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Abstract

Background

Patients with acute respiratory distress syndrome (ARDS) risk lutapse| severely altering
the breath-to-breath respiratory mechanics. Model-based estinmdtrespiratory mechani¢s
characterising patient-specific condition and response to treatmay be used to guide
mechanical ventilation (MV). This study presents a model-basgehagh to monitor time
varying patient-ventilator interaction to guide positive end expiyafmessure (PEER)
selection.




Methods

The single compartment lung model was extended to monitor dynamesvarying

respiratory system elastandg;s, within each breathing cycle. Two separate animal models

were considered, each consisting of three fully sedated puraipigtglets (oleic acid ARDS
and lavage ARDS). A staircase recruitment manoeuvre was mpedoon all six subjecis

after ARDS was induced. Th&,s was mapped across each breathing cycle for each subject.

Results

oy

Six time-varying, breath-specifigss maps were generated, one for each subject. Eg¢
map shows the subject-specific response to mechanical ventilsfion iodicating the nee
for a model-based approach to guide MV. This method of visualisationdpsowiigh
resolution insight into the time-varying respiratory mechani@dalinical decision making.
Using theEgs maps, minimal time-varying elastance was identified, which lma used tp
select optimal PEEP.

L

Conclusions

Real-time continuous monitoring of in-breath mechanics provides furtbgyht into lung
physiology. Therefore, there is potential for this new monitorinthateto aid clinicians in
guiding MV treatment. These are the first such maps gedesai@ they thus show unigue
results in high resolution. The model is limited to a constant edspyrresistance throughqut
inspiration which may not be valid in some cases. However, trends iatical expectation
and the results highlight both the subject-specificity of the madealvell as significant intef-
subject variability.
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Background

Acute respiratory distress syndrome (ARDS) [1] results itifierslung [2]. ARDS patients
are admitted to the intensive care unit (ICU) and require mediareatilation (MV) for

breathing support. Positive end expiratory pressure (PEEP) ie@ddpliaid recovery by
improving gas exchange and maintaining recruited lung volume [3-6]. Howear&tion in

a patient’'s response to MV and the heterogeneity of ARDS means ithea need to
determine optimal patient-specific PEEP [3,7].

ARDS involves alterations in a patient’s breath-to-breath respyrabechanics. Modelling
these alterations can potentially provide a non-invasive, patienfispe@thod to obtain
clinically and physiologically useful information to guide treatrnin real-time [8-11]. This
approach can provide unique insight into disease progression and pagigoise to MV
[12-15]. However, real-time monitoring of respiratory mechanics througMV treatment
is, to date, limited in clinical application and impact [16].



Dynamic respiratory system elastanég.d) is a breath-specific time-varying lung elastance
[17]. Dynamic elastance within a breath provides unique insight irgatiant's breathing
pattern, revealing lung recruitment and overdistension [17,18]. In aadlditientifying when
minimum Egs (maximum compliance) occurs during PEEP titration can help fgeat
optimal patient-specific PEEP to minimise work of breathingO®Y and maximise
recruitment without inducing further lung injury [19,20]. This work présennovel method
of visualising the time-varying respiratory elastance to proaitiégher resolution metric to
guide MV therapy.

Methods

Dynamic respiratory system elastance model

The equation of motion describing the airway pressure as aidonnaf the resistive and
elastic components of the respiratory system is defined as [21]:

PaW(t):Rrst(t)+ErsxV(t)+PO (2)

where Py, is the airway pressuré,is time, R is the series resistance of the conducting
airway, Q is the air flow,E;s is an overall respiratory system elastance (1/compliaNCes),
the lung volume an8 is the offset pressure.

During inspiration, a fully sedated patient will have a near cahstaest wall elastancgg,.
Thus, changes in the respiratory system elastdhgeare attributed directly to the patient’s
lung elastanceg;ng, as shown in Equation 2, thereby providing insight into patient condition
and ARDS severity [2,21].

Ers = ECW + EIung (2)

Equation 3 describes an integral-based method [22] used to estahats ofE;s andR s that
best fit Equation 1. Integral-based parameter identificatiosinslar to multiple linear
regression, where using integrals significantly increases robustnesse [17,22].

