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Abstract.

BACKGROUND: Dead space is the part of the airway where no gas exchange takes place. Any increase in dead space volume
has a proportional effect on the required tidal volume and thus on the risk of ventilation-induced lung injury. Inserts that increase
dead space are therefore not used in small preterm infants. This includes end-tidal CO> measurement.

OBJECTIVE: The aim of this study was to investigate the effect of the end-tidal CO2 measurement adapter on ventilation.
METHODS: In an experimental setup, an end-tidal CO> measurement adapter, three different pneumotachographs (PNT-A,
PNT-B, PNT-Neo), and a closed suction adapter were combined in varying set-ups. The time required for CO2 elimination by a
CO2-flooded preterm infant test lung was measured.

RESULTS: PNT-A prolonged CO> elimination time by 0.9 s (+3.3%), Neo-PNT by 3.2 s (+11.6%) and PNT-B by 9.0 s
(4+32.7%). The end-tidal CO2 measurement adapter prolonged the elimination time by an additional second without the
pneumotachograph (+3.6%) and in combination with PNT-A (+3.1%) and PNT-Neo (+3.1%). In conjunction with PNT-B, the
end-tidal CO2 measurement adapter reduced the elimination time by 0.3 seconds (—1%). The use of a closed suction adaptor
increased the CO2 elimination time by a further second with PNT-Neo (43.1%) and by an additional two seconds with no flow
sensor (+6.9%), with PNT-A (+6.4%) and with PNT-B (+5.5%).

CONCLUSION: The flow sensor had the greatest influence on ventilatory effort, while end-tidal CO2 measurement had only a
moderate effect. The increased ventilatory effort levied by the CO2 measurement was dependent on the flow sensor selected. The
use of closed suctioning more negatively impacted ventilatory effort than did end-tidal CO2 measurement.

Keywords: Neonatal intensive care units, tidal volume, extremely premature infant, ventilator-induced lung injury, mechanical
ventilators

1. Introduction

Survival of small preterm infants has improved significantly over the past decades [1]. During the
same period, the incidence of chronic lung injury in this population has increased [2]. Ventilation and
volume trauma therefore remain relevant risk factors for neonates [3]. Instrumental dead space has a
major impact by increasing tidal volume and thus ventilatory effort [4,5]. Technical solutions to eliminate
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dead space exist in theory [6,7,8], but have not yet been integrated into ventilators. Currently, the only
viable solutions aim at keeping dead space at a minimum. Therefore, technical installations between the
Y-piece of the ventilation tubes and the endotracheal tube (ETT) that disproportionately increase the dead
space should be avoided.

End-tidal CO2 (EtCO2) measurement is a non-invasive method for testing the efficiency of neonatal
ventilation. Despite supporting literature [12], it is avoided in small preterm infants, due to imposed dead
space. The aim of this study was to investigate the effect of the installation of a Microstream™ EtCO,
monitoring device in combination with other equipment in the ventilation system on the ventilatory effort
of infants.

2. Materials and methods

The CO4 elimination time of a test lung flooded with CO; was measured using different components
of the ventilation system. The experimental setup, shown in Fig. 1, was taken from a previous study [4].

A Sophie ventilator (F. Stephan GmbH, Gackenbach, Germany) equipped with a patient hose system
for open care operation was used. To eliminate their possible interference, the integrated humidification
and warming devices were switched off and the trigger mechanisms were disabled. To simulate the
lungs of a premature infant weighing 1000 g, a test lung with a volume of 50 ml and a compliance of
0.6 ml/mbar (Driagerwerk AG & Co. KGaA, Liibeck, Germany) was connected to the ventilator. The
lung was flooded with COs via a perfusor needle (original perfusor syringe OPS 50 ml Luer Lock, Braun
Medical, Melsungen, Germany) and a supply line connected to a COs cylinder (medical gas; 100%
COy). A flow meter set at 5 I/min was used to down-regulate the CO5 flow. A CO5 measurement was
established in the expiratory limb of the breathing tube (IntelliVue X3 with Microstream™ module;
Philips, Amsterdam, The Netherlands).

In each experiment, the test lung was attached to the Y piece of the breathing tube with one of three
different endotracheal tube (ETT) connectors, without or via one of three flow sensors. Each combination
was tested with and without additional EtCO2 measurement. When compatible, the adapter for EtCO,
measurement (Microstream FilterLine H set, CO2 sampling line for infants/newborns, and airway adapter
for humid environment; Oridion, Jerusalem, Israel) was installed between the ETT-connector and the
flow sensor.

