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ABSTRACT

Introduction: Investigating acute multifactorial undifferentiated breathlessness and understanding the
driving inflammatory processes can be technically challenging in both adults and children. Being able to
validate noninvasive methods such as breath analysis would be a huge clinical advance. The ReCIVA®
device allows breath samples to be collected directly onto sorbent tubes at the bedside for analysis of
exhaled volatile organic compounds (eVOCs). We aimed to assess the feasibility of using this device in
acutely breathless patients.

Methods: Adults hospitalised with acute breathlessness and children aged 5-16 years with acute asthma or
chronic stable asthma, as well as healthy adult and child volunteers, were recruited. Breath samples were
collected onto sorbent tubes using the ReCIVA® device and sent for analysis by means of two-dimensional
gas chromatography-mass spectrometry (GCxGC-MS). The NASA Task Load Index (NASA-TLX) was
used to assess the perceived task workload of undertaking sampling from the patient’s perspective.

Results: Data were available for 65 adults and 61 children recruited. In total, 98.4% of adults and 75.4% of
children were able to provide the full target breath sample using the ReCIVA® device. NASA-TLX
measurements were available in the adult population with mean values of 3.37 for effort, 2.34 for
frustration, 3.8 for mental demand, 2.8 for performance, 3.9 for physical demand and 2.8 for temporal
demand.

Discussion: This feasibility study demonstrates it is possible and acceptable to collect breath samples from
both adults and children at the bedside for breathomics analysis using the ReCIVA® device.
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INTRODUCTION

Breathlessness is a highly prevalent symptom in patients with cardiorespiratory compromise; it is
invariably present at all stages of severity and is widely associated with adverse outcomes and poor quality
of life [1]. Managing breathlessness has long been recognised as an important treatment goal in
cardiorespiratory illnesses [2] and early recognition has been shown to improve outcomes [3]. Diagnostic
evaluation of acute breathlessness is heavily reliant on clinical assessment and blood-based biomarkers,
which have poor discriminatory power in patients with undifferentiated breathlessness and multifactorial
presentations [4]. There remains an unmet need for the development of sensitive and specific noninvasive
biomarkers that are native to the lung and can accurately diagnose undifferentiated cardiorespiratory
breathlessness.

Airway inflammation plays an important role in many pathological processes in the lung, of which asthma
is the commonest [5]. The associated oxidative stress and lipid peroxidation result in the conversion of
polyunsaturated fatty acids into volatile organic compounds (VOCs) that can be detected in breath [6].
VOC:s are increasingly studied, with promising results, in diagnosing and monitoring cardiorespiratory
illnesses [7-10]. Furthermore, there is evidence of proof-of-concept in being able to detect asthma in
children [11]. Being able to apply this emerging area of research clinically would result in significant
advances with potentially important clinical applications.

Exhaled breath VOC analysis has been favoured as it is noninvasive and requires minimal patient
cooperation. This is particularly useful for investigating breathless patients attending when they are acutely
unwell and those at both ends of the age spectrum.

Breath collection and analysis can be performed directly through online technologies, i.e. proton transfer
reaction mass spectrometry (PTR-MS), compact mass spectrometry and ion mobility spectrometer or
indirectly using offline technologies, e.g. gas chromatography-mass spectrometry (GC-MS), where breath is
collected into various receptacles for analysis at a later stage. GC-MS analyses VOCs via initial
chromatographic separation, followed by ionisation/fragmentation and mass separation, resulting in the
generation of unique mass spectrometric fingerprints. Moreover, offline technologies allow decoupling of
the breath sampling from the breath sensor and analysis platforms, allowing patients that are unable to
mobilise to a real-time breath sampling device to be sampled at their bedside [12, 13]. For these reasons,
offline technologies have been widely adopted and are considered the gold standard technique for breath
analysis in VOC discovery.

Numerous breath biomarker discovery studies have employed offline technologies, with a need for suitable
breath collection receptacles, of which collection bags have been the most popular [14-17]. Although
widely accepted, collection bags are not without considerable drawbacks that warrant further investigation.
StEEGHS et al. [18] tested the suitability of black layered Tedlar® bags for breath sampling and identified
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FIGURE 1 Owlstone CE marked breath sampler comprised of face mask, sorbent tubes, pumps and pressure
sensors (adapted with permission from Owlstone Medical Ltd, Cambridge, UK].
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two abundant compounds that can contaminate the bag contents. Additionally, a considerable and
reproducible compound loss was detected during bag filling. BeaucHamp et al. [19] carried out a
comprehensive review on the use of Tedlar® bags in breath-gas sampling and analysis and concluded that
without appropriate sampling and handling techniques, problems like exponential compound decay and
background emissions from bag material can interfere with accurate compound identification.

