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Background: There is a demand for a non-invasive bedside method to diagnose Acute Respiratory Distress
Syndrome (ARDS). Octane was discovered and validated as the most important breath biomarker for diag-
nosis of ARDS using gas-chromatography and mass-spectrometry (GC-MS). However, GC-MS is unsuitable
as a point-of-care (POC) test in the intensive care unit (ICU). Therefore, we determined if a newly developed
POC breath test can reliably detect octane in exhaled breath of invasively ventilated ICU patients. Methods:
Two developmental steps were taken to design a POC breath test that relies on gas-chromatography using
air as carrier gas with a photoionization detector. Calibration measurements were performed with a labora-
tory prototype in healthy subjects. Subsequently, invasively ventilated patients were included for validation
and assessment of repeatability. After evolving to a POC breath test, this device was validated in a second
group of invasively ventilated patients. Octane concentration was based on the area under the curve, which
was extracted from the chromatogram and compared to known values from calibration measurements.
Results: Five healthy subjects and 53 invasively ventilated patients were included. Calibration showed a linear
relation (R? = 1.0) between the octane concentration and the quantified octane peak in the low parts per
billion (ppb) range. For the POC breath test the repeatability was excellent (R* = 0.98, ICC = 0.97 (95% Cl
0.94-0.99)). Conclusion: This is the first study to show that a POC breath test can rapidly and reliably detect
octane, with excellent repeatability, at clinically relevant levels of low ppb in exhaled breath of ventilated ICU
patients. This opens possibilities for targeted exhaled breath analysis to be used as a bedside test and makes
it a potential diagnostic tool for the early detection of ARDS.

Introduction

Acute respiratory distress syndrome (ARDS) is a severe compli-
cation of critical illness, that is characterized by acute diffuse lung
injury resulting in increased pulmonary vascular permeability.’
ARDS is associated with hospital mortality rates of around 40%.>
Diagnosis of ARDS according to the Berlin definition is based on
radiological, clinical and physiological criteria." The criteria need
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further improvement because they are aspecific, subjective and
reflect a late stage of the disease.” For example, interpretation of
chest radiography is known to have a poor inter-observer
reliability.* However, a bedside test which is preferably objective,
non-invasive, and rapid has not been developed yet.”

Using gas chromatography and mass spectrometry (GC-MS)
for unbiased metabolomics analysis, octane was discovered
and validated as the most important breath biomarker for the
diagnosis of ARDS.>® GC-MS has limited potential to be used
as a point-of-care (POC) test in the intensive care unit (ICU) as
the machine is complex to handle and expensive to operate.”
Important limiting aspects are the need to maintain a vacuum,
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a steady supply of helium, the variation in detector sensitivity
and challenges in the interpretation of data output.

We developed and tested a POC test for n-octane (from here
onwards referred to as octane) detection in breath of invasively
ventilated ICU patients. This device should be able to detect
octane with high sensitivity, in ranges of low parts per billion
(ppb), without the need for a helium source or a vacuum. We
investigated the repeatability and robustness of the POC
breath test in detecting octane, first in exhaled breath of
healthy controls and subsequently in breath of invasively venti-
lated ICU patients. We hypothesized that it is possible to
reliably detect octane in exhaled breath of invasively ventilated
ICU patients using the POC breath test.

Methods

Study design

Table 1 outlines the steps taken in this study to get from a
bench model to a bedside POC breath test. In the bench study,
a laboratory prototype was calibrated and validated using cali-
bration samples with known concentrations of octane.
Subsequently, measurements in healthy subjects were used to
validate the performance of the prototype. Thereafter, breath
from invasively ventilated patients was collected in an observa-
tional cohort study. The samples were transported to the lab-
oratory for measurements with the prototype to assess repeat-
ability, and for measurements with gold standard GC-MS to
assess the reproducibility (Table 1).

After the bench study, prior to the subsequent bedside
study, a period was taken to further develop this prototype into
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a POC prototype, described as the POC breath test, that could
be used in the ICU. Validation and calibration was performed
with calibration samples using a mixture of known com-
ponents with a prespecified concentration.

During the bedside study, breath from invasively ventilated
patients was collected as part of an observational cohort study.
These samples were analysed on-site, in the ICU, using the
POC breath test in order to validate the repeatability and
implement the technique into the clinical setting (Table 1).
Again GC-MS was used, to analyse the reproducibility.

