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1 Introduction

Volatile organic compounds (VOCs) have recently gained attention as a novel
monitoring tool in broiler production. These small organic molecules with
a high vapor pressure at ambient temperature and standard atmospheric
pressure can evaporate easily and disperse over long distances in both gas
and liquid phases (Dell'Olio et al., 2024; Epping & Koch, 2023). They can be
emitted by the birds themselves (Hankel et al., 2022) as well as external sources
such as feed (Recharla et al., 2017), manure (Ranadheera et al., 2017), and the
surrounding environment (Huanhong et al., 2023). Within poultry barns, VOCs
exist in the ambient air and can vary significantly based on diet (David et al.,
2014), infections (Hankel et al., 2022), and environmental conditions (Liao et al.,
2001). These variations make VOCs promising biomarkers for assessing animal
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2 The potential of using volatile organic compounds

health, welfare, air quality, and overall production efficiency, though further
research and validation are needed for routine application. This chapter focuses
on organic volatiles, while also considering certain inorganic volatiles, such as
ammonia or hydrogen sulfide, due to their relevance in the broiler industry.

The identification and characterization of VOCs fall under the domain of
volatilomics, a branch of metabolomics (Rodriguez-Hernéndez et al., 2022),
just as lipidomics is another branch of metabolomics (Ferreira et al., 2010).
Volatilomics complements other ‘omics’ disciplines, such as genomics (DNA),
transcriptomics (RNA), and proteomics (proteins), providing insights into host-
microbiota interactions and metabolic processes (Fig. 1).

Earlier studies on VOCs in livestock primarily examined their impact on air
quality in animal housing. In broiler production, for instance, the accumulation
of manure and litter is a significant source of VOC emissions, contributing to
ground-level ozone formation more than other livestock sectors (Yao et al.,
2018). Addressing these emissions is crucial for improving air quality, and
VOC dispersion models have been developed to determine optimal farm-to-
residence distances (Guo and Yuan, 2011).

More recently, the focus has shifted toward VOCs as biomarkers for
respiratory and intestinal health in poultry. Specific VOC signatures have been
linked to microbial infections in the respiratory and gastrointestinal tracts,
distinguishing between bacterial and viral infections (Kamal et al., 2021). For
example, VOC profiling has successfully identified Campylobacter infections
in broilers (Hankel et al., 2022). The noninvasive nature of VOC analysis
makes it a promising diagnostic tool, allowing repeated assessments without
compromising animal welfare.

Integrating VOC monitoring in broiler production offers multiple benefits,
from early disease detection and antibiotic reduction (Grilli et al., 2018) to
improved feed formulation and waste management (Urrego et al., 2021; Yan
et al., 2021). Besides air sampling, VOCs can be noninvasively collected from
various sources, including feathers, skin, breath, and uropygial secretions
(Campagna et al., 2012), providing a comprehensive profile of bird health. By
leveraging these insights, broiler production can adopt more sustainable and
data-driven approaches to health management and air quality control.

The aim of this chapter is to provide a comprehensive overview of the
current knowledge on VOCs as potential biomarkers in broiler production.
We discuss the metabolic and microbial origins of VOCs, their links with
broiler health and disease, relevant sample types, and analytical techniques.
Throughout the chapter, we highlight both opportunities and challenges,
offering practical insights and a critical perspective to guide future research
and application in broiler health monitoring.
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4 The potential of using volatile organic compounds

2 Volatile organic compounds: primary metabolic
pathways

The production of VOCs in broilers arises from biochemical reactions involving
various metabolic pathways in the animal. Proteins, lipids, and carbohydrates
act as key substrates for VOC production (Oliphant and Allen-Vercoe, 2019).
These macronutrients are metabolized within intestinal cells, producing
primary metabolites, some of which directly contribute to VOC production.
Subsequently, interactions between these metabolites and the gut microbiota
can activate secondary metabolic pathways, leading to the formation of
specific VOCs (van Vorstenbosch et al., 2023). A minimal understanding of
these underlying processes is essential for using VOCs as effective indicators of
broiler health, particularly when potential disruptions, such as infections, affect
VOC production.

2.1 Protein metabolism

Protein metabolism includes various pathways leading to the production of
VOCs. Proteins are first hydrolyzed into peptides and subsequently into amino
acids, which can then be degraded through processes such as transamination
(Bender, 2007), deamination (Lammers-Jannink et al., 2022), decarboxylation
(Feddern et al., 2019), Strecker degradation (Belitz, Grosch and Schieberle,
2009), and amino acid oxidation (Jaimes-Mogollén et al., 2021). Under normal
physiological conditions, these metabolic routes produce a characteristic
pattern of VOCs. However, this balance can be disrupted, for example, by
oxidative stress, which leads to the generation of reactive oxygen species (ROS).
An imbalance between free radicals and antioxidant defenses can lead to
tissue damage, where ROS attack amino acids, resulting in volatile compounds
as by-products (Kessler and Remmer, 1990; Oyerinde et al., 2023).

Figure 2 provides an overview of these metabolic processes.
Decarboxylation and deamination of amino acids yield amines, and the
remaining carbon skeletons, often referred to as keto acids, can either
undergo transamination, enter the gluconeogenesis cycle, or serve as
precursors for fatty acid synthesis via acetyl-CoA (Bender, 2007). Additionally,
the Strecker degradation, a reaction involving amino acids and dicarbonyl
compounds, produces aldehydes with the release of ammonia and carbon
dioxide (Belitz, Grosch and Schieberle, 2009; Luo et al., 2022). While this
reaction is primarily recognized in the context of food processing, it is
noteworthy for its significance in the formation of VOCs that contribute to the
flavor profile of chicken meat (Luo et al., 2022). Furthermore, metabolic amino
acid oxidation contributes to the generation of diverse volatile compounds,
arising either through cytochrome P450-mediated catabolic pathways or via
oxidative stress mechanisms involving ROS (Jaimes-Mogollén et al., 2021;

Published by Burleigh Dodds Science Publishing Limited, 2026.
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6 The potential of using volatile organic compounds

Oyerinde et al., 2023). The specific volatile compounds formed depend on
the chemical nature of the amino acids. Overall, sulfur-containing amino
acids also release hydrogen sulfide (Lammers-Jannink et al., 2022). Table 1
provides an additional overview, including examples of produced VOCs for
each pathway.

