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Summary In human and veterinary medicine, the search for exhaled volatiles as potential 
markers for disease detection has gained increasing attention because exhaled 
breath analysis bears the advantages of being continuous, non-invasive and 
reveals instantly available results. The aim of this study was to introduce a 
technical set-up for breath analysis in bovines. The technical set-up allows (i) 
CO2-controlled sampling and preconcentration of alveolar gas and (ii) direct 
breath gas analysis via proton transfer reaction time-of-flight mass spectrometry 
(PTR-ToF-MS) in parallel. While alveolar gas sampling enables the analysis by gas 
chromatography-mass spectrometry for unequivocal substance identification, 
PTR-ToF-MS ensures real-time identification of confounding signals within one 
measurement. Applicability of the system to conscious cattle and reliability of the 
signals obtained under field conditions were tested at eight dairy farms. This first 
testing phase in veterinary practice confirmed that the set-up was well toler-
ated by each of the cows and that reliable measured values (i.e., raw data) were 
gained at different respiratory rates. Inspiration could be clearly distinguished 
from expiration, thus providing the basis for excluding ambient air contamina-
tion. Consecutive measurements under standardised conditions in two bovines 
aged 5–6 months revealed effects of time of day, food intake and handling that 
need to be evaluated in-depth in future studies with larger groups of animals. 
As result of these proof-of-concept trials, the introduced technical set-up can be 
recommended for future studies evaluating exhaled markers in cattle. Breath gas 
analysis offers a new research area in veterinary medicine and is one step forward 
towards refining large animal studies, even under field conditions.

Keywords: exhaled biomarkers, proton-transfer-reaction time-of-flight mass 
spectrometry (PTR-ToF-MS), real-time analysis, refinement, volatile organic com-
pounds (VOC)

Zusammenfassung Flüchtige organische Substanzen im Atemgas gelten als potenzielle Biomar-
ker für Erkrankungen. Die Vorteile der Atemgasanalytik begründen sich in der 
nichtinvasiven und kontinuierlichen Messung und der direkten Verfügbarkeit der 
Messergebnisse vor Ort. Es sollte eine technische Lösung gefunden werden, um 
Atemgasanalytik bei Rindern auch unter Feldbedingungen durchführen zu kön-
nen. Hierfür wurden (i) die CO2-gesteuerte Probennahme und Aufkonzentrierung 
des Alveolargases für Offline-Analysen und (ii) die atemzugaufgelöste Echtzeit-
messung mittels Proton Transfer Reaction – Time of Flight – Mass Spectrometry 
parallelgeschaltet. Die aufkonzentrierte alveoläre Atemgasprobe wurde anschlie-
ßend mittels Gaschromatographie – Massenspektrometrie analysiert, um eine 
eindeutige Identifikation der Substanzen sicherzustellen. In acht verschiedenen 
Milchviehherden wurden die Anwendbarkeit des von uns etablierten Mess-Sys-
tems an wachen adulten Rindern und die Zuverlässigkeit der unter Feldbedin-
gungen gewonnenen Messergebnisse getestet. Die in den technischen Aufbau 
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integrierte Maske wurde von allen 83 Tieren gut toleriert. Unabhängig von der 
Atmungsfrequenz der Tiere konnten Inspiration und Exspiration sicher vonei-
nander abgegrenzt werden, was zugleich die Eliminierung von Störeinflüssen 
aus der Umgebungsluft ermöglichte. Wiederholte Verlaufsmessungen an zwei 
Rindern im Alter von fünf bis sechs Monaten machten exemplarisch deutlich, 
dass u. a. Futteraufnahme, Tageszeit und Handling der Tiere bzw. Gewöhnungs-
effekte (Training) einen Einfluss auf die Mess ergebnisse haben. Die Ergebnisse 
dieses Pilotprojektes zeigen, dass der gewählte technische Aufbau in zukünftigen 
Studien genutzt werden kann, um flüchtige organische Substanzen als poten-
zielle Biomarker beim Rind zu detektieren. Nach entsprechender Evaluierung der 
Methodik kann die nichtinvasive Atemgasanalytik zum ‚Refinement‘ experimentel-
ler Studien an Großtieren beitragen.

