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Abstract

Background

Acute Respiratory Distress Syndrome (ARDS) is characterizedflaynmation, filling of the
lung with fluid and the collapse of lung units. Mechanical ventilafMN) is used to treg
ARDS using positive end expiratory pressure (PEEP) to reanditretain lung units, thy
increasing pulmonary volume and dynamic functional residual dgp@éiRC) at the end ¢
expiration. However, simple, non-invasive methods to estimate dFRC do not exist.

Methods

Four model-based methods for estimating dFRC are compared based partbemance o
two separate clinical data cohorts. The methods are derived ftloen siress-strain theory
a single compartment lung model, and use commonly controlled or megsan@meter
(lung compliance, plateau airway pressure, pressure-volumed@&). Population constar
are determined for the stress-strain approach, which is imptethesing data at both sing
and multiple PEEP levels. Estimated values are compared toaltiinmeasured values
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assess the reliability of each method for each cohort individually and combined.




Results

The stress-strain multiple breath (at multiple PEEP levale)hod produced an overall
correlation coefficient R= 0.966. The stress-strain single breath method produéed| R
0.530. The single compartment single breath method produted (R415. A combined
method at single and multiple PEEP levels produced ®963.

Conclusions

The results suggest that model-based, single breath and non-inagiveaches to
estimating dFRC may be viable in a clinical scenario, ensumingterruption to MV. The
models provide a means of estimating dFRC at any PEEP lewek\ér, model limitations
and large estimation errors limit the use of the methods at very low PEEP.

Keywords

Mechanical ventilation, Functional residual capacity, FRC, dFRC, PEEP, Puimbtuatel-
based methods, ARDS, Intensive care, ICU

Background

Patients suffering from severe respiratory insufficiency aglfcute Respiratory Distress
Syndrome (ARDS) (mild, moderate, severe) [1] are admittedetantensive care unit (ICU)
and require mechanical ventilation (MV) for breathing support. ARDS is atsdavith lung
inflammation and fluid filling causing a loss of functional lung simésulting in a stiffer lung
with reduced intrapulmonary gas volume known as the “baby lung” [2].dlityrrates for
ARDS have been reported to be between 20% to 70% [3].

Clinicians offer a supportive environment that aids ARDS patieolvezg by application of

MV. However, further harm can result from suboptimal MV [4]piCally, the severity of

ARDS is measured as the ratio of the arterial partiadsomre of oxygen divided by the
fraction of inspired oxygen (PaiO, ratio). A PaQ/FiO, value less than 300mmHg
implies the patient has mild ARDS, while less than 200mmHg is ratEl&RDS and less
than 100mmHg is characterised as severe ARDS [1].

Functional residual capacity (FRC) represents the pulmonarywagame of the lung at
atmospheric pressure, i.e. after normal expiration. Positive enchtxgipressure (PEEP) is
applied to ARDS patients to maintain recruitment during subsequeathing cycles [5-8].
PEEP improves gas exchange and ensures pulmonary volume above FRC.rHineeyés
a risk of overstretching healthy lung units during high PEEPTB¢ optimal PEEP remains
highly debated with no conclusive results [5], and setting this péansethus a balance
between high and low values. Given the impact of MV on cost and lengitawf[10],
ensuring an optimal PEEP would have significant impact.

Figure 1 shows a schematic of the lung. An absolute value of ARG go information on

the potential for new recruited lung volume during MV. A lung with an FRC of 1.4L could be
a result of a lung with 1.4L of fully recruited healthy lung uoitsl.OL of recruited lung plus

an additional amount of lung recruited due to additional PEEP. Knowingliffésence



would allow PEEP to be optimized to maximize recruitment and ensyr@erease in PEEP
added recruited lung volume.