P ()t =Ra X[ Q1) d + B [V (1)t + [ Rk @

Respiratory resistance is assumed constant throughout a breath [Icgn matry with PEEP
and time due to opening or closing of respiratory system airwléy$4,17,23]. Thus, once
R is determined for a particular breath using Equation 3, it is suflestiinto Equation 4
where dynamic lung elastandgys, is defined as a time-varying lung elastance, suchBhat
is effectively the average &s.

Po (1) = R xQ(t) + Ey (t) XV (1) + Ry 4)

Thus,E4<s can be determined from:



E, (1) =2 (t)- '\D; (‘t)Rs"Q(t)

(5)

In this way, significantly more insight is gained into the nedpry elastance over the course
of inspiration than can be provided by a single valug of

During a PEEP increase, recruitment of new lung volume outwaeiglysskretching provided
that the global measure Bf;s decreases breath-to-breath [17]. Hence, the dynamic trajectory
of Eqs captures the overall balance of volume (recruitment) and pre@ske within the

lung.

Experimental data

Two experimental ARDS animal models are considered, each isaey fully sedated pure
pietrain piglets. The criterion for ARDS is limited to hypoxanmonitoring where the
PaQ/FiO, (PF ratio) is less than 300 mmHg.

1. Oleic Acid ARDS Models[24]: Each subject (Subjects 1-3) was sedated and
ventilated through a tracheotomy under volume control (tidal volvire8-10
ml/kg) with an inspired oxygen fraction (FiOof 0.5 and a respiratory rate of 20
breaths/min using an Engstrom CareStation ventilator (Datex, Generaid:lect
Finland). ARDS was induced using oleic acid [25] and the arterial blood gas (ABG)
was monitored half hourly. Once diagnosed with ARDS, each subject underwent a
staircase recruitment manoeuvre (RM) with a PEEP level sequence of 5 - 10 — 15 —
20-15-10 -5 cmi® [26]. Breathing was maintained for approximately 10-15
breathing cycles at each PEEP level. Airway pressure and flow datacegreed
using the Eview module provided with the ventilator. The data sampling rate was 25
Hz.

2. Lavage ARDS Models After sedation and intubation via tracheotomy, the piglets
(Subjects 4-6) were ventilated by intermittent positive pressure ventilatida m
using a Drager Evita2 ventilator (Drager, Lubeck Germany). The ventila®set to
deliver a tidal volume of 8-10 ml/kg with a FiOf 0.5 at a respiratory rate of 20
breaths/min. Each subject underwent surfactant depletion using lavage methods [25].
The ABG was monitored and once diagnosed with ARDS, each subject underwent a
staircase RM with PEEP settingsat 1 - 5—-10-15-20-15-10-5 — 1 mbar [26].
Breathing was maintained for approximately 10-15 breathing cycles at eeéh PE
level. Airway pressure and flow were measured using a 4700B pneumotachometer
(Hans Rudolph Inc., Shawnee, KS) at a sampling rate of 200 Hz. Calibration was
performed by matching pressure flow curve from the pneumotachometer to khe pea
inspiratory pressure (PIP), positive end expiratory pressure (PEEP), fiplayaid in
Drager Evita2 ventilator (Drager, Lubeck, Germany).

Airway pressure and flow rate data was analysed using MMST(The Mathworks, Natick,
Massachusetts, USA). All experimental procedures, protocols and the use aftdeaiudy
were reviewed and approved by the Ethics Committee of the UnywersLiege Medical
Faculty.



Visualisation of the dynamics (Elastance)

Dynamic respiratory system elastandgyd) varies within a breath as recruitment or
overdistension occurs. Similarligs will evolve with time as recruitment is time dependent
[27,28], disease state dependent [6,29] and MV dependent [28,30]. Arranging estbimir
cycle’s Eq4s curve such that it is bounded by tBgs curve of the preceding breath and the
subsequent breath leads to a three-dimensional, time-varying, bpeagific E4s map. This
method of visualisation gives new insight into how the breath-to-bresdpiratory
mechanics change with time over the course of treatment. Immidars manner, the
corresponding change in airway pressure from PEEP to peak inspipgessure (PIP) is
also displayed for each subject.