Schlüsselwörter: exhalierte Biomarker, Echtzeitmessung, flüchtige organische 
Substanzen, Proton Transfer Reaction – Time of Flight – Mass Spectrometry (PTR-
ToF-MS), Refinement 

Introduction

Exhaled biomarkers are one of the hot topics in current 
biomedical research with a perspective of clinical appli-
cation in human and veterinary medicine (Miekisch et 
al. 2004, Ahmed et al. 2017). Volatile organic compounds 
(VOCs) are derived from blood flowing through the 
lungs and therefore could provide information about 
metabolic and pathologic processes in the body. Estab-
lished breath tests are already available in human medi-
cine; examples include capnometry, breath ethanol test 
for blood alcohol, hydrogen breath test for fructose and 
lactose malabsorption (Eisenmann et al. 2008), and also 
the well-established 13C-urea breath test for the detec-
tion of Helicobacter pylori infection (Amann et al. 2014). 
Further studies have suggested VOCs as biomarkers for 
lung cancer (Phillips et al. 1999), different liver diseases 
(Sehnert et al. 2002), and infections such as tuberculosis 
(Phillips et al. 2007). In mice (Vautz et 
al. 2010, Zhu et al. 2013, Szymczak et 
al. 2014) and in swine (Kamysek et al. 
2011), exploited as animal models for 
human medicine, analyses of VOCs in 
breath have also been established. In 
some of these models, animals were 
anaesthetised and ventilated (Vautz et 
al. 2010, Zhu et al. 2013). 

From the veterinary perspective, 
breath analysis in conscious individu-
als has been described in multiple 
species, either working with exhaled 
breath condensate or volatile sub-
stances in exhaled breath (Table 1). 
Most of the studies working with 
volatile substances that were carried 
out before 2010, were targeting sin-
gle substances in breath, for exam-
ple nitric oxide, pentane and ethane. 
Working with non-anaesthetised ani-
mals that are spontaneously breathing 
highlights the non-invasive procedure 
of VOC analysis in breath. VOCs as 
potential biomarkers are promising for 
clinical veterinary medicine because 
exhaled breath can be monitored con-
tinuously, non-invasively and pro-
duces instantly available results. The 

first infectious diseases in veterinary medicine where 
VOCs have been considered as potential biomarkers are 
paratuberculosis in goats (Bergmann et al. 2015), tuber-
culosis in cattle (Peled et al. 2012, Ellis et al. 2014) and 
brucellosis in cattle (Bayn et al. 2013).

However, while there are many technical appliances 
for collecting VOCs in exhaled breath in humans, cus-
tomised solutions for animals are still rare. No method is 
currently available to analyse the breath of large animals 
in real time. The aim of this study was to introduce a 
technical set-up for breath analysis in large animals. In 
this proof-of-principle study, the applicability of the sys-
tem and the reliability of the results were tested in con-
scious cattle under field conditions. Further, the repro-
ducibility of consecutive measurements and sources of 
intra-subject variability were assessed under controlled 
conditions in two calves.

TABLE 1: Customized set-ups for exhaled breath analysis in conscious individuals 
in various animal species
Animal species Exhaled breath conden-

sate (liquid)
Exhaled breath (gaseous)
AIM: assessing pre-
defined substances

AIM: assessing the  
volatilome*

Dogs Wyse et al. 2004a Papasouliotis et al. 1993a
Wyse et al. 2005a  

Cats Sparkes et al. 2004
Kirschvink et al. 2005  

Papasouliotis et al. 1993b 

Cattle 
(big ruminants)

