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Abstract

A new pre-clinical method for capturing breath samples from intubated mice is presented. This method significantly reduces back-
ground levels, allowing more accurate measurements of VOCs originating from the breath (“on-breath”) as opposed to background
contamination. The method was developed by integrating industry-standard volatile-capturing sorbent tubes with respiratory me-
chanics measurement equipment (flexiVent®), resulting in a mouse breath sample that can be transported and analyzed by TD-GC-
MS and other central lab technologies. Using the methodology, the discrimination between on-breath VOCs from background com-
pounds provides a cleaner dataset, which can accelerate the validation of VOCs identified from mouse models and their translation
to clinical trials. Three metrics were developed to identify on-breath VOCs, with 22 identified using Type 1 (50% of the breath samples
exceeding three standard deviations above the mean signal of the system blanks), 34 with Type 2 (P-value < .05 between paired
breath and blank samples), and 61 with Type 3 (ROC-AUC value > 0.8 to differentiate between breath and blank samples). The num-
ber of compounds seen at elevated levels on mouse breath was quantified and compared to the levels seen on human breath samples
to compare methodologies.
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the breath research literature [17, 18]. To address the challenges
in clinical translation and expand the range of breath-based
tests, a reliable animal model breath analysis method for pre-
clinical studies would be advantageous.

Biomarker discovery, validation, and translation can be chal-
lenging. One difficulty is establishing the baseline “normal” com-
position of the sampling matrix, which can be complicated due
to diverse factors, such as diet and metabolic variations. This
means that clinical trials comparing disease and control groups
require a large number of participants to account for confound-
ing variables, raising costs, and trial durations [19]. Exhaled
breath is unique in that a large proportion of the total VOCs de-

Introduction

Exhaled breath contains volatile organic compounds (VOCs) that
originate from biological processes in the body, and therefore have
the potential to be utilized as biomarkers for clinical use. As an ex-
ample, breath analysis has demonstrated the potential for good di-
agnostic performance in respiratory diseases, such as asthma
diagnosis and stratification for likely treatment responsiveness [1-
6], which are key goals for improved management of asthma. As
VOCs can be derived from both the proximal airways as well as the
systemic bloodstream [7], exhaled breath contains volatile com-
pounds originating from many distal tissues and organs throughout
the body, such as the gastrointestinal tract (8, 9].

As breath biomarkers have been identified across a broad
range of disease areas [10-13] they are particularly promising for
the broader adoption of next-generation non-invasive diagnostic
and monitoring tools. Currently available breath tests in medical
practice include fractional exhaled nitric oxide (FEno) for asthma,
13C-Urea for Helicobacter pylori infection in the stomach, and hy-
drogen-methane for the diagnosis of small intestinal bacterial
overgrowth or carbohydrate malabsorption, all of which are non-
invasive and highly sensitive [14-16]. However, the translation of
breath tests to clinical use remains limited, which is partly due to
the lack of consistent methodologies and quality controls across

tectable have been inhaled immediately prior to sampling from
the background air, and therefore are unrelated to underlying
physiological processes [20]. This represents a significant chal-
lenge, and there is a need for standardized methods of back-
ground VOC correction [9, 21]. Background VOCs can originate
from multiple potential sources such as ambient air or from
breath sampling equipment [22, 23]. Establishing a breath analy-
sis method using inbred mice in controlled lab settings as a sub-
stitute for human breath can reduce the variability and
challenges, allow for a better understanding of breath as a sam-
pling medium using an animal model, and ultimately expediting
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the identification and validation of breath biomarkers for clini-
cal use.

Several papers have previously aimed to study the breath of
mouse models [24-26]. The methods utilized range from clean
mice allowed to freely roam in ventilated cage, to mice in nose-
only inhalation tubes. In a preliminary study by Hintzen et al., an
acrylic nose cone with sorbent tube mouse breath sampling
method tentatively identified 27 volatile compounds in exhaled
mouse breath [25]. This included acetone and isoprene, which
are two of the most abundant volatile compounds found consis-
tently in human breath [27-29]. These results demonstrate the
potential for translating findings from mouse breath research to
human breath. However, methods that involve collecting VOCs
from unrestrained animals in a cage can include VOCs from the
skin, fur, urine, and feces—rather than just the exhaled breath
[24]. In order to ensure that VOCs analyzed are truly exclusively
from the breath, and to improve the signal-to-noise ratio, collec-
tion and analysis of breath from intubated mice can provide
complementary data to advance the understanding of the mouse
breath matrix.