The following adapters and flow sensors were tested:

Pneumotachograph-A (PNT-A) (F. Stephan GmbH, Gackenbach, Germany)
Pneumotachograph-B (PNT-B) (F. Stephan GmbH, Gackenbach, Germany)
Pneumotachograph-Neo (PNT-Neo) (F. Stephan GmbH, Gackenbach, Germany)

Standard ETT connector (Safety Riischelit I.D. 3.0 mm; Willy Riisch, Kernen, Germany)

ETT connector for closed suction (Closed suction system for neonates/pediatrics, 3.0 mm Y-adapter;
Halyard Health, Alpharetta, USA)

6. Dead space minimized ETT connector for closed suctioning (3.0 mm; F. Stephan GmbH, Gacken-
bach, Germany)

kv

The adapters were used in their usual positions. All possible combinations of the above adapters were
tested. Due to the physical shape of each adapter, not every flow sensor could be combined with every tube
adapter or the CO2 measurement adapter. A ranking according to the size of the flow sensors is shown in
Fig. 2. A total of nineteen possible combinations were made and each test condition was repeated twenty
times.
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Fig. 1. Experimental setup.

At the start of each experiment, the test lung was flooded with 5 L/min of CO,. During this time, the
ventilator was in continuous positive airway pressure (CPAP) mode with a flow of 10 L/min and positive
end-expiratory pressure (PEEP) of 5 mbar. CO; delivery was stopped after 30 seconds. The CPAP mode
was exited, flushing excess CO5 from the tube and Y-piece. When the CO; sensor in the expiratory
limb detected no further CO5 flow, intermittent mandatory ventilation (IMV) mode was selected on the
ventilator. Ventilation was set at a rate of 60 breaths per minute, a peak inspiratory pressure (PIP) of
16 mbar, a PEEP of 5 mbar and a flow of 10 L/min. This corresponds to a tidal volume of 6 ml. CO2
concentrations were displayed as waves on the monitor connected to the CO» sensor. The height of the
COg curves decreased with each breath. The time taken to clear CO4 from the test lung was measured.
The time from the start of ventilation until the value fell below the threshold of 10 mmHg was evaluated.
The threshold of 10 was used because it was easier to assess than the exact drop in CO3 to zero.

Results were expressed as the mean (4 standard deviation) of the twenty repeats of each experimental
design. Statistical analysis was performed by one-way ANOVA for independent samples with post hoc
Tukey test using GraphPad Prism version 8 for MacOS, GraphPad Software, La Jolla California USA,
www.graphpad.com. A p-value < 0.05 was considered significant.
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Fig. 2. CO2 elimination time in seconds for the different flow sensors with adapters, No-PNT: without Pneumotachograph,
PNT-A: Pneumotachograph-A, PNT-B: Pneumotachograph-B, PNT-Neo: Pneumotachograph-Neo, ET: Standard ETT connector,
dsm: Dead space minimised ETT connector for closed suctioning, afcs: ETT connector for closed suction, CO2s: adapter for
EtCO2 measurement.

The experiments did not involve animals or human subjects; therefore, no ethical review or consent for
participation or publication was required.

3. Results

In the absence of a flow sensor and with a standard ETT adapter, CO2 elimination time without EtCO4
was 27.48 s (£ 0.08) and with EtCO9 was 28.47 s (£ 0.05). When this adapter was replaced by the closed
suction adapter, CO5 elimination time without EtCOy was 29.46 s (+ 0.05) and with EtCO, was 30.44 s
(£ 0.07). With the minimized dead space ETT adaptor and closed suctioning, the CO2 elimination time
was 27.50 s (£ 0.05 s).

When the PNT-A flow sensor and standard ETT adapter were combined, CO2 elimination time without
EtCO4 was 28.40 s (£ 0.08) and with EtCO9 was 29.27 s (£ 0.10). With PNT-A and the closed suction
adapter, CO5 elimination time without EtCO2 was 30.41 s (£ 0.08) and with EtCO5 was 31.15 s (&
0.29). With PNT-A and the dead space minimized adapter, CO5 elimination time was 27.42 s (£ 0.05 s).

In the experimental set up of PNT-Neo with the standard ETT adapter, CO2 elimination time was
30.36 s (& 0.15) without EtCO5 and 31.29 s (£ 0.07) with EtCOy. With PNT-Neo and the closed suction
adapter, the CO5 elimination time without EtCO2 was 31.40 s (£ 0.12) and with EtCO2 was 32.26 s
(£ 0.10). Due to the shape of the Neo-PNT, closed suctioning was not possible using the dead space
minimized adapter.

With PNT-B flow sensor and the standard ETT adapter, the CO5 elimination time was 36.46 s (£ 0.13)
without EtCOy and 36.10 s (£ 0.05) with EtCOy. When the sensor was combined with the closed suction
adapter, CO; elimination time without EtCO> was 38.42 s (4 0.08) and with EtCO2 was 38.10 s (%= 0.09).
With PNT-B and closed suction dead space minimized adapter, the CO5 elimination time was 32.44 s (£
0.06).