Figure 1 Schematic of lung showing the limitation of an absolute FRC value

Currently, there are few methods of measuring FRC at thedsedSias washout/washin
techniques are one method [11], but are not necessarily availablestrvenmtilators. FRC
can also be measured by using chest imaging methods such as Gbirgategraphy (CT)
scans [12] and Electrical Impedance Tomography (EIT) scans [13,itd¢d at the end of
expiration, the lung volume can be assessed at each CT or é&dTasll summed across all
the slices in the lung to evaluate true lung FRC. However, ypis d6f measurement is
unrealistic for regular use in guiding MV or continuous monitoringhm ICU. Although
specialised ventilators can measure FRC and re-estimatddiB@ing PEEP changes (GE,
Engstrom, Carestation ventilators), most standard ventilators canhots, There is
motivation to estimate the PEEP induced FRC change to avoid fuuherinjury and
complication.

The level of additional lung volume due to additional PEEP is known asndg FRC
(dFRC) [15] and is shown schematically in Figure 2. The abiityde standard ventilator
data to simply and non-invasively estimate dFRC without interrgi treatment would
be a significant potential enhancement in ventilation managemehauglh dFRC cannot by
itself estimate the potential of lung recruitment, used wittriaitblood gas measurements it
can provide the clinician with useful information on lung recruitigbéls PEEP or other MV
settings are modified. Thus, dFRC represents an aspect of tharyiimical endpoint in
ventilation management, with the potential to be continuously trackedchanges in patient
condition.

Figure 2 Schematic showing the difference between FRC and dFRC

In this study, four model-based methods of estimating dFRC asertesl and their
performance investigated. The first method, proposed by Sundatesiafl5], is based on a
stress—strain approach. It requires pressure-volume (PV) datanatimum of two PEEP
levels. Additional PV loops at a wide range of PEEP levelsaeired for higher accuracy
thus requiring an interruption to ongoing MV treatment. The second metrauhsed by
Mishra et al. [16] is an extension to [15] and only requires P¥ ftatn a single breath at
one PEEP level to estimate dFRC for a given patient elimiatiterruption. The third
method is based on a single compartment lung model and also requidesaHrom a single
breath at one PEEP level. The final method is a combination aietieds proposed by [15]
and [16] with the aim of providing both accuracy and clinical functignakt data becomes
available. All four methods are tested on two separate clideta cohorts where both PV
data and dFRC were measured directly.

Methods

Stress-strain multiple breath method (SSMB)

Chiumello et al [17] proposed a stress-strain theory of lung dgsawhere the
transpulmonary pressuraR,) is defined as the clinical equivalent of stress. Transpulngona
pressure is the difference between the applied airway premsdréhe corresponding pleural



pressure. The clinical equivalent of strain is the ratio ofctienge in volumeAV) to the
FRC, which represents the resting lung volume, yielding a stress-striiti aief

av .
AP, (stress) = Ej spec X %(stram) (1)

where the specific lung elastand® &) can be defined as the transpulmonary pressure at
which FRC effectively doubles. The general relationship betweeplateau airway pressure
(AP4y), when the airflow is zero, and the corresponding transpulmonary pressurees! dei
[17]:

AP, (stress) = AP, X a (2)
—_E
- Ej+Ecw (3)

wherea represents the static lung elastance and represents thef thtgolung elastancé()

to the chest wall elastancEdy). The value ofx indicates the severity of ARDS, where a
higher value ofa indicates a higher severity of ARDS [15,18]. The equation of motion
describing the airway pressure as a function of the resiatideelastic components of the
respiratory system is defined as [19]:

AP, =V XE.s+QXR,s+ P, (4)

whereV is the volume ranging from zero at the beginning of inspiratidhddidal volume
(V) at the end of inspiratiork;s is the respiratory elastand®,is the airflow rateR is the
respiratory resistance amy is the offset pressure, which is a combination of applied PEEP
and intrinsic PEEP [20,21]. All of the PEEP data in this stuglyesent plateau airway
pressures, which are measured at zero airflow at end expiragoaug transpulmonary
pressure is not typically measured at the bedside, it is éstimaing the PEEP. Thus, rather
than using the transpulmonary pressure, the airway pressuraliasis@ estimate based on
Eq. (2). If the pressure and volume are measured at the point beéwpeation and
inspiration, where the flow is zero, the resistive term is a@d the airway pressure is equal
to the plateau airway pressure. Combining Eqgs. (1) and (2) yielidsnala for FRC
involving AV=AdFRC andAP,,=APEEP:

AdFRC E
FRC = ——= x 2= (5)
APEEP a

Eq. (5) defines FRC as a function of the volume responsiveness of it pathe specified

change in PEEF%,EL,SWC anda of the patient. In this model, FRC and the effect on

FRC from a recruitment manoeuvre are not known. Thus, it was hymatesiat dFRC
follows a similar mathematical form to Eq. (5):

FRC + dFRC = 24ERE o PLsvec (4 4 1) (6)
APEEP a

Therefore, dFRC takes the form:

dFRC = 22ERC o PLspec @)
APEEP a




where x is a function of the PEEP level at which dFRC is estimaigg,e. and o are
relatively constant parameters [17] so can be combined into one unknoameper,
yielding:

AdFRC
APEEP

dFRC =

X B (8)

Wherep is a function of the PEERE_ g anda. The assumption that is constant is true
only for the linear portion of the static PV curve [15]. The valug @r a single value of
PEEP is assumed constant across all patients. An additionathide/s thep values
determined for each data cohort [see Additional file 1]. BecaR§2Was not known for any
patient,f was analytically solved based on Eq. (8) using measured dFRC Wwaoeshe
data. Once$ values were evaluated for each patient at each PEEP lawellians was then
evaluated at each PEEP level to serve as a population constant for that PEEPédERC
was then estimated using Eq. (8) and the mefliemlue. The process can be summarised as
follows:

1. Analytically solve Eqg. (8) to fing for each patient and PEEP.
2. Evaluate population based medfaat each PEEP level.
3. Estimate dFRC using Eq. (8) and the population based mgdian

This method requires the patient to undergo a stepwise PEEP enaneageuvre to obtain
multiple PV loops at different PEEP levels prior to analysis.

Stress-strain single breath method (SSSB)

Mishra et al. [16] proposed a model to estimad&RC using only data from a single PEEP
level. Once again, combining Egs. (1) and (2) yields a formula foriR®R8lving AV=V; and
APay:

FRC = Yt x Blspec 9)

APgyy a

Eq. (9) defines FRC as a function of the volume responsiveness of idrg pathe specified
change in airway pressure observed during inspira}}r‘éﬁ" E} spec anda of the patient. In

this model, FRC and the effect on FRC from a recruitment manoats/m®t known. Thus it
was hypothesised thAdFRC follows a similar mathematical form to Eq. (9):

FRC + AdFRC = —— x 212 (1 4 x) (10)

Therefore AFRC takes the form:

AdFRC = — x 22t (11)

aw a
Once again, combining E_ e anda into one unknown parametgryields:

Ve

AdFRC =

X (12)

aw



wherep is a function of the PEEE,_ g anda. As with the SSMB method, the assumption
thata is constant is true only for the linear portion of the staticBWVe [15]. The value f

for a single value of PEEP is assumed constant acrosstialitgaCalculate@ values were
normalized by tidal volume as dFRC can vary with the applied tidal volume [16].

=L (13)

An additional file shows thg; values determined for each data cohort [see Additional file 1].
Values of andAdFRC were calculated through the same approach as outlined f@N#& S
method.

Single compartment single breath method (SCSB)

An alternative method of estimating dFRC without the use of a papulednstant uses the
single compartment linear lung model [19] as defined by Eq. (4umisg P, is also the
pressure to increase baseline FRC, thgran be defined:

P, = PEEP = E,; X Vp, (14)

where,Vp, is the additional lung volume increase due to PEEP. Substituting Eqn{a44)
gives:

APy = (V + Vpo) X Ers + Q X Ry (15)

Eq. (14) could be an alternative method to estimate dFRC using tegpekastance [22]. In
particular, Eg. (14) is used to calculate, which from Eq. (15) is expected to capture the
change in FRC due to PEEP changes, Yhyroportional-to symbol dFRC. The respiratory
elastance in this study was determined using the integral bas#ibdn[23] for the
inspiration portion of the measured breathing cycle.