Reinhold et al. 1999
Reinhold et al. 2006
Knobloch et al. 2008

Dobbelaar et al. 1996
Roller et al. 2007
Burciaga-Robles et al. 
2009  

Spinhirne et al. 2004
Purkhart et al. 2011
Bayn et al. 2013

Small ruminants Bergmann et al. 2015
Fischer et al. 2015a
Fischer et al. 2015b   

Horse Deaton et al. 2004
Wyse et al. 2005b
Duz et al. 2009
Whittaker et al. 2012
Cathcart et al. 2013

Bracher et al. 1995
Mills et al. 1996
Wyse et al. 2004b
Wyse et al. 2005a

Cathcart et al. 2013 

Pig Reinhold et al. 2008 

Rat and mouse Wilhelm et al. 1999 Risby et al. 1999
Cope et al. 2000
Weicker et al. 2001   

Kistler et al. 2014
Szymczak et al. 2014
Kistler et al. 2016

Elephant Lewandowski et al. 1996 

Marine mammals Aksenov et al. 2014
Zamuruyev et al. 2016

Stanek et al. 1994 Yeates et al. 2014 

Birds Foldenauer et al. 2010 

* The volatilome contains all of the volatile metabolites as well as other volatile organic and inorganic compounds that 

originate from an organism.
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Animals, Materials, and Methods

Technical set-up 
The technical set-up for the collection and analysis of 
exhaled breath (Figure 1) consisted of a tightly fitting 
facemask (A) that was originally produced for horses 
(Air one, Hippomed/Neu-Tec GmbH, Steinhagen, Ger-
many) and which was adapted to cattle. Inspiration was 
ensured via two laterally placed valves (B). A special 
Y-shaped adapter was developed and placed in front 
of the mask, satisfying the following requirements: (I) 
The largest vent (25  mm diameter) remained open, 
minimising breathing resistance; (II) The 10 mm-diam-
eter vent was connected to an automated alveolar gas 
sampling device (PAS Technology Deutschland GmbH, 
Magdala, Germany) combining capnometry and needle 
trap microextraction (NTME), which has already been 
described in detail for goats (Bergmann et al. 2015, 
Fischer et al. 2015b). Following NTME, the needle trap 
devices were processed via gas chromatography-mass 
spectrometry (GC-MS) in the laboratory over the course 

of two days. In parallel, a proton transfer reaction time-
of-flight mass spectrometer (PTR-ToF-MS, PTR-ToF 
1000, Ionicon Analytik Ges.m.b.H., Innsbruck, Austria) 
was attached via the smallest vent (III) by means of a 
heated Silcosteel® transfer line (6 meters), as described 
by Trefz et al. (2013).

Animals and study design
On eight dairy farms in Thuringia, the system was 
applied to 83 clinically unsuspicious cows in order to 
test the practical utilisation under field conditions (Table 
2). Cows were caught in the headgates located at feed-
ing places. The floors were fully slatted floors or plain 
floors with manure scrapers. Therefore, depending on 
the airflow in the stable, the environmental VOC con-
centrations were high due to leftovers of silage, manure 
deposits, other animals, or cleaning materials. For breath 
gas collection, the cow to be tested wore the tightly 
fitting face mask that was fixed manually by an experi-
enced staff by means of a halter and ropes. Each animal 
was sampled once for a duration of three minutes. The 
respiratory rate was assessed in parallel to the collection 
and real-time analysis of breath gas. Cows were fully 
conscious; sedation was neither necessary nor applied. 

Under experimental conditions, two healthy male 
calves aged 5–6 months (breed: Holstein Friesian) were 
involved in order to assess the reliability of consecutive 
measurements within one day and the repeatability 
within two weeks. The calves were kept in the Federal 
Research Institute for Animal Health (Friedrich-Loeffler-
Institut, Jena, Germany) and bedded on straw in a con-
ventional stable with natural ventilation (open windows 
during the daytime). Routine microbiological screening 
and regular prophylactic treatment against endo- and 
ectoparasites ensured the absence of relevant infections. 
Daily clinical examination (general behaviour, appetite, 
rectal temperature, etc.) confirmed the absence of dis-
eases. 

