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Abstract

The objective of this case study was to investigate if respiratory ratios derived from non-invasive exhaled breath measurements could be used
as a tool to detect dairy cows at risk for impaired postpartum health. Measurements of exhaled breath from individual cows took place during
visits to a concentrate feeder from 2 wk prepartum until 6 wk postpartum (Veterinary Metabolism System, Relitech). Per measurement, con-
centrations of oxygen (O,), carbon dioxide (CO,), and methane (CH,) (vol%) were measured. Subsequently, daily average respiratory exchange
ratio (RER; CO,/O,), CH, exchange ratio (MER; CH,/O,) and CH,-to-CO, ratio (MCR; CH,/CO,) were calculated per cow. Cows were scored
clinically twice weekly from 2 wk prepartum until 6 wk postpartum on 19 clinical signs. Blood p-hydroxybutyric acid was determined twice
weekly, and additional blood samples were taken in week 1 and week 5 after calving to determine clinical-chemical parameters. A total deficit
score (TDS) was assigned to each cow based on blood values and clinical scores. Per health score (e.g., decrease in body condition score (BCS)
after calving, p-hydroxybutyric acid values, and TDS values), cows were divided into two categories (high or low). Differences in exhaled breath
composition between these categories were evaluated using mixed models. The RER was lower in cows with a high reduction in BCS during
the first 6 wk after calving, which can result in ketosis and fatty liver caused by the increased body fat mobilization. For TDS Locomotion, TDS
Metabolic, TDS Liver, and TDS Macro-minerals, MER was lower in cows with a higher TDS compared with cows with a lower TDS, which may
be related to decreased feed intake in cows at risk for disease leading to a decreased methane production. Prepartum MER was lower in cows
with a high decrease in BCS, high TDS Total, or high TDS inflammation compared with cows with low values in these categories. The MCR was
inconsistent for different disease categories. Based on the results of this experiment, respiratory ratios derived from non-invasive exhaled breath
measurements seem to be promising indicators to detect cows at risk for disease around calving, but further validation of breath measurements
is required. Variables such as individual daily milk production, dry matter intake, and time lag between breath measurement and feeding time
should be taken into account in future research to improve the interpretation of results.

Lay summary

In early lactation, 30% to 50% of dairy cows are prone to develop transition-related diseases. To decrease health and welfare problems during
the transition period in cows, on-farm non-invasive detection of cows at risk should be improved. The aim of this study was to test whether
respiratory ratios derived from non-invasive exhaled breath measurements could be used as indicators for dairy cows at risk for impaired post-
partum health. The respiratory exchange ratio (CO,/O,) was lower in cows with a high reduction in body condition in the first 6 wk after calving,
which indicates high levels of body fat mobilization. For many disease categories, the methane exchange ratio (CH,/O,) was lower in diseased
cows compared with healthy cows, which may be related to a decreased feed intake in diseased cows leading to decreased methane produc-
tion. Based on the results of this experiment, respiratory ratios derived from non-invasive exhaled breath measurements seem to be promising
indicators to detect cows at risk for disease during the transition phase, but further validation of breath composition measurements is required.
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Abbreviations: BCS, body condition score; BHB, B-hydroxybutyric acid; CH,, methane; CO,, carbon dioxide; DIM, days in milk; NEB, negative energy balance;
LSM, least-square means; MCR, methane carbon dioxide ratio; MER, methane exchange ratio; NEFA, non-esterified fatty acids; OZ, oxygen; RER, respiratory
exchange ratio; RFID, radio frequency identification; TDS, Total Deficit Score

Introduction disbalances (e.g., hypocalcemia), inflammatory diseases (e.g.,
endometritis, mastitis), or a combination of these (Sordillo
and Mavangira, 2014; Sundrum, 2015; Wankhade et al.,
2017). This increased susceptibility to diseases is linked to the

In early lactation, 30% to 50% of dairy cows are prone to
develop transition-related diseases, such as ketosis, fatty liver,
digestive issues (e.g., displaced abomasum), macro-mineral
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metabolic and physiological challenges around parturition
and the onset of lactation (LeBlanc, 2010; Wisnieski et al.,
2019). In early lactation, many cows experience a negative
energy balance (NEB), as feed intake is insufficient to meet
the high energy requirements for milk production (Pushpaku-
mara et al., 2003; Wathes et al., 2007; LeBlanc, 2010; Chura-
kov et al.,2021). The postpartum NEB is marked by extensive
lipid mobilization, which causes increased concentrations
of non-esterified fatty acids (NEFA) and ketone bodies like
B-hydroxybutyric acid (BHB) in the blood stream (Drackley,
1999). Elevated concentrations of NEFA and BHB are associ-
ated with several transition-related diseases, such as ketosis,
displaced abomasum and metritis (LeBlanc et al., 2005; Duff-
ield et al., 2009; Paiano et al., 2021). B-hydroxybutyric acid
is known to be a suitable indicator for (sub)clinical ketosis
(van der Drift et al., 2012), and decrease in body condition
score (BCS) in early lactation is often used as indicator for the
degree of NEB (Roche et al., 2015).

Cow health and welfare during the transition period may
be enhanced if simple, non-invasive disease detection tools
for postpartum diseases (e.g., ketosis) or NEB were avail-
able (Elliott-Martin et al., 1997). A few decades ago, it was
already shown that non-invasive breath analysis was a suit-
able technique to detect ketosis at an early stage by sampling
the exhaled breath of the cow and analyzing it using spec-
trometer analysis (Dobbelaar et al., 1996; Elliott-Martin et
al., 1997; Mottram, 1997). More advanced electronic devices
have been recently developed for detecting volatile organic
compounds from breath samples obtained by positioning a
funnel in front of the cow’s muzzle (Ali et al., 2022). Next
to disease detection, measurement of gas emissions in cows
is of interest, as mainly CH, production is known to play an
important role in global warming (Della Rosa et al., 2021). A
frequently used, non-invasive way to asses the methane pro-
duction of individual cows is the sniffer method, where the
air near the animal’s nostrils is sampled through a fixed tube
in a concentrate feeder or automatic milking system and gas
concentrations are measured (Difford et al., 2018; Oikawa et
al., 2022).

Insight into the metabolism of animals can also be cap-
tured using non-invasive measurements of exhaled breath,
by the calculation of respiratory ratios like the Respiratory
Exchange Ratio (RER). The RER is the ratio between the
metabolic production of carbon dioxide (CO,) and the uptake
of oxygen (O,) (Ramos-Jiménez et al., 2008). The RER is
commonly used to indirectly determine the relative contribu-
tion of carbohydrates and lipids to overall energy expendi-
ture (Simonson and DeFronzo, 1990; Ramos-Jiménez et al.,
2008). A high RER (around 1) indicates that carbohydrates
are the predominant source of energy, whereas a low RER
(around 0.7) suggests that lipids are the main energy source
used (Simonson and DeFronzo, 1990; Pendergast et al., 2000;
Ramos-Jiménez et al., 2008). (Reynolds et al., 2019) found a
RER around 1 in Jersey cows that were around 80 DIM, and
(Yan et al., 1997) found a decrease in RER from 1 to 0.7 after
72 h of fasting in dairy cows. Hence, during a postpartum
NEB when feed intake is low and body fat mobilization is
high, a low RER is to be expected in dairy cows.

Methane carbon dioxide ratio (MCR; CH,/CO,) was
suggested as a respiratory ratio to express the efficiency of
microbial fermentation of the feed by ruminants (Madsen et
al., 2010). MCR directly describes the proportion of the C
excreted that is not metabolized to CO, Daily production
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of CO, and CH, in the rumen is variable and is affected by
dietary components, total amount of dry matter intake, level
of milk production, stage of lactation, breed, rumen func-
tioning (Negussie et al., 2017), and time between feeding
and measurement (Crompton et al., 2011; van Lingen et al.,
2017). MCR is therefore often used to find feed sources or
specific cows with the most efficient conversion of energy and
the lowest production of CH, (Madsen et al., 2010).

Improvement of non-invasive detection of cows at risk for
diseases can lead to a decrease in health and welfare prob-
lems, especially when the risk for postpartum diseases can
already be predicted based on observations, such as exhaled
breath composition, detected in the prepartum period. At this
moment, it is not known if the respiratory ratios differ as a
result of the health state of dairy cows, and whether measure-
ments of exhaled breath could be used as indicator to detect
dairy cows at risk for diseases. Hence, the objective of this
case study was to investigate if respiratory ratios derived from
gas concentrations (O, CO, and CH,) measured in exhaled
breath of individual cows during their visits to a concentrate
feeder measured from 2 wk prepartum until 6 wk postpartum
could be used as indicators to detect dairy cows at risk for
impaired postpartum health. The total deficit score (TDS) as
previously developed by van Dixhoorn et al. (2018, 2023)
was used as integral parameter for postpartum health. The
TDS is calculated based on the combination of severity and
duration of different clinical responses and was suggested
to better reflect the total postpartum disease load compared
with evaluating the presence or absence of one specific disease
(van Dixhoorn et al., 2023). The TDS is especially developed
for research practices, but may give valuable insights into the
relation between integrated postpartum health and exhaled
breath composition in dairy cows.

Materials and Methods

The established principles of laboratory animal use and
Dutch laws related to animal experiments were adhered to in
this study. The Wageningen University Animal Care and Use
Committee (Lelystad Department) approved the experiment
under protocol number AVD401002016749.