No studies have directly compared baseline breath VOC pro-
files between mice and humans using the same analytical
method. As the intended benefit of utilizing mice models to help
in breath translational studies, assessing the translatability be-
tween human and mouse breath is advantageous. Given the nu-
merous volatile compounds detectable in human breath as
potential biomarkers, it is likely that there are additional com-
pounds contained in mouse breath that could be detected and
characterized in laboratory studies for better inference
and translatability to human biology. To enable the detection
and characterization of these compounds in mice, the identifica-
tion of truly breathborne, or “on-breath” VOCs originating from
physiological processes in the body and distinguishing these
from not on-breath contaminating VOCs inhaled from the envi-
ronment or collection equipment itself presents a significant
challenge. Therefore, it is essential to develop sampling and

MAINS H PSU

CONTROL PC

WIRING

DIRECTION OF AIRFLOW

| FLEXIVENT FILTER
| SORBENT TUBE |

analytical methods capable of providing a sufficient signal-to-
noise ratio in mouse breath analysis.

In this study, we developed a method for accurately charac-
terizing the VOCs in the breath of healthy intubated mice using
GC-MS, capable of superior control over the signal-to-noise ratios
than is currently possible for human, and mouse breath. We also
compared the VOCs contained within mouse breath to system
blank samples and incorporated three analytical metrics to de-
termine the number of on-breath compounds in mice, improving
the robustness of the method. Finally, as a proof-of-principle and
to assess the progress in data analysis quality, we compared the
on-breath VOCs identified from intubated mouse models to the
on-breath VOCs in human exhaled breath.

Materials and methods

Mouse breath sampling

Animal selection and preparation

Male C57BL/6JRj mice were purchased from Janvier Labs (France)
at the age of 8-12 weeks. Mice were housed in groups of 2-5 in in-
dividually ventilated cages at 22°C-25°C, at a humidity of 45%—
65%, with a 12 hour day/night cycle, and given free access to wa-
ter and food. Ethical approval was obtained from the regional
board for animal care and welfare (Regierungsprasidium
Tibingen, Germany, TVV-22-002-G).

Mouse breath collection hardware

The mouse breath sampling system was developed by modifying
the commercial flexiVent® FX1 small animal ventilator (SCIREQ,
Montreal, Quebec, Canada). We connected an ambient filter and
a flexiVent filter to the ventilator with flexible tubing and a sor-
bent tube for breath collection (Fig. 1). The ambient filter con-
tained 50¢ of activated charcoal (Airpel® Desotec Ltd) to reduce
the levels of ambient VOCs entering the system, and hence their
likelihood of impacting either the mouse breath samples them-
selves or the equipment blank samples. The filter was fitted with
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Figure 1. A schematic showing the mouse breath sampling system used for this study. This system consists of a flexiVent small animal ventilator, an
ambient filter, and a flexiVent filter both connected to the ventilator by flexible tubing, and a sorbent tube for breath collection. The system blank
sample was collected from inside the flexiVent, connected to the ambient filter.

202 Joquiedaq 90 uo 1sanb Aq £2£006./2809ed/|/6/9[01E/SPOYIOLIOIG/WOD dNO lWapEdE//:SARY WOI) PAPEOJUMOQ



a staged filtration system using ceramic disk and PTFE mem-
branes, filtering down to 1.5 microns to prevent the charcoal
from entering the flexiVent and was changed every two weeks.
The flexiVent filter was used as a VOC filter fitted on the exit
flow of the flexiVent. The filter contained a disc of filter paper
(Grade 72 activated charcoal filter paper, Cole-Parmer®) impreg-
nated with activated charcoal. The filter paper was changed at
the start of each day during sampling.