Subjects and ethical considerations

For the calibration of the laboratory prototype 5 healthy volun-
teers were included. The Internal Committee on Biomedical
Experiments (ICBE) of Philips Research, Eindhoven, The
Netherlands, approved this part of the study. Informed
consent was obtained for exhaled breath collection from the
healthy volunteers.

For clinical implementation and validation, consecutive
patients admitted to the ICU of Amsterdam UMC, location
AMC, were screened for eligibility in two periods. To validate
the laboratory prototype, the inclusion period ranged from
April to July 2017. To validate the POC breath test, the second
round of inclusions was from February to March 2020. Newly
admitted intubated and invasively ventilated patients who met
the following criteria were included: expected duration of inva-
sive ventilation of at least 24 hours and age above 18 years.
Exclusion criteria were previous invasive ventilation (>48 hours
during last 7 days) and tracheostomy. Additionally, patients
with highly contagious pathogens necessitating strict isolation

Table 1 Study design with steps taken to develop bench model into bedside POC breath test

Translational step Bench Bedside
Development step 1 4 2
o
<
Period April — July 2017 g February - March 2020
Research aim Calibration Repeatability % Repeatability and implementation
o
Laboratory Laboratory §
Device GC-MS < POC breath test GC-MS
prototype prototype g
5 Healthy _ 2 ,
Subjects . 40 Patients & 13 Patients
subjects 5
53
Location analysis Laboratory Laboratory 8 On-site
(@]
Number of o
30 40 duplicates 40 duplicates @ 30 duplicates 30 duplicates
measurements ok
>
Type of tube used Tenax GR and Carbograph 5TD & Tenax GR and Carbograph 5TD

Octane source External

Breath of patient

Breath of patient
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were excluded. The Institutional Review Board of the Academic
Medical Center (Amsterdam, the Netherlands), reviewed the
study protocol and judged that the study procedures were fully
non-invasive and did not require informed consent according
to the Medical Research Involving Human Subjects Act
(W18_311 # 18.358). In line with the European Union General
Data Protection Regulation, written informed consent was
obtained for data usage.

Study procedure

Calibration. The laboratory prototype was calibrated with vari-
able amounts of octane in calibration samples and in breath
samples of healthy subjects. Based on the discovery and vali-
dation study in invasively ventilated patients with and without
ARDS the concentration was expected to be in the 0.1-0.4 ppb
range for patients without ARDS and between 0.2 and 2 ppb for
patients with ARDS.® To ascertain that higher values were also
covered we also analysed concentrations up to 8 ppb in the lab-
oratory prototype. The calibration samples for the POC breath
test were loaded onto the same type of sorbent tubes as used
for the breath samples. After thermal annealing, the sorbent
tubes were loaded with a fixed volume of 0.4 mL of 1 ppm
TO-15 mixture (25 component subset, Scotty, United States) plus
a variable amount (between 1-5 ng) of n-octane from a certified
permeation tube (Kintek, United States). Leading to calibration
samples with concentrations of 0.2, 0.5, 1.0 and 2.0 ppb.

Breath sampling in healthy subjects. Sampling of exhaled
breath in healthy subjects was performed using 3L Teflon bags
(Scentroid, Canada). First these were filled with synthetic air of
which 250 ML was pumped onto the first sorbent tube. Then
the sampling bag was emptied and subjects held their breath
for 5 seconds and then exhaled in the Teflon bag until the bag
was filled with approximately 2.5L. Subsequently the exhaled
breath from this Teflon bag was transferred to five sorbent
tubes using a breath gas sampler (BGS). The BGS consists of a
pump (KNF NMS020B 6VDC Micro Membranegas pump), a

