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Abstract

Breath analysis offers a promising, non-invasive approach for early disease detection
in livestock, particularly for bovine respiratory disease (BRD). However, the wide-
spread use of antibiotics in veterinary practice raises concerns about their potential
to confound breath-based diagnostics. In this study, we analysed breath samples
from 65 calves to evaluate the diagnostic performance of volatile organic compounds
(VOCs) as biomarkers of BRD. We identified several candidate ions, including form-
aldehyde and acetone/propanal, that showed significant elevation at the onset of
disease and a modest detection capability (AUC=0.53-0.77). However, the strongest
discrimination between diseased and controls occurred after antibiotic administra-
tion, suggesting a confounding pharmacological influence. To isolate this effect, a
secondary trial was conducted in which healthy calves were treated with oxytetra-
cycline dihydrate (Alamycin® LA 300). This revealed rapid and transient changes in
the breath volatilome, with significant increases in dimethyl sulphide and (CsH;,O)H*
within 1 hour, and other VOCs, including formaldehyde and acetone/propanal within
24 hours of treatment. These findings demonstrate that antibiotics can substantially
alter breath VOC profiles, potentially mimicking or masking disease signals. We con-
clude that breath-based diagnosis of BRD holds promise but must account for treat-
ment history to avoid misclassification. Moreover, the reproducible and time-resolved
nature of the VOC response suggests that breath analysis could also be developed
as a tool for monitoring antimicrobial exposure and optimising therapeutic dosing in
livestock.

1. Introduction

Breath analysis has emerged as a powerful tool for non-invasive disease detection

in human healthcare, offering real-time diagnostic insights through the analysis of
volatile organic compounds (VOCs) [1-3]. The technique has been applied to a range
of clinical challenges for humans, including the detection of metabolic disorders
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[4], cancer biomarkers [5], and infectious diseases [3], owing to its ability to reflect
systemic physiological changes without the need for invasive sampling [1-3]. More
recently, breathomics has begun gaining traction in animal health research, with
growing interest in its application to veterinary medicine [6,7]. Early studies have
demonstrated its potential for identifying paratuberculosis [8], monitoring ketosis in
dairy cows [9,10], and even detecting pregnancy through VOC profiling [11]. Recent
reviews continue to highlight the rapid progress in breathomics and its expanding
diagnostic potential in both human and veterinary medicine, including advances in
GC-MS and PTR-MS breath profiling, electronic-nose technologies and nanosen-
sors [12—-15]. These developments underline the growing feasibility of using exhaled
VOCs for early disease detection and real-time monitoring across a wide range of
pathological conditions.

Given its promise, breath-based diagnostics could play a transformative role in the
detection of bovine respiratory disease (BRD), one of the most economically signif-
icant ilinesses affecting cattle worldwide [16]. BRD is a complex syndrome, initiated
by viral infections that predispose young calves to secondary bacterial invasion,
leading to pneumonia and impaired respiratory function [17,18]. With calf pneumo-
nia affecting 20—30% of herds in the UK [17], the economic and welfare implications
are substantial [19] and include reduced growth rates, increased veterinary costs
[20], and elevated mortality risk in pre-weaned calves [20—23]. Traditional diagnos-
tic approaches rely on visual observation of symptoms, yet these signs are often
non-specific, leading to delayed intervention. Breath analysis offers an alternative:

a metabolic fingerprint capable of detecting physiological changes linked to disease
onset, with some studies showing early promise [7,24—28]. Moreover, a new genera-
tion of low-cost VOC sensors is emerging, offering the potential for on-farm diagnos-
tic tools, that can be incorporated into existing infrastructure such as close to feeders
and water troughs that animals visit several times a day. However, it must be ensured
that reliable and disease-specific breath signatures can be identified and that these
low-cost instruments can also detect them.

A key challenge in breath-based disease detection, however, is the widespread
use of antibiotics in livestock management. Antibiotics remain a cornerstone of BRD
treatment, often administered at first suspicion of illness and, in some cases, prophy-
lactically in high-risk groups such as recently weaned calves [29]. While effective in
controlling bacterial infections, their potential influence on breath biomarkers remains
an open question. If VOC shifts caused by antibiotics obscure or mimic disease-
related signals, it may complicate diagnostic accuracy.

Recent studies in human breathomics have demonstrated the presence of antibi-
otic metabolites in exhaled breath, suggesting that pharmaceutical intervention can
directly alter VOC profiles [30]. This raises concerns about whether breath-based
diagnostics truly capture pathology or if treatment effects inadvertently shape bio-
marker interpretation. Understanding how drugs, or indeed vaccination, modify breath
composition is essential for ensuring reliable disease detection.

In this study, we investigate breath-based detection of BRD within a farm set-
ting where disease management involved antibiotic treatment. Using online mass
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spectrometry, we analysed breath samples from 65 calves to characterise VOC patterns in diseased and healthy animals,
assessing the potential for breath-based disease detection, including piloting the use of low-cost sensors to determine
whether they are sufficiently sensitive to any of the identified markers of disease (phase 1). To further probe the influence
of antibiotics, we conducted a secondary trial (phase 2) administering treatment to healthy calves, tracking breath compo-
sition over multiple time points.