A total of 15 breath samples, and 15 system blank samples
were collected in a C2-CXXX-5149 bio-monitoring-inert-coated
tube with Tenax TA/carbograph 5TD adsorbent material (Markes
International, Llantrisant, UK), placed in the flow path between
the intubated mouse and the return port on the flexiVent. One
tube was used per mouse. After collection, the tubes were sealed
with brass caps. The flow path was connected by flexible tubing
using Viton rubber ranging from 30 to 125 mm in length. Prior to
use, the Viton tubing was baked in an oven at 70°C for 24 hours
to remove VOCs that may have been introduced during
manufacturing or storage.

Mouse breath collection

A total of 15 breath samples were collected from 15 C57BL/6JRj
intubated mice over four days. Prior to anesthetization the mice
were removed from their main cages and placed in a holding
cage and removed at the required time.

0.5mg/kg Medetomidin, 5mg/kg Midazolam and 0.05mg/kg
Fentanyl were applied intraperitoneally prior to tracheotomy.
After deep anesthesia was reached, the trachea was prepared
and a small incision (~2mm) was made to insert an 18G metal
cannula, which was fixed with a thread. Afterwards, mice were
carefully coupled to the flexiVent small animal ventilator,
equipped with a custom-made sampling device. Ventilation and
breath sampling were controlled using flexiWare 7.5. Mechanical
ventilation was started with a tidal volume of 6.5mL/kg, a fre-
quency of 150breaths/min, and a positive end-expiratory pres-
sure of 3 cmH,0. To reduce the contamination levels for the lung
in part of the flexiVent system, the volatile compounds generated
by the flexiVent (Fig. 1) were attempted to be reduced by adding
additional low volume, low pressure drop, and a filter prior to the
mouse lung.

The flexiVent uses the forced oscillation technique to experi-
mentally assess the lung function and respiratory system me-
chanics of mice. A detailed description of how to set up the
device for normal mouse intubation has been described previ-
ously [30]. After the “mechanical ventilation” section, instead of
moving on to “lung measurements,” the mice were ventilated for
five minutes to allow for more flushing of their lungs with VOC-
free air. The existing collection tube was then removed and
replaced with a fresh C2-CXXX-5149 bio-monitoring-inert-coated
tube with Tenax TA/carbograph 5TD adsorbent material (Markes
International, Llantrisant, UK) for sample collection. The mice
were ventilated for a further 45min for VOC breath collection,
with a deep lung inflation procedure performed every two
minutes during this period, resulting in approximately 1.8 L of
breath obtained over 45 min. Further lung function testing could
be proceeded either by removing the VOC collection hardware
from the flexiVent, or moving the mouse to a second
flexiVent system.

Mouse system background collection

For optimized untargeted analysis, a clean background is neces-
sary to maximize the signal-to-noise ratio, so that signals of in-
terest can be identified more easily. The background of a system
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can be measured through collection of air from various points in
the system via a sorbent tube. Since VOCs are ubiquitous in the
environment and therefore can be introduced through multiple
components and points throughout the analytical process [31], it
is important to ensure comparable collection and handling of
breath and background samples [22]. A total of 15 system blank
samples were collected immediately prior to mouse breath col-
lection. System blank collection was performed using the same
procedure used for mouse breath sampling, with the syringe
driver removed from inside the flexiVent and the sorbent tube di-
rectly connected to the inlet of the ambient filter inside the sys-
tem. Ambient blanks were collected at the start and end of the
day in the room where breath collection was performed, to track
environmental contamination (eight ambient blank samples
in total).

Human breath sampling

Human participants

All participants provided written informed consent. Healthy
adults (>18 years) who met the inclusion criteria: were free of ac-
tive respiratory infection symptoms or diagnoses (including
COVID-19) and agreed to fast for at least 2 hours prior to provid-
ing a breath sample, were enrolled. A total of 13 healthy volun-
teers were recruited (demographic data in Table 1), and breath
was collected over 4 days. Each study participant provided a sin-
gle breath sample collected using the ReCIVA® Breath Sampler,
and a paired system blank sample was collected at the same
time (Owlstone Medical, Cambridge, UK).