P
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mass flow controller (Horiba STEC Z500), battery and charger
(Panasonic LC-RA1212PG and IDEAL POWER PC170-2), all
combined in a metal casing with an operating display (Brooks
Instrument 0254).% Sorbent tubes were made out of stainless
steel (6 mm O.D. x 7 in., Supelco, Zwijndrecht, The
Netherlands) filled with a combination of Tenax GR (90 mg
per tube, Varian Chrompack, Middelburg, The Netherlands)
and Carbograph 5TD (300 mg per tube, Markes International
Ltd, Llantrisant, UK). A volume of 250 mL was absorbed on the
sorbent tube with a flow of 100-200 mL min~" using the BGS.
A 3L sampling bag was filled with synthetic air, of which
250 mL was pumped onto a first sorbent tube. Then, the
sampling bag was emptied, and filled with exhaled breath of a
healthy subject. From this sampling bag, 5 additional sorbent
tubes were loaded (250 mL each), with intermittent addition of
predetermined amounts of n-octane to achieve spiked breath
samples with concentrations of respectively 1, 2, 4 and 8 ppb,
since the octane level in healthy subjects is very low® (Fig. 1). A
sample solely containing exhaled breath served as a baseline.
These samples were used to test the accuracy of octane detection.
Breath sampling in invasively ventilated ICU patients.
Exhaled breath sampling was performed within 48 hours after
start of invasive ventilation. Breath was collected through a dis-
posable side-stream connector, using a polytetrafluoroethylene
(PTFE) tube, distal of the heat-moist-exchanger (HME) filter
(Fig. 2). Sampling was performed with a fixed flow of 200 mL
min~' for 6 minutes using the BGS. Volatile organic com-
pounds (VOCs) were collected on the sorbent tube.
Reproducibility of this sampling method has been tested pre-
viously and showed a median intra-class correlation of 0.95."
Four sorbent tubes were filled per time point, to create dupli-
cate measurements, two tubes for analysis with the laboratory
prototype or POC breath test and two for GC-MS analysis
(Table 1). All samples were stored in the fridge. Sorbent tubes
analysed during the bench study were transported to the lab-
oratory of Philips (Philips Research, High Tech Campus,

O2
N, & U &
3 S
& &

Synthetic air T breath  1ppb 2ppb 4ppb 8ppb T
L ool b
i __— S A

l i

[

Measurement with laboratory prototype

Fig. 1 Sampling method in healthy subjects as measured with the laboratory prototype. A 3L sampling bag is filled with synthetic air, of which
250 mL is pumped onto a first sorbent tube. Then, the sampling bag is emptied, and filled with exhaled breath of a healthy subject. From this
sampling bag, 5 additional sorbent tubes were loaded (250 mL each), with intermittent addition of predetermined amounts of n-octane (from
certified permeation tube source) to achieve expected added n-octane concentrations of 1, 2, 4 and 8 ppb. Afterwards, the remaining volume in the
sampling bag was measured to exactly determine the added n-octane concentrations. Ppb = Parts per billion.
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Fig. 2 Breath sampling method in invasively ventilated patients, using the BGS through a side stream connection, distal from the HME filter. VOCs
are collected on the sorbent tube. HME = Heat-moist-exchanger; PTFE = polytetrafluoroethylene; BGS = breath gas sampler.

Eindhoven, Netherlands). In the bedside study all analyses
were performed in the ICU. All analyses were performed as
soon as possible, but within a maximum of two weeks to
ensure a stable sample.'"*?

Exhaled breath analysis

Laboratory prototype. The laboratory prototype consists of
three main parts: a pre-concentrator, a GC column (length
30 m, internal diameter 0.28 mm, film thickness 1 pm, 100%
dimethyl-polysiloxane, Restek United States) and a photoioni-
zation detector (PID) (Fig. 3). The PID is custom-made, based
on a 10.6 eV UV lamp. A thermal desorber was used to transfer
the sample from sorbent tube to the pre-concentrator.
Synthetic air, a mixture of oxygen and nitrogen, was used as
carrier gas. This removes the need for helium and allows for
the possibility to use filtered room air as carrier gas without
the need for a gas-cylinder in the near future. Additionally, the
use of the PID does not require a vacuum nor a hydrogen
supply to operate. The thermal desorber was heated until
180 °C. The pre-concentrator was heated up to 225 °C to trans-
fer the VOCs onto the GC column for 50 minutes, after which
the VOCs were detected with the PID.

Sorbent
tube

=~

The GC column was used with the following temperature
program:

+ 40 °C - hold 30 min

« ramp 3 °C min~" for 10 min to 70 °C

+ hold 6.6 min

« ramp 20 °C min~" to 170 °C

« hold 3.4 minutes

« cooling down with ramp 20 °C min™" to 40 °C

This program gradually clears the column from all injected
VOCs. As the VOCs exit the column, separated according to
their volatility and varying interaction with the column coating,
they are recorded by the PID that ionizes the VOCs and quan-
tifies the amount of resulting electrical charge. This results in a
chromatogram with measured PID intensities over time.

