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ABSTRACT
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creating a mechanical damper t hat mi mi cs Vv
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confi Rus Gl neyd- sHL and AyMaxwelsicoel astic el er
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FI ow, pressure at the airwawemne@pemeagumrad atn:
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|l oops and from sever al published simplified

from PV | oRpshydstsesdhoRygacRiwbane wheped to produ
max i nauimmt way porogshsutmhged i f i ed aMPRl etghueeettgra cs met h
produwmead |l vy identical MP esti mat es from air
However, measuragmerfticeimdalldichgupet o 20% highe
i n t he RrceosmpraaRevussipated energy analysis indicated tRatontributed
predominantly to energy losses at the lung level, wRig primarily increased energy
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the duration of the inspiratory hold may affect MP estimates and indicated the possible
presence of tissue resistance, as shown by measurable pressure decrease during msgiratory
maneuvers.
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bet weamiRyusipaorgol onged 1 ns piassattinoadjystind \eerntildton cCou.

parameters toward more individualized lung protective strategies.
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ABSTRAKT

Umél & plicni ventilace (MVmiie Uiy tseovknkenje ha an
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tkanovyR)medopo it @dmgr dy c R.a)ckvadtifikovatelisRnapf eno s
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Mechanickada energie byla vypocé&othgneamoyeg e t(rh
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metod/t é mé ¥ psimMédae@i vstipadoy cmleaci ch cest. MéfFeni
vSakukpdz alzZo ona20 % vy3Si dodaRapotiRewuneAmgal yava i
di si pované en®&phiepnaanptelVdZznieeke ztratam e
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Pilotni klinickd studie naznacil a, Zze dél ke
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metodou pouze mohaomsphespnavidé&zenterpretovat
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List of Symbols andAbbreviations

List of Symbols
Symbol Unit Meaning
C mL-c mHZz O Compliance
C mL-c mHZ O Static compliance of the lung
C mL-c mHZz O Viscoelastic compliance of the lung
C mL-c mHZ O Lung compliance
C mL-c mHZz O Tissue compliance
E J Mechanical energy
Eaw J Mechanical energy measured at the airway opening
Eq J Driving mechanical energy measured at the airway opel
EL J Mechanical energy at the lung level
i - Number of a sample
linsp - Set of indicesd that belong to the inspiratory part of the
cycle
I.E - Inspiratoryto-expiratory time ratio
MP J-min Mechanical power
P1 cmH, O Alveolar pressure at the start of the inspiratooid
Paw cmH, O Airway pressure
Pq cmH, O Driving pressure
PEEP cmH, O Positive enekxpiratory pressure
Pes cmH, O Esophageal pressure
Prmax cmH, O Maximum airway pressure
Prmean cmH, O Mean airway pressure
Pplat cmH, O Plateau pressure
Prransp cmH, O Transpulmonary pressure
PL cmH, O Pressure at the lung level
Q L-min Flow
Qinsp L-min Inspiratory flow
R cmhy st L Resistance
Raw cmHO - st L Airway flow resistance
R cmHO - st L Tissue resistance
t s Time
Ti ] Inspiratory time
Te S Expiratory time
T S Total time
VT mL Inspiratorytidal volume
VT mL Tidal volume
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1 Introduction

Mechanical ventilation (MV) is an advanced method of artificial respiratory support that plays
a crucial role in intensive care. Howeveven after more than 200 yearstfdy, MV remains
associated with high mortality rates and numerous complications, makipgisistent focus

of investigation This field is highly complex and can be studied fnomltiple perspectives,
ranging from the technical aspects of ventilators and their physiological effects on patients to
the optimization of ventilation strategies. Numerous research teams worldwide are dedicated
to this topic, and an extensive body of literaturesato enhance understanding and improve
therapeutic approaches

A relatively new approactio optimizing lung protective ventilator settingsvhile
minimizing the adverse effects of Mé the estimation of mechanical power (MP) delivered
to therespiratory systemHowever, methods for determining MP are inconsistesty, on
various assumptions and simplifications, and differ in what portion of the delivered energy is
considered potentially harmful.

The main focus of this dissertatios to investigate the effect of lung tissue
viscoelasticity on MP delivery during MV artd examine thdimitations of simplified MP
estimation methods under varyiagway flow resistanceand tissue resistance. The findings
may contribute to improving MV efficiency and reducing the risk of ventiatduced lung
injury (VILI).

Chapter 2provides an overview of the current state of research on MV, covering its
clinical implications, variouslternativeand norconventional ventilator types designed to
mitigate its adverse effects, and the mechanical properties of the respiratory $tysiem.
discusses the concept of mechanical power delivered toeHipgratory systemincluding
different calculation methods and their limitatioBsapter 4 descrils¢he design of a physical
viscoelastic model of the respiratory system, its validation, and the effect of tissue
viscoelasticity on delivereBlP, with the potential to distinguish tissue resistance from airway
flow resistance using proximal pressure measured at the airway opening. Ch#mer 5
compares variousimplified methods for calculating MP delivery when applied fghgsical
model with airway flow resistance and tissue resistarCeapter 6presentsthe methods,
results and discussiormf a pilot clinical study validating thelaboratory findings Finally,
Chapters 49 providea discussion and summary, including the contributions of the study and
its significance for biomedical engineering.

A version of Chapters &nd4 has previously been published ¥alzel & Roubik K.
(2025)Effect of tissue viscoelasticity on delivered mechanical power in a physical respiratory
system model: Distinguishing between airway and tissue resistance. Biomedical Physics &
Engineering Express, 11(1), 0150280I: 10.1088/20571976/ad974b Walzel S was the
primary author and played the principal role in the design of the physical viscoelastic
respiratory system model and its verification, data analysis and manuscript preparation.
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A version of Chapters 2 andHas previously been published ®galzel S, Roubik K.
(2025) Evaluation of simplified mechanical power and dissipated energy calculations in
physical respiratory models with tissue and airway resistanc®.k a S a-Clinieianlamdi k a
Technology55(1). DOI: 10.14311/CTJ.2025.1.03. (in printyalzel Swas the primary author
and played the principal role in tpeeparation of thetudymethodology and its execution.

As part of broader research related to the effects of ventilation parameters and
individualized ventilation strategies, a novel inspiratory flow generation system was
developedThis systenenabésprecise control of flow profiles arallows ventilator settings
to be adapted across different patient populatiand it is briefly discussed in ChaptefThe
results of this research have also been published in Applied Sc{gviakel! S, Bis L, OrtV &
Roubik K.Simple design of mechanical ventilator for sgsoduction may offer excellent
performance, precise monitoring, and advansadety DOI: 10.3390/app15105631and
Scientific ReportsRoubik K, Ort V, Horakova L & Walzel Sovel desigrof inspiratory flow
generation and gas mixing for critical care ventilators suitable for rapid production and mass
casualty incidentsDOI: 10.1038/s4159823-34300x).
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2 Overview of the current state

Respiratory diseases represent a global heditilenge with conditions such as chronic
obstructive pulmonary disease (COPDjcute respiratory distress syndrome (ARDS),
pneumonia, and neuromuscular disorders often leading to severe respiratory failure. In cases
where spontaneous breathisgiot sufficient to maintain adequate gas exchange, mechanical
ventilation (MV) is a crucial lifesupport intervention. Indications for M¥suallyinclude acute
hypoxemic or hypercapnic respiratory failuBespite its lifesaving role, MV is associated

with potential complications, including ventilatmduced lung injury (VILI)

2.1 Respiratory diseases

COPD is a lung disease characterized by chronic airflow limitation. In acute exacerbations,
patients may develop hypercapnic respiratory failure due to increased Howagsistance

and dynamic hyperinflatiomNorrinvasive ventilations often preferred, but invasi\dV may

be required in severe COPD cases, though its management is challenging due to the risk of air
trapping or barotrauma [1Bacterial or viral pneumonia, including cases such as influenza,
tuberculosis, severe acute respiratory syndr@®#eRS), or COVID19, can cause extensive

lung inflammation, alveolardamage and hypoxemic respiratory failuri2]. Common
respiratory diseases includisoasthma, which requires prolonged expiratory time during MV

[3]. MV may also be required for traurnalated respiratory failure, neuromuscular disorders
that cause respiratory muscle weakness, management of postoperative respiratory
complications, or respiratory failure due to drug overdose.

ARDS is one of the most difficult respiratory diseases to treat, with a mortality rate of
approximately 40%44]. Most patients with early acute lung injury experience shortness of
breath, but early diagnosis of ARDS remains difficult despite the 2012 Berlin definition, which
outlines its criteria based on oxygenation, chest radiographs, disease origin, and time cours
[5]. In healthy lungs, alveolar cells form a very tight barrier that restricts the passage of small,
dissolved substances but allows the udiibn of carbon dioxide and oxygen. These cells
produce a surfactant that lowers the surface tension, allowing the alveoli to remain open and
facilitating gas exchangé]l As a result of damage to the barrier properties ofatlieolar
epithelium and endothelium, the edematous fluid enters the alveoli. This leads to pulmonary
edema with acute respiratory failure due to decreased oxygenation (caused by
ventilation/perfusion mismatch) and respiratory failure (carbon dioxide netjuately
removed from the hity). Increased dead space and decreased compliance are independent
predictors of mortality in ARDS, with heterogeneous structural lung tissue damage being a key
pathological featureg]. Despite the natural asymmetry of the bronchial tree, the distribution
of ventilation to each part of the healthy Isng relatively homogeneous. However, diseased
lungs can increase the degree of structural heterogeneity by altering mechanical properties. If
the lung arenot homogeneous (e.g., due to the presence of &belgctasis), regions of the
lungs adjacent to the collapsed lung compartreemist bear additional load, thereby locally
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increasing their tension (stress), as previously and theoretically described in the study by Mead
et al. [7/]. This means thatven within the same patient, the most appropriate ventilation setting
for one compartment of the lusghay not necessarily be the same for another.

In the study by Cressoni et §8], lung heterogeneity in ARDS patients was assessed
using computed tomographyC{l) scans by comparing regions of lung parenchyma with
adjacent areas. The study found that abnormal lung heterogeneity, defined as a ratio greater
than 1.61, affected ¥23% of lung volume, with correlations between heterogeneity and
physiological variablessuch as PafFiO., plateau pressure, and dead space fraction,
suggesting that lung homogeneity improves with higher airway pressures. Twsau
speculate that the load on these regions of the lung may be nearly twice that of the whole lung,
and thapositive enegexpiratory pressurd?EEP settings may reduce or paradoxically increase
lung heterogeneity, depending on whether they improve or worsen tissue aeration.

2.2 Mechanical ventilation

MV can be divided into several categoraxording to various characteristickhe use of
positive pressure ventilation is preferred over negative pressure ventilation. Although negative
pressure ventilation has a number of advantages, its use is inappropriate mainly because of
limited access to the patient. If the disease is amseverenoninvasive ventilations used,

where the patient is assisted in breathing with some pressure support and a fraction of the
inhaled oxygen. If the disease is more sey@tubation, and therefore an invasive type of
mechanical ventilation, is used. Invasive positive pressure ventilation can be further subdivided
according to the patient's degree of dependence on ventilation. If the patient does not breathe
spontaneougl mandatory ventilation is used, where the ventilator controls the entire
respiratory cycle. When weaning from the ventilator, the patient is then switched from fully
mandatory ventilation to assisted ventilation, where the ventilator monitors the 'patient
spontaneous breathing activ[§].

Conventional ventilators, which use tidal volumes and frequencies similar to
spontaneous human breathing, remain the mainstay of treatment for ARDS, despite the risk of
exacerbating existing lung injury and causing VILI. VILI arises from various sources,
including high pressures (barotrauma), excessive and cyclic lung expansion (volutrauma),
repeated asynchronous opening and closing of air compartments with each inflation
(atelectrauma), and the release of cytokines and other inflammatory mediators rfaptrau
[10].
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2.2.1 Lung protective ventilation

There are several recommendations to provide the lung protective ventilation, such as: low tidal
volumes YT), low driving and plateau pressures, appropriately ch®¥eBP, pronation,
alveolar recruitment (opening maneuvers), reasoned (based on careful monitoring of target
physiological parameters), or minimization of mechanical power delivery to the djgs [

Objectively, the easiest way to ensure lung protective ventilation is to minimize its
duration. MV basically aims to bridge theperiod when the patient is unable to breathe
spontaneouslyNext, stting MV parameters to avoid excessive distension at the end of
inspiration, by using lower tidal volumes, aaldeolarderecruitment at the end of expiration,
by setting PEEP appropriately, has significantly reduced mortality in AR[®]. The
compliance of diseased lungs is much less than that of healthy lucgsisbesome
compartments of the lungs are consolidated by edema and inflammation associated with
atelectasis. Therefore, lower tidal volumes are needed in ARDS to avoid regional over
distensionThe optimal level oPEEPmMust be balanced between preventing alveolar collapse
and avoiding overdistension. While recruitment maneuvers may temporarily improve
oxygenation in some patients, their letegm clinical benefit remains uncertdi8]. A study
of lung injury in sheep found that PEEP levels betweed 75cmH,O optimized recruitment
while minimizing overdistension, maximizing oxygenation, and reducing ventilatory pressures
[14].

Then the study by Amato et aJ15] found that driving pressuré{)—calculated as
plateau pressure minBEER—is the strongest predictor of survival in ARDS patients,
independent of tidal volume amREEP settings. Lowerind®s was associated with improved
survival, suggesting that optimizing mechanical ventilation bas€d oray be more effective
than focusing solely on low tidal volumes or higBEP.

Prone positioning is now recommended for most patients with severe ARIPS [
Pronation is beneficial in obese patients by reducing ventilatory heterogeneity and improving
lung ventilation. The authors believe that obesity is a key factor in the progression of
pneumonia in COVIBEL9 and that this risk can be reduced by effectranation strategies
early in the course of the diseadé][

The role of high inspiratory flow in the development of VILI has received less attention
than other factorddigher inspiratory flow rates have been found to require more pressure to
inflate the lungs to a given volume than lower inspiratory flow réit8s ind more recently,
higher pressures resulting from higher flow rates have been found to be associated with the
development of VIL[19]. These findings are also supported by the studies of Maedazfjjal. |
and Santini et al2Z[1], which suggest that when tidal volume is delivered at a higher peak flow
rate, gas exchange and respiratory mechanics are impaired, and pulmonary histology appears
to be more pronounced than when tidal volume is delivered at a lower peak flow rate.
Furthermore, MV using high pressures for 6 hours using conventional flow patterns was found
to result in severe lung injury regardless of respiratory rate or inspiratory time. However,
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reducing inspiratory flow at similamaximum pressures provides greater lung protective
ventilation R2)].

As summarized in the review by Gattinoni et &3|[ the adverse effects dflV in
ARDS are due to unphysiological changes in transpulmonary and pleural pressures. Excessive
strain and stresgesulting involutrauma and barotraumare the main damaging factors,
influenced not only by tidal volume and pressure, but also by respiratory rate and inspiratory
flow. To improve patient outcomes, a personalized approach that takes into aseokanical
properties of the respiratory systemecruitability, inhonegeneity and mechanical power
thresholds is essential.

As noted earlier MV support is usually necessary for survival. There are many
approaches to MV that differ in principle. However, they all have in common that they always
damage the lung to some extent and cannot simultaneously address the requirements for
optimal ventiation. Alternative and unconventional methods of MV to improve lung protective
ventilation arealsothe subject of research.

2.2.2 Alternative and non-conventional methods of mechanical ventilation

In an effort to provide adequate oxygenation and carbon dioxide removal while minimizing the
adverse effects of conventional MV, several alternative anecapwentional strategies have

been explored. Some of these methods still rely on ventilatory supfim@it in a modified or
unconventional form-such as higiirequency ventilation, liquid ventilation, or tracheal gas
insufflation—while others, like extracorporeal membrane oxygenation (ECMO), function
independently of the lungs by using extracorpore@ludis to ensure gas exchange. Among
these, ECMO has become widely adopted in clinical practice, whereas the other methods are
used only rarely today.

