
Least squares fitting
1) Number of equations
2) Slope of the regression line
Multiple linear regression
Measured muscular pressure
1) Number of coefficients
2) Number of samples
Amount of cycles with normal Pdi
Occlusion+Delta method
Pressure
Significance level
Offset pressure
Airway occlusion pressure
Alveolar pressure
Pressure at the airway opening
Proportional assist ventilation
Airway pressure
Calculated muscular pressure
Transdiaphragmatic pressure
Driving pressure
Positive end-expiratory pressure
Elastic pressure
Oesophageal pressure
Gastric pressure
Transpulmonary pressure
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Pmus Muscular pressure

Pmus Offset muscular pressure

Pol Pleural pressure

PPS Proportional pressure support mode

Peps Increase of pressure in PPS mode

Pre Resistive pressure

PSV Pressure support ventilation

PTP Pressure-time product

PTPinsp Inspiratory pressure-time product

PTRur PTPinsp from the reconstruction of Pdi using patans from MLR
PTRy:p PTPinsp from the reconstruction of Pdi using tbeah method
PTRbgi PTPinsp from the measured Pdi

R Resistance

r 1) Radius of the tube

2) Model output error
3) Correlation coefficient

R? coefficient of determination
Rcurr Gliding average of Rocc
Rfit Resistance calculated by multiple linear regren
Rint Resistance determined with the interrupter teakiq
Rocc Resistance calculated by the Occlusion+Deétnoa
S Sum of the squared errors
sd Standard deviation of the differences
SD Standard deviation
SpG Arterial oxygen saturation
t 1) Time
2) t-value
Vv Volume
V' Flow
VA Volume assistance in PPS mode
Vee End-expiratory volume
Vy Tidal volume
W Work
WOB Work of breathing
A Difference, change
0 Parameter set
w Viscosity of the fluid
i, Hx Means of the populations x and y
T Time constant
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1 Introduction

The interest of adapting mechanical ventilatiorth® individual patient has continuously
increased over the last years, as the technicallplitses advance and the knowledge in
the area grows. Although numerous improvements haeen reached in different
ventilation techniques, adaptation of support i sh unresolved issue for medical
personnel and patients. This work deals with theeldgment and validation of a method
for continuous non-invasive assessment of respyatoechanics towards a better
adaptation of ventilatory support.

1.1 Motivation

The increasing number of patients being diagnosidd respiratory pathologies like the
chronic obstructive pulmonary diseaG@OPD) as well as the necessity for faster weaning
from mechanical ventilation have increased the neddventilatory support for
spontaneously breathing patients. In this field, tbn-invasive interfaces have also gained
significance over invasive techniques [1]. Non-igsiva ventilators nowadays are not only
used in hospitals and intensive care areas butimlsorsing institutions and in home care.
In the latter cases particularly, the availabibfytrained personal as a nurse or a doctor to
continuously check the adjustment of the ventilai® limited and inadequate ventilatory
settings may then have a negative effect on thiergat state of health. For that reason,
adjustment of ventilatory support as response teir tiindividual requirements is
advantageous and desired [2]. The ideal is to nitagessible that the respirator derives
information from the spontaneous breaths of tha@epatand may, inside the ranges
established by the physician, adapt to his/her s:i€Blde core of this work is therefore, the
development and validation of a novel method foe thon-invasive assessment of
respiratory mechanics during spontaneous breatmndgventilatory support.

1.2 Fundamentals

The present section summarizes general conceptdedet® understand this work. It
contains an overview on the physiology and pathsjoihygy of the respiratory system,
followed by concepts of lung mechanics and meclanientilation.

1.2.1 Physiology

The respiratory tract can be divided in the uppepiratory tract comprising the nose,
mouth and pharyngeal regions and the lower regpyratact comprising the trachea, the
bronchial tree and the lungs. The bronchial tremasle of two tubes called bronchi which
bifurcate numerous times until reaching the terinbranchioli. Those hold the air sacs
called alveoli. There the gas exchange takes place.

According to their way of function, the componemwisthe respiratory system can be
classified inpassive and active structuteBhe passive structures are the respiratory tract
including both upper and lower airways, the surcbng tissues and the thorax. The active
part is composed by the respiratory muscles redpendor the inspiration. The
mechanical behaviour of the respiratory systemasell on the relationships between
flows, volumes and pressures acting on those stest Especially under pathological
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1 Introduction

conditions or when a mechanical ventilator intesastth the patient, attention must be
paid to their relationship patterns.

1.2.1.1 Ventilation

The exchange of air between the atmosphere andrgfamism is calledentilationand is
divided in two phasesnspiration andexpiration In healthy subjects the inspiration starts
by contraction of the diaphragm, which has the mfosictional relevance to create
inspiratory force, and partially of the intercostaliscles. The contraction of the diaphragm
causes an expansion of the thorax and thus a wegattessure relative to atmospheric,
pulling air from the atmosphere into the body. Wh#ns negative pressure is
compensated, the contraction ends. The expiratimmgl calm breathing is a passive
process during which the muscles relax and retwtheir original form and position. Due
to the elastic recoil of muscles, lungs and chest tissues a positive pressure is created
transporting the air out of the body. Figure 1-lusirates the displacement of the
diaphragm. Although these sub-processes occur wioshe time involuntarily, some
voluntary control is also possible, for example it@rease or reduce the breathing
frequency, take deep breaths, cough, sneeze, spagkand clear one’s throat. The cycles
relevant for this work deal only with quiet breaitpi

Trachea

Pleura
Lung

-

f
i le— Expiration —3}
le—— Inspiration ———>

Figure 1-1: Displacement of the diaphragm duringgkiting [3]

The lungs are covered by a gliding serous memlralhedpleura

The ventilation is often characterized by the lwedumes. In this work following lung
volumes will be mentioned: d)dal volume (Vy): the normal volume of inspired and
expired air during quiet breathing, with commonues between 500ml and 1000ml, b)
inspiratory capacity the sum of ¥ plus the volume that can still be inspired afteuget
inspiration, with common values from 2000ml to 3000c) residual volumethe volume
of air remaining in the lung even after forcefultxpiring; common values are about
1000ml, and dYunctional residual capacit{FRC): the volume of air contained in the
lungs after quiet expiration.

1.2.2 Pathophysiology

Numerous pathologies affect the respiratory systech impede normal breathing. In the
worst case a disease or malfunction of the systmptetely hinders ventilation making
the patient depend on external assistance to survinis is known agespiratory
insufficiencyor respiratory failure When breathing is possible but the required effor
abnormally high, a sensation of breathlessneslygpnoeappears. The effort needed may
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1 Introduction

increase as response to muscular diseases bubalathological changes of the structures.
Such conditions that cause abnormalities in thehaugical behaviour of the respiratory
system can be divided in two group$structiveandrestrictivediseases.

Three widespread respiratory diseases are typicddstructive:asthma bronchitis and
chronic obstructive pulmonary disea@OPD). An obstruction of the airways appears due
to inflammation and contraction of airway smoothsecla (see Figure 1-2). Another
obstructive condition is themphysemalt is characterized by a reduction in the surface
area of the blood-gas barrier and a subsequenttiedwf the oxygenation.

Before an Asthma Episode After an Asthma Episode

Muscles around
the airway
contract

Airways fill
with mucus

Alir sacs Airways swell

Figure 1-2:State of the airways before and after an attadstfm [4]

Restrictive diseases are characterized by a reduci the elasticity of the tissues. The
most known restrictive disease pulmonary fibrosis where an excess of fibrous
connective tissue makes the lung stiff and redubesinspiratory capacity, producing
shortness of breath and discomfort.

1.2.3 Lung mechanics

To understand respiratory mechanics, fundamentalnration from the system can be

gained through the measurement of flow, volume @edsure signals. With them one can
develop theoretical models and use them to obtancrete parameters to describe the
system. Mathematical models of the respiratoryesysare defined as “a set of equations
that serve both as a precise statement of our gigume about how the lung works

mechanically and as a means of exploring the camesegs of this assumptions” [5].

1.2.3.1 The single compartment model

The simplest way of modelling the respiratory sysie considering the whole as a single
compartment made of a pipe with resistance R arzhlbbon with elastance E. An
alternative analogy is given in [5] and shown igue 1-3. This model consists of two
“telescopic canisters” connected by a spring witnstant E and a pipe with flow
resistance R. Whether it is a balloon or a canigdter elastic pressurgP.) inside the
compartment is linearly related to the volume (Wdaheresistive pressuréP.), the
difference of pressure between the two ends opithe, is linearly related to the flow{).

Both flow and volume are functions of timg, (therefore written a¥(t) andV’(t). To
satisfy those relations, pressure and volume, speively pressure and flow must be
connected by constant parameters. The ratiogoriel V is defined as thelastance(E)
which indicates how difficult it is to inflate theompartment. Its reciprocal value is the
compliance(C) which indicates how easily the modelled lugagniflated. In the same way,
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1 Introduction

the ratio of R andV’ is defined as theesistanceg(R). The use of such simple parameters
in the model implies great but useful simplificatiof the reality.

Vi) 3

1.

V'(t)

Figure 1-3: The linear single compartment modeheflung[5]

Two telescopic canisters connected by a spring eotistant E
and a pipe with flow resistance R.

0 Resistance

The respiratory resistance (R) represents, asaitsersays, the resistance that the air must
overcome to travel from the atmosphere down todlveoli and is the ratio between
pressure (P) and flow. The respiratory resistarid¢esalthy adults is commonly around 2 to
4 mbar/l/s but it changes with age ranging fromuatb 25 mbar/l/s for newborns, 4
mbatr/l/s for children and 1 to 2 mbar/l/s for adug].

R=— [mbar} (Eq. 1.1)

\A /s

The resistance of the airway tree is strongly irficed by the dimensions of its branches.
This is best explained by the law of Hagen-Poisewihich shows that the resistance is
directly proportional to the length of the tube ahé viscosity of the fluid but inversely
proportional to the fourth power of the radius lbé tube. This last relationship clarifies
why small reductions of the airways diameter caaisggnificant increase of resistance,
which can be seen for example during an attaclstbinaa and after intubation.

_P _8u
R_W_ e (Eq. 1.2)
with
u viscosity of the fluid
| length of the tube

r radius of the tube
o Compliance

The respiratory compliance (C) is a measure oftielasand corresponds to the ratio of
the variations in volume and pressure.

\Y ml
C=— .
P [mbar} (Ea.13)

A usual way to calculate the compliance is to find slope of the static pressure-volume
curve. The plot in Figure 1-4 shows pressure intibdzontal axis and volume in the
vertical axis. The slope of the resulting line is C
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Total lung
capacity

Higher inflection poip_t

Functional

residual

Ap capacity
~Lower inflection point

Residual

volume

Volume [I]

Pressure [mbar]

Figure 1-4: Pressure-volume loop and the calculatfocompliance
as the ratio between the changes in volumé @nd the changes in pressun®j

In healthy subjects this curve is mostly linearhwé constant slope. Its volume limits
reduce in conditions likacute lung injury(ALIl) and acute respiratory distress syndrome
(ARDS): the lower and upper parts of the curve @spnt a limitation in the compliance
when the lung is reaching its minimum or maximuntuate. The inflection points in the

curve show the conditions from where collapsedd@iwveopen (lower inflection point) or

from where the alveoli are over-expanded and magldmaged (higher inflection point).

The compliance of healthy systems is commonly atdl@Oml/mbar.

1.2.3.2 The equation of motion

Ventilation is allowed by variations in the air wdlume in the lung. These variations are
produced by negative (muscular) pressures and/orpbgitive (from mechanical
ventilation) pressures. They cause a distendingsspre over the lungs called
transpulmonary pressuréP.) which determines the lung volume. It is definesl the
difference between the pleural pressurg) @hd the alveolar pressurey (R

The measurement of,Pis facilitated by the fact that it equals atmosph@ressure at
FRC and when the airways are open. The pleurakpreson the contrary, can only be
directly measured by putting a catheter in the nallespace [7]. For this reason the
oesophageal pressu(.y, usually measured by placing a catheter in tinetdhird of the
oesophagus, is commonly used as a surrogate jorTRis is possible due to the
physiological proximity between the pleural spacel ahe oesophagus, which behaves
passively during calmed breathing and can thustnarthe adjacent pressure.

Similarly thegastric pressuréP,,) can be measured with a catheter placed in timeasto.
This is particularly useful because by calculating difference between the oesophageal
and gastric pressures the pressure over the dgphcan be obtained (Eq. 1.4). This is
called transdiaphragmatic pressur@di) and it serves as a useful approximationht® t
muscular pressure (Pmus).

Pdi = Pes- Pga (Eq. 1.4)

The combined effect of muscular pressure and tkespre from the ventilator over the
airways (Paw) constitutes the driving pressure ifedirequired to produce air flow and
volume changes in the respiratory system.

The mathematical expression for these relationsbhgsed on the single compartment
model is the equation of motion (EOM)
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Paw+ Pmus=VR+V/C+ PR, (Eqg. 1.5)

with

Paw the airway pressure in mbar

Pmus  the muscular pressure in mbar

\'A the flow in I/s

R the resistance of the respiratory system in fibar

\% the volume in litre

C the compliance of the respiratory system in Emb

Po an offset pressure in mbar

It relates the applied driving pressure for flowivkery, composed by the pressure applied
by the ventilator on the airways (Paw) and the sues applied by the muscles (Pmus), to
the resistive and elastic pressures causing the (N0) and the volume (V) according to
the impedances (resistance and compliance) andffaat ressure § that usually
represents the positive end-expiratory pressureEFPEWhen the muscular effort is
approximated by the transdiaphragmatic pressueegdiation turns into

Paw+ Pdi=VR+V/C+P, (Eqg. 1.6)

These relationships can be graphically illustrabgd using knowledge from electrical
circuits to build an electrical analogue: as thsistance in fluid mechanics relates the
driving pressure with the airflow flowing through the electrical resistance, also written
R, relates the driving potential across the ragstiement with the current passing through
it; the respiratory compliance is modelled by aectical element witlcapacitanceC,
which in fluid mechanics represents the appliedguee necessary to expand or contract a
determined volume in an elastic compartment.

Figure 1-5 shows the electrical analogue of thglsisompartment model with a supplied
pressure, zero offset, the flow through the airwage airway pressure, the muscular
pressure and the elements R and C.

—
-}

Figure 1-5: Equivalent circuit for the RC modeltibé respiratory system.
Ps: supplied pressure. V' flow. R: resistancec@npliance.
Paw: airway pressure. Pmus: muscular pressure.
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1.2.3.3 Work of breathing

The energetics of breathing belongs to the mosbitapt criteria in lung mechanics to
assess the activity of the respiratory muscles. tidnethe muscles are acting alone in
spontaneous breathing or receiving assistance &ormantilator, the forces generated by
them can be measured in termsvofrk of breathingWOB).

In general mechanics work is calculated as the ymiodf force and distance. In fluid
mechanics, it is calculated as the product of piresand volume in joules.

wW=PIv [J] (Eq. 1.7)

During quiet breathing the changes of volume cpoed to the tidal volume vV The
forces causing inflation and deflation of the luge generated by the pressure applied at
the airway opening (Paw) and by the muscular presgemus). Depending on the origin
of the pressure, one talks about work of breatldoge by the ventilator and work of
breathing done by the patient. The determinatiothefsecond one however is difficult
because the measurement of muscular pressure &sreasy as the measurement of Paw.
This is why one approximates Pmus by measuringrémsdiaphragmatic pressure Pdi as a
solution.

Positive work means that a given volume changerasnpted by the pressure change,
while negative work means that the volume chandgestgplace against that pressure
change [8]. Particularly the inspiratory work maole the patient is interesting during
ventilation, because it reflects the activity oé timspiratory muscles and tells whether the
machine is really supporting the respiratory musoleworking against them: a decrease in
work of breathing accompanied by volumes and flowsgle normal ranges would indicate
successful support, whereas an increment of wolkexdthing with similar conditions may
indicate too low mechanical aid.

1.2.3.4 Inspiratory Pressure-Time Product

Work of breathing is not always the best paramete@xpress energetics of breathing. The
best example of this is given by pressure applbeant occluded airway: although pressure
exists, the volume does not change indicating nckwan alternative is th@ressure-time
product which results from integrating the applied pressaver the time of application.

PTP= j Pt [mbar(s| (Eq. 1.8)

Also in this case, special attention is given te émergy used to inhale. This is measured
by theinspiratory pressure-time produ¢PTPinsp). Its value can be calculated for the
patient, by using Pdi as pressure for the calarator for the ventilator, by using Paw.
These values also help to understand if the veatila supporting the muscles or opposing
to them creating an additional workload for theigrgt PTPinsp is usually calculated as
the area under the pressure-time curve during miseiration. Its value can be also
presented as PTPinsp per minute, if multipliedH®yrespiratory rate.

20



1 Introduction

1.2.4 Mechanical ventilation

When the respiratory system is able to generateappty the forces required for adequate
ventilation, spontaneous breathing is possibleddfmage or failure of the ventilatory
function of the respiratory system impedes the rabrpnocesses, the ventilation may be
supported by mechanical ventilation.

Mechanical ventilation is used for relatively shamne during operations or in the
intensive care unit; long term mechanical ventiatis indicated for patients suffering of
chronic illnesses and is employed in nursing ingths and in home care. Common
medical conditions leading to mechanical ventilatawe: Acute lung injury (ALI), COPD,
paralysis of the diaphragm, increased work of liegt hypoxemia and neurological
diseases as muscular dystrophy and amyothroplei@latclerosis [4].

1.2.4.1 Functional principle and interfaces

Like in spontaneous breathing, during mechanicatilaion the air is transported from
the atmosphere into the body and backwards by ghealty changing the pressure
conditions. The mechanical part, composed by thatilaéor, its tubing and an
humidification system, is connected to the biolagipart, the patient. Depending on the
mode, the ventilator applies a defined positivespuee during the inspiration to push air
into the body. The expiration is passive and resfitm the elastic recoil of lung and
muscles.

Depending on the interface one speakmwasive ventilatiorandnon-invasive ventilatian
Invasive ventilation requires the insertion of gytegeal mask or an endotracheal tube. For
tracheal intubation the tube is inserted througbenar mouth and is placed into the trachea
(Figure 1-6, left) which usually causes pain andgtong. The intubation, as any invasive
procedure, means an increased risk of injuries mfelction. For the non-invasive
ventilation different types of masks are utilizddepending on the pathology and the
patient masks covering nose and mouth (Figure right), only nose, the whole face or
around the head can be used. The principal disgalyarof the non-invasive ventilation is
the presence of leaks.

Trachea

Osophagus

Figure 1-6: Patients receiving invasive and noragive ventilation |
Left: ventilation through a laryngeal mask. Figadapted from [9].
Right: non invasive ventilation through a nose-nhauiask [10].

1.2.4.2 Positive end-expiratory pressure

The pressure remaining after the end of the raspyacycle is calledpositive end-
expiratory pressuréPEEP). If this pressure is caused by airway abstn or hindrances

! lowered arterial partial pressure of oxygen
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to complete expiration, amtrinsic PEEP (iPEEP) remains in the lungs. Because the
expiration cannot be completed, part of the inhaledtays in the lung. This is called-
trapping If this occurs one breath after the other, tldaltvolume reduces and the gas
exchange may be affected.

If set by the ventilator the pressure level isadhéixtrinsic PEEP(ePEEP) and is used to
augment the residual lung capacity avoiding alvectdlapse and improving oxygenation.
Common values of ePEEP go from 0 to 15mbar depgnaiinthe patient and pathology
[11]. The ventilation mode set to apply a consfamissure is calledontinuous positive

airway pressurdCPAP). The only adjustment that it requires s BEEP level over which

the spontaneous breathings take place. CPAP dlgs twedecrease work of breathing.

1.2.4.3 Triggered pressure support

Some patients are still able to breath, but thespiratory force is limited and they do not
receive enough air. In such cases the ventilatorasaist the initial inspiratory effort being
triggered by time and/or by the spontaneous effoftthe patient. This is measured as
triggers of pressure or flow.

Nowadays, one of the most used modes of ventilassystance is the so-callpcessure
support ventilationPSV). Once triggered, the ventilator applies espt pressure during a
defined time. PSV is used as basis mode in thiskwbecause it is currently well
established for non-invasive long ventilation anegéawing [11]. In the commercial
ventilator Evita4 of Drager Medical the PSV modes dalled assisted spontaneous
breathing(ASB).

A variation to pressure support ventilation was enddwards the adaptation of the
assistance, in the mode callpportional pressure suppofPPS) orproportional assist
ventilation (PAV). This mode is implemented for instance ie tommercial ventilator
EvitaXL of Drager Medical. It bases on separatetirsgs of pressure support intended to
compensate the resistive and elastic loads actirtherespiratory system [12], [13]. Basis
for the proper setting of the support pressurenesetfore the correct determination of
resistance and compliance according to the singlmpartment model. The correct
assessment of lung mechanics is however still Hettgge. This work may contribute with
the development of a method able to estimate luaghamnics in a non-invasive continuous
way, that serves for the further improvement aneaging of adaptive modes like PPS.
Further details on PPS are given in section 1.3.2.2

1.2.4.4 Associated risks

Unfortunately mechanical ventilation does not ohbve benefits for the patients. The
most known risk associated to mechanical ventiatsothebarotraumawhich is damage
to the tissues caused by high differences of presslamages caused by over-distension
are calledvolutrauma Mechanical ventilation may also produce harm wvile same
characteristics as acute lung injury (ALI) or theute respiratory distress syndrome
(ARDS). This is calledrentilator associated lung injuryBecause the work of diaphragm
and other respiratory muscles is limitediscular atrophymay also appear. Moreover, the
mucociliary motility in the airways may be impairadd the expulsion of secretions may
be limited causing pneumonia. Other side effectsm@chanical ventilation include
decreased stroke volume and cardiac output, fletiehntion, decreased venous return from
the head with increased intracranial pressure ks €leprivation [14].
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1.3 State of the art

The next step in the development of this work wessrevision of established techniques
and approaches for the assessment of respiratoghanes and the adaptation of
mechanical ventilatory support. This section presarsummary on these topics.

1.3.1 Assessment of respiratory mechanics

In order to make support ventilation adaptive, sardus evaluation of the respiratory
system is necessary. Starting with the mechanicexatained by the RC model (see
1.2.3.1) the aim is to determine non-invasivelyistemce and compliance, also from
patients whose respiratory muscles are active. $kidion shortly describes existing
methods developed to assess respiratory mecha@dicaethods to be introduced here are
valid for triggered support ventilation and thegéenxcompartment model.

1.3.1.1 Methods to assess respiratory mechanics

Some investigations about lung mechanics duringitsgp@ous breathing relevant for this
work include:

The airway occlusion pressure P0.1 [15], [16], [17]

The determination of respiratory resistance afted P18]

The rapid interrupter technique [19], [20], [2132], [23], [24], [25], [26]
Least squares fitting after high support duringmarpventilation [27]
The Delta-Inst method [28]

ogkrwnE

A short explanation on these methods follows.
1. The airway occlusion pressure P0.1 [15], [16], [17]

The respiratory muscles of spontaneously breatpatgents receiving ventilatory support
are able to generate some muscular pressure waitiot be easily measured. Therefore,
direct determination of the muscular pressure isvmble in continuous monitoring. A
well-known non-invasive alternative is the measuwstof theairway occlusion pressure
P0.1. A sample scheme of the relevant signalsas/shn the next figure.

. . . v
g E'E: <:|3:: us :‘E:>

—100ms

Start of the 00—~
inspiration '

P0.1 isthe pressure
drop in the first 0.15%
after inspiration start

Pressufe [mbar]

Time [sleconds]
Figure 1-7: Scheme of measured signals in a P@lusion.
PO0.1 is the pressure drop in the first 100ms obtieathing cycle
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Directly after the begin of an inspiration, an astbn is performed by valve closure and
the pressure drop after the first 0.1 seconds @sared as an indication of the inspiratory
force. This manoeuvre is often used to evaluate abiity of the patient to breath
spontaneously during the weaning phase and tdetitiegh ventilatory assistance [15],
[16], [17]. The PO0.1 occlusion lasts 100 to 140and is barely perceived by the patients.

2. Determination of respiratory resistance after P08}

This method proposed by Ranieri et al. [18] usesRA.1 occlusion manoeuvre to predict
the course of the muscular pressure after the sicecilbased on its course during it. With
this prediction all variables are available to odte the resistance at determined time
points after the manoeuvre. The existing patieantliss have not confirmed yet that the
predictions are reliable enough.

3. The rapid interrupter technique [19], [20], [2132], [23], [24], [25]

This technique bases on airflow interruptions toneste respiratory mechanics including
resistance, elastance, muscular pressure and aspirwork. During pressure support
oesophageal pressure (Pes), airway pressure (RaWwfl@v (V') are measured. At a
defined time a valve shuts the airway and the fgmes to zero while the volume stops
increasing. A rapid decrease in Paw is observednaadked as R But since noise and
oscillations affect the signal,sAmust be rather be determined by back-extrapolatieg

decreasing Paw after the start of the interruption.
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Figure 1-8: Determination of R with an inspiratagclusion. Based on from [29]

The rapid decrease in Paw is assumed to reprelsentesistive pressure drop and the
resistance (R) can be calculated as
_ Paw(i)- P,
™ flow(i) (Eq. 1.9)
with
Paw(i) the airway pressure just before the interruption
flow(i) the flow just before the interruption

Pa the back-extrapolated pressure directly afteriberruption

Such interruptions have been used over decadesvaitations in its duration and in the
time or volume measured at its begin. Interruptitasting only 0.1 seconds suffice to
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determine R; [24]. But interruptions lasting several seconds ba used to measure the
further decrease of Paw after the start of the mawe, which is due to the sustained
effort of the patient. In this case, muscular rat&n is expected to follow and must be
confirmed by a plateau in Paw and Pes. The diffterdpetween the relaxed occlusion
plateau of Paw and sPmeasures the activity of the respiratory musclagng the
preceding inspiration [20].

Bellani et al. [29] plotted the calculated Pmusrabe time between inspiration begin and
interruption to obtain a time course of the insjoirp effort over different breaths at
different times and volumes. This assumes thatnallded interrupted breaths emerge
from a constant inspiratory effort. To this respeley state that the technique is
conceptually applicable to other forms of assistawith great variability as for example
PAV.

In a further implementation designed to determitaics and dynamic compliance the
interrupter technique makes use ofeaual inspiratory occlusiofEIO) [30]. In this case the
flow goes to zero and the volume is sustained wthie Paw decreases. A notable
drawback of this implementation is the large deratf the occlusions which extend over
several seconds resulting in discomfort for thelepatand are thus inappropriate for
continuous assessment of lung mechanics.

A variation of the rapid interrupter techniquetle shutter metho{6]. It uses a short
interruption of flow during a relaxed expirationdalculate R as the ratio between changes
of pressure and changes in flow before and afeepdtlusion as

(Eg. 1.10)

with
P, the pressure before the interruption
P, the pressure after the interruption
V’1 the flow before the interruption

An ideal representation of the required variabteshiown in Figure 1-9.