POC breath test. The POC breath test contains the same
functional components as the laboratory prototype (Fig. 3).
The bounding box external dimensions of the POC breath test
are 55 cm (width) by 53 cm (depth) and 25 ¢cm (height).

In the POC breath test the pre-concentrator was heated up
to 220 °C, to transfer the VOCs to a sorbent trap and thereafter
the VOCs could enter the GC column for 50 minutes, to be
subsequently detected with the PID. The temperature program

Output data

A

WA

) 6-port valve
Filter

Pressure reducer

POC breath test device

Carrier gas

Pre-concentrator

Waste

@ PID detector

Fig. 3 Schematic overview of parts of the laboratory prototype and POC breath test. POC = Point-of-care; GC = gas chromatography; PID = photo-

ionization detector.
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for the GC column was slightly adapted, the third hold was set
to 8.3 minutes instead of 3.4 minutes, to be ensured that all
VOCs would have been removed.

Gas chromatography and mass-spectrometry. During the
first inclusion period, GC-MS analysis was performed at
Philips Research. The sorbent tubes were thermally desorbed
at 225 °C (TDSA, Gerstel, Miilheim an der Ruhr, Germany) into
the GC capillary column (6890 N GC, Agilent, SantaClara, CA,
USA; column: length 30 mx internal diameter 0.25 mm, film
thickness 1 pm, 100% dimethyl-polysiloxane, Varian
Chrompack, Middelburg, the Netherlands) and analyser by
time-of-flight mass-spectrometry (Pegasus 4D system, LECO,
St Joseph, Mi, USA). The GC-MS settings and use of calibration
standard were described previously.®

During the second inclusion period, GC-MS analysis was per-
formed on-site, according to a protocol described previously.'?
In short, sorbent tubes were heated to 280 °C for 15 min with a
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flow of 30 ml min™". VOCs were captured on a cold trap at 10 °C
and then re-injected by rapidly heating the trap to 300 °C for
1 minute. Subsequently the molecules were injected splitless
through a transfer line at 180 °C onto an Inertcap 5MS/Sil GC
column [30 m, ID 0.25 mm, film thickness 1 pm, 1,4-bis(di-
methylsiloxy)phenylene dimethyl polysiloxane. (Restek, Breda,
The Netherlands)] with a flow of 1.2 ml min~". Oven tempera-
ture was isothermal at 40 °C for 5 minutes, increased to 280 °C
at 10 °C min™", and kept isothermal at 280 °C for 5 minutes.
Molecules were ionized using electron ionization (70 eV),
and the fragment ions were detected using a quadrupole
mass spectrometer (GCMS-GP2010, Shimadzu, Den Bosch, The
Netherlands) with a scan range of 37-300 Da.

GC-MS analysis, de-noising, peak detection, and alignment
were performed using the R “xems” package (Scripps Center
for Metabolomics, La Jolla, CA) and resulted in an ion frag-
ment peak table as input for statistical analysis.

A Baseline correction of a calibration chromatogram B Identify the octane peak
5 Signal: : i
Signal:
—— Original
— Baseline corrected
— Baseline corrected 4

4
s =
E, £Es
(9] Q
j=2 j=2]
S S
5 3
> >
az2 a2
o o

1 1

0 0

30 40 50 60 30 40 50 60
Time (minutes) Time (minutes)
c Octane peak fitted in calibration chromatogram D Octane peak fitted in breath sample

1.00 Signal: 1.00 Signal:

—— Baseline corrected
— Scaled

— Scaled and smoothed

PID Voltage (mV)
o

0.00

— Baseline corrected
— Scaled

— Scaled and smoothed

PID Voltage (mV)
° e
3 a

o
)
@

0.00

46.25 46.75

Time (minutes)

47.00

47.25

46.25 46.75 47.00 47.25

Time (minutes)