Animals, housing, and diet

The present study was conducted between July 2017 and
April 2018 at two commercial dairy farms located in the
Netherlands. A total of 57 Holstein-Friesian dairy cows were
monitored from 2 wk prior to the expected calving date until
6 wk after actual parturition. Cows enrolled in the study
based on the expected day of parturition. Cows were used in
the experiment when they showed no clinical signs of illness
prior to parturition and when a complete dataset until 6 wk
after calving was available. Two cows were excluded from
analysis due to missing data, which resulted in a dataset of 55
cows (20 cows of farm 1, 35 cows of farm 2). At both farms,
dry cows and lactating cows were housed separately. All cows
were kept in cubicles, and a straw bedded maternity pen was
present. Cows were moved to the maternity pen with the first
signs of parturition. One to 3 d after calving, the cows were
(re)introduced in the lactating herd and stayed there during
the entire lactation. Water was provided ad libitum on both
farms.

Farm 1 had 75 cows with an average production of 8900
kg milk per year (with 4.53% fat and 3.52% protein).
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Lactating cows were milked twice daily at 5:45 AM and 5:00
PM, and the basal ration was fed once per day at 1:30 PM.
The basal ration for lactating cows consisted of grass silage,
oilseed rape straw, maize silage, and minerals (net energy for
lactation: 7.0 MJ/kg of DM). Dry cows were fed the basal
ration once every 2 d. The basal ration for dry cows con-
sisted of grass silage, wheat straw, maize, and minerals (net
energy for lactation: 5.8 M]/kg of DM). Concentrate was pro-
vided every day and separately from the basal ration in indi-
vidual concentrate feeders for both lactating and dry cows.
Two weeks prepartum all cows received 2 kg of concentrate
per day. Postpartum concentrate quantity depended on lac-
tation stage, and increased stepwise according to the Dutch
standard feedstuff table (min 3,5 kg/d and max 8 kg/d; CVB,
2016). The basal ration was pushed to the feeding fence at
5:40 AM, 4:55 PM, 8:00 PM, and 10:30 PM. Feed residues
were removed from the feed bunk before each new feed deliv-
ery. Lights were turned on at 5:45 AM, and nightlights were
turned on at 10:30 PM.

Farm 2 had 100 cows with an average production of 9430
kg milk per year (with 4.35% fat and 3.55% protein). Lactat-
ing cows were milked twice daily at 6:00 AM and 5:45 PM,
and the basal ration was fed once per day at 8:30 AM. The
basal ration for lactating cows consisted of grass silage, maize
silage, and brewer’s grain (net energy for lactation: 6.3 MJ/
kg of DM). Dry cows were fed the basal ration once every
2 d. The basal ration for dry cows consisted of wheat straw,
maize, and brewer’s grain. Concentrate was provided every
day and separately from the basal ration in individual con-
centrate feeders for both lactating and dry cows. Two weeks
prepartum, all cows received 1 to 2 kg of concentrate per
day. Postpartum concentrate quantity depended on lactation
stage, and increased stepwise according to the Dutch standard
feedstuff table (max 8 kg/d; CVB, 2016). The feed was pushed
to the feeding fence at 5:30 PM. Feed residues were removed
from the feed bunk before each new feed delivery. Lights were
turned on at 5:15 AM and turned off at 10:15 PM.

Clinical assessment

Clinical assessment of all cows was performed as previously
described (van Dixhoorn et al., 2023). In short, cows were
scored clinically by trained veterinarians twice weekly from 2
wk prepartum until 6 wk after parturition. The veterinarians
scored 19 clinical signs (including BCS) and used measure-
ments and cut-off values as described (Hajer et al., 2011).
When the veterinarian diagnosed a disease (retained placenta,
metritis, mastitis, lameness, displaced abomasum, respira-
tory infection, milk fever, diarrhoea), the specific disease was
reported on top of the clinical scoring. Disease treatments
were performed according to the standard farm routines.
Interobserver variation between the trained veterinarians was
verified every 4 mo.

Blood sample collection and analysis

Blood samples were collected twice weekly from the coccygeal
vein and directly tested for BHB with a handheld device (Free-
Style Ketone Test, Abbott Laboratories, The Netherlands).
Additional blood samples were collected in the first and fifth
week after calving in 10 ml sterile serum tubes (Vacutainer,
Becton Dickinson, Franklin Lakes NJ). All samples were
taken in the morning after milking, but before feeding.
Samples were submitted for analysis to a veterinary lab-
oratory (Royal GD, Deventer, the Netherlands). From these

blood samples, clinical-chemical parameters were assessed
using a routine chemistry analyzer (UniCel DxC 600 Syn-
chron Clinical System (Beckman Coulter)). Results were
evaluated according to the quality control procedures of the
laboratory (meeting NEN-EN-ISO 9001:2015 requirements).
Test procedures for all parameters (except for calcium, magne-
sium, and haptoglobin) were NEN-EN-ISO/IEC 17025:2017
accredited by the Dutch Accreditation Council (RvA). Colo-
rimetric methods were used to analyze serum concentrations
of calcium (Calcium testkit from Randox Laboratories Ltd),
phosphorus (ammonium-molybdate method; PHS reagent
from Beckman Coulter), magnesium (MG reagent from Beck-
man Coulter), total bilirubin (dimethylsulphoxide method;
Bilirubin (Total) test kit from Randox Laboratories Ltd),
haptoglobin (“PHASE” Haptoglobin Assay; Tridelta Devel-
opment Limited), total protein (Biuret method; Total Protein
test kit from Human Diagnostics), and albumin (Bromocresol
Green method; Albumin test kit from Randox Laboratories
Ltd). The albumin:globulin ratio of the samples was subse-
quently calculated from the total protein and albumin con-
centrations (total globulins = total protein minus albumin).
Enzymatic methods were used to analyze serum concentra-
tions of urea (urease method; Urea testkit from Human Diag-
nostics), NEFA (Wako NEFA-HR(2) test kit; FUJFILM Wako
Chemicals Europe GmbH), and BHB (D-3-Hydroxybutyrate
(Ranbut) reagent from Randox Laboratories Ltd.). Aspartate
aminotransferase (AST; GOT (ASAT) test kit from Human
Diagnostics) and gamma-glutamyltransferase (GGT; gamma-
GT test kit from Human Diagnostics) concentrations in
serum were analyzed using enzymatic methods according to
the International Federation of Clinical Chemistry (IFCC) ref-
erence procedures for the measurement of catalytic activity
concentrations of enzymes at 37 °C. Interleukin-6 concentra-
tions in serum were analyzed using an AlphaLISA Bovine IL-6
Detection Kit (PerkinElmer) following the kit’s instructions.
Inter-assay coefficients of variation were < 10% for all assays.

Total Deficit Score (TDS) calculation

TDS were calculated as previously described (van Dixhoorn et
al., 2023), and were used as measures for postpartum health
of individual cows. Briefly, results from clinical findings,
disease diagnosis, and postpartum serum variables (week 1
and week 5) from the first 6 wk after calving were used for
TDS calculations. Four different TDS scores were calculated
based on clinical values and serum values related to metabolic
stress, inflammation, and locomotion: TDS Total, TDS Meta-
bolic, TDS Inflammation, TDS Locomotion (for more details
see Supplementary Table S1a, b). In addition, the postpartum
serum values contributed to TDS when they were below or
above specific cut-off values. Based on specific serum values,
TDS Metabolic was sub-divided into TDS scores related to
liver function (TDS Liver) and macro-mineral shortage (TDS
Macro-minerals). Clinical findings that deviated from normal
were counted as one point of the TDS (dimensionless) per
sampling moment during the first 6 wk after calving. When
the veterinarian diagnosed the cow as ill, the specific diagnosis
was reported, and two points were assigned to the respective
TDS category. In addition, treatments related to the disease
diagnosis received two points. Each corresponding deviat-
ing serum value at the two sampling moments (week 1 and
5 after parturition) received 6 TDS points. Finally, all scores
were then summated per TDS category for each cow, resulting
in one final TDS for each individual cow per TDS category. A
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high TDS in a specific category indicates that many deviating
findings were observed related to this category in the first 6
wk after parturition in a particular cow, indicating a higher
risk for impaired postpartum health compared with cows
with a low TDS in this category.

Categorization of BCS decrease, BHB, and TDS
scores

Based on the reduction in BCS during the first 6 wk after
calving, cows were assigned to one of two groups being BCS
decrease Low (with a decrease in BCS of 1 point or less)

Table 1. Cut-off values per Total Deficit Score (TDS) category to assign
individual cows to the High or Low TDS category. Cut-off values were
based on piecewise linear analysis and descriptive statistics per TDS
category of 55 dairy cows in 2 commercial farms.

Descriptive statistic per TDS
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or BCS decrease High (a decrease in BCS of 1.5 points or
more). Based on the BHB serum values, cows were assigned
to one of two BHB groups being BHB Low (all BHB measure-
ments < 1.2 mmol/L or with a maximum of 2 times a BHB
value of 1.2 mmol/L) or BHB High (BHB > 1.2 mmol/L in at
least one sample or more than two times a BHB level > 1.2
mmol/L).

