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ABSTRACT

Introduction: In this cohort study, we evaluated whether the particles in exhaled air (PExA) device can be
used in conjunction with mechanical ventilation during surgery. The PExA device consists of an optical
particle counter and an impactor that collects particles in exhaled air. Our aim was to establish the
feasibility of the PExA device in combination with mechanical ventilation (MV) during surgery and if
collected particles could be analysed. Patients with and without nonsmall cell lung cancer (NSCLC)
undergoing lung surgery were compared to normal breathing (NB) patients with NSCLC.

Methods: A total of 32 patients were included, 17 patients with NSCLC (MV-NSCLC), nine patients
without NSCLC (MV-C) and six patients with NSCLC and not intubated (NB). The PEx samples were
analysed for the most common phospholipids in surfactant using liquid-chromatography-mass-
spectrometry (LCMS).

Results: MV-NSCLC and MV-C had significantly lower numbers of particles exhaled per minute (particle
flow rate; PFR) compared to NB. MV-NSCLC and MV-C also had a siginificantly lower amount of
phospholipids in PEx when compared to NB. MV-NSCLC had a significantly lower amount of surfactant
A compared to NB.

Conclusion: We have established the feasibility of the PEXA device. Particles could be collected and analysed.
We observed lower PFR from MV compared to NB. High PFR during MV may be due to more frequent
opening and closing of the airways, known to be harmful to the lung. Online use of the PExA device might be
used to monitor and personalise settings for mechanical ventilation to lower the risk of lung damage.
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The PExA device is safe to use in conjunction with mechanical ventilation during surgery, and
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Introduction

Patients undergoing lung surgery are mainly those with nonsmall cell lung cancer (NSCLC). Patients with
other lung pathologies such as pneumothorax and infections are also considered for lung surgery. During
lung surgery, patients are often ventilated using one-lung ventilation (OLV) since the affected lung is not
ventilated in order to facilitate surgery.

In the present study we aimed to establish the feasibility of the particles in exhaled air (PExA) device in
conjunction with mechanical ventilation during surgery. The PExA device has been studied previously in
normal breathing (NB) patients but has not yet been used in combination with mechanical ventilation
during surgery [1-3]. The PExA device consists of an optical particle counter that can measure number
and size of exhaled particles (PEx) with an impactor where the particles are sampled on a membrane for
subsequent biochemical analysis. PEx are thought to originate from the respiratory tract lining fluid
(RTLF) that covers the epithelial wall of the airways [4-8]. In awake patients, here described as normal
breathing, a special breathing manoeuvre is used, to reinforce airway closure and re-opening [9].
Previously it has been shown that a change in the composition of the RTLF reflects different airway
diseases [1, 2, 10-13].

Conventional monitoring during surgery is unable to detect subtle changes or stressors in the lung which
precede the onset of lung injury. New and ideally noninvasive techniques which can detect early changes
in the lung and can be used to optimise mechanical ventilation would be a step forward towards creating
personalised ventilation treatments and hopefully reducing ventilator induced lung injury. Our aims for
this study were to: evaluate the feasibility and safety of using the PExA device during surgery on intubated
mechanically ventilated patients, and to ascertain if differences in the composition of exhaled particles can
be detected between mechanically ventilated patients and NB patients.

Methods

The study was performed in accordance with the Declaration of Helsinki and was approved by the local
ethics committee (Dnr 2017/519). All patients signed a written, informed consent before entering the study.
The study conducted according to the STROBE statement. There was no bias applicable in the study.

Patient demographics

A total of 32 patients were included and all patients signed a written informed consent. 26 patients were
included in the mechanical ventilation cohort and were subsequently divided into two cohorts; 17 patients
with NSCLC (MV-NSCLC) and nine patients without NSCLC (MV-C). Another group of six patients with
NSCLC who were not intubated was also included (NB). A flow chart is shown in figure 1 and demographic
data are shown in table 1. For MV-NSCLC and MV-C, measurements were started after the patient was in
correct position for surgery and on OLV. The measurements stopped at the end of surgery when the patients
were still on OLV. For a total of nine patients, surgery allowed measurements directly following OLV for a
period of 5 min during double-lung ventilation (DLV). A time chart is seen in figure 2.