2.2 Fat metabolism

The fat metabolism is illustrated in Fig. 3 and arises from both dietary sources
and endogenous pathways such as de novo lipogenesis in the liver, which
mainly results in the synthesis of monounsaturated fatty acids (MUFAs). In
contrast, dietary intake of polyunsaturated fatty acids (PUFAs) stimulates the
B-oxidation and can decrease the enzyme activity responsible for the de novo
synthesis of MUFAs in the liver (Kouba and Mourot, 1998; Sanz et al., 2000).
However, in commercial broiler production, lipid-poor diets are preferred,
making the de novo lipogenesis the primary source of fat accumulation
(Dridi et al., 2022). Fat metabolism in general involves the hydrolysis of
triglycerides into fatty acids and esters. The fatty acids are further metabolized
by the B-oxidation pathway in the mitochondria to form acetyl-CoA, which
is subsequently used for energy production through the citric acid cycle or
converted into cholesterol (Bender, 2007). The cholesterol metabolism yields
hydrocarbons, mostly alkenes (Jaimes-Mogollén et al., 2021). The main volatile
products produced by p-oxidation are ketones (Jaimes-Mogollén et al., 2021).
Similar to proteins, potential disruptions of these pathways can cause oxidative
stress, which significantly influences VOC production from fats by increasing
the peroxidation of fatty acids, particularly polyunsaturated fatty acids (PUFAs),
®3-, and wb-fatty acids (Oyerinde et al., 2023). This results in the production
of hydrocarbons and ketones (Jaimes-Mogollén et al., 2021). Furthermore, the
secondary products include alcohols and aldehydes, where aldehydes can
either arise directly from hydrocarbons or via alcohol metabolism (Oyerinde
etal., 2023). Examples of these VOC classes are provided in Table 1.

2.3 Carbohydrate metabolism

Carbohydrates are initially hydrolyzed into small oligosaccharides, which are
further broken down into monosaccharides and disaccharides for absorption
by enterocytes in the small intestine. The metabolism of these saccharides
involves several pathways, collectively known as energy-yielding metabolism,
and is shown in Fig. 4 (Bender, 2007). One primary pathway is glycolysis, a
series of enzymatic reactions that convert glucose into pyruvate. According to
Zimmermann et al. (2007), this pathway is also associated with benzaldehyde
production.

Published by Burleigh Dodds Science Publishing Limited, 2026.
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Pyruvate can subsequently undergo oxidative decarboxylation to form
acetate, which can be esterified to coenzyme Ato form acetyl-CoA. This molecule
enters the citric acid cycle for further oxidation. This cycle catalyzes the oxidation
of acetyl-CoA derived not only from carbohydrates, but also from other sources,
including the p-oxidation of fatty acids, catabolism of ketone bodies, ethanol
metabolism, and the degradation of certain amino acids (Bender, 2007).

Besides acetate, produced during pyruvate oxidation, carbohydrate
metabolism does not directly yield VOCs under normal conditions. Under
fasting conditions, acetyl-CoA generated through the citric acid cycle or
fatty acid oxidation is redirected toward ketogenesis. This process results in
the production of ketone bodies (Bender, 2007). However, the upregulation
of genes involved in ketogenesis typically occurs after approximately 16 h of
fasting, a duration not commonly encountered under standard commercial
broiler practices (Désert et al., 2008). Consequently, the endogenous
production of ketone bodies under normal conditions is expected to be
minimal. Nonetheless, the presence of such metabolites may serve as a
potential biomarker for reduced feed intake, reflecting compromised health
status in broilers. Table 1 provides several examples of these chemical classes.

3 Volatile organic compounds: secondary metabolic
pathways

The animal microbiome comprises unicellular microorganisms, including
bacteria, fungi, archaea, viruses, and protozoa (Bindari and Gerber, 2022).
These microorganisms engage in complex interactions with their host,
which can be detrimental (pathogenic microbiota) or beneficial (symbiotic
microbiota) (Aruwa et al., 2021). Microbiota inhabit various regions of the body,
such as the skin (Cholewinska et al., 2021), feathers (Jacob et al., 2018), and
the respiratory tract (lvulic et al., 2022), but the highest density is found in the
gastrointestinal tract (Aruwa et al., 2021). Microbial VOCs are produced by the
metabolic activity of microbiota within the host, in contrast to the host’s own
metabolic processes discussed in the previous section. To differentiate these
from host-derived VOCs, in vitro headspace experiments can be conducted
to characterize the VOC profiles of microbial cultures. However, discrepancies
between in vivo and in vitro VOC profiles may arise, underscoring the need
to establish VOC signatures for each bacterial genus and species, using
standardized instrumentation and normalization methods (Belizério, Faintuch
and Malpartida, 2021). Table 2 provides a detailed overview of the chemical
classes produced by various fermentation processes of the macronutrients by
microbiota, along with some common examples of these classes.

An extensive review from Belizario, Faintuch, and Malpartida (2021) about
microbial VOCs in exhaled breath of humans reported that the identified

Published by Burleigh Dodds Science Publishing Limited, 2026.
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volatiles could mainly be classified as aldehydes, phenols, fatty acids, and
ketones. However, research on microbial VOCs in poultry is mostly focused on
the gastrointestinal tract. Those microbiota serve as a major source of substrates
within the body by metabolizing undigested carbohydrates, proteins, and
fats from feed, producing vitamins, short-chain fatty acids (SCFAs), organic
acids, and antimicrobial compounds (Shang et al., 2018; Chen et al., 2024).
Additionally, ammonia is generated by cecal bacteria through the metabolism
of nitrogenous host compounds, such as uric acid (Shang et al., 2018). The
VOCs produced are thus metabolic by-products of catabolic reactions,
facilitating energy and nutrient production. However, these compounds can
also contribute to mediating long-range chemical intra- and inter-kingdom
interactions (Weisskopf, Schulz and Garbeva, 2021).

4 Sampling volatile organic compounds in chickens

VOCs are found in various biological samples and excretions of chickens or
animals in general (Fig. 5). These sources include feces and gut content (Garner
et al., 2008), breath (Nol et al., 2020), blood (Shirasu and Touhara, 2011), and
feathers and skin (Bernier et al., 2008). Depending on the type of diet, infection,
environmental conditions, or disruption in endogenous metabolic pathways,
the VOC profiles of these sources can be affected (Liao et al., 2001; David et al.,
2014; Ellis et al., 2014). For accurate disease detection, the choice of biological

&qa o =1

Cs 4‘“‘{ '
5
Cc— he

y

/8

Figure 5 Types of biological samples in chickens: This figure highlights the various types
of biological samples, including feces and gut content, breath, feathers and skin, and
blood, from which VOCs can be measured for disease diagnosis (Figure created with
BioRender.com).
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14 The potential of using volatile organic compounds

sample for VOC analysis should align with the study’s aim and consider
whether the relevant VOCs are produced and released locally or systemically.
Additionally, physiological processes from growth and metabolism will cause
background variability in the in vivo VOCs (Fischer et al., 2015). Therefore, it
is essential to understand the characteristics and various types of biological
samples available for assessment. An overview of these sample types is
provided in Table 3 and is discussed in more detail as follows.