Human breath collection

Breath collection was performed in a single room for all subjects.
Breath samples were collected by adsorption onto the same C2-
CXXX-5149 bio-monitoring-inert-coated tubes with Tenax TA/
carbograph S5TD adsorbent material (Markes International,
Llantrisant, UK) through the ReCIVA® Breath Sampler (software
version BSC v3.4.0). Four sorbent tubes were pre-conditioned in a
TC-20 (Markes International) by an N2 flow at 20 psi and 320°C
for 2 hours. Approximately 1.25 L of breath was sampled over
15min in each tube at 225 mL/min. The ReCIVA was configured
to exclude air from the upper airway to mainly sample breath
from the lower lung. Ambient contamination was minimized us-
ing the CASPER™ Portable Air Supply, which has been used pre-
viously [32-34]. The tubes were purged with a TD-100 (Markes
International Ltd Llantrisant, UK), stored at a temperature of
4°C-8°C, and then analyzed.

Table 1. The age and gender of the 13 participants of this study.

Age Gender
31 Female
24 Male
50 Male
34 Female
27 Female
37 Female
42 Male
25 Male
29 Male
29 Female
41 Male
30 Male
26 Female
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Human system background collection

Prior to breath sampling, a system blank sample was collected to
allow “on-breath” compounds to be determined, versus those
present in the system background. These used the above ReCIVA
settings but with the fractionation algorithm modified to contin-
uous to sample a continuous volume from the headspace of the
device. New consumables were used for each blank sample (in-
cluding mouthpiece and cartridge), and the mouthpiece inlet was
sealed, to provide a representative sample from the device with-
out a subject present.

Breath analysis

Mice and human breath samples were both analyzed using the
Breath Biopsy® OMNI® analysis method [32, 35], within a short
period of time after collection (approximately 30 days median) to
minimize the impact of storage effects on the analysis. All sam-
ples were analyzed using high-resolution thermal desorption gas
chromatography and accurate mass spectrometry (TD-GC-MS)
using the Q Exactive™ GC Orbitrap™ GC-MS/MS, with specific
analytical settings shown in Supplementary Table S1.

Calculation

Data processing and analysis

An untargeted feature table was extracted from the raw chromato-
grams, and each molecular feature in the feature table was repre-
sented by a deconvoluted mass spectrum. The data were generated
using an untargeted feature extraction workflow. The steps of the
workflow are summarized in the Supplementary Material.

To mitigate sources of analytical drift and variability over the
TD-GC-MS run, a normalization algorithm developed by Owlstone
Medical was applied. The algorithm utilizes eight isotopically la-
beled compounds spread throughout the chromatogram based on
retention time, spiked at known concentrations as internal stand-
ards. Scaling was applied to all molecular features using combina-
tions of these internal standards’ peak areas to correct their peak
areas. Several quality checks assess normalization performance,
the most important being principal component analysis (PCA),
inspecting which PC sequence (analytical batch) effects are ob-
served. After normalization, sequence trends are no longer ob-
served in the first few PCs and are pushed into later PCs where they
explain negligible amounts of variance in the data.

Three metrics that have been used previously to distinguish
on-breath and background VOCs [36] were used in this study to
evaluate the performance capabilities of the developed breath
sampling method (Fig. 2). These metrics can be used to track per-
formance improvements over time in response to optimization
steps. These metrics are designed to give both the breadth of
compounds that may be on-breath, as well as impart the ability
to rank on-breath VOCs with different confidences due to the
ability to cross-reference the classification between different
metrics. These metrics were:

¢ Type 1 (standard deviation): the mean signal for each VOC
was calculated across all system blank samples, and a VOC
was considered on-breath if the signal in at least 50% of the
breath samples exceeded three standard deviations above
the mean signal of the system blanks.

Type 2 (paired t-test): the VOC signal was compared to the
signal in the paired system blank sample. A VOC was consid-
ered on-breath if it achieved a P-value of <.05 with a mean
fold change >2.

Type 3 (receiver operating characteristic area under the
curve, ROC-AUC): a ROC-AUC was generated for each VOC. A
VOC was considered on-breath if the fold difference between
breath and blank samples were >1, and the ROC-AUC value
was >0.8.

VOC identification

VOC identification was carried out using several methodologies,
each producing an identity with a different level of associated
confidence. The highest confidence identification was carried out
via the analysis of pure chemical standards alongside the breath
samples; VOCs in the breath sample were matched spectrally
and via retention time to the chemical standard. VOCs that fell
within a tight retention time window and achieved a spectral
match score (SI and RSI) >800 were assigned the identity accord-
ingly. These identities are referred to as Tier 1 IDs.