In an attempt to address these impediments, various direct breath collection devices have emerged over
the last few years [20-22]. The ReCIVA® breath sampler (Owlstone Medical, Cambridge, UK) is a
handheld portable device, designed to collect breath samples directly from participants onto sorbent tubes
(figure 1) [13]. This portable device means that breath sampling can theoretically take place at the
patient’s bedside, which is beneficial when investigating acutely breathless or unwell patients as they do
not have to be removed from the clinical environment in which they are being treated. The ReCIVA®
device has been used as part of the EMBER acute study (East Midlands Breathomics Pathology Node, one
of the six MRC and EPSRC supported molecular pathology nodes, hosted at the University of Leicester
with partnerships with the University Hospitals of Leicester, NHS Trust, Loughborough University and
industry) to collect samples of breath from adults and children presenting with acute breathlessness [12].

Our principal aim was to ascertain the feasibility and tolerability of exhaled breath sample collection from
acutely breathless adults and children attending our hospital, using the ReCIVA® breath sampling device.

Design and methods

Participants

Adult patients with self-reported acute breathlessness, either requiring hospital admission or a change in
baseline treatment, in addition to healthy volunteers, were recruited for the study. Informed consent was
obtained from all participants following a clinical review by a senior decision-maker within 24 h of acute
admission.

Children aged 5 to 16 years with acute asthma or with stable, chronic asthma attending either the
Children’s Emergency Department, Children’s Assessment Unit or Children’s Outpatients Department at
Leicester Royal Infirmary (UK) were recruited. Age-matched children with no history of cardiorespiratory
illnesses were also recruited as control participants.

For the paediatric cohort, parents provided informed written consent, and where possible, children signed
age-appropriate assent forms. The study protocol was approved by the National Research Ethics
Committee East Midlands (UK) (REC number: 16/L0/1747, IRAS: 198921). Further information on study
protocol, design and methodology can be found elsewhere [12, 23].

Breath sample collection and processing

Adult patients had a senior physician diagnosis of either 1) acute asthma exacerbation, 2) acute COPD
exacerbation, 3) acute decompensated heart failure, or 4) community-acquired pneumonia. Subject
characteristics are shown in table 1. All patients were recruited within 24 h of admission. Using the
ReCIVA® device, 1 L of alveolar breath was collected onto thermal tubes along with room air and air
supply samples. Collected samples were dispatched within 72h to the University of Leicester and
Loughborough University for GC-MS and GCxGC-MS analysis, respectively [12, 24]. In an attempt to
minimise background variation, sample collection was completed, when possible, in the same treatment
room attached to the admissions ward. Unwell patients and those requiring supplemental oxygen had their
samples collected by their bedside. The breath collection method has been previously described in detail [12].
Amount and time of oxygen administered to unwell patients were recorded and will be used in the data
modelling and translational analysis.

Accompanied by their parents or guardians, children were tested in a treatment room attached to the
emergency department. Children with acute asthma were tested when they no longer required
supplemental oxygen and were deemed clinically well by their treating medical team.

During the sampling procedure, both adult and paediatric patients were coached on how the sampling
process would work. Sat in an upright position, they were instructed to breathe normally via their mouth
through the ReCIVA® mask that was placed on their face. They were instructed not to talk but could
communicate with their hands if they wished to stop the procedure. Children were distracted with
age-appropriate books or games such as applications on a tablet device and were continually encouraged
throughout.

Breath sampling device

The ReCIVA® device (figure 1) consists of a handheld unit to which a disposable silicone-based face mask
is attached. During sampling, the device is connected to an air supply which delivers VOC-free air at
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TABLE 1 Demographic details and details about ReCIVA® breath samples collected in adults

Acute asthma or COPD* Acute heart failure Pneumonia Control p-value
Subjects n 22 14 15 14
Age years 69 (19) 72 (14) 59 (31) 63.5 (9) 0.0551
Height cm 165.5 (18] 167 (21) 161 (14) 167 (19) 0.648"
Weight kg 77 (31) 88.2 (41) 75 (28) 77.7 (30) 0.4891
Males 15 (68.2) 9 (64.3) 7 (46.7) 6 (42.9) 0.359*
Able to collect 100% of the target sample 21 (95.5) 14 (100) 15 (100) 14 (100) 0.576"
Time taken to collect sample s 572.6 (206.2) 723.2 (249.3) 656.7 (289.1) 582.8 (173.0) 0.001%

Data are presented as median (interquartile range) or n (%), unless otherwise stated.