4.1 Feces and gut content

Feces and gut content are valuable resources for studying gut health, microbial
fermentation, and diet-related metabolic changes (Rodriguez-Hernandez et al.,
2022). Amongthese, feces stand out as the most accessible biological sample in
chickens, serving as a primary route for eliminating metabolic by-products. This
accessibility, combined with their practicality and noninvasive nature, makes
feces particularly well-suited for VOC measurements. They hold substantial
potential to reveal detailed insights into the animal’s internal physiology
(Karthikeyan et al., 2013) and offer a particularly representative matrix for the
distal colon environment (Jones et al., 2021b). While small intestine contents
provide a more precise reflection of the upper gut environment, their invasive
collection methods are less practical, highlighting the need for further research
to evaluate whether feces reliably serve as a proxy for these upper regions in
the gastrointestinal tract (Yan et al., 2019). Additionally, as no research was
found concerning VOCs from gut content samples, we focus more on feces in
this section.

For accurate fecal VOC profiling, proper sample handling is crucial.
Methods to preserve VOCs include immediate freezing, typically at —20°C or
-80°C, orstoring at 4°C overnight (Jaimes-Mogollén etal., 2021). Subsequently,
headspace analysis of the samples can be performed, a process that requires
minimal sample handling (Garner et al., 2008). Interpreting fecal volatilomics
presentssignificantchallenges duetotheinherentheterogeneity of the samples,
which include both endogenous components (such as microbiota, epithelial
cells, and metabolites) and exogenous materials (like feed) (Beauclercq et al.,
2019). In chicken feces, this complexity is further heightened by the presence of
urine in the form of uric acid (Beauclercq et al., 2019). Moreover, fecal sample
composition can vary due to factors such as differences between the inner and
outer portions of the sample, storage conditions, and sampling time during
the day (Jones et al., 2021a). Moisture content adds another layer of difficulty,
as it influences aerobic microbial activity and metabolite production due
to limited oxygen availability in the fecal matrix (Su et al., 2022). Addressing
these challenges requires careful management of storage conditions and the
standardization of sampling protocols to ensure reliable VOC analysis.

Published by Burleigh Dodds Science Publishing Limited, 2026.



15

The potential of using volatile organic compounds

2.0C—
10 D,08— 18 86eI0I1S sniels
uonesedes Buijpuey sjdwes Buiwnsuod-awi | oljogelaw pue [eUORANN
SIOPIOSIP DI|OCEIS|N e winJas 1o poojq ajoym Buidwes |nyssang sasuodsal sunuwiw|
SUOIDBJUI DIWBISAS o JO @sn ajelpawW| e Buidwes aniseau| sniels yieay oluwelsAg poolg
Dol 10 D08— 12 96RI0IS o Auanoe [ebuny pue |eiqoudi
soyseled |euislxgy e EREI RIS suooayUl upjs pue
SUOIDBJUI UDIS e 10 1aYy1ea) 9yl JO gemS e UOI1RUIWIEIUOD DOA [eIUSWUOIIAUT JO SJUBUIWERIUOD [BUISIX] siayieaq
Do 18 (Ajoniseauruou)
10 D,08— 18 paiois aq Jre ededs pesa poojq ay1 ul uoiisodwod HOA
SIBpIOSIP DI|OCRIB|\ e ued s|eLialew 1uaglos Buipuey |enpiaipul snjels oljoqela awil-|eay
saseasip Aiojelidsay o J0 siskjeue aielpawiwl| o Burdwes xajdwo) Yijeay Aioreuidsay Yiealig
SUOID8JUI [BUNSSIU| Buiidwes aAiseAul :U8U0D IND
snieys Ayjiqeuen aimsiow ybiH edwi iaiq JU3U0D
aiej|am pue SS8I1S e D,08- 1o Kysusboisley sjdweg uoljelusUIIS) |eIqOIDIA n6 pue
siopJosip aAnsabiq e 3,02 Dol 1 96LI0IS a|yoid HOA o uoneraidiaiul yiesy ino S99
siaplosip Buijpuey/ebeiols sebus|leyd papiroid uonewlou| adfy
/suonoejul a|qersla( o|dweg

pa1oe19p aq ued 1ey}
S19PIOSIP 4O SUONDBJUI JUBAB|B] PUE ‘'SUOlleIapPIsSuOD Buljpuey pue abeiols ‘sebus|ieyd pajelnosse ‘sepiroid yoes uonewlojul ayy Buljielap ‘'yaiessal DOA Ul
pasn sadA) s|dwes |ed160|01q Ulew ay) SazIleWWNS 8|ge) sIY| 'sia|ioiq ul siskjeue DOA 404 sajduies |eaibojoiq jo sadAy ualapip o s|qelr mainisnQ € ajqeL

Published by Burleigh Dodds Science Publishing Limited, 2026.



16 The potential of using volatile organic compounds

Research has increasingly focused on the use of fecal VOCs as biomarkers
for the detection of various pathogens and disorders. For instance, Garner et al.
(2008) identified a Campylobacter-specific VOC signature from six compounds
extracted from broiler feces collected on farm sites, achieving an accuracy
of over 95%. Additionally, Beauclercq et al. (2019) identified VOCs as early
markers for 12-day-old broilers as a response to negative postnatal events,
such as a delay in introducing broilers in the barn or transport without feed
access. These markers could contribute to monitoring and defining broilers’
stress and welfare status (Pérez-Calvo et al., 2019).

4.2 Breath

Breath represents another promising biological sample for detecting VOC
biomarkers, as it contains volatiles representing respiratory health and internal
organ systems with their microbiomes (Belizério, Faintuch and Malpartida,
20217). Most volatiles released by the breath originate from the blood, diffusing
across the pulmonary alveolar membrane (Sethi, Nanda and Chakraborty, 2013;
Brebu et al., 2023). In addition to endogenous sources, exogenous volatiles
can also contribute to breath profiles after inhalation, due to distribution in
the chicken’s body or exhalation without prior intake in the body (Brebu et al.,
2023).

Breath samples offer the advantage of noninvasive collection (Brebu et al.,
2023). Once collected on a sorbenttube, typically Tenax, samples can be stored
at—80°C (Ellisetal.,2014) or at 4°C(Nol et al., 2020) until analysis, or they can be
analyzed immediately (Kamal et al., 2021). However, collecting breath samples
from broilers presents practical challenges. Unlike larger animals, like goats
(Fischer et al., 2015) or cattle (Ellis et al., 2014), poultry anatomy complicates
the use of face masks, which must fit tightly to prevent leakage and collect
sufficient breath. A solution was proposed by Hughes, Tivey, and Butler (2008)
with helmets for breath collection, but these require individual handling, which
is time-consuming, stressful for the animals, and reduces feasibility in large-
scale settings. Previous alternatives, such as tracheal cannulas or gluing tubes
into chickens’ nostrils (Scheid and Piiper, 1969), raise even more significant
animal welfare concerns. Additionally, the mixing of dead-space air, which
does not participate in gas exchange, with alveolar air in exhaled breath is a
challenge across species. Dead-space air primarily reflects inhaled air rather
than systemic VOCs (Boots et al., 2012), making CO,-controlled sampling
necessary to ensure that VOC profiles represent alveolar gas and accurately
reflect blood VOC composition (Fischer et al., 2015). Despite these challenges,
VOC analysis from breath has been successfully applied in other species,
such as cattle (Ellis et al., 2014) and humans (Kamal et al., 2021), yet, to our
knowledge, not in birds.
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4.3 Feathers and skin