High-frequency ventilation can be subdivided imtod highfrequency jet ventilation
(HFJV)andhigh-frequency oscillatory ventilation (HFOWIFJV delivers small tidal volumes
at very high frequencies using brief pulses of pressurized gas injected into the airway, typically
through a specialized jet nozzleFOV is an alternative form of MV where tidal volumes are
less than the anatomical dead space and respiratory cycle frequencies are greater than 1 Hz.
The method is based on several different physieathanisms: turbulence, pendelluft, Taylor
dispersion, asymmetric velocity profiles, molecular diffusion or collateral ventilaiidj [
Generally, lowemaximumpressures at the alveolar level and higher mean airway pressures
are used. Thus, HFOV appears to achieve several goals of lung protective ventilation by
utilizing appropriate mean airway pressures and small tidal volumesever, recent
multicenter studies, the OSCILATE and OSCAR tri&ls, 6], do not support the routine use
of HFOV in adult paents with moderate to severe ARDS because the benefit of this alternative
non-conventional method has not been proven. A study by Ferguson &] &.4_ad that early
use of HFOV was associated with higher mortality tkanventional MVwith low tidal
volumes and higPEEPIevels. HFOV was associated with higher mean airway pressures and
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greater use of sedatives, neuromuscular blocking agents, and vasoactive drugs. In the study by
Young et al. [B], the authors found no benefit or harm from the use of HFOV in adult patients
with ARDS. However, they recommended that this mode of ventilation should not be used in
routine care. According to a study by Meade et &), [BIFOV increases mortality in most
patients with ARDS, but may improve survival in patients with severe hypoxemia. These
findings add to the uncertainty about the role of HFQWcdrefully selected patients, HFOV

may still have a role in severe ARDS, but only after trygogventional MVand considering

the prone position.

Somestudies suggest thatuttifrequencyHFOV (MFOV) may improve gas exchange
more effectively than singlfequency HFOV by ensuring a more even distribution of
ventilation across heterogeneous lung regi@8s29]. Experimental studin preterm lambs
showed that MFOV led to significantly better oxygenation,,@Dmination, and lung
recruitment at lower airway pressures, reducing regional stress and potentially minimizing the
risk of VILI compared tasinglefrequencyHFOV [29].

Another approach, called"Twinstream’, combines conventionalMV with
superimposedHFJV, allowing lung ventilation at two different pressure levels. Thethod
improves gas exchange, particularly £&moval, and is beneficial for a wide range of patients,
including n@nates obese adults, and those with severe obstructive or restrictive lung disease
[30]. HFJV should improve oxygenation at lower ventilation pressures and without adverse
effects on hemodynamics, increase alveolar recruitment, increasemahcesidual capacity,
and decrease transpulmonary pressure.

A rather interesting alternative approach is thecated Thred_evel ventilation.
ThreelLevelventilation can be defined as MV at three programmable pressure levels, whereby
the pressure levels alternate and the duration of the pressure levels in the lungs is controlled by
the ventilator software once set by the operator. The inhomogeneity of mitiéatian
distribution is due to different time constants of lung compartments with different mechanical
properties, in which singlevel ventilation (presser or volumecontrolled) cannot achieve
optimal ventilation settings without a critical decrease in minute ventilation by reducing the
ventilation rate 31].

One of the currently discussed approaches to lung protective ventilation is flow
controlled ventilation (FCV). It differs from volurm®ntrolled ventilation (VCV) only in the
setting of a constant flow rate in the expiratory phase. According to a studiehzel et al.

[32], the pressure distribution in the inhomogeneous lung is more homogeneous during
linearized expiration than during conventional passive expiration. This may be another
mechanism to increase lung protective ventilatidre effect of FCV o respiratory mechanics

and regional ventilation in obese and morbidly obese patients showed that linearized expiratory
flow during FCV provides better lung aeration at comparable tidal volptagsau pressure
andPEEPcompared to VCV33|.
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2.3 Mechanical properties of the respiratory system

Respiratory system can be described as a pneumatic circuit, simply defined by resi®§tance (
and compliance@). The relationship between the pressure drop across a pneumatic system
and the gas flow can be described by a parameter called flow resistance, which indicates the
volume flow rateQ resulting from the pressure differerige. This relationship is given by:

v oL 1)

This formula for flow resistance is the pneumatic equivalent of electrical resistance,
where pressure and flow are analogous to voltage and current. The unit of flow reststance
Pasin™. In pneumatic systems, the resistance value often depends on the gas flow rate, making
the system descriptianore complexThe complianc€ of a pneumatic system describes how
easily the system can accumulate gas and is defined as:

o
'~<<| &

(@)

whereDV is the volume of gas delivered to the system ik the pressure increase due to

the volume changeCompliance is a typical property of the lungs, with units é®ar* (or
mLO@mMH,0™). Assuming negligible gas compression in the lungs, the volume of gas delivered
is equivalent to the increase in lung volume, and lung compliance is defined as the change in
lung volume per change in trgndmonarypressure, i.e., the difference between alveolar and
pleural pressures. The higher the pressure needed werdelgiven volume, the lower the
system s compliance.

However, simple linear models consisting of oRyand C, which are crucial for
understanding the fundamentals of mechanical behavior, may have limited validity due to the
nonlinearities, inhomogeneities, and structural complexity that characterize the entire
respiratory system. Numerous studies have been ctettito develop reliable physical models
[32, 34, 3% and computer model86-38] of the respiratory system, e.g., to outline some of
the mechanical properties of the respiratory system or to cordipi@rent ventilation modes.

2.3.1 Viscoelasticity

One of the properties complicating the description of the respiratory system is the
viscoelasticity of the lung parenchymal tissiibe total resistance of the respiratory system is
determined not only by the flow resistance in the airways but also by the resistance of the lung
tissue BY|. Tissue resistandd) can be attributed to several factors, including viscoelasticity
[40, 41, nonlinear viscoelasticitydR, 43, fractional viscoelasticity44], poroelasticity 45,

46|, pendelluft R1] or, for example, surface tensiofi/]. Then, the changes in total resistance
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can be caused, for example, by an obstructed endotracheal tube, an airway narrowing or the
tissue resistancaf the respiratory systeid§g).

The single compartment linear model is linear because its independent variables
(volume and flow) have a linear relationship with the dependent variable (pressure). This
means that if only one of these independent variables chamnge the other remasctonstant,
thereis a linear relationship between pressure and that variable. If the model included a variable
for which this condition was not true, the model would be nonlir@3jr [

The single airway of the viscoelastic modeFig. 2.1represents the entire airway tree
Raw. The mechanical properties of the tissues are described by three components: a resistor
(known as a dashpot) and two springs. Together, these three elerRerEs, andC—form
what is known as a Kelvin body. The stiffness of the sp@ngepresents the statalastic
compliance of the lung, while the combinationRefand C; in series (which together form a
Maxwell body) accounts for its viscoelastic behavidhe model represents a single
homogenous physical compartment, but still has two degrees @dofre because the
magnitude of the pressure at any moment in time is defined bfatims: the volume in the
alveolar compartment and the extension of the sging the dashpoR: [39].

P, (®)
....... |
a7

ONB

Py (1)
MR

Figure2.1: The viscoelastic single compartment model of the respiratory system.

2.3.2 Measurement of the mechanical properties of the respiratory system

To understand the state of the respiratory system and ensure optimal lung protective ventilation,
it is essential to determine several mechanical propeftig® respiratory systenn addition

to basic parameters such as resistéahaad complianc€ of the respiratory systenseveral

other factors play a key role in optimizi) . These include awtBEEP, lung recruitability,
lungviscoelasticityhysteresis of the pressewelume loop regional ventilation heterogeneity

stress distribution in the lung parenchyamal others

Many parameters can be obtained simply by analyzing the pressure, flow, or volume
waveforms of MV. However, aseemingly simple measurement of compliance can be
problematic due to tissue resistand@de method for measuring tissue resistance involves

18



maintaining a constant volume during inspirattwgld and measuring the pressure. When
inspiratory flow is stopped, the pressure drops rapidly froomagimumvalue (Pmax) to a

lower valueP1, which represents the alveolar pressure. This rapid drop in pressure is caused
by flow resistance, both artificial and anatomical. During inspirabofg, a slower decrease

in pressure to the plateau pressuPgaf) value is observed [49]. This additional pressure
decrease is mainly caused by the stress relaxatidhel parenchymaysually assigned to
viscoelasticity [19, 21, 50]. Under dynamic conditioRs,reflects alveolar pressure more
accurately thaPpiat and therefore, it can be used to predict the actual pressures acting on the
lung parenchyma [21]Therefore, lhe Ppiatreadings taken at 0band 5s of inspiratoryhold,

used to calculate the total resistance and compliance of the respiratory, ©gst@noduce
significantly different results due to the lung tissue viscoelasticity [&adl further, gatic
measurements of compliance usiBgs: have been shown to underestimate the maximum
pressure experienced by lung parenchymal tissue during dynaftatom and that he
inspiratory slope as a dynamic measure may provide a more accurate estimate of maximum
alveolar pressurgb?2].

Assessinghe mechanical properties of individual lung compartments is complicated
due to thdung recruitability ancheterogeneityr stress distributionwith several approaches
varying in accuracy, complexity, and information obtained. One method for determining lung
heterogeneitgould be done by the evaluatiortié time constants of individual compartments
during expiration.As the time constant is the product of airw#lgw resistance and lung
compliance, it links structural mechanics to lung functionhealthy lungs, the variation in
time constants between lung compartments is relatively small. However, in lung compartments
that are heterogeneoumssterms of mechanical properties, the differences in time constants can
be so large that the optimal setting of MV parameters for one compartment makes the setting
of parameters for other compartments significantly inappropfa®. Although many
methods exist to determine time constari4],[linear single compartment models poorly
describe the lung during ARDS, where significant mechanical and structural heterogeneity
exists p5|.

Functional imaging methods allow for the visualization of ventilation heterogeneity
based on its topographic distribution. Singleoton emission computed tomography (SPECT)
measures the distribution of inhafdTc, reflecting ventilation, where areas with low activity
indicate poorly ventilated or neventilated lung compartments. Oxygen and hyperpolarized
gases such as xendf®e) or helium fHe) can also be used with magnetic resonance imaging
(MRI) to assess ventilation distribution without ioniznagliation p6]. Cressoni et al. analyzed
lung heterogeneity in ARDS patients using CT scans, comparing lung regions voxel by voxel
based on gato-tissue ratios, but this assessment remains relative due to the lack of an absolute
reference standard [8].

Multiple breath washout (MBW) and the forced oscillation technique (FOT) are both
used to assess lung heterogeneity, though they offer different insights. MBW evaluates
ventilation heterogeneity by tracking the washout of an inert gas (such as nitrdgsiuimw)
and analyzing the temporal distribution of ventilation, making it particularly sensitive to
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detecting the extent of airway constriction. In contrast, FOT assesses respiratory mechanics by
measuring resistance and reactance across a range of frequencies, thus providing information
on airway impedance and structural charj§és While MBW is more effective at quantifying

how much the airways are constricted, FOT is better suited for characterizing the nature and
location of the constrictiofb7]. Additionally, FOT has been shown to serve as aineasive

tool for monitoring lung volume recruitmeand derecruitmerb8].

The assessment of lung recruitability and appropP&EP titration during MV, as
well as the determination of heterogeneities in the mechanical properties of individual lung
compartments, is possible with electrical impedance tomography [59, 60]. This imaging
modality offers more potential and is likely to thee tfuture in intensive care for monitoring
lung protective ventilation and individualizing MV strategy.

2.4 Mechanical power

Tidal volume, pressure, and flow are components of the energy load that contribute to the
amount of mechanical pow@¥P) delivered to the lungs and it was recently suggested that
MP is also a strong predictor of VILI risl6], 62, 63 A study by Cressoni et a6]] showed

that transpulmonary MP higher thand2 mtiinduced VILI in healthy pigs and the study by
Serpa Neto et al6f] showed that MP (> 17.0 - mY) was independently associated with
higher irhospital mortality in ICU patients receiving invasive ventilation for at least 48 h.

The mechanical enerd¥) delivered to the lungs by the mechanical ventilator can be
calculated from the pressuvelume PV) loop as the area enclosed under the inspiratory curve
of airway pressure against inspired volume, expressed in j@8gsThis is usually referred
to as the geometric method and requires numerical integration of airway préssjureith
respect to changes in inspired voluna@;J:

0 . 0 M8y 3)

Simply multiplying E delivered during one respiratory cycle by the respiratory rate per minute
then gives the value of the deliverddP. The use of the geometric method, however, is
computationally challenging and requires special equipment with a high sampling rate to record
pressure and flow waveforms. Various simplifications of mechanical power calculations for
VCV have been proposed in the last years to facilitate bedside calculations in clinical
environmentsg2, 66-70].

In a study by Gattinoni et al. §§ the authors proposed a simglguationto quantify
E delivered to the respiratory system during mechanical ventilation based on the equation of
motion The authors noted that the benefit of the equation is its ability to quantify the individual
contributions of its various componenfs. any given time, the pressurBa) in the whole
respiratory system is equal to:
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whereVT represents the delivered tidal volurais the compliance of the respiratory system
Rawis the airway flow resistance a@us theinspiratoryflow. Each component in the equation
actually represents a pressure:

— 0 0 0 '0Q0 (8)

Y D 0 0o . (9)

PEEP itself is not associated wittnovement butepresents the basic tension of the lungs
because it is the pressure present in the respiratory systenvivhadQ are zeroConversion
factor 0.098 was used to recalculate c@Ho PaAfter a few more mathematical operations
we can calculate the energy delivered pee cycle E by multiplying each pressure in the
equation byT, as follows:

O MY — — ® YOO ‘0'QD (10)

whereT; is the inspiratory timeConsidering the ratio of; to the whole respiratory cycle,
expressing the volume ihters, the pressure in cm@, their product multiplied by the
respiratory rateKR), we already obtain the followingell-knownequation:

00 18t wPY YO YD — 'Y'Y:)Tf"* »"YO0 008 (11)
Another approach that simplifies the integration is based on equafipbut reduces

significantlythe computational effort. The disadvantage, however, is the persistent need for an
inspiratory hold. This method is usually referred to as "simplified” or "comprehensive" [6

67):
0O WD 0 ™00 0 000 (12
The following methods of calculatiri§delivery do not require any intervention during
mechanical ventilation and can therefore be calculated from the ventilation parameters still
shown on the ventilator display. By modifying the "simplified" equatit®2) by substituting

Ppiat for Pmax, We obtain the sealled dynamic mechanical power equati68] |

0O MWwHh'® 0 ™ O 0 0 000 (13
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However, inVCV, Ppiat can differ significantly fronPmax due to flow resistance, so its use is
probably more appropriate for pressemtrolled ventilation.

The secalled "surrogate" equation proposed by Giosa et & §implifies the
calculation of delivery by replacing the resistive component with an average flow resistance
value of10 cmHO - s L

¢

0 Q'Y (14)

where thanspiratoryflow rate Q) divided by six is obtained by multiplying the flow rate by
the flow resistance and converting from seconds to minutes. However, a significant limitation
of this approach is the assumption of a stable aifleayresistance of 10 cmy® - s L

The equation of Chi et al7Q] assumes that the pressure fractions in the formula of
Gattinoni et al. [6] can be replaced by the mean airway pressure over the entire respiratory
cycle, weighted by the ratio of expiratory to inspiratory pressure due to the inclusion of the
entire respiratory cycle. As there is Rgat in the equation, no inspiratory hold is required for
this calculation.

O mrwyY b -0 0 000, (15)

wherePmeanis the mean airway pressufie,s the expiratory time and is the inspiratory time.
The mathematical derivation of the simplified MP equations is accessifpendixA.

All the equations presented so far used only the measured parameters at the airway
opening to determine the deliverEdThe equation by Silva et abZ], which is based on the
studies by Guerin et al. I[f and Marini et al. [2], uses the sgalled transpulmonary driving
pressurdPransy to determine the deliverdel Pranspwas calculated as the difference between
alveolar pressure and pleural pressure atiesiration and enéxpiration. This equation
estimates without taking into account resistive properties BEP,

o - . (16)

In another study73], the authors examined different methods of calculafi®yin
mechanically ventilated patients, comparB calculated fronPPaw and including?EEP, MP
calculated fromPq4, andMP calculated fran transpulmonaryq. MP calculated fronPaw and
including PEEP produced significantly highevlP deliveryestimates than the oth&vo but
only calculationsonsideringPq predicted 28lay mortality.
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2.41 Dissipatedenergy

Recently, the sealled dissipated energy, which is represented by the hysteresis areR\éf the
loop, and which might be potentially harmful, has been taken into acddyr@q, 4]. During
inspirabry phasea part of the energy is stored as elastic energy, and a part is dissipated by
various mechanisms in the airways and lung tissue. The remaining energy is then recovered
during expiration.In physical terms, dissipated energy reflects the irreversible loss of
mechanical energy in the respiratory system during a respiratory cycle, while mechanically it
is the portion of inspiratory energy not recovered during expiration. Mathematically, it
corresponds to the area enclosed by the inspiratory and expiraiy dif the PV loop.