Allincluded patients
n=32

Lo

Intubated patients on mechanical ventilation Non-intubated patients with NSCLC (NB)
n=26 n=6

MV-NSCLC MV-C NB
n=17 n=9 n=6

FIGURE 1 Mechanical ventilation during lung surgery divided into mechanical ventilation in nonsmall cell-lung
cancer patients (MV-NSCLC) and mechanical ventilation in control patients (MV-C). The third group is non-
intubated, normal breathing (NB) patients.
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TABLE 1 Demographics for the three different groups

MV-NSCLC MV-C NB
Age years 68+2 6045 7143
Females 9 (50) 5 (56) 2 (33)
BMI kg-m—2 27+1.5 27+2.4 27+2.4
Smoking 14 (78) 3(33) 4(67)
COPD 2(11) 0 2 (33)
VL 3.42+0.18 3.86+0.25 3.20+0.37
Vi % 8545 84+3 79+8
FEV; L 2.45+0.16 2.15+0.18 2.18+0.27
FEV: % 8615 Thtb 7418
Dico % 84+4 80+6 72+5

Data are presented as meantsem or n (%). MV-NSCLC: mechanical ventilation in nonsmall cell lung cancer
patients; MV-C: mechanical ventilation in control patients; NB: normal breathing patients; BMI: body mass
index; Vq: tidal volume; FEV;: forced expiratory volume in 1's; D co: diffusing capacity of the lung for carbon
monoxide.

Anaesthesia and ventilation for patients undergoing lung surgery

Anaesthesia during surgery was performed according to standard procedure with target controlled infusion
(TCI). TCI was performed with remifentanil 50 pg-mL ™" (ampules 2 mg-mL™"; Actavis Group PTC ehf,,
Hafnarfjordur, Iceland) using the Minto model and Propofol-Lipuro 20 mg-mL™" (B. Braun; Melsungen
AG, Melsungen, Germany) using the Marsh model. The muscle relaxant used was Esmeron (Rocuronium)
10 mg-mL_1 (MSD, Haarlem, Netherlands), and Bridion (Sugammadex) 100 mg~mL_1 (MSD, Hoddesdon,
UK) was used to reverse the muscle relaxation effect at the end of surgery. Oral intubation was performed
using a double-lumen endotracheal tube, Riisch Bronchopart Teleflex medical (Westmeath, Ireland) or
VivaSight DL AS (Ambu, Ballerup, Denmark). Mechanical ventilation was performed using volume-
controlled pressure-support with a Maquet ventilator FLOW-i (Getinge Group, Solna, Sweden). The ventilator
settings were according to local guidelines: tidal volume of 6-8 mLkg™', minimum positive end-expiratory
pressure (PEEP) of 5 cmH,O0, end-inspiratory pressures <25 cmH,0, and target CO, levels of 4.6 to 6 kPa.

PExA measurements during mechanical ventilation

The PExA 2.0 device (PExA, Gothenburg, Sweden) contain an optical particle counter (OPC) connected
to an impactor for collection of PEx [9, 10, 14]. PEx in the diameter range of 0.41-4.55 pum can be
measured continuously using the OPC and the impactor samples particles in the size range 0.4-7.2 pm. In
the present study, the PExA 2.0 instrument was customised to be able to be used in conjunction with
mechanical ventilation as we have described previously in preclinical in vivo settings [14, 15]. The device
was connected to the outflow air of the mechanical respiratory circuit, as seen in figure 3. During surgery,
the PExA device measured number of particles (count) and total accumulated mass (ng) of particles from

Start End for OLV End

Start for DLV for DLV
b N l
PExA measurements
V
OLV n=26 (MV-NSCLC n=17 and MV-C n=9) DLV n=9
(MV-NSCLC n=5
and MV-C n=4)

FIGURE 2 A timeline of the experiment. Measurements were started when the patients were in the correct
position and on one-lung ventilation (OLV]). The measurements stopped at the end of surgery when the
patients were still on OLV. For nine patients, surgery allowed a period of 5mins for measurements to be
made when changing directly from OLV to double-lung ventilation (DLV) before ending the surgery. PeXA:
particles in exhaled air.
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FIGURE 3 The respiratory circuit.
The yellow arrow shows the balloon
representing the patient and the
black arrow, the non-rebreathing
valve. The red arrows shows the
direction of airflow from the
mechanical ventilator to the balloon
representing the patient and further
on to the particles in exhaled air
(PExA) device. The blue arrows
show the direction of airflow from
the PExXA device back to the
ventilator.

the airways. Number of particles are described as particles per minute, named particle flow rate (PFR).
Particles were collected onto a membrane for biochemical analysis and referred to as PEx. During lung
surgery, the affected lung was disconnected from the mechanical ventilation to optimise the removal of
affected lung parenchyma. Measurements were first performed during OLV. Then, for nine patients in
total from both MV-NCSLC and MV-C, an additional collection period of 5 mins occurred at the end of
surgery as the patients transitioned from OLV to DLV.