Cows were assigned to either a TDS Low or TDS High
group per TDS category based on cut-off values per TDS cat-
egory (Table 1). Per TDS category, the cut-offs were based on
piecewise linear analysis of the TDS value in a specific cate-
gory of all cows when plotted in ascending order. The method
to assess the cut-off point for TDS Total is shown in Figure 1
as an example. This piecewise linear analysis looks for linear
parts in a graph and calculates the cutoff point when the slope
changes (indicated by the blue line in the plot). The ascending
plotted TDS showed a gradual increase until the TDS increases
more drastically. This drastic increase was previously indi-
cated as the tipping point at which cows enter into a destruc-

category tive feedback loop as the result of intertwined components of
Cut-off value Mean Median Min Max metabolic stress of altered nutrient metabolism, dysfunctional
inflammatory responses, and oxidative stress during the tran-
TDS Total . 75.9 58 52 12 147 sition period (Sordillo and Mavangira, 2014; van Nes et al.,
TDS Inflammation 305 21 18 5. 61 2016; Van Dixhoorn et al., 2018; van Dixhoorn et al., 2023).
TDS Locomotion 7.2 13 8 0 59 With this method, for every TDS category, a TDS cutoff point
TDS Metabolic 28.3 24 21 4 82 was determined and was used to assign cows to a TDS Low
TDS Liver 19.7 14 12 0 64 or TDS High group per TDS category. The number of cows in
TDS Macro minerals  23.8 17 16 3 70 the category Low or High per indicator, and contribution to
category High per farm are shown in Table 2.
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Figure 1. The piecewise linear analysis of the plotted Total Deficit Score (TDS) values of 171 cows (black circles; culled cows excluded). The breakpoint

was found at TDS of 75.9 (blue horizontal line).

G20z Jequieydas ¢ uo Josn Aieiqr ¥n usBulusBe Aq 8.¥6028/7EZIENS/SEI/E601 0 L/10p/alo1e/SEl/Ww00 dno oW pes.//:sd)y Wolj papeojumod



Journal of Animal Science, 2025, Vol. XX, No. XX

Breath analysis

A breath analysis device (Veterinary Metabolism System,
Relitech, the Netherlands) was used to measure the concen-
trations of O,, CO, and CH, (vol%) in excess air sampled
from the concentrate feeder with a flow of 200 L/min (= 50 L/
min). The devices were installed in concentrate feeders present
on the farms, resulting in respiration measurements during
each visit of the cows to the feeder. A schematic overview of
the breath analysis device installed in the concentrate feeder
is shown in Figure 2 (adapted from (Garnsworthy et al.,
2012b)). In short, a sample of the cows’ breath flows in the air
tube at the back of the feeding bin. The air tube is connected
to the air inlet of the breath analysis device, where a blower
with controllable speed pulls air from the concentrate feeder
through a dust filter, after which the air is exhausted through
a flow sensor into the air again. Right behind the flow sensor
a small sample of air is drawn through the analyzer system
by a pump, where the gas concentrations of, and O,, CO, and
CH, are measured with a sample rate of 1 Hz. A dust and
bacterial filter is placed in front of the analyzer to avoid con-
tamination of the air sample circuit. A pressure sensor right
before the gas sensors (“P” in Figure 2) controls the air in
the analyzer circuit, and can detect a congested filter and/or
pump malfunction based on pressure changes. Here, air flow,
air temperature, and pressure were measured with a sample
rate of 1 Hz. All gas devices were calibrated every 3 wk or
earlier. To enable calibration of the gas sensors, a two-way
valve together with a calibration gas bottle is included in the
air sample line. The two-way valve may be activated allowing
surplus calibration gas to flow through the analyzer system.
The O, sensors were renewed half way through the experi-
ment, due to degradation of the sensors. Degradation of the
CH, and CO, sensors was negligible, and replacement was
not necessary. Background gas concentrations were assessed
by the sensors during periods that no cow was present in the
concentrate feeder.

Five devices were available and these were first installed
at farm 1 (measurements from July 2017 till the beginning

Table 2. Number of cows per indicator category (IC; Low or High), and
cows in IC High per farm of 55 dairy cows in 2 commercial farms.

Number of Number of cows in

cows per IC IC High per farm
Indicator Low High Farm 1 Farm 2
BCS! 46 9 3 6
BHB? 46 3 6
TDS? Total 46 2 7
TDS? Inflammation 44 11 3 8
TDS? Locomotion 25 30 7 23
TDS? Metabolic 40 15 4 11
TDS?® Liver 43 12 4 8
TDS? Macro-minerals 44 11 4 7

'BCS decrease Low (decrease in BCS < 1) and BCS decrease High (decrease
in BCS > 1.5).

’BHB Low (all BHB measurements < 1.2 mmol/L or with a maximum of

2 times a BHB serum value of 1.2 mmol/L) and BHB High (BHB > 1.2
mmol/L in at least one sample or more than two times a BHB serum

level > 1.2 mmol/L).

Total Deficit Score (TDS) cut-off values per category were based on
piecewise linear analysis (Table 1).

of December 2017) and subsequently at farm 2 (measure-
ment from December 2017 till the end of April 2018). One
device was placed in the concentrate feeder of the dry cows,
and the other four in the concentrate feeders for the lactating
cows. Cows could enter the concentrate feeder all day and
night. At each entry to the concentrate feeder, breath mea-
surements took place. A radio frequency identification (RFID)
reader was placed in the concentrate feeder that recognized
individual cows by an RFID in their transponder when they
entered the concentrate feeder. This was used to decide if a
cow could receive concentrates. The start and end time per
visit (hh:mm:ss) was recorded by the RFID reader and was
used to link breath concentration measurements to individ-
ual cows. When the maximum amount of concentrates was
consumed on a day, cows were able to enter the concentrate
feeder without concentrate provision, and breath measure-
ments still took place.

To ensure only quality measurements were included, visits
were selected for respiration characteristic calculations if they
contained at least 20 s of gas concentration data meeting quality
criteria, regardless of total visit duration. The total duration of a
visit to the concentrate feeder was not used as criterion because
during a visit, a cow did not necessarily put her head in the feed-
ing bin, and hence not during every visit reliable measurements
took place. Preliminary analysis showed that a time window of
at least 20 s resulted in reliable measurements. Raw data were
filtered by using the following quality criteria: A time window
of data was defined as valid if all samples in this window met
the following gas concentration criteria: [CO,]20.5% and
[O,] £20.4%. For calculating the RER during a valid visit, an
extra filter was applied: [CH,]/[CO,] < 0.05 to discard samples
that were influenced by eructation caused by rumen contractions.
For each visit, the longest time window was taken that met these
criteria and only the data of this window were used for analysis.
Visits from which the longest valid time window was less than
20 s were discarded. Mean gas concentration per selected time
window was calculated, and subsequently, a mean daily gas con-
centration per cow was calculated. Data from 2 cows were not
used for analysis, due to missing values and low-quality mea-
surements. This resulted in a final data set of 2030 mean daily
records that were used for analysis, including 55 cows, 11 cows
from parity 1, 27 cows from parity 2 and 3, and 17 cows from
parity 4 or higher. The average number of visits per cow per
day to the concentrate feeder (>20 s) was 3.02 + 1.90 with a
minimum of 1 and a maximum of 13 visits per cow per day. The
average duration per visit was 6.5 min (range 2 to 45 min).

For further analysis, the following three respiratory ratios
were calculated per visit, corrected for background air con-
centrations, and averaged per day per cow:

e Respiratory exchange ratio (RER) defined as the ratio
between CO, and O, concentrations (CO,/O,), excluding
measurements influenced by ructus interruption

* CH, exchange ratio (MER) defined as the ratio between
CH, and O, concentrations (CH,/O,), including mea-
surements when ructus had likely occurred.

* CH,-to-CO, ratio (MCR) defined as the ratio between
CH, and CO, concentrations (CH,/CO,) including mea-
surements when ructus had likely occurred.

RER indirectly determines the relative contribution of
carbohydrates and lipids to overall energy expenditure
(Ramos-Jiménez et al., 2008). MER indirectly determines the
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Figure 2. Schematic overview of a cow in the concentrate feeder (A). The cows' breath flows in the air tube at the back of the feeding bin (B). The
air tube is connected to the air inlet of the breath analysis device (C) where a flow sensor measures O,, CO, and CH, concentrations from a small
air sample, after which the breath is exhausted from the device again. P represents the pressure sensor (scheme adapted from Garnsworthy et al.

(2012Db)).

relative contribution of enteric fermentation to overall energy
expenditure. MCR expresses the efficiency of microbial fer-
mentation of the feed by ruminants (Madsen et al. 2010).

Statistical analysis

All statistical analyses were performed using SAS University
Edition (2.8.1 9.4 M6; SAS Institute Inc.). Daily mean gas
concentrations and respiratory ratios were calculated per cow
based on the data per visit. Descriptive statistics were calcu-
lated for each breath component (O,, CO,, CH . RER, MER,
and MCR) based on the daily averages per breath compo-
nent. For further statistical analyses, only respiratory ratios
(RER, MER, MCR) were used. To evaluate normality of
residuals, a normality test was performed (PROC UNIVARI-
ATE) where skewness between -1 and 1 and kurtosis between
-2 and 2 were used as criteria for normality. For analysis,

RER was transformed by a natural logarithm, and MER was
transformed by a square root to obtain normally distributed
residuals. Statistical models are described below. Tukey’s stu-
dentized range tests were performed to investigate between-
group differences when more than two groups were present.

To evaluate overall effects of parity and lactation stage on
respiratory ratios, a mixed model was used (PROC MIXED).
Any breath component ratio was included as dependent vari-
able. Cow nested in farm was used as repeated subject. Par-
ity group (parity 1, parity 2, or 3, parity > 4), lactation stage
(2 wk before calving [prepartum], 1 to 21 d in milk (DIM),
22-42 DIM), and their 2-way interactions were included as
fixed effects.

To evaluate the relationship of TDS Total values with the
decrease in BCS, a mixed model was used (PROC MIXED).
The TDS Total value was used as dependent variable. BCS
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decrease group (Low or High), parity group (parity 1, parity
2 or 3, parity > 4), and their 2-way interactions were used as
fixed effect and farm as random effect.