Fig. 4 Steps taken in octane detection. The 30 minutes of holding time is removed from the x-axis in figure A and B. The calibration sample shown
in figure A, B and C is a sample with 1 ppb octane. The sample in figure D is a patient sample from an invasively ventilated ICU patient. A. Simple
baseline correction. B. Identifying the octane peak in a calibration chromatogram. C. Fitting the octane peak in calibration chromatogram. D. Fitting
the octane peak in a patient’s breath sample. Figure A: Blue: original signal, black: baseline corrected signal. Figure B, C, D: Black: baseline corrected
signal. Blue: maximum value in octane window scaled to 1. Red: scaled signal smoothed with a running median and moving average filter for start
and end detection. Orange fill: representation of area under the curve (AUC). In figure D this AUC is displayed under the scaled signal, to be able to

visualise if start and end detection was correct.
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Octane detection

For the laboratory prototype analysis was performed manually
with MATLAB (MathWorks). For the POC breath test, octane
detection was performed using R programming (v3.6.3. http:/
www.r-project.org) with the R-studio interface. An algorithm was
created to identify and quantify the octane peak in four steps.

First, baseline correction was performed (Fig. 4A). Second,
calibration samples that contained a mixture of known mole-
cules with variable volatility were analysed to identify the reten-
tion time of octane and to extract the peak characteristics given
a prespecified amount of octane (Fig. 4B). The retention time of
octane could be determined per sample with a high precision of
seconds because there was no co-elution in calibration samples
(Fig. 4C). A linear curve was fitted to translate the PID voltage to
an octane concentration. By using the expected retention time,
octane peaks could be identified and fitted in breath samples
(Fig. 4D). The start and end of the peak were determined after
using a running median and a moving average filter as noise
reduction. The height and area under the peak (AUC) were cal-
culated (Fig. 4D). The concentration of octane in parts per
billion (ppbV) was calculated using the standard curve obtained
with the calibration samples.

For the GC-MS analysis the octane peak was assessed using
the ion-fragment count of mass-over-charge (M/Z) 114 Dalton.
A standard curve was fitted on calibration samples and applied
to the patient samples.

Statistical analysis

All statistical analyses were performed in R (v3.6.3. http:/www.
r-project.org) using the R-studio interface. To assess the pre-
cision and validity of the POC breath test, the repeatability and
reproducibility (i.e. the agreement with GC-MS outcomes) were
assessed. Repeatability was described with mean differences,
the coefficient of variation (CV) and the intraclass correlation
coefficient (ICC). To visualize the repeatability Bland-Altman
plots were used. Reproducibility was described with a
Pearson’s correlation coefficient.

Results
Subjects

For calibration of the laboratory prototype 5 healthy subjects
were included. Thereafter, during the clinical evaluation of the
laboratory prototype, 40 invasively ventilated ICU patients were
enrolled in the bench study (Table 2). To validate and
implement the POC breath test on-site, 13 invasively ventilated
ICU patients were included (Table 2).

Calibration in healthy subjects

Octane was added to the breath samples from the 5 healthy
subjects to create octane concentrations of 1, 2, 4 and 8 ppb,
leading to a total of 25 breath samples. To verify these spiked
measurements, calibrations samples were used. A positive
third order polynomial relation between the expected octane
concentration and the AUC of the octane peaks existed for

4610 | Analyst, 2021, 146, 4605-4614

Table 2 Patient characteristics
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Inclusion period
Breath test
Number of patients
Measurements
Male N (%)

Age (years)
APACHE II

SOFA score
Pa0,/FiO, (mmHg)
PEEP (cmH,0)
Pmax (CmHZO)
Tidal volume (mL)

Period 1
Laboratory prototype
40

40

30 (75.0)

58.0 (46.5-68.0)
NA

10.0 (8.0-12.0)
222.5 (162.5-293.8)
6.0 (5.0-8.3)

21.0 (16.5-25.3)
537 (444-633)

Period 2

POC breath test
13

30

7 (54.0)

60.0 (60.0-70.0)
24 (20.0-26.0)
8.0 (8.0-11.5)
150.0 (117.0-190.0)
7.0 (7.0-8.0)
17.0 (15.0-19.8)
437 (402-572)

Variables described as median (IQR) unless else stated.

the calibration samples (R*> = 0.99, Fig. 5A). After selecting
those samples in the low ppbV range, from 0-2 ppbV
which is encountered in clinical practice, a linear relation
was found (R*> = 0.97, Fig. 5B). The mean octane concen-
tration found in breath of the healthy subjects was 0.12 ppbV
(SD: 0.041).