According to the results of Gotti et fif5, 76], it appears that the amount of energy that
may be associated with the development of VILI is static dissipated energy (i.e., the flow
resistance of the respiratory system is excluded from the dissipated energy calculation) and that
less energy is dissiped with lower tidal volumes with an unchanged minute ventilation.

This is further supported by Massari et[@lF] who suggested that higher energy loads
during mechanical ventilation lead to VILI, with dissipated energy in the lung parenchyma
being related to lung recruitability, strain and lung inhomogeneity. The dissipated energy was
primarily influenced by highdal volumes, but lung inhomogeneities and alveolar opening and
closing also played a significant role.

Another study T4] reportedthat numerical calculations indicate that energy dissipation
can be significantly reduced by controlling the ventilation flow to be constant and continuous
during both inspiration and expiration, and by ventilating at an I:E ratio very close tbdt:1
is, by using FCVThis statement was then verified wHasth inspiratory and expiratory flows
were kept near | y Lc ot sandahe ti:E ratio wabk 2:1 with 8 miGué
ventilationo f 6 . 2 8 - #7}. Bhe duthors recorde®V loops using pressure measured
directly in the patient's trachea and calculated the energy dissipated in the patient from the
hysteresis areaof ti®l oops. The ener gy dJwhish, graomdingdon wa s
the authors, is close to the minimum energy dissipation achievable for this mentitation
[78].

Spraider et al[79] in their longterm porcine ventilation study demonstrated the applicability
of complianceguided individualization of FCV settings, resulting in lower tidal volumes, more
efficient gas exchange with improved oxygenation, more efficientéli@ination, and more
homogeneous gas distribution without signs of overinflation compared to pressiralled
ventilation (PCV). According to the authors, their results for individualized FCV and the
underlying concept of reducing dissipated egeagd minimizing stress and strain suggest a
more lung protective ventilation strategy than the current best clinical practice of PCV.

However, different results were found in the study by Busana etGhl.T®enty-two

healthy pigs were randomized to a control group (n = 11) and a valve group (n = 11) with
controlled expiratory flow. Both groups had identical ventilation settings. Total energy
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di ssipation differed si gnilmind)amainly throughdthe3 4 =+
endotracheal tube -md?),8viileenerdydisipationinthérespi@tory 0. 2
system was | ower in the val ¥nenl)gDespitepsimiad . 73 +
respiratory mechanics, gas exchange and histology, the control group had a greater decrease in
endexpiratory lung impedanc&he authorgonclude that withheir experimental conditions,

the reduction of energy dissipated in the respiratory system did not lead to appreciable
differences in VILI.

Thus,how to quantify injurious dissipated energy in the lung fR¥hoops measured
at the bedside is a matter for future rese@dth

2.42 Assumptions andlimitations

MP calculations are based on several assumptions that limit their general use, and their
application is still subject to several limitatioistst, anly constant inspiratory flow in VCV
and linearespiratory systernompliance are assumed for the use of simplified equations.

Next, airway flow resistance is not explicitly distinguished from tissue resistance in any
of these methods of calculating mechanical power delivery to the lungs. TherefdPgaithe
used in the calculations may not accurately quantify the forces and injurious energy that cause
damage. The small pressure difference betwesnd Ppia;, which probably corresponds to
viscoelastic lossegl9, 23, 48, 6B is buried in what is usually clinically assigned to the
difference betweemaximumpressure anBpia;, Which caregivers use to calculate airway flow
resistance. This hidden pressure difference involves unmeasured energy spent on viscoelastic
losses and potentially on the direct inflacti of damage by microfractures of extracellular
matrix elementsg3).

Another limitation of using some MP calculations is that there is no defined length of
the inspiratiorhold. This limitation is basically based on the tissue resistance mentioned above.
As discussedynder dynamic condition$?1 provides amore accurat@alveolar pressure than
Ppiat andcan thus serve as a predictor of #utual pressures acting on the lung parenchyma
[21]. ConsequentlythePpiasreadings taken at 0band 5s of inspiratoryhold, used to calculate
the total resistance and compliance of the respiratory systemproduce significantly
differentresultg[51].

Next, he inclusion of PEEP into simplified MP calculations despiteo mechanical
movementis debated PEEP sets a baseline level of lung inflation, meaning that every
additional breath starts from a higher lung volume. This baseline energy contributes to lung
stress and ignoring it iIMP calculations would underestimate the total mechanical load on lung
tissue 82]. On the other hanaeducingPEEPto lower MP may be misleading becatdeEP
has both protective and adverse effects depending on its relationship to pleural pré&sure
PEEPhas the ability to modify the | ung surfac
lungs) able to receive the stress released by the mechanical ventilator. If an incCREEEP in
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will lead to a decrease Py and respiratory system elastance, MP will decrease, anderisa

[62.

Whether MP dissipated in theairway is related to thedevelopmentof VILI is
guestionable §3]. Amato et al.[15] found thatPqy calculatedis the strongest predictor of
survival in ARDS patientsand aretrospective study of 8,207 critically ill patients found that
high MP in the first 48 hours of ventilation waesssociated withhigher mortality, fewer
ventilatorfree days, and longer ICU and hospital stayith RRandPq beingthe key factors
associated with mortality4]. Therefore, it is unclear whether the inclusion of resistive MP in
MP calculations is justifiedevaluation of MP as a measure of VILI developineould be
most relevant when volume and related pressure changes are measured directly at the lung
parenchymd83]. The magnitude othe pressure acting on the lung parenchyma is indicated
by Puwansp Which is not commonly available in clinical practiéeo calculatePyansy both
alveolar pressure and pleural pressure must be estimated. The most widely accepted surrogate
for alveolar pressure Baw during endinspirabry or endexpirabry hold maneuvers. Direct
measurement of pleural pressure is invasive and impractical for clinicatassophageal
pressuréPes), despite its limitationss an accepted surrogate for pleural presi@4ie It allows
estimation of transpulmonary pressure by calculating the difference between esophageal
pressure anBaw:

0 0 0 . (17)

Another unresolved limitation of the use of MP is the unknown MP threshold when VILI is
already developing. It seems that the solution could be normalization to a standard lung volume
or to the amount of aerated lung tissue [23, The study by Zhang et.dB5] suggested that

MP normalized to predicted body weight or lung compliance may be an appropriate solution.
Other assumptions made when using the equations to calculate the delivered MP include the
absence of spontaneous respiratory activity by thgemt and homogeneous mechanical
properties of the individual lung compartments.
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3 Aims of dissertation thesis

The most effective way to achieve lung protective ventilation is to minimize its
duration, but this is not always possible in clinical practice. The invasive positive pressure
conventional mechanical ventilation leads to progressive lung injury. In ngEsnst mortality
in ARDS patients omechanical ventilatiohas been reduced mainly by individualized care.
One of the pillars of individualized care is the effort to minimize the delivery of mechanical
power to the lungs. This dissertation deals with dp&mization of ventilatory parameter
settings and diagnostic capabilities wiechanical ventilatorsespecially with regard to
providing increased lung protective ventilation

The first aim was to develop a passive physical model of the respiratory system that
simulates lung tissue viscoelasticity and airway flow resistance, and to use this model to
determine whether it is possible to distinguish tissue resistance from aiovayefistance
using proximal pressure measured at the airway opening.

The next aim was to mathematically analyze the effect of lung tissue viscoelastic
properties on mechanical power delivery during mechanical ventilation, and to compare and
evaluate differensimplified estimatiormethods for determining deliver@dechanical power
in the presence dissue and airway flow resistan@ssessing their accuracy and limitations.

And finally, the aim was to investigate the clinical relevance of the findings through a
pilot clinical study, thereby validating the results from laboratory models in real patient
scenarios.
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4 Effect of Tissue Viscoelasticity on Delivered Mechanical
Power in a Physical Respiratory System Model: Distinguishing
Between Airway and Tissue Resistance

A version ofthis chaptehas previously been published @#alzel S & Roubik K. (202E&ffect

of tissue viscoelasticity on delivered mechanical power in a physical respiratory system model:
Distinguishing between airway and tissue resistance. Biomedical Physics & Engineering
Express, 11(1), 0150260I: 10.1088/20571976/ad974b

The aim of this study was to develop a passive physical model of the respiratory system
that simulates lung tissue viscoelasticity and airway flow resistance, and to uyseysical
model to determine whether it is possible to distinguish tissue resistance from airway flow
resistance using proximal pressure measured at the airway opening.

4.1 Abstract

A precise understanding of respiratory system mechanics is essential for optimizing ventilator
settings and maintaining patient safety. Conventional simplified models usually account only
for airway flow resistance and lung compliance, while tissue resisia often disregarded. In

this study, the impact of lung tissue viscoelastic properties on delivered mechanical power was
assessed using a physical respiratory system model, along with the feasibility of differentiating
tissue resistance from airwaywWaesistance through proximal pressure measured at the airway
opening. Three passive physical model configurations were employed, each representing
distinct mechanical properties: a Tissue resistance model, an Airway resistance model, and a
No-resistance wdel. Identical volumeontrolled ventilation settings were applied across alll
configurations, with inspiratory flow rates varied. Pressure and flow were recorded using a
DatexOhmeda S/5 vital signs monitor (Dat&®meda, Madison, WI, USA). Tissue resigta

was adjusted so that peak pressures and mechanical energy delivered at the airway opening
were comparable between the Tissue and Airway resistance models. Nevertheless,
measurements within the artificial lung revealed notable discrepancies, with dbee Ti
resistance model exhibiting up to 20% higher delivered mechanical energy. These findings
highlight the necessity of reconsidering current approaches to mechanical power calculation,
as the inability to separate tissue resistance from airway flowtareses complicates the
assessment and interpretation of mechanical power in relation tplatggtive ventilation.
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4.2 Viscoelastic respiratory system model

A dedicated apparatus was constructed, consisting of a passive-baled Adult Lung

Simulator (Michigan Instruments, Kentwood, MI, USA), a 20 mL borosilicate glass syringe
(Socorex, Ecublens, Switzerland), and a throttle valve. The throttle valve taciseat to the
syringe’s Luer adapter to control airflow in
Using custom 3Bprinted components and fixtures, the syringe with the throttle valve was
mounted in parallel to one artificial bellow lung oétBimulator, as illustrated in Fig. 4.1. Due

to the low friction coefficient of borosilicate glass, the syringe functions as a mechanical
damper with negligible frictional resistance. Further details on the testing protocol and
confirmation of the negligile effect of friction on measured pressure and flow are provided in
Appendix B.

The viscoelastic respiratory system model is therefore characterized by two elements:
a linear complianc€. (the spring incorporated in the Simulator), which represents the static
elastic properties, and a compliari@en combination with a dashpot resistaf¢éthe syringe
and throttle valve), which together form a Maxwell body (a type of mechanical rheological
model) representing the viscoelastic properties. Although the physical model corresponds to a
single homogeneous compartment, it retains twgreks of freedom, as described by Bates
[39]. The instantaneous pressure within the respiratory system model is determined by two
parameters-the gas volume in the artificial lung and the flow entering or leaving the syringe,
i.e., the pressure in the sygim chamber. During inspiration,nggativepressure is generated
in the syringe chamber, whereas during expiration, a positive pressure develops.
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Figure4.1l The Adult Lung Simulator with the glass syringe and the throttle valve mounted
parallel to the one artificial bellow lung representing the tissue resistance of the viscoelastic
respiratory system model. The spring represents the static elastic progehesgiscoelastic
respiratory system moddReproduced fromWalzelet al., 203], published under the CC
BY 4.0 license.

43 Testing

Three distinct configurations of a passive physical respiratory system model were evaluated,
each representing different mechanical properties:

1. Tissue resistance model: viscoelastic respiratory system mnotieling tissue resistance
(R + Cy) but withoutairwayflow resistanceRaw),

2. Airway resistance model: systemth linear airwayflow resistanceRaw) of 5cmH0 - st L
(Model 7100R, Hans Rudolph Inc., Shawnee, KS, Us#)outtissue resistanc&(+ Ci),

3. Noresistance model: respiratory systenthout airway flow resistanceRaw) and without
tissue resistanc&(+ Cy).
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For al | configurations, t he (Ca rwas fixedcat a |
30mL - c@H

To examine whether proximal pressure at the airway opening can differentiate tissue
resistance from airway flow resistandgrway resistance model witRaw of 5cmH0 - st L
was used as a referente Tissue resistance model, the throttle valve was adjusted so that the
maximum proximal airway pressure matched that of the reference model.

Ventilation was providedvith a Veolar lung ventilator (Hamilton Medical, Bonaduz,
Switzerland)operating in volumeontrolled mode. The following parameters were applied:
tidal volumeVT = 1000mL, constant flow during inspiratioEEP= 5 cmHO, inspiratory
to expiratory time ratiol(E) = 1:1, inspiratoryhold=20%, andRR = 6, 12 or 18nin™,
corresponding to inspiratory flow rateQif(s) of approximately 20, 40 and &0- mt. n
Identical settings were maintained across all configurations.

Airway pressureRay) and flow Q) weremonitored using D-Lite spirometric sensor
of the DatexOhmeda S/5 vital signs monitor (Dat®hmeda, Madison, WI, USAAs the
monitor lacked an additional gas pressure,bd pressure inside the artificial lurfe ) was
measured using the haemodynamic moduRSBMP, which recorded presssine millimeters
of mercury (mmHg)These values were subsequently converteddntbbO. The sampling
frequencyfor Paw, Q andPL was set to 100 Hz. The complebeperimental stup is presented
in Fig. 4.2
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Pressure and Flow
Monitor

Ventilator

Figure4.2 A scheme of the measuring system consisting of a lung ventilator, flow and
pressure monitor and configurations of the passive physical respiratory system model
representing different mechanical properties. The components representing the dynamic

viscous R+ Cy) and the static elasti€() properties are replaced by the symbols for
mechanical rheological models. The connection or disconnectigg @ or Ciwas
determined by the tested configurati®eproduced fromWalzelet al., 203], published
uncder the CC BY 4.0 license.

4.4 Data processing and statistical analysis

Pressure and flow signals from five representative respiratory cycles were recorded for each
respiratory system model configuration and respiratory rate. These curves were averaged and
subsequently analyzed. Flow data were integrated over time to obfa@raetktidal volumes.

From the averaged data, cunasPaw, Q andP., as well as plot®f Paw andPL as
functions of delivered volume, were generated for every respiratory rate and model
configuration. Although standard deviations were computed, their values were negligible and
therefore not displayed in the graphs.

To enable a quantitative comparison betwdesue resistance modehd Airway
resistance model, the mechanical energy delivered during the inspiratory phase of the
respiratory cyclavas determined using a formula based on the geometric mgBo@6)].
Numerical integration was applied for the calculation:

O 2 Bm®O0 D cHOODOY @'Y, (18)
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whereE denoteshe delivered mechanical energy during the inspiratory phase of the respiratory
cycle in JPawrepresents the measur@dvaypressure at a given time in ci®®] PEEPIs the
positive endexpiratory pressure in cmB, VT corresponds to th@easured volume at a given
time in mL and indicatesthe number of samplegithin the inspiratory phase.

The calculation waperformedusing bothPaw andPy, allowing for comparison
betweerthe mechanical energlelivered asneasured at the airway opening of the
respiratory system modet4,) andthat measurethside the artificial lungK.) acrossall
testedconfigurations.