Paw [mbar]
'S

pa time

I _

P4 time [;]

Flow(l/s]
\ 'U':2=U \

L,e"'_'” t|me[:]
i

Figure 1-9: Determination of R with an expiratogclusion.
P, pressure before the interruptid®: pressure after the interruption.
V’'1. flow before the interruption/’,: zero flow.

If muscle relaxation is complete during the expanmatthe occlusions can be used to obtain
C too. In that case the expiratory flow decreasg®eentially and following relationships
can be established:
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V() =V, &’ (Eq. 1.11)
V'(t) =% =(-Ur)V, & =(-1T1)V(t) (Eq. 1.12)
with
V(t) the volume as a function of the time
Vo the volume at expiration begin
V'(t) the flow as a function of the tinte
T the time constant defined asR*C

The time constant can be found as the inverted negative slope ofettpratory flow-
volume loop. Havingr and R it is possible to calculate C. This approaes initially
included in the present work but was lastly disedrdecause only a few breathing cycles
(about 15%) from the recorded real data (see eleictrdata in the attached CD) indeed
showed an exponential decrease of the expiratovy fee details in 4.1.2.1).

4. Least squares fitting after high support duringmrpventilation [27]

The use of mathematical models for biological systgermits their characterisation and
quantification through mathematical algorithms. ®pproach of the study published by
lotti et al. [27] was to offer so much ventilatasypport to the patient under proportional
assist ventilation, that the respiratory muscldaxreand the muscular pressure (Pmus)
tends to zero. Once Pmus is eliminated a leastregdting algorithm (LSF) is used to
obtain R and C. In the original study up to 10ci@Habove the basal level were given to
the patients to reach near-relaxation, which wdmel@ as a P0.1 pressure lower than 1.5
cmH;O. However, the basal level or baseline pressysp@tiwas defined for each subject
individually. Moreover, near-relaxation of the regpory muscles is not always desired.

5. The Delta-Inst method [28]

This non-invasive method was designed to assesstamse R and elastance E during
pressure support. The technique consists of incrgasr decreasing the inspiratory
pressure support for a single respiratory cycle] [@Bder the assumption that the
respiratory muscular activity of that cycle reseasbihe activity of the previous one. If so,
the variations in the airway opening pressure (Ra@r time between the two breaths
would represent the total variations in drivinggs@re. R and E can thus be derived by
using multiple linear regression from the relatiups between the variation in PatP@o)
and the consequent variations in fladW/() and volumeAV).

Figure 1-10 shows sample flow and pressure sigofatee application of the Delta-Inst
method during pressure ventilation. Further detaiésgiven in 2.1.2.

Navajas et al. [28] stated that this method foundh previous study, values of R and E
similar to those obtained from the invasive meas@m@ of oesophageal pressure in
patients suffering acute respiratory failure. Theeam study included COPD patients and
healthy persons with and without additional resiséa They concluded that the Delta-Inst
was a simple method for reliably assessing respiyyaesistance.

Due to its simple and comprehensible mathematioplementation, this method has also
been used to analyze extended models of the rempirsystem. For example in [31] the

method was used to simulate leakages in non-ingagwtilation using inverse modelling

for the resolution of the mathematical models.
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Figure 1-10: Scheme of the deitest methoc Figure based on [28].
During ventilation the pressure in a cycle is iased and the differences between
cycles during the fitting time are used to findiseance (R) and elastance (E).

1.3.1.2 Comparison of existing methods

The understanding of existing techniques is funddaidor the development of a novel
method. This section summarizes the reasons thattethe development of the method to
be explained in 2.1.5.

The occlusion pressure P0.1 is common to asseggratesy effort and has had a
worthwhile effect on the setting of ventilatory pareters [16]. The use of P0.1 to
determine respiratory resistance based upon agbiediof Pmus intended to draw more
information from the manoeuvre, but the assumptimmghe time course of Pmus could
not be confirmed. Similarly, the assumptions ondberse of the expiratory flow required
by the shutter method were not supported by thé data recorded for this work. A
stronger foundation offers the determination ofpnedory mechanics by least squares
fitting (LSF) after high ventilatory support, batrequires near-relaxation of the respiratory
muscles and this may not be desired or convenierhé patient.

Most useful seem to be the rapid interrupter teplmiand the less known Delta-Inst
method. These methods have the advantage thatminignal cooperation is needed and

that the required procedures take a very shorb@esf time. Their pros and contras are
listed below:

Delta Inst

Pros:

- Does not require maximum relaxation because ifntluscular pressure between
consecutive cycles can be assumed constant, tlebaPmus can be eliminated
[28]

- Does not require extra hardware

- Using multiple linear regression (MLR) it is podsilto obtain both R and C
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- Was previously examined to determine leakages durlow controlled
ventilation, to determine R, C and additional siatetl parameters, and to
reconstruct Pmus [31]

- No occlusion manoeuvre is required

Contras:

- Only one paper including clinical results explathgss method and it concludes

reliable assessment only for the resistance [28]

Interrupter technique

Pros:
- Itis a widespread method with sufficient docum&aia
- Some members of the team supporting this work hedqus experience with it
- Requires only little cooperation
Contras:
- Needs additional hardware to cause the interruptishereby an adaptation of the
valves of a commercial ventilator is realisable
- It does not deliver a result for E or C. C is obéa only with long interruptions of
flow or with a relaxed exhalation with exponenyallecreasing flow
- Requires relaxation of the spontaneously breattpatient to reach plateau
pressures
- Possible leakages could impede complete flow inpdion
- Not standardized: in some cases EIO is appliedpme others the interruption is
done during passive expiration, in others durirgpiration, with constant flow, at
defined volumes and with interruptions that vagnir40ms to 3s.

This comparison was intended to establish whickatibn was the most appropriate to
develop an own method. Other comparisons can belfou[32] and [33].

1.3.2 Adaptive ventilation

Mechanical ventilation can have adverse effectshenlungs and cause damages through
the application high shear forces, inadequatelyh higlumes or pressures or sudden
changes of them. The risk of lung injury relatedotger-distension can be reduced by
decreasing tidal volumes and inspiratory pressut@te maintaining increased PEEP to
reduce shear forces and keep the alveoli open. $uetautions are the core of the
protective lung ventilation For this, the settings of ventilatory modes haween
modernised to avoid high volumes and pressureshgidg limits and alarms and to offer
different levels of PEEP.

Additionally, some level of adaptation to the patichas been reached by different
ventilation modes. Particularly two of them haveebalesigned to adapt the ventilatory
settings to the respiratory mechanics of the patedaptive support ventilation (ASV) and
proportional pressure support (PPS).

1.3.2.1 Adaptive support ventilation

Adaptive support ventilatiofASV) is a closed-loop control mode that may awdtoally
switch its behaviour between resembling pressumgralbed ventilation and pressure
support, according to the patient status [34]. A&Nusts pressure support to maintain a
target volume. The adaptation is based on calamatdone on each breath to find the
optimal tidal volume and frequency that minimize thspiratory workload. According to
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[35] central respiratory drivand sternocleidomastoid activity are markedly redumn
ASV, suggesting decreased inspiratory load and orgd patient-ventilator interactions.
In brief, this mode aims to find the ideal supportreach a target volume. Nevertheless,
maintaining the natural variability between cycleas proven to be advantageous in
weaning from mechanical ventilation [36].

1.3.2.2 Proportional pressure support

PPS stands foproportional pressure supporand is also callegroportional assist
ventilation(PAV). This mode is indicated for spontaneouskathing patients and aims to
support breathing proportionally to the effort mduole the patient. PPS has a special
significance in this investigation because althoiigstarted as a promising method, the
correct determination of lung mechanics representshallenge in its application. A
method for continuous reliable non-invasive estiorabf R and C would be advantageous
for its further implementation.

In contrast to pressure support ventilation (Pée(1.2.4.3), PPS proposes a delivery of
support which is proportional to the inspiratorfoetf of the patient. This is estimated using
the resistance and compliance previously measurgthgd controlled ventilation or
obtained by methods like the interrupter techniduee support given in the inspiration is
constituted byvolume assist(VA) and flow assist(FA). The volume assist aims to
compensate the elastic work required to incremhbat ltng volume due to the lung
elasticity; the flow assist aims to compensater#@sstive work required to generate flow
through the airways.

The resistive support is the necessary increaggessure Fbsthat will compensate the
flow resistance. The elastic support correspondbdémecessary increase in pressuig; P
that will compensate the elastance. The total supgpthe sum of both. Figure 1-11 shows
a scheme of resistive and elastic pressure support.

Flow Flow

L\
T

t

' Inspiration |  Expiration ot ' Inspiration

Figure 1-11: Flow and volume assistance in PPSurEigdapted from [37].
V1. tidal volume. Paw: airway pressurepP pressure support. t= timéhe
resistive pressure support (left) is proportiondite flow; the elastic
pressure support (right) is proportional to thaltiblume.

Appendini et al. [38] found that PAV and CPAP caroad the inspiratory muscles of the
ill patient to values close to those found in ndreubjects. Nevertheless, the possibility to
set the level of support according to the respiyatmechanics makes the proper
determination of parameters critical: wrong detaation of R and C may cause
overcompensation making the system unstable ansingpa situation calledunawayin
which the patient is over-assisted and would havecdunteract the ventilator. The
determination of respiratory mechanics is therefpagticularly important for modern
ventilation modes like PAV [12], [13], [39].
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1.4 Definition of the Problem

1.4.1 Purpose

The review on state of the art makes clear thah égeent methods have limitations and
that there is still room for improvement and inntbma. Although various modes of

ventilatory assistance already exist and receiviéerdnt names depending on their
manufacturers, the principles are similar and nointhem exhibits superiority regarding

outcome parameters until now.

For this reason this work has the purpose to iny&st and develop an alternative method
that delivers a continuous non-invasive estimatbmespiratory resistance, compliance,
muscular pressure and respiratory effort repredebte the pressure-time product at
different levels of support ventilation, comparalite those estimations obtained by
multiple linear regression in combination with thmvasive measurement of
transdiaphragmatic pressure. This method and ifenpeance are to be implemented and
validated with simulations and in a study with sgaoeously breathing individuals with
expectedly different respiratory mechanics.

1.4.2 Methodology

The introduction given in the previous sectionduded the motivation, the fundamental
concepts and the state of the art. Knowing alsqtivpose of this project, the rest of this
work is composed as follows.

Two methods are considered: the standard invasetbod used as reference for validation
and the novel non-invasive method calfedclusion+Delta(O+D). The novel method is
initiated as a combination of existing procedureglaned in the sections 2.1.1 to 2.1.4.
The strategy designed to use them as partial puoesdo build a new method is the topic
of 2.1.5. Details and considerations for its impéenation are concentrated in 2.1.6.

The following lines present a short summarized dgson of the method. The details are
given in the next chapter.

The Occlusion+Delta (O+D) method: An introductomysnary

Figure 1-12 shows flow\[), volume (V), airway pressure (Paw) and transdiagimatic
pressure (Pdi) of two breathing cycles. The lastised as a surrogate of the muscular
pressure (Pmus) and is displayed here only asereferfor the validation of the novel
method. The times plotted are relative to eachecycl

As supported by the graphic the O+D method workelksws:

- During regular breathing, either spontaneous o attpport ventilation flow and airway
pressure are sensed and acquired.

- An expiratory occlusion of 200 ms is executed. Tdasises in the occluded cycle (see
cycle 2) a visible short alteration ¥6, V and Paw (compare segmehjdut not in Pdi.

- Then, the values of all signals in the last 300pmeyious to the occlusion (see cycle 2
segmenn) are selected. These are narveg V,, Paw and Pdi.

- The values of the volume previous to the occlusioa searched in each of the fifteen
previous cycles (see cycle 1) to find the correspan segments (its duration may be
different than in cycle 2).
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- The values of all signals in the segmamnf the undisturbed cycle are selected. These
are named/’1, V1, Paw and Pdi.

- The slopes of the flow-volume loops of the occluded the undisturbed cycleg’ (vs.

V) in the segmenta are calculated and compared. Assumption: basekleoaquation of
motion of the RC model, the smaller their differenthe more similar is the change of
Pmus over the selected volume ranges.

- If the cycles are deemed similar the signals ingbgmentd are subtracted and the
difference between Pdand Pdi is neglected.

- The values are entered in the system of equatidhs Y¥'1)*R + (V2-V1)*E = Paw —
Paw;, which is solved for R and E by multiple lineagmession. The compliance is
calculated as the reciprocal of E, C=1/E.

- All previous steps are done for one occlusion aftdeh cycles previous to it. The
values of R and C from each pair are averagedRitor and Ccurr.

- The averages are used in each cycle to recondtractmuscular pressure using the
formula: Pcmus %"*R + VE* — Paw

- The area under the inspiratory part of Pcmus igpthssure-time-product PR, which
can be compared for validation against the areaewutite invasively measured Pdi,
respectively the area under the simulated pressure

- The occlusions can be periodically repeated toiolat@ontinuous assessment.

Cycle 1 Cycle 2
P =
£ =
= ——=
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—_— |:| —
E z
“o0s b
- - =
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b 10 @ 10 F %
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Figure 1-12: Scheme of signals for the O+D method.
Signals of an undisturbed (left) and an occludagh{y breathing cycl
and selected segments for the non-invasive O+Dadeffhe segment
b on the right side indicates the expiratory ocdussf 200 ms. For
more details see text.

Following this procedure the method can be sugdeate a possible solution to the

introduced problem. Still, the method, as it hasnbplanned, has possible advantages and
disadvantages as well:
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The Occlusion+Delta (O+D) method: Pros and Cons

Pros:

- It does not require maximum relaxation becausbeafrhuscular pressure between
the automatically selected pairs of cycles candsted similar, the variable Pmus
can be removed from the algorithms, eliminating theed for invasive
measurements.

- It does not require special cooperation from théiepg apart from normal
breathing.

- It does not require extra hardware, since many mmodentilators are already able
to produce fast short occlusions.

- Using multiple linear regression (MLR) it is podsilto obtain both R and C.

- Through its reconstruction of the muscular presgyperiodically offers a definite
assessment of the breathing effort.

Contras:

- It requires occlusion manoeuvres, whereby thesesamt and usually well
tolerated.

- It is sensitive to leakages that may adulteratentieasured signals and thus alter
the values of R and C.

- Its suitability diminishes if the diaphragm doest ioduce the most of the
pressure necessary for inspiration or if the respiy system of the patient cannot
be acceptably modelled by the single compartmenn®Gel.

First validation of the method occurs using simedladata. This data is introduced in 2.2. It
includes computer simulations and simulations witle bench simulator LS4000.
Afterwards, validation with real data follows. Thivasive method to measure
transdiaphragmatic pressure (Pdi) is described.3n Roth methods are used in a study
with healthy volunteers, which was planned as eect2.4 shows. At each stage
(simulation, modelling or validation) the resulfstbe new method were validated against
those of the established one. Section 2.5 exptamsnethods applied for the evaluation of
data. A summary of the methods and data is pres@stescheme in Figure 1-13.

Parallel to the development of the novel methodlicddéed hardware and software were
created to allow the implementation and validatadnthe proposed ideas. Figure 1-14
shows an overview of the tasks realised for thigstigation.

The results are presented in chapter 3. Sections3limited to the application of the
invasive reference method, whereas section 3.2 shbe results of the novel method.
Both parts display theirs results separately fer shmulated data and the data from the
study with volunteers. In section 3.3 the resuftbath methods are compared to validated
the proposed one. The last section summarizesimglified way the main results.

Chapter 4 contains the discussion. Section 4.lided observations about the work done
to process and analyse real data. In section 4&2ntdvel method is compared to the
existing techniques introduced as the state of dtie Section 4.3 is devoted to the
observations on the evaluated agreement betweenodsetChapter 5 closes this work
with the conclusions and outlook of this investigat
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[ Target: Non-invasive assessment of breathing effort ]

)

Methods

Data

fNon-invasive O+D method (Proposedﬂ

( Invasive method (Reference) \

- Requires airway occlusions

- Requires measurement of - Compares 2 breathing cycles (occluded
transdiaphragmatic pressure (Pdi) vs. non-occluded)

- Calculates differences of pressure, flgw

and volume AP, AV’, AV)
[ ]

[ Use multiple linear regression (MLR) to assessiragpy mechanics]

Results:

Results:

- Rfit: Resistance, Cfit: Compliance - Rocc: Resistance, Cocc: Compliance

- PTRsg: breathing effort calculated fro - Pcmus: Calculated muscular pressur
the invasively measured Pdi

- PTRy.p: breathing effort calculated fro
the estimated muscular pressure

[ 1. Simulation

[ 2. Modelling

Validation with the mechanical lung simulator LS800
Pcmu: vs. Simulated muscular press

[ 3. Validation

—
] [ Done on the computer to test the algorithms. ]
|
]
|
]

Pcmu: vs. Invasively masured Pd

[ Validation with data from 25 healthy volunteers.

L

Figure 1-13 Overview of methods and d used in the present investigation
on non-invasive assessment of respiratory effosupport ventilation.

[Target: Non-invasive assessment of breathing effort ]

Method

Development of the principle for the non-invasiveqedure (Occlusion h

vs. Non-occlusion), implementation and validation
Analysis of models and algorithms with theoretaadl bench analysis
Execution of a study with volunteers for validatiminthe method )

)

N

Hardware] (- Shutter with connection to commercial ventilatoit&4
- Measurement box with pressure (P) and flow (V')se¢a and data acquisitig
Software - Graphical user interface - Data acquisijtginrage and display h
- Detection of airway occlusions - Comparisomfathing cycles
- Statistical analysis - Evaluation of result
\- Estimation of respiratory mechanics and breathffgyte )

Figure 1-14: Overview of tasks performed for thegent investigation
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2 Materials and Methods

Advantageous ventilation modes like pressure suppEguire an accurate setting of
parameters based on the individual characterisfitke patient’s respiratory system. This
section deals with the materials and methods usethis work for the assessment of
respiratory mechanics in spontaneously breathibgests.

2.1 Basis methods

This section describes existing methods used dmpaomponents for the novel method
for non-invasive assessment of respiratory meckaamd how they were arranged together
to build the novel one.

2.1.1 Expiratory occlusions

Short occlusions have been proven to be usefuhiisuccessful estimation of resistance
but are not as strong for the determination of danpe (see 1.3.1.1). Despite of it,

occlusions are common procedures barely perceiyedhé patients, which are fairly

tolerable and are able to produce maximum changethea respiratory signals and to
deliver useful information. Furthermore, their pdtal implementation in a commercial

respirator only requires minimum changes in haréwand the cooperation from the
patient is not a requisite for success. For thesesans expiratory occlusions lasting
approximately 200ms have been included in the nastiselected for this work.

2.1.2 The Delta-Inst principle

Mathematical procedures like the Delta-Inst metff8] allow information to be gained
out of the behaviour of pressures and flows aethffit times of the breathing cycle, that
could only be obtained earlier by static technigolewith invasive procedures. The Delta-
Inst method bases on the RC model of the respyratygstem and the equation of motion
(EOM) (Eq. 1.5, page 19) as introduced in 1.2.B12he equation, the elastic pressure V/C
can be expressed using the reciprocal of the camg®i, the elastance E (E=1/C). This
turns the formula into

Paw+ Pmus=V'R+V [E + R, (Eq. 2.1)

with

Paw the airway pressure in mbar

Pmus  the muscular pressure in mbar

V’ the flow in I/s

R the resistance of the respiratory system in fibar

\% the volume in litre

E the elastance of the respiratory system in rhbar/

Po the positive end-expiratory pressure in mbar

The procedure starts with an increase or redudtictme level of pressure support for a
given breathing cycle compared to the pressurenginethe previous one. This is done
without the patient being aware of each changeppart.
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Assuming linearity and constant values of R anth&,EOM for one specific breath can be
written as

Paw, + Pmus =V, R+V, E +P,, (Eqg. 2.2)

and, in an analogue way, the EOM for a second bt be written as
Paw, + Pmus =V, R+V, E+P,, (Eqg. 2.3)

whereby Pmusy’ and V change over time an@ Represents the total intrapulmonary
positive end-expiratory pressure [28].

Assuming that Pmus and Bo not significantly change between cycles (irauB= Pmus
and B1 = Ry and that R and E remain constant, the differericés airway pressure
(APaw= Paw- Paw), in volume AV= V,-V;) and in flow AV'= V'»- V';) between the
cycle with modified support and the previous onea ba calculated by subtracting the
equations and are related by the equation of @iffezs

(PaV\é - PaV\{) + (Pmu§ - Pmu%) = (V2' _Vl') R+ (Vz _Vl) E+ (Po,z - PO,l) (Eq. 2.4)

or equivalently
APaw=AV'[R+AV [E (Eqg. 2.5)

Finally, multiple linear regression can be usedrtd the values of the parameters R and E
[41]. In [28] the data for the equation of diffeoes was derived from the signals measured
in the interval between the starts of the inspratand 0.25, 0.5 and 0.75 seconds later.
The sampling rate was 160Hz.

Previous analysis of models and simulations [31jval as the results of a study with
COPD patients [28] support the feasibility of thelta-Inst method inside the current
project.

2.1.3 Multiple linear regression

Mathematical algorithms make it possible to fit tiehaviour of a real system to a model
characterized by a set of parameters and measuvablgbles. When the system has
several input signals the modelling approach isedahultiple linear regressiofMLR).
Regression models can be solved usimgear squares fitting (LSF) which is a
mathematical method to fit a model to real datacidiesd by an over-determined sysfem
of linear equations. Its goal is to find the begpraximation of model parameters that
minimize the sum of the squared differences betwieemeal data and its modelled values.
It works as follows:

Given an over-determined system with inp@&nd output described by
y, = > u; B, with i= 1,2,...m

which can be expressed in the matrix form roflinear equations aneh unknown
coefficientsts, 0,... 0, with m>n as

y=Ulg

% a system of equations with more equations thamemk variables
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where
Y1 U, Uy U, 6,
y u u u 0.
y = ‘2 ,Q= 21 .22 21 W'E ‘2 '
ym uml um2 umn en

and the single errors between the output values iomodelled system of parameters
and the real output values are given by

=Y, _zuij (B,

the fitting algorithm finds the set of model pardens6 that best describe the behaviour of
the real system, when the sum of the squared eﬁ*erg ri2 reaches its minimum value.

In the case of the Delta-Inst method introducedhm previous section MLR is applied
using the equation of differencé&sPaw=AV'R+AV E (Eq. 2.5, page 35). For this, the
matrices are filled with the calculated differencégoressure, flow and volume between
cycles (instead of using their absolute values) #re fitting algorithm finds the best
estimates of R and E.

APaw ) (AV, AV,
APaw, | | AV, AV, X(RJ

APaw, | (AV! AV,
On the other hand, if a measurement or approximatothe muscular pressure as the
transdiaphragmatic pressure, is available andeiffiw, volume and airway pressure can
be measured, the equation of motiBaw+ Pdi=VR+V/C + P, (Eq. 1.6, page 19) can

be re-written in an equation of matrices usitgPaw+Pdi and the parameters resistance
R, elastance E (E=1/C) and offset pressyrasP

A least squares fitting algorithm can be then usedind the vector of respiratory
parameters containing R, E angd P

Note that in this work MLR will be treated as thgphcation of MLR to find the set of
parameters having knowledge of all inputs and dstpef the system, i.e. having
knowledge of Pdi, and is therefore referred toragaasive method.

The pressure signals measured in a real setup ordgic offsets. In the real system the
recorded airway pressure and the measured mugwelssure may contain a positive end-
expiratory pressure and a relatively constant nreasent offset. Both are determined
inside the elementPof the parametric vector. Later when presentirgy dhalysed data

sources, it can be seen that while the offset asinaulated Pmus can easily be kept
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constant, the offset of real signals may constamndlyy during the measurement, even
inside single breaths. The LSF finds the best @mtistalue for B, but it is also possible to
approximate the real changing offset as a line detwthe minimum pressures of
contiguous cycles.

In this work, the MLR method is used taking thensilg of each respiratory cycle to obtain
R, C and R using a general least squares fit solved in Laloivs CVI. The data was
sampled each 5ms and no smoothing was used beiogray LSF.

2.1.4 Computation of muscular pressure

Knowing the respiratory parameters supports diatiggoand the assessment of respiratory
work. R and C can be obtained whether from MLRudglg invasive measurement of Pdi

or by using a non-invasive method like the Deltstlin turn, the parameters, obtained in
either way, can be used to calculateeonstructionof the muscular pressure (Pcmus) as

Pcmus=sV'R+V/C+ P, - Paw (EqQ. 2.6)
The reconstruction can be directly compared tariliasively measured Pdi, accepting the
last as the best approximation to the real Pmus.

Thus, the reconstruction obtained with R and C fidhR with the invasive measurement
of Pdi serves to determine how well the model regmés the real system. The
reconstruction obtained with R and C from a norasive method will serve to determine
how well the new method is at assessing the reialFRglire 2-1 shows an example of Pdi
and a possible reconstruction of Pmus obtained pathmeters estimated from MLR.

14+

12t ’ \ ] i
i \ Pamus 1> Reconstruction
— 10k / N {reconstruction) |
3 . \ of the muscular
E 8 J \ pressure
o gt Py ™
a Id \\
w4 } ™
- ¥ M
& 2_ \»..n_'h‘_‘_“l_
. PN Ve Fdi
transdiaphragmatic O (invasive
pressure >zt measurement)
1 2 3 4 5

Time [g]
Figure 2-1: Example of measured Pdi and a poss#slenstruction
of the muscular pressure (Pcmus) in a breathintgcyc

2.1.5 Joining methods

This section describes tlséructural conceptfor the novel method. Its design joins the use
of expiratory occlusions with the Delta-Inst methtodmake estimations of R and C that
serve for the computation of muscular pressuretia@aalculation of breathing effort.

Concept

Note that not only the validation but also the depment of the novel method itself was a
goal of this work. The initial concept and methampl starts with the combination of the
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previously introduced established methods — expiyatocclusions, the Delta-Inst
principle, MLR and the computation of muscular grese — towards the construction of a
novel one. In consequence most details were atetimly stage still open and had to be
evaluated before a final decision was taken. Thigien introduces therefore only the
rough concept and steps; the details about theadethd its implementation are presented
in the section 2.1.6.

The first step is the acquisition of respiratorgrsils. For this, flow \(’) and airway
pressure (Paw) are continuously measured, wheneagotume (V) is calculated for each
cycle as the integral of the flow over time. Onhe measurement of signals has started,
the expiratory occlusions can be executed. Theusmmis generate variations in the
respiratory signals: during the 200ms after ocolusbnset the flow goes to zero, the
volume stops increasing and the airway pressues.rig/hen the valve of the ventilator
reopens, the variables return to their normal aaugich short variations are useful to
obtain pairs of breathing cycles that in principldl only differ after the start of the
manoeuvre. If so, it is possible to find at leagb tycles that, resembling the Delta-Inst
method, have unchanged muscular pressures, aulgEghe onset of the occlusion. Their
differences in the remaining variables can be d¢ated and MLR can be used afterwards
togetR and C.