Particle collection in non-intubated, awake, NB patients
PEx were collected in the NB group using a previously published and validated PExA method with a
breathing manoeuvre for patients breathing spontaneously [9, 12, 13, 16, 17].

Particle collection and membrane preparation with the PExA device

Particles in exhaled air were collected using a two-stage inertial impactor, described in previous articles
[9, 10, 14]. Mass spectrometry was used to quantify the phospholipids di-palmitoyl-phosphatidyl-choline
(DPPC) and palmitoyl-oleoyl-phosphocholine (POPC). The method is described in previous articles
[2, 15]. Albumin and SP-A were analysed by ELISA, described in previous articles [12, 13, 16, 17].

Out of the 26 mechanically ventilated patients, only 15 patients reached a collected mass of >50 ng. Only
membranes with a collected mass of >50 ng were analysed. Due to the low collected mass, the rest of the
membranes were not analysed. In all NB patients the PEx collection stopped when 100 ng was reached
whereas the surgery time was a limiting factor among the mechanical ventilated patients. Membranes
containing a total collected mass above 100 ng were divided into two and were sent for both phospholipid
and protein analysis. The remaining membranes were randomised into either phospholipid or protein
analysis. Among the mechanically ventilated patients 13 samples were analysed for DPPC and POPC. All
of the samples reached the detection level. 11 samples from the mechanical ventilated patients were
analysed for albumin where nine of the samples reached the detection level. Furthermore, 11 samples were
analysed for SP-A where eight samples reached the detection levels. Among NB patients six samples were
analysed for DPPC and POPC and six samples were analysed for albumin and SP-A. All samples from the
NB patients reached detection levels.

Calculations and statistics

A power calculation was done based on biochemical analysis results in prior studies on normal breathing
patients [1, 2, 9, 13]. Descriptive statistics, in the form of the number of patients, mean, and the standard
error of the mean for the different haemodynamic parameters were analysed. Results of the analysed
particles in exhaled air are shown as median with confidence interval (5-95%). Statistically significant
differences between the different groups were tested with Mann-Whitney and differences within the
groups were tested with the Wilcoxon signed-rank test. All statistical analysis was performed using Graf
Pad Prism Version 8 (USA). Significance was defined as p<0.001 (***), p<0.01 (**), p<0.05 (*) and p>0.05
and not significant (Ns).
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Results

PFR and particles per mass

PFR were 942 (388-4898) in the MV-NSCLC group, 1655 (968-5753) in the MV-C group and 10520
(6933-13462) in the NB group. Comparing the groups, a significant difference was found in PFR between
MV-NSCLC and NB (p=0.036) and between MV-C and NB (p=0.0004) but no significance was seen
between MV-NSCLC and MV-C, shown in figure 4a. Average particle mass were 0.148x107° ng
(0.128x107°-0.196x107) in the MV-NSCLC group, 0.155x107° ng (0.095x107°-0.222x107°) in the
MV-C group and 0.433x107> ng (0.387x107°-0.700x107>) in the NB group. Comparing the groups, a
significant difference was found in average particle mass between MV-NSCLC and NB (p=0.0004) and
between MV-C and NB (p=0.0004) but no significance was seen between MV-NSCLC and MV-C
(p=0.92), shown in figure 4b.