45 Results

Connecting the glass syringe with the tuned airflow resistance of the throttle valve in parallel
to the artificial lung of the Simulator (Tissue resistance mdddljo a progressive rise in the
measured maximum pressu(Bsw andPL) asQinspincreased from 20 - mttm60L - mt. n

As designedthePaw curves during the inspiratory phase andrtteximumPay values
closely overlappedn Tissue resistance model and Airway resistance mddelboth
configurations the maximumPaw reached approximately 38BnHO for Qinsp of 20L - mt n
(RR = 6 mint) and 42cmH,O for Qinsp Of 60L - nt (RR = 18 min?), as illustratedn Fig.

4.3. By contrastthe PL curves overlapped during the inspiratory phase in Airway resistance
model and Neaesistance model. During the inspirattigld, however,only Tissue resistance
model displayed an exponential decline from maxiniRamandP. toward Ppiat.

In the expiratory phase of the respiratory cytie, steepest initial pressure decrease
occurred in Tissue resistance modedward the end of expiraty phasethe slope of this
decline diminished, whereas Mesistance model exhibited the most rapid overall pressure
decreas¢o PEEP.
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Figure4.3 Time dependence &, P. andQ atRRof 6, 12 and 18 miH, representin®insp
= 20, 40 *dorthedrespiratonyi system model configurations teskegroduced
from [Walzelet al., 203], published under the CC BY 4.0 license.

A closer examination of thmspiratory phase showed that timaximumPaw did not
differ significantly between Tissue resistance and Airway resistance models, as intended
However, maximum P, values showed marked differences between these models, which
increased with risin@insp (averaging 1.63.3cmH;O depending oQinsp), as depicted in Fig.
4.4, During the inspiratoryhold, in Airway resistance modeRaw fell rapidly to Ppiat level,
which then remained constant throughout the hahdcontrast, Tissue resistance model
exhibited an exponential pressure decay, with values gradually approaching those measured in
Airway resistance model and Nesistance modeAt RR= 18 mir?, the inspiratory hold
lastedabout0.8 s, which was insufficient to allow a complete decdypie
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Figure4.4: A detailedview of the time courses &wandPL during the inspiratory phase at
respiratory rates of 6, 12 and 18 fiifor the tested respiratory system model configurations.
Reproduced fromWalzelet al., 203], published under the CC BY 4.0 license.

The PV loops for Paw during the inspiratory phase in Tissue resistance and Airway
resistance models shifted from the loop of-fdsistance modeds Qinsp increasedreaching

highermaximumpressuregFig. 4.9. No significant differences were observed between Tissue

resistance and Airway resistance models in the inspiratory phase.

In contrastthe PV loops forPL showed a different patteriVith increasingQinsp, the
loop in the inspiratory phase in Tissue resistance nuagressivelyshifted from the loops
of Airway resistance and Nesistance modelat the same time, no differences were detected
betweenAirway resistance and Niesistance models the inspiratory phase
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As shown in Table 1, no substantial differences were obseniggl,icalculated from
Paw, between Tissue resistance model and Airway resistance rabdey respiratory rate
(2.08J vs. 2.16 J, 1.86 J vs. 1.88 J, and 1.63 J vs. 1.59 J). Different ezsaltgedvhen the
delivered mechanical energy. was calculated fronP.. For all respiratory rateshé
differences between Tissue resistance model and Airway resistance model were significant, up
to 20% higher in Tissue resistance model (1.93. 1.60 J, 1.78 J vs. 1.57 J, and 1.63 J vs.
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1.46J). By comparisonthe differences ifeL between Airway resistance and kesistance
models weraegligible(1.60 J vs. 1.55 J, 1.57 J vs. 1.57 J, and 1.46 J vs. 1.51 J).

Table4.1: Mechanicaknergy deliveredHaw, EL) in the different respiratory system model
configurations at varying respiratory ratealculated from measurét andP..

Respiratory
system model RR (min'%) Eaw (J) EL (J)
configuration

18 2.08 + 1.93 +

Tissue resistance 12 1.86 = 1.78 =
6 1.63 = 1.63 =

Airway resistance 18 2.16 = 1.60 =
(5cmHO - s3 L 12 1.88 + 1.57 +
6 1.59 + 1.46 =+

18 1.81 + 1.55 +

No-resistance 12 1. 72 + 1.57 +
6 1.56 =+ 1.51 +

46 Discussion

The main finding of this study is thatentical inspiratoryPaw waveforms, maximun®aw, and
delivered mechanical energy can be obtained in Tissue resistance model and Airway resistance
model, even though the resistances arise from different mechanisms and are located at different
sites. In contrast, when evaluating the delivered mechaereaigy based on the pressure
measured inside the artificial lung, Tissue resistance model produced values up to 20% higher
than those oAirway resistance model, reflecting the specific impact of viscoelasticity

As the artificial lung of the Simulator expands, its volume increase displaces the syringe
plunger, forcing air through the throttle valve in Tissue resistance model. The rapid rise in lung
volume generates a negative pressure within the syringe chambseddy the high airflow
resistance of the throttle valve. This negative pressure, which effectively reduces the
compliance of the artificial l ung, depends
the rate of volume change in the syringe chambeiring the inspiratory hold, once the
artificial lung volume ceases to increase, the pressure difference between the syringe chamber
and ambient air decays exponentially, accompanied by an exponential decrease in pressure
inside the artificial lung.

During the inspiratonjhold, the pressuren Tissue resistance modaéécreased by an
average of 2 to 3 cmd®, depending on the ventilation paramet&tgs observation is in line
with the findingsof Santini et al. and Mezidi et alvho reported a similar average declofe
2 to 3 cmHO during a 2second inspiratoriold under varying ventilation setting21, 49]. In
a study on pigletspressure differencebetween the beginning and the end of-sebond
inspiratory hold ranged from 2 to 8 cmi®, depending onQinsp (15-9 6 L %) rftli9In
FurthermoreBarberis et al. @monstratedhat measuringpiat immediately at the start of the
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inspiratoryholdled to amoverestimation ofhetruePpiatby 11% in ARDS patients and by 17%
in patients withChronic Obstructive Pulmonary Disea$4][

IncreasingQinsp While maintaingall other parameters constakfl({ PEER, |:E, C.) led
to a highermaximum airway pressures angreaterdelivered mechanical energin No-
resistance modehowever the increase was minimahostlikely due to the short narrowing
at the airway opening of the artificial lung. Althougtaximumpressures and the delivered
mechanical energy at the airway openaidj not differbetween Tissue resistance and Airway
resistance models, a significant differemreergedvhen mechanical energyas calculated
from the pressure measured inside the artificial .Idrgs distinction is likely critical for
assessing the dese of lung ventilation protectivitySpecifically, he mechanical energy
derived from the measureH. was approximatelyl0% higher at loweQinsp and up to 20%
higher at higheQinspin Tissue resistance mod®mpared withAirway resistance model.

The findings of this study suggest that current methods of calculating delivered
mechanical power from proximal airway pressure do not adequately account for the influence
of tissue resistance or the duration of the inspiratory hold, despite the esthbiigtence of
parenchymal relaxation and the associated pressure decay during this phase [19, 21, 50]. As a
result, routine measurements of pressure at the airway opening may underestimate the actual
pressure acting on the lung parenchyma, since part ofgasured pressure may be incorrectly
attributed to airway flow resistance. These results therefore indicate that the conditions under
which mechanical power calculations are applied should be reconsidered, or at the very least,
the limitations of using @ximal pressure alone for estimating mechanical power delivery to
the lungs should be clearly acknowledged.

Assuming a purely viscoelastic system, a possible revision would be to introduce a
sufficiently long inspiratory hold and to monitor the pressure curve at the airway opening
during this period in order to distinguish airway flow resistance from tissigtanese. Previous
work has shown that agecond inspiratory hold is adequate to achieve a stabijzedithin
the lung parenchyma [51]. Careful evaluation of the entire pressure curve is particularly
important, since isolated maximum pressure valuesngie Ppiat measurements may appear
identical and therefore fail to provide a complete interpretation of respiratory mechanics. The
extent of pressure decay during the inspiratory hold may also have clinical relevance. For
instance, Protti et al. demonstrated that skrain rate, which produces a pressure difference
between the start and end of the inspiratory hold due to viscous resistance, significantly
influenced the incidence of pulmonary edema [19]. Thus, incorporating the magnitude of this
pressuredecay into assessments, together with delivered mechanical power, could provide a
more accurate evaluation of lung stress during mechanical ventilation.

Another possible approach to estimating the protectivity of lung ventilation is the
calculation of dissipated mechanical energy, defined as the difference between delivered and
returned mechanical energy [74]. This method, however, also requires a stiffitdeg
inspiratory hold.
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Overall, unawareness of additional natural or pathological mechanical properties of the
respiratory system, such as tissue resistance, may influence not only the calculation of
mechanical power delivered to the lungs but also other parameters, includirgjatic
compliance displayed on the ventilator, and
patient’s condition. Moreover, the presence
considered, as these can further distort measured vatutbés context, esophageal pressure
monitoring [86] may be valuable, as it provides pressure measurements corrected for airway
flow resistance. However, the use of an esophageal balloon catheter introduces further
challenges and carries considerablesost

While the detrimental effects of elevated pressures within the lung parenchyma are well
established, higher pressures in the proximal airways may not necessarily be harmful unless
they correspond to increased pressures in the parenchymal tissue. A tetelstiedy [15]
demonstrated a relationship between driving pressdedined as the difference betwe@in:
andPEEPR—and survival in ARDS patient$he driving pressure calculation does not consider
the effects of pressures acting in the proximal airwagssibly suggesting negligible harmful
effects to the proximal airway€onversely, high strain rates (velocity) have been shown to
increase stress and induce distortion of epithelial cells in both peripheral [87, 88] and distal
airways [89]. Taken together, the current evidence suggests that pressures in both the airways
andthe lung tissue should be carefully monitored and minimized.

The expiratory phase of the respiratory cycle was not examined in detail in this study.
Nevertheless, we speculate that the developed physical viscoelastic respiratory system model
could be applied in future investigations of expiratory curve morphologly ianthe
determination of expiratory time constants, which are commonly used to estimate respiratory
system compliance and resistance [90]. However, apart from potential technical limitations
such as the influence of expiratory valve design and ventdatdrol algorithms, we consider
these methods for estimating compliance and resistance to be overly simplistic, as they fail to
capture the complexity of lung mechanics.

In this study, we assumed that tissue resistance was determined solely by
viscoelasticity. In reality, tissue resistance may also be influenced by additional factors such as
poroelasticity [45, 46], while the pressure decay observed during the insplatdrgnay be
affected by airflow through distal airways or by chest wall mechanics [19].
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5 Evaluation of Simplified Mechanical Power and Dissipated
Energy Calculations in Physical Respiratory Models with
Tissue and Airway Resistance

A version of this chapter hdseen published asValzel S, Roubik K. (2025) Evaluation of
simplified mechanical power and dissipated energy calculations in physical respiratory models
with tissue and airway resistande.® k a S  a -Clinieian famd i T&chnology55(1). DOI:
10.14311/CTJ.2025.1.03. (in print).

The aim of this study was to evaluate how simplified mechanical power equations differ
in their estimates of delivered mechanical energy in physical respiratory models with either
tissue viscoelastic or airway flow resistance. The second objective wesegsdow increasing
airway flow resistance affects the calculated mechanical energy and whether this corresponds
to the actual energy measured at the lung level, and to analyze the contribution of tissue and
flow resistance to energy dissipation.

5.1 Abstract

Mechanical power (MP) calculation is a promising predictor of ventiiatiuced lung injury,

yet simplified bedside equations rely on airway opening pressure, potentially missing key
information about tissukevel stresses, and involve unclear contrimgiofPEEPand airway

flow resistance. This study compared simplified MP equations in physical models of the
respiratory system with either tissue viscoelast) ©r airway flow Raw) resistance,
evaluating how pressure measurement location affectsedadivand dissipated energy
estimates. Six physical models (Kesistance, Tissue resistance, Flow resistance, and three
combinations ofR: with different Raw) were ventilated with the same voluoentrolled
parameters. Pressure was measured at the airway opening and at an artificial lung level with
vital signs monitor, sampled at 100 Hz. Mechanical energy was calculated using both
simplified equations and a gmetric method based on the presstwkime loops. Simplified

MP equations produced similar mechamienergy estimates for Tissue resistance model and
Flow resistance modeR{w= 5 cmHO - s Wwhen pressure was measured at the airway
opening. However, measurements at the artificial lung level revealed marked differences in
delivered and dissipated energy. Simplified MP equations may misrepresentleisdue
energy, particularly when dg dominates. Future studies should focus on refining energy
estimation methods, considering driving transpulmonary pressures, inspiratory hold duration,
and tissue vets flow resistance.
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5.2 Testing of lung models combining tissue and airway resistance

Physical models of the respiratory system were formed from combinations of tissue
viscoelastic resistanc®&{ and different airway flow resistancd?a§). The linear compliance

(CL) of the artificial lung of Adult Lung Simulator (Michigan Instruments, Kentwood, M,
USA), set at 30nL - c @1 was utilized for each model of the respiratory sysRmwas
represented by linear resistances of 5, 10 and 15@mHs % (Hans Rudolph Inc., Shawnee,

KS, USA).

R was represented by a Maxwell body, comprising a compliance and a dashpot
resistance, to simulate viscoelastic properties. This was achieved by a glass syringe (Socorex,
Ecublens, Switzerland) with a throttle valve, acting as a mechanical damper andidie ai
resistance of the throttle valve was adjusted to achieve the same maximum airway pressure
measured at the airway opening aghamodel with the linear airway flow resistance of 5
cmH,0 - s1[95]. The system models a single homogenous compartnigntwo degrees of
freedom, where pressure depends on the gas volume in the artificial lung and the flow to or
from the syringe.

Six different physical models of the respiratory system were usededigtance
(without R: and withoutRaw), Flow resistance 5 (witholR and withRaw of 5 cmHO - s, L
Tissue resistance (witR and withoutRaw), Tissue + Flow resistance 5 (wia and Raw of 5
cmHO - sY, Tissue + Flow resistance 10 (whandRaw of 10 cmBO - s dnd Tissue +
Flow resistance 15 (witlR and Raw of 15 cmHO - s). IMechanical ventilation was
performed using a Veolar ventilator (Hamilton Medical, Bonaduz, Switzerland) set to volume
controlled mode with tidal voluméT = 1000mL, PEEP=5 cmH:0O, inspiratory to expiratory
time ratio (:E) = 1:1, inspiratory hold& 30%, andRRof 10min™., corresponding to constant
inspiratory flow rates of approximately &1- mt. Pww andVT were measured at the airway
opening using a fhite spirometry sensor conneckt to the ECAIOVX anesthesia and
spirometry module of the Date®@hmeda S/5 vital signs monitor (Dat&®hmeda, Madison,
WI, USA). Pressure at the lung levét ] was recorded in mmHg via the invasive blood
pressure port of the-BSMP hemodynamic module and converted to ginkAll signals were
collected using S/5 Collect software on a laptop computer and sampled at 100 Hz.

5.3 Data processing and statistical analysis

The averaged waveforms &faw, PL and V over the entire respiratory cycle from five
representative respiratory cycles for each respiratory system model were plottedSd.Fig.
Standard deviations were calculated but were too small to be shown in the graphs. The values
of Pmax Pplat, complianceC, airway flow resistancéRaw, and Pmean calculated from the
measured waveforms of five representative respiratory cycles, listze in TableC1 in
Appendix C
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Next, the dependence Bfw andPL on VT were plotted in the form d?PV loops for
each respiratory system model kig. 5.2A and5.2B. Using the PV loops, the mechanical
energy E) delivered during the inspiratory phase of the respiratory cycle was calculated for
each respiratory system model using the geometric method, i.e., by numerically integrating the
area under the respective curve. Dissipated energy was calculated addtresisyarea of the
PV loop, obtained from the difference between inspiratory and expiratory pressures over the
corresponding volume changes. The calculation was performed using the pressure measured at
the airway opening WitPEEP (Eaw), pressure at the airway opening with®&EP (Eg), and
pressure measured at the artificial lung level witlRIEEP (EL). The equations used for these
calculations are provided iyppendix D The measured pressure at the airway opening with
PEEP(Paw) and withoutPEEP(Pg), as well as the measured pressure at the artificial lung level
without PEEP (PL), were usedFinally, E was calculated according to simplified mechanical
energy equationd 0, 12-15) for each model of the respiratory system, and the average values
of E wereincluded in TableC2 of Appendix C

The calculated inspiratoilaw, Eq, EL by the geometric method and tBebtained from
the simplified equationgl0, 12-15) for Tissue resistance and Flow resistance 5 models were
plotted on a graph for comparisondFs5.3A). A two-tailed paired-test was used to evaluate
the statistical difference between Tissue resistance and Flow resistance 5 models for each
simplified E equation. A pvalue less than 0.05 was considered statistically significant. In
addition,E., which represents the driving energy acting directly at the lung level, wdsaas
a reference. The ratio of each calculdtad the referenckL was then determined (Fi§.3B).