2. Methods
2.1. Online breath sampling

Breath samples were collected using a custom-built polycarbonate mask which was 15 cm in diameter and 15 cm long. The
open end of the cylinder was covered with a silicone lid (Dunelm) with an aperture of 8 cm, to form an effective seal around
the animal’s muzzle. At the end of the cylinder, a charcoal respirator filter (3M Gas & Vapour filter, GF22 A2, Arco Limited, Hull,
UK) was fitted to help limit the concentration of VOCs in the air entering the mask. Exhaled breath was sampled through a
4" OD tube (1.D. 1/8”) which connected to the base of the mask and passed through a Teflon filter to remove any particulates
from the sampled air. Flexible PFA tubing was used for the first metre of sample and then the air going for online analysis
was carried along a 6 m, ¥2” OD Sulfinert® coated stainless steel tube (1.D. 1/8”). The tubing was inserted into a custom-built
heating sleeve (Signal Group Ltd, Camberley, UK) set to 140 °C. This maintained an internal air temperature of 45 °C, which
prevented condensation and limited VOC adsorption onto the tube walls. The flow rate was maintained at 7 L min-' under a
pressure of 800 mbar, both of which were measured, together with air temperature via a thermal mass flowmeter (TSI Model
4040, USA), mounted downstream of the gas analysers. The full sampling setup is shown in Fig 1.

Air from the sample line was sub-sampled by a proton transfer reaction time of flight mass spectrometer with quad-
rupole ion guide (PTR-QITOF, IONICON Analytik GmbH, Austria) [31]. The instrument was operated with a drift tube
pressure, voltage and temperature of 3.7 mbar, 830 V and 80 °C, respectively. These settings ensured the ratio between
electric field (E) and number density of gas molecules within the drift tube (N) was maintained at a value of 120 Td. H,O*
reagent ions were used to detect VOCs with a proton affinity greater than that of water.

The PTR-Qi-TOF was calibrated at both the beginning and end of each measurement period using a multicomponent gas
standard (Apel-Riemer Environmental Ltd). Following standard practice [32,33], an instrument-specific transmission curve was
derived from the known concentrations of the calibrated compounds. This curve was then combined with published reaction
rate constants to convert ion signal intensities to concentrations expressed in milligrams per metre cubed (mg m?) for all
detected ions. The transmission-based quantification method carries an associated uncertainty of approximately 25% [32].

Measurements of carbon dioxide (CO,), were made using a MIRO MGA10-GP gas analyser (MIRO Analytical, Wallisellen,
Switzerland). This instrument, which uses direct laser absorption spectroscopy, subsampled downstream of the PTR-QiTOF.
The MIRO sampled at a rate of 1 Hz, with data logged directly to the PTR-QITOF. CO, is also detectable by PTR-QiTOF
instruments at high concentrations due to endothermic proton transfer reactions occurring at the transition point between
drift tube and time-of-flight chamber. This is enhanced in instruments with a quadrupole ion guide due to the higher energies
present in this region [25]. The CO, signal is typically suppressed by tuning the source valve, but here a higher CO, signal
was desirable to allow synchronisation between the two instruments by searching for the maximum in a cross-covariance of
the two CO, signals, with the difference typically 3 seconds. The higher resolution (2 Hz) measurements of CO, made by the
PTR-QITOF were used for the analysis following calibration against the MIRO data. Allowing a higher CO, signal came at the
cost of compromising the acetaldehyde signal at (C,H,O)H*, which sits on the shoulder of the much larger CO, peak.

2.2. Emission rates of breath volatiles

The emission rate of volatiles exhaled on the breath of calves (E

exhaled

(e.g., mg animal hr'), depending on compound abundance, as [34]:

) was calculated in units of mass per animal per hour
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Fig 1. Experimental setup comprising a mobile laboratory housing the gas analysers and a 6 m heated sample line connected to a cus-
tom-made breath-sampling mask. Data acquisition was operated by trained farm technicians, who initiated sampling from the side of the cattle pen.

https://doi.org/10.1371/journal.pone.0351838.g001

Eexhaled = (Xbreath _ng) -TV-RR

Where x, . is the concentration of the target VOC (e.g., mg m®) measured from the mask and Xog is the concentration of
target VOC measured from a closed mask immediately prior to fitting to the animal, which forces air through the charcoal filter
and acts as a blank. Mask and mask background were both measured for a period of 3 minutes for each animal sample, with
the median value used in the calculation. The tidal volume (TV) was calculated for each animal and based on the value of 8

x 107 m? per kg of body weight from DiBmann et al. [35]. Cattle were weighed at the start and end of the study, and interim
values estimated based on a linear interpolation between the two weights. Respiration rates were calculated for each animal
by counting the average breaths per minute for each sample which were clearly visible in the CO, data (see Fig 2B).

2.3. Low-cost sensors — VOC sensing array

As part of a proof-of-concept trial, a Model 720 VOC Analyser (RoboScientific Ltd, UK) was used to assess the feasibility
of breath sampling in calves. The analyser was connected to the outflow tubing of the breath sampling mask and was
trialled on several animals during the study period, rather than being applied to the full experimental cohort. Sampling was
conducted in two stages: first, four replicate background air samples were collected over a two-minute period with the
mask in blanked configuration. This was followed by breath sampling immediately after fitting the mask to the calf, again
comprising four replicates over a two-minute period.