Second in confidence are those VOCs that were matched
against Owlstone Medical’s Breath Biopsy high-resolution accu-
rate mass (HRAM) library. The library was built over time by ana-
lyzing standards on the same analytical method used to analyze
the breath samples. VOCs were assigned an identity if they fell

Example VOCs Satisfying a Single On-Breath Metric
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Figure 2. Summary of the on-breath metrics used to discriminate mouse breath volatiles from background features. For metric 3 (ROC-AUC metric),
the red line indicates the threshold, and the green line indicates the optimal threshold. The green line being lower demonstrates that the data can still
be separable to a high level (detected by metric 3 ROC), even if the VOC is not classified as on-breath by metric 1.
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within a narrow retention index window and achieved a spectral
match score (SI or RSI) >800 against the HRAM library.

Finally, lower confidence identification was carried out by
spectral match against the National Institute of Standards and
Technology (NIST) library of chemicals.

Statistical analysis

Data analysis was performed using the Python programming lan-
guage (Python Software Foundation, Python Language Reference,
version 3.7 https://www.python.org/).

Results

Method background and qualitative assessment
In order to conduct an initial assessment of the relative back-
ground of the flexiVent system, 500 mL of air was collected from
each of the five different scenarios of blank samples (Control—an
unused sorbent tube, A—ambient air in the room, B—filtered am-
bient air, C—unfiltered air in the flexiVent system, D—filtered air
in the flexiVent system) while the system was in operation
(Fig. 3). Note that this volume was intended to provide a relative
background comparison, but a larger volume was used during ac-
tual mouse breath sampling (representing approximately 15 min
of operating time vs. 45 min).

The data presented in Fig. 3 demonstrate that contamination
originating from the flexiVent can be removed by the presence of
a second filter. Subsequent experiments showed that optimal
performance can be maintained by replacing the filter paper at
the start of each test day.

Raw mouse and system blank features

Mouse breath and paired system blank samples were separately
collected using the flexiVent system. A PCA was fit on the mouse
feature table, showing a much tighter clustering of blank sam-
ples (orange) than breath samples (blue) (Fig. 4). This is to be
expected, as biological variance may be greater than the techni-
cal repeatability of blank samples. The plot also shows a separa-
tion of breath and blank samples on PC1. While there is some
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overlap, this may again be explained by the variance, and
amount of, biological signal.

To reliably distinguish between VOCs that have originated
from physiological processes in the body and those that have
been inhaled from the environment, a consistently low back-
ground from system blank samples is a significant factor.
Together with Fig. 2, this demonstrates that the breath collection
methodology developed shows a clear ability to generate quality
GC-MS data that can be used for downstream analysis.

Quantitative metrics to identify on-breath
compounds

A total number of 472 molecular features were identified in
mouse breath. However, as previously mentioned, many of these
compounds may be from background sources, rather than origi-
nating from physiological processes in the body.

To distinguish between compounds that may be originating
from the breath (referred as “on-breath”) from those originating
from the background air, three different types of metrics were
developed to establish quantitative classification thresh-
olds (Fig. 4).

Using all three metrics the number of on-breath VOCs were:

* 21 with Type 1
* 30 with Type 2
* 56 with Type 3

A list of the most confidently identified VOCs can be viewed in
Table 2, the full list of on-breath compounds in mice is in
Supplementary Table S2.

There is a good degree of overlap between the compounds
identified between the three metrics (Fig. 5), leaving a total range
of 15-66 on-breath VOCs identified in mice depending on how
stringently a definition is set (must be on-breath by one, two, or
three metrics).

All the compounds identified using Type 1 were also seen in
other types, whereas 31 VOCs were only considered as on-breath
in Type 3. Typically, Type 1 (standard deviation) is the most con-
servative metric, whereas Type 3 (ROC-AUC) is the least

Total VOC relative to control tubes
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4.5

4.0

35
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25

2.0

Total VOC (relative)

1.5

0.5
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==

Control A-Ambient

B-Filtered ambient

C-Flexivent D-Filtered flexivent

Figure 3. The different levels of total relative VOC concentration in different blank samples to test the background of the flexiVent system. The control
was an empty sorbent tube, A was ambient air in the room, B was the filtered ambient air, C was the air in the flexiVent system, and D was the filtered
air in the flexiVent system. The X symbol indicates the mean, the line indicates the median.
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Figure 4. A PCA of mouse breath features vs system blank features.