Important differences to the existing methods aegt in the novel one the pairs of cycles
do not necessarily have to be consecutive andliantentional variations in the affected
cycles start in the expiration and not alreadyhim inspiration. Finally, the values of R and
C are entered into Eq. 2.6 (page 37) to calculage reconstructions of the muscular
pressure. Its integral over the inspiratory timeregses the respiratory effort as the
inspiratory pressure-time product (PTPinsp).

Steps

After starting the measurement a short occlusion2@®ms is performed during an
expiration, which constitutes an alteration oves ttormal cycle. Sample signals from a
normal cycle and an occluded cycle can be seeigird-2-2.

06~ Flow(blug), Volume(red) 06+ Flow(blug), Volume(red)
— 0b- —
= | = 04-
@ 4 [a]
§ os- 5§ 02
o 02- =
> 01- > -
% -00- G
= -0.2-
; 02- 5 occlusion
= -03- = -0.4-
0.4+ i | i i } ' i | 06— ! ! ! | ! ! ! |
00 05 10 15 20 25 30 35 40 00 05 10 15 20 25 30 35 40
16.38- Paw(green), Pdi(magenta) 16.37- Paw(green), Pdi(magenta)
14.00- 14.00-
£l )
8 12.00- & 1200-
E qpm- E -
i 2
g G- g B occlusion
o | o3 _
@ B.00 @ B.00 \
& qm- & q00-
1.08- | | | ! | ! | | 1.09- 3 | | ! | ! | i
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Figure 2-2: Signals of a normal and an occludedikited cycles.
The transdiaphragmatic pressure (Pdi) serves asgsue for the muscular pressure
(Pmus) and is equal in the normal (left) and thewmted (right) cycles. The
occlusion only causes changes to the flow, volunteaarway pressure (Paw).
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The occlusion is induced by shutting the expirateajve of a commercial ventilator

during the programmed time. To guarantee a safeoewame the valve will reopen at the
latest 500ms after occlusion onset in every cabke. dxpiratory occlusions are executed
with the expectation of producing an immediate geam airway pressure, flow and

volume but not in muscular pressure or its surmghe transdiaphragmatic pressure.

In a similar way like in the Delta-Inst method (8ec 2.1.2) the variables of two cycles,
one normal and onaltered are selected to build the differences betweern tiespective
equations of motion. That the cycle is altered rsearithe Delta-Inst method, that the level
of pressure support is modified. For the new methogheans that a short expiratory
occlusion has been done. Also here constant lic@aditions are assumed.

Now the differencesA) between the equations of motion of the selectgtles are
calculated and can be expressed as

APaw+ APmus=AV'R+AV [E (Eq. 2.7)

Note that this equation, in comparison to Eq. p&gé 35) still contains the teraPmus
because no assumption has been yet. Only whenuthyecs is breathing quietly and
physiological reactions to the occlusion can beatided, it can be assumed that the course
of the muscular activity measured from tgimilar cycless similar too. The mathematical
procedure to determine whether two cycles are amslexplained in the next section (see
2.1.6). So, if Pmus during the occluded cycle msilgir to that of the undisturbed one, their
difference becomes negligible removing the tafAmusfrom the equation and making the
measurement of Pmus unnecessary. In the same mérmeopnstant offset pressurg IB
used in the equation and the cycles are similardifierence in Pcan be neglected too.

Next step is the application of linear squaresfitto obtain R and E from the equation of
differences (Eq. 2.7). The result is a pair of esalwafter each occlusion, whereby the
compliance C is determined as reciprocal from tlastance E. Limits for R and C were

established in order to reject outliers like negatiresistances or extremely high

compliances (see 2.5.1). For its validation, treultehng R and C can be compared to the
values calculated from MLR with the invasively maasl Pdi.

Besides the determination of R and C, the methatkssgned to make a reconstruction of
the muscular pressure of each breathing cycle.oblta&ned values of R and C can be used
to reconstruct Pmus as described in 2.1.4 by emgfé¢hiem into the corresponding equation
of motion; but since R and C are expected to chahgely the parameters used for the
reconstruction should be the averages of the sefdin an arbitrary number of previous
occlusions. The reconstructed signal is the caledlanuscular pressure (Pcmus) and its
pressure-time-product is the non-invasive estimabiorespiratory effort.

For the validation, the reconstructed muscular ques (Pmus) and the invasively
measured transdiaphragmatic pressure (Pdi) are ar@ahghrough their areas under the
curve, being the inspiratory part the one with majkinical significance. These values
correspond to the inspiratory pressure-time-proda@Pinsp) and have been evaluated as
section 2.5 shows.
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2.1.6 The Occlusion+Delta method: implementation and conderations

The previous section presented the structural qanokthe proposed method for non-
invasive estimation of respiratory mechanics argpiratory effort. The method received
the nameOcclusion+Delta(O+D) and can be summarized in a few basic stips;
expiratory occlusions are executed, and seconddifferences of two similar cycles are
calculated and entered into a fitting algorithmdascribed in 2.1.5 to obtain the model
parameters R and C, which are then used to recahs$fie muscular pressure.

The most important link between these partial pdaces is the definition of similarity
between cycles. The reason: as far as the breaglatigrn is homogeneous over several
cycles, muscular relaxation is not crucial for @D method. This is an important
advantage of it. How similarity between cycles wlafined and further details of the O+D
method are the topic of the following paragraphatet, Figure 2-4 in subsection 2.1.6.4
summarizes in a flow chart all steps required fierproposed method.

2.1.6.1 Similarity of cycles

Because the muscular pressure (Pmus) is unknowmetaon-invasive method, the basic
assumption of the O+D must be supported by deténgithe similarity of the cycles
through their variables airway pressure (Paw), f(®y and volume (V) in the occluded
and not occluded cycles. For the comparison ofgaiyof cycles containing one occluded
and one non-occluded breath the slopes of bothragopy flow-volume curves (see Figure
2-3) are calculated in the 300ms previous to tletuson onset for the occluded cycle and
in the corresponding range of volumes for the notiumled cycle. According to recorded
real data, 300ms is the duration of the segmemniqars to the occlusion, which permits to
get the largest amount of samples while stayinténinear part of the flow-volume curve.

01- Cycle 1({blue), Cycle 2(red)
— -0.0
2
z 0I-
=
-0.2-
3
o -0.3-
=
&
9 -04-
i
-05-
-0.6-, I I i 1 1 1
00 01 02 03 04 05 0B
Volumen [I]

Figure 2-3: Similarity test using the flow-volumaationships
in the expiration of two breaths, one normal (r&ddl one occluded (blue)

The equation of motion of a single cycle can beveedron both sides over the volume and
reorganized as

deus+ dPaW: adv R+d—VE (Eq. 2.8)
dv dv dv dv

whereby the ventilator set to pressure support yresl a stable airway pressure which
hardly changes due to volume variatiod®#&w/d\£0) permitting to eliminate the second
term of the equation. The difference in the vammatof the muscular pressure over the
volume between two cycles, 1 and 2, is then relatetthe variation of the flow with the
volume as
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(de@_deugJ:(dvl_dVZJ[FH(%_%jDE (Eq. 2.9)
dv, dv, dv, dv, dv, dv,

The chosen segment of volume is equal for bothesyahd both sides of the equation have
units of elastance (mbar/l). Assuming that the ataovhs of muscular pressure over the
volume segment are identical, the error in thetatee®e E which arises from different

slopes is defined by

(deu§_deugJ:(dV1'_ de'J[R (Eqg. 2.10)

av, dv, dv, dv,

For this work the maximum error in the elastancestmhe by definition lower than 2
mbar/l. To check this, the slopes of the flow-vokiourves (see Figure 2-3) in the selected
range of volume are measured and their differescealculated and multiplied by a
resistance of 5 mbar/l/s, which is an assumed atdnealue used here only for tests. The
difference of the slopes multiplied by the teststant returns thsimilarity factorE_err.

An absolute value of the similarity factor E_erradi@er than 2 indicates a theoretical
expected error in the elastance lower than 2 rhbad suggests that the compared cycles
can be deemed similar. Afterwards, resistance dadtamce can be calculated as
introduced in 2.1.5 by solving the system of lineguationsAPaw=AV'R+AV E (Eq.
2.5, page 35) wheraV’ is the difference between the flow during the osmn and the
corresponding flow in the not occluded cycle. Tame applies foAV andAPaw.

2.1.6.2 Selected pairs of cycles

The equation of differences described in sectidn52requires the variables from two
similar cycles (one occluded and one undisturbedjalculate its differences and then R
and C. The occluded cycles are identified by seagcimside the recorded expiratory flow
signal the expected shape: a sudden change okpiratery flow towards zero, a segment
of about 200ms (minimum 100ms and maximum 350mgpastant flow and a following
rapid change of flow to a value close to that betbe occlusion.

In the final implementation of the O+D method tleeladed cycle is compared to each of
the previous ten to fifteen undisturbed breathsiptes to the occlusion. This increases the
probability to find at least one cycle that is dani(see 2.1.6.1) to the occluded one and
thus, to get at least one pair of values for R @rfdom the last occlusion: from each pair

of similar cycles a value of R and C is obtained #rese are averaged. The results from
the pairs done with each occlusion are Rocc anat.Coc

After the determination of R and C, the methodéasigned to make a reconstruction of the
muscular pressure (Pmus) in the inspiratory phé&ssach breathing cycle. The obtained
values of R and C after each occlusion could be tseeconstruct Pmus (see 2.1.4), but
since R and C are expected to change slowly, thenpeters used for the reconstruction
(Rcurr and Ccurr) are the averages of the resudts the last ten previous occlusions.

2.1.6.3 Definition of outliers

After building the equation of differences in thet method LSF is used to get the
parameters R and C. The results of this procedwenare reliable the more samples are
available, but because the occlusion is very st@dund 200ms) and the left and right
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boundaries of the recorded signals include tratsidietween normal and occluded
breathing the number of samples for the fit is tedito less than 40. Additional factors
like viscoelasticity and remaining external signbBke gastric movements or pressures
related to the heart beat can affect the formABaw causing the fitting algorithm to

produce unreal values of R and C. For those reasmmstraints were established (1<R<30
mbar/l/s; 10<C<200 ml/mbar) to reject extreme egalland to calculate the averages
(Rcurr, Ccurr) to be used for the reconstructiomaoiscular pressure only with results that
lay inside the physiological range.

2.1.6.4 Graphical description

Data aquisition [

h

Save cycle

Use MLR to find | | Calculate
Rfit and Cfit PTPpgi

Fdi available for
validation?

k

Cycle occluded?

&

.| Compare to next of previous
"1 15 non-occluded cycles

Calculate the
differences and
use MLR to find
Rocec and Coce

ormal range?

Save Rocc
and Cocc
All comparisons |
done?
Average Rocc, Cocc of last .| Calculate .| Go to data aquisition or

X

occlusion in Recurr, Courr PTPo.o " quit measurement

Figure 2-4: Summary of steps for the novel method
Pdi: transdiaphragmatic pressure. MLR: multipleéinregressiorR: Resistanci
C: Compliance. Rfit, Cfit: R and C from the invasimethod. Rocc, Cocc: R and
C from the novel method. Rcurr, Ccurr: averageshercurrent occluded cycle.
PTPinsp: inspiratory pressure-time product. RIPTPinsp from the invasive
method. PTB:p: PTPinsp from the pressure reconstructed witmthel method.
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2.2 Simulated data

For the verification of the proposed novel methbde¢ sources of data were used:
computer simulations, simulations with the mechangmulator LS4000 and data from
healthy volunteers. All data correspond to quietnsé@neous breathing with or without
ventilatory support. This section gives an overv@wthe sources of simulatedta.

2.2.1 Computer simulations

With the aid of the simulated data, the behaviduhe modelled system can be examined
in an ideal environment. This allows testing thgoathms required for the novel method
under known fixed conditions. For the first anatysiomputer simulations were generated
using the software Simulink.

Two series of simulations were done as basis fordiploma thesis realised as part of this
work: a series of simulations of quiet spontandmesithing and a series of simulations of
spontaneous breathing with ventilatory supportmggimg the ASB mode. In both cases
the input variable was the flow and the output atale was the driving pressure (Pdrive),
which results from the sum of the airway pressureé the muscular pressure (Pdrive =
Paw+Pmus).

The values of R and C (R= 3.3, 4.5, 6.6 or 7.5 isacC= 25, 50, 75 or 90 ml/mbar) were

entered via the discrete transfer function numé)(d). The systems were simulated in
ideal conditions but also including disturbancessea by an offset pressure and/or white
noise. Figure 2-5 shows the Simulink model for aecwhere the system is affected by
both.

num (z}
deniz)

Transfer function
in the z-space

- ++—>++ 1)
A Pdrive

Band limited
white noise

Figure 2-5: Simulink model of a system affectedffget and noise.
The input is the flow; the output is the drivingepsure (Pdrive). In
this simplified model only the output is affecteglddfset and noise.

The input flows to simulate spontaneous breathiitg and without ASB had amplitudes
in the range of -1 to 1 I/s and an approximatecatiom of 5 seconds per cycle (these
values were selected because they resembled tharatikge data). The offset was set to 2
mbar and the noise was band limited white noisé. [Ba@th disturbances are added to the
system directly before the output. The data geedraan be evaluated according to the
methods introduced in 2.1 to test the suitabilityhe algorithms.
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2.2.2 Simulations with the lung simulator LS4000

After testing the algorithms real signals were usednvestigate their behaviour in real
conditions. In this part, the signals were not dated in the computer, but produced by a
mechanical model, measured by real sensors andredqn a real measurement system.
This is an important step before acquiring datanfilo human respiratory system because
possible measurement errors and safety risks cadebéfied and eliminated. Moreover,
the real influence of noise and offsets can be @xaan

Active lung simulators play a role for the investign on methods to determine lung
mechanics in non-sedated patients because theyepamduce the pressure generated by
the respiratory muscles during spontaneous braatfiassive simulators can not). This
permits to test safely software and hardware ira environment previous to clinical
research. For this work the active simulator LS4@D@ager, Lubeck, Germany) was
updated to be controlled by software and used nemgee simulated data.

2.2.2.1 The active lung simulator

The mechanical part of the LS4000 shown in Figu@ i& a voltage controlled piston

which moves back and forth producing a pressurechviiesembles the muscular
inspiratory force and is applied over the attachesthanical elements representing the
respiratory resistance and compliance.

i

Simulator

Control
software

Figure 2-6: Simulation setup with the active lungdator.
It is controlled by software to produce pressure tow over the
mechanical elements representing resistance anglicoe.

The resistances were made of a series of bactdilighs (Barr Vent, B+P
Beatmungsprodukte GmbH, Neunkirchen-Seelscheidn@ay) to obtain values between
2.5 and 5 mbar/l/s. Two glass bottles were usedirtulate compliances of 25 and 50
ml/mbar. Connecting their openings in parallel #siib compliance of approximately 75
ml/mbar. These values give a wide range of therparars that can be measured in adult
patients.

The voltage levels required to make the LS4000 ycedh determined pressure over R and

C are calculated by dedicated software accordirtgeganputs from the user interface and
transmitted to the simulator through a data actjoisi card USB-6009 (National
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Instruments Germany GmbH, Minchen, Germany) via USE® simulator is connected to
a computer and a ventilator as the scheme in Fgxarehows.

[ll::] To
R ventilator

Software
USB
L——~ DAQ o

Figure 2-7: Scheme of the simulation setup.
The simulator (LS) is connected to a ventilator aiadUSB
to a computed with dedicated software.

2.2.2.2 Resistance and compliance

The pressure changes measured when putting a sdriesnstant flows through the
resistive parts, or a series of additional volunmés the compliant elements respectively,
delivered the characteristic curves to determineirthiesistances and compliances.
Depending on the amount of disposable bacteritdréil attached in series, the values
available for simulation were ~2.5 mbar/l/s (2€fik) and ~5.0 mbar/l/s (4 filters). These
values were determined with a flow generator (F.AGmbH & Co. KG, Lidenscheid,
Germany) for flows between 5 and 80 I/min. The pues-volume relationships revealed
the compliances of the bottles to be 25.1 and Sin3ipar.

For this work the active lung simulator LS4000 wagd to generate simulations with the
characteristics summarized in Table 2-1.

Case R [mbar/l/s] C [ml/mbar]
25--2 2.5 25
50--2 2.5 50
75--2 2.5 75
25--4 5.0 25
50--4 5.0 50
75--4 5.0 75

Table 2-1: Model parameters for simulation with lilveg simulator.
R: Resistance. C: Compliance (rounded)

2.2.2.3 Software control

In each case or combination of R and C the simulats controlled to produce defined
forms of Pmus with three different maximum amplgadFor this, a software program was
written using LabWindows CVI to enable control dietsimulator and to produce the
different patterns simulating muscular pressureariiration of real signals concluded in
making the pressure wave as the sum of an expahantl a sinusoidal component. Figure
2-8 shows the user interface of the control program

The calibration constants for the simulator aresetethe offsets are automatically
measured before starting signal generation. Alleotparameters like amplitude and
frequency of the pressure to be generated can teeedn The sends and acquires signals
through a data acquisition card USB-6009. The nredssignals are displayed and saved
in netCDF format.
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Figure 2-8: User interface of the software to cointne simulator.
The input fields on the left side permit to sel@ttes, form and amplitud
of the pressure wave to be generated with the siiowl

The simulations using the LS4000 were done onlysfilontaneous breathing. Simulations
of ASB make only sense if the simulator can respmndSB as a human would do. This
was not the case, so that the simulations with.8#000 were limited to different levels of

spontaneous breathing without support.

2.3 Invasive measurement of transdiaphragmatic pressure

Whereas the simulations with the LS4000 permitheddirect pressure measurement from
the model, the acquisition of data from voluntesguires the invasive measurement of
transdiaphragmatic pressure, which is essentialgbdine reference method.

The transdiaphragmatic pressuréPdi) is calculated as the difference between the
pressures in the pleura and the abdomen, whosesvale estimated from oesophageal
(Pes) and gastric pressure (Pga). These measuehem@ been used in numerous studies
to analyse lung and chest wall compliance, workrefthing, respiratory muscle function

and the presence of diaphragm paralysis [7]. Becahe pressures are measured
immediately above and below the diaphragm, thestt@phragmatic pressure gives a
direct estimation of the muscular force required tioe inspiration. A review on the

historical background, techniques for placementtte sensing devices and potential
clinical applications of oesophageal and gastraspure measurements can be found in [7].

46



2 Materials and Methods

Some studies like [43], [44], [45] only use the sw@@ment of oesophageal pressure and
neglect the fluctuations of the gastric pressuce.tke measurement of either oesophageal
pressure alone or oesophageal and gastric presbatie®n-tipped catheters are frequently
used. Detailed explanations about this techniqueatternative methods like using liquid-
filled catheters or micro-transducers are availabl@§16]. Because of its widespread use
and common safe employment, the balloon catheténigue was chosen in this work for
the measurement of Pdi as described below.

2.3.1 The balloon catheter technique

For the measurement of oesophageal pressure adthiater with a balloon located at its
end is introduced via nose or mouth until the lwallas placed in the lower third of the
oesophagus [47], [48]. The catheters (see Figu®g a@re hollow, thin (2-3mm outer
diameter) and have at the upper end connectionshiormeasurement of the pressure
signal. The measurement with one single ballooheatat has been successfully used for
example in [43], [44], [45].

Figure 2-9: Single and double balloon catheters.
Single balloon catheters (left) are used to measesephageal
pressure. With double balloon catheters (right)ghstric

pressure can be measured at the same time.

If the measurement of gastric pressure is desisededl, two single balloon catheters can
be used. Figure 2-10 [49] shows how two single doall catheters are placed in the
oesophagus and the stomach to measure Pes anddigaof single balloon catheters have
been used for instance in [50], [51], [52], [534].

I

Figure 2-10: Pressure measurement with two singlledn catheters [49]

An improvement of this technique is given by the wé double balloon catheterésee
Figure 2-9): the distance between oesophageal astdigballoons is kept constant during
the whole measurement and insertion of the cathetexquired only once. This reduces
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the burden on the patient. Double balloon cathdétave been used previously for instance
in [55]. Figure 2-11 shows schematically how theldle balloon catheter is placed.

Balloon mn eesophagus

Diaphragm
—— Balloon in stomach

Figure 2-11: Pressure measurement with a doubledratatheter

For the present investigation custom-made doulledracatheters (nSpire Health GmbH,
Oberthulba, Germany) were used to measure botlpbageal and gastric pressures. The
catheters are 100cm long and have two latex baloeach 7cm long, separated by a
distance of 10cm. Prior to insertion, a local attestgs (Xylocain® 2%) was sprayed into
the subject’s nose and throat. During the insertioldl water was given to the subject to
support the placement of the catheter by swallowidter shifting the balloons to the
approximated depth to be able to reach the stonthehypper ends of the catheter were
connected to the measurement system ZAN 400 (ZANsherate GmbH, Oberthulba,
Germany) and the measurement was started.

After the positioning of the catheter was completib@ balloons were inflated with 2 to
3ml of air. Since inadequate filling of the ballsomay lead to wrong measurements of
pressure, those volumes were determined accorditigetmechanical characteristics of the
catheters bought; for this, the balloons were pmzsd and depressurized with known
pressures and the range of volumes where the nesasat is correct was documented.
The correct placement of the balloons was deteminbyea negative swing of Pes and a
positive deflection of Pga during inspiration. Theximal end of the catheter line was
fixed to the cheeks to avoid displacement. For eation, the inspiratory Pdi was
considered positive. All pressures were measurechar.

The invasive measurement of Pdi was part of thdystuith volunteers (see section 2.4),
which was approved by the Committee of Ethics @& thiversity of Lubeck (Lubeck,
Germany) (Reference 11-074, date”™ b7 June 2011).

2.3.2 Filtering artefacts and offset correction

A few cycles of recorded Pdi are shown in Figurg&22-Superimposed signals of higher
frequency (around 1Hz, typical for the heart ratay be recognized. Such components,
known as cardiogenic oscillations[5], appear as a consequence of the physiologic
proximity of the heart to the oesophagus and mighise errors in the estimation of model
parameters or strongly decrease the goodness lodtfiteen the reconstructed Pdi and the
original signal. Therefore, a filter must be useduppress waves with frequencies around
the frequency of the heart beat.
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Pdi [mbar]

S all such peaks are artefacts
| 1 1

1 1 | 1
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Figure 2-12: Cardiac artefacts in the measuredtiaphragmatic pressiiRdi)

The cut-off frequencies for the filter are deteredrfrom the analysis of frequencies of the
measured Pdi. An excerpt of the spectrum of a samdl is shown as example in Figure
2-13. Zooming in on the values displayed permitetier visualization of the components
that must be eliminated.

a 2 4 & 3 10 12
fregquency [Hz]

Figure 2-13: Single-sided amplitude spectrum ofrtfeasured Pdi.
Signals of frequency between 1 and 2 Hz, typicattie heart rate,
appear superimposed to the frequency componeitite of

transdiaphragmatic pressure (Pdi).

To filter the undesired frequencies without losiggality in the original signal, a
Butterworth high-pass filter and a Butterworth |pass filter, both of fifth order, were
combined to build a band-rejection filter to safedyiminate the components with
frequencies between 0.8 and 8 Hz. The filter waglemented with the functionsutter
andfiltfilt of MATLAB. Using the ordem and cut-off frequencw,, the functionbutter
obtains the coefficients anda of the transfer function

bl + bzz_l t.o.t bn+lz_n
-1 -n
l+a,z" +...+a,,,2Z

F(2) = (Eq. 2.11)

Once the transfer functions are defined, the signéltered using the functiofiltfilt with
the parameters for low and high pass. The resuttiggals are added to obtain Pdi after
band-rejection. An important characteristic of tlumction filtfilt is that the signal is
filtered in the forward and reverse directions,ducing zero-phase distortion and actually
using a filter order that is double the order & fitter specified by anda.

Similarly, the involuntary action of neighbouringhisoth muscles (peristalsis) influences
the measured pressures causing a slow variatiotheofoffset in Pdi. Assuming full
relaxation of the muscles at the end of the expmatthe offset can be defined as the
average of the initial values in each breathinglegydut was rather determined,
considering its variability, as the baseline conimgc the minima of filtered Pdi in
consecutive cycles.
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An important requirement, before establishing tlaeying offset of Pdi and using the
signal to calculate PTPinsp and the model parasieterthe opportune recognition and
exclusion of cycles with abnormal Pdi, i.e. withi Bijnals that do not belong to quiet or
assisted spontaneous breathing, but rather to epsgihs, speaking, etc. This is done by
testing the Pdi of each cycle already during thasueement, against a series of conditions
described mathematically. Details are given in12.5.

2.4 Study with volunteers

After the validation with simulations, a study witést persons followed. The goal of the
study was the analysis of the proposed novel metloodassessment of respiratory
mechanics in a group of healthy subjects with etquitg different respiratory mechanics.
For this, the study included a group of long-tinmo&ers and a group of non-smokers.
This section describes the study.

In order to test the method the study included @&lthy adults with normal respiratory
systems. For all examinations the commercial vatatil Evitad (Drager, Lubeck,
Germany) was used. In order to obtain enough usabiees, direct testing with humans
(instead of animals, which could not be examinethout sedation) was necessary. This
study was designed to test the reliability of teeessment of the activity of the respiratory
muscles and of the respiratory resistance and ¢angd, gained through the proposed
novel method. The activity of the respiratory mesclaries however between subjects and
in the time, depending on the ventilatory requirataelt must be examined therefore, if
such variations are opportunely recognized.

The study was approved by the Committee of Ethidhe University of Libeck (Lubeck,
Germany) and informed written consent was obtaiinech the volunteers prior to their
inclusion in the study. The study was covered bynanrance for clinical studies done by
universities (company: Allianz AS, insurance num®&00160845).

2.4.1 Study design

For the acquisition of respiratory signals, the sedjects breathed spontaneously with and
without support from the ventilator in ASB mode. #udition, the dead-spacevas
increased for a short time to augment the respiyati@mand. The test subjects were
informed in each phase about the procedure and asked to evaluate subjectively their
current breathing effort. A poster was displayedirdy all examinations, such that all
participants had a clear overview on the procedtep by step. The poster and the letter
from the committee of ethics can be foundAimnex Al andAnnex A2 All test subjects
were interviewed and examined before the measuretoelscard any source of increased
risk. Particularly the heart and lung function aalvas the state of mouth and oro-pharynx
were examined.