Biochemical collection of phospholipids and proteins

DPPC was 2.50 (1.80-5.10) wt. % in the MV-NSCLC group, 2.10 (1.30-2.70) wt. % in the MV-C group and
8.35 (4.80-9.90) wt. % in the NB group, with significant differences between MV-NSCLC and NB (p=0.001),
MV-C and NB (p=0.004) but not for MV-NSCLC and MV-C (p=0.102), as shown in figure 5a. POPC was
0.65 (0.40-1.30) wt. % in the MV-NSCLC group, 0.60 (0.30-0.70) wt. % in the MV-C group and 2.05
(1.10-2.40) wt. % in the NB group, with significant difference between MV-NSCLC and NB (0.001), MV-C
and NB (0.004) but not for MV-NSCLC and MV-C (0.493), as shown in figure 5b. DPPC and POPC ratio
was 3.965 (3.03-4.70) in the MV-NSCLC group, 3.76 (2.70-4.04) in the MV-C group and 4.22 (3.88-4.59)
in the NB group. Significance could be seen between MV-C and NB (p=0.030) but not between MV-NSCLC
and MV-C (p=0.222) or between MV-NSCLC and NB (p=0.491), as seen in figure 5c.

For albumin and SP-A unfortunately two samples from the MV-C group did not reach detection levels
and therefore we only present MV-NSCLC and NB for albumin and Sp-A. Albumin was 2.01 (0.77-4.44)
wt. % in the MV-NSCLC group and 2.27 (1.59-7.05) wt. % in the NB group (p=0.485) and SP-A in
the MV-NSCLC group was 0.57 (0.11-0.94) weight per cent protein (wt. %) and 2.16 (0.30-3.41) wt. %
in the NB group (p=0.024) as shown in figure 5d and e. Albumin and SP-A ratio was 4.35 (1.89-8.11) in
the MV-NSCLC group and 1.51 (0.47-6.81) in the NB group (p=0.041), as shown in figure 5f.

One-lung ventilation and double-lung ventilation during lung surgery

During mechanical ventilation in lung surgery, measurements were possible in a total of nine out of 26
patients when going from OLV to DLV. During OLV, PFR was 119 (29-1930) compared to DLV 171
(30-2239) (p=0.002) as shown in figure 6a. PFR was 157 (18-3403) during OLV and 171 (24-4348) during
DLV in the MV-NSCLC group (p=0.7), and 83 (29-274) during OLV and 316 (30-1955) during DLV in
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FIGURE 4 al Particle flow rate exhaled per minute in mechanical ventilation in nonsmall cell lung cancer
patients (MV-NSCLC), mechanical ventilation in control patients (MV-C] and normal breathing patients (NB).
b] Exhaled average particle mass in ng in MV-NSCLC, MV-C and NB. ns: nonsignificant. *: p<0.05; ***: p<0.001.
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FIGURE 5 a) Weight per cent protein (wt. %) of total PEx sample for phospholipids di-palmitoyl-phosphatidyl-choline (DPPC) comparing nonsmall
cell lung cancer patients on mechanical ventilation (MV-NSCLC), control patients on mechanical ventilation (MV-C] and non-intubated normal
breathing patients (NB). b] wt. % of total PEx sample for palmitoyl-oleoyl-phosphocholine (POPC) comparing MV-NSCLC, MV-C and NB. c) Ratio
of DPPC/POPC between MV-NSCLC, MV-C and NB. d} wt. % of total PEx sample for surfactant A (SP-A) comparing MV-NSCLC and NB patients.
e] wt. % of total PEx sample for albumin comparing MV-NSCLC and NB. f] The albumin/SP-A ratio between MV-NSCLC and NB.
Ns: nonsignificant. *: p<0.05; **: p<0.01.

the MV-C group (p=0.3). During OLV, average particle mass was 0.399x107> (0.268x107>-0.834x107>)
compared with DLV 0.604x107> (0.368x107°-0.678x107>) (p=0.5) as shown in figure 6b.

Haemodynamics
Haemodynamics and mechanical ventilation parameters in the different groups are shown in table 2. Peak
pressure was statistically different during MV-NSCLC but not for any other parameters, as seen in table 2.