The 720 VOC Analyser comprises an array of 24 individual sensors, each embedded with distinct organic semicon-
ducting materials. During each sampling event, the analyser captures sensor responses characterised by parameters
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Fig 2. Example breath measurement, showing the background phase (0-3 minutes) and the breath phase (3—6 minutes). Panel B provides a
close-up of the CO, signal used to calculate the respiration rate for each animal.

https://doi.org/10.1371/journal.pone.0351838.9002

such as peak height, integrated area under the response curve, absorption and desorption rate, as selected by the
operator. These multivariate data were analysed both individually, for example, to compare specific sensor responses with
known VOCs identified via PTR-QIiTOF, and collectively, to assess changes in breath profiles over time. Cosine similarity,
expressed in degrees, was used to quantify the divergence between each diseased day and the healthy baseline mea-
surement (see section below for definitions), providing a measure of how VOC signatures evolved throughout the course

of disease. Cosine similarity is defined as:
0 = cos™ (A'B) X (180)
|AllBI ™

where A and B denote the feature vectors extracted from the VOC profiles of two individual breath samples. The resulting
angle 0 represents the degree of similarity between the vectors: 0° indicates a perfect match, while 180° indicates com-
plete opposition.

(2)

2.4. Animals, health assessment and treatments

The study was conducted under ethical approval from SRUC’s Animal Experiments Committee (Approval number: AEX
2024-024 DAI).

A total of 65 calves completed the trial, aged between 12 and 86 days, comprising 30 heifers and 35 steers. Each
animal was born to a Holstein dam—a dairy breed—but sired by bulls representing three beef breeds: Hereford, Aberdeen
Angus, and British Blue [36]. In compliance with the UK Home Office Project Licence, animals were checked by a veteri-
narian and returned to the farm stock. No animals were euthanised or sacrificed specifically for the purposes of this study.
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During the trial animals were fed 4 litres of milk replacer (Carr’s Billington Vitality calf milk) twice daily at 08:00 and
15:00 and were given ad libitum access to barley straw and starter pellets (Davidson’s rapid starter pellets, 2359).
Health status was assessed each morning using the modified Wisconsin scoring system [37], which grades five clini-
cal indicators—rectal temperature, nasal discharge, eye discharge, ear droop, and cough—on a scale of 0-3. For the
purposes of this study, a calf was classified as diseased only when both the cumulative score reached five or more
and rectal temperature exceeded 39.5 °C. This combined threshold was used to reduce misclassification arising from
transient environmental irritants or mild non-respiratory conditions that can elevate individual components of the clin-
ical score. Because the calves were group-housed, faecal consistency was not included, as faeces could not reliably
be attributed to specific individuals. Animals identified as either healthy controls or meeting the criteria for respiratory
disease during the morning assessment were sampled later the same day, following the breath-sampling protocol
outlined below. Breath sampling was non-invasive and did not require anaesthesia or sedation. Health monitoring was
carried out under Home Office Licence, with appropriate end points set for each procedure allowing animals to be
withdrawn from the trial in the case they suffered any ill-effects of the procedure. However, in this trial, no end points
were ever reached. Animals were handled by trained farm personnel, and procedures were designed to minimise
stress and disturbance.

The number of breath samples that could be collected from each animal was determined by the conditions of the
Home Office licence governing the study. Each calf could contribute up to five healthy breath samples throughout the trial
period. If an animal met the disease criteria, up to five further breath samples could be taken on consecutive days follow-
ing disease onset, with a maximum of two such disease episodes sampled per calf. These regulatory constraints dictated
the feasible sampling frequency for each individual and explain why the number of available breath measurements varied
across animals.

Immediately after breath sampling, calves diagnosed with respiratory disease were treated according to standard farm
practice and all treatment histories are reported in the associated data publication. Treatment typically consisted of an
intramuscular injection of meloxicam (Metacam®, Boehringer Ingelheim) alongside oxytetracycline dihydrate (Alamycin®
LA 300, Norbrook Laboratories), administered into the gluteal muscles of the hindquarters. In a small number of cases
where clinical signs did not improve sufficiently, further treatment with gamithromycin (Zactran®, Boehringer Ingelheim) or
amoxicillin trihydrate—clavulanic acid (Synulox®, Zoetis) was provided. Calves were not vaccinated prior to the study, and
polymerase chain reaction (PCR) testing was not performed, meaning that the specific pathogens responsible for each
disease event could not be identified. Consequently, some respiratory episodes may have involved viral, bacterial, or
mixed infections, or systemic conditions that mimicked BRD. This reflects the reality of on-farm diagnosis and mirrors the
context in which breath-based disease detection technologies would ultimately be deployed.

2.5. Assessment of antibiotic breath metabolites

To evaluate the impact of therapeutic antibiotic treatment on breath VOC profiles, a second trial was conducted. A
cohort of 10 healthy Aberdeen Angus Cross calves (seven males, three females, aged 28—43 days), all from a dairy
dam, was selected. Daily breath samples were collected over two consecutive days to establish a baseline. On the
third day, animals received a long-acting, broad-spectrum injectable antibiotic containing 300 mg/mL of oxytetracycline
dihydrate as the active ingredient (Alamcin ® LA 300). This was the same drug used during the initial on-farm trials,
providing a consistent pharmacological reference across study phases. The formulation also includes excipients such
as magnesium oxide and sodium formaldehyde sulfoxylate, which contribute to its extended-release profile. A dosage
of 1 mL per kg of body weight was administered intramuscularly into the hindquarters. Following treatment, breath
samples were collected at approximately 1, 24, 48, 72, and 96-hours post-administration to monitor VOC changes over
time. The same modified Wisconsin health scoring system was adopted (daily scoring) to confirm that calves remained
healthy throughout this trial period.
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3. Results and discussion
3.1. Breath sampling

During the main study, measurements were made from 65 cattle, from two batches, between May-July and Sep-Oct 2024.
Atotal of 398 breath samples were taken using the mask setup described in Section 2.1.