Following criteria was used for the selection & thst subjects:

Group 1: Non-smokers between 18 and 40 years old

Group 2: Smokers between 30 and 70 years old, ganmoked regularly for at least 10
years

% volume of air that is not used for gas exchange
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The criteria for exclusion from the study includedlergy to local anaesthesia, disease or
malformation of the airways, lung, thorax or abdameegular intake of medication,
pregnancy, sleep apnoea syndrome, allergy to kaelxproblems with swallowing. Only
subjects with physical status class 1 of the AnagriSociety of Anaesthesiologists, i.e.
normal healthy, participated in the study. DatarfrdO smokers and 15 non-smokers, all
men, was used for the validation. Both groups wecqgiired to avoid drinking and eating
during four to six hours before starting the measwent.

2.4.2 Validation setup

The assessment of lung mechanics requires measurefrfeow and pressure. Figure 2-14
displays the validation setup used in this studyictvis composed of several devices used
to get the relevant signals. In this graphic a@eis connected via facemask to the system,
but a mechanical simulator can be connected instead

Ventilator

Shutter Capnograph I

[ ]

pPC

Measufement-bc

-~

Figure 2-14: Validation setup
Pdi: transdiaphragmatic pressure. Pga: gastricpresPes: oesophageal
pressure. P+, P-: differential pressure. T: Tentpeza

This section describes the components of the wadilaetup and their functions.

a) PC: Dedicated software (s@é@nex B) controls the shutter to close the expiratory galv
of the ventilator triggering the occlusions reqdifer the method when desired. It also
receives the signals read by the data acquisiteod ¢DAQ) (USB-6009, National
Instruments Germany GmbH, Munchen, Germany) ofitbasurement box.

b) Ventilator: A commercial intensive care ventila(&vita4, Drager, Lubeck, Germany)
was used to monitor the respiratory signals ofsiligects and partially to give support
under CPAP or ASB mode. The setup was however degigndependently of the
ventilator, giving the possibility to use any otlievice. Disposable CPAP masks (B+P
Beatmungsprodukte GmbH, Neunkirchen-Seelscheid, m&asy) connected the
volunteers to the Evita4. The figure below showes thntilator with the shutter (small
black box) attached to it.
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c)

d)

en

Figure 2-15: Evita4 and shter, front side ad<t5ide

Capnograph: During the study with volunteers thelke of carbon dioxide (C£pand
arterial oxygen saturation (SpOwere supervised using a mainstream capnograph
(CO,SMO", Novametrix medical systems Inc., Wallingford, @QISA) calibrated
according to the steps described by the manufactlifee device and it sensors are
shown below.

Figure 2-16: Capnograph and ensors of &l SpQ

Flow sensor: A hot-wire anemometer (Spirolog, Dragéibeck, Germany) was used
to measure flow. The recognition of flow directimas done in the measurement box
(see item i)) by measuring differential pressurerdiae row of sensors.

Sensors: Several sensors where placed close tadbth and nose of the test subject
(or the distal tube of the simulator). The nextufg shows the row of sensors and
connectors: 1) connection port to the ventilatathviier-lock opening for differential
pressure measurement, 2) flow sensor with cableC@) sensor with cable, 4)
disposable bacterial filter (B+P BeatmungsproduBtabH, Neunkirchen-Seelscheid,
Germany) and 5) connection port to mask with leeklopening for airway pressure
measurement.

connector flow GO bacterial connector
sensor sensor filter
1 2 3

y X 5
| == _

Figure 2-17: Sensing system
to be connected between the mask and the ventilator
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f) Balloon catheter: The oesophageal and gastric ymessvere measured as described in
2.3.1 using double-balloon catheters (nSpire HeaittbH, Oberhulba, Germany).

Figure 2-18: Double-balloon catheter
for invasive measurement of oesophageal and gasassures.
(This measurement is only for reference).

g) Pdi measurement system: The pressures acquired théthballoon-catheter were
measured by pressure sensors in the ZAN40O TDRrgn8ealth GmbH, Oberhulba,
Germany).

Figure 2-19: Device for measurement of oesophagyealgastric pressure

h) The shutter

The shutter constitutes a fundamental part ofwugk because it produces the occlusions
needed for the designed method. It was implemeamed) the electrical control lines of an
Evita4 ventilator. According to a digital signalnédrom the computer, the shutter closes
the expiratory valve of the Evita4 during approxietg 200ms. Over the dedicated
software one can decide how often the occlusionarpas default each 5 breathing cycles.
Figure 2-20 shows the shutter (black box on thétriggde) with its red-black cable
connected to the backside of the Evita4. Furthéaildeon the shutter can be found in
Annex C

»
-

Key-switctk
Shutte

Ventilator
(back side)
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i) The measurement box

In order to have a system that is independent ®@fvemtilator used, a device capable of
receiving and transmitting the measured signalsasastructed for the validation setup.

The measurement box (see Figure 2-21) is compogddubp parts: 1) the flow signal is

sent to a processor for flow measurement (LP-FIovager, Lubeck, Germany), 2) the
differential, airway and barometric pressures areasnred by miniaturized pressure
transducers (HCE series, Sensortechnics GmbH, BumhiGermany), 3) a precision

sensor (LM35, National Semiconductors) measuresathbient temperature, and 4) all
measured signals are read by a DAQ USB-6009 witarapling rate of 200Hz and

transmitted to the computer for data analysis. ¢osd power supply SNP-Z06lenergizes
the boards of the box.

Figure 2-21: Measurement box
With inputs for the acquisition of transdiaphragimatressure
(Pdi), flow, airway pressure (Paw), differentiabpsure (P+, P-)

and temperature (Temp).

2.4.3 Methodology

a) Preparation

The volunteer sits on a chair with approximately dégrees of inclination. Pulse-
oxymetry, electrocardiographic signals and nonsneblood pressure are measured with
a clinical monitor (S5, Datex-Ohmeda GmbH, Freiburg Breisgau, Germany) and a
winged infusion set is placed as precaution. T@piaesthesia is applied to the nose and
the epilarynx. The balloon-tipped catheter is tpegpared for insertion through the nose.
After passing the nares, the catheter is shiftedutfh the oesophagus down to the
stomach. By continuous swallowing while drinkingccavater the volunteer facilitates the
insertion of the catheter. Once the catheter hashexl the approximated deep, the
measurement of pressure is started. Correct posigjois confirmed by negative
deflections in the measured oesophageal pressuargasitive deflections in the gastric
pressure during the inspiration. If positioningh correct, the catheter must be carefully
pulled or pushed. After proper positioning of treldions, the proximal end of the catheter
is fixed with skin-friendly tape to the cheeks atmé test subject is connected to the
validation setup through a nose-mouth mask.

The communication is done by signs, because thgdubannot speak when using the
mask. Moving the left foot means that there is sgmablem; moving the right foot
indicates that everything goes well. The mask aamnelnoved anytime if necessary. After
a short period of habituation to the mask and ¢osituation, the measurement is started. In
the single examination phases the subject is agkeyaluate his inspiratory effort in a
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scale between 0 and 10, where 0 means no effortlBngheans maximum stress. The
subject answers with his fingers. This is doneas @f the monitoring.

pam— y
o -l

volunteers

e

Figure 2-22: Setup in the st}udy with
b) Examination phases
The examination was divided in seven phases plaasel@scribed below:

o Phase 1: habituation. In this phase the voluntaerh@abituate to breath with the mask
and the ventilator set to CPAP or ASB mode and allspositive pressure (PEEP
between 0 and 5mbar). In order to overcome thetiaddi resistance from the devices,
the support can be adjusted in such way that tlieops can breath as usual. A
maximum pressure of 15mbar can be given. This vekgends on the test person.
Phase 1 takes about 3 minutes.

o Phase 2: spontaneous breathing. In this phase hameathing cycles are recorded.
This phase takes around 10 minutes.

o Phase 3: phase change and habituation. The workrexdthing is increased by
removing assistance (ASB is set to Ombar) and gddimow of up to six bacterial
filters increasing the dead space between the seasal the ventilator. Phase 3 takes
about 3 minutes.

o Phase 4: spontaneous breathing with increased wbrkreathing. In this phase,
breathing cycles requiring more effort than in ghdsare recorded. This phase lasts
around 10 minutes. If the effort becomes too hgtttie volunteer, it can be shortened.

o Phase 5: phase change and habituation. The wdykeathing is reduced by removing
all additional filters and giving high positive gsare support (ASB is set to 10 to
15mbar). This value depends on the subject. Ph#seeS about 3 minutes.

o Phase 6: spontaneous breathing with reduced wollkrezdthing through ventilatory
support by ASB. In this phase breathing cycles ireguminimum effort are recorded.
This phase takes around 10 minutes. If the assistsntoo high for the volunteer, the
support level can be lowered or the phase can drtested.

o Phase 7: normalization. In the last phase the subjeaths in the same conditions as
in phase 1 during about 3 minutes.

Pressures, flow and partial pressure of, @@ supervised, acquired and recorded during
each phase. Every 3 to 7 breaths an occlusiomargedt by the software and the novel
method is applied to determine the respiratory patars. After phase 7 the mask is
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removed. The examination including preparation #mel seven phases takes about 90
minutes. The following table gives an overview ba timing for the different phases.

Min. afterstart> 3 6 9 12 15 18 21 24 27 30 33 36 39
Phase 1
Phase 2
Phase 3
Phase 4
Phase 5
Phase 6
Phase 7
Table 2-2: Timing for the examination phases

During the examination following variables are dtlg measured:
o Flow

o Airway pressure

o Oesophageal pressure and gastric pressure

Following variables are derived from the previongs

o Transdiaphragmatic pressure

o Tidal volume, inspiratory and expiratory times, leytme and frequency
0 Pressure time product from transdiaphragmatic press

And following variables are measured for supervisio
0 Heartrate

o Non invasive blood pressure

o Arterial oxygen saturation (Spp

o Expiratory partial pressure of carbon dioxide (O

For the measurement of the first group of varialthessensors of the validation setup (see
2.4.2) were used. The calculation of the secondigrof variables was done by the
dedicated software (séenex B) during the measurement. The last group of vaemblas
measured with the clinical monitor and the capnemethe subjective opinion of the
volunteer about the assistance was documented too.

c) End of the examination

After finishing the data acquisition, the ballooatleeter is carefully removed. The
volunteer is asked to describe any problem or didod that could arise from the
examination. After checking that breathing and &wahg continue to be normal, the
examination is finished.

2.4.4 Safety

Any of the following criteria leads to the termimat of the examination:
o Decision of the volunteer or the supervising phgsic

o Dyspnoe or thoracic pain

o Cardiac dysrhythmia

o Heart frequency under 50/min or over 110/min

0 Systolic pressure under 80 mbar or over 160 mbar

o Other unwanted events

For any incident safety arrangements were defined.
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2.5 Evaluation of results

As seen before, the correct implementation of fgerdhms for the identification of the
model parameters was evaluated with computer strmokdone in the software Simulink,
data collected from a lung simulator and data flwalthy volunteers and patients. In all
cases, at least three signals were required: fomyay- and transdiaphragmatic pressure
(as control).

2.5.1 Abnormal signals and outlying estimates

Once respiratory signals were acquired and sauesl, usability and quality of the
recordings had to be evaluated. High levels ofeydisr example, diminish the quality of
the signals and produce problems in their appbeoatiEspecially difficult is the
measurement of Pdi, due to the challenge of findhegcorrect position of the balloon-
catheter, but also due to the superposition ofigargressure waves or muscular activity
that does not belong to quiet breathing, for exanhiring coughs, sighs or peristaltic
movements. Therefore, it was necessary to estatlish to define what normal Pdi (in the
sense of pertinent to quiet breathing cycles) shimdk like.

Signs of abnormal Pdi are extreme differences (GHEin between its minima in

inspiration and expiration, pressures being higheghe expiration than in the inspiration
or a pressure decrease already at the start ahdipgration. These conditions may not
apply during ASB.
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Figure 2-23: Two examples of abnormal Pdi
Extreme differences between the minima in inspraénd
expiration are signs of a Pdi signal abnormal foetibreathing.

Unwanted signals can also appear in fl&A) ©r airway pressure (Paw), for example when
the volunteer swallows or coughs. Examples of tle@seshown in Figure 2-24. Through

the separation of flow in inspiration and expirationost interruptions to the normal cycle

can be recognized.
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Figure 2-24: Examples of disturbances in flow duswallowing
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Any abnormal signals should be discarded before dbhtermination of the model
parameters. However, remaining erroneous signais stith enter into the least squares
fitting to find R and C. For such cases a rangaaimal (in the sense of physiologic)
values was established as 1 to 30 mbar/l/s fordR1énto 200 ml/mbar for C. Only cycles
with values inside these ranges were used to recmh$he muscular pressure.

Once the variables of each simulation or eachstdgect were measured and recorded, the
quality of the measurements and records was comaeording to: the number of cycles
with abnormal Pdi, the number of cycles with R @&dhside the physiological range or
respectively the amount of outliers in R and C, d@hd number of occluded cycles
effectively recognized as such.

2.5.2 Statistics

Agreement between methods was evaluated by congp#neir pressure-time product
(PTPinsp) values with linear regression, correfatemd Bland-Altman analysis. The 3
levels of effort, i.e. the phases, were comparedr®rway ANOVA and post-tests of their
PTPinsp values per case or subject (given thag ther more than 30 values per phase), or
their mean values for overall evaluation. The statl methods used in this work are
described in the following paragraphs.

0 Mean, standard deviation and relative error

Each non-occluded cycle described by normal sigoglguiet breathing can be used to
obtain the model parameters by MLR. Each occludgdeccan be used to obtain the
model parameters by the novel method. After ushng fitting algorithms to find the
parameters R and C, several values of them maydkalble at any time of a measurement
and are summarized by themean and standard deviationn the simulations the
calculation of absolute ancklative errorsis possible because the values of the real
(measured directly in the simulation setup) paransedare known.

o Linear regression analysis and Correlation

Linear regression analysis is used to investigaterélationship between two variables X
and Y. Assuming a linear relationship, linear regren finds the best ling = mx+b with
slopem and intercepb, that predicts Y from X by minimizing the sum difetsquares of
the vertical distances of the points from the rsgi@n line [56]. In this work linear
regression was used to analyze the relationshipgeba the PTPinsp values calculated
from the measured Pdi (P3§), from the reconstruction of Pdi using the pararset
obtained from MLR (PTR.r) and from the reconstruction using the parameibtained
by the novel method (PB=p).

The Pearson product-momemgbrrelation coefficientr quantifies the direction and

magnitude of the joint variation of the two varieblX and Y. Its value ranges from -1 to 1:
r is O if there is no correlation, 1 is the cortigla is perfect and -1 if the correlation is
perfect and inverse. An r between -1 and O ind&catsverse directions of the variation; r
between 0 and 1 indicates the same direction o¥dhniation. Correlation is appropriate to
analyse data if X and Y are measured independéhthe X values are not controlled but
measured and if the covariation is linear (for egbmif X only increases Y only increases
too).
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The squared value of r is tieeefficient of determinatioR?, which represents the fraction
of the variance in the two variables X and Y tlsashared [56]. The value of Raries
between 0, which means no relation between the, @ 1, which reflects a perfect
match. R2 can be also used as a measurement ohegmodf fit, which expresses the
fraction of variation in the data accounted forthg model according to

R? :1——8
Z( _ _5)2 (Eq. 2.12)

i=1

where S is the sum of the squared residuals @hdis the mean value of the measured
pressure signal [5]. In this investigation R?2 wam@pally used to express the shared
variance of the PTPinsp values from two differeetimods.

o Bland-Altman analysis

Bland-Altman analysis is a modern effective metltodmeasure agreement between
methods. It consists on two steps: a) plottingdliferences between two variables (one
from each method) against its means and b) eshmatnfidence intervals for the limits

of agreement. The results are summarised into thanndifferenced and the standard
deviation of the differencesd The limits of agreement are defined ds-2sdand
d +2sd. The 95% confidence intervals go fror+— tSE to X+ tSE wherex takes the

value ofd or the desired limitt is the critical t-value of a distribution witk1 degrees of
freedom anch the number of samples, a&d is the standard error of the selected limit.
This analysis is particularly useful when corraatanalysis is misleading [57], [58].

In cases where the differences vary systematicalgr the range of measurement, for
example if the scatter of the differences increasethe mean increases, the previous limits
of agreement may be inappropriate, because theyovmutoo large for small means and
too narrow for large means. If the differences am@portional to the mean, logarithmic
transformation can be used [57], [59], [60]. Addlital considerations include the use of
multiple observations per individual [61] wherearection of thesd may be appropriate.
Bland-Altman analysis was used in this work to nueasthe agreement between the
invasive and non-invasive methods to assess PTPinsp

o T-test and ANOVA

The t-test proofs the null hypothesig that the mean valugg andz4 of two populations
are equal, against the alternative hypothesisahatmean is smaller than the other. The
null hypothesis of @awo-tailed t-testan be rejected if the absolute value oftte&tisticis
lower than or equal to thaitical-t. The calculation of the t-statistic depends onséuaple
sizes, the sample means and the variances of fhelgions. The critical-t is obtained
according to the significance leyebnd the number of degrees of freedom.

There are t-tests for independent samples andsttessdependent samples. In this work
the values of the respiratory parameters from smsolkand non-smokers are clearly
independent. Similarly, the mean PTPinsp valuediftédrent phases are independent form
each other. In its simplest form the ANOVA test gfeo whether or not the means of
several groups are all equal and constitutes argkzegion of the t-test if comparison of
more than two groups is required. One-way ANOVA dhnel Bonferroni post-test with
n>30 andp=0.05 were used to compare the PTPinsp valueed tiecorded phases.
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3 Results

For the verification of thé@cclusion+Delta(O+D) method its results were compared to
those obtained through the invasive measuremenaisdiaphragmatic pressure (Pdi) and
multiple linear regression (MLR). The evaluatedadiatas gained from 6 simulations with
the lung simulator LS4000 and from 25 measuremsiitshealthy volunteers. The results
are organised in this chapter as the table belowshAdditionally, a summary of the
main results can be found in 3.4.

Results from the Results from the Comparison and

reference metho O+D method validation
Introduction 3.1 3.2 3.3
Simulations with the LS4000 3.1.1 3.2.1 3.3.1
Study with volunteers 3.1.2 3.2.2 3.3.2

Table 3-1: Overview of the chapter Results.
The numerals indicate the section number.

According to the goals set for this work, this deappresents the results for the single
studied cases and from overall analysis, to detexmi
a) To which extent the results (R, C and PTPinsp)inbthby the non-invasive and by
the invasive methods agree
b) Whether there are significant differences betwéereixamined phases

Most of the plots shown in this chapter serve asvg{e of the results; these and all other
plots can be found in the attached CD. An overvidvthe contents is given iAnnex D
The following abbreviations are used in the tables:

Abbreviations and titls used in the table

nr. Occls Amount of occlusior

Rfit, Cfit R and C obtained from multiple lineamgression with Pdi

Rocc, Cocc R and C obtained with the non-invasi¥® @ethod

Rcurr, Ccurr  Gliding (current) average of the [H3tRocc and Cocc;
these values are used to calculate the estimation
muscular pressure

nPdi Amount of cycles with normal Pdi, undisturlfledv and
airway pressure and values of R and C inside tiysip-
logical rang (1<R<30 mbar/l/s; 10<C<200 ml/mb

m, b Coefficients of the regression line of Bf&énd PTR.p
Rz Coefficient of determination
BA Bland-Altman analysis

- mean: mean difference
- sd: standard deviation of the differences

outl. Amount of outliers in the differences of Pm§p
PTPinsp inspiratory Pressure Time Product

PTR PTPinsp calculated from the invasively measurdd Pd
PTPy:p PTPinsp calculated with the non-invasive O+D métho

Table 3-2: Abbreviations used in the tables of ltesu

* The computer simulations just confirmed the sasfié performance of the model and the algorithifhe
detailed results can be found in the diploma the$&s Rother [42] and M. Strutz [62].
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3 Results

0 Basic data for the simulations

The lung simulator LS4000 was used to simulate ®soations of R and C and to
produce signals of flow and pressure that represgomtaneous breathing with a cycling
frequency of 4 seconds and 3 levels of simulatadamlar pressure. The ventilator was set
to CPAP mode with PEEP= 2mbar; the occlusions we&exuted each third cycle. Table
3-3 shows the list of simulated cases and themrpaters.

Case 25--2 25--450--2 50--4 75--2 75--4

Resistance [mbar/l/s] 2.5 5 2.5 5 2.5 5

Compliance [ml/mbar] 25 25 50 50 75 75
Table 3-3: Cases simulated for the validation 0DO+

o Demographic data of the volunteers

A total of 30 volunteers participated in the studifie first 2 measurements (subject 1 and
2) served as general test and there were 3 casigieds 17, 18 and 30) where adequate
measurement of Pdi was not feasible. Thus, the fdatstudy involved 25 healthy men,
including 10 smokers and 15 non-smokers, breatBpmntaneously in 3 phases: quiet
normal breathing (phase 1), breathing with augntedead-space (phase 2) and breathing
with assistance (phase 3). Note that the setupgesadeliberately in phase 2 by the
presence of a row of six bacterial filters betwd#enventilator and the sensors and in phase
3 through the action of the Evita4 set to ASB mode.

Table 3-4 shows the demographic data of the ppaints of the study. The parameter
pack-yearis commonly specified for the smokers and is dated as the product of packs
of cigarettes smoked per day and the amount oky&ma smoker. A comparison of R and
C between smokers and non-smokers can be fouAdrnax E

Non-smokers n=1& Smokers n=1
Nr. Pseudonyr Age Nr. Pseudonyt Age Paclyeal
4 n25d¢ 25 3 r45Ir 45 4.t
5 n28gd 28 9 r46cl 46 25
6 n24wb 24 10 ré8js 68 4.5
7 n21tj 21 13 r32rd 32 33
8 n24sw 24 20 r46jf 46 12.5
11 n24as 24 22 r41tr 41 22
12 n21jt 21 24 r32sb 32 18
14 n26es 26 26  r59do 59 21
15 n19kb 19 27 r48rb 48 39
16 n27jn 27 28 r49vg 49 16
19 n19di 1¢ mear 46.¢€ 19.€
21 n19fr 19 sd 10.4 10.6
23 n33ai 22
25 n23ks 23
29 n34ag 34

mear 23.7

sd 3.9

Table 3-4: Demographic data of the participantghefstudy
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3 Results

3.1 Results from the invasive reference method

This section presents the results from the referenethod, which requires knowledge of
Pdi in combination with MLR. In the initial part Pdias simulated, whereas in the study
with volunteers invasive measurement of transdiagmatic pressure was required, so that
the results also refer to the invasively acquiigdals.

3.1.1 Simulations with the lung simulator

3.1.1.1 Results per simulation case

Each simulated breathing cycle was entered to am Nth. obtain Rfit and Cfit. Their
means and standard deviations are shown in TableThe column nPdi indicates the
amount of cycles used to get the parameters.

Rfit [mbar/l/s] Cfit [ml/mbar] .
nPdi

meat sd meat SC
25—2 1.9z 05t 23.¢ 0.t 98
25—4  4.82 045 24.6 0.32 97
50—2 192 0.27 495 082 98
50—4  5.04 026 486 067 97
75—2 205 012 7v3.7 058 97
75—4 471 017 711 091 97

Table 3-5: R and C from the simulated cases bygdmérol method.
Rfit: Resistance. Cfit: Compliance. sd: standardaten. nPdi: number of cycles.

Case

3.1.1.2 Analysis of phases per case

During the simulation of each case 3 maximum valokesimulated muscular pressure
were set to represent 3 levels of effort duringné@oeous breathing. The efficacy of such
design was confirmed by comparison of the PTPiradpes simulated during the different
phases. According to the analysis of varianceptban PTPinsp values from the simulated
Pdi (PTRy) were significantly different p<0.05) between all phases in all simulated
cases. As expected for the simulator, there wereongiderable differences in Rfit or Cfit
between phases. Their means and standard deviatdmdated for each phase separately
are listed irPAnnex F, Table F-1.

3.1.2 Results of the study with volunteers

The acquisition and analysis of real signals remligpecial considerations. Particularly the
invasive measurement of Pdi required thorough petjoa for the correct utilisation of the
validation setup and the interpretation of datee Tdsults follow.

3.1.2.1 Preparation and pre-processing of data

0 Characterisation of the balloon catheters

To confirm the adequate measurement of pressugehdhoons of the acquired catheters
were placed under water. A constant PEEP was apphéd the pressure on the balloons
was recorded. The balloons were filled each witto #ml of air. Table 3-6 shows the
pressures in mbar measured by each balloon acgotalitheir filling volume. Clearly the
balloons need 2 to 3ml of air to give a correct soe@ment of pressure.
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3 Results

Iml 2ml 3ml 4ml
PEEP Pes Pga Pes Pga Pes Pga Pes Pga

0 45 -18 -0t -0t OEF 0 14: 12Ft Legend:
5 0 3 38 39 48 4t 16 14.6 Error >3mbar
10 35 75 89 89 98 9t 183 16.8 Error 2-3mbar

15 83 125 135 13.8 145 14. 205 193
20 125 17 185 18.7 193 1€ 232 22
25 16.7 21.8 233 235 24 238 263 252
30 205 26 28 28.2 28.7 283 305 29

Table 3-6: Characterisation of the balloon catlseter

0 Invasive measurement of Pdi

Correct placement of the balloons in the lowerdluf the oesophagus and in the stomach
was confirmed by negative swings of oesophagealspre (Pes) and positive swings of
gastric pressure (Pga) during the inspiration. Trhisthod worked successfully as the
following figure shows.

Pes
Poa
— Pdi

Pressure

Tirme [s]
Figure 3-1: Pressure signals for placement of gilebn-catheters
(example excerpt of measurement with subject 6).

o Effort levels

Setting three levels of effort was possible andisible in the amplitudes of the measured
pressures as well as in the values of PTPinspXayu2 of 25 subjects. In 4 cases (10, 12,
16, 21) the separation of phases was not that. diégure 3-2 shows an example of the
measured Pes, Pga and Pdi from three cycles mdasueach of the three phases. Note
that this cycles correspond to the same subjectthmitbaselines of the signals differ
between cycles.
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Figure 3-2: Examples of Pes, Pga and Pdi in tHeréift levels of effort
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3 Results

o Filtering cardiogenic oscillations

Heart artefacts were filtered as described in 2B2 frequencies in the stop-band (0.8 to
8 Hz) were adequate for all subjects. This is corgd by the frequency analysis of their
Pdi signals. The natural differences between stbjae also reflected by the frequency
analysis of their Pdi. The next figure shows somxeegpts of the analysis of the

frequencies to be filtered. The axis have beertdidnfor better visualisation.