#. acute asthma n=1, acute COPD n=21;

7l Kruskal-Wallis test; *: Chi-squared test; &: Dunn’s post-hoc analysis [significant difference between (p<0.05): acute asthma/COPD and acute
heart failure, acute asthma/COPD and pneumonia, control and acute heart failure).

>30 L-min~". Up to four sorbent tubes are held within the device for the collection of breath. Within the

handheld unit there are pressure sensors which allow contemporaneous measurement of the participant’s
respiration rate and their breath profile, along with the ability to gate the collection of samples to a
particular breath phase. The ReCIVA® device is coupled to software which allows the researcher to monitor
the progress of the sample collection and respond to prompts from the software such as advising the
patient to take slower or deeper breaths. The pumps within the device, when turned on, draw exhaled
breath into the sorbent tubes, which results in the breath samples being trapped and also allows for
pre-concentration of VOCs.

The device was programmed to collect 1 L of exhaled breath from the lower airways based on predefined
breath sections, as programmed in the software, at a flow rate of 250 mL min~!; these parameters were
checked rigorously against a set of QA/QC criteria to ensure data consistency. The maximum time for
sampling was 15 min, however, most patients could achieve a 100% breath sample collection in under this
time (tables 1 and 2). The ReCIVA® device was connected, via a laptop, to a locally developed informatics
toolkit (LabPipe) to support sample/data collection from multiple sites for different analytical equipment [25].
The toolkit also includes data integration, user notifications and data warehouse linkage allowing for
real-time error notifications.

Room air and air supply sample collection

A room air sample was also collected at the time of breath sampling. This involved attaching a sorbent
tube (Tenax/TA with Carbograph 1TD, Markes International Ltd, Llantrisant, UK), the same sorbent tube
as used for breath samples, to the inlet of a handheld air sampling pump (Escort® Elf, Sigma Aldrich,
Dorset, UK). The pump was set to draw room air through the sorbent tube at 500 mL min™" for 2 min.

An air supply sample was collected at least once a day. A stainless steel T-piece was connected to the end
of the air supply tubing to allow the excess air flow to vent while a sorbent tube (the same sorbent tube as
used for breath samples) was attached to the T-piece with the handheld pump connected to the other end
of the tube. The room air and air supply samples were stored, prepared and analysed using the same
analytical procedure as the breath samples.

TABLE 2 Demographic details and details about ReCIVA® breath samples collected in

children

Acute asthma  Stable asthma Control p-value
Subjects n 29 23 9
Age years 10.5 (6) 12 (4) 11.5 (8) 0.057%
Height cm 139.5 (38) 144.2 (27) 142.3 (49) 0.449%
Weight kg 37.7 (30) 405 (28) 42.8 (44) 0.418*
Boys 16 (55.2) 14 (60.9) 6 (66.7) 0.808"
Able to collect 100% of the target sample 23 (79.3) 15 (65.2) 8 (88.9) 0.300"
Time taken to collect sample s 721.7 (257.8) 765.8 (240.2) 752.8 (294.8) 0.265%

Data are presented as median (interquartile range] or n (%), unless otherwise stated. #: Kruskal-Wallis
test; 1. Chi-squared test.
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After sampling, all sorbent tubes were capped and placed in a fridge until dispatch to the laboratory,
which was typically within 72 h. To improve sample stability, the samples were dry purged on arrival at
the University of Leicester for 2 min using nitrogen (CP grade; BOC, Leicester, UK) at a flow rate of
50 mL-min~" and then stored in the fridge until ready for analysis.

NASA Task Load Index (NASA-TLX)

NASA-TLX is a widely used tool to assess perceived workload and effort and has been widely applied to
healthcare assessments [26-28]. A visual analogue scale depicts six 7-point scales comprising: mental
demand, physical demand, temporal demand, performance, effort and frustration, with a description to
guide respondents in each section (figure 2). Increments of high, medium and low estimates for each point
result in 21 gradations on the scales (low=1, high=21), with a midpoint threshold of 9.5 to indicate
declining performance and increased perceived workload by participants [29]. For the purposes of this
study, as with many research studies, we used “raw TLX” values, which is a shortened version of the
original method. Hart [30] compared the original version to the shortened version in 29 studies and
concluded that using any of the versions over the other has no bearing on the overall results sensitivity. In
this study the raw TLX was administered to assess the overall performance and feasibility of using the
ReCIVA® mask for breath collection in patients with acute breathlessness. Adult patients were encouraged
to complete the assessment immediately following breath collection. In the paediatric cohort we had
trialled the use of this assessment of perceived task load but found that the children were not easily able to
grasp the questions asked and the scales used, and felt that parents were not able to accurately comment
on how easy their child perceived the task in terms of each domain of the NASA-TLX tool.