Next, differences in breath composition were tested
between the indicators (e.g., decrease in BCS, BHB serum
values, and different TDS scores) during the three lactation
stages (2 wk before calving [prepartum], 1-21 DIM, 22-42
DIM). A mixed model (PROC MIXED) was used, where the
dependent variable was one of the breath components. Cow
nested in farm was used as repeated subject, day relative to
calving as repeated measurement, and parity group (parity 1,
parity 2, or 3, parity > 4) as random effect. Lactation stage,
one of the indicators, and their 2-way interaction were used
as fixed effects.

Results

Descriptive statistics of breath components

The distribution of the gas concentrations of O,, CO, and
CH, as well as the three respiratory ratios over the study
period, is shown in Figure 3. Mean = SD concentrations of O,,
CO, and CH, were 20.0 = 0.20, 0.81 = 0.18 and 0.03 = 0.02
vol% respectively. Mean = SD of RER, MER, and MCR
were 0.80 = 0.01, 0.036 = 0.01, and 0.07 = 0.01, respectively.
Respiratory ratios RER, MER, and MCR were used for fur-
ther analysis.

Mean of respiratory ratios of the cows were tested for the
effect of lactation stage and parity, and their 2-way interac-
tion (Table 3). For RER, only an effect of lactation stage was
found, where RER was higher in the prepartum period com-
pared with DIM 1-21 and DIM 22-42. For MER and MCR
also an interaction effect of lactation stage x parity group
was found (Figure 4). For all three lactation stages, MER and
MCR were highest for cows of parity 1. MER and MCR grad-
ually increased from the prepartum period to DIM 22-42.

Associations between TDS Total and decrease in
BCS

We evaluated associations between TDS Total values and
decrease in BCS, parity group, and their 2-way interaction.
An association was found between the BCS decrease group
and TDS Total values (P < 0.05) independent of parity, where
cows with a large decrease in BCS had higher TDS Total val-
ues than cows with a low decrease in BCS. In addition, the
TDS total value tended to be higher for cows of parity > 4
than for younger cows (P = 0.08).

Associations between postpartum decrease of BCS
and BHB serum values on breath composition

Associations between postpartum decrease of BCS, BHB
serum values on RER, MER, and MCR are represented in
Table 4. Cows with a large decrease in BCS during the first
6 wk after calving had lower RER compared to cows with
only a limited decrease in BCS. For MER, an interaction
between BCS and lactation stage was found, and post hoc
comparison showed a significantly lower MER value in the
prepartum period for the cows with a high decrease in BCS
after calving compared with the cows with a low decrease in
BCS after calving (Figure 5). No difference in MER was seen
between the BCS decrease High and BCS decrease Low after
calving, and no significant relationships were found between
BCS group and MCR. Cows with low BHB serum values had
a higher RER and a lower MCR as compared with cows with

high BHB serum values, but no interaction effects between
BHB group and lactation stage were present.

Associations between TDS on breath composition

Associations between different TDS categories on RER, MER,
and MCR are represented in Table 4. The RER was only asso-
ciated with TDS Liver, with cows showing better liver func-
tion (fewer liver problems) having a higher RER compared
with cows with poorer liver function (more liver problems),
independent of lactation stage. Around calving, the MER
was associated with TDS Locomotion, Metabolic, Liver, and
Macro-Mineral, but no interaction effects with lactation stage
were found. For each of these categories, the direction of the
effect was the same as cows with a low TDS had a higher
MER compared with cows with a high TDS. Cows that had
less locomotion, metabolic, or liver problems had a higher
MER compared with cows with more of these problems.
Cows with a better macro-mineral balance had a higher MER
as compared with cows with a worse macro-mineral balance.

Lactation stage was associated with the MER for TDS Total
(P <0.01) and TDS Inflammation (P < 0.01) (Table 4, Figure
5). The MER increased for TDS Total and TDS Inflammation
as the lactation progressed. Cows with a better overall post-
partum health and better inflammatory status had a lower
MER during the prepartum period compared with cows with
a worse overall postpartum health and inflammatory status
in this period. No differences were found between groups
during the postpartum period.

The MCR was associated with the TDS Total, Locomotion,
Metabolic, and Macro-minerals, but no interaction effects
with lactation stages were found. Cows with a low TDS Total
(healthy cows) had a higher MCR as compared with the cows
with a high TDS. Cows with less locomotion or metabolic
problems and a better macro-mineral balance had a higher
MCR as compared with cows that had more locomotion or
metabolic problems and a worse macro-mineral balance.

Discussion

In this case study, the relationships between respiratory ratios
RER, MER, and MCR derived from non-invasive measure-
ments of exhaled breath and different health aspects in dairy
cows were evaluated from 2 wk prior to calving date until 6
wk after calving. In the current study, we related respiratory
ratios to lactation stage, parity, degree of decrease in BCS, and
different disease categories.

The non-invasive breath measurement technique used in
the current study was comparable to the sniffer method
(Huhtanen et al., 2015), and respiratory ratios were used
to evaluate results, which was done previously (Oikawa
et al., 2022; Uemoto et al., 2024). This method enables
the evaluation of variation in exhaled breath composition
caused by gas production and consumption by individ-
ual animals. The device used in our study could easily be
applied to the concentrate feeders and could also be built
in an automatic milking system, as previously suggested by
Madsen et al. (2010). However, this sniffer-like method is
considered less accurate compared to using a gas-flux quan-
tification system (GreenFeed; C-Lock Inc. Rapid City, SD)
(Huhtanen et al., 2015), or a respiration chamber where
emissions from exhaled breath, manure, and urine of single
cows are measured (Negussie et al., 2017). Sniffer methods
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Figure 3. Mean (black horizontal line), first quartiles (black box), 90% interval (black line) and outlier values (blue dots) for daily average gas

concentration of (A) oxygen - O, (B) carbon dioxide - CO, and (C) methane - CH, and the daily average (D) respiratory exchange ratio (RER), (E) CH

4

exchange ratio (MER) and (F) CHA—to-CO2 ratio (MCR) measured in 55 cows on two commercial dairy farms in the Netherlands.

often show high variation in gas concentrations between
cows (Garnsworthy et al., 2012b; Bell et al., 2014a), likely
due to the movement of the cow’s head, the distance of
the muzzle to the air inlet, and the variability in mixing of
air within the feeding bin (Huhtanen et al., 2015). In this
study, the use of respiratory ratios, instead of gas concen-
trations per se, reduces the impact of the higher between-
cow variation in measurements, under the assumption that
the three involved gases mix and disperse in the same way
after exhaling. However, the limitations of the current mea-
surement method in combination with the relatively small
sample size should be taken into consideration while fur-
ther developing this method.

In the current study, a lower level of RER was found in the
first 6 wk of lactation compared with the prepartum period.
In early lactation, cows are in a stage of NEB, which is caused
by the increase in the nutrient demand for milk production.
If the energy need is exceeded by the energy supply via feed
intake, the cows will start to mobilize body fat to meet high
energy demands (Sundrum, 2015). This might explain the
lower level of RER in the first 6 wk of lactation compared
with the dry period, where relatively more carbohydrates are
utilized (Kenny et al., 2012).

The MER and MCR differed between lactation stages and
parities. Both MER and MCR gradually increased over the
different lactation stages for all parity groups. This is a result
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Table 3. Least square means + SEM of the respiratory exchange ratio (RER), CH, exchange ratio (MER) and CH,-to-CO, ratio (MCR) per lactation stage
and P-values for the effects of lactation stage (LS), parity (P)? and their interaction (LS*P) based on 55 cows on two commercial dairy farms in the

Netherlands®
Lactation stage P-value
Variable Prepartum DIM 1-21 DIM 22-42 SEM LS P LS*Pp*
RER 0.822 0.79% 0.79> 0.008 <0.001 0.14 0.54
MER 0.025¢ 0.034° 0.038° 0.001 <0.001 <0.001 0.001
MCR 0.059° 0.067* 0.0712 0.003 <0.001 <0.001 0.02
“Values with different superscripts in the same row differ (P < 0.05).
'Lactation stages where: prepartum (2 wk before calving); DIM 1-21; DIM 22-42.
?Parity groups where: parity 1; parity 2-3; parity > 4.
SRER was log-transformed and MER was square rooted for analysis, but non-transformed values are shown in Table 3.
4Significant (P < 0.05) interactions between LS x P for MER and MCR are shown in Fig 4.
A B
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Figure 4. (A) Methane exchange ratio (MER) and (B) CH,-to-CO,-ratio (MCR) per lactation stage (prepartum = 2 wk before calving; DIM 1-21; DIM 22-42)
and parity group of 55 cows on two commercial dairy farms in the Netherlands (mean + SD).

of increasing feed intake and milk production at the start of
lactation, resulting in higher CH, production (Garnsworthy
et al., 2012a; Haque et al., 2014). The MER was lower in
primiparous cows during all lactation stages compared with
multiparous cows. In addition, the MCR was lower for prim-
iparous cows during the prepartum period and weeks 3 to
6 of lactation compared to multiparous cows. This is in line
with other studies that found lower levels of CH, produc-
tion in primiparous cows compared with multiparous cows
(Garnsworthy et al., 2012a; Fresco et al., 2023). Primiparous
cows generally have a lower milk production and lower feed
intake than multiparous cows (Azizi et al., 2009), thereby
likely reducing CH, production in these cows. In addition,
CH, emissions were also found to increase with body weight
(Moraes et al., 2014; Antunes-Fernandes et al., 2016), and
primiparous cows have generally the lowest body weight in
the herd. The findings in the current study may suggest that
parity-specific models are required when further developing
non-invasive breath measurement as on-farm monitoring
tool in the future, but evaluation on a broader set of farms
is required to confirm these findings and to support external
validity.