VOCs from feathers and skin originate from various sources, including
secretions from the uropygial gland spread across their surfaces (Campagna
et al., 2012). Traditionally studied in the context of avian body scent and
chemical communication, such as pheromones (Hirao, Aoyama and Sugita,
2009; Campagna et al., 2012), these VOCs also reflect environmental odors,
bacterial enzymatic activity, and chemical transformations, making them
relevant for health monitoring (Campagna et al., 2012). Feathers and skin
exhibit notable antibacterial activity, partly due to the presence of specific
VOCs (Rajchard, 2010). For instance, Soini et al. (2006) reported elevated levels
of linear n-alcohols in dark-eyed juncos during breeding conditions. These
alcohols exhibit inherent antimicrobial and antifungal properties, and their
increased concentrations may indicate increased microbial activity at elevated
ambient temperatures. Such findings highlight the dual role of VOCs as both
indicators of microbial dynamics and potential biomarkers for health-related
changes.

To facilitate VOC collection from feathers and skin, Soini et al. (2006)
introduced an in situ rolling-stir bar method to collect VOCs originating from
uropygial gland secretions of the avian species Junco hyemalis. This noninvasive
technique involves rolling the stir bar over the feather or skin surface. Samples
collected using this method can be stored at 4°C or —-80°C, which is also used
to collect volatiles from the human upper back (Oxner et al., 2023). However,
one significant challenge in working with feathers and skin is the potential for
environmental VOC contamination, which can complicate data interpretation
(Oxner et al., 2023).

The application of VOCs from skin samples for diagnostic purposes has
already been established in cattle (Brebu et al., 2023) and humans (Shirasu
and Touhara, 2011). These studies indicate that most VOCs in skin samples
are primarily derived from symbiotic bacteria on the skin surface, though they
may also originate from endogenous metabolic or hormonal processes. Brebu
et al. (2023) reported that numerous VOCs excreted from the skin are products
of physiological and metabolic responses to infections, which can lead to
oxidative stress, lipid peroxidation, and cytochrome P450-mediated alcohol
metabolism. Consequently, skin-excreted compounds metabolized into
volatiles by bacteria hold potential as VOC biomarkers for infectious diseases,
such as bovine tuberculosis.

4.4 Blood

Currently, no published research specifically addresses the capture of VOCs
from blood or blood serum samples in poultry. However, this approach could
offer a direct and reliable method for assessing a chicken'’s health status. Blood
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serum, a complex matrix rich in content, transports a wide range of compounds
throughout the organism, facilitating exchanges with key organs, such as the
intestines and lungs (Rodriguez-Herndndez et al., 2021; Liu et al., 2024). As
such, blood-derived samples provide insights into nutritional, metabolic, and
immune status (Shirasu and Touhara, 2011), reflecting the internal physiology
of the organism. Variations in the VOC profile of these samples may indicate
infections, as they closely mirror cellular metabolic alterations (Shirasu and
Touhara, 2011; Liu et al., 2024). As mentioned earlier, VOCs from the blood
diffuse across the pulmonary alveolar membrane, meaning breath and blood
samples offer similar insights into endogenous biochemical processes (O'Hara
et al., 2009; Sethi, Nanda and Chakraborty, 2013).

Blood sample collection is a valuable method for assessing systemic health
status, but involves individual immobilization, which can induce stress reactions
in chickens (Rodriguez-Hernandez et al., 2021). Additionally, sample handling
requires careful attention, as serum separation is necessary to prevent red
blood cell lysis when stored at freezing temperatures, which could alter the
matrix equilibrium and affect analysis (Ashley et al., 1996; Shirasu and Touhara,
2011). However, serum samples can be reliably stored at -40°C or -80°C
(Jaimes-Mogollén et al., 2021). Although these factors present challenges for
large-scale applications, they do not rule out the potential of blood-derived
samples for health monitoring in broilers via VOCs.

Infections caused by Mycobacterium bovis, Mycobacterium avium
subspecies paratuberculosis, and Brucella spp. have been studied through
VOC analysis of serum samples in various animal species, including cattle,
badgers, white-tailed deer, and wild boars (Rodriguez-Hernédndez et al., 2021).
Similarly, blood samples from rats and mice have been utilized for VOCs
analysis to investigate neurological disorders, such as Parkinson'’s disease and
amyotrophic lateral sclerosis (Jaimes-Mogollén et al., 2021). In humans, blood
samples are considered an ideal diagnostic medium, being the second most
commonly employed biological matrix for metabolomics after urine (Liu et al.,
2024). Therefore, research on VOC analysis from human blood samples exists
and focuses for example on identifying biomarkers for early cancer diagnosis,
including serum VOCs for esophageal (Liu et al., 2024) and colorectal cancer
(Oxner et al., 2023).

5 Pathogen influence on volatile organic compounds

VOC levels in healthy animals are influenced by various factors, including
age, species, circadian rhythm, diet, and many other variables (Fischer et al.,
2015; Recharla et al., 2017; Jones et al., 2021a; Weng et al., 2021). However,
the onset of diseases caused by pathogens can significantly alter VOC profiles
(Wilson and Forse, 2023). Pathogens such as bacteria, viruses, parasites, and
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fungi disrupt host and microbiota metabolic pathways, leading to biochemical
alterations associated with infections. These disruptions resultin the production
of new VOCs or alterations in existing VOC ratios, creating distinct VOC
fingerprints that reflect the nature of the disease or the causative pathogen
(Shirasu and Touhara, 2011; Grilli et al., 2018; Wilson and Forse, 2023). The
earliest reported time point at which VOCs could be distinguished between
infected and noninfected samples was 1 h post-infection by avian influenza
virus, as determined using selected ion flow tube mass spectrometers (SIFT-MS).
However, this finding was based on in vitro studies using chicken cells rather
than in vivo experiments (Filaire et al., 2024). In general, most studies have
reported the detection of infection-related VOCs approximately 36 to 48 h
post-infection. Table 4 provides an overview of pathogens relevant to broilers
and their associated VOCs, which will be further discussed.

5.1 Bacteria

Bacteria are a major source of VOCs in biological systems, with many com-
pounds being secondary metabolites produced during aerobic or anaerobic
fermentation (Zuchowska and Filipiak, 2024)). In broilers, the predominant
pathogenic bacterial species include Campylobacter spp., Salmonella spp.,
Enterococcus faecalis, Staphylococcus spp., Escherichia coli, and Clostridium
perfringens type A (Belizério, Faintuch and Malpartida, 2021). The VOCs associ-
ated with these bacteria span various chemical classes, including carbohydrates,
aldehydes, ketones, alcohols, acids, isocyanates, amines, terpenes, and sulfides.
Some VOC patterns are pathogen-specific, providing potential biomarkers for
diseases caused by these pathogens (Zuchowska and Filipiak, 2024).