RESULTS
We include data for 65 adults recruited with community-acquired pneumonia (n=15), heart failure (n=14),
acute asthma (n=1), acute COPD (n=21), and adult healthy controls (n=14); and 61 children recruited

Name Task Date
Mental demand How mentally demanding was the task?
| | | | | | | | | | | | | | | | | | | J
Very low Very high
Physical demand How physically demanding was the task?
| | | | | | | | | | | | | | | | | | | | |
Very low Very high
Temporal demand How hurried or rushed was the pace of the task?
| | | | | | | | | | | | | | | | | | | J
Very low Very high
Performance How successful were you in accomplishing what you were asked to do?
| | | | | | | | | | | | | | | | | | | | |
Perfect Failure
Effort How hard did you have to work to accomplish your level of performance?
| | | | | | | | | | | | | | | | | | | J
Very low Very high
Frustration How insecure, discouraged, irritated, stressed and annoyed were you?
| | | | | | | | | | | | | | | | | | | J
Very low Very high

FIGURE 2 NASA Task Load Index scale.
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with stable, doctor-diagnosed chronic asthma (n=23), acute doctor-diagnosed asthma (n=29) and
paediatric healthy controls (n=9). Overall, we found that 98.4% of adults and 75.4% of children were able
to provide 1L of breath using the ReCIVA® device. The demographic characteristics, proportion of
participants able to collect 100% of the target breath sample, as well as the mean time taken, are shown in
tables 1 and 2 for adults and paediatrics, respectively.

Amongst the children, we found no significant difference in the number able to provide a full sample
between those with acute asthma, stable chronic asthma or controls, as shown in table 2. Likewise, there
was no significant difference in the mean time taken to collect samples. Similarly, we found no significant
difference between the number of adults with a diagnosis of acute asthma, acute COPD, acute heart
failure, community-acquired pneumonia or controls in the ability to provide the full target sample of
breath. We did, however, find that those with acute heart failure and those with pneumonia had a higher
mean time taken to collect the sample.

In the adult population there was NASA index data on perceived task load available. Table 3 highlights the
mean values for each category of the NASA measurement between the different diagnostic groups. We
found that there was no significant difference in perceived task load in any domain amongst those with
asthma/COPD, heart failure, community-acquired pneumonia or control participants.

DISCUSSION

In this feasibility study we report that it is possible to obtain breath samples using the ReCIVA® device
from adults and children attending hospital with acute breathlessness to give analysable results. The
procedure of breath collection was generally well tolerated by patients and acceptable to parents/guardians
of children, which is demonstrated by the numbers of participants able to provide the full target breath
samples. DoraN et al. [31] described how they used the ReCIVA® device in patients in their study assessing
optimisation for breath sampling parameters including the fraction of breath sampled, the sample volume
and the sample flow rate. The use of standardised breath collection devices allows for selection of breath
sampled, i.e. from the lower airways.

In the present study, we found no significant difference across the different NASA-TLX domains between
disease groups in adults and, importantly, between healthy volunteers and patients with acute
breathlessness. However, it was apparent that the group diagnosed with community-acquired pneumonia
did have higher scores within the domain of mental demand.

Further evaluation of NASA-TLX sub-scales showed that physical demand and effort scored relatively
higher in comparison to the other domains. This finding can be explained by the fact that some
participants chose to hold the ReCIVA® device, rather than use the head-strap, underestimating the effort
it requires to hold the device for the duration of the procedure. It is worth noting that the reason this can
be challenging is the way in which they need to hold the device to their face for the period of sampling
rather than the device itself being heavy.