BHB serum values were related to breath composition in
the current study, as cows with high BHB serum values had
a lower RER than cows with low BHB serum values. Ele-
vated BHB concentrations are often associated with increased
risk for (sub)clinical ketosis (Duffield et al., 2009; Seifi et al.,
2011). The low RER in cows with high BHB serum values indi-
cated that these cows mobilized more fat as the predominant
fuel source than cows with lower BHB serum values (Kenny
et al., 2012). This was in line with previous research who
found relationships between ketosis and exhaled breath com-
position (Dobbelaar et al., 1996; Elliott-Martin et al., 1997
Mottram, 1997). A recent study showed that a rise in blood
BHB was related to a rise in breath acetone, but no differences
were found between the breath acetone levels of ketotic and
non-ketotic cows (van Erp-van der Kooij et al., 2023). They
suggested to perform longitudinal breath measurements to
capture within-cow changes in breath composition for disease
detection. Breath composition also varies highly throughout
the day, further supporting the need for longitudinal sampling
of breath (Suntrup et al., 2020). This highlights the value of
sampling breath in the concentrate feeder, which cows visit
multiple times a day. However, individual variation in the
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Table 4. Respiratory exchange ratio (RER), CH, exchange ratio (MER), and CH -to-CO, ratio (MCR) per indicator category (IC; Low or High)' for 6 TDS
categories, BCS decrease, and BHB in 55 dairy cows on two commercial farms®#. Significant effects of IC and the interaction with lactation stages (LS)?

are also given.

P-value’ P-value P-value

Item RER® SEM IC LS*IC MER?® SEM IC LS*IC® MCR SEM IC LS*IC
IC Low High Low  High Low  High

BCS 0.81* 0.79> 0.009 0.03 0.83 0.033* 0.030> 0.002 <0.01 0.02 0.90 0.40
BHB 0.81* 0.78> 0.009 0.01 0.16 0.13 0.09 0.065> 0.069* 0.003 0.02 0.92
TDS Total 0.12 0.06 0.035* 0.031> 0.002 <0.01 <0.01 0.069* 0.064> 0.002 <0.01 0.49
TDS Inflammation 0.91 0.09 0.22 <0.01 0.30 0.95
TDS Locomotion 0.19 0.98 0.034* 0.032> 0.002 <0.01 0.31 0.069* 0.065> 0.002 <0.01 0.28
TDS Metabolic 0.36 0.10 0.033* 0.029> 0.002 <0.01 0.70 0.068* 0.062> 0.002 <0.01 0.28
TDS Liver 0.81* 0.79> 0.006 0.04 0.06 0.032*  0.029> 0.002 <0.01 0.12 0.13  0.51
TDS Macro-minerals 0.52 0.25 0.034* 0.032> 0.002 <0.01 0.88 0.067* 0.061> 0.002 <0.01 0.23

*Values with different superscripts in the same row differ (P < 0.05).

!Group cut-offs were based on: body condition score (BCS) decrease Low (decrease in BCS < 1) and BCS decrease High (decrease in BCS > 1.5);
B-hydroxybutyric acid (BHB) Low (all BHB measurements < 1.2 mmol/L or with a maximum of 2 times a BHB value of 1.2 mmol/L) and BHB High
(BHB > 1.2 mmol/L in at least one sample or more than two times a BHB level > 1.2 mmol/L); Total Deficit Scores (TDS) Group cut-off values were based

on piecewise linear analysis;.

*Lactation stages where: DP (2 weeks before calving); DIM 1-21; DIM 22-42.

*Least square means + maximum SEM.

“Least square means that are missing are not shown because no significant model effect was found.
SRER was log-transformed and MER was square rooted for analysis, but non-transformed values are shown in Table 4.

¢Significant (P < 0.05) interactions between LS x IC are shown in Figure 5.
LS was always significant (P < 0.05), and therefore not shown in this table.

number of visits to the concentrate feeder between cows and
its impact on the breath measurements should be further
investigated. The role of social dominance could be of specific
interest in this respect since it may affect feeding behaviour in
cows, especially when feeding spaces are limited (Huzzey et
al., 2006; DeVries, 2019).

Our results show that the cows with the largest decrease in
BCS had the highest TDS Total scores, and were thus most at
risk for disease as a results of high degree of body fat mobili-
zation due to NEB. This was expected as body fat mobiliza-
tion is often associated with NEB and ketosis, which are risk
factors for postpartum diseases like metritis, cystic ovarian,
lameness, and displaced abomasum (Walsh et al., 2007; Rob-
erts et al., 2012; Suthar et al., 2013). However, cows with a
high TDS Total score did not always have high BHB values,
and cows with a low TDS Total score did sometimes have high
BHB values. This may, on the one hand, partly be attributed
to the small proportion of the cows that were diagnosed with
high BHB serum values in this study. On the other hand, this
confirms previous findings that high BHB serum values are
not always associated with postpartum disease (Chapinal
et al., 2011) but may indicate adaptation to high milk yield
in early lactation (Mann and McArt, 2023). In addition, it
should be noted that many plasma metabolites, such as BHB
and NEFA follow a diurnal rhythm influenced by time of
feeding (Meier et al., 2010; Niu et al., 2014). In this study, the
time of feeding, and consequently, the time of blood sampling
relative to the feeding time, was not fully aligned between
the two farms, which may have influenced the TDS calcula-
tions. However, although fresh feed was offered at a different
time at each farm, feed was regularly pushed up to the feed-
ing fence between daily feed deliveries, effectively resulting
in ad libitum feed availability at both farms. A random farm
effect was included in the statistical models, which is assumed
to account for most of the variation caused by differences in

farm management. Nevertheless, there remains a need for a
more detailed evaluation of the effects of feeding time and
feed intake, not only on components of our TDS, including
blood parameters, but also on breath measurements.

The RER was indicative for TDS Liver, independent of lac-
tation stage. Cows that had more liver problems based on a
high TDS Liver had a lower RER compared with cows with
less liver problems. The lower RER in cows with more liver
problems indicates that these cows mobilized more body fat
as an energy source compared with cows with less liver prob-
lems. Liver problems, especially fatty liver, develop primarily
in the periparturient period because of insufficient nutrient
uptake and hormonal changes (Bobe et al., 2004). Liver lipid
accumulation occurs when body fat stores are mobilized and
release NEFAs into blood, which, to a considerable part,
reach the liver (Grummer, 1993). If NEFA uptake exceeds the
capacity of the liver to completely oxidize NEFAs to CO,,
partial oxidation to form ketones or esterification to form
triglycerides may result. Excessive production of ketone bod-
ies can adversely affect animal behavior and performance
(Grummer, 1993; Bobe et al., 2004). Cows with high BCS
(> 4) in the dry period are especially at risk for liver problems
as they typically have a greater decrease in feed intake after
calving, causing a more severe NEB and excessive body fat
mobilization (Stockdale, 2001). This is often associated with
elevated serum levels of BHB, NEFA, aspartate aminotrans-
ferase, gamma-glutamyl transferase, and bilirubin (Bobe et
al., 2004). These are the serum values that were included in
our TDS Liver. Our results suggest that RER is mainly associ-
ated with excessive fat mobilization, and the TDS Liver might
be a suitable read out to evaluate RER.

Feed intake is important in cow metabolism, as it affects
rumen functioning and energy balance. When a NEB coin-
cides with a reduced feed intake, the rumen functioning will
be reduced, and RER may be affected (Kuhlmann et al., 19835;
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Figure 5. The methane exchange ratio (MER) for (A) BCS decrease (Low (decrease in BCS < 1) and High (decrease in BCS > 1.5)) and Total Deficit
Scores (TDS) (B) Total and (C) Inflammation (Low and High) in different lactation stages (prepartum = 2 wk before calving; DIM 1-21; DIM 22-42) of 55
cows on two commercial dairy farms in the Netherlands (mean + SD). * ¢ Mean values with different superscripts differ significantly (P < 0.05).

Bobe et al., 2004). In a recent study CO, production and O,
consumption could contribute to feed intake prediction (Huh-
tanen et al., 2021), which is closely related to our RER. In the
current study, cows with liver problems generally had a low
RER, which was hypothesized to be related to a severe reduc-
tion in feed intake combined with a NEB. In future studies,
individual feed intake of cows should be taken into account
when interpreting RER in relation to cows’ health.