Lastly, models of the respiratory system consisting of &alyr R: with Raw 0f 5, 10,
and 15 cmHO - sl were used to investigate the effect of increasing flow resistance on the
calculateckE in simplified equations (Fidb.4).

54 Results

The time course of the measured pres§ureat the airway opening (Figp.1A) at RR= 10

min~! showed that the highestaximumpressure was measured in Tissue + Flow resistance
model 15 (appx. 50 cmd®d) and the lowest in Noesistance model (appx. 36 ca®). The

curves for Tissue resistance and Flow resistance 5 models overlapped during the inspiratory
phase and reached the saRwex and Ppiat, as intended. However, the decrease in pressure
during inspiratory hold was different for these two models. Sirfilarwas measured for all
models.

Looking at Fig.5.1B, where the pressure was measured at the artificial lung level, the
results were different. The loweBtax was again measured in NMesistance model, but now
also in Flow resistance 5 model (appx. 36 e@H The curves for the other models (containing
R overlapped throughout the inspiratory phase, reached siilafappx. 39 cmkO) and
Ppiat during the inspiratory hold.
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Fig. 5.1C showed that the inspirato¥§T did not differ between the models. However,
the rate of expired tidal volume varied between the models, with the slowest rate in Tissue +
Flow resistance 15 model and the fastest irr@8istance model.
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Figure5.1: Time dependence &% (A), PL (B) andVT (C) during the whole respiratory
cycle foreach respiratory system model.-Nssistance (green), Flow resistance 5 (blue),
Tissue resistance (red), Tissue + Flow resistance 5 (black), Tissue + Flow resistance 10
(cyan), Tissue + Flow resistance 15 (magemaproduced fromalzelet al., 203],
published under the CC BY 4.0 license
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ThePV loops in Fig.5.2A showed the lowest inspiratoBy(simply put, the product of
pressure and volume) and the narrowest hysteresis areargsidtance model. By addirfy
or Raw, the inspiratory curves shifted from Mesistance model, resulting in an increase in
inspiratoryE and a larger hysteresis area (increase in dissipated energy). In Tissue resistance
and Flow resistance 5 models, the inspiratmyere the same and the hysteresis areas were
similar.

The resulting®V loops in Fig5.2B for the pressure measured at the artificial lung level
(Po) did not follow the same trend. The hysteresis area was the largest for Tissue resistance
model (0.87° 0.07 J), whereas the hysteresis areas forddstance and Flow resistance 5
models were very similar and narrow (appx. 0.20 J). There was no difference in all models with
R: in the inspiratory phase of tHeV loop, where the curves mostly overlapped, indicating
nearly identical pressurgolume behavior across models in this part of the cyeléjn the
expiratory phase, increasifgw narrowed the hysteresis area.
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Figure5.2: PV loops forPaw (A) andP. (B) during the whole respiratory cycle feach
respiratory system model. Nesistance (green), Flow resistance 5 (blue), Tissue resistance
(red), Tissue + Flow resistance 5 (black), Tissue + Flow resistance 10 (cyan), Tissue + Flow
resistance 15 (magent&eproduced fromWalzelet al., 203], published under the CC BY

4.0 license.

Table5.1, which presents the inspiratory and dissip&gg Eq, andE. calculated from
the PV loops using the geometric method, showed that the inspirgtargndEq differed by
approximately 0.5 J for all models. The difference is due to the omissiBRER from the
calculation ofEq. However, the dissipatdthy andEq did not differ between the models. Next,
for Tissue resistance and Flow resistance 5 models, the results were very similar for inspiratory
Eaw (2.49° 0.04 J versus 2.51 0.03 J), inspirator§q (2.00° 0.04 J versus 2.01 0.03 J),
dissipatedEaw (1.25° 0.12 J versus 1.150.10 J), and dissipatéty (1.21° 0.12 J versus 1.11
° 0.10 J), as briefly described in Fig2A. But the results were again clearly different Eor
The inspiratoryE. is about 20% higher for Tissue resistance model than for fdsistance 5
model (1.88 J versus 1.57 J). The dissip&iedias about 4 times higher for Tissue resistance
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model than for Flow resistance 5 model (0.87 J versus 0.18 J). And lastly, increasing flow
resistance resulted in such a significant increase in dissipatethd Eq that both were even
higher than inspiratorf. for Tissue + Flow resistance 10 model and Tissue + Flow resistance
15 model, despite dissipatéd decreasing with the increasing flow resistance

Table5.1: The inspiratory and dissipaté&dw, Eq andE. for all models of the respiratory
system calculated using the geometric meth@&l (1

Model of th ) o . .' . —
reosdpeiraotorye Inspiratory Dissipated Inspiratory  Dissipated Inspiratory  Dissipated
system Eaw (J) Eaw (J) Ed (9) Ed (9) EL ) Ec )

No-resistance 2.20° 0.08 0.56° 0.12 1.70° 0.08 0.53° 0.12 1.61°0.04 0.21°0.01
Flow resistance 5 2.49° 0.04 1.25° 0.12 2.00° 0.04 1.21°0.12 1.57°0.03 0.18° 0.06

Tissue resistance 2.51° 0.03 1.15° 0.10 2.01° 0.03 1.11° 0.10 1.88° 0.02 0.87° 0.07
Tissue + Flow
resistance 5
Tissue + Flow
resistance 10
Tissue + Flow
resistance 15

2.77° 0.07 1.60° 0.13 2.28° 0.07 1.57°0.13 1.83°0.06 0.62° 0.10

3.03° 0.08 1.98° 0.15 2.55° 0.08 1.94°0.15 1.82°0.07 0.59° 0.14

3.40° 0.05 2.36° 0.06 2.91°0.05 2.36°0.06 1.81°0.02 0.47° 0.03

A statistically significant difference between Tissue resistance and Flow resistance 5
models was found only for inspiratoBy and the simplified Chil5) equation, as shown in
Fig. 5.3A. At the same time. was the lowest for both models compared to other equations.
It is also evident that there was no difference betwBegn and Gattinoni 10) and
ComprehensivelQ) equations for either Tissue resistance or Flow resistance 5 models, where
E is equal to 2.5 J. Inspiratofgg was lower than inspiratoriaw for both models by the
aforementioned 0.5 J, while Dynami&3] and Surrogatel#) equations showed values
approximately 10% lower and 10% higher tliam, respectively.

The calculatedt from all equations exhibited a higher value in comparisdn tavhich
was used as a reference in this case, as demonstrated5BBigOf the simplified equations,
Dynamic (3) overestimated the least by 20% for Tissue resistance model and 45% for Flow
resistance 5 model, and Chi5j overestimated the most by 85% for Tissue resistance model
and 120% for Flow resistance 5 model. Howekgwralues calculated by the geometric method
were closest to thi. for both models.
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Figure5.3: The calculated inspiratoiiyaw, Eq, EL by the geometric method and the
mechanical energy obtained from the simplified equat{®@sl2-15) for Tissue resistance
and Flow resistance 5 (A); The ratio of each calcul&tamthe referenc&. (B). Reproduced
from [Walzelet al., 203], published under the CC BY 4.0 license.

Although there was no increase B due to increasindraw, the increase ikt was
significant for all simplified equations (Fi§.4). The highest increase Ehdue to increasing
Raw Occurred for the ComprehensiviE2] equation, where the difference between the lowest
and highest was equal to 1 J. In contrast, the smallest difference was observed for the
Gattinoni (LO) equation, where the difference was only 0.4 J.
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55 Discussion

The main findings of this study are that simplified mechanical power (MP) calculations provide
similar estimates of delivered mechanical eneE)yir{ physical respiratory models with either
tissue viscoelastidy) or airway flow Raw) resistance, despite significant differences observed
at the lung level and different origins of the resistances situated at distinct locations.
Furthermore, the simplified MP calculations overestintatghenRaw dominates compared to
the E measured at the lung level. Incre@sR: or Raw elevated dissipated energy measured at
the airway opening, whereas orfy increased the dissipated energy at the lung level. In
contrast, increasdehw paradoxically decreased energy dissipation at the lung level.

The unique setup of the respiratory model v#tallowed the evaluation & associated
with the viscoelastic behavior of the lung parenchyma, a kn@8mB, 63] but overlooked
characteristic. Rapid inflation of the artificial lung of the Simulator induces a transient negative
pressure inside the syringe due to the high flow resistance of the throttle valve, temporarily
reducing model compliance. This effectimé-dependent and is influenced by the resistance
of the throttle valve and the volume increase of the syringe. When an inspiratory hold is applied,
the pressure inside the syringe equilibrates to atmospheric pressure while the pressure at the
artificial lung level decreases exponentia®p|[ This results in a plateau pressure similar to
that of models with no resistanceRyy only (Fig.5.1). This unique feature was achieved by
the low coefficient of friction of the borosilicate glass of the syrii®ég BaselineE dissipation
was quantified in Naesistance model. Tablg.1 showed that the minimum achievable
hysteresis using the artificial lung of the Adult Lung Simulator was approximately @©.3@
J forEawand 0.53 0.12 J forEq, while the artiicial lung alone exhibited a hysteresis of 0.21
° 0.01 J. This suggests that roughly 0.8riginates from the intrinsic flow resistance of the
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test apparatus, with the remainiagissipation likely attributable to the hysteresis of the rubber
of the artificial lung of the Simulator and the use of a not fully thermocompensated model.
Thus, the small difference between the inspiragndE. in Tissue resistance model (with

no addedRaw) was due only to the limitations of the apparatus.

The simplified MP equations analyzed here rely on several assumpliopar
compliance and airwaffow resistance, constant inspiratory flow during volucoatrolled
ventilation, or homogeneous mechanical properties in each lung compartment. Although newer
simplified MP equations for spontaneous breathing or MP normalization to lung size,
compliance, or fuctional residual capacity have emerge8, [72, 85], none account for the
viscoelastic properties of lung tissue or the duration of inspiratory holds, both of which can
significantly affect the calculation of deliveréd

In our studyE, served as a reference for potentially harnmnfigichanical energgs it
reflects theE acting directly at the lung levelr883]. However, in clinical practicek. is
difficult to measure and requires measurement using an esophageal c8#jetar[Tissue
resistance model, the-salled Dynamic equatiorl®), proposed in the study by Urner et al.
[68], overestimated the least among the simplified equations compared to the geometrically
calculatede, (Fig. 5.3B). This is due to the fact d@h only Pmax was used for the calculation,
which showed almost no difference between the pressure measured at the airway opening and
at the artificial lung level (the small difference was due to the limitations of the test apparatus).
Furthermore, if the energy compant forPEEP (static elastic energy) of approximately 0.5 J
is removed from the calculatiot3), E would be essentially the same.

Although the simplified equatiori$) of Chi et al. 0] does not require an inspiratory
hold, its application significantly increased the calculgEed\otably, the inspiratory hold
revealed a difference between Tissue resistance model and Flow resis{aige®.3A), due
to the use oPmeanin the equation and the presence of the exponential pressure decrease during
the hold in Tissue resistance model. However, when the results were analyzed without the
inclusion of the inspiratory hold, as assumed by equatidn theE between Tissue resistance
model and-low resistance 5 model was identical, as shown il\pgpendix C

Our results are consistent with those of Chiumello et &}, [who found strong
correlations between simplified MP equations (Comprehensive and Surrogate) and a reference
geometric method based BW loops in 40 sedated and paralyzed ventilated patients. However,
our data show that simplified equations may misrepresenkEtheting at the lung level.
IncreasingRaw caused an increase knfor all simplified equations, despite no change at the
lung level (Fig.5.4). The effect of increasinBaw was least pnounced with the Gatinnoni
equation {0) and most significant with the Comprehensive equati@). (This discrepancy
may hinder the setting of appropriate ventilation parameters in patients witiRhighMP
thresholds are strictly followed. However, this does not negate the potential harm of elevated
airway pressures, which can contribute to distal lung inj8@}; [

While dissipated energy has been suggested as a possible contributor to VILI
[19,66, 74], it is unclear how to quantify the harmfulness of this energy. Our findings
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emphasize that the location of the measurement significantly affects the interpré&tion.
loops recorded at the airway opening showed increasing hysteresis with Riglierboth
inspiratory and expiratory phases (F¢2). However, the energy dissipation in the inspiratory
phase of th€V loop is largely driven bfRaw, the effect of which on VILI is not straightforward
[83]. Measured at the lung level, higlaw decreased the energy dissipated in the expiratory
phase of thé®V loop, similar to mechanit@ontrol of expiratory flow 78-80]. R: increased
energy dissipation across both phases at the lung level but behaved simiRgywben
measured at the airway opening. In addition, the duration of the inspiratory hold may
significantly affect energy dissipation. During the hold, parenchymal stress relaxation induces
a pressure drop that may alter the shape and area of the exfdtlmyp. This mechanism
further underscores the role of tissue viscoelasticity in energy dissipation. Taken tdgether,
appears to be a dominant contributor to energy dissipation at the lung level, Rahile
predominantly affects measurements at the airway operhighlighting the risk of
misinterpretation if only proximal measurements are considered.

It is also important to note that the calculatiorcafsing simplified equations that rely
on values provided on the ventilator display may be affected by proprietary algorithms of the
ventilator. For example, the length of the inspiratory hold may or may not affect the calculated
values ofPpiat, compliance, andRaw [51], thereby affecting the values calculated using the
simplified equations. Additionally, since the effectREEPon E is definitely not linear§3]
and the contribution of airwdjow resistance to VILI remains unclear, driving transpulmonary
pressure may be a more appropriate parameter for estimating energy delivery and dissipation.
A possible surrogate for this difficulb-measure value could be the pressure measured at the
airway opening immediately after the start of the inspiratory leddi may reflect alveolar
pressure acting on the lung tissue. A longer inspiratory hold could help monitor viscoelastic
relaxation of the parenchyma; however, leaks in the breathing circuit may confound these
measurements and caregiver interpretatiditimately, large clinical studies are needed to
determine whether different methods of calculating delivered or dissipated energy correlate
with outcomes such as mortality, development of VILI, or pulmonary edema. Potential
approaches include randomizedalsi which could be appropriate if ventilator settings were
prospectively adjusted to minimize mechanical energy delivery to the respiratory system
according to a selected equation, or large observational cohorts witreBightion ventilator
data, whichwould probably be more feasible and would allow both comparison of simplified
eguations with a geometric reference and direct comparison among the simplified equations
themselves to assess their prognostic accuracy.

This study has several limitations. First, although physical models offer controlled
conditions to isolate and analyze specific variables, they are simplifications and cannot fully
replicate the complexity of human lung mechanics. Despite this, the eféstisbed here are
consistent with phenomena observed in clinical practice. Second, pressure and volume curves
during the expiratory phase may be influenced by the design of the expiratory valve and
ventilator control algorithms. However, this influenseinlikely to have significantly affected
the main findingsA possible limitation of this study is the use of relatively high tidal volumes
compared with typical clinical practice. This setting was chosen because smaller tidal volumes
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produced only minimal displacement of the beHbased lungSimulator from its resting
position. Such small displacement would have amplified the effect of mechanical imperfections
of the Simulator, making it difficult to reliably separate the elastic, resistive, and viscoelastic
components. The physical model with tissue resistance could, however, be further optimized
in future work, for example by using a syringe of different size or eynmmoa custorvbuilt
simulator designed to achieve greater displaagnat lower tidal volumesinally, this study

did not evaluate energy dissipation due to recruitment during inspiration, which has been
recently suggested as a possible contributor to \Ag). [
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6 Pilot Clinical Study

The aim of this pilot study was to verify, under clinical conditions, the effect of inspiratory
hold duration on the calculation of mechanical enatgijveryand dissipated energy. Another
objective was to compare various simplified equations for calculating mechanical energy
deliveryand to perform the calculation déliveredmechanical energy using transpulmonary
pressure. The final objective was to determine whether viscoelastic properties of the lung tissue
(tissue resistance) can be assessed froom#asured parameters.