Combined method (CM)

This model-based approach is intended for real-time clinicalruttee ICU. Initially, when
data at only one PEEP level is available, the model relies 0683I%8 analysis [16]. As
additional higher PEEP settings are introduced during the coucsgegfthe model converts
from SSSB to SSMB analysis [15]. Therefore, the model can pHelREC at any PEEP level
with the potential advantage of increasing accuracy as diffeReEP settings are
progressively introduced. This approach presents a non-invasive methoatilihas all
available and prior data. This method aims to combine the higkaraay of the SSMB
method with the higher clinical feasibility of the SSSB method.

Clinical patient data

Retrospective clinical data was used, consisting of 10 patierdis) (flam Sundaresan [24]
and Bersten et al. [9] (cohorts 1, 2 respectively). For cohort 1, th€ di#& calculated
during post-processing of flow data obtained by a pneumotachometediffenence in flow
rate across a PEEP change was used to estimate dFRC. For Zohloet dFRC was
calculated directly by deflation to ZEEP at the end of athieg cycle for each PEEP level.



The demographics and cause of lung injury of all patients are simoWwabie 1. The PEEP
levels at which data was obtained for each cohort is also presented [seenatitiie 2].

Table 1 Characteristics of the patients

Patient Sex Age [yearg] Cause of Lung Injury

1 Female 61 Peritonitis

2 Male 22 Trauma

3 Male 55 Aspiration

4 Male 88 Pneumonia

5 Male 59 Pneumonia
Cohort 1 [24] 6 Male 69 Trauma

7 Male 56 Legionnaires

8 Female 45 Aspiration

9 Male 37 HIN1

10 Male 56 Legionnaires

1 Male 74 Ruptured AAA

2 Male 24 Lung contusion

3 Female 72 Legionnaires

4 Male 48 Pancreatitis

5 Female 68 Pulmonary embolus
Cohort 2 [9] 6 Male 54 Aspira%:ion

7 Male 73 Aspiration

8 Male 72 Pneumonia

9 Male 81 Aspiration

10 Male 47 Liver transplant

Analysis

Estimated dFRC values were compared with the clinically medsiFRC to determine the
estimation error over each method and data cohort. Performancassessed by trend
correlation coefficient (§ where comparisons between measured and estimated values were
made. The maximum, minimum, median and interquartile range non-@ai@rstatistics

were chosen to be the summary statistics to display. The agcafaeach method was
compared in relation to the other methods and the functionality of eethod was
evaluated.

Results

Stress-strain multiple breath method (SSMB)

The linear trend in clinical vs. predicted dFRC across all PEt##?s and the associated error
for each cohort is shown in Figure 3. Values Gfde given, for both cohorts 1 and 2
separately and combined.



Figure 3 SSMB: Plots of measured dFRC vsestimated dFRC and associated error
(Left) Plot of clinically measured dFRC vs. estimated dFRC for all patend PEEP levels.
(Right) Box plot of errors between clinically measured dFRC and estimated fdiFRll
patients and PEEP levels.

Stress-strain single breath method (SSSB)

The linear trend in clinical vs. predicted dFRC across all PE##?s and the associated error
for each cohort is shown in Figure 4. Values Sfde given, for both cohorts 1 and 2
separately and combined. Values GfdRe also given for the cases where outlying patients
have been excluded.

Figure 4 SSSB Plots of measured dFRC vsestimated dFRC and associated error(Left)
Plot of clinically measured dFRC vs. estimated dFRC for all patients and REé&ls.
Patient specific trends are indicated for the cases of significantstiveséon. (Right) Box
plot of errors between clinically measured dFRC and estimated dFRC patiatits and
PEEP levels. Errors larger than 1L are truncated for clarity.

Single compartment single breath method (SCSB)

The linear trend in clinical dFRC vs. predictég, across all PEEP levels and the associated
error for each cohort is shown in Figure 5. Values & given, for both cohorts 1 and 2
separately and combined.