The MCR was previously suggested as an indicator for
the efficiency of microbial fermentation of the feed by rumi-
nants (Madsen et al., 2010), and MER indirectly determines
the relative contribution of enteric fermentation to overall
energy expenditure. In our study, lower levels of MER were
related to several health problems. For cows suffering from

liver problems, MER was lower compared with healthy cows.
In addition, prepartum MER was lower in cows with a high
TDS Total or TDS Inflammation than in cows with a low TDS
Total or TDS Inflammation (as indicated by the interaction
effect with lactation stage). Health disorders like metritis
and retained placenta are often associated with decreased
feed intake already in the prepartum period (Huzzey et al.,
2007; Luchterhand et al., 2016). In general, CH, production
decreases with decreasing dry matter intake (Ellis et al., 2007;
Ramin and Huhtanen, 2013), as rumen function and fermen-
tation are reduced. In addition, cows with health problems
may have a higher energy expenditure for maintenance due to
the high energy demand of the immune system (Kvidera et al.,
2017), thereby increasing O, consumption. Hence, both CH,
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production and O, consumption may change in cows with
health problems, thereby reducing MER possibly already
during the prepartum period. This highlights the potential
predictive value of non-invasive breath analysis techniques
for cow health management purposes, and the use of breath
composition measurements to predict the risk of postpartum
disease already during the prepartum period. This approach
is especially useful during the dry period as it allows for pre-
ventive health management at a time when health monitoring
through non-invasive milk sampling is not possible. Previ-
ously, we have shown that also prepartum behavioral pat-
terns of cows, recorded with the use of activity sensors, were
significantly associated with postpartum health as indicated
by the TDS (van Dixhoorn et al., 2023). Thus, we hypothesize
that an integration of breath composition with other param-
eters, such as cow behavior, may further enhance the overall
predictive value of prepartum measurements for postpartum
health outcomes in dairy cows. Correspondingly, we suggest
that further research into multivariable approaches for the
development of cow health monitoring systems is urgently
warranted.

Associations between MCR and health-related variables
were less clear. Cows with locomotion, metabolic, or overall
health problems had a lower MCR compared with healthy
cows of these groups. In contrast, cows that suffered from
ketosis had a higher MCR compared with cows without keto-
sis. This was unexpected, as ketosis is often closely related
to other metabolic problems (Bobe et al., 2004). Factors like
individual dry matter intake, milk production, diet composi-
tion, adaptation to lactational diet, and body weight strongly
affect both CO, and CH, production (Johnson and Johnson,
1995; Antunes-Fernandes et al., 2016; Negussie et al., 2017;
Huhtanen et al., 2021), thereby affecting MCR. These indi-
vidual cow factors were not taken into account in the cur-
rent study, and the results of the MCR should therefore be
interpreted with caution. A recent study showed that exhaled
volatile organic compounds, like acetone, propionate, and
butyrate, match with daily patterns of CH, and CH, could
therefore be a proxy for rumen volatile fatty acids (Islam et
al., 2023). In future studies, we recommend to include more
individual cow factors and generating more knowledge
regarding rumen function, gas production, and cow health.

Another aspect that should be taken into account when
measuring individual CH, production per cow is the time lag
between roughage feeding time and time of measurement (de
Mol et al., 2024). The CH, production typically shows a pat-
tern with a peak at 1 to 2 h after feeding time depending on
the amount of feed offered (Crompton et al., 2011), and after
the peak the production gradually decreases again. Also, CO,
production follows a diurnal pattern, which is affected by
feed intake (Kinsman et al., 19935; Bell et al., 2014b). There-
fore, the moment of visiting the concentrate feeder influences
the outcome of CO, and CH, production, and several breath
measurements throughout the day are required to fully esti-
mate CH, production (Brask et al., 2015; Bell et al., 2018).
It is expected that visits to the concentrate feeder are ran-
domly distributed over the day, thus averaging out the effect
of moment of sampling, and consequently on respiratory
ratios. However, further research is needed to investigate the
influence of the moment of breath measurement in relation
to roughage feeding time on CO, and CH, production. This
allows for better understanding and interpretation of the
respiratory ratios.
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The RER, MER, and MCR derived from non-invasive
measurement of exhaled breath seem promising indicators
for cow’s health and metabolic state, and may support early
disease detection already during the prepartum period when
cow monitoring is scarce and early interventions are possible.
Although the TDS scoring system used in this case study is
a comprehensive and detailed manner of evaluating postpar-
tum health of dairy cows, thereby enhancing the statistical
power of the study, findings of this case study should be con-
firmed using data from a larger number of cows. Also, the
diurnal variation in breath concentrations in response to feed-
ing and changes in feed composition should be further investi-
gated. To allow for on-farm application, an accurate detection
model for cows at risk for disease should be developed based
on the exhaled breath analysis method with sufficient sen-
sitivity and specificity. Potentially, an integration of several
technologies, including sensor-based activity measurements,
could improve early disease detection in dairy cows even
more, thereby improving their health, welfare, and enhancing
sustainable production.

Conclusion

Respiratory ratios derived from non-invasive measurements of
exhaled breath seem to be promising indicators to detect cows
at risk for diseases during the transition period. The RER was
related to body fat mobilization, as a lower RER was associated
with a large decrease in BCS and more liver problems in the peri-
partum period. For many disease categories, MER was higher
in healthy cows compared with diseased cows, but associations
between MCR and health-related variables were less clear. Both
MER and MCR results should be interpreted with caution, as
CH, production is affected by several factors like milk yield, feed
intake, diet composition, rumen functioning, and body weight.
In future studies, these variables should be taken into account
to better understand the complex relationships between exhaled
breath ratios, rumen function, health state, and production level.
In addition, the lag between feeding time and sampling time
should be examined in detail to assess its influence on CO, and
CH, measurements.
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Supplementary data are available at Journal of Animal Science
online.

Acknowledgments

We thank the staff of Veterinair Kennis Centrum Oost
Nederland (VKON) for the coordination of the experiment.
We also thank the veterinarians for the clinical assessments
and their support and inspiration throughout the study. We
are especially grateful to the farmers for their enormous
amount of time and patience they showed during the study.
We thank Relitech for the provision of data and Nedap for
linking the RFID with the respiration device.

Author Contributions

Brigitte de Bruijn (Conceptualization, Formal analysis,
Visualization, Writing - original draft), Ingrid van Dixhoorn
(Conceptualization, Investigation, Supervision, Writing - orig-
inal draft, Writing - review & editing), Rudi de Mol (Data

G20z Jequieydas ¢ uo Josn Aieiqr ¥n usBulusBe Aq 8.¥6028/7EZIENS/SEI/E601 0 L/10p/alo1e/SEl/Ww00 dno oW pes.//:sd)y Wolj papeojumod



Journal of Animal Science, 2025, Vol. XX, No. XX

curation, Methodology, Writing - review & editing), Jeroen
van Dongen (Data curation, Investigation, Methodology,
Writing - review & editing), Jack Musters (Resources,
Writing - review & editing), Joop van der Werf (Data cura-
tion, Investigation, Methodology, Writing - review & editing),
Istvan Fodor (Supervision, Writing - review & editing), Groot
Koerkamp Peter (Methodology, Writing - review & editing),
and Kees van Reenen (Conceptualization, Funding acquisi-
tion, Project administration, Writing - review & editing)

Funding

The study was funded by the province of Overijssel, the
Netherlands, the Dutch Dairy Campus ‘Innovation Fund’,
Zuivel NL, Europees Fonds voor Regionale Ontwikkeling,
and the transnational access to research infrastructure activity
in the Horizon 2020 program of the European Commission
(Project “SmartCow,” n0.730924). The study was also sup-
ported by the TKI Agri & Food project LWV19143 and the
partners Melkveefonds and Imec-OnePlanet.

Conflict of interest statement. The authors declare that the
research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential
conflict of interest.

References

Ali, A.S.,]. G.P. Jacinto, W. Miinchemyer, A. Walte, B. Kuhla, A. Gentile,
M. S. Abdu, M. M. Kamel, and A. M. Ghallab. 2022. Study on the
discrimination of possible error sources that might affect the qual-
ity of volatile organic compounds signature in dairy cattle using an
electronic nose. Vet. Sci. 9:461. d0i:10.3390/vetsci9090461

Antunes-Fernandes, E. C., S. van Gastelen, ]J. Dijkstra, K. A. Hettinga,
and J. Vervoort. 2016. Milk metabolome relates enteric methane
emission to milk synthesis and energy metabolism pathways. J.
Dairy Sci. 99:6251-6262. d0i:10.3168/jds.2015-10248

Azizi, O., O. Kaufmann, and L. Hasselmann. 2009. Relationship
between feeding behaviour and feed intake of dairy cows depend-
ing on their parity and milk yield. Livestock Sci. 122:156-161.
doi:10.1016/j.1ivsci.2008.08.009

Bell, M. J., S. L. Potterton, J. Craigon, N. Saunders, R. H. Wilcox, M.
Hunter, J. R. Goodman, and P. C. Garnsworthy. 2014a. Variation in
enteric methane emissions among cows on commercial dairy farms.
Animal 8:1540-1546. doi:10.1017/51751731114001530

Bell, M. J., N. Saunders, R. H. Wilcox, E. M. Homer, J. R. Goodman, J.
Craigon, and P. C. Garnsworthy. 2014b. Methane emissions among
individual dairy cows during milking quantified by eructation
peaks or ratio with carbon dioxide. J. Dairy Sci. 97:6536-6546.
doi:10.3168/jds.2013-7889

Bell, M. J., J. Craigon, N. Saunders, J. R. Goodman, and P. C. Garn-
sworthy. 2018. Does the diurnal pattern of enteric methane emis-
sions from dairy cows change over time? Animal 12:2065-2070.
doi:10.1017/51751731118000228

Bobe, G., J. W. Young, and D. C. Beitz. 2004. Invited review: Pathology,
etiology, prevention, and treatment of fatty liver in dairy cows. J. Dairy
Sci. 87:3105-3124. doi:10.3168/jds.S0022-0302(04)73446-3

Brask, M., M. R. Weisbjerg, A. L. F. Hellwing, A. Bannink, and P. Lund.
2015. Methane production and diurnal variation measured in dairy
cows and predicted from fermentation pattern and nutrient or car-
bon flow. Animal 9:1795-1806. d0i:10.1017/S1751731115001184

Chapinal, N., M. Carson, T. E Duffield, M. Capel, S. Godden, M.
Overton, J. E. P. Santos, and S. J. LeBlanc. 2011. The association
of serum metabolites with clinical disease during the transition
period. J. Dairy Sci. 94:4897-4903. d0i:10.3168/jds.2010-4075

Churakov, M., J. Karlsson, A. Edvardsson Rasmussen, and K. Holte-
nius. 2021. Milk fatty acids as indicators of negative energy balance
of dairy cows in early lactation. Animal 15:100253. doi:10.1016/j.
animal.2021.100253

13

Crompton, L. A., J. A. N. Mills, C. K. Reynolds, and J. France. 2011.
Fluctuations in methane emission in response to feeding pattern in
lactating dairy cows. In: D. Sauvant, J. Van Milgen, P. Faverdin and
N. Friggens, editors, Modelling nutrient digestion and utilisation
in farm animals. Wageningen: Wageningen Academic Publishers. p.
176-180.