For broilers, VOC analyses have primarily focused on Campylobacter
jejuni and Salmonella infections. Garner et al. (2008) developed a statistically
significant modelto identify C. jejuni-positive fecal samples from chickens, using
six key VOCs: hexanal, E-2-octenal, pyrrole, ethyl ethanoate, methyl alcohol, and
2-heptanone. Hankel et al. (2022) also detected C. jejuni-positive broilers by
analyzing air samples with sensors sensitive to 1-pentanol, 1-octanol, 1-nonanol,
acetoin, dimethyl disulfide, and isovaleraldehyde. Regarding Salmonella, Wang
et al. (2024) identified VOCs associated with Salmonella contamination in
chicken meat, while van Veen et al. (2025) observed that Salmonella vaccination
in 3-week-old pullets led to consistent changes in volatile peak intensities.
For example, they found that (Z)-6-tridecene consistently decreased across
different pullet flocks, following either Salmonella or a viral/bacterial cocktail
vaccination, regardless of age or housing conditions. The authors hypothesized
that (2)-6-tridecene may originate from membrane lipid peroxidation and
suggested that vaccination could reduce oxidative stress, thereby lowering its
production.
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Research on other common bacteria in broilers is limited, but studies on
VOC detection from human breath, urine, and exudates indicate potential
applications for broilers. Table 4 provides an overview of these pathogens and
the VOC analyses conducted so far.

5.2 Viruses

Numerous viral infections in broilers, such as those caused by Influenza virus,
Coronaviridae, Rotavirus, and Rhinovirus, significantly alter host cell activity and
metabolism, leading to detectable changes in VOC profiles (Wernery, 2016;
Traxler et al., 2018). These infections often trigger inflammatory processes
marked by elevated VOCs, particularly aldehydes, such as acetaldehyde
(Traxler et al., 2018; Wilson and Forse, 2023).

For instance, VOC analysis of duck feces showed that influenza infection
decreased 1-octen-3-ol and increased acetoin concentrations, which are
compounds linked to respiratory tract infections (Kimball et al., 2013). This rise
in acetoin levels likely results from viral impacts on the pyruvate pathway, where
Bacillus bacteria convert pyruvate to acetoin under glucose-rich conditions.
Viral infections boost glycolytic flux, leading to pyruvate accumulation and
subsequent acetoin production, marking it as a potential biomarker for
influenza (Spizizen, 1957; Kimball et al., 2013).

Research on influenza is more advanced than on other viruses. For
example, Filaire et al. (2024) successfully distinguished healthy from infected
chicken cells and identified high- and low-pathogenicity strains in an in vitro
experiment. In swine, influenza-inoculated animals were distinguishable from
healthy ones by day 4 post-infection, based on breath VOCs, like acetaldehyde,
propanal, n-propyl acetate, methyl 2-methylprop-2-enoate, styrene, and
1,1-dipropoxypropane (Traxler et al., 2018). Acetaldehyde was linked to airway
inflammation, while propanal was associated with ®-3 lipid peroxidation.
Furthermore, viral interactions with epithelial cells altered metabolic pathways,
leading to increased n-propyl acetate levels (Traxler et al., 2018).

In contrast, VOC research on Coronaviridae, Rotaviruses, and Rhinoviruses
is less developed in broilers, but has shown promise in human studies, using
breath and stool samples. Relevant findings are summarized in Table 4.
Despite progress in some areas, there remains a gap in robust animal models
for viral VOC diagnostics, especially compared to those used for parasitic or
oncological conditions. This gap highlights significant opportunities for further
research and development in viral VOC profiling (Kimball et al., 2013).
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5.3 Parasites

Concerning parasites in poultry, Eimeria, the causative agent of coccidiosis,
and the poultry red mite, Dermanyssus gallinae, are among the most significant
threats to flock health and productivity (Wernery, 2016). Research on these
pathogens is summarized in Table 4.

For coccidiosis, a pioneering approach utilized an electronic nose (E-nose)
equipped with a sensor array to detect VOC patterns specific to the infection
(Grilli et al., 2018). The specific Eimeria strains were not reported, but air
samples were collected using Nalophan bags in the barn, and the samples were
measured afterwards on the E-nose. Although such a device does not identify
individual VOC:s, it provides qualitative data and concentration estimates (Sohn
et al., 2008). Results demonstrated that the E-nose used in this study could
reliably differentiate between healthy and infected broilers, classified through
oocyst counting, presenting a promising tool for precision livestock farming
(Grilli et al., 2018).

VOCs linked to poultry red mite infestations have not been extensively
explored. Koenraadt and Dicke (2010), Gay et al. (2020), and Auffray et al.
(2023) have investigated attractant and repellent VOCs to manage mite
populations. These findings suggest that attract-and-kill strategies, successfully
used for pests, like fruit flies and codling moths in other agricultural systems
(Charmillot, Hofer and Pasquier, 2000; Vargas, Miller and Stark, 2003), could
be adapted to control red mites in poultry. However, further research into
VOCs emitted by chickens in response to poultry red mite infestation may offer
valuable insights into infestation severity and host health. As poultry red mites
are known to cause significant stress through anemia, and stress can alter VOC
profiles, volatile analysis from biological chicken samples shows promise as a
noninvasive diagnostic tool.

5.4 Fungi

Concerning fungal infections in broilers, aspergillosis and candidiasis are the
most prevalent (Wernery, 2016). Aspergillosis, caused by fungi from the genus
Aspergillus, primarily affects the respiratory system, often resulting in brooder
pneumonia (Wernery, 2016; Hauck, Cray and Franca, 2020). Although no studies
have yet investigated VOC detection for diagnosing Aspergillus infections in
animals, research has focused on VOC profiles from Aspergillus flavus in feed
crops to enhance food safety and security (Okechukwu et al., 2024). These
studies revealed significant differences in VOC profiles, as summarized in
Table 4.

Candidiasis, caused by Candida albicans, is another common fungal
disease in chickens. It leads to lesions in the oropharynx and crop, mucosal
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thickening, and occasionally enteritis (Wernery, 2016). Karami et al. (2017)
cultured C. albicans and identified several key VOCs, also summarized in
Table 4. These findings emphasize the potential of VOC analysis as a diagnostic
tool for fungal infections in broilers.

6 General challenges in identifying reliable pathogen
biomarkers

Identifying reliable biomarkers for pathogens is challenging due to the
complex and dynamic nature of VOC production. Various factors influence the
presence and concentration of VOCs in biological samples, complicating the
identification of consistent biomarkers (Ratiu et al., 2020).

One challenge is the lack of specificity of single VOCs for a particular
pathogen. For example, Zuchowska and Filipiak (2024) found that indole
is produced by multiple bacterial species, including E. coli, S. aureus, and K.
pneumoniae. This overlap necessitates the use of VOC fingerprints rather than
individual compounds for accurate detection (Palma et al., 2018).