FIGURE 1: Technical setup for the collection and analysis of exhaled breath in cattle. A: a tightly fitting face mask; 
B: inspiratory valve; C: CO2 sensor; D: CO2-triggered flow valve; E: sampling device for alveolar gas; F: needle trap 
device; G: PTR-ToF; H: heated Silcosteel® transfer line; Vents: I Ø 25 mm (respiratory flow), II Ø 10 mm, III Ø 2.5 mm

TABLE 2: Range of parameters from animals in field 
trials.
Farm N Age (months) BCS Respiratory 

rate (breaths 
per minute)

A 12 28–115 2.75–4.0 15–45

B 12 27–53 2.5–3.25 21–39

C 10 45–54 2.5–3.5 18–32

D 12 33–90 2.5–3.25 20–52

E 12 39–81 2.5–4.0 21–46

F 12 31–75 2.5–3.75 26–46

G 4 63–82 2.75–4.0 22–36

H 9 41–95 1.25–3.75 11–38

A–H (n=8) 83 27–115 1.25–4.0 11–52

BCS – Body Condition Score; N – number of animals included; Data are given in 

ranges (minimum – maximum)
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On the day of sampling, each of the two animals 
underwent six measurement campaigns per day, starting 
at 7:00 a.m. before morning feeding, and continuing in 
two-hour intervals until 5:00 p.m. (Figure 2). Again, the 
animal to be tested wore a tightly fitting face mask for 
breath gas collection that was fixed manually by experi-
enced staff personnel. The duration of one measurement 
campaign lasted three minutes. In-between the meas-
urements, the animals were freely moving in their stable 
while water and hay were available ad libitum. Twice a 
day a 50-g portion of plant-based concentrated feed was 
provided immediately after breath sampling T1 and T4 
(Figure 2). To assess the reproducibility of the results, the 
whole procedure was repeated for the two animals after 
one week.

The full study was carried out in strict accordance 
with European and National Law for the Care and Use 
of Animals. The experiments were conducted under 
the supervision of the authorised institutional Animal 
Protection Officer. Every effort was made to minimise 
discomfort and suffering throughout the duration of the 
study. No sedation or anaesthesia was applied to the 
animals.

Data analysis
Within a measurement of three minutes, all exhaled  
substances detectable in real time were treated as fol-
lows: (i) Contamination of exhaled breath by ruminal 
gases during phases of eructation was excluded from 
further calculation. (ii) Means of peak values per sub-
stance were calculated separately for exhalation (alveolar 
gas) and inspiration (ambient air). (iii) Mean values of 
inhalation were subtracted from those of exhalation and 
therefore excluded and considered as contamination 
when calculated values were below zero. For visualisa-
tion, a multi-coloured heat map with normalised values 
was used and illustrated by means of Microsoft Excel 
2016 (Microsoft Corporation, USA). Data in Figure 5 
were normalised to the maximum of each VOC for each 
animal to illustrate animal-dependent variation on both 
days. Data of the measurements in the field were illus-
trated with concentration curves for three animals, and 
the mean values of all exhalation peaks (alveolar gas) 
during a three-minute sampling period were displayed 
for all measurements (n=153) by means of Microsoft 
Excel 2016.

Results

The technical set-up for the collection and analysis of 
breath gas was applicable to and well tolerated by large 
animals. No relevant defensive movements or adverse 
reactions were observed against the face mask. Regard-

less of the different respiratory rates, a clear discrimination 
was possible between inspiratory, expiratory, and alveolar 
breath phases (Figure 3). Even at unexpectedly high, non-
physiological respiratory rates of about 50 breaths/min, 
the system provided reliable data (data not shown). 