CVB. 2016. CVB tabellenboek veevoeding (feedstuff table 2016). Lelys-
tad, the Netherlands: Centraal Veevoeder Bureau.

Della Rosa, M. M., A. Jonker, and G. C. Waghorn. 2021. A review
of technical variations and protocols used to measure methane
emissions from ruminants using respiration chambers, SF6 tracer
technique and GreenFeed, to facilitate global integration of pub-
lished data. Anim. Feed Sci. Technol. 279:115018. doi:10.1016/j.
anifeedsci.2021.115018

de Mol, R., A. Bannink, J. Dijkstra, N. Walker, and S. van Gastelen.
2024. The effect of feeding and visiting behavior on methane and
hydrogen emissions of dairy cattle measured with the GreenFeed
system under different dietary conditions. J. Dairy Sci. 107:7769-
7785. d0i:10.3168/jds.2024-24673

DeVries, T. J. 2019. Feeding behavior, feed space, and bunk design and
management for adult dairy cattle. Vet. Clin. North Am. Food
Anim. Pract. 35:61-76. d0i:10.1016/j.cvfa.2018.10.003

Difford, G. E, D. W. Olijhoek, A. L. E. Hellwing, P. Lund, M. A. Bjer-
ring, Y. de Haas, J. Lassen, and P. Lovendahl. 2018. Ranking cows’
methane emissions under commercial conditions with sniffers ver-
sus respiration chambers. Acta Agric. Scand. Section A — Animal
Sci. 68:25-32. d0i:10.1080/09064702.2019.1572784

Dobbelaar, P., T. Mottram, C. Nyabadza, P. Hobbs, R. ]. Elliott-Martin,
and Y. H. Schukken. 1996. Detection of ketosis in dairy cows by
analysis of exhaled breath. Vet. Q 18:151-152. d0i:10.1080/0165
2176.1996.9694638

Drackley, J. K. 1999. Biology of dairy cows during the transition
period: the final frontier? J. Dairy Sci. 82:2259-2273. d0i:10.3168/
jds.s0022-0302(99)75474-3

Duffield, T. E, K. D. Lissemore, B. W. McBride, and K. E. Leslie. 2009.
Impact of hyperketonemia in early lactation dairy cows on health
and production. J. Dairy Sci. 92:571-580. doi:10.3168/jds.2008-
1507

Elliott-Martin, R. J., T. T. Mottram, J. W. Gardner, P. ]J. Hobbs, and P.
N. Bartlett. 1997. Preliminary investigation of breath sampling as
a monitor of health in dairy cattle. J. Agric. Eng. Res. 67:267-275.
doi:10.1006/jaer.1997.0168

Ellis, J. L., E. Kebreab, N. E. Odongo, B. W. McBride, E. K. Okine, and
J. France. 2007. Prediction of methane production from dairy and
beef cattle. J. Dairy Sci. 90:3456-3466. doi:10.3168/jds.2006-675

Fresco, S., D. Boichard, S. Fritz, R. Lefebvre, S. Barbey, M. Gaborit,
and P. Martin. 2023. Comparison of methane production, inten-
sity, and yield throughout lactation in Holstein cows. J. Dairy Sci.
106:4147-4157. doi:10.3168/jds.2022-22855

Garnsworthy, P. C., J. Craigon, J. H. Hernandez-Medrano, and N.
Saunders. 2012a. Variation among individual dairy cows in meth-
ane measurements made on farm during milking. J. Dairy Sci.
95:3181-3189. doi:10.3168/jds.2011-4606

Garnsworthy, P. C., J. Craigon, J. H. Hernandez-Medrano, and N.
Saunders. 2012b. On-farm methane measurements during milking
correlate with total methane production by individual dairy cows.
J. Dairy Sci. 95:3166-3180. d0i:10.3168/jds.2011-4605

Grummer, R. R. 1993. Etiology of lipid-related metabolic disorders in
periparturient dairy cows. J. Dairy Sci. 76:3882-3896. d0i:10.3168/
jds.S0022-0302(93)77729-2

Hajer,R.,J. Hendrujse, L. J. E. Rutgers, M. M. Sloet van Oldruitenborgh-
Oosterbaan, and a. G. C. v. d. Weijden. 2011. Het klinisch onder-
zoek bij grote huisdieren. Reed Business

Haque, M. N., C. Cornou, and J. Madsen. 2014. Estimation of methane
emission using the CO2 method from dairy cows fed concentrate
with different carbohydrate compositions in automatic milking
system. Livestock Sci. 164:57-66. doi:10.1016/j.livsci.2014.03.004

Huhtanen, P., E. H. Cabezas-Garcia, S. Utsumi, and S. Zimmerman.
2015. Comparison of methods to determine methane emissions

G20z Jequieydas ¢ uo Josn Aieiqr ¥n usBulusBe Aq 8.¥6028/7EZIENS/SEI/E601 0 L/10p/alo1e/SEl/Ww00 dno oW pes.//:sd)y Wolj papeojumod


https://doi.org/10.3390/vetsci9090461
https://doi.org/10.3168/jds.2015-10248
https://doi.org/10.1016/j.livsci.2008.08.009
https://doi.org/10.1017/S1751731114001530
https://doi.org/10.3168/jds.2013-7889
https://doi.org/10.1017/S1751731118000228
https://doi.org/10.3168/jds.S0022-0302(04)73446-3
https://doi.org/10.1017/S1751731115001184
https://doi.org/10.3168/jds.2010-4075
https://doi.org/10.1016/j.animal.2021.100253
https://doi.org/10.1016/j.animal.2021.100253
https://doi.org/10.1016/j.anifeedsci.2021.115018
https://doi.org/10.1016/j.anifeedsci.2021.115018
https://doi.org/10.3168/jds.2024-24673
https://doi.org/10.1016/j.cvfa.2018.10.003
https://doi.org/10.1080/09064702.2019.1572784
https://doi.org/10.1080/01652176.1996.9694638
https://doi.org/10.1080/01652176.1996.9694638
https://doi.org/10.3168/jds.s0022-0302(99)75474-3
https://doi.org/10.3168/jds.s0022-0302(99)75474-3
https://doi.org/10.3168/jds.2008-1507
https://doi.org/10.3168/jds.2008-1507
https://doi.org/10.1006/jaer.1997.0168
https://doi.org/10.3168/jds.2006-675
https://doi.org/10.3168/jds.2022-22855
https://doi.org/10.3168/jds.2011-4606
https://doi.org/10.3168/jds.2011-4605
https://doi.org/10.3168/jds.S0022-0302(93)77729-2
https://doi.org/10.3168/jds.S0022-0302(93)77729-2
https://doi.org/10.1016/j.livsci.2014.03.004

14

from dairy cows in farm conditions. J. Dairy Sci. 98:3394-3409.
doi:10.3168/jds.2014-9118

Huhtanen, P., A. Bayat, P. Lund, and A. Guinguina. 2021. Residual car-
bon dioxide as an index of feed efficiency in lactating dairy cows. J.
Dairy Sci. 104:5332-5344. doi:10.3168/jds.2020-19370

Huzzey, J. M., T. J. DeVries, P. Valois, and M. A. G. von Keyserlingk.
2006. Stocking density and feed barrier design affect the feed-
ing and social behavior of dairy cattle. J. Dairy Sci. 89:126-133.
doi:10.3168/jds.S0022-0302(06)72075-6

Huzzey, J. M., D. M. Veira, D. M. Weary, and M. A. G. Von Keyserlingk.
2007. Prepartum behavior and dry matter intake identify dairy
cows at risk for metritis. J. Dairy Sci. 90:3220-3233. d0i:10.3168/
jds.2006-807

Islam, M. Z., S. Giannoukos, S. E. Ridisinen, K. Wang, X. Ma, F.
Wahl, R. Zenobi, and M. Niu. 2023. Exhaled volatile fatty
acids, ruminal methane emission, and their diurnal pat-
terns in lactating dairy cows. J. Dairy Sci. 106:6849-6859.
d0i:10.3168/jds.2023-23301

Johnson, K. A., and D. E. Johnson. 1995. Methane emissions from cat-
tle. J. Anim. Sci. 73:2483-2492. d0i:10.2527/1995.7382483x

Kenny, W. L., J. H. Wilmore, and D. L. Costill. 2012. Physiology of
sport and exercise Sth ed. Champaign, Illinios, United States of
America: Human Kinetics Publishers.

