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Abstract

Patients with acute respiratory distress syndrome (ARDS) are currently treatec
with a lung protective ventilation strategy and the application of positive
end-expiratory pressure (PEEP), sometimes in combination with recruitment
maneuvers. In this study, the respiratory system elastance and airway resistance
of each breath before, during and after a specific recruitment maneuver (PEEF
wave maneuver) were analyzed in two patient groups, ARDS and control group.
A reduction of elastance after the maneuver was observed in ARDS patients. Ir
addition, only healthy lungs exhibited a reduction of the elastance during the
course of the maneuver, while the lungs of ARDS patients didn’t show that
reduction of elastance. The capability of PEEP wave maneuvers to improve
lung ventilation was shown and the dynamic behavior of the elastance after the
maneuver was illustrated. Healthy lungs adapt faster to changes in mechanical
ventilation than the lungs of ARDS patients.
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1. Introduction

Acute respiratory distress syndrome (ARDS) captures a variety of pulmonary
dysfunctions. It was first described in the late 1960s by Ashbaugh ef al. [1]. Due
to the wide range of etiology and pathogenesis, ARDS [2] is noted for its
complexity and heterogeneity. The causes of ARDS can include pneumonia,
sepsis, trauma, asthma, chronic obstructive pulmonary disease (COPD),
pancreatitis, burns and near drowning while the pathologic syndromes include
edema (alveolar and interstitial) and fibroses [3] [4].

Currently, ARDS remains a major clinical problem with ambiguous
understanding of the benefits of different treatment approaches. There is a lack of

consensus within the clinical community regarding the optimal treatments for the
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various forms of ARDS. However, there is consensus that mechanical ventilation
(MV) is an essential therapy for ARDS patients. The current general MV approach
is known as lung protective ventilation. The tidal volumes of this lung protective
ventilation are lower (6ml/kg) [5] and the positive end-expiratory pressure (PEEP)
levels are higher than previously, though beneficial [6]. Studies have reported that
these settings in combination with recruitment maneuvers decrease the mortality
and the recovery-time of patients [7] [8]. However, other studies have claimed that
the influence of PEEP [9] or recruitment maneuvers [10, 11] on outcome / final
patient mortality is small.

Different recruitment maneuvers can be used to improve the lung ventilation, in
the dataset at hand an incremental PEEP Wave (PW) Maneuver [12] [13], a Super
Syringe (SuSy) Maneuver [14], a Static Compliance by Automated Single Steps
(SCASS) Maneuver [14], a Low Flow Maneuver [12] [14] and a Dynamic Slice
Maneuver were performed in random sequence. We limited this study to the PEEP
Wave (PW) Maneuver (Figure 1). During an incremental PEEP wave maneuver a
set of five or more breaths are induced by MV with incrementally increasing
PEEP levels. Usually the maneuver starts at Zero End-Expiratory Pressure (ZEEP)
and 5 steps with increments of 2mbar are undertaken. The PW maneuver can help
to find the optimal PEEP level.

Many studies have been done to determine the optimal lung protective
ventilation [5] [15], but the selection of the optimal value for the positive
end-expi- ratory pressure (PEEP) level is still a challenge in the treatment of
patients with ARDS [3] [4] [7]. Physiological modeling of the respiratory system
is one way to counteract that problem and to find out the best possible settings for
mechanical ventilation [16] [17] [18].

PEEP Wave Maneuver
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Figure 1. Pressure curve during a PEEP Wave maneuver (patient McCREM072).

In physiological modeling the simplest model to describe the behavior of the
respiratory system (lung and airways) is a first order model (FOM) [19], where the
airway passage is symbolized by a single (constant) resistance term and the tissue
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behavior regarding the resistance to expansion is described by a constant
elastance. The equation of this FOM is shown in Equation (1) and an electrical

analogy is shown in Figure 2.
P=EV+RV+P, (1)

where: P is the airway pressure, Py is the offset pressure, V is the volume, V is
the flow, R is the respiratory system resistance and E is the respiratory system
elastance.

Figure 2. Electrical analogy of the FOM (pulmonary mechanics)

The FOM offers ease of modeling at the cost of the descriptive skill and thus
cannot capture the total pressure flow characteristics of the breathing process, but

for this study it is sufficient and provides the parameters we are interested in.

2. Methods
2.1. Data

This study used the McREM clinical data (full details are available at Stahl et al.
[12]). In this dataset different respiratory maneuvers were carried out on 28
mechanical ventilated ARDS patients. All patients were ventilated with identical
Evita4Lab ventilator systems (Draeger Medical, Liibeck, Germany).