Table 2. A list of the Tier 1 (highest confidence VOC identification via spectral and RT match against pure chemical standard) on-breath

VOCs that were confidently identified in mice.

Compound name Tiers On-breath metrics (mice) On-breath metrics (human)
O-cresol Tier 1 Type1,2,3 Type1,2,3
3-Carene Tier 1 Type1,2,3 Type 1, 2,3
2-Butanol Tier 1 Typel,2,3 N/A
Beta-pinene Tier 1 Type1,2,3 Type1,2,3
Alpha-pinene Tier 1 Type1,2,3 Type 1, 2,3
Nonane, 3-methyl- Tier 1 Type1,3 N/A
Ethanol, 2-(2-ethoxyethoxy)- Tier 1 Type 2 Type 2,3
Cyclopentene Tier 1 Type 2,3 Typel,2,3
Tetrachloroethylene Tier 1 Type 3 Typel,2,3
Pyridine Tier 1 Type 3 Type1,2,3
Pentane Tier 1 Type 3 N/A
Nonane, 2-methyl- Tier 1 Type 3 N/A
Heptasiloxane, hexadecamethyl- Tier 1 Type 3 N/A
Decane Tier 1 Type 3 N/A
Benzene Tier 1 Type 3 Type 3

Compounds found common in both humans and mice are highlighted in bold.

conservative, which is reflected in the results of the relative
numbers of on-breath VOCs classified. The combined three met-
rics maximize the opportunity for discovering potentially infor-
mative VOCs that can be considered as on-breath, as well as
provide higher confidence in the results. For example, a VOC that
is classified as on-breath in multiple metrics can lower the prob-
ability that it is a false positive hit, while still allowing visibility of
the wider range of potential lower-confidence VOCs that are cap-
tured by at least one metric. This can give a broader understand-
ing of the composition of the breath matrix and provide
adjustable on-breath stringency throughout different stages of
pre-clinical studies.

Proof-of-principle: the commonality with human
breath data

In order to assess the transferability of the mouse breath VOCs to
human VOCs and highlight data analysis improvements, the same
metrics were used to quantify the number of on-breath VOCs in
human breath compared to paired system blanks sampled.

The common high-confidence VOCs between mice and humans are
bolded in Table 2, a list of the total 49 on-breath VOCs common to
both human and mouse breath can be viewed in Supplementary
Table S3. The table also shows how the combination of different
stringency of on-breath metrics can help capture a wider list of
translatable compounds between mouse and human.

A PCA was plotted for human breath and blank samples (Fig. 6),
which combined with the mouse breath and blank sample PCA pre-
sented in Fig. 4, showed a clear separability in PC1 by species.

PC2 shows a separability between breath and blank for both
species, showing the presence of biological signals in the breath
samples. The average fold change in signal intensity compared to
blank for all VOCs for both mouse and human breath using all
metrics were compared (Supplementary Fig. S1). The majority of
compounds identified as in common between mouse and human
breath with the greatest fold change in breath to blank were as-
sociated with the gut microbiome or were plant-derived.
Examples of these include trimethylamine (TMA) and dimethyl
sulfone (Fig. 7). These were identified via match against
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Owlstone’s HRAM library (Supplementary Table S3). There are
certain compounds that appear to be specific to mouse or human
breath. For example, methyl nitrate (NIST match—
Supplementary Table S2) and 2-butanol (Tier 1) appeared to be
exclusively on-breath in mice, appearing with a high signal inten-
sity (Fig. 7).