Validation and implementation of the laboratory prototype

Breath samples were collected from 40 invasively ventilated
patients, leading to 40 duplicate samples for analysis with the
laboratory prototype and with the GC-MS (Tables 1 and 2). All
octane peaks in the chromatograms of the laboratory prototype
could be fitted manually and the AUC could be calculated. The
median octane concentration found with the laboratory proto-
type was 0.15 ppbV (IQR: 0.11-0.20). The repeatability for the
measurement of octane with the laboratory prototype showed
a difference of 0.02 ppbV (95% CI —0.091 to 0.13) with a coeffi-
cient of variation of 17% (Fig. 6A). The repeated measures
showed a correlation coefficient of 0.89, with an ICC of 0.88
(Fig. 6B). In assessing the reproducibility between the labora-
tory prototype and GC-MS, 32 measurements were included as
GC-MS measurement failed in eight patients. The octane con-
centrations of the duplicate measurements were averaged for
each analysis method. The reproducibility showed a corre-
lation of 0.68. ICC showed a consistency of 0.72 (95% CI
0.42-0.86) based on average scores with a two-way model.

Validation and implementation of the POC breath test

In blank samples no peak for octane could be fitted resulting
in an estimated octane concentration of 0 ppb (LoB). The
measurements of the breath samples with the POC breath test
with a low concentration (<0.4 ppb) of octane showed a stan-
dard deviation (SD) of 0.033 ppb. Based on the formula LoB +
1.645 X SDjow concentration @ lower limit of detection (LLOD) of
0.054 ppb was calculated. For the lower limit of quantification
(LLOQ) a maximum difference of 0.1 ppb between samples
was predetermined as the maximum error. This error limit was
met for the whole concentration range, leading to a LLOQ of
0.2 ppb.

The (between-run) accuracy of the POC breath test was gov-
erned by weekly analysis of calibration samples. This allowed

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 (A) Calibrations of the laboratory prototype fit almost perfectly on a 3™ order polynomial. Spiked breath samples from healthy subjects are in
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measurements with the laboratory prototype (R? = 0.89). Confidence interval is visualized in grey.

for compensation of the PID lamp output degradation, which
was quantified at around 5% per week of continuous
operation. The (between-run) precision of the POC breath
test followed from the analysis of multiple calibration
samples showing a sample-to-sample variation of about 20%
(2 times SD).

Calibration chromatograms showed no co-elution around
the octane peak, enabling accurate detection of the retention
time and quantification of the AUC with the POC breath test.
This was translatable to patients’ samples, allowing proper
identification and quantification of octane. Similarly to the
laboratory prototype, the AUC obtained with the POC breath
test was linearly associated within the range of 0-2 ppbV
octane in the calibration samples (R* = 1.0).

During the second inclusion period, duplicate breath
samples from 13 invasively ventilated subjects were collected
at multiple time points. A total of 30 duplicate measurements

This journal is © The Royal Society of Chemistry 2021

were performed, varying from 1 to 4 measurements per patient
on different days, resulting in 60 breath samples for analysis.
The created algorithm shown in Fig. 4 was able to correctly
classify if an octane peak was present in 57 of the 60 breath
samples analysed with the POC breath test (95%). In the 3
remaining samples the octane peak was missed, due to co-
elution. In 6 other breath samples, no octane peak was
present, so a total of 51 octane peaks were detected by the
algorithm. Of these, 49 were correctly characterized (96%). The
two incorrectly characterized peaks and the 3 missed peaks
were fitted manually to correctly calculate the AUC, so a total
of 54 octane peaks could be included into the analysis. The
lower detection limit was imputed when octane was not
detected. The median octane concentration was 0.23 ppbV
(IQR: 0.21-0.26). The intra-day repeatability was excellent with
the POC breath test, with a difference of 0.004 ppbV (95% CI
—0.06-0.07) and a coefficient of variation of 4.8% (Fig. 7A).
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The correlation coefficient was 0.98 and the ICC was 0.97
(95% CI 0.94-0.99) with a two-way model, type agreement,
based on single values (Fig. 7B). Reproducibility with
GC-MS showed a correlation coefficient of 0.48. Consistency
between the POC breath test and GC-MS showed an ICC
of 0.59 (95% CI 0.14-0.81) based on average scores with a two-
way model.