6.1 Methods

This prospectivénterventionalstudy was registered on ClinicalTrials.gov under the identifier
NCT06236685, titled Optimizing the Assessment of Mechanical Ventilation by Integrating
Advanced Monitoring TechniquegAppendix E) The aim of tle wholestudy is to collect
synchronized data from multiple monitoring techniques of mechanical ventilation
(pressure/flow wavierms from the ventilator, electrical impedance tomography, esophageal
pressure, capnography) in patients ventilated either on intensive care units or during anesthesia
andto evaluate the data by detailed mathematical analybis.study protocol was approved

by the Ethics Committee of the Central Military Hospital Prague (approval number 108/19
1/2024). All procedures were performed gtardance with the principles of the Declaration

of Helsinki. Informed consent was obtained from each patient or their legal representative prior
to inclusion in the study.

All included patientsin intensive care unitsinderwent repeatedhspiratory hold
maneuvers during passive, fully controlled ventilation while maintaining constant ventilator
settings VT, PEEP, RR andQinsp). During eachnspiratory holdthe airway pressure and flow
waveforms were recorded. Simultaneously, esophageal pressure measurements were used to
estimate the pleural presswedderive the transpulmonary pressure. All acquired data were
anonymized and synchronized for subsequent offline analggidusion criteria included
patients or their representatives who did not provide informed consent, those unable to
understand the study information or the informed consent form, and patients for whom any of
the monitoring methods could not be applied. sTimcluded cases with dermatological
conditions preventing the placement of EIT electrodes, or specific clinical circumstances
requiring a ventilation mode incompatible with the study protocol

Mechani cal ventil ation was performed usin
Dragerwerk AG & Co. K VdahA signsLwigre enonitored @Gmg ana ny )
multiparameter monitor (CARESCAPE B450; GE Healthcare, Chicago, IL, USA). Airway
pressureRaw) and flow Q) were recorded using a-Dte spirometric sensor (Date@hmeda
S/5, Madison, WI, USA). Esophageal pressure was measured using a balloon catheter
(Nutrivent; Sidam, Mirandola, Italyhrough the TrachCare systeamdthe datavere acquied
using a hemodynamic module -EESMP) in mmHg and later converted ¢enHO. The
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sampling frequency foPaw, Q, andPeswas set to 100 HZLhe patient circuit arrangement is
shown inFig. 6.1

HME Filter

|

' el j
TrachCare ‘ ﬁ
for esophageal oW and  Capnography

pressure pressure  sensor

measurement sensor

o O

Endotracheal
tube Ventilator
Figure6.1 Thepatient circuit included an endotracheal tube, a TrachCare system for
esophageal pressure measurement, an HME filter, a flow and pressure sensor, and a
capnography sensor.

For each patient and ventilator setting, the entire respiratory cycle was analyzed.
Waveforms oPaw, Q, andPeswere plottedandthe following parametensere calculated®Pmax,
Ppiat, PEEP, Pmean VT, C, Raw, I:E. PV loops for bothPaw and Pes were constructed, and the
delivered mechanical energlaw, Ees Evansp per breath and dissipatédw andEes during the
respiratory cycle were computed usithgg geometric method (18yor the calculations, the
measured pressure at the airway opening REEP (Paw) andPeswere used. Finallyi: was
calculated according to simplified mechanical enegyations (10, 126).

6.2 Results

Two patients met the eligibility criteria for inclusion in the pilot study at the Central Military
Hospital Prague in 2025. Eligibility required the ability to undergo repeasgiratory hold
maneuvers during passive, fully controlled mechanical ventilation with constant ventilator
settings. Patient 1 was admitted to the ICU with a traumatic diaphragmatic rupture, while
Patient 2 was treated for severe pneumonia of infectious origin.

Patient 1 was ventilated with\&T of 618 mL, resulting ifPmax Of approximately 26
27 cmH0. In contrast, Patient 2 was ventilated with a low&iof 240 mL, yetPmax reached
up to 36 cmHO due to reduced lung complianceshewn in Tablé.1 In both patientsPEEP
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was maintained at 8 cmB and thd:E ratio was approximately 1:2 to 1:2.5. It can also be
observed that the use of an inspiratory hold was associated with an increase in both compliance
and flow resistance.

Tissue resistance, calculated as the difference betRgemuring the 16second
inspiratory hold and the minimum inspiratory hold, was determined ®2lbemH,O- L ' - s 1
in Patient1and 178nH0O0- L * - s ' in Patient 2.

Table6.1 The keyventilation parameters measuiadwo patientsluring two settings-
with a 10sinspiratoryhold andwith minimuminspiratoryhold.

. . Pmax PEEP Pplat Pmean VT Q C Raw I :E
Patient Inspiratory ) mL- cmH,O-
No. hold cmH0 mL  L-min cmHO?t  L-t.sect )
1 10-s 26.4 8.2 18.1 17.3 618 48 34 10.4 1:2.5
1 Minimum  26.6 8.4 20.0 12.8 0618 48 31 8.3 1:25
2 10-s 35.9 8.6 245 259 240 28 10 24.4 1:2
2 Minimum  34.9 8.6 31.8 15.8 240 28 8 6.6 1.2

In Fig. 6.2 it is noticeable that botlPaw and Pes decreased exponentially by
approximately 2 cmbD during the 18&econd inspiratory hold. In the setting with a miam
inspiratory hold, the samenaximum pressure was reached, and during thmimum
inspiratory hold, Paw dropped toP: (alveolar pressure). The inspiratory flow did not differ
between the two settings, while during the expiratory phase, the peak flow was higher in the
setting with the miniram inspiratoryhold, possibly due to highd¥aw. Pransp the difference
betweerPaw andPes remained aund 3cmHO during the inspiratory hold.

30
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Figure6.2 Time course ofPaw, Pes Q, andPranspduring the respiratory cycle in Patient 1
with an inspiratory hold (in red) and without an inspiratory hold (in blue).
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Pawdecreased by approximaté@ymH,O during the 1&econd inspiratory hold, while
Pes decreased bpnly 1 cmBO, as depicted in Fig6.3. In the settingwith a minimum
inspiratory hold, the samenaximum pressure was reached, and during thmimum
inspiratoryhold, Paw dropped tandistinctP1. The inspiratory flow did not differ between the
two settings, while during the expiratory phase, the peak flonwagamhigher in the setting
with the mininum inspiratory holdPranspreached a maximum pressure of 24 e@H
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Figure6.3 Time coursef Paw, Pes Q, andPranspduring the respiratory cycle in Patight
with an inspiratory hold (in red) and without an inspiratory hold (in blue).

ThePV loops forPawandPesin the inspiratory phasd#id not differ for settings with 10
second inspiratory hold and withinimum inspiratory hold for both patients, dgpicted in
Fig. 6.4 and numerically shown in Tab&2 However, thalissipatedEaw andEeswas higher
for the setting with 1&econd inspiratory hold for both patiersanspwas around 0.3 J in both
patients.
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Figure6.4: PV loopsfor Paw andPeswith 10-s inspiratory hold a miniom inspiratory hold
during the whole respiratory cyder both patients.

Table6.2 Thecalculated mspiratoryEaw, Ees andExranspand dissipate&aw andEesby the
geometric method for both patients with-d@hspiratory hold and miniom inspiratory hold.

Patient  Inspiratory Inspiratory  Dissipated Inspiratory  Dissipated  Inspiratory
No. hold Eaw (J) Eaw (J) Ees(J) Ees(J) Etransp(J)
1 10s 1.30 0.75 0.95 0.27 0.35
1 Minimum 1.30 0.70 0.% 0.19 0.35
2 10-s 0.57 0.34 0.26 0.07 0.31
2 Minimum 0.54 0.21 0.26 0.03 0.28

As shown in Tabl®.3, in Patientl, the effect of inspiratory hold duration resulted in a
significant difference in delivered mechanical energy only for the Chi equathrin Patient
2, where the decreaseRaw during the inspiratory hold was more pronounced, the differences
between the individual simplified equations were greater. Accordiegutationg10) and(12),
the difference was as much as 2®ignifficant differenceswerealsoobserved between the
simplified equations

Table6.3 Themechanicaknergy obtained from the simplified equatioh8,(2-15) for
both patients with 18 inspiratory hold and miniaminspiratory hold.

Patient Inspiratory Airway Gattinoni Comprehensive Surrogate Chi  Dynamic
No. hold Geometrical (20) (12) (13 (29 (15
1 10-s 1.30 1.49 1.30 1.32 2.41 1.05
1 Minimum 1.30 1.47 1.26 1.33 1.06 1.06
2 10-s 0.57 0.75 0.68 0.61 1.48 0.55
2 Minimum 0.54 0.63 0.55 0.58 0.71 0.51
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6.3 Discussion

The pilot clinical study demonstrated that the duration of the inspiratory hold did not affect the
estimation of delivered mechanical energy when calculated using the geometric method based
solely on the inspiratory phase. However, the length of the atspyrhold significantly
affected the calculated dissipated energy and highlighted the discrepancies dheng
simplified mechanical energy estimation methods. The results confirmed several key findings
previously observed in viscoelastic physical modékhe respiratory system.

During a 1Gsecond inspiratory hold, both patients exhibited a gradual decrease in
airway pressurePaw) and esophageal pressuig. This pattern, which corresponds to
viscoelastic stress relaxation in lung tissue as previously shown in physical rhagldights
the importance of tissue resistance as a contributor to total respiratory resiBtenderation
of the inspiratory hold had a notable effecRpn;, and consequently on calculated compliance
and airway resistance. In patients with elevated tissue resistance, the diffefépgeatues
obtained after short versus prolongespiratoryholds wassignificant.For examge, in Patient
2, Poat measured after a short hold was approximately 6 €nidgher than after a i€econd
hold, resulting in up to 20% variability in estimated mechanical energy depending on the
equation used.

A comparison of simplified mechanical power equations revealed mdiecences
between them. While some of these equations are convenient for besksiilee to minimal
measurement requirements and the absence of the need for inspioidgrihe estimatemay
be affectedn the presence of significant tissue resistance or when inspiratory hold duration
varies

To estimate mechanical energy delivered to the lung parenchyma, transpulmonary
pressure—calculated as the difference betwden, and Pes—was employed. Although this
method, consistent with the approach described by Silva et al. [62], theoretically provides a
more precise assessment of stress exerted on lung tissue, its routine clinical use is limited.
Esophageal manometry, while considetfezlbest available surrogate for pleural pressure [84],
is invasive, technically demanding, and often poorly tolerdgdatients. Moreover, its
accuracy depends on correct catheter placement, appropriate balloon inflation, and the absence
of artifacts.

In Patient 1, a persistently negatii@s during expiration suggested possible
overinflation of the balloon, likely resulting in underestimationRaknsp In Patient 2, a
differencebetween inspiratory and expiratory tidal volumes was noted despite a vegator
leak test, suggesting a minor circuit leak. This could have baesedoy the complexity of
the breathing system, including an HME filter, capnogyaflbw sensor, TrachCare system,
and multiple connectors. Even minor leaks, such as tHosexamplearound the cannula,
may cause pressure deaseduring an inspiratory hold that is not attributable solely to
viscoelastic tissueesistanceHowever, these small leaks are generally insufficient to cause
observable chest wall movement or significant changes in intrathoracic volume. As a result,
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Pesmayremain nearly constaridespite these limitations, the measurement of tissue resistance
derived from differences in calculated resistance between short and long inspiratory holds,
appears feasible and could provide clinically relevant insidint®rporatingR: into routine

clinical assessments mawprovethe identification of patients at greater risk ¥iLl and

could guide individualized adjustments of ventilation parameters stRBER VT, and flow.

An important limitation of this pilot study lies in the small number of participants. Only two
patients were included, primarily due to etrnclusion criteria—fully controlled ventilation,
availability of esophageal catheter, experienced personnel, patient tolerance for prolonged
inspiratory holds, presence of lung injury, and informed consent. Nonetheless, this preliminary
study proved suftiient to assess the feasibility of esophageal catheter use, the application of
inspiratory holds, the estimation of tissue resistance, and their impact on mechanical energy
deliveryand the performance of simplified mechanical power equations.

An interesting direction for future research could be to investigate the magnitude of
tissue resistance in various lung diseases and its potential implications for respiratory
mechanics and lung protective ventilation strategies.
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7 Discussion

The physical modebf respiratory systershowed that identical inspiratory airway pressures

and mechanical energy values can result from either tissue resistance or airway flow resistance,
despite their different physiological origifhe pilot clinical study confirmed that the duration

of the inspiratory hold may affect plateau pressure and derived parameters such as compliance
and resistance, particularly in patients with elevated tissue resistance, and thereby affect the
mechanical eergy delivered to # lungs.Different simplified mechanical energy equations
produced different results, highlighting the risk of misinterpretation when viscoelastic
properties are overlooked. These findingglerlinethe need to distinguish betweamway

flow and tissue resistance when assessing mechanieedyload and support the potential of
tissue resistance monitoring in personalized lprajective ventilation.

A central contribution of this works the development and validation of a novel
physical model of the respiratory system that enables the isolated study of tissue resistance and
airway flow resistance. By incorporating a ldrction borosilicate syringe with a throttle
valve in parallel @ a bellowbased lungSimulator, thephysicalmodel was able to mimic
viscoelastic properties of lung tissligsing this setup, it was possible to directly compare two
different configurations-one with tissue resistance and no airway flow resistance,hend t
other with airway flow resistance onljhese comparisons revealed that even when inspiratory
airway pressure at the opening was matched between thehsacalmodels, the pressure
inside the artificial lung and consequently the calculated mechanical emasgyigherThis
finding demonstrates that pressure at the airway opening alone can be misleading, as it does
not distinguish between the contributions of airway and tissue resistance, and therefore cannot
accurately reflect the actual mechanicargy delivered to the lung parenchyrniaephysical
model ' s abi |tisdug and arwag flommesistanteendependently provides a
powerful tool forapplications such atestingmechanical ventilation modesvaluating the
impact of inspiratory hold duratiomy exploring ventilation strategies aimed at minimizing
dissipated energyn the other handhe physical respiratory system model represents a single,
homogeneous compartment and therefore cannot fully capture the heterogeneity, retgruitabili
and dynamic complex behavior observed in human lungs in clinical scenarios.

While mechanical power calculations provide a single value representing the energy
delivered to the respiratory system, this energy comprises various static and dynamic
components (e.g., PEEP, airway flow resistance, and othHénslerstanding the relative
contributiors of these components may help identify which portion of the delivered energy is
potentially harmfulThe inclusion of positiv€ EEPIin thecalculations remains debat&EEP
should be included in mechanical power calculations because it represents a static energy load
applied to the respiratory system that contributes to strain and potential lungacgorging
to Vasques et at. [82Energy is required to maintaPEEP even before any tidal volume is
delivered, adding to the total mechanical load. This can be illustrated by the elevator analogy:
lifting an elevator from the second to the third floor requires more energy than from the ground
to the first, even if the hght difference is the samesimilarly, starting from a highd?PEEP
level increases the energy applied with each bif@h On the other side, Marini and Jaber
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guestioned whethétEEPshould be included in mechanical power calculations, and suggested
that incorporating the product of breathing frequency and the hysteresis area of the tidal
transpulmonary pressurelume loop a variable influenced bPEEP and recruitmentmay

refine themechanicapowerconceptto more accurately determine the proximate mechanical
cause of VILI [72].

Next, he profile of inspiratory flowsuch as squareersusdecelerating may also
directly affect theenergy delivery to the lungand contribute to VILI [91]Flow magnitude
and profile affects the aggressiveness of lung tissue expansion, even when plateau and driving
pressures are unchanged, and also interacts with diovmayesistance to determine how much
energy is dissipated in the airways versus delivered to the lung tissue. Unfavorable flow
patterns can raise stress and strain rates in alwaalar also increasing VILI risk [72, 91].