Figure 5 SCSB Plots of measured dFRC vsestimated dFRC and associated error
(Left) Plot of clinically measured dFRC vs. estimatgg for all patients and PEEP levels.
(Right) Box plot of errors between clinically measured dFRC and estindaext all patients
and PEEP levels. Errors larger than £1L are truncated for clarity.

Combined method (CM)

The linear trend in clinical vs. predicted dFRC across all PE##?s and the associated error
for each cohort is shown in Figure 6. Values Sfde given, for both cohorts 1 and 2
separately and combined.

Figure 6 CM: Plots of measured dFRC vsestimated dFRC and associated error(Left)
Plot of clinically measured dFRC vs. estimated dFRC for all patients and RE&ls.
(Right) Box plot of errors between clinically measured dFRC and estimated fdiFRll
patients and PEEP levels.

Table 2 summarizes the correlation coefficients for each method and cohort.

Table 2 Summary of trend correlation coefficients(R?) for each method and cohort

Cohort 1 [24] Cohort 2 [9] Overall coefficient
SSMB 0.974 0.945 0.96€
SSSB 0.862 0.453 0.53C
SCSB 0.744 0.475 0.41¢

CM 0.991 0.911 0.96<




Discussion

Stress-strain multiple breath method (SSMB)

There exists a strong, sustained linear trend in measuredtimated dFRC over all PEEP
values and a wide range of dFRC for each cohort. Auto-PEEP, presamhe patients from
cohort 1 [24], may have affected the correlation coefficient far ¢bbhort. Auto-PEEP has
the effect of a sudden change in the level of recruitm&ERC) once the PEEP becomes
greater than the auto-PEEP, as shown in Figure 7 for an auto-6fEEHO. Although
cohort 1 contained patients with auto-PEEP, the median error, as sindvigure 3, was
consistently small across all PEEP levels indicating no inhéeedency for overestimation
or underestimation. A significant drawback with this method is thalssumes a linear
compliance trend across all PEEP levels which may not hold truases where auto-PEEP
is present, or at high PEEP levels where overdistension can éstather limitation with
this model is that it requires PV data from at least twaRPEevels so it cannot be used for
continuous tracking of dFRC. Its application in real-time dFR&sarement is thus limited
without interrupting MV treatment.

Figure 7 PV loops for patient 1(cohort 1) indicating a change in the trend of compliance
at an auto-PEEP of 7cmH_O0.

Stress-strain single breath method (SSSB)

The single breath method proposed by Mishra et al. [16] and appliethaa @ [9] resulted
in the lowest overall correlation in the study. This resultpiscgically due to the trend of
trials 4, 5 and 12, as shown in Figure 4, where the error reacleghaas 1.66L. This large
error was caused by two factors:

All three trials exhibited a relatively low compliance trend when comgardte majority
of other trials in the cohort, resulting in a lower calculgtedalue. The population

" constang; value was calculated as the median ofallalues at a given PEEP. Hence, a
significantly higher mediapi; value was, in turn, applied to these patients, causing error.
Several other trials also exhibited reasonably low compliance trends, but didutioihres
overestimation. This difference in outcome occurs because valgiesvefe normalised

" by V.. Generally, trials 4, 5 and 12 had highewhen compared to other trials exhibiting
the same trend in compliance.

Combined, these two factors resulted in considerable overestimatifiR@f for these three
trials and potentially highlight a significant limitation with this method. Nogpatspecific or
case-specific factor could be identified as the root cause of thisedilerHowever, it should
be noted that measurements for patients in cohort 1 were obtaimedoapirior recruitment
manoeuvre or stabilization and had a far highev&ue of 0.862 as shown in Figure 4 and
Table 2. In contrast, the study of [9] recruited and stabilizeémiatat each PEEP level for
30 minutes. Thus, as a result, this cohort may see higlugspite low compliance, which is
a scenario not typically seen clinically.