05— 05 05
DA ot ....... ....... S | 0.4 0.4
—oal — 03 — 03
= = =
o o o
ool — 02 — 02
B 0.1 01
0 : : : . : : : . : :
G g m 12 a 2 4 g g m 12 a 2 4 |4} g m 12

frequency [Hz] frequency [Hz] frequency [Hz]

Figure 3-3: Analysis of frequencies of Pdi of thdiéerent subjects

Even if the signals with frequencies in the stopdaoincide with the heart rate, it cannot
be excluded that other sources interact here. dnptiesent work this can be disregarded
because the respiratory system is being modelledh lsimple RC compartment. An
example of the successful filtration of the desiiredjuencies is shown in the next figure.

T T T T T T T
ar Pdi
filtered Pdi ||

Pressure [mbar]

1 1 1 1 1 1 1
472 4725 4.73 4735 4.74 4.745 475
Sarnples w10

Figure 3-4: Example of original and filtered Pdi

0 Recognition of abnormal Pdi

The figure below shows the percentage of cycleb aiinormal Pdi (see 2.5.1) over the
total amount of cycles recognized per subject. &vatues give a hint on the quality of the

invasive measurement.

2°'n,n,n,n,n,n,n,H,n,ﬂ,n,n,ﬂﬂ,ﬂ,ﬂ,ﬂ, Blaanl

345 6 7 8 9101112131415 1619 20212223 24 25 26 27 28 29
Subject Nr.

Figure 3-5: Percentage of cycles with abnormalgedisubject
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o0 Determination of baseline

The determination of the offset line of Pdi wasiackd as the next figures show. The
upper plots shows the measured Pdi and offset (los®; the lower plots shows the
effective offset-corrected Pdi. These are examyéasg the data from 3 subjects. All other
plots are available in the attached CD.

Level 1 Level 2

Pressure [rmbar]

1
25
Samples  x 10°

Pressure [rmbar]

0 05 1 i 1.4 2 25
i Samples  x 10°

Figure 3-6: Example of offset correction in Pdi.
Pdi: transdiaphragmatic pressure; bsl: determirzseine.

L
ol O
[y ]
.

In the previous figure the offset, or baseline Pdlii varies little and remains most of the
time (except for some peaks) between 0 and -10nibasther cases the variation of the
baseline was greater, as the next figure show Wshese cases the determination of
baseline and its correction was possible.

——Pdif{

Pressure [mhbar]
Pressure [mhbar|

i i i 1 i i
0 0& 1 15 2 25 3 35 4
Sample Nr.

Fressure [mbar]
Pressure [mbar]

Sarnple MNr. w10° Sarnple Nr

Figure 3-7: Offset correction in Pdi from subje8téhd 27.
Pdi: transdiaphragmatic pressure; bsl: determirzeselne.

o0 Recognition of leaks

Besides the invasive measurement of Pdi, the MLduires the flow and the airway

pressure as inputs. Even with the invasively pldztbon-catheters, the interface between
volunteer and ventilator in the validation setupswa nose-mouth mask, as for non-
invasive ventilation, for the application of eitherethod, the invasive and the non-
invasive.
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A disadvantage of the non-invasive ventilatiorhis presence of leaks. Due to the fact that
all faces are different and that the subjects mtwere is no ideal mask that avoids leaks
completely. Particularly in the data recorded freabject 16 during ASB, a big leak was
found. Figure 3-8 shows the flow and volume recdrftem a sample cycle. The inspired
volume (~1.5l) is much higher than the expired wodu(~0.71). The real inspired volume is
actually much smaller than the volume calculatednfithe recorded flow (max. ~0.8 I/s)
because part of this flow (~0.3 I/s) delivered hg Evita4 leaks.

153
12
1.0-
0.8
0.5-
D.2-
0.0-
02-

— Flow [Is]
= “olume [I]

06—, 1 1 1 1 I 1 1 1 1 1
00 05 10 15 20 25 30 35 40 4550
Time [s]

Figure 3-8: Cycle with high end expiratory volume

Figure 3-9 shows that the leak was present oven@ fime during the measurement with
subject 16. The plot shows the maximum volumes (¥nfieom each cycle and the end
expiratory volumes (Vee) which, without leak, shibbk near zero. Such cycles cannot be
correctly modelled if the leak is neglected. Theref as a solution to this problem, all
cycles with Vee over 0.5 liter were excluded frdra analysis of all subjects.

28+

25- | * Wrnax [I] * oar
- * Yae [I] ,"‘ - ° Y
. r *1 LA ;‘. ,;‘ ... - *
15- " N . [ -] Fes N
= . .o"-: b ..a - .

5 41] RD 121] 161] ZDD 2-110 280 320 360 400 440 I 486
Cycle Mr.

Figure 3-9: End-expiratory volumes in cycles withaod with leak
Vmax: maximum volume. Vee: end expiratory volume.

o Recognition of swallowing

Also here there were large differences betweenestbjpecause some swallowed much
often than others. More than 90% of the cycles etguketo be have disturbancesvMhand
Paw were recognized successfully by the program waede therefore not used to
reconstruct the muscular pressure. However, theegpuent changes in the overall results
were very small: in all cases the amount of cyeckjected was less than 3% and the
reduction in the dispersion of the differences ®Pkisp (between PTFR and PTR.p)
was smaller than 5%.
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3 Results

3.1.2.2 Results per subject

Each recorded breathing cycle was entered to MLRW@in Rfit and Cfit. Table 3-7
summarizes the results for the complete measuremighteach volunteer. The subject
numbers in grey correspond to the smokers. The etsrih red are outliers. The column
nPdi indicates the amount of cycles used to gepdnameters.

Rfit [mbar/l/s] Cfit [ml/mbar]

Subj. nPdi
meal SC meal SC
3 51z 1.8/ 1011 221 417
4 315 133 744 189 493
5 | 457 234 1190 267 321
6 | 6.43 208 1049 274 286
7 795 38 852 237 541
8 | 485 177 1266 340 330
9 442 194 660 112 495

10 7.28 394 67.7 21.0 280
11 5.3 215 62.1 10.3 456
12 @ 6.12 211 853 11.7 176
13 7.69 266 884 146 343
14  3.66 1.78 94.9 16.9 332
15 @ 6.28 3.05 619 19.8 446
16 = 5.89 206 1127 41.0 169

19 @ 6.89 253 97.7 255 318
20 6.77 2.04 1100 335 192
21 4.2 292 106.6 25.7 131
22 411 1.19 1171 26.0 570
23  6.64 219 905 206 271
24 7.99 241 101.0 335 356
25 | 743 3.31 98.6 18.8 249
26 7.02 213 101.2 226 288
27 7.38 3.31 68.5 13.3 397
28 7.87 3.1 118.7 345 273
29 | 6.74 1.61 70.8 24.4 421
Min = 3.1fF 1.1¢  61.€ 10.: 131

Max 799 394 126.6 41.0 570

Table 3-7: R and C from the volunteers by the inveamethod.
Rfit: Resistance. Cfit: Compliance. sd: standardaten. nPdi: number of cycles.

3.1.2.3 Analysis of phases per subject

During the examination the volunteers breathed spmously at 3 different levels of
effort. The efficacy of the augmentation of effdag increasing dead space and of the
reduction of effort by giving ventilatory supportas/ confirmed by comparison of the
PTPinsp calculated during the different phases. artadysis of variance revealed that the
mean PTPinsp values from the invasive method {R)TRvere significantly different
between all phases in 22 of 25 subjects.

In contrast to the simulations, the parameters &iill Cfit of the volunteers presented

considerable variations between phases. Their maadsstandard deviations calculated
for each phase separately are listedmmex F Table F-2.
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3.2 Results from the non-invasive O+D method

The Occlusion+Delta (O+D) method was applied asthiced in 2.1.5 and 2.1.6. The

occlusions were executed each 3 cycles in the alilons and each 3 to 7 cycles in the
study with volunteers. The time of onset of thelesions varied between 300 and 1000ms
after the begin of the expiration depending onttiead duration of the expiratory time.

This section reports the results of the designeithoake

3.2.1 Simulations with the lung simulator

3.2.1.1 Results per simulation case

Each occlusion was used to obtain Rocc and Coceir ileans and standard deviations
are in Table 3-8. The column nPdi indicates the wamhoof cycles used to get the
parameters.

Rocc [mbar/l/s Cocc [ml/mbar .
nPdi

meat sd meat SC
25--2 1.94 0.t 27.5 1.9¢ 98
25--4 = 454 0.27 26.8 1.37 97
50--2 | 2.24 0.21 523 4.6 98
50--4 | 4.82 0.29 50.2 2.76 97
75--2 @ 2.49 0.13 81.0 6.03 97
75--4 = 4.69 0.22 69.7 9.75 97

Table 3-8: R and C from the simulated cases by>te method.
Rocc: Resistance. Cocc: Compliance. sd: standasidtam. nPdi: number of cycles.

Case

3.2.1.2 Analysis of phases per case

During the simulation of each case, 3 levels of cales pressure were simulated. The
mean PTPinsp values from the Occlusion+Delta me{Rdd.p) were also significantly
different (<0.05) between all phases in all simulated casesexpected, there were no
considerable differences in Rocc or Cocc betweenpihases. All means and standard
deviations calculated for each phase separatelgieea inAnnex F, Table F-1.

3.2.2 Results of the study with volunteers

After the verification of the O+D method with simatibns followed the analysis of data
from the study with volunteers. The setup for astn of real data included signal
measurement with minimized susceptibility to artedaimproved control of mechanical
disturbances and a sampling rate of 5ms. Duringntéasurements each trigger signal sent
from the program to the shutter caused an occlusMmen reading the measured signals,
the recognition of occlusions was correct in ové%9of the cases. Figure 3-10 shows
sample signals of occluded cycles in all 3 phases.

Most of the volunteers (22 of 25) noticed the osidas, sometimes just due to the clicking
noise of the electric relay of the shutter. All waleers said that the occlusions did not
disturb them. Three volunteers had problems acogptie ventilatory support during
ASB. This appears in the signals as false triggéose that the occlusions are not executed
on a regular basis to avoid that the volunteerrepg@red for the next occlusion, which
could influence his physiological reactions.
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Phase 1: quiet breathing Phase 2: increased effort Phase 3: pressure support
07- Flow[blue], %alume(red] 15- Flow[blue], %alume(red) 1.0- Flow(blue]. Yaolume(red)
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Figure 3-10: Examples of signals in occluded cyele3 levels of respiratory effort.
Paw: airway pressure. Pdi: transdiaphragmatic press

3.2.2.1 Results per subject

Each occlusion was used to get Rocc and Cocc. Ta@leshows the results for the
complete measurement with each volunteer. The subjanbers in grey correspond to the
smokers.

Rocc [mbar/l/s Cocc [ml/mbar
meat sC meat sC
3 3.71 0.6¢ 98.2 20.¢ 417
4 3.21 0.64 86.2 19.1 493
5 3.44 0.73 923 28.8 321
6 6.11 1.66 825 28,5 286
7
8
9

Subj. nPdi

7.09 294 714 26.5 541

3.65 1.01 851 24.9 330

4.01 1.50 91.7 28.3 495
10 5.02 152 952 28,5 280
11 4.57 1.53 58.9 20.8 456
12 | 4.36 0.98 90.5 33.3 176
13 7.03 143 732 259 343
14 2.38 0.58 854 24.8 332
15 4.26 147 81.1 26.2 446
16 5.10 294 76.8 27.0 169
19 6.97 225 87.6 30.9 318
20 6.75 1.86 67.9 20.7 192
21 2.35 0.54 100.1 28.2 131
22 3.76 1.0 1132 329 570
23 3.6 1.19 1044 289 271
24 5.27 1.58 91.6 26.1 356
25 4.74 243 T71.7 22.4 249
26 4.02 1.09 70.6 18.8 288
27 6.06 143 86.8 27.3 397
28 441 1.89 915 258 273
29 | 5.06 1.13 68.7 156 421

Table 3-9: R and C from the volunteers by the O+&hud.
Rocc: Resistance. Cocc: Compliance. sd: standasidtamn. nPdi: number of cycles.
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3.2.2.2 Analysis of phases per subject

The volunteers breathed at three levels of regpiraeffort (normal, augmented and
reduced) during spontaneous breathing. The efficAsgtting the levels was confirmed by
the comparison of the PTPinsp values obtained duhe different phases. According to
the analysis of variance, the mean PTPinsp valeas the non-invasive method (PJ3)
were significantly different between all phaseslhsubject3 The parameters Rocc and
Cocc also presented considerable variations betywbeases. Their means and standard
deviations calculated for each phase separatelyséed inAnnex F Table F-2.

3.3 Validation of the non-invasive O+D method

This section presents the comparison of the refulis the non-invasive method against
the results of the standard invasive procedure.

3.3.1 Simulations with the lung simulator

3.3.1.1 Validation results per simulation case

The estimates of R and C from the O+D method, Ramd Cocc, gained after each
occlusion were used to reconstruct the pressuma fiee upcoming cycles. Figure 3-11
shows two examples of reconstructions from case25empared against the simulated
pressure: one was successful and one has poor fit.

Successful reconstruction Reconstruction wibr fit
17 E= Pecrus (light green). Pdi [magenta) 17.3- Permus [light green). Pdi (magental
16.0- 15.0-
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=]
1

©n
[=]
1

Prezzure [mbar]
Frezzure [mbar]

=
=]
[

470 1 1 1 1 1 1 1 -2.0-, 1 1 1 1 1 1 1
00 05 10 15 20 25 30 v oo 05 10 15 20 25 30 3B
Time [£] Time [2]

Figure 3-11: Examples of simulated Pdi and its mstictions.
Pdi: the simulated pressure, Pcmus: the calculatextular pressure.

The following table shows, as example, the resaflthe validation obtained for case 75--
4. The resulting parameters Rocc and Cocc from @h® method can be directly
compared to the parameters Rfit and Cfit from teerence method. The table also
displays the results of regression and Bland-Altraaalysis.

Rocc Cocc Rfit Cfit BA
[mbar/l/s] [ml/mbar] [mbar/l/ls] [ml/mbar] nPdi m b R2  [mbar*s] outl.
mean sd mean sd mean sd mean sd mean sd

469 0.22 69.7 9.75 471 0.1771.12 091 97 1.01 0.14 0.95 0.34 0442

The results of all single cases were plotted irplgics organised like Figure 3-12. This
graphic shows, as example, the results obtainecafse 50--2 (LS502).

® Note that this affirmation is weak for phase 3object 10 and phase 1 of subject 21 which had télgnd
5 cycles respectivelyn&30); in all other casas>30.
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S“hjed Ls502 Bland-Altman diagram
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Figure 3-12: Summary of results for a single sirtiatacase.
The left panels show PTPinsp, R and C by the reterenethod (PTR;, Rfit,
Cfit) and from the new procedure (PJB, Rocc, Cocc, Rcurr, Ccurr). The
dashed linesnark the begin and end of the examined phasesrigiiepanel
compare the PTPinsp values from both methods wighpmint per cycle.

The single tables and plots of all simulations arailable in the attached CD. Table 3-10
summarizes the results of the validation for alrfulated cases.

Rocc Cocc Rfit Cfit BA
Case [mbar/l/s [ml/mbar] [mbar/l/s [ml/mbar] nPdi m b Rz [mbar*q
mear SC mear sSC meal sSC mear scC mear sd

25--2 1194 0.t 27.t 1.9¢ 1.9z 0.5t 23.¢ 0.t 98 09c -2.9¢ 0.9¢ -4.5¢ 0.6¢
25--4 | 454 0.27 26.8 1.37 482 0.4t 246 0.32 97 0.87 1.84 0.98 -3.50 0.60
50--2 | 224 0.21 52.3 4.6 192 0.27 495 0.82 98 0.90 1.02 0.96 -1.35 0.49
50--4 1 482 0.2¢ 50.2 2.7¢ 5.04 0.2¢ 48.6 0.67 97 0.97 0.18 0.99 -0.53 0.24
75--2 | 249 0.1¢ 81.0 6.0¢ 205 0.1z 73.7 0.58 97 0.94 0.44 1.00 -0.80 0.18
75--4 1469 0.2z 69.7 9.7¢ 471 0.17 71.1 0.91 97 1.01 0.14 0.95 0.34 0.44

Table 3-10: Validation results from simulated cases

The small absolute differences between the mearesalf R and C are plotted in Figure
3-13. The real values of R and C directly measurethe setup (see 2.2.2.2) did not
change during the simulation.

For all cases, analyzed separately, linear regnegsiveals high agreement in the PTPinsp
from the simulated and the reconstructed muscuksspire (0.87<m<1.01, -2.98<b<1.84,
R2>0.95). This demonstrates that the changes inoRTé€brrectly follow the changes in
PTRg. Also Bland-Altman analysis shows positive resijiteean differences between -
4.56 and 0.34 mbar*s; standard deviations of tHéerénces between 0.18 and 0.66
mbar*s). Although there are significant differencies agreement between cases, all
differences are acceptable when compared to th@ubs/alues of PTPinsp.
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Figure 3-13: Differences in R and C between methiodise simulated cases.
R: Resistance. C: Compliance. Rfit, Cfit: R andiffamned with the simulated
muscular pressure. Rocc, Cocc: R and C obtainddthat Occlusion+Delta meth

3.3.1.2 Analysis of phases per case

Although the experimental setup of the model ditlef@ange between phases, a separated
analysis for each phase was done in preparatiothéanalysis of real data. The results of
each phase are organized in tables as the examlple fresults for case 75--4).

nr Rfit Cfit Rocc Cocc BA
Phase cycIesOC(;IS [mbar/l/s] [ml/mbar] [mbar/l/s] [ml/mbar] nPdi [mbar*s] outl.
mean sd mean sd mean sd mean sd mean sd

1 27 9 484 0.1571.3 094 464 022639 7.31 27 0.15 056 O
2 34 12 471 0.1371.2 0.91 467 0.14 709 5.01 34 0.64 025 O
3 28 10 457 0.1270.8 0.8 4.70 0.2671.0 129 28 0.17 0.26 O

Additionally, the agreement in PTPinsp inside thages was measured by Bland-Altman
analysis. Its results are plotted in graphics thek like Figure 3-14. This graphic shows,
as example, the results obtained for case 50--BdRE All single tables and plots are
available in the attached CD.
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Figure 3-14: Analysis of phases by Bland-AltmarP@Pinsp per simulation.
PTPinsp: inspiratory pressure-time product. RIPTPinsp from the simulated
pressure. PT&p: PTPinsp from the pressure reconstructed withQthB method.

As expected for the simulations, there were noesgnmtative differences in R, C or in the

mean differences of PTPinsp between the ph@sesex F Table F-1 shows all validation
results for all three phases of all 6 simulatecksas
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3.3.1.3 Overall analysis of simulation cases

Linear regression and Bland-Altman analysis ofRhand C values reveal high agreement
between methods for the simulations:

- Rocc = 0.85*Rfit + 0.55, R2 = 0.99; DifferencesRrn= 0.04+0.57 mbar/l/s
- Cocc = 1.00*Cfit + 2.48, R2 = 0.98; DifferencesGn= 2.67+5.62 ml/mbar

The single differences in mean R and C from bothhods vary strongly between the
cases and are compared here as relative values:

25-2 25--4 50--2 50-4 75-2 75-4
100(Rocc-Rfit)/Rfit [%] 1.0 -5.8 16,7 -4.4 215 .40
100(Cocc-Cfit)/Cfit [%] 150 92 56 33 9.8 -2.0

At least 92 pairs of PTPinsp were available forheaomulated case. For a balanced
analysis of all cases together, the same amoumgant (’'=92) was used per case
(n=552). Linear regression and Bland-Altman analgs® reveal high agreement between
the PTPinsp calculated from both methods in theikitions:

- PTRy:p = 0.83*PTRyi + 2.85
- 95% confidence bounds 0.825 to 0.844rfoand 2.582 to 3.124 fdy, R2 = 0.98
- Differences = -1.73+3.58 mbar*s

Figure 3-15 presents the corresponding plots. Theucs indicate the cases. The Bland-
Altman diagram shows that the differences in 2&n#é 25--4 are bigger than in the others,
although still acceptable, but also their mean R3Pvalues are greater. This is related to
the small selected compliance: these simulation® wene with a very low compliance,
which would represent a very stiff lung. Correspogty, the regression analysis shows an
offset in 25--2 and 25--4.

Regression analysis of simulated data Bland-Altman diagram of simulated data
451 p e o 257
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Figure 3-15: Results of O+D with simulations
PTPinsp: inspiratory pressure-time product. R PTPinsp from the simulated
pressure. PT&.p: PTPinsp from the pressure reconstructed wittQihB method.

In conclusion, the simulations served to succelysfudrify the principle and function of
the O+D method. The next step is the analysisehtlkthod with data from volunteers.
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3.3.2 Results of the study with volunteers

3.3.2.1 Validation results per subject

Like for the simulations, all results for singlebgects are plotted in graphics organized as
Figure 3-16. The plots show as example the resbligined for subject 3 and subject 10.
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Figure 3-16: Summary of results for single subjects
The left panels show PTPinsp, R and C by the reterenethod (PTHR;, Rfit,
Cfit) and from the new procedure (PJ.B, Rocc, Cocc, Rcurr, Ccurr). The
dashed lines mark the begin and end of the exanphasles. The right panels
compare the PTPinsp values from both methods wighpmint per cycle.
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In most cases a look on the plots of PTPinsp sdfto recognize the phases (delimited in
the plots by dashed lines), but for the subjectsl2016 and 21 that differentiation was not
that clear. All plots available in the attached CD.

Main validation results per subject

Table 3-11 summarizes the validation results f& tomplete measurement with each
volunteer. The numbers in grey correspond to theksms. The numbers in red are
outliers.

Rocc Cocc Rfit Cfit BA
Subj. [mbar/l/s [ml/mber] [mbar/l/s [ml/mbar] nPdi m b Rz [mbar*q]
mear SC mealr SC mear sC meal SC mear  sc

3 3.71 0.6¢ 98.z 20.¢ 5.1z 1.87 101.1 22.1 417 1.0C -0.8C 0.97 -0.8c 2.5z
4 321 0.64 86.2 19.1 3.15 1.3 744 189 493 1.25 -3.230.97 -0.08 3.14
5 344 0.72 923 28.6 457 2.34119.0 26.7 321 1.07 0.55 0.8t 1.71 4.15
6  6.11 1.6€ 825 28.t 6.43 2.0€104.9 274 286 12 0.02 0.9¢ 44 4.05
7 7.09 294 714 26.t 7.95 3.8 852 23.7 541 123 -1.300.94 1.86 2.85
8 1 3.65 1.01 851 24.¢ 485 1.77126.6 340 330 1.16 -1.250.93 2.32 4.32
9 401 15 91.7 28.c 442 194 66.0 11.2 495 1.20 -3.440.95 -0.35 3.03
10 5.02 1.52 95.2 28.t 7.28 3.94 67.7 21.0 280 0.88 -0.940.88 -3.4 3.24
11 457 153 58.9 20.& 53 215 62.1 103 456 1.11 -0.160.92 1.89 5.1
12 436 0.9€ 90.5 33.c 6.12 2.11 853 11.7 176 1.01 0.33 0.9 0.64 5.95
13 7.03 1.423 732 25.¢ 7.69 2.6€ 884 146 343 106 246 0.9 3.8 4.02
14 238 0.5€ 854 24 3.66 1.7¢ 949 169 332 1.03 150 0.8 2.09 5.61
15 426 1.47 81.1 26.z 6.28 3.0t 61.9 19.8 446 1.08 -1.790.86 -0.61 3.46
16 5.1 294 76.8 27.C 589 2.0€ 112.7 41.0 169 1.01 6.42 0.6t 6.53 3.9
19 6.97 2.2t 87.6 30.€ 6.89 2.5z 97.7 255 318 1.44 -6.280.88 3.96 8.43
20 6.75 1.8€ 67.9 20.7 6.77 2.04110.0 33.5 192 0.98 4.39 0.9 4.01 297
21 235 0.54100.1 28.2 4.2 2.92106.6 25.7 131 1.97 -23.3 0.65 6.47 22.04
22 3./6 10 113.2 329 411 1.1¢€117.126.0 570 0.95 145 0.9{ 1.02 0.77
23 3.6 1191044 289 6.64 2.1¢ 90.5 20.6 271 1.25 -7.240.87 -2.85 3.91
24 527 158 916 26.1 7.99 2.41101.0335 356 0.87 127 0.9-0.88 3.93
25 474 243 71.7 224 743 3.31 98.6 188 249 0.92 9.34 0.8 6.69 8.52
26 4.02 1.0¢ 70.6 18. 7.02 2.15101.2 22.6 288 1.38 -2.960.96 7.57 8.4
27 6.06 142 86.8 27.2 7.38 3.31 68.5 13.3 397 0.83 -0.750.89 -4.22 4.93
28 441 1.8¢ 915 25 7.87 3.1 118.7 345 273 111 0.84 0.8 2.79 5.09
29 5.06 1.18 68.7 15.€ 6.74 1.61 70.8 244 421 1.36 -9.7 0.9t -0.98 6.23

Min = 2.3% 0.54 58.¢ 15.€ 3.1f 1.1¢ 61.¢ 10.c 131 0.8 -23.2 0.6t -4.2z 0.77
Max 7.09 2.94113.2 33.3 7.99 3.94126.6 41.0 570 1.97 9.34 0.9t 7.57 22.04

Table 3-11: Results of measurements with volunteers

R and C present large variation independently ef tiethod used: the mean standard
deviations using the results of all subjects arel Inbar/l/s for Rocc, 2.38 mbar/l/s for
Rfit, 25.6 ml/mbar for Cocc and 23.1 ml/mbar foitCf

In 23 of 25 cases the mean Rocc was smaller tteam#an Rfit. The differences in C vary

largely. These mean values were calculated fomi@e measurement. The differences in
mean R and C between methods are plotted in FRyl&
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Figure 3-17: Differences in mean resistance andptiance between methods
R: Resistance. C: Compliance. Rfit, Cfit: R andifamned with the measured
muscular pressure. Rocc, Cocc: R and C obtainddthat Occlusion+Delta meth

For all cases, analyzed separately, linear regnestiows positive agreement:
- 0.65<R2%<0.98
- 0.83<m<1.44 (outlier in subject 21 m=1.97)
- -9.7<b<9.34 (outlier in subject 21 b=-23.3)

whereas Bland-Altman analysis shows acceptableeagret:
- mean differences between -4.22 and 7.57 mbar*s
- standard deviation of the differences between Grik¥8.52 mbar*s
- (outlier in subject 21 sd= 22.04)

with large differences between subjects.
Figure 3-18 summarizes in a box plot all the ddferes in PTPinsp per subject. Clearly the

measurement of subject 21 had a much larger dispettsan all others, although no signs
of it appeared during the measurement. On the aontthe best results (mean closest to

zero and smallest deviation) correspond to suld2ct
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Figure 3-18: Differences in PTPinsp for all 25 vdkers
PTPinsp: inspiratory pressure-time product. I PTPinsp from the simulated
pressure. PT&Rp: PTPinsp from the pressure reconstructed witfO#hB method.