Furthermore, including airway flow resistance in mechanical power calculations may
lead to misinterpretation of the injurious load on the lung parenchyma. Experimental results
showed that increasirgrway flow resistancelevatedmechanical poweestimates derived
from airway opening pressure without proportionally increasing -lemgl energy This
indicates that energy dissipated in the airways is largely lost before reaching the alveoli
Whether resistivanechanical powedissipated in the airwaycontibutes to VILI remains
uncertain, and the most relevant assessment of injurious energy would be based on pressures
measured at the lung levey estimationgranspulmonary pressures rather than at the airway
opening [15, 64, 83]. Therefore, includirgrway flow resistancen mechanical power
calculations may overestimataergy deliverylimiting the clinical value ofnechanical power
as a predictor of VILIThis limitation may be further amplified by the inability of current
methods to distinguish airwdlpw resistance from tissue resistance, resulting in misattribution
of viscoelastic pressure losses to airway resistance.

Although this dissertation did not directly evaluate regional lung heterogeneity, such
heterogeneity ialso an importardeterminant of VILI.The difference®etween the regions in
terms of mechanical propertiean be so large that the optimal settingnethanical ventilation
parameters for omegionmakes the setting of parameters for odlsegnificantly inappropriate
[53]. Alternative and nostonventional ventilation strategiesich a=CV, MFOV or Three
Level ventilation [28, 29, 31, 33inay redee the problems associated with heterogeneity.
Also, a novel approach to inspiratory flow generation and gas mixing based onyuitise
modulationof fast ON/OFF valvesreviously implemented in the CoroVent ventilator, could
also be applied in experimental studies testing alternative breathing patterns for their effect on
mechanical poweaind VILI risk[92, 93] This principleenables not only precise contro\6t
and FiO, but also the generation of various inspiratory flow profilesluding square and
decelerating waveformwhich could be further explored in future studies assessinggefifieit
on mechanical power and energy delivery to the lungs. The desigarsuppalability and
adaptability across a wide range of patient populatifmasn neonates to adults or large
animals simply by exchanging the ON/OFF valves for models with different flow capacities.

The estimation of transpulmonary pressure via esophageal manometry is the most
straigtforward method for assessing mechanical energy delivery to the lung tissue, but its use
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is limited by cost, technical complexity, and patient discomfartits absence,implified
eqguations for estimating mechanical power are attractive in clinical settings due to their ease
of use and minimal data requirements. However, the findings of this dissertation reveal
substantial variability in the results produced by these smsaparticularly in the presence

of highairway flow resistancer variable inspiratory hold durations the pilot clinical study,
different simplified equationsyielded different energy estimates, even when applied to the
same ventilation parameteasd dataSuchresultshighlight the potential for misinterpretation

and inaccurate assessment of mechanical load. Relying on simm@dieationswithout
considering their limitations may compromise clinical decigiwakking, particularly when
mechanical power is used to guide protective ventilation stratégieshese equations to be
applied more reliably, it is essential to standardize the duration of the insphatdiysed to
determinePpiat and derived parameters, and to account for the contributitssaé resistance.

Integrating tissue resistancenonitoring into routine practice could help identify
patients at higher risk of VILI and guide adjustment8pinspiratory flow, andPEEPbased
on individual lung mechanicslaken togetherfissue resistancappears to be a dominant
contributor to energy dissipation at the lung level, whitevay flow resistancpredominantly
affectsdissipationat the airway openindighlighting the risk of misinterpretation if only
proximal measurements are considerétde magnitudeof pressure decrease during this
inspiratory hold may correlate with subsequent clinical outcomes during mechanical
ventilation. For example, in the study by Protti ef al difference between the measured
pressure at the beginning of inspirattigld and at the end of inspiratohold due totissue
resistance, had a significant effect on the prevalence of pulmonary etigjmBhjs pressure
decrease could then be evaluated along with the mechanical power delssgysr, more
diverse clinical studies are required to valid&eue resistance monitorirzgnd to determine
its prognostic valuen clinical outcomed-uture research might focus on developing clinical
tools for automated estimation of tissue resistance, enablingjmeaintegration into routine
ventilator monitoring.

In addition, limitation of the use ahechanical poweris the insufficiently defined
threshold above which VILI develop€ressoni et al. [61] showed that transpulmonary
mechani cal power greater than 12 J-min 1 inc
al . [ 64] found that mechanical power greater
with higher irhospital nortality in ICU patients receiving invasive ventilatiétowever, sich
thresholds may depend not only on thechanical powesut al® on the distribution of energy
across lung regions, the amount of aerated tissue, and the degreexisfing lung injury.
Normalization to a standard lung volume or to the amount of aerated lung tissue has been
proposed as a potential refinement [23], and Zhang et al. [85] suggestednormalize
mechanical powetio predicted body weight or lung compliance.

The present work focused on fully controlled ventilation. In clinical practice,
spontaneous breathing efforts frequently odauall assisted modes of ventilatioaltering
measured airway pressures and volumes, and thereby affe&oignical powetalculations
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[83]. Spontaneous activity may either mitigate or exacerbate lung stress depending on its
synchrony with the ventilator

The pilot clinical study’s small sampl e
requiring fully controlled ventilation, patient tolerance of inspiratory holds, availability of
experienced personne&nd placement of an esophageal catheter. While sufficient for proof of
concept, the limited cohort restricts generalizability, highlighting the need for larger studies
across different patient populations and clinical settings.

Finally, it must be acknowledged thmaechanical powegstimation alone wilprobably
never provide a complete solution for preventing VILI. A comprehensive juaggctive
approach should combinenechanical powerassessment with other physiological
measurements, imaging modalities, and clinical judgment, with the aim of tailoring ventilation
to the unique mechanical characteristics of each patient while minimizing#jrm
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8  Contribution to Biomedical Engineering

Mechanical ventilation represents a major milestone in the evolution of modern meldicine.
has evolved and improved over time, allowing physicians to better manage patients with
respiratory difficulties or those dependent on artificial respiratory support. Although the history
of mechanical ventilatiodates back to the 19th century and there are hundreds to thousands
of research teams investigatimgechanical ventilatiorfrom various perspectives, many
challenges remain, indicating that there is still room for optimization that could significantly
improve outcomes for patients reliant on nedhbal ventilation.

The analysis of current methods for calculating mechanical power delivery does not
distinguish between airway flow resistance and tissue resistance, which can sign#iifaatly
the evaluation, interpretation, and clinical relevance of mechanical power delivery in terms of
lung protective ventilation. The proposed method for determining tissue resistance and
incorporating the duration of the inspiratdmgld into the calculation of mechanical energy
deliveryto the lungs, as addressed in this dissertatould lead to increasedliability and a
reduced risk of lung tissue damage and complications associateseatianical/entilation.

The simplified mechanical power equations, although practical for bedside use, tend to
overestimate the actual mechanical energy delivered to the lungs when flow resistance is
dominant. Future studies should focus on refining energy estimation methodk, ashid
enable physicians to tailor ventilatory parameters to individual patients based on their
physiological characteristics, provide guidance on how to interpret and rationally use data
provided by the ventilator, and further contribute to the devetopnof personalized
approaches to mechanical ventilati@ne possible futurengineeringdirection could be the
development of ventilators that automatically estimate tissue resistance, similar to how they
currently estimate compliance and flow resistance.

The topic of this dissertation has clinical relevance, and its results may have a direct
impact on improving the quality of capeovided A dissertation focused on studying the effects
and settings of ventilatory parameters on the calculation of mechanical eeévgyyduring
mechanical ventilation could thus offer potential benefits for both biomedical engineering and
clinical practice.
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9 Conclusion

A novel viscoelastic physical model was developed to simulate tissue resistance by connecting
a lowfriction borosilicate glass syringe with a throttle valve in parallel to the artificial lung of

a bellowbasedSimulator, forming a mechanical damper that mimics viscoelastic behavior.
The model functions as a Maxwell body, with static elasticity represented by linear compliance
and viscoelastic resistance by the syringe and throttle valve system.

By experimental comparison of physical models with tissue resistance and airway flow
resistancaluring mechanical ventilationt was found that the resulting valuesnsiximum
airway pressures and delivered mechanical enerajgulated using the geometric method,
were similar despite the different origins of the resistances situated at different locations. In
contrast, when mechanical energias calculatedrom the pressure measured inside the
artificial lung, the values for theghysicalmodel with tisse resistance were up to 20% higher
than for thephysicalmodel with airway flow resistander the given setting

Next, it was demonstrated that, although the simplified mechanical power equations are
practical for bedside use, they also yield similar estimates of delivered energy in physical
models with either tissue viscoelastic or airway flow resistance. Moretheersimplified
mechanical power equatiotend to overestimate the actual mechanical energy delivered to the
lung whenairway flow resistancies dominantThe result$urthershowedthattissue resistance
rather tharairway flow resistances the primary contributor to energy dissipation at the lung
level, indicating that the calculations based solely on airway pressures may not accurately
reflect the mechanical stresses responsible for lung injury.

The pilot study validatd selected findings from physical models under clinical
conditions and highligledthe limitations of simplified energy equations when tissue resistance
is significant. The routine use of esophageal pressure monitdiongnechanical energy
delivery estimatesemains questionable due to its invasiveness and technical compldraty
measurement of tissue resistance, derived from differences in calculated resistance between
short and long inspiratory holds, appears feasible and rfexyatifhically relevant insights that
could improve the identification of patients at greater risk forlVIL

Thus, current methods for calculating mechanical power delivery do not distinguish
between tissue resistanaadairway flow resistance, which can have a significant impact on
the evaluation, interpretation and significance of mechanical power delivery in terms of lung
ventilation protectivity Theresults underscore the importance of consideigsye resistance
and its potential for ventilatanduced lung injury

Future research should focus wafining energy estimation methods lepnsidering
factors such as the duration of the inspiratory hold and by distinguishing between tissue
resistance and airway flow resistance. A promising direction may also be the quantification of
injurious dissipated energy through measurements of driving transpatyngressie.
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However, this approach requires advanced and cegtlijpment experienced personneind
large multicenter studies involving a substantial number of patients.
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Appendix A: Mathematical derivations of simplified mechanical
energy equations

We consider volumeontrolled ventilation with constant inspiratory flow, linear compliance
and linear airway flow resistance, and negligible inertancevVLéie tidal volumePaw airway
pressure] total time,T; inspiratory time,Te expiratory time RRrespiratory rateQ) flow, Cis
respiratorysystem compliancéaw airway flow resistancd?EEPthe endexpiratory pressure,
Pmaxmaximumpressure (enéhspiration, before the inspiratory hold), &gkt plateau pressure
(during endinspiratory hold). A onversion factor of 0.098 was used to convert e@lb Pa.

E corresponds to the delivered mechanical energy during the inspiratory phase of the
respiratory cycle, expressed in joules. Mechanical power is calculated by multiglginthe
respiratory rate, yielding units f- mi n 1 .

Gattinoni 6s end@gy equation (Eq.

Starting from the equation of motion, at any given time, the presBueinf the whole
respiratory system is equal to:

0 06 — Y Do 0'0QL

Integrating over volume during inspiration with constant flow yields:

0 mMrwd—" Y 3 §00dE"Y

This produces Eg1() in the main text.

Comprehensive equation using’max and Ppiat (EQ. 12)

Knowing that airway resistance is given by

Eqg. (10) of the main manuscript can be rewritten to separate the elastic, resistifRE BERd
components:
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Since

and

the expression becomes

0O — 0 0 J3bY D O0B"Y

After regrouping terms, this simplifies to:

0O MWwl'® 0 T O 0 0 00Q

which is the Comprehensive EG2} used when botRmaxandPpiat are available.

Dynamic equation with no inspiratory hold (Eq. 13)

If Ppiat IS unavailable, it can be approximated Pyax in the Comprehensive Egl2). This
requires onlyPmaxandPEEPand no need for inspiratory hold to derive Eg)(

Surrogate equation with fixed resistance (Eql4)

Comprehensive Eq1R) was used to derive Surrogate Ef)(

0O oD D ™ 00 0 004{
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where the part in the square brackets was replaced by the average of the endpoints of the

inspiratory pressure to get the unadjusted equation:

T8t WP "D T D0 0 000

0.098 = 0.10 gives

Approxi mati ng

WY ——

The unadjusted equation underestimates by half the resistive component. The bias is

(o) OY—2>

Raw Was replaced with a fixed constant ofd@H,0 - s'ahdQ was converted toL$:

U

p 18—
0 o —2T1
C T

Then, the correct Surrogate E§4)is

2
ca
O
O
C
S| C

Mean-airway-pressure equation (Eql15)

The mechanical energy delivered during inspiratory phase corresponds to the area under the
pressure curveinsp) 0N a pressurgme graph, multiplied by inspiratory flow. Then

0]

Mean airway pressure is the average pressure during the entire respiratorissetean be
calculated using the following equation:
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0 Y O o) 0 O0BY,

whereAdecayiS the area of pressure decay fréux to PEEP. Owing to its relatively small
contribution, this part of the equation was exclud@dsp was then substituted using

Comprehensive Eq1R) and divided byQ.

- ®»"0 0 @ O 0 0 O003Y .

0 1'% 0 O0BY
WY
0 ™ D0 0 OoOWY O Y 0 O0BY
. . e . D Y 0 00BY
0 T™®OU L OO0V 2y
5 5 5 e X 5 5 5 T ¥, ‘?”Y
0 T®OU VL O0OUL VU 0 ()] OOUW

By multiplying by the tidal volume and the conversion factor, we obtaiikq.

0O mWwiw’yY 0 0 000

<<
cx
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Appendix B: Results of the impact of frictional resistance between
barrel and plunger of the glass syringe on measured pressure and
flow

The data from Naesistance model was used as a benchmark. The glass syringe without the
throttle valve was connected to Mesistance model and the same ventilation parameters and
all setting as for the Testing section of the main Manuscript were Neatlfference between
No-resistance model and Nesistance model with the syringe connected was noticeable for
either parameter at either setting, as documenteidi1. Based on these results, we suggest
that the impact of frictional resistance betwdsrrel and plunger of the glass syringe is
minimal and not affecting the results of the main experiment.

40 Nuwresista‘nce 40 No-resistance 50
- model - model
(without syringe) (without syringe) I
5 30 / - 30 - -
< RR=18min? | QO RR=18min?| £
A f T No-resistance
= == RR =12 min £ == RR =12 min = model
3; 20+ RR = 6 min G 20 RR = 6 min z -50 (without syringe)
- Q
o’ o = -
10 10 -100 RR = 18 min:
K = RR = 12 min
'*’;{ RR = 6 min‘*
0 : ' ; : 0 : - : -150
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
Time (s) Time(s) Time (s)

FigureB1: The impact of frictional resistance between barrel and plunger of the glass syringe
on Paw, P, andQ at respiratory rate settingkR= 6, 12 and 18 min. The colorcoded
curves are for Ngesistance model with the syringe connected and the black curves are for
No-resistance modeReproduced fromWalzelet al., 203], published under the CC BY 4.0
license.
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Appendix C: Calculated Respiratory Parameters and Mechanical
Energy Estimates

Increase iPmax, Raw andPmeandue to tissue resistance and increase in flow resistance with no
effect onPpiatand C as shown in Tabi&l.

TableC1: Average parameters determined from pressure waveforms and set ventilation
parameters for each model of the respiratory system.

Model of the respiratory Prmax Phplat C ] Raw ) ::]r;?nvr\]/glf;
system (cmH20) (cmH20) ( mL L eQhtH (cmH0L s'H L (cmH:z0)
No-resistance 38.07 36.35 27.5 2.02 1962
Flow resistance 5 41.38 36.46 27.4 5.79 19.99
Tissue resistance 41.30 36.52 27.4 5.62 20.33
Tissue + Flow resistance 5 44.26 36.40 27.5 9.25 T 2084
Tissue + Flow resistance 11 47.51 36.40 27.5 13.07 21.33
Tissue + Flow resistance 1! 51.1 36.40 27.5 17.29 22.42

Increase inmmechanical energyEj due to tissue resistance and flow resistazateulated by
different simplified E calculation methods based on the obtained ventilation parameters (Table
C2).

TableC2: Calculated average mechanical energy delivered to the model of the respiratory
system by different simplified methods®Btalculation based on the obtained ventilation

parameters.