The dynamic elastance for each breath is calculated by divikengumerator of Equation 5
by the volume vector. Therefore, at the very start of inspiratibenvinspired volume is very
small, Eqs approaches physiologically unrealistic values. Since overdisterssunlikely to
occur at low volumes, the initial 20% of the inspiratory time frhebreath is neglected for
clarity. During this time, volume increases by approxima®e04-0.06 L (less than 20% of
the total inspired tidal volume) for each subject.

Results

Each subject has approximately 160 to 360 breathing cycles over tlse afithe RM. All
breathing cycles are normalised to their total inspiratorg tionprovide clarity and to ensure
consistency between breaths with different inspiratory times. ®ach breath effectively
begins at 0% and ends at 100% of the total inspiration time. Thevéirgeng, breath-specific
Eqs map of the RM for Subjects 1-6 are shown in Figures 1, 2, 3, 4, 5 angdgtiesly,
where blue indicates lo®ys and red indicates highys. The corresponding airway pressure
and PEEP are shown in grey. The PF ratio for each subjstited in the corresponding
figure caption. Each figure is also provided is a MATLAB (.figinfat to permit rotation.
The E;s and R for each subject over the course of the RM is also shown witlih ea
MATLAB (.fig) file [See Additional files 1, 2, 3, 4, 5 and 6]. The taew of all E4s maps
are shown in Additional file 7.

Figure 1 Variation in E4sacross a normalised breath during a RM for Subject 1
(PaO./FiO, = 126.6 mmHg).The change in airway pressure for each normalised breathing
cycle is shown in grey.

Figure 2 Variation in Eqsacross a normalised breath during a RM for Subject 2
(PaO./FiO, = 183.6 mmHg).The change in airway pressure for each normalised breathing
cycle is shown in grey.

Figure 3 Variation in Eqsacross a normalised breath during a RM for Subject 3
(PaO,/FiO, = 113.6 mmHg).The change in airway pressure for each normalised breathing
cycle is shown in grey.

Figure 4 Variation in E4sacross a normalised breath during a RM for Subject 4
(PaO,/FiO, = 155.2 mmHg).The change in airway pressure for each normalised breathing
cycle is shown in grey.




Figure 5 Variation in Eqsacross a normalised breath during a RM for Subject 5
(PaO,/FiO, = 85.9 mmHg).The change in airway pressure for each normalised breathing
cycle is shown in grey.

Figure 6 Variation in Eqsacross a normalised breath during a RM for Subject 6
(PaO,/FiO, = 110.4 mmHg).The change in airway pressure for each normalised breathing
cycle is shown in grey.

Discussion

General observations

All subjects showed, to some degree, an increagg.Jmmmediately following a PEEP step
increase of 5 cmpD or 5 mbar. Each successive breath had a reducedEgeaidicating the
time-dependent nature of recruitment and/or the lung’s viscaelastperties, which cause
hysteresis [31,32]. More specifically, there is a period of atlaptéollowing an increase in
PEEP that sees higher averdgg, peakEqys and PIP before the beneficial effect of lower
Eqas is seen. Furthermore, theys trajectory within a breath generally decreases during
inspiration, suggesting in-breath recruitment. However, directly faigwa PEEP step
increase, some subjects show a decreaBipgtrajectory, followed by an increasirtgys
trajectory towards the end of inspiration. High elastance indicgous potential for lung
damage due to overstretching, and may not be captured by a siogl®i& [17,18]. Thus,

as a result of this study, PEEP increments during a RM mightcheced to 1 cmj® or 1
mbar, rather than increments of 5 cgtHor 5 mbar, to avoid any damage due to the raised
elastance in the early breaths and adaptation period following B PEEase. During a RM,
smaller PEEP increments, each followed by a short periocbilisation, may substantially
reduce the peak of tH&ys spikes at the end of inspiration. However, it is important to note
that the occurrence of lower respiratory elastance attdilisation may also be a direct
consequence of the initial high overdistension immediately followmgnerease in PEEP.
This finding warrants further investigation where staircassuitment is performed using
smaller PEEP increments. Changes in ventilator pattern or rmadedify theEg s trajectory
also have potential to guide therapy.