Discussion

Summary

This is the first study to show that a POC breath test can
reliably detect octane, with an excellent repeatability, at clini-
cally relevant levels of low ppb in exhaled breath of invasively
ventilated ICU patients. Calibration showed a completely sep-
arated octane peak, causing a very robust method for the
detection of octane in breath samples. Reproducibility with
gold standard GC-MS was moderate, probably caused by tech-
nical limitations and differences in technical characteristics
between the POC breath test and GC-MS.

Comparison to literature

The developed POC breath test showed to reliably detect
exhaled octane concentrations in the sub-ppb range. Other
methods frequently have detection limits in the high parts per
billion or low parts per million, have a larger footprint or high
operating costs, making them unsuitable for POC measure-
ments in the ICU."® Compared to an electronic nose, the
developed technology has the advantage that a specific VOC,
with known association with a particular disease process, can
be separated, identified and quantified. This is preferred in
the ICU, since pattern recognition based on exhaled breath
analysis is very difficult due to the multitude of dynamic
changes that are observed in critically ill patients, making it
difficult to purse out the pathophysiological meaning of chan-
ging patterns.>***
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For any chromatographic method, separation of the
molecule of interest is of utmost importance. The main chal-
lenge with breath samples, particularly from patients under-
going invasive mechanical ventilation, is the variation in
observed volatile molecules that may co-elude. Despite our
removal of a helium carrier and the move away from mass-
spectrometry, we were able to separate the octane peak from
most other molecules frequently encountered in exhaled
breath. Therefore, automatic detection of the octane peak in
the POC breath test was correct in up to 95% of observed
cases. This is of pivotal importance for clinical application, as
rapid results are required in critical care. The total duration
from start of sampling to result was less than two hours for
this test. Taken together, the developed POC breath test has
the advantage that it is small in size, shows rapid results and
is easy to use, which makes it more clinically suitable than
other robust methods.

To our knowledge, there is only one other breath test that
has been described in the literature that also meets these cri-
teria. In this study, the authors used 2-dimension GC coupled
with a PID detector to rapidly analyse exhaled breath of inva-
sively ventilated patients.?® They also showed detection limits
below 1 ppb. The most important differences between that
study and ours include the pre-defined molecule of interest in
our study with quantitative measurement of the set molecule
and a better assessment of repeatability. These studies
together show that POC breath analysis is a feasible alternative
to laboratory-based technologies.

Strengths and limitations

This study has important strengths in design and analytical
methodology. The POC breath test was validated in the target
population for diagnosis of ARDS, namely invasively ventilated
ICU patients. By showing reliable measurements in this group,
it is directly translatable to clinical studies. Another strength is
the use of calibration standards with a wide range of com-
pounds to allow for close monitoring of changes in retention

This journal is © The Royal Society of Chemistry 2021
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time and detector sensitivity. Together, this allows for quanti-
tative assessment of octane in large observational cohort
studies. Further, we automated detection of the octane and
calculation of the concentration, making the results objective,
repeatable and easy to interpret.

In this regard, the POC breath test has different strengths
than GC-MS. The strength of GC-MS lies in the accurate identi-
fication of unknown VOCs and is therefore used in unbiased
studies to identify new biomarkers. Yet, absolute quantifi-
cation rarely is the goal in such studies. This difference poss-
ibly led to a systematic difference and a moderate reproducibil-
ity between the GC-MS results and both prototypes of the POC
breath test. Part of the difference might be explained by the
fact that the detected octane amounts were near the detection
limit of the GC-MS, but above the limits of the detection of the
POC breath test. A limitation of the POC breath test is the
decay in PID intensity. To correct for this decay, regular ana-
lysis of the calibration standard is needed.

Interpretation

Since the POC test can rapidly and reliably detect octane in
invasively ventilated patients, it can be studied as a diagnostic
tool for the early detection of ARDS. A large observational
cohort study that will assess the diagnostic accuracy of octane
for ARDS is ongoing.

Clinical implication
This POC breath test showed reliable quantification of the
exhaled concentration of octane. This opens possibilities for

targeted exhaled breath analysis to be used as a rapid on-site
test in the ICU.

Conclusion

In conclusion, the POC breath test can reliably detect octane
in exhaled breath of invasively ventilated ICU patients. It
detects octane accurately, with excellent repeatability at con-
centrations relevant for the diagnosis of ARDS. Further vali-
dation of the diagnostic accuracy for ARDS is needed.
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