The systems were built up by a standard patient ventilator (Draeger Evita4). The
airway gas flow was measured via a non-heated Fleisch No. 2 pneumotachograph
(F_G GmbH, Hechingen, Germany), which was calibrated and connected to a
differential pressure transducer (PC100 SDSF, Hoffrichter, Schwerin, Germany).
To avoid influences of moisture on flow measurement, a heat-moisture exchanger
(Aqua FH, Hudson, Temecula, CA) was placed in between the
pneumotachograph and the connector tube. The airway pressure was obtained by a
piezoresistive pressure transducer (1790, Sl-special instruments, Nordlingen,
Germany).
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A control group (McREMO) was included in the study, where pressure, flow
and volume data of 10 mechanically ventilated patients under preoperative
anesthesia conditions for orthopedic surgery were recorded at the University
Hospital in Freiburg. The following paragraph is a brief description of the con-
trol group protocol, full details are available at Ganzert et al.[20].

Patients undergoing general anesthesia and tracheal intubation were included in
the study. All patients were ventilated in volume-controlled mode in the supine
position (10mL/kg, respiratory rate 12breaths/min, inspiratory: expiratory ratio:
1:1.5, FiO2: 100%, PEEP 0OcmH:0). To avoid atelectasis, a PEEP wave
recruitment maneuver was performed with PEEP-steps up, until a plateau pressure
of 45cmH>O was reached. Each corresponding PEEP level was maintained for six
breaths and after the maneuver the PEEP level was reduced to ZEEP. After the
incremental PEEP wave maneuver, a super-syringe maneuver was done. After both
maneuvers the patients were ventilated on ZEEP-level for at least five minutes.

Both patient studies (ARDS group, control group) were approved by the local
ethics committees (details in Stahl et al. [12] and Ganzert et al. [20]) and provide

flow, volume and pressure data.

2.2. Modelling

To obtain the respiratory system elastance and resistance for each breath, we
limited the model fitting to only the inspiration phase of the breathing cycles,
excluding the end-inspiratory break. Thus, it was sufficient to use a FOM, which
simply delivers the two desired parameters (Equation (2b)). This linear regression
problem was solved using the MATLAB backslash function (R2016a, The
MathWorks, Natick, USA).

Ax=b 2
I E

with A:[V V], b=P-P, and xz(Rj (2a)

E =A\b 2b

Nk @)

After the determination of elastance and resistance values (Figure 3), we
analyzed the effect of the PEEP wave maneuver. Therefore, the elastance before
(E) and after the maneuver (E>) were compared (Figure 4 and Equation (3)). The

dynamic behavior was investigated by fitting Equation (4) to the elastance curve.

AEpw :EI_EZ (3)
E(1)=E, [1—b-e;J “)

where: E; is the elastance before the maneuver, E(?) the elastance curve after the
maneuver, E, the final value of the elastance after the maneuver, 4E,, the
elastance change due to the PEEP wave maneuver, b a constant factor, 7" a time

constant and ¢ is the time after the maneuver.
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Figure 3. Model output after determination of the resistance and elastance
values. The model fit was limited to the inspiratory part of the breath.

These investigations were done for all patients of the McREM (ARDS) and
McREMO (control group) dataset. Afterwards an unpaired two-sample ttest was
performed (ttest2 function in MATLAB) to see if there is a significant difference
between the ARDS and the control group.
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Figure 4. ARDS Group-patient McREMO09: Changes in E(#) after a
recruitment maneuver (PEEP wave maneuver). The upper red dashed line is
the mean value E; of the elastance before the maneuver, the lower red dashed
line is final value of the elastance £>sometime after the maneuver.
3. Results

In 17 of 28 ARDS patients’ data PEEP wave maneuvers lead to a reduction of the
elastance of the lung tissue, while in 8 of 28 patients’ data an increase of the
elastance can be observed. In the remaining three datasets, the parameter
identification method delivered implausible elastance values, and the results were

thus excluded from this analysis.
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In the control group (lung healthy patients), 9 of 10 patients’ data exhibited an
increase of the elastance after the PEEP wave maneuver. In 8 of 10 datasets of the
control group an initial reduction of the elastance AE4, during the PEEP wave
maneuver can be seen (up to 24% of the eclastance E; before the maneuver),

followed by an increase of elastance in higher pressure levels (Figure 5).
AE,, =E, —min(E(t)) (3)

This initial decrease cannot be found during PEEP wave maneuvers in ARDS
patients’ data, where the elastance increases at each PEEP step (Figure 6).

The results of this analysis are listed in Table 1. The median value of T'is T =
25s (Interquartile range (IQR) = 42.3s) in the control group while 7 = 141s
(IQR = 168s) in the ARDS group. A significant p-value of 0.014 points out, that
there is a significant difference between these two groups. Unfortunately, the time
constant 7 and therefore the dynamic behavior could be determined and analyzed
only in 12/28 patients of the ARDS group and in 8/10 patients of the control
group. The other datasets contained insufficient dynamics to properly define the
exponential curve of Equation (4).