Discussion

Using animal models for breath biomarker discovery work allows
a more controlled study, reducing the variability from inter-

On-breath by standard On-breath by paired testing

deviation metric (50% of samples) (p<0.05, fold change >2)

On-breath by ROC-AUC

(>0.8, fold change >1)

Figure 5. The number of overlapping identified “on-breath” VOCs by
each metric type.
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individuals, diet, and other environmental factors. The reduced
risk of false biomarker discovery accelerates the process of iden-
tifying potential biomarkers for validation in clinical trials. Here,
we present a newly developed method that captures mouse
breath with superior control over background contamination,
providing more confidence that the VOCs measured are genu-
inely breath-borne. Analysis of chemical standards has provided
high confidence VOC identification, allowing genuine compari-
son between mouse and human breath. Both an increased
signal-to-noise ratio and preservation of VOC integrity are likely
to increase the number of VOCs detectable from breath, provid-
ing a higher chance for identifying potential biomarkers from dis-
covery work. We also developed three different metrics (Fig. 3,
Type 1, 2, and 3) for VOC “on-breath” classification between
breath and system blank samples. The use between one or multi-
ple metrics allow different stringency for distinguishing on-
breath VOCs from background air, accommodating different
study designs and purposes.

One of the challenges across pre-clinical and clinical breath
research studies is the control of signal-to-noise. In this study,
we addressed this challenge by employing low-background
breath collection from intubated mice. We modified one major
step of the flexiVent breath collection, which is replacing the
lung function measurements with additional ventilation,
namely, the flexiVent filter, for breath collection. Although this
method requires anesthetics, breath is collected strictly from the
lower tract of the lungs. The additional ventilation minimizes
contamination from the upper respiratory tract during breath
collection and enhances the representation of blood-circulated
metabolic processes exchanged at the alveoli in the lungs.
Additionally, the sampling method substantially reduces the
amount of water collected in breath samples, which may contrib-
ute to unexpected signal peaks during sample processing,
thereby affecting data accuracy. Reducing water content can also
preserve the integrity of the sampled VOCs, as water aerosols
can react with VOCs or alter their chemical properties, leading to
artifact formation during sample collection and storage. Given
that VOC concentrations depend on the breath volume collected,
preventing loss during collection is crucial. The intubation

PCA Decomposition of Feature Space (colored by sample type)
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Figure 6. A PCA of human breath features, and system blank features, to compare with the mouse breath and system blank features presented in

Figure 3
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Figure 7. (A) Trimethylamine (TMA) is an example of an identified on-breath compound in both humans and mice that is significantly different from
background signal. (B) Dimethyl sulfone is on-breath in both humans and mice (Note log axis). (C) Methyl nitrate and (D) 2-butanol are on-breath
compounds in mice, but not in humans. The significantly cleaner background for mouse blank samples can be seen in this example. The thresholds

are defined as the mean +3 standard deviations.

method in this study has precise volume control, eliminating po-
tential losses. Furthermore, periodic 'deep lung’ inflation every
two minutes potentially improves the detection of VOCs from the
lower lung. These features of the novel breath collection method
presented here are especially beneficial for biomarker discovery
studies, where capturing relevant compounds in a specific dis-
ease area and at a wider range is vital.

Existing literature has demonstrated the feasibility of murine
models for breath VOC research, though the number of studies is
limited [24, 26]. These studies all utilized a non-anesthetic approach
with breath collection methods. Some require additional

preparation work to ensure the mice were cleaned with no contam-
ination from fur due to headspace collection using a respiratory
chamber [24], while other studies collect breath through a more
closed or semi-closed environment [24-26]. We compared one of
these studies, which placed mice in glass restrainers and had them
breathe through a nose cone with filtered air using CASPER [25].
The study targeted 27 VOCs and we found 18 of them present
within our untargeted analysis dataset. These compounds are
mainly alkanes and aldehydes, which are indicators of inflamma-
tion and oxidative stress, with confirmed IDs. However, these com-
pounds were not considered on-breath using the three metrics we
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developed. As the study by Hintzen et al. did not describe clearly
how breath compounds differed from system blanks, the differen-
ces in the findings of healthy mice used in both studies could be
due to the analytical approach we used to distinguish “on-breath”
compounds. With the three metrics utilized to distinguish on-
breath compounds in our dataset, only 3-carene and alpha-pinene,
two compounds originating from a plant-based diet, were found in
both studies. Interestingly, our findings also indicate that three ex-
ogenous VOCs often associated with environmental sources-
namely, xylene, toluene, and the tentatively identified styrene from
NIST- were not identified as on-breath compounds within our data-
set. This suggests that the intubation method and analytical ap-
proach enabled the exclusion of these environmental compounds,
allowing discrimination of the on-breath compounds in our analy-
sis. As on-breath compounds are determined by the abundance dif-
ferences between breath and blank samples, it is important to note
that upon utilizing this mouse breath system in a disease model,
more compounds reflecting the physiological state as opposed to
healthy, homeostasis mouse, may be detectable on-breath—such
as patterns of lipid peroxidation products in inflammatory pro-
cesses [37].