76



3 Results

3.3.2.2 Analysis of phases per subject

Due to the previously revealed differences betwg@ases for the volunteers, a separated
analysis was done for each. The results of eaclseplase organized in tables as the

example in Table 3-12 shows (subject 29). Thisetiobsents a case, where there is a big
change of Cfit in phase 2 that has remarkable cpreseces in the differences of PTPinsp.

nr Rfit Cfit Rocc Cocc BA
Phase cycles Océls [mbar/l/s]  [ml/mbar] [mbar/l/s] [ml/mbar] nPdi [mbar*s] outl.
mean sd mean sd mean sd mean sd mean sd

1 126 28 7.07 12 608 748 523 0.73.72 13.9 126 -4.22 1.63 O
2 117 23 6.08 1.61101.7 26.66 3.96 1.3971.13 12.1 112 7.58 556 O
3 168 38 6.99 1.7357.7 7.88 558 0.663.56 16.7 167 -4.43 1.83 1
Table 3-12: Sample results of measurements peephas
(subject 29). The higher compliance Cfit in phase r&flected
by a higher mean difference in respiratory effort.

Also the values of subject 7 and subject 9 are gexaimples of a notable difference
between phases in relation to the results of tlemd@lAltman analysis. Figure 3-19 shows

the Bland-Altman diagrams of these subjects withassted markers for each phase.

The variation of the differences
increases with their means. .
Subject 2
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Figure 3-19: Analysis of phases by Bland-Altmargdien of two subjects.
PTPinsp: inspiratory pressure-time product. R PTPinsp from the simulated
pressure. PT&R.p: PTPinsp from the pressure reconstructed wittQhB method.
Phase 1: quiet breathing; Phase 2: increased ;dffoaise 3: pressure support.

That the mean values of PTPinsp increase in phasel 2lecrease in phase 3 was part of
the experimental design, but not that the varian€dise differences change.

The results of the phase analysis for each subjex plotted in graphics like Figure 3-20.
This plots show, as example, the agreement obtafoedthe three phases of the
measurement with subject 28. As explanation to réetitive increase of the mean
difference in PTPinsp during phase 2 a possiblaydef the measured Pdi with respect to
the flow was considered, but did not result coesisbetween subjects.

The single tables and plots of all 25 subjects arailable in the attached CD. The
validation results for all three phases of all viaeers are shown innex F, Table F-2.
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Subject 28 Phase1 Subject 28 Phase? Subject 28 Phase3
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Figure 3-20: Analysis of phases by Bland-Altmargdén of PTPinsp per subject.
PTPinsp: inspiratory pressure-time product. I PTPinsp from the simulated
pressure. PT&R.p: PTPinsp from the pressure reconstructed wittQhB method.
Phase 1: quiet breathing; Phase 2: increased ;dffoaise 3: pressure support.

3.3.2.3 Overall analysis of data from volunteers

As the values of R and C also changed between gliase results iAnnex F Table F-2)
linear regression and Bland-Altman analysis weneedasing their means for each phase
and each volunteen & 75). Figure 3-21 shows the plots.
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Figure 3-21: Analysis of mean R and C of all sutsjgeer phase.
R: Resistance. C: Compliance. Rfit, Cfit: R andiffamned with the simulated
muscular pressure. Rocc, Cocc: R and C obtainddtihwt Occlusion+Delta method.
Phase 1: quiet breathing; Phase 2: increased ;dffioaise 3: pressure support.
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Main validation results for all subjects

The previous linear regression analysis shows lowetation, especially for C:

- Rocc = 0.69*Rfit +0.47, R2=0.54
- Cocc = 0.17*Cfit +68.67 R2=0.07.
- The differences are -1.39+2.07 mbar/l/s for R &d83+40.66 ml/mbar for C.

According to these results the O+D method can teelgentify R but the determination of
C is not precise enough.

The number of pairs of PTPinsp for each subjededagreatly (between 131 and 570). For
a balanced analysis of all measurements togetleesdame amount of paira’€100) for
each case was selecteds2500). The pairs were randomly selected.

Both linear regression and Bland-Altman analysinalestrate positive agreement between
the PTPinsp calculated from both methods:

- PTRyp=1.13*PTRy— 0.85, R2=0.84
- mean differences (mean+2SD) = 1.78+7.18 mbar*s.

Figure 3-22 presents the corresponding plots shpwimly 10 points per volunteer for
clarity.

Linear Regression Analysis Bland-Altman diagram
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Figure 3-22: Regression and Bland-Atman analysiRTd?insp from all volunteers
PTPinsp: inspiratory pressure-time product. I PTPinsp from the simulated
pressure. PT&Rp: PTPinsp from the pressure reconstructed witfO#hB method.

3.3.2.4 Overall comparison of phases

As seen before, the differences in PTPinsp alseddretween phases. The left panel of
Figure 3-23 shows a box plot of the differences pkase. The outlier in phase 2
corresponds to subject 21. The mean differencésT&insp in mbar*s are 1.67 for phase
1, 5.44 for phase 2 and -0.43 for phase 3.
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In the right panel of Figure 3-23 the values of jeab 21 were omitted. The mean
differences of PTPinsp in mbar*s are 1.62 for pHgs&93 for phase 2 and -0.24 for phase
3.

A) Data from all volunteers B) Data without outlier (subject 21)
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Figure 3-23: Overall mean differences in PTPindgwben phases.
PTPinsp: inspiratory pressure-time product. RIPTPinsp from the simulated pressure.
PTRy.p: PTPinsp from the pressure reconstructed witlQihB method.
Phase 1: quiet breathing; Phase 2: increased ;dffoaise 3: pressure support.

3.4 Summary of main results

This section gives a simplified overview on the megsults. Tables and figures can be
found in the next two pages.

As seen in 3.3.1.3 the simulations served to ssbals verify the principle and function
of the O+D method. Next step was the validatiorhwlidta from the study with volunteers.

Table 3-13 (same as Table 3-11) summarizes thdtgesii the validation with each
volunteer. It includes the mean values of R andothfeach method. The results of linear
regression (m, b), correlation 2(Pand Bland-Altman (mean and standard deviatiothef
differences) refer to the comparison of the effigrboth methods.

As Figure 3-24 (same as Figure 3-17) shows, thenrRe&c was in 23 of 25 cases smaller
than the mean Rfit, whereas the differences in nizkrgely varied.

Figure 3-25 (same as Figure 3-18) presents alllifferences in PTPinsp per subject.

Since R and C changed between phases, linear segresnd Bland-Altman analysis were
done using their mean values for each phase anu \e@anteer it = 75). Regression
analysis showed low correlation, especially forRo¢c = 0.69Rfit +0.47, R?= 0.54; Cocc
= 0.17Cfit +68.67 R2= 0.07). The differences wele39+2.07 mbar/l/s for R and -
8.33%£40.66 ml/mbar for C. As noted before, thesalts suggest that the O+D method can
help to identify R but the determination of C id peecise enough.
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Table 3-13: Results of measurements with volunteers

R: resistance. C: Compliance. Rfit, Cfit: R andr@1 invasive method. Rocc, Cocc:
R and C from the novel method. nPdi: amount ofeycin, b, R results of linear

regression. BA: Bland-Altman analysis. The numlenrgd are outliers.
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Figure 3-24: Differences in mean resistance andptiance between methods
R: Resistance. C: Compliance. Rfit, Cfit: R andiffammed with the measured
muscular pressure. Rocc, Cocc: R and C obtaingidtihe Occlusion+Delta meth
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Figure 3-25: Differences in PTPinsp for all 25 vdkers
PTPinsp: inspiratory pressure-time product. I PTPinsp from the simulated
pressure. PT&Rp: PTPinsp from the pressure reconstructed witfO#hB method.

Finally, linear regression and Bland-Altman anaysiere done using 100 randomly
selected pairs of PTPinsp for each subject 2500).

Both demonstrated acceptable agreement betweerbréeghing effort measured as
PTPinsp calculated from both methods:

- PTRyp=1.13PTRB4— 0.85, R2=0.84
- mean differences (mean+2SD) = 1.78+7.18 mbar*s.

Figure 3-26 (same as Figure 3-22) presents thes plith 10 points per volunteer for
clarity.
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Figure 3-26: Regression and Bland-Atman analysRTd?insp from all subjects.

PTPinsp: inspiratory pressure-time product. I PTPinsp from the simulated

pressure. PT&Rp: PTPinsp from the pressure reconstructed witfO#hB method.
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4 Discussion

This chapter is devoted to the discussion on sonmoitant aspects observed during the
implementation and the validation of the resultghe proposed Occlusion+Delta (O+D)
method. It contains as well a comparison of ith® methods introduced as the state of the
art.

4.1 Dealing with real data

4.1.1 Invasive measurement of Pdi

The use of a standard invasive method to measamsdraphragmatic pressure (Pdi) was
indispensable to have a reference for the veritioabf the non-invasive method O+D. For
that reason, the results presented in the prewibapter involve data gained from the
invasive measurement of Pdi using balloon-tippebetars.

Previous studies have demonstrated that this tgobrgives a good approximation to the
transdiaphragmatic pressure [7] but also that sisswees must still be considered. In [63]
the authors state that “It is commonly acceptedl, ihaspite of some technical limitations
and lack of accuracy, oesophageal pressure varsatijore a reliable estimate of pleural
pressure variations” and then “Whereas oesophggeakure has generally been used to
accurately estimate the cyclical breathing varraid pleural pressure (...) the reliability
of the absolute value of pleural pressure is somdhass defined”.

Since the invasive measurement of Pdi bases ooatlalation of the difference between
oesophageal and gastric pressure, their absolltesvaéaad to be carefully defined. The
first step was the confirmation of the proper measwent of pressure by the balloons as
done in 3.1.2.1. Besides this technical issue, monseaspects must be taken into account:
not only the artefacts caused by the heart beapanstaltic or voluntary movements, but
also the exact positioning of the balloons mayuiefice the recorded signal. Implementing
the steps previously introduced and discussedisdapter, it was possible to measure
and record Pdi getting the expected changes iantglitude during the study with the
volunteers.

4.1.1.1 Measurement of gastric pressure

Contrarily to previous studies like [43], [44], [Athis work also regards the measurement
of gastric pressure for the estimation of musceftort. During normal quiet breathing Pga
is expected to have a relatively constant amplitinde is smaller than the amplitude of
Pes. This was the case in 22 of the 25 subjecexasple A) in Figure 4-1 shows (subject
3), whereas the Pga of the subjects 11, 23 andr@&mpted considerable variations of
baseline and amplitude, as example B) shows (suldjgk In some cases Pga was
relatively constant in amplitude, but was compagdyi big in comparison to Pes, as the
example C) shows (subject 7). In that sense, therativanalysis indicates that the
measurement of Pga indeed carried important infoaman all cases for the calculation of
Pdi. Finally, the plot in example D) of Figure 4hows the signals recorded from subject
17 (not listed above): even after repeating comeppgacement of the catheter, no useful
signals could be observed.

83



4 Discussion

A) 40 - - . T T B} 40

30+

20

Pressure [mbar]
Pressure [mhar]
I (]

; ; ; i i . ; ; ; i
500 1000 1500 2000 2500 0 500 1000 1500 2000
Time [s] Time [s]

c)

' : D}
Hl b . ......... ....... l
i, 'I-JW Lf‘h‘ ik

Pressure [rbar]
Pressure [mbar]
[}

a0k ......... L ........ TR | e ...... i
Aok o ............. ...... Pes H a0k L PR ......... ....... Pes
40 L H ; i A0 L L i i L !
0 500 1000 1500 2000 0 500 1000 1500 2000 2500 3000
Tirme [s] Time [s]

Figure 4-1: Observations on the invasively measpredsures
Pes: oesophageal pressure. Pga: gastric pressure.

4.1.1.2 Disturbances, presumed reactions and cardiac etsefa

o Disturbances

The respiratory effort was quantified as the anmedeun the inspiratory part of the measured
Pdi (PTRy). A difficulty appears however if the measuredhsigpresents disturbances. An
example of this is illustrated in Figure 4-2 whétdi contains a large deflection at the
beginning of the cycle, which cannot be satisfalgtodescribed by the linear single
compartment model (see 1.2.3.1). In this case tiexpected form of Pdi returns a very
low or even negative value for PAR

It is possible, indeed, that every now and thenatieg values for the area appear, but if
this happens too often during quiet breathing dreukl suspect that the measurement of
Pdi was problematic, particularly if flow, volumadhairway pressure have standard forms
like in the figure. In such a case the reconstomctif Pdi obtained with any positive values
of R and C will logically also have a standard foiira. increasing in the inspiration and
decreasing in the expiration. The area under tbenstructed pressure (PJ#B) would be
larger. The difference between the areas from syclkes would be high. In the figure the
magenta line represents Pdi; the reconstructedyme¢Pcmus) is shown in light green.
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Figure 4-2: Divergence of areas due to a disturbam@di.
Paw: airway pressure. Pdi: transdiaphragmatic press

0 Presumed reactions to the occlusion

In some cycles a notable change in Pdi (suggeatimgtable change in muscular pressure)
can be seen after the occlusion onset. Figureldf3 §éhows an example of this. On the
one hand, the MLR method applied on the whole cyee not deliver physiological
values of R and C. On the other hand, the assumpfi®di being similar in this cycle and
a previous one is weak and the O+D method will pbiyp deliver outliers.

Occluded cycle Non-occluded cycle
Pawigreen), Pdi(magenta) 122 Pawigreen), Pdi(magenta)

occlusion
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Figure 4-3: Presumed reactions of Pdi in an ocdwta an undisturbed cycle
Paw: airway pressure. Pdi: transdiaphragmatic pres3he large negative
variation of Pdi may produce outliers in the mopi@lameters.

201
4

The high negative variation of Pdi could be intetpd as a voluntary reaction to the
occlusion, contradicting the theory about the ndmreaction time of the diaphragm (<300

ms), or as artefacts due to internal displacemetiteoballoons. The second interpretation
is rather acceptable because such changes of Pdnlyoappear in occluded cycles but at
any time of the measurement as Figure 4-3 (righds. Thus, such reactions cannot be
directly related to the manoeuvre but rather tosueament artefacts.

85



4 Discussion

o Filtering cardiac artefacts

In this project the cardiac pressure waves obsearv&dli were filtered out after recording
the data. The frequencies selected (0.8 to 8 Hzgred the measured frequencies of the
heart beat during quiet breathing. The processneadéimited to a low-pass filter because
noise that affects Pdi in the same manner as ther gignals might contain important
information for the fitting methods used in the MLBesides this, smoothed data would
violate some of the assumptions of nonlinear (amehl) regression, because the residuals
are no longer independent [64].

4.1.1.3 Constant and variable offset

The positioning of the balloon catheter requireer line which depends, among others,
on the volume of air inflating the balloons. Thiayrcause that a relatively constant offset
appears in the measured Pdi. It is relatively amtsbecause displacement of the catheter
can also change the initial value. This is coumtdrg fixing the position of the catheter
during the measurement with skin-friendly tape he theeks. If Pdi is shifted by a
relatively constant offset, the areas calculatedeurPdi (PTBy) and the reconstruction
Pcmus (PTB.p) differ even if the waveforms are virtually idegdl.

A constant offset can be corrected by identifyihg thaseline of Pdi, which can be
obtained from the parameteg &elivered by the MLR method, and subtracting anirthe
measured signal. Figure 4-4 A) shows an exampteeoPTPinsp values from a recording
with constant offset in Pdi. Figure 4-4 B) showe tresults of the same file after
subtracting the offset.
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Figure 4-4: Effect of a constant Pdi offset in RIdpi and correction
PTPinsp: inspiratory pressure-time product. RIPTPinsp from the simulated
pressure. PT&p: PTPinsp from the pressure reconstructed withlCthB method.

If the test subject is fully relaxed, the muscypaessure at the end of the expirations is
expected to be zero or the value that it had ab#gnning of the cycle. However, slow
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displacement of the catheter and/or slow changkenFRC (see 1.2.1.1) can produce a
variable offset in the recorded pressure. Figufe shows a Pdi signal whose baseline
varies with time. This offset can be removed ifusmssg that Pdi during quiet breathing is

in fact equal at the beginning and the end of jlutes.

Pdi [mhbar]
=) (53]
(] -
! f
]

—
[
Il

i LW ; ; i i
54 56 58 B . 6.2 6.4
Sample Nr.x 10

Figure 4-5: Changing offset in transdiaphragmatespure (Pdi)

Some considerations were necessary to correctlgrdete the offset. First, this
determination is possible only for cycles with natrRdi. Second, proper selection of the
minima requires smoothifighe signal. This was done by fitting the line t&"adegree
polynomial. Third, in cycles with slow incrementfidw at inspiration begin it is possible
that initial samples of Pdi (and thus the first ima) are missing. For this reason the
baseline was not determined inside single cyclateadine connecting the minima of Pdi
in the inspiration and expiration, but as the mimiof the expiratory Pdi in adjacent cycles.
The results of the baseline determination and bffseection were shown in 3.1.2.1.

In [65] the data from subject 7 and subject 9 wesed to show that the differences in the
results before and after using the filter and sdbing the varying offset are small.
However their implementation permitted a more exsfinition of the real Pdi, and with
it, of the pressure actually being generated bydiaphragm for breathing. In both cases,
Iinzear regression and correlation analysis showggh tagreement between methods
(R°>0.85).

4.1.1.4 Abnormal pressure signals

The exclusion of Pdi signals that do not correspionguiet breathing (for example coughs
or speaking) was highly relevant for the verifioatiof the O+D method and was done by
software. The rules described in 2.5.1 for recdggizycles with abnormalPdi were
specified for this work, based on the knowledgehef system as modelled by the linear
single compartment model. In the subjects 20 andvat 30% of all recorded cycles were
deemed to have an abnormal Pdi. In the data frdjesul6 this value was almost 60%. A
reason for the differences between subjects i®hweibus, neither from the data nor from
the subjective answers from the subjects (to questlike whether they had to swallow
more often than usual).

To give a clearer idea about what was defined asa@cand abnormal Figure 4-6 shows in
A) and B) two plots of normal and in C) and D) tpiots of abnormal Pdi. Note that this
classification is not valid for ASB where Pdi ispexted to be close to zero during the
entire cycle.

® Note that the smoothed Pdi is only used to deterits baseline. The MLR is done with the raw signa
" Abnormalrefers here only to the fact that the measuredriagi not represent quiet breathing
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Figure 4-6: Cycles with normal and abnormal Pdi.
Paw: airway pressure. Pdi: transdiaphragmatic press

4.1.2 Measurement of flow

4.1.2.1 Real expiratory flow

The technique callethe shutter methqdntroduced in section 1.3.1.1 and early testetl an
documented in [26], was initially implemented imstivork, using the breathing cycles that
contained expiratory occlusions. No problems apgukar the determination of resistance,
but only few breathing cycles showed the assumedmential decrease of expiratory flow
on which this technique bases for the determinatifiocompliance. In the cases where the
assumption seems strong (like in Figure 4-7) thewfolume relationship can be
described by a line with slope proportional to tinee constant. This permits to calculate
C.

In contrast, in more than 85% of the cases theedser of the expiratory flow was not
exponential (like in Figure 4-8) because the muselaxation is not complete or happens
slowly. The flow-volume relationship is not lineand the time constant can not be reliably
determined from its slope. If this is still dones thalues of C present large variance and a
not negligible amount of results are far outsiderénge of real expectations.
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Figure 4-7: Exponential decrease of expiratory feowd FV-loop.
Whole cycle (left) and expiratory flow volume lo¢ght).
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Figure 4-8: Non-exponential decrease of expirationy and FV-loop.
Whole cycle (left) and expiratory flow volume lo¢qght).

4.1.2.2 Volume compensation and flow offset

Previous to the execution of the study with volense data from an old study was
available for the functional verification of thegalithms of the O+D method. These data
had been modified, such that the flow was shifgedudown to compensate the volumes
over a few cycles, i.e. to make the end-expirataiyme close to zero. That modification
makes the data closer to a model of regular questhing without hyperinflation, but was
not adequate for being used in the MLR method. &phpearance of a shift in flow
becomes obvious in occluded cycles without leakseres the flow during occlusion is
constant but not zero. An example of this is showiigure 4-9.

1.2- Flowiblue), Volume red)
10-
0e- .
= 06- H|gh end-
% 04 expiratory volum
3 ﬁ_ (y )——— The flow during the
= 0o occlusion should be 0.
' The signal is shifted up.
05-) |

008 100 200 300 400 482
Time [g]

Figure 4-9: Offset in the flow signal

Even if it is done to compensate volume residutls,not a good idea to have an offset in
the recorded flow. Whether introduced during theasueement due to lacking calibration
of the sensors or entered in the offline analysisdmpensate constant leakages trying to
make the end volume zero, a shifting of the flondeto produce a false volume and the
variables entering the MLR method would return ee@us parameters.
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The O+D method provides a solution to that problescause the occlusion, given that
there are no leakages, shows where the real zmrosfnal is located. On one hand, when
an occlusion is found in a cycle with shifted flavat occlusion can be used to correct the
error. The following cycles can be then used teuwate R and C using MLR. On the other
hand, the O+D method only uses the differencesdmtvgignals, which means that if the
selected pair of cycles have the same offset irfldve the determination of R and C is
still useful.

In the software written for O+D (se&nex B) the user can activate in the user interface
the function “auto offset flow”. This will check ¢hmean flow during the occlusion to shift
the flow back to the real zero.

4.1.2.3 Quality of the occlusions

The occlusions were identified according to the efaxm of the expiratory flow: a sudden

decrease of flow towards zero, about 200ms of #ew and a sudden return to a value
close to that before occlusion. This identificatiorethod, here very simplified, may

overlook occlusions with a very slow valve clostiree. The occlusion shown in Figure

4-10 belongs to data from an old study and was @otiean external magnetic shutter and
recorded with a system of 100Hz sampling rate. Slmv onset of the occlusion may not
only cause that the occlusion is not recognizeday also adulterate the values of C. By
building a fast shutter (s¢enex Q and using a measuring system with 5ms sampliteg ra
this problem was avoided.
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Figure 4-10: Flow signal from slow valve closureamold study

4.2 The Occlusion+Delta method: Comparison to the statef the art

Mandatory ventilation is disadvantageous for pasi¢hat are able to breath spontaneously
due to its inherent risks of causing lung damagesaular atrophy and other consequences
of adapting the patient to the ventilator, for epéeanby sedation. The basis for the
adaptation of assisted ventilation is the knowledfythe characteristics of the individual
patient.

But the estimation of the parameters during asmstas more complicated than in
controlled ventilation with sedated patients beea@ manoeuvres like long occlusions
may be uncomfortable for the awake patient andtlaeeefore hardly feasible, b) the
varying muscular pressure must be constantly sigeghvmaking techniques that require
quasi-static conditions not viable and creatingiltesthat are not reliable and c) the fact
that the measurement must be done continuouslythab variable conditions are

opportunely recognized, makes a robust but singalertique necessary.
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The continuous assessment of muscular effort thrangasive techniques, like measuring
transdiaphragmatic pressure with balloon catheiergcording electromyography signals
with electrodes inside the body, offers a good poinreference for assisted ventilation.
But it also brings disadvantages, that alreadyrb&gth the difficult positioning of the
sensing elements and the increased risks of irgadyinfection. So, when measurements
of muscular pressure are not feasible or acceptadefor continuous monitoring,
alternative non-invasive methods become necessary.

There are of course some similarities between tbpgsed method and the existing ones.
The use of occlusions is one of them. A promineethod that bases on airway occlusions
is the interrupter technique, previously summarizetl.3.1.1.

This technique has been studied by numerous aytieorsxample in [19], [20], [21], [22],
[23], [24], [25], who notably varied its implemetitm. For that reason, despite of its
theoretical simplicity for the calculation of resisce, it lacked standardization over years
[66]: Pesenti et al. [20] investigated first itspépation in partial ventilatory support by
PSV and used dedicated valves to stop the inspyréitav during 2 to 3 seconds in several
breaths at different times and volumes. Bridgel.€i68] discussed in detail the conditions
and calculations required by this method, whoséiegion had been partially restricted to
the determination of resistance and included iaspiy and expiratory interruptions.
Bellani et al. [29] implemented the technique irc@anmercial ventilator arguing that
slower valves do not impede the estimation of meisaand would rather help to
widespread the use of the technique. Its validatias mostly been done with oesophageal
pressure measurements.

The assessment of muscular pressure by this teehmsqgained with flow interruptions

(=occlusions) performed at different times and wods to cover the whole tidal volume.
Between interruptions at least 20 undisturbed syeee allowed. In the O+D method
proposed in this work, the occlusion is appliedrat time from 300ms after the start of the
expiration, in order to have enough measuremenpkestio establish the similarity of the
cycles. For the validation study the occlusionsengone after 3 to 7 undisturbed cycles,
but in a future implementation this number can teatgr.

Since the duration of the occlusions in the inteteutechnique goes up to several seconds,
it may disturb the patients and alter quiet brewthirhe occlusions of the O+D only last
about 200ms expecting less burden and reactiorditidally, obtaining an assessment of
the compliance directly from the equation of motinstead of from static manoeuvres is
an advantage of the O+D, because it allows a tlghrocontinuous assessment of
respiratory mechanics. The implementation in a cencral ventilator is feasible with
either method, but the speed of the valves musbheemplated.

Both methods serve also to calculate the muscuésspre but the approaches differ. The
interrupter technique derives its values from thbtsaction of a plateau pressure and the
pressure right after the start of the interrupt{jeee 1.3.1.1), whereas the O+D uses the
estimated R and C for the calculation (see 2.1mM)his sense, finding a plateau pressure
that indicates relaxation is not an issue for tRDOFurthermore, the assessment of the
muscular pressure as the calculated muscular peefmus is obtained for each cycle
instead of using several cycles to make one sieglenation. This facilitates continuous
assessment too.
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Another well-known procedure to assess breathinfprtefwith occlusions is the

measurement of the P0.1 occlusion pressure, dismluced in 1.3.1.1, which is measured

as an indication of the inspiratory force in thestfi0.1 seconds of the inspiration [67]. Like

all other variations of the manoeuvre where thevfle stopped by less than 300ms, the

P0.1 does not generate physiological reactionsesaanuscular response would take

longer [68]. Also the P0.1 occlusions are theosadfifcadequate to implement the O+D

method. However this approach was not followed bsea

a) assuming smaller variations between cycles in th@r&ory pressure seems more
reasonable than assuming them in the inspiratoegspire. The reason is that the
expiration is during quiet breathing a periodicgyas process.

b) it is not possible to make a comparison betweetesyprevious to a P0.1 occlusion,
whereas a comparison of signals before an expyraieiusion is indeed feasible.

c) the amount of samples gained during an occlusidr06fto 140ms is not advantageous
over the amount of samples gained from an occlusidwice its length.