PEEP wave maneuver - McREMO04
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Figure 5. The elastance and resistance trend during a PEEP wave maneuver
for lung healthy patients (McREMO04).
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Figure 6. The elastance and resistance trend during a PEEP wave maneuver
for ARDS patients (McREMO009)
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Table 1. Parameter changes due to PEEP wave maneuver

Patient [ml:i[r/L] [mtf;r/L] [rrf:ai?/VL] [Z] [nﬁi’/ﬂu
ARDS Group
McREMO009 30.9 28.7 2.2 370 -
McREMO11 36.4 34.0 2.4 74 -
McREMO012 16.8 16.9 -0.1 106 -
McREMO063 353 37.3 -2.0 242 -
McREMO075 23.7 24.0 -0.3 490 -
McREMO078 21.8 20.0 1.8 211 -
McREMO088 34.7 34.5 0.2 145 -
McREMO090 13.3 14.6 -1.3 600 -
McREMO093 18.5 17.7 0.8 20 -
McREM108 33.9 31.5 2.4 80 -
McREMI111 48.0 50.5 -2.5 141 -
McREM117 233 18.4 4.9 20 -
Control Group
McREMO04 15.6 15.0 0.6 10 33
McREMOO0S5 13.8 14.1 -0.3 40 33
McREMOO08 12.1 12.4 -0.3 14 1.0
McREMO09 9.1 13.2 -4.1 136 -
McREMO10 15.0 16.0 -1.0 8 1.0
McREMOI11 15.4 15.6 -0.2 9 2.9
McREMOI12 5.9 6.9 -1.0 36 1.8
McREMO14 14.1 14.5 -0.4 88 0.3

4. Discussion

The FOM shows that a PEEP wave maneuver can reduce the respiratory system
elastance and thus reduce the driving pressure needed for the mechanical
ventilation of patients with ARDS to maintain a fixed tidal volume. Most of the
patients’ data showed a moderate decrease of the elastance as a result of the PEEP
wave maneuver, which comes along with a reduction of the airway pressure in
volume controlled ventilation (Equation (1)). A lower airway pressure in
delivering a constant tidal volume is the goal of the common treatment of patients
with ARDS as noted in the lung protective ventilation. The lower airway pressure
reduces the risks of further lung damage due to excessive pressure [21] [22].
Recruitment maneuvers can recruit pulmonary regions that are collapsed due to
illness. In the McREM dataset, multiple maneuvers were performed in random
sequence and thus, the effect of the PEEP wave maneuver cannot be determined
quantitatively. When some lung regions are recruited and collapsed alveoli are

already reopened by a prior recruitment maneuver, the outcome of a subsequent
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PEEP wave maneuver will be reduced. However, in most patients’ data, a positive
effect of the PEEP wave maneuver can be seen. Some patients show a reduction of
the elastance E> of up to 27% of the initial elastance E;, while others show minor
changes.

To compare the dynamic behavior of the elastance E(z) after the maneuver of
the ARDS and the control group, we were able to determine 7 in 12 of the 28
patients’ data. In the control group, 7 could be determined in 8 of 10 patients. The
contrast across ARDS patients and healthy volunteers can be seen in Table 1.
Overall, the faster response of the control group is obvious. Thus, healthy lung
tissue can adapt significantly faster to changes, but this hypothesis should be
proven in another dataset, where a defined sequence of the maneuvers could bring
deeper understanding.

The reduction of the elastance during the PEEP wave maneuver (4Eux) in the
control group shows that healthy lungs are easily capable in handling a certain
increase in airway pressure, which could be due to recruitment of unused or
collapsed (due to sedation) lung regions. Then, further increase of airway pressure
leads to an increase of the elastance, which can be seen as a sign of a starting
over-distention of the alveoli. Unfortunately, this reserve capacity of the lung
cannot be seen in the data of ARDS patients, where each increase of pressure
yields an increase of the lung elastance. Existing lung damage is initially balanced
with recruitment of the reserve capacity up to a point where the damage is
advanced and cannot be regulated anymore. Hence damaging over-distention of
pulmonary tissue mitigates the benefit of added recruitment at the higher pressure.

In addition, this investigation confirmed that the airway resistance varies with
the airway pressure [23]. The resistance is higher in lower pressure ranges, while
in higher airway pressures, the resistance is smaller. This can be observed during
all PEEP wave maneuvers—for both the ARDS and control group (e.g. see Figure
5 and Figure 6).

5. Conclusion

PEEP wave maneuvers in combination with lung protective ventilation are an
evaluated treatment of patients with ARDS. This study showed that the reduction
of the elastance due to the PEEP wave maneuver can be observed in most ARDS
patients. Additionally, the reduction of the elastance during the maneuver in case
of lung healthy patients could potentially be used to diagnose beginning lung
injuries. The dynamic behavior after the maneuver should be investigated in future

studies, where maneuvers are performed in a set and defined sequence.
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