Fig 2a shows a typical breath sample of CO, and acetone/propanal ((C,H,O)H*). The first three minutes represent the
background period where the mask was sealed with a silicone lid to force air through the charcoal filter and provide a
sample blank. The next three minutes show the period where the mask was placed on the calf to obtain the breath sam-
ple. The arrows indicate the portion of the data that were averaged (median) to provide values of . and Xog- The CO,
signal shown was measured by the PTR-QIiTOF and calibrated against the CO, signal obtained from the MIRO.

In total, 21 disease events were captured from 20 individuals, with 103 breath samples captured during the 5-day
diseased period. Healthy breath samples were carefully screened to remove any samples where the animal went on to
become diseased in the subsequent 4 days. This left 204 ‘true’ healthy samples, taken from 41 individuals.

The PTR-TOF detected 86 ions that were consistently present in the breath of cattle. Molecular formula could be
assigned to 55 of these ions with the remaining 31 reported as their protonated mass-to-charge ratio and classed as
“unidentified”. The full list of compounds and molecular formula are listed in Table S2 in S1 File of the Supplementary
Information.

3.2. Disentangling growth effects from potential disease signals in calf breath VOCs

During the early weeks and months of a calf’s life, rapid growth significantly influences the emission of volatile organic
compounds (VOCs) in the breath, largely due to developmental changes such as increased lung capacity. These
growth-related changes can be substantial [36] and must be accounted for to accurately distinguish disease-induced alter-
ations in the volatilome from those caused by natural growth.

Fig 3A presents the growth curve of CO, emission rates in the breath of healthy calves. Green data points represent
measurements from “true” healthy animals, those with no disease within +4 days of sampling. The fitted curve, along
with the 95% confidence interval (1.96 x 6), shows that CO, emission rates nearly double over the monitored age range,
emphasising the necessity of age correction when evaluating breath-based disease biomarkers. When breath data
obtained from calves during episodes of disease (e.g., 5 consecutive days post-onset, shown in red) are added, only one
sample falls outside the healthy confidence interval. This suggests that CO, emissions are not significantly affected by
respiratory disease in this cohort.

Fig 3B illustrates the same analysis for the (CH,O)H *ion, attributed to formaldehyde, one of the most abundant com-
pounds emitted from both healthy and diseased animals. Among the diseased samples, 32 exceed the confidence inter-
val, corresponding to 15 individuals, from a possible 21. Additionally, 19 healthy samples from nine individuals also fall
above the threshold.

In Fig 3C, the (C;HsO") ion is shown, which likely reflects acetone/propanal detected directly at its monoisotopic mass
(m/z 58.0419) via charge transfer from residual O,*ions present as impurity species in the H;O+ drift tube. A total of 31 dis-
eased samples (16 individuals) exceeded the threshold, compared to 18 healthy samples (10 individuals).

The (C,H,,O)H" ion in Fig 3D relates to a possible mix of 3-methylbutanal, 2-pentanone, and pentanal. This ion showed
27 threshold exceedances over the five-day diseased period relating to 15 diseased animals and 13 exceedances relating
to 13 healthy animals.

Table 1 summarises the performance of the top 15 ions detected by PTR-QIiTOF, ranked by the number of diseased
individuals exhibiting threshold crossings. For example, C,H,O*, likely acetaldehyde formed via direct charge transfer
from O,*, was detected in 13 diseased individuals. This ion proved to be a more reliable marker for acetaldehyde than
the protonated form (C,H,O)H*+, which, as discussed in Section 2.1, was confounded by the dominant (CO,)H* peak. In
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Fig 3. Breath emission rates of CO, (panel A), formaldehyde (CH,O0)H* (panel B), acetone/propanal (C;H,0)* (panel C), and (CsH,,0)H* (panel
D) plotted against calf age. Green data points represent measurements from “true” healthy calves (i.e., no recorded disease within four days before or
after sampling). Red data points represent breath samples collected during a five-day window following a respiratory disease event. Red symbols are
labelled to indicate the specific day post-onset (days 1-5) on which the sample was taken. Error bars indicate the interquartile range.

https://doi.org/10.1371/journal.pone.0351838.9003

addition, several fragment ions, including (C;H,)H*, (C;H,)H*, and (C,He)H*, showed consistent levels across samples,
suggesting potential as supporting markers, although their parent compounds could not be definitively identified.

3.3. Age-Normalised emission profiles across disease days (D1 to D5)

All measured emission rates were normalised using their respective growth response curves. The coefficients and confi-
dence intervals associated with these curves are provided for each of the 86 identified ions in Table S1 in S1 File of the
Supplementary Information.

To investigate how breath volatiles change over the course of the five days following disease onset, the normalised
data were aggregated (using the median) for both the healthy control group and each day of the diseased period. These
results are presented in Fig 4 for Formaldehyde (Panel A), Acetone/Propanal (Panel B), and (C,H, O)H+ion (Panel C).
A Mann-Whitney U test was applied to assess statistical differences between each diseased day and the healthy control
population.