The emerging field of breathomics has already shown that breath profiling is a feasible concept with
different methods of collecting breath samples being described. Collecting samples of breath via offline
measurements for mass spectrometry analysis using Tedlar® bags is well established [17, 32, 33]. However,
as described in a review by BeaucHamp et al. [19], there are several potential limitations of this
methodology. Such issues include decay of certain groups of compounds, which affects the time for which
samples can be stored, diffusion of compounds (such as acetonitrile) through the bag wall, and
contamination of the bag wall with previous substances, which affects the limit of detection. They had

TABLE 3 NASA Task Load Index measurements of perceived task load in adults

Acute asthma or COPD¥  Acute heart failure Pneumonia Control  p-valuel

Subjects n 22 14 15 14

Effort 2.5 (5) 3.5 (4) 4 (4) 5 (5) 0.922
Frustration 1.75 (2) 1.75 (5) 2.5 (4) 1.25 (5) 0.719
Mental demand 2.5 (4) 3.5 (3) 2.5 (4) 5 (4) 0.774
Performance 2.25 (4) 1.5 (5) 2 (4) 5 (5) 0.678
Physical demand 5 (6) 3 (4) 5(3) 5 (5) 0.418
Temporal demand 2.25 (4) 2.75 (4) 2.5 (4) 5 (5) 0.935

Data presented as median (interquartile range), unless otherwise stated. #: acute asthma n=1, acute COPD
n=21: 1. Kruskal-Wallis test.
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identified that the groups of compounds which showed significant decreases in signals detected within 10 h
of storage included hexanals, acetonitrile and water vapour. They demonstrated a concentration-dependent
decay rate for many groups of compounds. This means that time-consuming consideration of factors such
as cleaning procedures, sampling procedures and storage procedures are needed when using Tedlar® bags.
The ReCIVA® handheld portable device allows samples of breath to be collected directly onto sorbent tubes
with pre-concentration of VOCs. It has been described that when samples collected onto sorbent tubes are
stored in a refrigerator, if analysed within 2 weeks there is minimal gain or loss of VOC concentration [34].
However, consumables used for the ReCIVA® breath sampling, such as the disposable masks, must be
vacuum- and temperature-conditioned prior to use to reduce siloxane-based contamination. This source of
contamination could affect both instrumentation performance and consequently an imminent need for
instrument maintenance. This may also complicate data processing and statistical modelling and
consequently delay biomarker discovery. The results of our study demonstrate the acceptability of using this
handheld device to collect breath samples and the NASA-TLX measurements of perceived task load
emphasise how little effort and demand is required to collect these samples in acutely unwell patients.

Being able to apply this technique of collecting breath samples in such a way that allows minimisation of
contamination and decay of compounds would be a huge clinical advance in assessing breathlessness and
cardiorespiratory disease in adults and children. For example, asthma is the most common chronic
condition in childhood [24], but investigating airway inflammation in this young age group is both
ethically and technically challenging. Noninvasive methods of investigating airway inflammation could
allow for potential profiling of children with asthma, which could aid management of this common
condition. Exhaled breath VOC profiling has already been performed in children with a clinical asthma
diagnosis [25] and furthermore in preschool children with wheeze [26]. In both of these studies, breath
samples were collected by filling Tedlar® bags, where the samples then passed from the bag through
sorbent tubes. These studies identified differences in the compounds detected between those with asthma/
wheeze and healthy controls. However, as aforementioned, the use of Tedlar® bags for breath collection is
not without limitation. The ReCIVA® device has been successfully used to collect breath samples from
children within this study, negating the need for collection bags. We found that fewer children were able to
collect a fully analysable sample compared to the adult population (75% versus 98%). It is not surprising
that young children may find attending to this task difficult and distraction techniques or a great deal of
encouragement is needed in this younger group. We found no significant differences between children able
and unable to provide an analysable sample in terms of age or category (acute or chronic asthma or
healthy volunteer) (data not shown). It is unfortunate that we were not able to apply the NASA-TLX
scoring to the paediatric population as this may have given an indication to a particular area that was
perceived as more challenging in this young group. As far as the authors are aware, there is not a
NASA-TLX scale that has yet been adapted for use in a paediatric population. We accept that a limitation
of this study is the absence of data in the form of a questionnaire administered to parents/carers or young
people, which may have been able to provide some insight into specific difficulties of breath sampling
using this device, however this was not within our original Research Ethics Committee application.

In summary, we have demonstrated in this single-centre feasibility study that it is possible to collect
samples of breath from both adults and children with acute breathlessness as well as chronic, stable
asthma in children and healthy adult and child volunteers using the ReCIVA® device. There were no
significant differences in the ability of patients to give the full target sample of breath in terms of their
underlying diagnosis or in their perceived effort required. The next stage of development is to establish a
workflow and method to analyse these breath samples and create breath matrices to ascertain differences
in eVOCs in those with different cardiorespiratory conditions and healthy controls. Further to this,
recruitment of larger numbers of adults and children into a multicentre study is needed to obtain a greater
number of breath samples to further expand on this advancing field of breathomics.
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