Another critical factor is the stability of VOCs during sample collection and
handling. For instance, 2-acetoaminophenone, associated with Pseudomonas
aeruginosa, remains stable in glass bulbs, but degrades in Tedlar polycarbonate
sampling bags (Ratiu et al., 2020). Therefore, selecting suitable materials for
sample collection is crucial. Additionally, differences in the developmental
stages and subtypes of pathogens may introduce genetic variability that
influences the enzymatic activity involved in VOC production (Bos, Sterk and
Schultz, 2013).

Another layer of complexity involves co-infections of multiple pathogens
that alter the host metabolism through pathogen-pathogen interactions,
complicating VOC pattern interpretations (Ratiu et al., 2020). Differentiating
between bacterial and viral infections is essential for guiding treatment and
minimizing unnecessary antibiotic use (Gould et al., 2020). Abd El Qader et al.
(2015) demonstrated that hexan-1-ol serves as a biomarker for viral infections,
while heptadec-1-ene indicates bacterial ones, enabling accurate distinction
between infection types. Pathogen-immune interactions and antibiotic
treatments can further influence VOC patterns (Hankel et al., 2022).

VOC kinetics depend on bacterial metabolic activity or total bacterial
load. VOC concentrations generally correlate with bacterial cell numbers,
but may decrease if host-related VOCS are used as energy or substrates in
bacterial metabolism. This indicates an inverse relationship with bacterial load.
Additionally, metabolic consumption within the body complicates the accurate
determination of VOC production levels. Antibiotics further influence these
dynamics by targeting bacterial cells (Zuchowska and Filipiak, 2024).
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7 Internal factors influencing volatile organic
compound fingerprints

When using VOC analysis as a diagnostictool in broilers, itis essential to account
for factors that might influence its reliability and accuracy. VOC patterns can
be affected not only by the health status of the birds, but also by individual
variability among healthy birds. Figure 6 illustrates the significant influence of
internal and external factors on these profiles. To ensure effective diagnostics,
these biological and environmental influences must be carefully considered
and addressed (Shirasu and Touhara, 2011). This section focuses on internal
factors, with the following section focusing on external factors.

7.1 Age

Age significantly influences VOC profiles as metabolic and physiological
processes evolve throughout an organism’s life. For example, Corion et al.
(2024a) measured VOCs from chicken eggs during embryonic development.
Changes in the relative abundances of chemical classes were observed over
12 days of incubation, with carboxylic acids showing elevated levels in fertilized
eggs toward the 12th day. This could be attributed to oxidative stress induced by
hypercapnia and hypoxia conditions, which leads to increased lipid peroxidation.
Similarly, Fischer et al. (2015) investigated this factor by tracking VOC emissions
in goats over one year during standardized ambient conditions, and using early
castration to eliminate the influence of sex pheromones. They observed notable
changes in VOC concentrations in both feces and breath samples.

A potential confounding factor when studying age is diet, as dietary
composition typically changes over time. Weng et al. (2021) found age-related
VOC differences in pigs and chickens, with nursery houses emitting higher
levels of combustible gases compared to general housing. Similarly, Fischer
etal.(2015) observed that dietary changes in goats altered VOC profiles due to
shifts in energy metabolism. In contrast, Dragonieri et al. (2016) reported that
age-related differences in breath VOC profiles were not detectable in humans
using E-nose analysis, suggesting that the influence of age on VOCs may vary
across species.

7.2 Breeds

Inter-breed differences in chicken eggs have been observed across various
breeds. Corion et al. (2024c) found that (E)-undec-2-enal was more abundant
in the Dekalb breed compared to Ross on incubation days 2 and 8. This
variation may have a genetic basis, as (E)-undec-2-enal is likely a product
of oleic acid autoxidation, and oleic acid concentrations can differ between
breeds, even when fed similar diets (Bunea et al., 2017). Additionally, the
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natural compounds tetradecanal and tridecan-1-ol were present at higher
concentrations in Shaver compared to Dekalb. These differences may reflect
breed-specific metabolic activity; however, it cannot be excluded that they are
partially influenced by differences in optimal incubation conditions between
breeds. Supporting this, Yalcin et al. (2008) demonstrated that incubation
temperature can affect the oxidation of specific fatty acids. The potential of
VOCs to discriminate between breeds was further confirmed by Li et al. (2024),
who identified 20 VOCs in meat from different Chinese breeds as candidate
markers for breed differentiation.

7.3 Sex and reproductive status

Sex and reproductive status also influence VOC emissions. In layers, sex-specific
VOC differences are detectable even during early incubation, with different
VOC emission profiles (Corion et al., 2024b). Another sex-associated source of
VOCs is the uropygial gland of chicken, as females use its volatile secretions for
mate selection and social interactions (Hirao, Aoyama and Sugita, 2009).

Similar patterns are observed across species. For example, Jones et al.
(2021b) found higher VOC abundances in male wolf urine compared to
females. Liang, Bushman, and FitzGerald (2015) reported greater fecal VOC
variability in female mice due to more pronounced gut microbiota oscillations.
Karthikeyan et al.(2013) identified distinct fecal VOCs, such as 4-methylphenol
and trans-verbenol, in water buffaloes during estrus. These findings suggest
the potential for using VOCs to enhance reproductive management in
livestock.

7.4 Emotional state

The emotional state in broilers can also influence VOC emissions. Bombail
et al. (2018) reported that stress induced the production of specific volatile
compounds recognizable by animals such as rats. These rats could distinguish
between feces from stressed and non-stressed chickens, suggesting that
emotional states shape VOC profiles. Moreover, stress-related odors remained
detectable even two weeks after chickens had experienced stress. In humans,
VOC profilesvary significantly between fearful and neutral or pleasantemotional
states. For example, Smeets et al. (2020) found that fear was associated with
elevated levels of linear aldehydes and ketones, whereas neutral states were
linked to esters and cyclic compounds. These findings highlight the role of
VOCs in intra- and interspecies communication and their potential for assessing
emotional states to improve animal health and productivity.
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7.5 Circadian rhythm

The timing of sample collection during the day significantly influences the
VOC composition detected during analysis. Studies have shown that morning
fecal samples exhibit the highest VOC levels for both chickens and pigs (Weng
etal., 2021). Similarly, Hankel et al. (2022) found that morning air samples from
chicken cages were more effective in distinguishing between C. jejuni-infected
and noninfected birds. This is likely because chickens follow a diurnal feeding
rhythm, starting to eat almost immediately after the dark period, leading to a
high volume of fresh excreta in the morning.

Additionally, ongoing bacterial fermentation makes fecal composition
highly unstable over time when stored at room temperature (Gratton et al.,
2016). Metabolite levels also exhibit diurnal variations, driven by the host's
circadian clock, which regulates microbiome structure and activity rhythms
(Murakami and Tognini, 2020). Supporting this, Jiang et al. (2020) found that
artificial light at night — known to disrupt circadian rhythms — significantly
altered the taxonomic composition, species diversity, and community structure
of the intestinal microbiota in Eurasian tree sparrows.