An advantage of the SSSB method over the SSMB method is that a unigeeog; is
determined at each PEEP level which is independent of lung behavatheaPEEP levels.
Thus, values off; can account for the natural sigmoidal nature of a patients’ volume



responsiveness to PEEP increase. This is important for cases avterPEEP is present, or

at high PEEP levels where overdistension can occur. A disadvastagat the calculated
values off; are dependent on the method of data measurement. As previously ntentione
patients in cohort 2 were stabilized prior to measurement while tihosohort 1 were not.
Thus, thep; values obtained from cohorts 1 and 2 diverge as PEEP increases. @gmbini
these cohorts to obtain a larger population for determining valuesdimig would result

in poorer dFRC estimation across both cohorts.

Single compartment single breath method (SCSB)

The correlation coefficients observed in Figure 5 and Table 2 f@@8B method indicate a
possible linear relationship between measured dFRC and estimgtaddicating thatVp,
may be linearly related to dFRC. This relationship is basedhenassumption that the
respiratory elastancg;s, is the same in both Egs. (4) and (15) which, if valid, would result in
a strong correlation between these two elastance valuesdompatient. However, the scatter
in Figure 8 indicates that this assumption may not be fully jedtdnd may have resulted in
estimation errors in the calculation\§$,. The error invVp, across a range of PEEP levels can
be seen in Figure 9 where the individual patient specific trendseertmeasured dFRC and
estimatedvp, from cohort 1 in Figure 5 have been highlighted. The relationslsigeis to be
non-linear with a concave response as PEEP (and consequently dER@}e. It is possible
that some normalization of the data may correct for this.

Figure 8 Comparison between respiratory elastance when calculated using Eg) and
Eq. (15) for all patients in cohort 1.

Figure 9 Patient specific trends in cohort 1 between clinically measured d¢RC and
estimatedVp, for all patients and PEEP levelsPatient specific trends are indicated to show
general non-linearity.

Combined method (CM)

The combined method incorporates the higher linear correlation obsertredheiSSMB

method with the clinical applicability of the SSSB method. Bec#lusecombined method
considers a progressive increase in the number of available PE&R, & can manage
changes in compliance with less error than the SSMB method atbied assumes a linear
compliance trend over all PEEP levels, as well as versusnije dreath methods. Overall,
this approach is clinically feasible, practical and accuratettier range of clinically

acceptable PEEP values seen in application.

Outcomes

By using non-invasive model-based approaches, dFRC can be tracked cohtimsous
changes with the evolution of the disease. Although dFRC by datskifgives information on
the additional lung volume due to PEEP changes, it can be used in conjuntti@nterial
blood gas measurements to help model the recruitment potential ppdse®f the lung. In,
particular, it might also be combined with existing models of gakange [25] to create a
fully model-based approach to estimating lung recruitment.



The proposed methods have limitations in their predictive capadiitg in some cases the
error observed between the measured and estimated values cgptiogmally large. Auto-
PEEP in particular has potential to affect the accuracy ofribéels. However, it can be
detected directly from PV loop responses and thus managed. In thespob@yaluating all
four methods, it was found that the CM is the optimal method to dstudRC for real time
application.

Conclusions

The research presented evaluates four model-based methods foapha®itity of estimating
dFRC for mechanically ventilated patients. By monitoring or tregkihanges in patient
respiratory mechanics, the clinician is able to evaluate thafpdtef recruitable lung in the
patient. This may help to determine the optimal level of PEgRired during MV. In some
cases, model limitations and large estimation errors limt use of the methods for
estimating recruitment potential. The models can be impleméntée ICU without the use
of time-consuming methods such as CT scans.
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Additional files

Additional_file_1 as DOCX

Additional file 1 Mediang [cmH,O] values for use in the SSMB method and the CM.
Mediang; [cmH,O/mL] values for use in the SSSB method and the CM. Valugswd s,
determined for both data cohorts for use in the SSMB method, SSSB method and CM.

Additional_file_2 as DOCX

Additional file 2 PEEP levels at which data was obtained for cohort 1 [24]. PEEP levels at
which data was obtained for cohort 2 [9]. PEEP levels for cohorts 1 and 2 at which PV data
was obtained.
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