The time inside the respiratory cycle at which dleelusion starts has also been subject of
study. In the interrupter technique for instanae crucial differences were found between
the R found with interruptions done in the inspoatand with interruptions done in the
expiration [66]. But for methods assuming the ceuss behaviour of Pmus, expiratory
occlusions may be advantageous if the expiratigpassive and therefore the effect of the
muscular pressure is reduced [69]. The O+D metlabest advantage of the passive
behaviour of the expiratory phase to reduce thkientce of the muscular force in the
determination of R and C.

The study of O+D has been restricted in this vest Etage to the evaluation of data from
healthy volunteers, but future investigation couliclude patients with different
pathologies. Further subjects of study for the hawethod could be the effect of the
volume in the transdiaphragmatic pressure or tipaesion of models, for example, for the
separation of R in lung- and airway resistancealiynthe study of the O+D included the
measurement of gastric pressure instead of thepbageal pressure alone which provides
useful information as documented in 3.1.2.1 andi4l1

It has been shown that occlusion manoeuvres aatharrcommon procedure with great
variation in its application. However, long intgotions may alter quiet breathing,
particularly if periodically repeated. The Deltsstnrmethod, introduced in 2.1.2, avoids
therefore entirely the use of occlusions. Nevedbs| it requires variations of pressure
support which must be so clear that they and teHect on flow and pressure can be
reliably measured. With that knowledge the proposedhod O+D takes advantage of
both, the interrupter technique and the Delta-Inst.

Resembling the principle of the Delta-Inst methadations are caused in one of the main
variables to use multiple linear regression in st@aor step to obtain the parameters R and
E. The main difference to the O+D consists on #lected variable. Instead of changing
the support in a cycle, the proposed method uses@uasion that generates direct changes
in flow, volume and airway pressure. By interrugtithe flow during only 200ms
approximately, physiological reactions to the oswu are virtually avoided. This implies
a limitation in the amount of information availabfer the regression algorithms in
comparison to the Delta-Inst method, but a widetkjeound of measurements for the
calculations in comparison to the interrupted tegphe. While the Delta-Inst method
required Pmus to be constant over the completetingacycle, the O+D method has the
advantage to require its similarity during only 2869 which is more probable in the
reality.
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Advantageous for the implementation of the novethoeé is also the low requirement of
additional devices. Except for the shutter, whiein te installed inside the ventilator, no
further hardware is required, minimizing implemeiata costs. If the expiratory valve of

the ventilator is already able to produce occlusjaot even a shutter is required. All other
features are covered by the software, which istewritin the standard programming
language C, facilitating its installation and test.

Direct comparison of the results from the differemé¢thods would by possible with a
further study where a single population is studieth the relevant methods under fixed
conditions.

4.3 Agreement between methods

The agreement between the invasive method and dhenwasive O+D was analyzed
according to their values of R, C and PTPinsp. Fhissection is dedicated to observations
related to those data.

4.3.1 Resistance and Compliance

0 R and C from the simulations

The O+D method was first verified using simulatiohbe values selected for R (2.5 and 5
mbar/l/s) describe a range of values usual fortheadults. The values selected for C (25,
50 and 75 ml/mbar) rather represent stiff lungsenghy the highest C is already close to
the normal values of respiratory compliance. Carsitions on temperature, air humidity
and gas expansion were disregarded because altioosdvere kept constant.

Nevertheless, there is some error between the latitms from the examined methods
(Rfit, Cfit, Rocc, Cocc) and the real values ofiRl& used for simulation (see 2.2.2.2. The
differences are reported in Table 4-1). This maguodecause the mechanical elements
used, similarly to the real anatomical system,rentecompletely linear; i.e. the values of R
may change with the flow and the values of C magnge with the volume. Interestingly,
the resistance was in most cases underestimathdr by the control method or by O+D,
whereas O+D tended to return slightly higher vafoe<.

Cast Rocc-Rsim Coc¢-Csim  Rfit-Rsim  Cfit-Csim
[mbar/l/s] [ml/mbar] [mbar/l/s] [ml/mbar]

25--2 -0.5¢ 2.5(C -0.5¢ -1.0¢

25--4 -0.46 1.82 -0.18 -0.45
50--2 -0.26 2.28 -0.58 -0.48
50--4 -0.18 0.17 0.04 -1.44
75--2 -0.01 5.95 -0.45 -1.26
75--4 -0.31 -5.30 -0.29 -3.88
Min -0.5¢ -5.3C -0.5¢ -3.8¢

Max -0.01 5.95 0.04 -0.45

Table 4-1: Differences between mean resulting andlated values of R and C.
R: Resistance. C: Compliance. Rsim, Csim: simul&euohd C.
Rfit, Cfit: R and C obtained with the simulated rowlsir pressure.
Rocc, Cocc: R and C obtained with the Occlusiontdelethod.

93



4 Discussion

o0 R and C from real data

In the analysis of real data from the study withumteers other factors as for example
temperature and humidity play a role. Both condgiavere kept constant in the room
while the measurement took place.

Section 3.3.2.1 showed the mean resistances angliaoces obtained for each volunteer.
Both R and C present large variation independeaitthe method used to get them:

Their standard deviations go up to 2.94 and 3.94rfilb (i.e. 57.6 and 69.5% of the
corresponding mean) for Rocc and Rfit respectivahg up to 33.3 and 41.0 ml/mbar (i.e.
37.1 to 36.4% of the corresponding mean) for Caxt @fit respectively (see Table 3-11).
The average standard deviation for all volunteeeslad4 mbar/l/s for Rocc, 2.38 mbar/l/s
for Rfit, 25.6 ml/mbar for Cocc and 23.1ml/mbar f@fit. As percentage of the

corresponding means these values are 30.2, 3Q%a86 24.6%.

Such large variability of the parameters was ngieeted, but could be explained by a
natural overall variation between the single cy@ad by small differences in the signals
that have large effect on the fitting algorithms.

Afterwards, section 3.3.2.2 (amkhnex F Table F-2) showed the results classified in the
three phases or levels of respiratory effort. Carsible variations could be seen in R and
C between phases with either method. Figure 4-Iivshthe results for subject 7 as
example. In these plots both aspects can be seege Idispersion of the results,
particularly of Cfit (C from the invasive metho@hd clear variation of all resistances and
compliances over time.

R [rnbarflis]

C [rnlfrnbar]

Cyele Mr.
Figure 4-11: Example of large variation of R anét@n real data
R: Resistance. C: Compliance. Rfit, Cfit: R andiiamed with the simulated
muscular pressure. Rocc, Cocc: R and C obtainddthat Occlusion+Delta
method. Rcurr, Ccurr: moving averages from Rocc@ock.

Figure 4-12 offers a graphical overview on the mealnes of R and C per volunteer per

phase. Like in subject 7, a trend in the mean Rhefother subjects can be recognized,
according to which Rfit and Rocc tend to increas@hase 3 (pressure support by ASB)

and to decrease in phase 2 (increased effort thradded dead space). The differences in
C are not that evident from the graphics.
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Figure 4-12: Mean R and C per volunteer per phase

R: Resistance. C: Compliance. Rfit, Cfit: R andiffamned with the simulated
muscular pressure. Rocc, Cocc: R and C obtainddthiOcclusion+Delta methoc
Phase 1: quiet breathing; Phase 2: increased ;dffioaise 3: pressure support.

The box plots in Figure 4-13 summarize all mearaking clear that the mean resistances
are significantly different between phasgs<(q.05). Cfit does not significantly differ
between phasep£0.054) but Cocc doep<£0.05).
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Figure 4-13: Mean R and C per volunteer per phd3explots
R: Resistance. C: Compliance. Rfit, Cfit: R andifamned with the simulated
muscular pressure. Rocc, Cocc: R and C obtainddtit Occlusion+Delta metho
Phase 1: quiet breathing; Phase 2: increased ;dffioaise 3: pressure support.
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As well as the large variability of the parameteifseir variation over time was not
expected, but could be explained as a naturaliogaiti the amount of volume delivered to
the lungs and the inspiratory flow: when the respiry system is partially non-linear, R is
flow dependent and C is volume dependent. In ptaghe effort increases but is
unconsciously compensated by the subjects, who staathing slower (lower flow) and
deeper (higher tidal volume). This may result iraer R and bigger C.

Conversely, in phase 3 the support delivered byEwiga4 is given with a rapid change in

pressure from O to the desired constant level (b@rjnwhich is then sustained during the
whole inspiration. The initial fast increase of gsere causes high positive flow; the
sudden termination of pressure support at inspmagnd causes high negative flow. Due to
the fact that the subjects are not used to letvémgilator do the work of breathing their

breaths are not as deep as in phase 2. Partictif@lgiuration of the inspiratory phase is
strongly influenced by the ventilation mode, cagsinreduction in tidal volume. In a non-

linear system, higher flows and smaller volumes nesylt in bigger R and smaller C.

The correlation between Rfit and Rocc was accept@®bcc= 0.69*Rfit +0.47, R2= 0.54,
r= 0.73) and much higher than the correlation betw€fit and Cocc (Cocc= 0.17*Cfit
+68.87 R2= 0.07, r= 0.26). Besides neglecting moear effects, a common problem
determining C is the additional compliance that rappear in regions of the respiratory
system outside the lungs, for example in the ora~pix and in the cheeks. The extra-
thoracic compliance is not considered, neither hey reference method nor by the O+D
method. Both are based on the linear single-commganrt model. Finding an appropriate
method to robustly evaluate extended models with f@am O+D may bring substantial
information about detailed real lung mechanicsa lpractical sense, the relevance of the
compliance of the cheeks is usually reduced bysprgghe cheeks with the fingers or with
the mask itself during ventilation to avoid theiflation.

4.3.2 Agreement of PTPinsp

The agreement between methods with respect to #terndination of PTPinsp was
measured by linear regression and Bland-Altmanyaisal The agreement of PTPinsp in
the simulations (see 3.3.1) varied between cadessel with the lowest compliance (25
ml/mbar) had greater mean differences of PTPinap those with higher values of C (50
and 75 ml/mbar): -4.56 and -3.50 mbar*s agains5,1-0.53, -0.8 and 0.34 mbar*s. Such
differences may be a product of the error in C,dtver in R, the combined error in R and
C, an error in the calculation of the simulated ouler pressure, a neglected offset in the
reconstructed pressure, or a combination of facidespite the increased error in the cases
with low C all the differences were acceptable wikkempared to the absolute values of
PTPinsp.

In section 3.3.2.3 the agreement was measuredhfordata from volunteers. Linear
regression showed the correlation for the PTPingpues of the single volunteers
(0.65<R2%<0.98, 0.806<r<0.989) and for the overaHlgsis (PTB:p= 1.13*PTRy -0.85,
R2=0.84, r= 0.916). This means that the estimatiorespiratory effort made by the O+D
method effectively follows the respiratory effortat one would get with the invasive
measurement.

The mean differences in PTPinsp lay between -4122 A57 mbar*s with standard
deviations between 0.7 and 8.62 mbar*s. The meHeareices depend partially on the
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determination of the baseline of the invasively suead Pdi and on the PEEP level §sed
which makes part of the calculated reconstructiaih® muscular pressure (Pcmus).

Whether the differences in PTPinsp are acceptablather a clinical issue, but in this

work they have been observed under a “criticalueabf 5 mbar*s for the mean and 5
mbar*s for the standard deviations, because theiimmam difference obtained with the

simulator in ideal conditions was -4.56 mbar*s. fhis respect there are two further
important aspects to consider: 1) the absoluteegabf PTPinsp, and 2) the adequacy of
the RC model.

The discussion on the first point is shorter: Dej@sty between the variances and the
means, as can be observed in the presented BlandwAldiagrams, is a common fact in
the analysis of biological data, and is usuallyated using logarithmic or squared root
transformations [60], [69]. In this study howevtrere is a considerable amount of small
values for PTPinsp (desired and expected when gigumpport ventilation) and even
negative values (when the volunteer breathes dgdines ventilator or just through
inaccuracies in the measurement). This makes tlgaritbmic or squared root
transformations not applicable and a percentuakfoamation of little sense.

The second point is also interesting: Is the digeog in PTPinsp only a result of the
differences in the estimated R and C, or are tb#rer factors apart from the determination
of R and C that also cause such differences? Ilerotords: Is the linear single-

compartment model with parameters R and C adeqeradeigh to make a satisfactory
reconstruction of the transdiaphragmatic pressiifé® question is discussed in detail in
subsection 4.3.3.

o Differences between phases

Linear regression analysis would be misleading valuate single phases because the
ranges of the variables of PTPinsp (BFRnd PTR.p) are restricted to the group of
values more or less distributed around a singlenmBat separated analysis of the effort
levels is appropriate by Bland-Altman analysis eessented in 3.3.2.2 and 3.3.2.4.

A closer look to the single phases of measurentews that the largest differences appear
during increased effort (phase 2). This may ocaoabse of several reasons. First, the
natural breathing is disturbed such that the velerst do not only need to put more effort
but also tend to breath slower: a longer inspisatone means also a higher PTPinsp.
Second, a constant elevated effort can not beisadtaver long time by the volunteers,
causing higher variability between breaths.

The determination of the model parameters R andy @hé O+D method is of course
crucial for the non-invasive assessment of PTPrespg close or not to the real effort. The
definition of PTPinsp as the product from pressiitdi or Pcmus) and inspiratory time
implies that its values, and so their differenca® proportional to the duration of the
inspiration. The error between the invasively meagdPdi and its non-invasive assessment
Pcmus, can be expressed according to the equdtiomtion of the single compartment
RC model as

|Pdi-Pcmus| %/’ (dR+(1/dC))

8 for all subjects during the whole measurement P&E® set to 1mbar
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showing that their difference is not only influedcby the estimation errors in R and C
(dR and dC), but also partly by the titne

Errors in R or C, even if small, are thus refldcby Pcmus being (graphically) over or
under Pdi, so that the difference in the areas wtigecurve, i.e. in PTPinsp, will always
increase for longer inspiratory times as the sifigolischeme in the Figure 4-14 shows.
The expected difference in PTPinsp for cycles wlibrt inspiratory time;tis represented
by Al, whereas for longer cycles with inspiratdmgée t, the expected difference in areas is
given by A1+A2.

Pressure
[mbar]

11
Time[s]
Figure 4-14: Scheme of expected differences in RIpPi
Pdi: the simulated pressure, Pcmus: the calculatextular pressure.
The expected difference for cycles with short irejoiry time t is
represented by Al, whereas for longer cycles wiipiratory time#
the expected difference in areas is given by A1+A2.

4.3.3 Suitability of the RC model

Assuming that the proposed non-invasive O+D metlvodld be capable of giving the

same values of R and C that the MLR with invasiveasurement of Pdi gives, the
reconstruction of Pcmus and thus the assessméttRihsp should be much closer to the
reality.

The O+D method, which does not know Pdi, returnedRmd Cocc and uses them to make
the reconstruction (Pcmus) and its area underiuheedPTR.p). This area is compared to
PTR-g which is the area under the invasively measuredNRuv, if knowledge of Pdi is an
advantage, using Rfit and Cfit, i.e. the valueshaf parameters calculated by MLR with
invasive measured Pdi, to make the reconstructidddo and the calculation of the area
under the curve would return values of PTPinsp g(rR&Pcloser to PTR;;

This hypothesis was tested by using Rfit and ©finake Pcmus and comparing its area to
PTRq. The results are shown in Table 4-2. From thega dae can conclude that
knowledge of Pdi does not assure a perfect detatramof R and C because these are just
parameters of a simplified model. Note that theddad deviations lay between 0.94 and
6.96 mbar*s. Separate analysis of the three phets®ss again increased differences for
increased means, i.e. for phase 2 (see the redudisbject 15 as an extreme example in
Figure 4-15). This analysis demonstrates that mdy &® and C must be accurately
determined, but also that the suitability of suchnaplified model is limited.

A drawback of using Rfit and Cfit for the reconstiian is that, although the differences in
PTPinsp are smaller, the amount of cycles (nPdil wormal Pdi, undisturbed flow and
airway pressure and values of R and C inside thesiplogical range greatly reduces
(between 54 and 301 cycles less!). That meanghbadstimation is more accurate but also
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infrequent. The difference in the amount of suchley is shown in the last column of
Table 4-2.

BA [mbar*s] Diff. in
mean sd nPdi
3 257 099 024 1 -0.03 0.95 -160
4 192 0.97 -0.850.99 -1.11 1.09 -301
5 167 0.94 -0.190.97 -1.16 1.63 -154
6 198 0.88 263 0.9 0.13 2.09 -88
-
8
9

Subject nPdi m b R?

417 1.07 0.13 0.9 1.04 1.77 -124

216 097 -2.250.98 -2.99 1.94 -114

238 092 165 0.9 077 1.17 -257
10 189 092 350 09 192 209 -91
11 334 110 -002 1 189 1.85 -122
12 98 121 -0.760.98 5.97 6.96 -78
13 250 1.02 087 09 116 1.80 -93
14 198 0.88 381 09 129 213 -134
15 283 125 -0.410.94 298 2.98 -163
16 80 086 353 0.9 154 124 -89
19 189 1.02 -2.880.96 -2.40 2.46 -129
20 136 0.99 -0.630.98 -0.77 2.13 -56
21 77 1.09 -2.920.97 -0.48 2.46 -54
22 458 114 026 1 155 0.94 -112
23 179 0.84 3.78 09 1.08 1.52 -92
24 277 098 054 09 016 1.77 -79
25 187 1.03 0.71 09 1.62 1.89 -62
26 214 100 125 09 133 1.32 -74
27 304 1.15 -2.190.97 0.79 351 -93
28 175 098 213 09 179 143 -98
29 325 1.03 -0.790.99 -0.14 1.55 -96

Table 4-2: Agreement of PTPinsp using values of MbRthe reconstruction
of muscular pressure. The last column shows thectexh in the amount of
normal cycles that result in R and C inside thespblggical range.

Phase1 Phase? Phase3
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Figure 4-15: Example of agreement per phase usiiy R
PTPinsp: inspiratory pressure-time product. I PTPinsp from the
invasively measured pressure. Rl PTPinsp from the reconstruction
using parameters from MLR. Phase 1: quiet breaftithgse 2: increased
effort; Phase 3: pressure support.
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Goal of this work was the development and verifomatof a method to estimate
continuously and non-invasively respiratory mechanidescribed by the single
compartment RC model and respiratory effort quesdiby the inspiratory Pressure-Time-
Product (PTPinsp). The verification setup consistdddedicated hardware (shutter,
measurement box) and dedicated software and wakenmepted to analyse data gained
from simulations with the lung simulator LS4000 aftdm a study with 25 healthy
volunteers.

The control variable (PTH) is the PTPinsp calculated from the transdiaphetgm
pressure (Pdi), which was first simulated and |atethe study, invasively measured using
double-balloon catheters. The method developed isecalled Occlusion+Delta (O+D)
and was implemented to continuously give estimatigRocc, Cocc) of respiratory
resistance R and compliance C, and to use themal® ra reconstruction (Pcmus) of the
muscular pressure and a non-invasive estimatiotmefrespiratory effort (PTRp). The
O+D requires expiratory occlusions of about 200md bases on the similarity of the
muscular pressure between cycles of quiet breatioirediminate the need for knowledge
of Pdi.

The estimation of parameters in O+D was solved wake on the equation of motion of

the linear RC model. The implementation of hardwaas successful and did not present
any problems during its utilisation. All measuremaystems as well as the specific
software performed as planned and expected. Af@otigh analysis with simulated cases,
the study with volunteers followed. The study imtgd 10 smokers and 15 non-smokers,
all male and healthy. They breathed in three legklpontaneous breathing: normal quiet,
with increased effort by augmented dead-space atidreduced effort as supported by

10mbar of support ventilation. The short occlusioaguired by the O+D method were

executed by the shutter and did not disturb arth@fubjects involved in the study.

The suitability of the O+D method to replace theasive measurement of Pdi was
measured according to the agreement in the meenagstl parameters (Rocc, Cocc) to the
mean parameters obtained with the invasive metRéd Cfit) and the level of agreement

between assessed and measured respiratory efferaleel by correlation, confidence

intervals, mean differences and standard deviatbtise differences.

In the simulationswith the LS4000 linear regression and Bland-Altmanalysis
demonstrate high agreement between R and C (ROc85%Rfit +0.55, R?= 0.99; Cocc =
1.00*Cfit +2.48, R2= 0.98; differences in R = 0.7 mbar/l/s; differences in C=
2.67+5.62 ml/mbar) and also between the PTPinspulzdked from both methods (PdB

= 0.83*PTRy; + 2.85; mean+2SD of the differences = -1.73+3.%fars; n=552).

The data gained from the study with volunteerguired deeper analysis and processing.
This begun with the identification of abnormal ®&l the correct identification of
occlusions, the recognition of effort levels, tHeneation of artefacts from heart and
peristaltic movements on Pdi and the recognitiolealks.

The estimation of R by O+D tended to be lower ti@ R calculated with the invasive
method, whereas the differences in C varied largelyear regression analysis showed
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low correlation, especially for C (Rocc = 0.69*R#0.47, R?= 0.54; Cocc = 0.17*Cfit
+68.67, R2= 0.07; differences in R = -1.39+2.07 rfilm differences in C = -8.33+40.66
ml/mbar). According to these results, the O+D médtlsan help to identify R but the
determination of C is not precise enough. Besides, R and C considerably varied
independently of the method used: the average atdrdkviations of all volunteers were
1.44 mbar/l/s for Rocc, 2.38 mbar/l/s for Rfit, @Bnl/mbar for Cocc and 23.1 ml/mbar for
Cfit. The results of one subject were consideredudisers.

In the subjects analyzed separatdityear regression showed positive agreement of
PTPinsp (0.65<R2<0.98), whereas the Bland-Altmaralysis showed acceptable
agreement (mean differences between -4.22 andnilfaf*s with standard deviations of
the differences between 0.77 and 8.52 mbar*s) Veithe differences between subjects.
Additionally, the_overall analysisf the study with volunteers revealed positiveeagnent
between the PTPinsp calculated from both method®4{kR = 1.13*PTRy - 0.85, R2 =
0.84; mean+2SD of the differences = -1.78+7.18 ridya=2500).

Interestingly R and C changed during the diffeqgmases classifying the levels of effort. A
separate analysis of phases revealed higher diffeseand deviations during the phase of
augmented effort. Those were related to the faatt tthe subjects tended to breath slower
than usual, which directly influences PTPinsp, &mdhe increased variability of signals
between breaths. The logarithmic or percentualstoamation typically used to diminish
the dependence of variance and mean in the Blatrdafl analysis was not appropriate,
due to the presence of small and negative PTPiak@es during support ventilation. All in
all, the measurement of Pdi and its non-invasigessnent by the O+D method delivered
similar values of PTPinsp as expression of bregtbifort.

In conclusion, the results obtained here demormstreg potential of the Occlusion+Delta
method to assess non-invasively Pdi and PTPirsgaky implementation makes the O+D
method suitable for analysis in a clinical studgluding patients with restrictive and

obstructive pathologies. The determination of R @nhdan still be improved to offer a

more exact estimation of the muscular pressurdamagas the respiratory system of the
patient can be modelled as an RC compartment amantiscular effort is done by the

diaphragm.

The Occlusion+Delta method offers a non-invasivierahtive to continuously assess

respiratory effort during spontaneous breathing suqgport ventilation, oriented to guide a
fast and adequate adaptation of ventilation pararséd the patient's demands.
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Annex Al. Poster

The image below shows the poster that hung on #dikeduring the examinations with volunteers. Thasvg all participants a clear overview
on the steps of the procedure.
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Annex B. Dedicated software

This section presents the software program writerthe implementation and validation
of the Occlusion+Delta method. The software is algailable in the attached CD.

Program for the Occlusion+Delta method

For the onlind assessment of resistance, compliance and regpiretiort by the O+D
method a computer program was written. The devetopranvironment was LabWindows
CVI 8.5.1 and the programming language was C. Thgram reads flow, airway pressure
and transdiaphragmatic pressure (if available) gsuti and delivers, while reading,
respiratory resistance and compliance as outpué fHtonstruction of the muscular
pressure is then possible. The program performbutiaions explained below.

1. Acquire data

Once the program is started a window appears wheraser can select the source of data.
Data can be obtained whether from the hardwareewperforming measurements or by
reading an existing file.

i seectsourcs | [B]X]
Flease select the data source:

[[] D&Gmm Devices
[]File

Gt

Figure B-1: Window for source selection

a) Acquiring from hardware: The software uses the USt®rface to read flow and
pressure data. It receives through the data atigunistard the measured gastric and
oesophageal pressures if available and controlstibter to produce short occlusions
in the expiratory valve of the ventilator duringetlexhalation. The sampling rate is
200Hz. The signals can be acquired from a patieatsamulator.

b) Reading a file: The software can read files in ASformat (typically .csv) or in
netCDF format (usually .nc). The .csv files mushtain lines of five float values
separated by comas as “flow, Paw, Pes, Pga, PdEteviiow is given in I/s and the
pressures in mbar, one line for each recorded saniple .nc files must contain the
variables time, flow, Paw and Pdi in double format.

After selecting the source the graphical interfakiewn in Figure B-2 appears. There the

user can:

- Select whether data is being measured from a patiersimulator. If simulator is
selected, the slope and the offset for calibrateose required; default values are
available.

- Select whether Pdi data is available. If so, MLRp&formed to calculate R and C.
Otherwise only the non-invasive Occlusion+Deltalmédtdetermines the parameters.

® analysis and results already available while meéagu
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- Enter the parameters for occlusion, i.e. the numbfkerdesired breaths between

occlusions and the time after begin of expiratminitiate an occlusion.

- Select the file extension .csv or .nc if readintadeom files

Patient

~ Simulator

Simulator Calibration:
Csitn rlmbar) 5051
Wiusi_offset V] 2 1911.4

Pdi available?
Auto’ offset Pdi? [T

Read cycles: |

Time until shutter [ms]:  Breaths betw shutter

3

Selected pressure (Paw or Pdif) in [mbar]
20=

15~

10-

el

0-
3.,

Signal to
Flat:

Faw-
Pdiff- t

o

0 4EIIEI EEIEI ‘IZIEIEI 1 E‘UEI EUIUD_'
Flow in [L{s]

Pauge

==
Start

Drrawing

Stop Quit 1.00-

0.75-
0.50-

Mate: | 0.25-
. y 00o-
Trmsp [s].:U_U_U | Cosma DADm: -0.25-
ep(shnon | | 15-r 25- 050~

Vol ooo | | 13-| 23
o0 | 1o ers 075
Pbar [bark| 1 00 - 19- 1.00-

Pl [ I Lo 400 8o 1200 1800 zg'gu-_.
{her=

pCO2 [mmHal | 0.0

e

Shutter: '

Occlugions [¢350ms] were identified in these cycles:

Selected pressure (Pes. Pga or Pdi) in [mbar]

30.0-
25.0-
20.0-
15.0-

Signhal to
Plat

Pes-
Paa-
Pdi —=

100~

5.0-

0.0-

50
-10.0-,
0

Bfit  Cft  RAocc Coce
[0.00 | 0.00 | (0.00 | |0.00

400 a0 1200 1600 2000

Display Resultz I [ Offline Analysis

2.