To improve the accuracy of VOC analysis for broiler health, it may be
beneficial to standardize sample collection in the morning, as current evidence
suggests that VOC concentrations are consistently higher at that time. However,
further research is needed to confirm this approach.

8 External factors influencing volatile organic
compound fingerprints

8.1 Diet

Diet influences VOC emissions in broilers through variations in feed additives,
protein levels, and fiber content. Du et al. (2000) investigated the effect of
dietary conjugated linoleic acid as a feed additive on the VOC fingerprint of
raw chicken meat, reporting significant changes in VOC composition. Similarly,
Shu et al. (2024) found that curcumin supplementation increased aldehyde
concentrations, identifying them as the mostabundant chemical group in chicken
meat. Beyond feed additives, crude protein levels also play a role. Excess crude
protein can increase nitrogen excretion and odor emissions, as undigested
protein is excreted in feces (Heo et al., 2023). Additionally, higher dietary fiber
levels lead to increased production of volatile SCFAs by gut microbiota (Jha and
Mishra, 2021). While diet is often considered a key driver of VOC emissions due
to its role in providing metabolic substrates, it does not necessarily overrule the
influence of other factors such as sex, climate, mental state, or rearing system.
Future research should aim to integrate these factors for a more comprehensive
understanding and management of VOC production in broiler systems.
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8.2 Rearing system

Comparative studies on different rearing systems reveal significant differences
in VOC profiles. As reviewed by Campagna et al. (2012), free-living birds
generally exhibit higher concentrations of carboxylic acids and benzaldehyde
in their uropygial gland secretions compared to captive ones. In chicken
farming, Huanhong et al. (2023) summarized evidence indicating that while
free-range systems improve welfare and sustainability, they also introduce
greater variability in VOC emissions due to inconsistent feed intake. This
variability arises from a combination of outdoor foraging and supplementary
feeding.

8.3 Bedding material

Additional factors, such as bedding material, manure management, dust
generation, and ventilation systems, further influence VOC profiles in free-range
and closed housing systems. Emission patterns also vary between floor housing
and traditional cage systems for laying hens (Nimmermark and Gustafsson,
2005). Bedding materials, when exposed to moisture and microbial activity,
undergo decomposition as a result of fermentation, releasing additional VOCs,
with excess moisture particularly linked to elevated ammonia levels (Huanhong
etal., 2023). Spiehs et al. (2013) compared various bedding materials for beef
cattle, finding that corn cobs produced the highest VOC emissions, whereas
wood shavings produced the lowest. This discrepancy likely stems from the
antimicrobial properties of essential oils in wood shavings, which inhibit
fermentation, whereas the high fermentability of corn cobs promotes rapid
VOC production.

Emissions from bedding material can contribute to background signals
in VOC measurements within housing systems. Moreover, the inclusion of
bedding material during fecal sampling may introduce additional volatile
compounds, altering the overall VOC profile. A background measurement of
the bedding material alone could serve as a reference for distinguishing its
contribution to VOC emissions.

8.4 Temperature and humidity

Temperature and humidity are other crucial factors influencing VOC emissions.
While chicken house temperatures are typically optimized for growth and
energy efficiency, fluctuations can impact both thermoregulation in chickens
and VOC release. On the one hand, rising temperatures may trigger behavioral
adaptations, such as wing lifting to enhance cooling through airflow (Gerken,
Afnan and Dérl, 2006). Combined with temperature gradients that drive

Published by Burleigh Dodds Science Publishing Limited, 2026.



The potential of using volatile organic compounds 33

buoyant convection (Angle et al., 2016), this could redistribute VOCs from the
birds within the environment. On the other hand, increased temperature and
humidity can directly affect VOC emissions from the environment. Nimmermark
and Gustafsson (2005) observed that warmer, more humid conditions in floor
housing systems for laying hens correlated with higher VOC emissions, likely
due to enhanced volatilization and stimulated microbial activity.

9 Volatile organic compound measurement and
analysis

Advancements in VOC capturing and analysis are enhancing our understanding
of their relationship with animal health. As shown in Fig. 7, VOCs can be
captured in three main ways: direct measurement on the instrument (Sharma
etal.,2017), headspace collectionin a container (Yao etal., 2018), or enrichment
on a sorbent material for later desorption and analysis (Corion et al., 2024a).
Enrichment involves exposing a sorbent material to the sample’s headspace
for a set incubation time and temperature. Sampling can be active (e.g. using
a sorbent tube) or passive (e.g. with a fiber or sorbent stir bar). Once enriched,
the sorbent material can be stored and later desorbed using heat for analysis
on a VOC measurement device.

The choice of VOC capture method is typically aligned with the analytical
technique employed, although there are exceptions. For example, a gas
chromatography-mass spectrometer (GC-MS) necessitates VOC extraction
and pre-concentration on a sorbent material prior to column analysis, whereas
an E-nose allows direct measurement of VOCs in the headspace (Epping
and Koch, 2023). Additionally, VOCs can be enriched on a sorbent material
and subsequently desorbed onto an E-nose for analysis (Hankel et al., 2022),
demonstrating the versatility of this approach.

In some cases, a 0.2 uym Teflon filter can be used to remove suspended
particles from the air stream before measuring or storing the headspace (Trabue
etal., 2010), avoiding contaminations with for instance microorganisms. Storage
containers, such as bags or canisters, can also be reused through cleaning
procedures using nitrogen flushing (Ho et al., 2017) or heat treatment (Filipiak
et al., 2012), reducing contamination risks. Table 5 provides a comprehensive
overview of the various VOC capture methods, detailing their respective
advantages and disadvantages to guide the selection of the most suitable
approach for specific analytical needs.

After VOCs are captured, they can be analyzed using various measurement
devices. These devices can measure VOCs directly from the headspace or after
capturing them using one of the previously mentioned methods. Figure 7
and Table 6 summarize the most commonly used VOC analysis instruments in
research, ranked from most to least portable, along with their applications and
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sample types. VOC measurement devices can be applied in both untargeted
approaches, where VOCs of interest are not known beforehand, and targeted
approaches, where specific VOCs are analyzed.

An E-nose consists of an array of sensors selected to increase device
specificity. The sensors react to VOC adsorption on the surface, but an E-nose
cannot identify specific compounds. However, the sensor’s known specificities
indicate the types of molecules it can detect (Epping and Koch, 2023). Given
that an E-nose is restricted to its selection of sensors, it is considered more as
a targeted approach. The ion mobility spectrometer (IMS) is a more complex
technique that ionizes VOCs at ambient pressure and temperature, rapidly
separating analytes in a drift tube. Selectivity can be enhanced by coupling
it with a capillary column (GC) (Arce et al., 2014). Proton transfer reaction-
time-of-flight-mass spectrometers (PTR-TOF-MS) and selected ion flow tube
mass spectrometers (SIFT-MS) are direct trace gas mass spectrometers using
soft chemical ionization to ionize sample analytes, producing product ions
separated by a mass spectrometer (Corion et al., 2024c). Finally, the GC-MS is
considered the gold standard lab-based analytical system for identifying VOCs
through separation and mass detection. For this reason of identification, the
GC-MS is also the preferred system for untargeted VOC analysis (Corion et al.,
2024c).