All three markers exhibited broadly similar temporal profiles, beginning with statistically significant elevations in form-
aldehyde and acetone/propanal on Day 1 (p<0.01), while no significant difference was observed for CsH;,0* at this
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Table 1. Summary of the top 15 PTR-QiTOF ions elevated above the healthy 95% confidence interval, listed by decreasing prevalence across
diseased individuals. For each ion, we report the monoisotopic m/z, the molecular formula (when a unique formula could be assigned), a
putative identification (where possible), the total number of diseased samples in which an exceedance occurred, the number of diseased
individuals contributing those exceedances, and the counts by disease day (D1-D5) post-diagnosis. lons labelled “unknown” are peaks for
which no unambiguous formula match could be made (e.g., fragment ions or compositions outside the element set used for matching), which
is typical for high-resolution PTR-TOF datasets.

m/z Formula Possible ID #Di d | #Di d #onD1 |[#onD2 |#onD3 |#onD4 |#onD5
Samples Individuals
58.041 C,H,O" Acetone/propanal (via O,*charge transfer) | 31 16 7 11 5 4 4
31.018 (CH,O)H* Formaldehyde 32 15 8 1 5 4 4
87.08 (C,H,,O)H* | 3-methylbutanal, 2-pentanone, Pentanal 27 15 6 11 2 4 4
44.024 C,H,0" Acetaldehyde (via O," charge transfer) 32 14 7 10 7 4 4
56.04427 | 56.0443 unknown 24 14 6 8 4 4 2
61.05348 | 61.0535 unknown 26 14 6 1 2 4 3
39.023 (C,H)H* Fragment 26 13 6 10 3 4 3
40.02629 | 40.0261 unknown 27 13 6 10 4 4 3
41.03858 | (C,H)H" Fragment 27 13 6 10 3 4 4
53.00223 |53.0022 unknown 29 13 7 10 6 3 3
55.054 (C HyH* Fragment 23 13 5 7 3 4 4
56.057 56.057 unknown 23 13 5 7 3 4 4
59.049 (C,H,O)H" | Acetone/propanal 26 13 6 10 3 4 3
60.05248 | 60.0524 unknown 26 13 6 10 3 4 3
48.00337 | (CH,S)H" Methanethiol 23 12 5 8 4 4 2

https://doi.org/10.137 1/journal.pone.0351838.t001

stage. On Day 2, all compounds showed their largest deviations from healthy controls, with highly significant increases
for all three markers (p<0.001). This elevated response persisted into Day 3, where formaldehyde and acetone/propanal
remained strongly significant (p<0.001) and (CsH,,O)H* retained a more modest but still significant difference (p<0.05).
By Day 4, formaldehyde and acetone/propanal remained elevated (p <0.04), whereas (CsH,,O)H*had returned to base-
line levels and was no longer significantly different. The supplementary Information contains similar visualisations for the
remaining compounds listed in Table 1 (figures S1-S3 in S1 File).

The temporal profile of VOC emission rates across the 5-day diseased period mirrors the distribution of threshold
exceedances observed for the three key compounds. As illustrated in Fig 3, each breath sample is annotated by disease
day (1-5), revealing consistent day-wise variation in marker elevation. Among the top three markers, 22% of all threshold
exceedances occurred on Day 1, rising sharply to 42% on Day 2, the peak response, before declining to 11%, 15%, and
10% on Days 3, 4, and 5, respectively. These data suggest that the most pronounced perturbations in breath VOCs occur
within the first 48 hours following onset of clinical symptoms, with Day 2 consistently representing the strongest signal
across individuals.

3.3.1. Non threshold exceedances. Of the 21 diseased animals, breath marker exceedances were detected in up to
16 individuals. Importantly, these 16 cases represent the complete subset of diseased animals that were detectable using
any combination of these or other markers. In other words, there was no additional discriminatory signal in the remaining
five BRD-positive individuals that could be recovered through either linear or non-linear combinations of the available
markers, when comparing against the healthy population detection thresholds.

Among the five that exhibited no threshold exceedances, further inspection revealed that one animal (#209498) lacked
a measurement on Day 2, the time point associated with the highest probability of exceedance events, and thus a key
opportunity for detection was missed.
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Fig 4. Box-and-whisker plots of age-normalised breath emission rates of formaldehyde (A), acetone/propanal (B), and (CsH;,0O)H* (C) during
healthy and diseased periods (progressing from D1 to D5). Asterisks indicate statistical significance: ***p<0.001, **p<0.01, *p<0.05.

https://doi.org/10.1371/journal.pone.0351838.9004

Fig 5 shows the time series data for animal #613315. Grey bars indicate the relative health score, with Day 1 marking
the onset of the diseased period. While all three markers peaked on Day 2 and returned to baseline by Day 3, their abso-
lute emission levels remained below the population-derived threshold (solid line), resulting in no exceedance events for
this animal. This highlights a key limitation of population-based thresholds and suggests that more sensitive or individual-
ised monitoring strategies may vyield higher diagnostic resolution.