The CO2-controlled sampling part of the set-up 
allowed targeted collection of alveolar gas during exha-
lation and avoided contamination by dead space gas 
(which mainly consists of inspired air). Thus, later analy-
sis of alveolar gas by GC-MS became possible for proper 
substance identification. PTR-ToF-MS allowed real-time 
analysis of VOCs with the advantage of detecting con-
founding signals that derived predominantly from rumi-
nal gases. Figure 3 reveals an increased acetone signal, 
indicating the incidence of eructation into the oral cavity 
and therefore contamination of the breath gas sample. 
The proportion of acetone concentration in breath (alve-
olar gas) to the acetone concentration in the contamina-
tions (Figure 4) indicates the physiological origin, which 
could be linked to the eructations noted via sight, touch 
and sound during the measurements.

Consecutive measurements from morning until even-
ing in two individual animals revealed a progression of 
VOC concentration for most substances. Exemplarily, 
both animals showed firstly the same tendencies of 
progression in VOC concentration over the day and 
secondly similar VOC concentrations in total (Figure 
5a). Those similarities between both animals were also 
observable on the second day of breath analysis. In gen-
eral, the second day seemed to present measurements 
with less variability regarding the concentration of sub-
stances (Figure 5b). Food intake of plant-based concen-
trates instantly after measurement campaigns T1 and T4 
seemed not to be reflected in our results but almost all 
values of T2–T6 were more concentrated than T1, which 
was before the morning feeding.

Discussion

Breath analysis from 83 clinically healthy conscious cows 
obtained at eight different farms revealed the applicabil-
ity of the introduced technical set-up under field condi-
tions. Exhaled breath could be monitored continuously 
and non-invasively, and produced instantly available, 
repeatable and reliable results (regardless of respiratory 
rate, age or body condition score). Although the meas-
urement system appears technically sophisticated, it was 
easy to handle and well tolerated by all of the animals 
tested at all eight farms. 

Both components of our set-up ensured reliable results 
targeting (i) alveolar gas sampling and (ii) real-time 
analysis. In accordance with similar breath analyses in 
humans, GC-MS in combination with the pre-concen-

FIGURE 2: Consecutive measurement campaigns applied to one animal within one day. T1–6: at each time point 
the collection and analysis of breath was performed for three minutes; PC: plant-based concentrate 
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tration technique needle trap microextraction (NTME) 
enabled the identification of VOCs in alveolar breath 
based on their unique retention time and fragmentation 
pattern. Previous experimental studies in goat mod-
els of paratuberculosis revealed that the typical VOCs 
assessable in alveolar gas could be assigned to classes 
of alcohols, aldehydes, ketones, and aliphatic and aro-
matic hydrocarbons (Bergmann et al. 2015, Fischer et 
al. 2015a,b, Kasbohm et al. 2017). PTR-ToF-MS allowed 
real-time assessment of VOCs, that is, directly at the 
patient’s side (Herbig et al. 2009, Miekisch et al. 2014). A 
combination of both techniques allows the unequivocal 
identification and (continuous) monitoring of potential 
biomarkers in breath (Trefz et al. 2013), which are both 
equally essential especially for scientific issues. Con-
founding contamination from the ambient air could be 
excluded by either component. 

Literature reports describing technical solutions for 
breath analysis in cattle so far have used either pre-
concentrating techniques connected with GC-MS (Spin-
hirne et al. 2004, Peled et al. 2012) or PTR-ToF-MS. 

The latter was not targeted on exhaled breath, instead 
included all animal emissions from the skin, urine, fae-
ces etc. using an environmental chamber (Shaw et al. 
2007). None of the previously published data clearly dif-
ferentiated between breath gas originating purely from 
the lungs and contamination of breath gas by ruminal 
gases. In ruminants, however, contamination of breath 
gas by volatile substances from the forestomachs has to 
be taken into account. Depending on the pH value in the 
rumen, the ruminal microbiome degrades carbohydrates 
and nitrogen to short-chain fatty acids (predominantly 
acetic, butanoic and propionic acid) or neutral fermenta-
tion products (acetone, butanol and 2-propanol), which 
are highly volatile. Contamination of breath gas by rumi-
nal volatiles or changes in the intensity of these sub-
stances over time could only be recognised via real-time 
analysis. Thus, our study describes the first approach for 
pure breath analysis in cattle. 