The results are graphically summarized in Fig. 2.
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4. Discussion

The present work revealed that the use of the Microstream™ EtCOs adapter does not necessarily lead
to an increase in CO» elimination time and thus to an increase in ventilatory effort. This was largely
dictated by the dead space within the different flow sensors. The larger the flow sensors and the more
adapters combined, the longer the CO2 washout time. In the case of the flow sensor with the largest dead
space (PNT-B), use of the EtCO; adapter actually reduced CO5 elimination time. In the other test series,
the installation of EtCOs increased the elimination time by 3 to 4%. This could be due to the effect of
washing out the dead space by aspirating breathing gas. With the Microstream™ EtCOs process, only
50 ml/min is aspirated. With a tidal volume of 6 ml and a frequency of 60 ppm, this gives a minute
volume of 360 ml/min and translates to only a fraction of the minute volume being removed. In the study
by Schober et al., a reduction in CO» of approximately 15% was achieved by withdrawing 400 ml/min
of inspiratory gas [7]. This is a multiple of the amount withdrawn here. Accordingly, the effect was
greater. However, the issue in this paper is not the washout of the total instrumental dead space, but only
the washout of the instrumental dead space of the EtCO4 adapter. Therefore, it seems plausible that the
washout of the small volume of only 50 ml/min in this study also has an effect on CO4 elimination. As
this study only examined the adapter in combination with a running measurement (= running suction),
this cannot be definitively confirmed. Further studies are needed.

Remarkably, we have demonstrated that the dead space sizes of the different pneumotachygraphs
corresponded to CO2 washout times. This is also consistent with the results of the study by Wald et al. [4]
where the COy washout time was shortest in the absence of a flow sensor. The results of our study show
that the dead space of the PNT-Neo is slightly larger than the dead space of the PNT-A, but significantly
smaller than the dead space of the PN'T-B. In principle, therefore, the PNT-Neo could also be used for
small premature infants.

These results also support the clinical relevance of dead space previously discussed by Nassabeh-
Montazami et al. In this work, it was shown that dead space increases the required tidal volume in smaller
preterm infants weighing well below 1000 g [9]. In our study, the lungs of a preterm infant weighing
approximately 1000 g were simulated. As the adapters used here are also used for smaller infants with
lower tidal volumes, the effect shown should be correspondingly greater.

Closed suctioning has been used in neonatology for many years [10]. Previously, closed and open
suctioning were compared in terms of effectiveness and imposed pain [11]. Newly presented in this
study is a comparison of dead space and its effect on ventilatory effort. Closed suctioning increases CO2
elimination time, even in ventilating without a flow sensor. This means that the flow turbulence from the
Y-piece is not able to wash out all the dead space. Overall, with a 3—7% increase of the CO2 elimination
time, the negative effect of closed suction is twice that of EtCO2 measurment. The reduction of the
CO4, elimination time by using a dead space optimized approach for closed suction is correspondingly
impressive. However, this does not apply to all flow sensors.

Though closed suctioning, in contrast to EtCO2 measurement, is standard in treatment of small, preterm
infants [10], our data showed that in comparison to the adapter for closed suctioning, the adapter for
EtCO; measurement had relatively little effect on dead space. Post-market surveillance of medical
devices is needed to collect such information. This could pinpoint dissimilarities in devices from various
manufacturers, how well devices function or are maintained, and even the extent of their influence on
medical procedures [13,14].

A limitation of this study is that the CO5 elimination time measured cannot be readily extrapolated
as ventilation effort. It is established though that mechanical ventilation contributes to chronic lung
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injury via direct physical damage [3], and therefore can be presumed that a higher CO9 elimination time
correlates with increased injury and a lower CO2 elimination time imposes less physical stress on the
lungs. Consequently, the results can be considered representative of changes in ventilatory effort.

An additional hindrance was that dead space in the device or adapter could not be provided in ml. This
was partly because the manufacturers did not explicitly state the dead space for each device. Secondly,
dead space cannot be determined simply by measuring the internal cavity. Complex flow measurements
are required to determine the actual dead space of an adapter. Areas of turbulence or even stagnant air,
such as behind projections that occur when multiple adapters are joined together, cannot be evaluated
as dead space. For this reason, dead space has only been evaluated in relation to the other devices or
adapters. However, it can be assumed that a long CO» elimination time also correlates with a large dead
space [4].

5. Conclusion

In this experiment, the dead space of technical attachments after the Y-piece in the ventilation circuit
increases the ventilation effort in small preterm infants. The flow sensor has the greatest influence on
ventilation effort. The installation of an EtCO, adapter does not lead to a further increase in ventilatory
effort in all cases and overall, its effect on CO5 elimination time is considerably less than the effect of
closed suction. Therefore, EtCO2 measurement should be possible even in relatively small preterm infants
if necessary.
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The raw data from the in vitro simulations are available from the corresponding author upon reasonable
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