In contrast, animal #504941 exhibited no elevation in any of the three key ions during the diseased period and received
only a single 1.5 mL dose of Metacam, with no antimicrobial treatment administered. Similarly, animals #109490 and
#713323, although clinically diagnosed with respiratory disease, did not meet the criteria for antibiotic treatment. Both
animals showed no elevation in (CsH,,O)H* levels. Modest increases in formaldehyde and acetone/propanal were
observed on both Days 1 and 2 for #109490, and on Day 2 for #713323 (see Fig. S4 in S1 File), but in all cases, these
remained well below the population threshold. The absence of antimicrobial intervention in these animals suggests that
the observed VOC changes reflect a physiological response to disease rather than a pharmacological effect. In contrast,
for those animals that did receive antibiotics, the most pronounced increases in VOC emissions were consistently seen on
the second day of the diseased period, after treatment had been administered on Day 1. This timing raises the possibility
that antimicrobial administration may act as a confounding factor in VOC-based disease profiling.

3.4. Antibiotic trial

To evaluate the potential confounding influence of antimicrobial treatment, we conducted a second trial in which a cohort
of 10 healthy animals received antibiotics. At the onset of the trial, three of the 10 calves scored diseased within the first
two days and were therefore excluded from the study. Fig 6 presents a principal component analysis (PCA) of breath
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dence intervals.

https://doi.org/10.1371/journal.pone.0351838.9005

samples collected from the remaining seven (4 male, 3 female) healthy cattle before and after antimicrobial treatment.
Samples obtained on Days 1 and 2 (n=14), prior to antibiotic administration, cluster together in the lower left quadrant,
representing the pre-treatment volatilome profile. Within just one hour of administering the antibiotic, the samples diverge
markedly from this baseline, indicating a pronounced shift in breath chemistry. Notably, a gradual return toward the
pre-treatment cluster begins around 72 hours post-injection and continues through to 96 hours, suggesting a transient but
substantial alteration in the volatilome following treatment.

To further quantify these effects, the three most discriminatory ions identified in the initial trial were re-evaluated in
this cohort. After age normalisation, emission rates were averaged for each time point to facilitate statistical comparisons
between the pre- and post-treatment periods. Fig 7 displays the resulting median normalised emission rates across the
group, while individual animal trajectories are provided in the Supplementary Information (Figs S5-S31) in S1 File.
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days, resulting in 14 data points for that group, whereas all post-treatment time points contain seven samples each, representing single sampling events.

https://doi.org/10.1371/journal.pone.0351838.9006

Following administration of oxytetracycline dihydrate (Alamycin® LA 300), a transient increase in sulphur-containing VOCs
was observed in the exhaled breath of treated cattle. Notably, dimethyl sulfide (DMS), Fig 7, panel D, exhibited statistically
significant elevations at 1 hour (p=0.0159) and 24 hours (p=0.0250) post-injection, relative to baseline levels established
over the two days prior to treatment. These findings were derived using the Mann-Whitney U test across a cohort of seven
animals, with emission rates normalised against healthy cohort growth response curves from the initial phase 1 study.

While the active ingredient of the antibiotic, oxytetracycline dihydrate, is not sulphur-based, the formulation does
include sodium formaldehyde sulfoxylate, a sulphur-containing excipient. Therefore, it is plausible that the observed DMS
arises from rapid metabolic processing of this compound.

Other VOCs, including (CsH,,O)H* (Fig 7, Panel C), also showed significant changes at 1 hour (p=0.0005) and mar-
ginal significance at 24 hours (p=0.0309), but not thereafter. In contrast, compounds such as formaldehyde (Panel A) and
acetone/propanal (Panel B) reached significance only at 24 hours, with p-values rising above the 0.05 threshold at later
time points.

Crucially, none of the monitored compounds remained significantly elevated beyond 24 hours. This is in marked con-
trast to findings from the phase 1 study, in which animals were treated while actively diseased. In that context, VOCs such
as formaldehyde and acetone/propanal remained significantly elevated for up to 72 hours post-treatment. The absence of
sustained VOC elevation in the current study likely reflects the fact that animals were clinically healthy at the time of anti-
biotic administration. This distinction underscores the influence of underlying disease processes on the breath volatilome
and highlights the importance of physiological context when interpreting VOC-based diagnostics.

3.5. Receiver operating characteristic analysis of key marker ions

To evaluate the diagnostic accuracy of the most promising breath biomarkers, Receiver Operating Characteristic (ROC)
curves were generated for three ions exhibiting the highest classification potential: (CH,O)H* (formaldehyde), (C;HsO)*
(acetone/propanal), and (CsH;,,O)H*.
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Fig 7. Box and whisker plots showing the emission rates of formaldehyde (A), acetone/propanal (B), C,H, O ion (C) and dimethyl sulphide (D)
measured from the breath of seven healthy cattle before (Days 1 and 2) and after (1, 24, 48, 72, 96 hours) injection with oxytetracycline dihy-
drate (Alamycin® LA 300). Emission rates are age normalised by subtracting the growth response curves discussed in Section 3.2. Asterisks indicate
statistical significance: ***p<0.001, **p<0.01, *p<0.05.

https://doi.org/10.1371/journal.pone.0351838.9007

ROC curves plot the true positive rate (sensitivity) against the false positive rate (1 — specificity) across a range of
detection thresholds, offering a comprehensive view of each biomarker’s discriminative ability. Classification performance
is quantified using the Area Under the Curve (AUC), where a value of 1.0 indicates perfect discrimination and 0.5 denotes
no better than random chance.