The Egs trend is significantly different between increasing and d@sitng PEEP (using a
non-parametric Wilcoxon rank sum test, p < 0.05 for each subjéelendecreasing PEEP
titration generally results in lower over&l}.s. When PEEP increases, recruitment, as well as
potential lung overstretching occurs. However, as PEEP is reduoedliung remains
compliant andys drops to an overall minimum. Equally, this phenomenon is seen where the
opening pressure of collapsed alveoli is higher than the closisgyree[29,33]. Considering
increasing and decreasing PEEP separately, a Egaminimum generally occurs at the
same PEEP level, suggesting that optimum PEEP can be selected eitheeavaytment is a
function of PEEP and time [28,30], and, equally, the ARDS affected supigpne to collapse
due to the instability of affected lung units [6,29]. Assuming thaséwerity of ARDS does
not change within a short period, respiratory elastance durimgasiog PEEP titration is
expected to reduce as time progresses to achieve staloilitpntrast, respiratory elastance
will increase with time during decreased PEEP to achievelistaltience, the authors
hypothesise that PEEP can be titrated to a minimum elas&tieer way, provided a
stabilisation period is given at each PEEP level to obtain a true minimaheksta



The time-varyingeqs map is a higher resolution metric of dynamic adaptation to PEEP than a
single E;s value. Selecting PEEP is a trade-off in minimising lungsguee and potential
damage, versus maximising recruitment. Recruitment is a furatiBBEEP and time [28,30].
Therefore, true miniméakys can only be determined after a stabilisation period is provided at
each PEEP level. Such a process could be readily automated and rdanitareentilator.
Setting PEEP at minimum elastance theoretically benefitdtilatton by maximising
recruitment, reducing work of breathing and minimising overdistension [12,14,1534]
PIP can be seen to follow the&ys trend to some extent. However, it does not provide the
same degree of resolution. In some cases PIP is seen to stqbitkly or remain relatively
constant following a change in PEEP, witgs continues to change significantly indicating
the occurrence of significant lung dynamics not readily appdrent monitoring airway
pressure alone. This result shows the greater sensitivity of Hgingnd thatEys captures
more relevant dynamics than airway pressure alone.

Oleic acid ARDS models
Subject 1

The response of Subject 1 to PEEP titration is seen in FigUreeEs drops to an overall
minimum at a PEEP of 15 cm@, suggesting that maintaining this level of PEEP provides
the optimal trade-off between maximising recruitment and redubiagisk of lung damage
[12].

Subject 2

The response of Subject 2 to PEEP titration is seen in Figure Zsasidhilar to that of
Subject 1. However, the magnitude of thg response to PEEP is reduced. Hyg drops to
an overall minimum at a PEEP of 15 cpdH implying optimal PEEP.

Subject 3

In Subject 3,Eq4s rises to a maximum near the beginning of each breathing beftee
rapidly decreasing as seen in Figure 3. However, this treledsgpronounced at high PEEP
levels. It is observed that Subject 3 had a more severe levdRDEAPa@FiO, = 113.6
mmHg) compared to Subject 1 (PABIO, = 126.6 mmHg) or Subject 2 (PaBIO, = 183.6
mmHg), possibly resulting in the substantially different subgpecific response to PEEP
titration. The airway pressure curves show an initial rapid aserefollowed by a more
gradual increase. It is possible that a different flow profiey eliminate the initial rapid
pressure increase and reduce the risEgin The most uniform elastance across a breath
occurs at a PEEP of 15 cnB (at both increasing and decreasing PEEP), implying optimal
PEEP.

Lavage ARDS models
Subject 4
Respiratory elastance increases significantly in Subjeghdn PEEP is increased from 1

mbar to 5 mbar as seen in Figure 4. The lowest elastance is esredugither side of the RM
at a PEEP of 1 mbar. Howevéiy s reaches a local minimum at a PEEP of 15 mbar during



decreasing PEEP. Thus, in this case, minimal elastance wouldssuigat the subject should
be ventilated at 1 mbar rather than 15 mbar. However, it is impdotanate that atelectasis
occurs in ARDS patients [35], and clinically, ARDS patients shoulgdnilated at higher
PEEP [1,36,37]. Thus, thisss map outlines a potential drawback of ventilation considering
only minimum elastance. Clinicians should thus consider an altePidE® value when an
unrealistically low PEEP is recommended by elastance.