. Simplified methods of E calculation for volume-controlled ventilation

Model of the respiratory —— - - -

system Gattinoni Comprehensive  Dynamic Surrogate Chi

Eq. (10) Eqg. (12 Eqg. (13 Eq. (14 Eqg. (15)

No-resistance 2.34° 0.03 2.19° 0.04 2.11° 0.03 2.58° 0.03 3.37° 0.07
Flow resistance 5 2.47° 0.01 2.51° 0.02 2.27° 0.01 2.74° 0.01  3.44° 0.02
Tissue resistance 2.46° 0.01 2.50° 0.01 2.27° 0.01 2.74° 0.01 3.51° 0.02

Tissue + Flow resistance 5 2.58° 0.01 2.80° 0.02 2.41° 0.01 2.89° 0.01 3.61° 0.02
Tissue + Flow resistance 10 2.70° 0.01 3.12° 0.01 2.57° 0.01 3.05° 0.01 3.71° 0.02
Tissue + Flow resistance 15 2.84° 0.01 3.47° 0.01 2.75° 0.01 3.23° 0.01 3.92° 0.03

The effect of inspiratory hold dPneanandE calculated according to Chi et ar( for models
of the respiratory system with tissue and different flow resistances (CapleableC4).
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TableC3: Pmeandetermined from pressure waveforms with/without inspiratory hold for each
model of the respiratory system.

Model of the respiratory Pmean Without inspiratory hold PmeanWith inspiratory hold
system (cmH-0) (cmH-0)
No-resistance 951 T 1962
Flow resistance 5 10.11 19.99
Tissue resistance 10.10 20.33
Tissue + Flow resistance ¢ 1072 T 2083
Tissue + Flow resistance 1 11.35 21.33
Tissue + Flow resistance 1 12.09 22.41

TableC4: Calculated average mechanical energy delivered to the model of the respiratory
system with/without inspiratory hold according to Chi et &l).[

Model of the respiratory system Wltgs;g Ilzn;p(lg';ory With m;zl.r?;cé)ry hold
No-resistance 1.38 3.37
Flow resistance 5 1.50 3.44
Tissue resistance 1.49 3.51
Tissue + Flow resistance 5 1.62 3.61
Tissue + Flow resistance 10 1.74 3.71
Tissue + Flow resistance 15 1.89 3.92

No difference between Tissue resistance model and Flow resistance 5 model without
inspiratory hold compared to significant difference with inspiratory hold E4g.

4

W Without inspiratory hold

35 B With inspiratoryhold oy @B B
3
=
~ 254 NN AN N A A B
L)
od e __Ees W 0 W s
(U . L BN NN 0§ P § —
1
No-resistance  Flow resistance Tissue Tissue + Flow Tissue + Flow Tissue + Flow
5 resistance resistance 5 resistance 10 resistance 15

FigureC1l: Calculated average mechanical energy delivered to the model of the respiratory
system with/without inspiratory hold according to Chi e{&0]. Reproduced fromW/alzel
et al., 203], published under the CC BY 4.0 license.
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Appendix D: Geometrical calculations of mechanical energy

The equationgvhich wereused to calculate mechanical and dissipated energy by the geometric
method. Theesultingvalues were obtained by numerical integration of the pressnltene

loop, with energy expressed for pressures measured at the airway openiRgBR(Eaw), at

the airway opening witholREEP(Eq), and at the artificial lung level withoBEEP (EL). The
respective equations are listed below.

‘O qQwyY w"Y,

wherelinspis the set of indicesthat belong to the inspiratory part of the cycle.

0 Tl . @ 00 0 20Y 'Y,

whereEaw corresponds to the delivered mechanical energy during the inspiratory phase of the
respiratory cycle in Jaw represents the measured pressure at a given time ipCm@t-the
airway openingy/Tis the measured volume at a given time in L iatheinotes the number of a
sample in the inspiratory phase.

0O ™WwPR. ™WOO O cHOODOY &Y,

whereEp corresponds to the delivered mechanical energy during the inspiratory phase of the
respiratory cycle withouPEEPIn J, Paw represents the measured pressure at a given time in
cmHO at the airway opening,EEPIs the positive engxpiratory pressure in cmB, VT is

the measured volume at a given time in L argdknotes the number of a sample in the
inspiratory phase.

0 mWrwis . ™O 0 O CHO0ODOLY "y,

whereE_ corresponds to the delivered mechanical energy during the inspiratory phase of the
respiratory cycle at the artificial lung level inR, represents the measured pressure at the
artificial lung level at a given time in cmB, VT is the measured volume at a given time in L
andi denotes the number of a sample in the inspiratory phase.
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Dissipated energy was obtained by calculating the difference between the total energy during
inspiration and the total energy during expiration. In practice, this meant first summing the
energy associated with the inspiratory part of the PV loop, then sgntine energy associated

with the expiratory part, and finally subtracting the latter from the former. The resulting value
corresponds to the hysteresis area of the PV loop.
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Appendix E: Clinical study registration

ClinicalTrials.gov PRS

Protocol Registration and Results System

ClinicalTrials.gov PRS DRAFT Receipt (Working Version)

Last Update: 05/28/2024 15:58

ClinicalTrials.gov ID: NCT06236685

Study Identification

Unique Protocol ID:
Brief Title:

Official Title:

Secondary IDs:

Study Status

Record Verification:
Overall Status:
Study Start:

Primary Completion:
Study Completion:

Sponsor/Collaborators

Sponsor:
Responsible Party:
Collaborators:

Oversight

U.S. FDA-regulated Drug:
U.S. FDA-regulated Device:
U.S. FDA IND/IDE:

Human Subjects Review:

AVIM

Optimizing the Assessment of Mechanical Ventilation by Integrating Advanced

Monitoring Techniques [AVIM]

Optimizing the Assessment of Mechanical Ventilation by Integrating Advanced

Monitoring Techniques

February 2024

Enrolling by invitation

April 22, 2024 [Actual]
December 2027 [Anticipated]
December 2027 [Anticipated]

Czech Technical University in Prague
Sponsor

Military University Hospital, Prague

No
No
No

Board Status: Approved
Approval Number: 108/19-1/2024
Board Name: Ethics Committee of Central Military Hospital Prague
Board Affiliation: Military University Hospital Prague
Phone: +420973203550
Email: eticka.komise@uvn.cz
Address:

U Vojenské nemocnice 1200

Praha 6, 169 02
Czech Republic
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Data Monitoring:
FDA Regulated Intervention:

Study Description

Brief Summary:

Detailed Description:

No

The aim of this study is to collect synchronized data from multiple monitoring
techniques of mechanical ventilation (pressure/flow waves from the ventilator,
electrical impedance tomography — EIT, esophageal pressure, capnography)
in patients ventilated either on intensive care units or during anesthesia and
evaluate the data by detailed mathematical analysis, to test three hypotheses:

1. Various published methods of calculation of the expiratory time constant
provide different results in most cases.

2. Inhomogeneous ventilation (as described by EIT) affects the form of the
expiratory flow curve and thus the calculated expiratory time constants.

3. The calculation of mechanical energy transferred to the lungs is affected
by the chosen technique and length of the inspiratory pause maneuver.

This study does not test any new or non-standard methods and does not in any
way interfere with the course of treatment indicated by the clinician, apart from
extending the monitoring techniques.

Mechanical ventilation is known to cause various complications, generally
known as ventilator induced lung injury. Thus, detailed monitoring is essential.
However, data interpretation is complicated in clinical practice. The investigators
aim to collect synchronized data from multiple monitoring techniques of
mechanical ventilation (pressure/flow waves from the ventilator, electrical
impedance tomography — EIT, esophageal pressure, capnography) in patients
ventilated either on intensive care units or during anesthesia and evaluate the
data by detailed mathematical analysis. The results will be used to explore
the complexity of seemingly simple and often used calculations describing
the course of mechanical ventilation — mostly the expiratory time constant
and amount of mechanical energy transferred to the lungs. The investigators
primarily aim to test three hypotheses:

1. Various published methods of calculation of the expiratory time constant
provide different results in most cases.

2. Inhomogeneous ventilation (as described by EIT) affects the form of the
expiratory flow curve and thus the calculated expiratory time constants.

3. The calculation of mechanical energy transferred to the lungs is affected
by the chosen technique and length of the inspiratory pause maneuver.

For this, the investigators plan to recruit 50 patients undergoing general
anesthesia with controlled mechanical ventilation and 50 patients hospitalized
on intensive care units. Monitoring of those patients will be protocolized and
will in all cases include pressure/flow monitoring of the mechanical ventilator,
capnography, and electrical impedance tomography. Esophageal pressure
monitoring will be introduced where indicated by the clinician or where
nasogastric tube insertion will be indicated (as the pressure can be measured
by a combined catheter).

This study thus does not test any new or non-standard methods and does not
in any way interfere with the course of treatment indicated by the clinician, apart
from extending the monitoring techniques. Patient data will be anonymized and
all the enrolled patients or their families will sign an informed consent as agreed
by the ethical committee of our hospital.
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Conditions

Conditions:

Keywords:

Study Design
Study Type:
Primary Purpose:
Study Phase:
Interventional Study Model:

Number of Arms:

Mechanical Ventilation Complication
Ventilator-Induced Lung Injury

electrical impedance tomography
expiratory time constant
mechanical energy

lung protective ventilation
ventilator-induced lung injury
expiratory flow

inspiratory hold maneuver

Interventional
Diagnostic
N/A

Parallel Assignment

The study will be conducted on patients provided with mechanical ventilation
either on intensive care units or during anesthesia. Extended monitoring of
ventilation, including electric impedance tomography and esophageal pressure
readings will be applied.

2

Masking: None (Open Label)
Allocation: Non-Randomized
Enroliment: 100 [Anticipated]
Arms and Interventions
Arms Assigned Interventions
Experimental: General anesthesia Device: Electric impedance tomography
Patients undergoing general anesthesia with EIT is rarely used during general anesthesia for
mechanical ventilation will be monitored by electrical standard procedures. In the anesthesia arm, all
impedance tomography in addition to standard patients will be monitored by EIT.

monitoring. Moreover, esophageal pressure catheter
will be used in cases where indicated by clinician

or in case of an indication of nasogastric tube, as * EIT
esophageal pressure can be measured by a combined

Other Names:

of mechanical ventilation.

catheter.

Experimental: Intensive Care Unit Device: Electric impedance tomography
Patients ventilated in the ICU for various reasons will EIT is rarely used during general anesthesia for
receive standard care, including advanced monitoring standard procedures. In the anesthesia arm, all

patients will be monitored by EIT.
Other Names:
« EIT

Outcome Measures
Primary Outcome Measure:

1. Expiratory time constant
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Time [in seconds], in which the lungs exhale 63% of the total volume.

[Time Frame: 2 minutes after an intervention or a change in the ventilator settings]

2. Mechanical energy transferred to the lungs

Mechanical energy (alternatively referred to as mechanical work) [in Joules] is the energy delivered to the respiratory
system during a single inspiration cycle.

[Time Frame: 2 minutes after an intervention or a change in the ventilator settings]

Other Pre-specified Outcome Measures:

3. Regional signals of electrical impedance tomography
Changes of regional signals of electrical impedance tomography throughout the respiratory cycle correspond to
changes in lung aeration.

[Time Frame: 2 minutes after an intervention or a change in the ventilator settings]
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Appendix F: Example of raw data recorded from the vital signs
monitor

TableD1: One second of data recorded from the vital signs monitor at a sampling rate of 100
Hz.

Time  Pressure inside the lung Pressure at the airway Flow Tidal volume
(s) model (cmH0) opening (cmH0) ( LLMi increase (mL)
0 4.1 3.8 0.1 0.0

0.01 4.8 4.9 1.1 0.2

0.02 5.7 6.0 2.4 0.6

0.03 6.0 7.0 3.6 1.2

0.04 5.9 8.1 4.9 2.0

0.05 6.1 7.9 12.2 4.1

0.06 6.6 7.8 19.4 7.3

0.07 7.2 7.6 26.7 11.7

0.08 7.4 7.4 34.0 17.4

0.09 7.6 7.9 34.6 23.2

0.1 8.0 8.4 35.1 29.0

0.11 8.3 8.9 35.6 35.0

0.12 8.6 9.4 36.2 41.0

0.13 8.7 9.6 36.6 47.1

0.14 8.9 9.8 37.0 53.3

0.15 9.2 10.0 374 59.5

0.16 9.5 10.2 37.8 65.8
0.17 9.7 105 37.8 72.1
0.18 9.9 10.8 37.8 78.4
0.19 10.2 11.0 37.7 84.7
0.2 104 11.3 37.7 91.0
0.21 10.7 11.5 37.8 97.3
0.22 10.9 11.8 37.8 103.6
0.23 11.2 12.0 37.8 109.9
0.24 11.3 12.2 37.9 116.2
0.25 11.6 12.4 38.0 1225
0.26 11.9 12.7 38.0 128.8
0.27 12.1 13.0 38.0 135.2
0.28 12.3 13.2 38.1 141.5
0.29 12.6 13.4 38.2 147.9
0.3 12.8 13.6 38.2 154.3
0.31 12.9 13.8 38.2 160.6
0.32 13.1 14.0 38.3 167.0
0.33 13.3 14.2 38.2 173.4
0.34 135 14.4 38.2 179.7
0.35 13.8 14.7 38.2 186.1
0.36 14.0 14.9 38.1 192.5
0.37 14.1 15.1 38.1 198.8
0.38 14.4 15.3 38.0 205.1
0.39 14.6 155 38.0 2115
0.4 14.9 15.7 38.0 217.8
0.41 15.1 15.9 38.0 224.1
0.42 15.3 16.1 38.0 230.5
0.43 15.4 16.3 38.0 236.8
0.44 15.7 16.5 38.0 243.1
0.45 16.0 16.7 38.0 249.5
0.46 16.2 17.0 37.9 255.8
0.47 16.3 17.2 37.8 262.1
0.48 16.5 17.4 37.8 268.4
0.49 16.6 17.6 37.8 274.7
0.5 16.9 17.8 37.8 281.0
0.51 17.2 18.0 37.7 287.3
0.52 17.4 18.2 37.7 293.6
0.53 17.6 18.4 37.7 299.8
0.54 17.8 18.6 37.8 306.1
0.55 18.0 18.8 37.8 3124
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0.56
0.57
0.58
0.59

0.61
0.62
0.63
0.64
0.65
0.66
0.67
0.68
0.69
0.7
0.71
0.72
0.73
0.74
0.75
0.76
0.77
0.78
0.79
0.8
0.81
0.82
0.83
0.84
0.85
0.86
0.87
0.88
0.89
0.9
0.91
0.92
0.93
0.94
0.95
0.96
0.97
0.98
0.99

18.2
18.4
18.6
18.8
19.0
19.2
19.3
19.6
19.8
20.0
20.2
20.4
20.6
20.7
20.9
211
213
21.6
218
22.0
22.2
22.3
225
22.6
22.9
23.2
23.4
235
23.7
23.9
241
24.3
245
24.7
24.9
25.1
254
254
25.6
25.8
26.0
26.2
26.4
26.7
26.8

19.0
19.2
194
19.6
19.8
20.0
20.2
20.4
20.6
20.6
20.6
20.6
214
21.6
21.8
22.0
22.2
22.4
22.6
22.7
22.9
23.1
23.3
235
23.7
23.9
24.1
24.3
245
24.7
24.9
251
25.3
255
25.7
25.9
26.1
26.3
26.6
26.8
27.0
27.2
27.4
275
27.7

37.8
37.8
37.8
37.7
37.7
37.7
37.7
37.7
37.7
37.7
37.7
37.7
37.9
37.9
37.9
37.9
37.9
37.9
37.9
37.9
37.9
37.9
37.8
37.8
37.8
37.8
37.7
37.6
37.6
37.6
37.7
37.8
37.8
37.8
37.9
38.0
38.0
38.0
38.0
38.0
38.0
38.0
38.0
37.9
37.9

318.7
325.0
331.3
337.6
343.9
350.2
356.5
362.8
369.0
375.3
381.6
387.9
394.2
400.5
406.8
413.2
419.5
425.8
432.1
438.4
444.7
451.1
457.4
463.7
470.0
476.3
482.5
488.8
495.1
501.3
507.6
513.9
520.2
526.5
532.8
539.2
545.5
551.8
558.2
564.5
570.8
577.2
583.5
589.8
596.1
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