Discussion

We have shown that the PExA device can safely be used during surgery. The study also demonstrates that
particle profiles for both PFR and mass from the airways can be measured in patients undergoing lung
surgery and that there are noticeable differences between mechanically ventilated and NB patients.
The particle composition of the samples was analysed regarding phospholipids and proteins; the latter was
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FIGURE 6 a) Particle flow rate exhaled per minute measured for 5 mins of one-lung ventilation (OLV) before
opening up the other lung and followed by measurements for 5min of double-lung ventilation (DLV).
b) Exhaled average particle mass in ng measured for 5 min of OLV followed by measurements for 5 min of
DLV. Ns: nonsignificant. ***: p<0.001.

a challenge in the samples from mechanical ventilated patients due to the low masses. However, 100% of
the analysed samples for phospholipids reached detection levels whereas only 73% of the analysed samples
for proteins reached detection levels. Furthermore, all the samples from NB reached detection levels. When
comparing mechanical ventilated patients, patients with lung cancer (MV-NSCLC) from those under
surgery (MV-C) there was a trend towards lower amount of exhaled particles, it did however not reach
statistical significance.

NB patients generate higher PFR and higher average mass compared to mechanically

ventilated patients

We found that NB patients generated a considerably higher PFR and higher average particle mass
compared to patients on mechanical ventilation. One of the potential reasons for this difference may be
due to differences in the opening and closing of the airways between the two different breathing modes.
The breathing manoeuvre in NB group uses large tidal volumes and the aim is to provoke an opening and
closing of the distal airways. On the other hand, during mechanical ventilation for lung surgery, patients
are on muscle relaxants and PEEP is applied with the primary aim of keeping the distal airways open to

TABLE 2 Haemodynamics during mechanical ventilation in nonsmall cell lung cancer

(MV-NSCLC) and mechanical ventilation in the control group (MV-C)

Parameters MV-NSCLC MV-C
Start Stop p-value Start Stop p-value

BP systolic mmHg 106+3 104+2 0.65 10245 104+2 0.87
BP diastolic mmHg 59+2 57+1 0.24 59+3 59+2 0.98
MAP mmHg 76+2 731 0.23 7543 76+3 0.78
Pulse 76+3 71+4 0.41 78+4 Thth 0.41
EtCO, kPa 5.1£0.1 4.7+0.1 0.1 5.3+0.2 4.8+0.2 0.14
Saturation % 99+1 99+1 0.15 99+1 99+1 0.1
Respiration frequency 15+1 16+1 0.61 161 171 0.84
Vr inspiration mL 453+15 470£13 0.43 437+27 418+27 0.65
Vr expiration mL 440£14 45315 0.56 42026 404132 0.72
Peak pressure cmH,0 1541 1941 0.01 1541 171 0.32
Air leakage mL 132 211 0.31 164 147 0.79

Data are presented as meanzseMm, unless otherwise stated. BP: blood pressure; MAP: mean arterial
pressure; EtCO,: end tidal carbon dioxide; V7: tidal volume.
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facilitate the exchange of oxygen tension and carbon dioxide tension. It has been suggested previously that
PEx are derived from the opening and closing of the distal airways and alveoli [3]. Our results indicate
that mechanically ventilated patients might have lesser opening and closure of the distal airways compared
with NB patients. NB patients most likely promote an opening and closure of the distal airways to a higher
extent then mechanically ventilated patients and the PExA device is able to detect these differences.

Biochemical collection achievable in mechanically ventilated patients during surgery

In addition to differences in PFR, we also sought to further understand the composition of the PEx as this
most likely correlates with their origin. We looked at expression levels of DPPC and POPC which are
major components of SP-A along with albumin. They are all believed to originate from the RTLF with
albumin thought to be more universally expressed along the airway lining fluid while SP-A is
predominantly being produced by alveolar epithelial cells and secreted into the alveolar space. DPPC and
POPC were detected in all samples and showed significantly lower levels for mechanically ventilated
patients compared to NB. The opening and closure of the distal airways are likely to be more prominent in
the NB group compared with mechanically ventilated patients due to differences in their breathing. We
could also see lower concentrations of DPPC and POPC in MV-C and MV-NSCLC, compared with NB.
This indicates that that PEx from NB more prominently represents the distal airways as compared to
mechanically ventilated patients.

We were able to detect both albumin and SP-A in a subset of patients undergoing surgery and were able
to detect albumin and SP-A in all NB patients. Interestingly, we found that MV-NSCLC had lower levels
of SP-A levels (both with regard to wt. % of total PEx and albumin/SP-A ratio) compared with NB, but
that there were no detectable differences for albumin. These findings are also most likely due to the fact
that they stem from differences in particle origin and supports the fact that different breathing patterns
generate particles with a different composition which most likely is due to differences in the PEx origin
from different parts of the airways. NB patients’ PEx most likely originate predominantly from the distal
airways compared with mechanically ventilated patients. Importantly, our NB controls were patients who
also had NSCLC, confirming that differences observed between NSCLC patients and NB patients were
likely because of sampling method and not due to differences caused by disease.