Subject 5

The response of Subject 5 to PEEP titration is seen in FigUreed,s drops to an overall
minimum at a PEEP of 10 mbar, implying optimal PEEP.

Subject 6

Unlike Subjects 4 and 5, the RM performed on Subject 6 was performed daropen chest
surgery, thereby neglecting the effectEf, in Equation 2 and effectively capturirigng
directly. It was found that more noise was present in thisvitian compared to closed chest
ventilation performed on Subjects 1-5. The noise present in thisndiitates that the chest
wall may provide some form of damping to high frequency physiolbgicanechanical
effects. It was observed that minimum elastance occursietraasing PEEP of 10 mbar, as
shown in Figure 6.

Limitations

The single compartment lung model used to dekyg does not capture some specific
physiological aspects, such as cardiogenic oscillations avrra@lgdifferences in mechanical
properties [21]. Furthermore, the effects of non-linear flow or tiana in airway resistance
during a breath are also neglected [21]. The determinatidfy,9ccommodates whatever
resistance value is chosen, such that the model perfecthyhditavailable pressure data.
Hence, the assumption of constant resistance throughout a bresfibasigly impacts on the
trends ofEys. There is evidence to suggest that in some cases respied@tance can vary
within a breath [23]. However, the effect of the resistive tsrmathematically limited in its
impact [17]. Since this analysis is predominantly based on the cmpaf trends across
PEEP values, where each subject is thus their own refererdegghvalidation is the ability
to track clinically expected trends as shown here.

It is important to note that both ARDS animal models were rdiffiein many aspects and do
not allow for a statistically significant comparison. More intgotly, it was not able to fully
justify PEEP optimisation based solely on minimal elastance .eMerythe main outcome of
this research is that mapping of time-varying respiratagtahce of mechanically ventilated
ARDS subjects can be monitored to provide a high resolution metlestoibe disease state
and physiological changes in response to PEEP. This outcome shawbubiess of both
the model and the method of visualisation for application in the IGiweder, more inter-
patient variability is present in patients admitted to the IQbus, application of this
monitoring technique warrants further investigation in both human and animal studies.

Selecting patient-specific optimal PEEP remains widely @@ with little consensus
[36,37]. This study primarily provides a means to visualise rdepyraystem elastance
continuously, thus allowing PEEP to be titrated to minimal elastfrit;@4,15], and it was
suggested that it can be done using either incremental or decakplease of a staircase



RM. However, this suggestion is limited to the protocol and dataadlail If only the
incremental phase of the RM is available, PEEP titration canpdséormed during
incremental stage, or vice-versa. If both incremental and meatal phase of the staircase
RM are available, PEEP should be titrated during decreasing,RiSERe incremental PEEP
functions to recruit the collapsed lung [38,39].

A further limitation is that the findings of this research sokely based on observation of the
Eqs map. The findings require further investigation together with additionaging and
monitoring tools such as in-vivo microscopy, computer tomography andéotriehl
impedance tomography for validation. However, high resolution imatgognology is
currently limited to regional investigation and clinically imgreal for full and continuous
monitoring [40-42]. Thus, the findings of this research are limited¢amparisons with
existing literature.

Conclusion

Visualisation of the dynamic respiratory elastance providgsifgiantly more insight into
dynamic lung behaviour than can be provided by a single valugofSimultaneous
monitoring of respiratory elastance across a breath and duRhg provides a new clinical
perspective to guide therapy and provides unique subject-specifichtinsigp the

heterogeneous response to PEEP. The model is limited to a caesfginhtory resistance
throughout inspiration which may not be valid in some cases. Howevats tneatch clinical

expectation and the results highlight both the subject-specitifithe model, as well as
significant inter-subject variability. Overall, further resgmais warranted to confirm the
clinical potential of using this method in ARDS patients admitted to the ICU.
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