Figure B-2: User interface

Analyze and save data

The software receives the measured samples andallmsgng tasks:

a)

b)

Phase identification and cycle check: the prograentifies the respiratory phase
(inspiration, expiration or transition) for the oemt sample. The identification of

phases is done with the flow signal and its powitgeversal. Once an inspiration

followed by an expiration is identified the programecks the values to confirm if the
cycle is normal for quiet breathing (no cough, sigépeaking, etc.), counts complete
respiratory cycles and saves them separately foreidmate or posterior analysis.

Multiple linear regression: for each complete cywith available Pdi, MLR is used to
find R and C, which are used as reference for tiiglation of O+D and appear in the
user interface as Rfit and Cfit. The PTPinsp of fRIIRy) is calculated as the area
under the inspiratory part of Pdi.

Identification of occlusions: the software looks fan expiratory occlusion in each
completed cycle. If no occlusion is found, the pesg continues reading and analysing
the next cycle. If an occlusion is found, the cyidecompared to the previous ten to
fifteen breaths, usually around one minute befarelusion. For all similar pairs of
cycles the O+D method is applied to obtain R and/i@ich appear in the user interface
as Rocc and Cocc. A moving average of the lasvadures is calculated making Rcurr
and Ccurr, which are used to obtain the calculatedcular pressure (Pcmus) and to
calculate its PTPinsp as the area of its inspiygpart (PTR.p), later compared against
PTPgi.
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d) Evaluation of results: Values outside the establisphysiological range are discarded.
All data is saved in arrays for immediate or pastesnalysis.

During online analysis the program outputs the amhoof samples read from the
acquisition hardware, the cycle number, the numbérhe occluded cycles, a led light
indicating when the shutter is active and the &fidl Cfit after each complete cycle as well
as the Rocc and Cocc after each successful ocolu$iree stripcharts show the flow,
airway pressure and transdiaphragmatic pressude Té& inspiratory and expiratory times
(Tinsp, Texp), tidal volume, barometric pressuemperature and G@oncentration in the
exhaled air are displayed after each cycle helpingupervise the ventilatory activity of
the subject. All data acquired from the hardwarsaiged in a netCDF file. These files can
be used later as input for the program. An exaropleow the user interface looks like
while the program is running is shown below.

. Patient Selected pressure (Paw or Pdif) in [mbar]
Simulator 15.0= gig:al to
Pl avalable? 100~ :";:
Auto offset Pdi? [ !
: : 50~ | ™ ;
Time until shutter [ms}:  Breaths betw shutter: '
7| B00 S 00~ [ i
-30-, | 1 1 1 \2
l Siart [I;—'aus_e I Stop Quit 1710 1713 1716 1714 1722 1725
20 Flow in [L{s]
) : 14-
Mate: Enter
Tinsp [S]:§_1_._88"_ Cosmo Dé&Rms: 05-
Teup [s]:| 2.74 15=) 252 00-
Yol [T 087 113‘ 313
Phar [barl:| 1.00 9.7 19- 08-
Temp ['Cl:) 22.4 | -l 17 - ! ! I } ‘
pCO2 [mmHal:| 39.7 pr W 157 1710 1713 1716 1713 1722 1725
Selected pressure (Pes, Pga or Pdi) in [mbar]
Read cycles: 313 Shutter: a0.0- Signal to
250 Plat:
Oeclugsions [<350ms] were identified in following cycles: : Pes-
255, 258, 261, 264, 267, 270, 273,276, 279, 262, * = Pga-
285, 288, 291, 234, 297, 300, 303, 306, 309, 312, 15.0- Pdi ~<=s
e, T
10.0-
R_fit  C_fit R_ooce  Coocc 50-
498 | (899 371 | |96.7 0.0-
: - i i -5 D_I ] 1 1 1 I
1710 1713 1716 1719 1722 1725
Display Besults ] [ Offline Analyzis ]

Figure B-3: Example of outputs while the programuisning

The tasks of the program designed for the non-imeasethod, up to this point, can be
summarized in the flow chart shown in Figure B-4.
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Hardware .csv or .nc file

yes——

no -
‘ Compare to previous ten ‘

'

Make R_oce, C_oce, R_curr,
C_curr, Pcmus

'

‘ Save raw data in .nc ‘

Stop or
end of file?

yes—» Save results in .nc

Figure B-4: Flow chart of the program for O+D

3. Display results

Once the program has finished reading the selditéeor the stop button has been pressed,
the function “Display results” becomes availablaewindow shown below appears.

A_Permus [blue], A_Pdi [green) 45.0- Nr.Outliers:| g
45-
5 = 375-
2 T
m - s}
= 0 £ 300-
E 20- é
= 5 225-
o 10- o
= 15.0-
D_I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 D—I
1] 5 10 15 20 25 30 35 40 45 &BO 55 B0 B D Y5 B0 85 S0 95 100 & 7o
Cycle Mr. '
Fioce [red) - Rewr [blue] - Riit [green
A 0.0-, \ \ \ \
0o 100 200 300 45.0
[&_Pditd_Pcmus)/2 [mbars]
_ ro-
=
T &0- 45.0- R*Z:| 0.00
s}
E50- 40.0-
fra
4.0- 35.0-
£ 300-
284 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 _E 25.0-
1] 5 10 15 20 25 30 3% 40 45 B0 B BO 65 YO Y5 80 85 890 95 100 o
=]
Coce [red] - Ceurr [blug] - Cfit [areen £ 20,0~
35.0- &5
218
2 100-
E 30.0- 5.0-
% 27.5- 0.0-, | | | |
Y 25,0 0.0 100 200 300 45.0
X A_Pdi [mbar*s]
225-
20-D_I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1
1] 5 10 15 20 25 30 3% 40 45 50 5% B0 GBS F0 75 80 B85 90 95 100

Figure B-5: Window for results
The function “Display Results” summarizes all résuh the window shown in Figure B-5.
For each cycle, starting with the first occlusitre values obtained for P#fand PTRB.p
(A_Pdi and A _Pcmus in the window), Rfit, Cfit, Roc€occ, Rcurr and Ccurr are
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displayed. Additionally, a Bland-Altman diagramrmdar regression and’ for the PTPinsp
values are shown on the right side. For deeperratadaling of the acquired data, the
program additionally offers a window for offline algsis.

4. Offline analysis

In this window the user can enter the number oélacted cycle and the corresponding
signals are displayed. A second cycle can be selesntd its signals are displayed too. If
the second cycle is occluded the Occlusion+Deltdnatkis performed using both selected

cycles. The charts on the right side display thpiratory flow-volume loops and the
differences (deltas) of the variables.

. 5 R_fit: |_fit: Eerm Rocc:
Pdi avalable? @ Elot reconstiuction? [ Hext occluded - 4
AutoclfsetPdi? FLin%[520 C_jn 25051 D000} jooo o
| = 3 C it P_fit: Length Oce: Coce:
. bx] Rx] b [om
Cycle 1: ﬁ 1 Cycle 2:§ 2
100- Cycle 1 - Flawlblue), VYolume(red 100- Cycle 2 - Flawlblue), Yolume(red 100- Cyele 1[blug). Cycle 2[red
80- 80- ) 20-
B
=z 60- = 80- = =
= 40- = 4- e
le.l 20_
20- -
0-, | | i | |
U_I 1 1 I | 1 1 1 1 1 1 D_| 1 [} [} | ] 1 1 1 1 1 D 2D 40 BD BD 1 UD
0 10 20 30 40 50 B0 70 &0 90 100 0 10 20 30 40 50 B0 70 80 490 100 Yalumen [l
100- Cypcle 1 - Paw(blue], Pdired 100- Cycle 2 - Paw(blue], Pdifred dFlow(blue], dvolired). dPaw/10[green, dPdimagenta
80- _ Bo- 80-
= 5 o
£ a- £ 60- T 6-
2 2 =
s s =
%o d40- G 40— 2 40-
o o m
i o =
20- 20- 20-
0-, 1 1 I | ) 1 1 1 1 1 -, 1 ! ! 1 1 I 1 1 1 I 0- I 1 ! 1 |
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Time [g] Time [z] Oeclusion time [ms]

Figure B-6: Window for offline analysis
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Annex C. Dedicated hardware

For the Occlusion+Delta method a device cafiedtterwas built to control the expiratory
valve of a commercial ventilator to generate expimaocclusions. Principal component of
the shutter is a current source that closes théragmpy valve of the ventilator during

approximately 200ms.

The current source requires a digital signal frbe computer to provide a current capable
of shutting the expiratory valve. For this, the ts#ualso contains a data acquisition card
DAQ (USB-6009, National Instruments Germany GmbHinghen, Germany). One of its
digital outputs is controlled by software to genera rising edge (low to high level
transition) each time that an occlusion is wanfgus output drives a monoflop to give
temporarily a positive voltage to the base of adistor which controls a double-pole
double-throw relay to break the default circuit aathnect the load for the desired time to
the current source instead. A power supply (SNPLZ@inter Dienstleistungen GmbH,
Neuenbirg, Germany) with certification EN60601-&rgjizes the circuit.

Figure C-1 shows the circuitry of the shutter. Y@presents the digital control signal. The
load R is in the real application the expiratory valvéyieh is otherwise connected to the
internal circuitry of the Evita4.

D1 R5

~ Expiratory
- 10k valve of the
D1N4001 .
g;N“OOl ventilator
c3 Uz
Diaqital 11 from Evita
g 1 AV -col\g_ Y
control  _L_ 10u R1 100k RL i o
. = CMAX b
signal 0 33 i 10 Evita
\L - +V -coﬁ;_
D4
Vin  C4 CMAX D1N4004
D1N4001 R2 § R6 Relay_DPDT_b
v 10k 15k R8 o1
R4 330
10k A }BD135/PLP
— R13
0 R7 100k %
R3 10k
1.8k _

4 ?0

M2

+V -V TLO72/301/TI
T I R1
N | V2 4.7
12 = 12 == 0
=0 =0

|
(o
|-
2 M2SK2231

(¢

7.5l

Figure C-1: Shutter circuitry
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Annex D. Electronic data

The attached CDs contains the acquired electrate @nd the software developed for this
investigation. The data is organised in the follogviolders:

Folder Description
Software_OD\Include - Include files for the dedicated software for theBD+
- Installation files to manipulate data in NetCDFfat as
Software_ OD\NetCDF required by the dedicated software for O+D
- The file Installation.txt explains how to use thbey files.
- Dedicated O+D software: Program for the O+D method.
Software_OD\OD - The file ReadMe.txt explains how to use the sofewar
- See full description ilA\nnex B
- Source data, results and plots (.fig and .png)fidéshe
analysis of simulations with the LS4000.

LS - Itincludes the MATLAB scripts to create the platsd the
statistical analysis.
- Source data, results and plots of the analysiseostudy
with volunteers. The plots include: baseline plgt®g),
PADVENT plots from statistical analysis (.fig and .png) quhots of

results per subject (.fig and .png).
- Itincludes the MATLAB scripts to create the platsd the
statistic analysis.
Electronic data contained in the attached CD
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Annex E. Smokers vs. Non-smokers

In the study with volunteers 15 young non-smokeus B0 older smokers were included to
examine whether there were differences in theig lomechanics.

The mean values of resistance and compliance of groups were compared with a t-test
for independent samples of unequal sizes and uheguance using=0.05. According to
the results shown in the next table the differeraresot statistically significant.

Rfit Cfit Rocc Cocc

S NS S NS S NS S NS
Mear 6.5€ 5.7£(93.97 92.7¢ 5 4.4€| 88 82.8:
Variance 2.1271.969| 412 389.9/1.541 2.116|195.2 144.8
Observations 10 15 10 15 10 1p 10 15
Hypothesized mean differencpe 0 0 0 0
Degrees of freedom 19 19 21 17
t Statistic 1.407 0.15 1.002 0.956
P(T<=t) two-tail 0.176 0.883 0.328 0.353
t Critical two-tall 2.093 2.093 2.08 2.11

S= smokers, NS= n-smoker
Figure E-1: t-test for comparison of R and C of kere and non-smokers

The absence of significant differences can be axgiaby the fact that even after years of
active smoking all volunteers were healthy. Butcoirse many other factors like air

pollution, nutrition or sport activities influentlee state of health of different people. In the
complete sample of volunteers no significant déferes in R and C were found between
the groups, as they could be found in a futureystinparing healthy volunteers against
patients suffering from COPD, ARDS or similar.
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Annex F. Detailed results of the analysis of phases

The parameters R and C measured with the lung atorudid not considerably change
with the simulated level of respiratory effort. ¢ontrast, the values from the study with
volunteers presented visible variations.

The means and standard deviations of the paramaéasmed with the invasive method
(Rfit, Cfit) and the non-invasive method (Rocc, €pccalculated for each phase
separately, are shown in the next tables.

The total amount of cycles inside a phase is givethe column “cycles”. The column
nPdi indicates the amount of cycles with normal Bddisturbed flow and airway pressure
and values of R and C inside the physiological eafithe means and standard deviations
(sd) were calculated for all recorded cycles. Tésuits of Bland-Altman (BA) analysis
(mean and standard deviation of the differencef®r t® the comparison of the PTPinsp
values from both methods.

o Simulations
n Rfit Cfit Rocc Cocc BA
Phase cycles Occ;ls [mbar/l/ls [ml/mbar] [mbar/l/s [ml/mbar] nPdi [mbar*q
meal SC mear SC meal SC mear sc mear  sd

N 1 27 9 192 057 23.¢ 051 2.0 0.2 260 191 27 -4.8¢ 0.8
s 2 34 12 193 0.4¢€ 239 0.44 1.97 0.6¢ 285 1.76 34 -4.40 0.62
o 3 29 9 187 0.6t 240 058 1.85 0.3€ 274 127 29 -4.44 0.31
< 1 33 12 1 49¢ 04 24.¢€ 0.27 47z 0.2: 26.7 1.3¢ 28 -3.9t 0.2Z
O 2 33 11 4.7z 037 247 0.21 444 0.2: 27.2 1.5¢ 33 -3.7C 0.4¢
o 3 28 1C 4.7¢€ 052 244 04 444 0.2t 26 0.c 28 -2.8z 0.3¢
N 1 33 12 1 2.01 0.3z 49.7 0.7¢ 2.14 0.1¢ 52.€ 3.8¢ 28 -1.4¢ 0.4z
& 2 33 11 187 0.2 495 0.77 221 0.2 540 496 33 -1.66 0.25
0 3 28 10 1.88 0.27 494 0.91 240 0.1¢ 50.0 4.07 28 -0.88 0.41
< 1 33 12 52z 0.2¢ 48.7 0.7t 49z 0.3¢ 50.t 3.1z 28 -0.51 0.2¢
S 2 33 11 497 0.2¢ 48.€ 0.5z 4.7¢ 0.2¢ 50.& 2.9t 33 -0.6¢ 0.1:
w0 3 28 1C 491 0.1¢ 48.4 0.6¢ 4.7¢ 0.1 49.€ 1.8¢ 28 -0.37 0.2C
o 1 27 9 | 21€ 0.0¢ 74.C 0.47 2.5¢ 0.1z 83.t 7.5¢ 27 -0.9¢ 0.1:
O 2 34 12 2.0 0.0¢ 73.¢ 0.6t 25C 0.1 80. 6.1z 34 -0.8¢ 0.1C
™~ 3 28 1C 1.9z 0.0t 73.4 0.3t 241 0.1 79.C 3.4 28 -0.61 0.1Z
< 1 27 9 48/ 0.1t 71.2 0.9¢ 464 0.2z 63.¢ 7.31 27 0.1t 0.5¢
O 2 34 12 471 0.1: 71z 0.1 467 0.1¢ 70.€ 501 34 0.64 0.2
™~ 3 28 1C 457 0.1z 70. 0.8 4.7C 0.2¢ 71.C 12.¢ 28 0.17 0.2¢

Table F-1: Results of simulated cases per phase.
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o Study with volunteers

Rfit Cfit Rocc Cocc BA

Phase cycles nr. | [mbar/l/s [ml/mbar] [mbar/l/s [ml/mbar] nPdi [mbar*q]
Occls mear sc mear sc meal sc meal sC mear  sc

1 13¢ 45 | 3.1¢ 1.1% 103.« 19.€ 3.57 0.4t 98,5z 204 127 1.44 1.7z

3 2 115 37 6.76 1.7 121 211 3.1 0.6198.78 23.0 115 -1.32 2.96
3 135 44 536 0.8585.52 10.7 4.2 0.47 97.48 19.2 135 -2.53 0.78

1 194 3C | 21 09z 76.4 274 3.1€ 0.5¢ 93.9¢ 20.€ 151 0.5¢ 2.5t

4 2 12t 31 | 1.8/ 0.7: 107.¢ 21.: 3.2¢ 0.8 86.00 16.€ 93 4.01 2.4<
3 21¢€ 56 3.t 1.2¢ 71.2¢ 10.Z 3.2z 0.57 80.81 14.t 19¢ -2.,5¢ 1.0t

1 107 28 371 3.27 115.¢ 22.1 3.1: 0.5¢ 82.6¢ 19.z 9C 3.5C 3.04

5 2 122 35 [ 3.06 197 141.¢ 41.¢ 3.1¢ 0.6 108.7 23.7 81 3.11 5.31
3 14C 44  5.€ 0.84 115.€ 20.4 3.88 0.71 87.21 31.7 13t -0.2¢ 3.11

1 97 26 511 1.4& 89.0f 14.4 5.7: 1.6€ 72.0¢ 29.¢ 85 457 2.9¢

6 2 81 20 | 511 161 13t 28.7 5.06 0.7¢ 92.32 204 68 8.4t 3.5Z
3 107 29 | 834 1.4: 106t 217 7.2€ 1.4< 82C 27.7 98 1.7C 2.9¢

1 197 38 | 7.2 0.6 84ft 11.&¢ 7.0¢ 0.9 86.9z 23.€ 191 0.4¢& 1.57

7 2 178 31 4 1529889 28.1 4.16 0.97 76.84 21.5 152 4.82 2.69
3 195 38 12.31 3.06 75.46 23.9 9.78 3.0551.55 20.4 168 0.56 1.91

1 13z 33  4.1& 1.t 133.f 29.t 3.7¢ 0.9¢ 85.71 21.t 11z 354 4.3C

8 2 10z 18 | 3.6¢ 1.9t 124.1 35.7 2.8¢4 0.9¢ 78.2t 30.1 7C 4.77 3.9t
3 141  4C | 5.8%¢ 1.1¢ 129.F 31.¢ 3.81 0.9z 87.6F 247 11€ 0.14 3.2C

1 152 44 | 2.3¢ 0.8¢€ 63.7¢ 7. 4.0¢ 0.7¢ 100.6 30.6 137 -2.0¢ 0.9¢

9 2 14C 42 | 1.4t 0.3€ 76.17 10.£ 2.6€ 0.7¢ 92.37 27.C 127 3.74 2.2t
3 21¢ 48 | 5.5 1.3t 66.5¢ 12.z 5.1€ 1.61 83.5¢ 24.7 204 -1.6¢ 1.87

1 23z 4¢ | 7.5€ 4.2: 67.1¢ 21.1 551 1.0z 107.: 26.€ 17t -3.6z 2.8Z

10 2 63 18 42€ 2 76.57 13.1 3.9¢ 1.9z 89.5tf 24.z 4C -3.9¢ 5.7¢
3 23 5 10.2¢ 2.2¢ 90.8¢ 8.6  5.94¢ 1.2¢ 92.1¢ 16.z 19 -1.4& 1.0C

1 137 36 | 6.5€ 1.47 56.6¢ 6.5 6.2¢ 1.0Z 48.4: 7.2 124 3.41 1.4t

11 2 150 33 38 28269.34 11.6 3.15 0.78 77.08 27.3 143 3.86 7.61
3 163 36 5.37 1.0560.67 84 422 0.8 51.61 9.3 160 0.01 1.32

1 5C 13 ' 541 1.9¢ 87.0¢ 16.€ 3.8¢ 0.8t 93.5: 351 34 0.4&¢ 6.77

12 2 47 13 1 36€ 1.71 76.3: 7.C 3.9¢ 0.77 95.0¢ 39.¢ 38 1.8z 9.0z
3 10% 29 | 6.9¢ 1.0¢ 85.9¢ 9.1 4.7€ 0.9t 85.6z 25.t 9C -0.27 3.2

1 12¢ 3C | 7.74£ 1.5t 93.87 10.z 7.4¢ 0.8t 72.3¢ 25.z 11C 5.87 1.9¢

13 2 101 19 = 3.2 1.34 96.7 13.€ 5.2& 1.11 94.87 23.7 79 531 2.8t
3 152 28 | 9.3€ 1.7¢ 82.9%¢ 14.C 7.7¢ 1.1€¢ 58.6% 15.6 12€¢ 0.6¢ 3.4Z

1 108 3C | 3.6t 161 93.0z 12.¢ 2.6¢ 0.5¢ 69.57 19.1 93 5.1C 3.6¢

14 2 134 24 | 2.4€ 257 112.¢ 207 1.8 0.3¢2 107.¢ 254 111 3.0 6.97
3 121 27 438 1.2 90.21 12.1 25€ 0.4 83.9¢ 13.7 101 -1.9C 3.1z

1 16¢ 25 | 5.1¢€ 25z 59.2¢: 19.¢ 4.04 0.84 73.€ 22.z 13t -0.9¢ 1.9¢

15 2 199 33 3.9 24557.14 148 3.03 0.72 96.83 28.9 147 159 3.91
3 172 34 8.7 2.0967.75 215 575 1.1172.82 19.0 138 -2.53 2.98

1 15¢ 28 6.3z 1.87 105.¢ 42.7 5.4€¢ 1.3¢ 63.67 134 73 5.47 3.11

16 2 19¢ 46  3.9¢ 1.3¢ 123.¢ 354 387 1.2 89.0¢ 27.7 56 7.41 40C
3 28 8 7.€ 217 119.% 33.C 10.91 5.81 55.5¢ 23.1 27 6.71 4.5

1 97 24 | 597 237 86.57 23.1 7.41 14 81.4¢ 274 73 4.0z 5.64

19 2 11¢€ 27 | 265 157 151 34z 48 1.9z 111.¢ 33.: 88 14.0¢ 7.0¢
3 151 32 | 8.34£ 1.4t 93.37 13.:2 8.4: 1.68 74.1¢ 17.¢ 13z -2.4€ 2.6z

1 71 9 6.5¢ 257 91.7 25.€ 8.3€¢ 151 80.t 31.7 41 3.7C 2.3C

20 2 74 16  6.21 1.9¢ 93.3t 20.6 5.2 1.31 68.4: 18.7 41 3.7¢ 2.97
3 124 25 | 7.0¢ 1.6t 125.6 33z 7.1 1.6t 65.2¢ 14.7 101 4.2F 3.2C

Continues in next page.
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1 14 6 297 0911413 241 264 0.4€ 7584 26.3 5 276 3.01
21 2 47 9 | 3.73 2.07 138.2 15.8 2.24 0.6¢ 91.01 33.0 30 41.70 9.62
3 118 30 432 3.08103.3 23.6 2.3 0.431055 229 91 -4.94 10.07
1 174 29 464 0.5 114¢ 9.C 4.4 0.5z 118.¢ 228 171 1.4¢ 0.4¢
22 2 187 26  2.74 0.7¢ 89.6¢ 6.4 2.5z 0.5¢ 120.€ 31.€ 18t 0.41 0.3¢
3 191 35 5.1 0.47 148.4 14.¢ 4.0¢ 0.6¢ 10€ 36.C 18z 1.24 0.8¢
1 12: 28 581 157 84.6¢ 15.¢ 3.4¢ 0.9z 108.¢ 31.4 101 -2.5z 1.77
23 2 72 20 3.2z 1.4¢ 117 351 288 0.8: 96.9¢ 274 52 23z 4.2
3 121 34 8.2t 1.2 89.3t 14.¢ 4.11 1.3z 10z 25.c 11z -5.5¢ 2.3¢
1 15¢ 28 937 2.97 67.97 17.C 5.6¢ 1.41 90.27 24.€ 114 -3.9¢ 4.6¢
24 2 13C 22 7.2t 2.1¢& 105.7 25.¢ 3.8€ 0.9¢ 86.4f 27.¢ 91 -0.2€¢ 2.3z
3 158 41 7.28 0.€ 130.¢ 18.t 5.7/ 1.5z 95.8¢ 25.¢ 13¢ 1.3¢ 1.81
1 88 186  7.0¢ 2.0¢ 92.0¢ 16.£ 4.01 1.0v 65.8: 18.z 68 9.0t 3.8t
25 2 91 18 496 1.8t 102.9 22.9 2.15 0.48 83.46 255 74 540 9.71
3 96 24 10.17 3.08 97.63 145 7.25 1.4867.43 19.5 89 4.65 9.09
1 10C 26 897 1.8¢ 92.0¢ 14.¢ 4.4 0.9t 59.8¢ 17.¢ 9C 6.41 3.2t
26 2 94 22 5.1¢& 1.6c 127.c 18.¢ 2.9€¢ 0.8¢ 83.5]1 204 86 17.71 6.4
3 106 27 6.8 1.0¢ 88.4f 10.6 4.5/ 0.7z 71.4¢ 9.6 10€ 0.3¢ 3.0C
1 14: 29 | 6.98 3.1€¢ 69.5¢ 10.c 5.41 1.2z 74.€ 21.¢ 124 -1.54 2.4t
27 2 11z 22 10.2¢8 4.27 55.4¢ 13.: 5.5€¢ 1.61 10z 34.C 85 -11.C 6.0¢
3 181 4C 6.14 1.3¢ 73.8¢ 10.z 6.7€ 1.11 85.2¢ 20.c 164 -2.8¢ 1.64
1 11z 21  8.1€ 2.81 99.6]1 27.t 411 1t 84.5: 29.¢ 85 -1.1C 3.8¢
28 2 15: 33 424 1.6% 154.% 31.¢ 3.0¢ 0.61 99.97 20.€¢ 98¢ 7.6¢ 3.31
3 9C 2C 10.0¢ 1.6z 11t 21.¢ 6.858 1.2z 84.9¢ 26.2 84 0.94 274/
1 12¢ 28 7.0¢ 1.z 60.& 7t 56.2c 0.7¢ 73.7z 14.C 12¢ -4.2z 1.6:
29 2 117 23  6.0¢ 1.61 101.7 26.7 3.9¢ 1.3¢ 71.1¢ 12.1 11z 7.5¢ 5.5¢€
3 166 38 6.9¢ 1.7z 57.¢ 7.6 5.5¢ 0.67 63.5¢ 16.7 167 -4.43 1.8¢C

Table F-2: Results of measurement with volunteerppase.
The agreement in respiratory effort between meti®tgher
in phase 1 (quiet breathing) and phase 3 (pressymeort)
than in phase 2 (increased effort)
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