Each instrument has its unique advantages in animal health and VOC
analysis. The E-nose is highly portable and adaptable for on-site applications
(Hankel et al., 2022), whereas GC-MS remains the gold standard for VOC
identification due to its analytical precision (Epping and Koch, 2023). However,
a key limitation of E-nose technology is its reliability and stability, which remain
challenging (Liu et al., 2023). A crucial factor in improving E-nose performance
is selecting appropriate sensors for target VOC recognition, a process that can
be guided by preliminary GC-MS analysis. Complementarity between VOC
analysis devices is also evident in the use of PTR-MS and GC-MS. For instance,
PTR-MS, particularly when coupled with a time-of-flight mass spectrometer,
excels at detecting smaller molecules, while GC-MS provides greater sensitivity
for heavier compounds (Corion et al., 2024c).

VOC measurements generate high-dimensional datasets that require
advanced analytical approaches. GC-MS yields data in the form of VOC peak
areas, whereas E-noses produce sensor response signals (Hankel et al., 2022).In
contrast, datasets from real-time VOC analyzers such as PTR-TOF-MS, SIFT-MS,
and IMS consist of variables representing product ion signals (Pérez-Calvo
etal., 2019; Corion et al., 2024c). To manage the complexity of such datasets, a
combination of univariate and multivariate data analysis techniques is typically
employed.

Univariate statistical methods, including t-tests, ANOVA, Kruskal-Wallis
tests, and fold change analysis, are commonly used to identify significant
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differences between groups (e.g. healthy vs. diseased or vaccination status),
typically following normality checks and applying false discovery rate
corrections (Peters et al., 2017; van Veen et al., 2025). Correlation analyses can
further link VOC levels to clinical response variables or pathogen load (Traxler
etal., 2018), enhancing the interpretation of biological relevance.

Multivariate approaches are essential for pattern recognition,
dimensionality reduction, and classification. Principal component analysis
(PCA) and hierarchical clustering analysis (HCA) are frequently applied for
unsupervised data exploration, enabling visualization of sample groupings
and relationships between VOCs (Yongwei et al., 2009; Corion et al., 2024a).
For supervised modeling, partial least squares discriminant analysis (PLS-DA)
and partial least squares regression (PLS-R) are widely used, often combined
with variable selection methods such as variable importance in projection (VIP)
scores to identify discriminative VOCs or predict response variables (Corion
et al., 2024b; Li et al., 2024; van Veen et al., 2025).

In recent years, nonlinear machine learning algorithms such as Random
Forests (RF) and Support Vector Machines (SVM) have gained traction for
VOC classification tasks (Palma et al., 2018; Liu et al., 2024). These models
enhance robustness and generalizability when validated through techniques
like cross-validation. As VOC datasets continue to grow in size and complexity,
the integration of advanced multivariate modeling and machine learning is
becoming increasingly valuable for identifying reliable volatile biomarkers.

10 Conclusion and future trends

VOCs hold promising potential as noninvasive biomarkers for enhancing
broiler production by monitoring animal health, welfare, and productivity. By
leveraging volatilomics, this approach provides insights into host-microbiota
interactions, disease detection, and metabolic efficiency. Although in the early
stages of development, VOC analysis could contribute to more climate-smart
broiler production by facilitating early disease detection, reducing antibiotic
use, and optimizing feed formulations. This may enhance productivity while
minimizing environmental impacts, such as ammonia emissions and odor
pollution. Additionally, pathogen-specific VOC profiles could improve targeted
disease management and biosecurity.

However, realizing this potential requires addressing several key challenges.
Standardized protocols for VOC sampling, handling, and analysis are needed
to ensure reproducibility and enable meaningful cross-study comparisons.
Future research must systematically assess the effects of storage duration and
temperature on VOC stability to establish reliable biomarkers. Comprehensive
animal trials are also essential to understand the influence of internal (e.g. age,
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sex, emotional state) and external factors (e.g. diet, housing systems) on VOC
emissions, facilitating field validation.

Pathogen-induced VOC profiling remains underexplored despite its
relevance for early disease detection. Future studies should prioritize profiling
for key broiler pathogens, including Campylobacter, Salmonella, Influenza, and
Aspergillus, to enhance diagnostic capabilities. Understanding the metabolic
pathways driving pathogen-specific VOC emissions will be crucial for advancing
diagnostic techniques.

Emerging advancements in data analytics, particularly through machine
learning and advanced multivariate modeling, offer significant opportunities
to improve pattern recognition and classification (Palma et al., 2018). These
approaches can improve differentiation between processes of infected and
noninfected animals. Integrating VOC analysis with other omics technologies,
such as metabolomics, can further deepen insights into host-pathogen
interactions. Recently applied in plant sciences, this integrative approach
enables the tracing of volatile origins through correlation and network
analysis, providing a more comprehensive understanding of metabolic
pathways (Li et al., 2023; Bartels et al., 2024). Applying this methodology in
broiler research could significantly optimize disease monitoring and health
management.

While the application of VOCs in broiler production shows great promise,
it is still in an exploratory phase. Continued research is necessary to validate
diagnostic accuracy and practical application. If successful, VOC analysis could
revolutionize broiler health monitoring, supporting more sustainable, resource-
efficient, and climate-smart farming practices.

11 Where to look for further information

For comprehensive insights into the use of VOCs as diagnostic tools, we refer
to two recent review articles:

e Rodriguez-Hernandez, P. et al. (2022) ‘Analytical tools for disease diagnosis
in animals via fecal volatilome’, Critical Reviews in Analytical Chemistry,
52(5), pp. 917-932. Available at: https://doi.org/10.1080/10408347.2020
.1843130.

e Jaimes-Mogollén, A.L. et al. (2021) ‘Review on volatolomic studies as a
frontier approach in animal research’, Advanced Biology, 5(6), pp. 1-27.
Available at: https://doi.org/10.1002/adbi.202000397.

Additionally, the following papers present interesting insights into advanced
VOC analytical techniques:
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e Corion, M., et al. (2024) 'Non-destructive egg breed separation using
advanced VOC analytical techniques HSSE-GC-MS, PTR-TOF-MS, and
SIFT-MS: assessment of performance and systems’ complementarity’,
Food Research International, 176, Article 113802. Available at: https://doi
.org/10.1016/j.foodres.2023.113802.

e Zuchowska, K. and Filipiak, W.(2024) ‘Modern approaches for detection of
volatile organic compounds in metabolic studies focusing on pathogenic
bacteria: current state of the art’, Journal of Pharmaceutical Analysis, 14(4),
Article 100898. Available at: https://doi.org/10.1016/].jpha.2023.11.005.
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