To assess variability, bootstrap resampling (n=1000 iterations) was performed to compute 95% confidence intervals for
each ROC curve. These intervals were derived from the 2.5" and 97.5" percentiles of the resampled ROC distributions.

Based on data from the antibiotic trial, the ROC analyses shown in Fig 8 were conducted separately for breath samples
collected on Day 1 (pre-treatment, panels A-C) and Day 2 (post-treatment, Panels D-F) to assess performance changes
following antimicrobial exposure.

On Day 1, pre-treatment data showed moderate discriminative power for formaldehyde (CH,O, m/z 31.018, Panel A)
with an AUC of 0.66 (95% CI: 0.53—0.77), and a similar result for acetone/propanal (C;HsO*, m/z 58.041, Panel B) with
an AUC of 0.65 (0.52—0.77). In contrast, the (CsH;,0)H*ion (m/z 87.08, Panel C) yielded an AUC of 0.45, indicating no
discriminatory ability. This aligns with the absence of statistically significant differences in age-normalised emission rates
between healthy calves and those with early-stage disease, confirming that (CsH,,O)H*is not a biomarker for BRD. It is
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https://doi.org/10.1371/journal.pone.0351838.9008

important to note, however, that animals were sampled at the very first clinical signs of disease, as determined through
daily health scoring. This early intervention likely limited the severity and metabolic expression of BRD at the time of sam-
pling. Had the disease been allowed to progress untreated to Day 2, the biomarker signal, particularly for BRD-associated
volatiles, may have been further amplified, potentially resulting in higher classification performance. For example, animals
#109490 and #713323 both showed larger formaldehyde and acetone/propanal emission values on day 2 of the diseased
period, compared to day 1 onset and neither received antibiotic treatment (Figure S4 in S1 File).

By Day 2, after 80% of diseased animals had received antibiotic treatment, the ROC curves (Fig 8, Panels D-F)
reflected markedly improved classification for all three ions, with AUCs of 0.82 (0.73-0.94) for formaldehyde, 0.81 (0.73—
0.92) for acetone/propanal, and 0.74 (0.60-0.88) for (CsH;,O)H~.

While disease progression could contribute to elevated compound emissions, the data from the antibiotic trial strongly
suggest that the enhanced classification performance is a pharmacological effect of antibiotic exposure, rather than a
biomarker response to disease status alone.

PLOS One | https://doi.org/10.137 1/journal.pone.0351838 June 24, 2026 14 /19




PLO\Sﬁ\\.- One

3.6. Low-cost sensors

Two key compounds identified by the PTR-TOF were formaldehyde and acetone/propanal. Each were consistently
present in the breath of healthy animals and showed a marked increase in diseased animals at the earliest clinical signs.
Importantly, both compounds were among the most abundant VOCs detected, with concentrations ranging from 7 to over
400 ppb. This high abundance is a significant advantage, as it places these biomarkers well within the detection range of
lower-cost sensing technologies such as the RoboScientific 720 VOC array. This greatly enhances the feasibility of using
such sensors for early, non-invasive on farm disease detection.

Fig 9A illustrates the time series of formaldehyde concentrations measured by the PTR-QiTOF for calf #510923. Along-
side this, the peak height from sensor 17 (of 24) on the 720 array is shown. The temporal pattern from the 720 closely
aligns with the breath signal detected by the PTR-QIiTOF, yielding a correlation coefficient (R?) of 0.68. An even stronger
correlation (R?=0.76) is observed for the desorption slope signal from the same sensor, demonstrating the capability of
this specific sensor to broadly capture the dynamics of the formaldehyde signal in breath.

However, this represents the output from just one of 24 distinct sensors contained within the 720, each generating
multiple output parameters per breath sample—specifically, peak height, integrated area, absorption slope, and desorption
slope. To evaluate how breath profiles diverged from the healthy baseline, cosine similarity analysis was performed multi-
ple times, each using a different subset of these parameters. Similarity was first computed using only peak height values
across all sensors, then repeated using only area, absorption slope, and desorption slope, respectively. A final analysis
combined all four parameters to generate a composite similarity score. This multi-parameter approach leverages the full
dimensionality of the sensor array and may offer enhanced analytical performance by capturing more nuanced changes in
breath chemistry than any single parameter or sensor alone.

Fig 9B presents the results of these analyses, showing the angular distance (6, in degrees) between each
diseased-day breath sample and the healthy reference profile for calf #510923. The x-axis represents Days 1-5 of the
diseased period. A pronounced deviation from the healthy profile is observed on Day 1 across all parameter sets, coincid-
ing with the onset of clinical signs. Following antibiotic administration after the Day 1 sample, a sharp reduction in angular
distance is seen on Day 2, suggesting a rapid shift in the VOC profile towards the healthy baseline. This is followed by
a modest increase and stabilisation from Days 3-5, potentially indicating a new post-treatment baseline. Although some
caution is required when analysing results from a single animal.

While each cosine similarity analysis revealed a broadly consistent temporal trend, the greatest magnitude of change
was observed in the analysis based solely on peak height data. This suggests that peak height may be particularly sensi-
tive to disease-related shifts in VOC emissions and could serve as a key parameter for early detection.