Exemplary measurements of two animals showed day-
dependent and daytime-dependent differences in the 
composition of VOCs in breath. As breath VOC pat-

FIGURE 3: Time course of acetone intensity measured by PTR-ToF-MS from three cows at different respiratory 
rates. Red and green backgrounds indicate alveolar and inspiratory gas, respectively. A: normal breathing frequency 
(19 breaths/min); B: low breathing frequency (11 breaths/min); C: high breathing frequency (35 breaths/min);  
#: marks a surge of gas deriving from the rumen.
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terns reflect metabolic and biochemical processes of 
the animal (de Lacy Costello et al. 2014) the daytime-
dependent variations might be due to certain procedures 
throughout the day, for example, food intake, daily health 
examination, waking, resting, ruminating and sleeping 
phases. Values obtained from non-fed animals in the 
morning were the lowest compared to further measure-
ments throughout the day. Previous studies showed 
significantly increased VOC concentrations (Fischer et 
al. 2015a) and increased hydrogen peroxide values in 

exhaled breath condensate (Knobloch et al. 2008) after 
food intake and different VOC patterns associated with 
different dietary nutrients (Ajibola et al. 2013). These 
effects and their impact on VOC patterns in breath high-
light the importance of time and nutrition in individuals 
when performing breath analyses.

The finding that measurements of the first day were 
more variable compared to the repeated measurements 
one week later (Figure 5b) was expected to a certain 
degree and is in good agreement with previous find-

FIGURE 5: Difference between the concentrations of volatile organic compounds (VOCs) of exhalation minus inha-
lation throughout the day, without phases of eructation (n = 2 calves). Values of contamination (negative numbers) 
were excluded from the illustration. Mapping shows measurements of both animals and both days each with six time 
points of breath analysis featured as: A) normalised values to the maximum of each VOC for each animal, B) propor-
tional progress compared to T1 of each day and animal. The two animals are always presented in two lines grouped 
together.

FIGURE 4: Acetone  
concentration in breath  
related to concentration of 
acetone in eructation gas  
(n= 153 data points from  
83 individual cows).
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ings in sheep undergoing lung function testing. One 
study measured the concentration of cortisol in venous 
blood of ewes before and after pulmonary function tests 
(Hildenbrand 2009). Results clearly showed a significant 
increase in blood cortisol after the first measurement 
campaign (28 times higher) and only a 13-fold increase 
in cortisol five weeks later while pulmonary function 
testing was carried out weekly. That indicates a habitu-
ation effect to previously unknown situations in experi-
mental settings. 

Conclusions

In summary, we successfully introduced a technical set-
up to collect and analyse exhaled breath from adult cat-
tle. Combining two independent analytical techniques 
ensured real-time assessment of breath composition and 
confounding factors (via PTR-ToF-MS) and unequivocal 
identification of the VOCs present in alveolar gas (col-
lected via NTME and analysed later via GC-MS). This 
technical set-up was found to be suitable for future stud-
ies evaluating exhaled biomarkers in cattle. Reliability has 
been proven at eight dairy farms with different produc-
tion conditions; hence, this robust sampling set-up also 
seems appropriate for field trials. The system could also 
be transferred to other large animal species (e. g., horses, 
goats, and sheep). In ruminants, it might be extended to 
analyse ruminal gases separately from exhaled breath. 
Different physiological effects (food intake, daytime, han-
dling) suggest daytime-coordinated analyses of VOCs 
in breath are most suitable before morning feeding and 
with several training measurements in advance.
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