However, several additional factors might alter and influence the flow and the composition of particles. We
have shown previously in animal models that blood flow and different ventilation modes, i.e.
volume-controlled and pressure-controlled ventilation, alter PFR from the airways [14, 15]. We believe that in
this study, the magnitude of the difference we observed was primarily due to the degree of opening and
closing of the distal airways and that this is the major factor influencing the particle flow and its composition.

Opening up previous closed airways will generate higher PFR

The measurements stopped at the end of surgery when the patients were still on OLV but in nine patients,
the surgery allowed for additional measurements when transiting from OLV to DLV. Our findings
demonstrate that by going from ventilating by OLV to DLV, i.e. opening up a previously closed lung, a
significant increase in PFR was detected but there was no change in average particle mass per particle. We
believe that these results are in line with the results of this and other studies that support the notion that
opening and closing of the distal airways results in increased PFR in exhaled air and that the effect can be
detected with this technique [14, 15]. The fact that there is no significant difference in average particle
mass between OLV and DLV is supportive of the concept that mechanical ventilation induces particles
with similar mass profiles but that PFR is increased due to the fact that there are more accessible airways
in the DLV scenario. In further support of the concept that particle flow is related to the opening and
close of distal airways, we found that there were no significant differences between MV-NSCLC and MV-C
(i.e. mechanical ventilation) with regard to both total PFR and particle mass, but that there were
significant differences in both of these measurements when compared with NB patients. Therefore, our
data suggest that an opening and closing of the airways induces PEx.

The PEXA instrument is safe to use in intubated mechanically ventilated patients during surgery
This study was performed in intubated surgical patients during mechanical ventilation and was performed
as a feasibility study. No adverse events were observed. In the MV-NSCLC patient group, we observed a
significant difference in peak pressure at the end of the measurement period as compared to the start, as
seen in table 2. The peak pressure at the end of the measurement is well below any known risk level for a
patient. In conclusion, we did not detect any harmful effects on all the intubated patients using PExA, and
we believe this technique can safely be used for intubated patients on mechanical ventilation during
surgery. The findings from this study and from previous animal studies are encouraging and indicate that
the PExA method might be a novel tool to give new insight to lung physiology during mechanical
ventilation [14, 15].

https://doi.org/10.1183/23120541.00198-2019 8
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Potential and interesting future direction for this noninvasive, direct and on-line technique during
mechanical ventilation could be in optimising ventilation during surgery and do so in real-time. It is a
tempting conclusion that the on-line information from the PExA instrument could contribute to strive
towards a gentler mechanical ventilation and thereby reduce the risk for lung injury both during surgery
but also in intensive care. A sudden increase or high PFR may strongly imply an increased opening and
closing of the distal airways which is known to be harmful to the lung tissue [18-21]. On-line monitoring
of PFR might therefore be useful in modifying mechanical ventilation settings to induce less harm to the
lung tissue and due so on an individual level adapted to each patient.

Limitations

There is a hypothetical possibility of particle deposition on the inside of the endotracheal tube or other
parts of the respiratory circuit, which has not been studied; however, all patients were exposed to the same
equipment with the same lengths of respiratory collection circuit. In the present study, we only study
particles within the detectable range (diameter range of 0.41-4.55 um) although the majority of the
particles originated from the RTLF are most likely within this range.

Conclusions

We have established the safety and feasibility of the PExA device during surgery. Our study showed higher
PFR from patients breathing normally as compared to patients on mechanical ventilation, independently
from surgical indication. Higher PFR is thought to be generated when opening and closing of the airway is
more frequent, something known to be harmful to the lung. We believe by using the PExA device online,
individual and more optimal alteration of mechanical ventilation settings could be used and thereby lower
the risk for lung damage. Furthermore, particles in exhaled air can be collected during mechanical
ventilation and analysed for phospholipids and proteins. We believe this technology will be useful to strive
towards more gentle ventilation by optimising ventilator settings during surgery and the technology also
has the potential to detect biomarkers in exhaled air.
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