Interestingly, while the PTR-QIiTOF revealed distinct shifts in the breath volatilome following antibiotic treatment, the
720 sensor array showed a marked reduction in angular distance from the healthy baseline. This suggests that antibiotic-
induced changes may either be less detectable by the sensor array or may alter the VOC profile in a way that resembles
recovery, even if the underlying physiological state has not fully returned to healthy. This highlights the importance of distin-
guishing between genuine biological recovery and treatment-induced shifts in VOC emissions. Notably, individual sensors
within the array, such as sensor #17, were able to reproduce temporal patterns closely aligned with PTR-QiTOF mea-
surements for specific compounds like formaldehyde. However, this reflects just one of 24 sensors, and the overall array
response may average out or obscure compound-specific dynamics, especially when using composite similarity metrics.

These findings, though based on a single animal, demonstrate the value of multi-parameter sensor data and suggest
that low-cost sensor arrays like the 720 may offer potential for early, non-invasive disease detection in field settings.

4. Conclusions

This study demonstrates that antibiotic treatment can significantly confound breath-based disease detection in cattle
by rapidly (<1 hour) altering the volatilome in ways that mimic or obscure true disease signals. Although several VOCs
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https://doi.org/10.1371/journal.pone.0351838.9009

increased in the days following the onset of clinical signs, only formaldehyde and acetone/propanal (and several frag-
ment ions) were statistically elevated at the onset of clinical symptoms, prior to antibiotic administration. The strongest
increases in breath markers occurred after treatment, particularly on day 2, coinciding with peak drug exposure. ROC
analysis confirmed high classification performance at this time point. However, an independent trial in healthy calves
showed that these discriminative patterns were largely driven by the antibiotic itself rather than the underlying pathology.

PLOS One | https://doi.org/10.137 1/journal.pone.0351838 June 24, 2026 16/19




PLO\Sﬁ\\.- One

The most responsive pre-treatment compounds in diseased cattle were formaldehyde and acetone/propanal. These
VOCs are among the most abundant constituents of exhaled breath, and their elevation during respiratory illness likely
reflects increased oxidative stress and lipid peroxidation, processes commonly associated with inflammation and cellular
damage in the lungs. Their ubiquity and biological relevance suggest that they may serve as accessible markers of host
metabolic response to infection. Importantly, their high baseline abundance also offers promise for the development of
low-cost, on-farm diagnostic tools, as their detection may not require the ultra-low limits of detection provided by high-end
instruments such as PTR-QiTOF.

Moreover, because these compounds are consistently present in healthy animals, they provide a stable reference point
for personalised monitoring, where each animal’s breath profile is compared to its own healthy baseline rather than a pop-
ulation average. This approach may improve diagnostic sensitivity by capturing subtle, within-animal changes that would
otherwise fall below population-level thresholds. For example, in this study, animals #109490 and #713323 exhibited clear
increases in formaldehyde and acetone/propanal concentrations during the early stages of disease, yet these values
remained below the population threshold. Such cases underscore the potential of personalised baselines to detect early
physiological perturbations that might be missed by population-based screening alone.

However, it is important to acknowledge that these VOCs are not specific to BRD. Acetone, for instance, is a well-
established biomarker of ketosis, and short-term reductions in feed intake during illness can induce negative energy bal-
ance and raise breath acetone independently of respiratory pathology. More broadly, both acetone and formaldehyde are
associated with oxidative stress and systemic inflammation. Their elevation in breath may therefore reflect a general host
metabolic response rather than a disease-specific signature. As such, while these markers show promise for detecting
physiological perturbations associated with respiratory illness, their diagnostic specificity for BRD remains uncertain.

In contrast, compounds such as (CsH,,O)H* and DMS showed their strongest elevations following antibiotic administra-
tion, suggesting a pharmacological rather than pathological origin. The presence of sodium formaldehyde sulphoxylate,

a sulphur-containing excipient in the Alamycin formulation, further supports the hypothesis that some sulphur-containing
VOCs, particularly DMS, may arise from metabolic processing of the excipient itself, rather than from the active antibiotic
or disease-related pathways. Importantly, the antibiotics also amplified the very markers that initially appeared disease-as-
sociated: both formaldehyde and acetone/propanal reached their highest concentrations after treatment in both trials.

This demonstrates a dual confounding effect, whereby medication elevates additional VOCs while simultaneously inflating
genuine disease-linked markers.

Therefore, deviations from an animal’s baseline volatilome should not be assumed to indicate disease unless potential
confounders, such as recent medication or other interventions, have been ruled out, as these can generate similar shifts
in VOCs. Although this analysis focused on antibiotic administration, similar confounding could occur following other
interventions, including vaccinations or anti-inflammatory treatments. These findings highlight the need for caution when
deploying untargeted volatilome analyses for disease diagnostics in medicated animals and suggest that future breath-
based diagnostic platforms must explicitly account for pharmacological and immunological influences to avoid spurious
classifications.

Importantly, the robust and consistent breath responses to oxytetracycline dihydrate (Alamycin® LA 300) observed here
also point to a potential secondary application: using breath analysis to monitor treatment administration, compliance, or
pharmacodynamic response in livestock. The rapid onset and reproducibility of VOC changes following injection suggest
that breath profiling could offer a non-invasive means of tracking drug exposure in real time. With further development, this
approach may support precision dosing strategies, reduce unnecessary antibiotic use, and improve treatment outcomes.

Supporting information

S1 File. Additional tables (S1-S2) and figures (S1-S32).
(DOCX)
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