We compared the potential translatability of the on-breath
VOCs identified in mice using this new method with those found in
human breath. The human breath samples in this study were col-
lected while subjects breathed filtered air using CASPER, which
removes most contaminating volatile compounds from ambient air
and has been utilized in other studies [32-34], Following the same
on-breath metrics, we identified more VOCs classified as on-breath
in humans across all metric types compared to mice
(Supplementary Tables S2 and S3). The PCA (Fig. 6), also indicated
clear separability based on species. This is not unexpected due to
the relative body size difference, the difference in lung volume, and
the differences in environmental exposure between mice and
humans. Some VOCs, such as methyl nitrate and 2-butanol, were
exclusively on-breath in mice (Fig. 7), which may represent a
species-specific difference in breath composition or reflect a differ-
ence in environmental or dietary exposure. Despite the differences,
49 on-breath VOCs were found common between human and
mouse (Supplementary Table S3). A substantial portion of these
compounds with confirmed identities originated from the micro-
biome, including TMA [38, 39], 2,3-butanoediol [40], dimethyl sul-
fone [41], and o-cresol [42, 43]. This is important as these volatile
compounds are targets for biomedical research into the intricate in-
terplay between the microbiota and disease. TMA, predominately
produced through microbial metabolism of the dietary-derived
compounds like choline, carnitine, and betaine in the gut, has dem-
onstrated associations with kidney disease and colorectal cancer in
human studies. These strong signals of microbial-produced VOCs
measured in breath also suggest that, unlike isoflurane- which is
known to affect gut microbiome diversity- the use of Medetomidin/
Midazolam/Fentanyl for anesthesia did not significantly impact
metabolic changes [44]. Other volatile compounds common be-
tween human and mice breath include those originating from
plant-based dietary sources, such as alpha-pinene and beta-pinene.
The notable presence of certain common on-breath VOCs in mouse
and human breath implies the potential to investigate disease-
relevant volatile compounds for human clinical studies in mouse
models. Together, this method supports a promising avenue for
translating the findings from pre-clinical mouse models to clinical
human studies.

After developing a system to understand the VOC composition
of breath from healthy mice, future studies could use a disease
mouse model in comparison to healthy mice. This could amplify
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the detection of significant signals as a characteristic overabun-
dance of certain compounds related to the disease pathology. For
example, the specific VOCs in the breath of a respiratory disease
mouse model that differ from healthy mice could serve as candi-
date biomarkers for the underlying pathophysiology. Using the
method developing in this study, it is also possible to simulta-
neously collect lung function data via the flexiVent, and correlate
this to VOC abundance. Given that the lung is often modelled as
a resistor and a capacitor for lung function assessment, which is
how the flexiVent system was originally designed, it is essential
that the additional flexiVent filter introduces negligible addi-
tional resistance and volume. Further assessment to allow for si-
multaneous VOC and lung function data collection will offer
researchers the opportunity to explore the relationship between
specific VOCs and lung function metrics. For drug discovery
efforts against respiratory disease, this system could test the suc-
cess of drug treatments on the disease mouse models, observe
whether the VOC composition of breath altered back towards the
healthy breath state, and whether this correlates to lung function
improvements.

Conclusion

In this work, we present a pre-clinical method for the capture
and analysis of the volatile compounds contained in mouse
breath, offering advantages over existing methods in the field.
The results of this study present a reliable mouse breath sam-
pling and analysis platform that can be used to compare the
composition of mouse breath with human breath and establish
mice as viable animal model for the pre-clinical study of
breath biomarkers.

We saw 472 compounds in total in mouse breath.

We identified 15.47% (73) of these compounds as 'on-breath’,
meaning we reliably distinguished them from background
contaminating signals based on three quantitative metrics.
There were 49 common VOCs identified between mouse and
human breath.

The compounds identified as on-breath and shared between
humans and mice were linked to suspected biologi-
cal functions.

Supplementary data

Supplementary data is available at Biology Methods and
Protocols online.
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