Kinsman, R., E. D. Sauer, H. A. Jackson, and M. S. Wolynetz. 1995.
Methane and carbon dioxide emissions from dairy cows in full lac-
tation monitored over a six-month period. J. Dairy Sci. 78:2760-
2766. doi:10.3168/jds.S0022-0302(95)76907-7

Kuhlmann, W. D., S. R. Dolezal, and M. R. Fedde. 1985. Effect of rumi-
nal CO2 on gas exchange and ventilation in the Hereford calf. J.
appl. Physiol. (Bethesda, Md. : 1985) 58:1481-1484. doi:10.1152/
jappl.1985.58.5.1481

Kvidera, S. K., E. A. Horst, M. Abuajamieh, E. J. Mayorga, M. V. S.
Fernandez, and L. H. Baumgard. 2017. Glucose requirements of an
activated immune system in lactating Holstein cows. J. Dairy Sci.
100:2360-2374. d0i:10.3168/jds.2016-12001

LeBlanc, S. 2010. Monitoring metabolic health of dairy cattle in the
transition period. J. Reprod. Dev. 56:529-535. doi:10.1262/
jrd.1056s29

LeBlang, S. J., K. E. Leslie, and T. E Duffield. 2005. Metabolic predic-
tors of displaced abomasum in dairy cattle. J. Dairy Sci. 88:159—
170. d0i:10.3168/jds.S0022-0302(05)72674-6

Luchterhand, K. M., P. R. B. Silva, R. C. Chebel, and M. 1. Endres.
2016. Association between prepartum feeding behavior and peri-
parturient health disorders in dairy cows. Front. Vet. Sci. 3:65.
doi:10.3389/fvets.2016.00065

Madsen, J., B. S. Bjerg, T. Hvelplund, M. R. Weisbjerg, and P. Lund.
2010. Methane and carbon dioxide ratio in excreted air for quanti-
fication of the methane production from ruminants. Livestock Sci.
129:223-227. d0i:10.1016/j.1ivsci.2010.01.001

Mann, S., and J. A. A. McArt. 2023. Hyperketonemia: a marker
of disease, a sign of a high-producing dairy cow, or both? Vet.
Clin. North Am. Food Anim. Pract. 39:307-324. doi:10.1016/j.
cvfa.2023.02.004

Meier, S., E. S. Kolver, G. A. Verkerk, and J. R. Roche. 2010. Effects
of divergent Holstein-Friesian strain and diet on diurnal patterns
of plasma metabolites and hormones. J. Dairy Res. 77:432-437.
doi:10.1017/5002202991000052X

Moraes, L. E., A. B. Strathe, J. G. Fadel, D. P. Casper, and E. Kebreab.
2014. Prediction of enteric methane emissions from cattle. Global
Change Biol. 20:2140-2148. doi:10.1111/gcb.12471

Mottram, T. 1997. Automatic monitoring of the health and metabolic
status of dairy cows. Livest. Prod. Sci. 48:209-217. doi:10.1016/
s0301-6226(97)00029-8

Negussie, E., J. Lehtinen, P. Miéntysaari, A. R. Bayat, A. E. Liinamo,
E. A. Mintysaari, and M. H. Lidauer. 2017. Non-invasive indi-
vidual methane measurement in dairy cows. Animal 11:890-899.
doi:10.1017/S1751731116002718

Niu, M., Y. Ying, P. A. Bartell, and K. J. Harvatine. 2014. The effects of
feeding time on milk production, total-tract digestibility, and daily

Journal of Animal Science, 2025, Vol. 103

rhythms of feeding behavior and plasma metabolites and hormones
in dairy cows. J. Dairy Sci. 97:7764-7776. doi:10.3168/jds.2014-
8261

Oikawa, K., Y. Kamiya, F. Terada, and T. Suzuki. 2022. The influence of
breath concentration in the gas sample on the accuracy of methane
to carbon dioxide ratio using the sniffer method in dairy cows.
Anim. Sci. J.= Nihon chikusan Gakkaiho 93:¢13745. do0i:10.1111/
asj. 13745

Paiano, R. B., D. B. Birgel, J. Bonilla, and E. H. Birgel Junior. 2021.
Metritis in dairy cows is preceded by alterations in biochemical
profile prepartum and at parturition. Res. Vet. Sci. 135:167-174.
do0i:10.1016/j.rvsc.2021.01.015

Pendergast, D. R., J. J. Leddy, and J. T. Venkatraman. 2000. A perspec-
tive on fat intake in athletes. J. Am. Coll. Nutr. 19:345-350. doi:10
.1080/07315724.2000.10718930

Pushpakumara, P. G. A.,N. H. Gardner, C. K. Reynolds, D. E. Beever, and
D. C. Wathes. 2003. Relationships between transition period diet,
metabolic parameters and fertility in lactating dairy cows. Ther-
iogenology 60:1165-1185. doi:10.1016/s0093-691x(03)00119-5

Ramin, M., and P. Huhtanen. 2013. Development of equations for pre-
dicting methane emissions from ruminants. J. Dairy Sci. 96:2476-
2493. doi:10.3168/;ds.2012-6095

Ramos-Jiménez, A., R. P. Hernandez-Torres, P. V. Torres-Duran, J.
Romero-Gonzalez, D. Mascher, C. Posadas-Romero, and M. A.
Juarez-Oropeza. 2008. The respiratory exchange ratio is associated
with fitness indicators both in trained and untrained men: a pos-
sible application for people with reduced exercise tolerance. Clin.
Med. Circ. Respirat. Pulm. Med. 2:1-9. doi:10.4137/ccrpm.s449

Reynolds, M. A., T. M. Brown-Brandl, J. V. Judy, K. J. Herrick, K. E.
Hales, A. K. Watson, and P. J. Kononoff. 2019. Use of indirect cal-
orimetry to evaluate utilization of energy in lactating Jersey dairy
cattle consuming common coproducts. J. Dairy Sci. 102:320-333.
doi:10.3168/jds.2018-15471

Roberts, T., N. Chapinal, S. J. LeBlanc, D. E Kelton, J. Dubuc, and T.
F. Duffield. 2012. Metabolic parameters in transition cows as indi-
cators for early-lactation culling risk. J. Dairy Sci. 95:3057-3063.
doi:10.3168/jds.2011-4937

Roche, J. R., S. Meier, A. Heiser, M. D. Mitchell, C. G. Walker, M. A.
Crookenden, M. V. Riboni, J. J. Loor, and J. K. Kay. 2015. Effects
of precalving body condition score and prepartum feeding level on
production, reproduction, and health parameters in pasture-based
transition dairy cows. J. Dairy Sci. 98:7164-7182. doi:10.3168/
jds.2014-9269

Seifi, H. A., S. J. LeBlanc, K. E. Leslie, and T. F. Duffield. 2011. Meta-
bolic predictors of post-partum disease and culling risk in dairy cat-
tle. Vet. J. (London, England : 1997) 188:216-220. doi:10.1016/j.
tvj1.2010.04.007

Simonson, D. C., and R. A. DeFronzo. 1990. Indirect calorimetry:
methodological and interpretative problems. Am. ]. Physiol.
258:E399-E412. doi:10.1152/ajpendo.1990.258.3.E399

Sordillo, L. M., and V. Mavangira. 2014. The nexus between nutrient
metabolism, oxidative stress and inflammation in transition cows.
Anim. Prod. Sci. 54:1204-1214. doi:10.1071/an14503

Stockdale, C. R. 2001. Body condition at calving and the performance
of dairy cows in early lactation under Australian conditions: a
review. Aust. J. Exp. Agric. 41:823-839. doi:10.1071/ea01023

Sundrum, A. 2015. Metabolic disorders in the transition period indi-
cate that the dairy cows’ ability to adapt is overstressed. Animals
5:978-1020. d0i:10.3390/ani5040395

Suntrup, D. J., T. V. Ratto, M. Ratto, and J. P. McCarter. 2020. Char-
acterization of a high-resolution breath acetone meter for ketosis
monitoring. Peer] 8:€9969. doi:10.7717/peerj.9969

Suthar, V. S., J. Canelas-Raposo, A. Deniz, and W. Heuwieser. 2013.
Prevalence of subclinical ketosis and relationships with postpar-
tum diseases in European dairy cows. J. Dairy Sci. 96:2925-2938.
doi:10.3168/jds.2012-6035

Uemoto, Y., T. Tomaru, M. Masuda, K. Uchisawa, K. Hashiba, Y.
Nishikawa, K. Suzuki, T. Kojima, T. Suzuki, and F. Terada. 2024.
Exploring indicators of genetic selection using the sniffer method

G20z Jequieydas ¢ uo Josn Aieiqr ¥n usBulusBe Aq 8.¥6028/7EZIENS/SEI/E601 0 L/10p/alo1e/SEl/Ww00 dno oW pes.//:sd)y Wolj papeojumod


https://doi.org/10.3168/jds.2014-9118
https://doi.org/10.3168/jds.2020-19370
https://doi.org/10.3168/jds.S0022-0302(06)72075-6
https://doi.org/10.3168/jds.2006-807
https://doi.org/10.3168/jds.2006-807
https://doi.org/10.3168/jds.2023-23301
https://doi.org/10.2527/1995.7382483x
https://doi.org/10.3168/jds.S0022-0302(95)76907-7
https://doi.org/10.1152/jappl.1985.58.5.1481
https://doi.org/10.1152/jappl.1985.58.5.1481
https://doi.org/10.3168/jds.2016-12001
https://doi.org/10.1262/jrd.1056s29
https://doi.org/10.1262/jrd.1056s29
https://doi.org/10.3168/jds.S0022-0302(05)72674-6
https://doi.org/10.3389/fvets.2016.00065
https://doi.org/10.1016/j.livsci.2010.01.001
https://doi.org/10.1016/j.cvfa.2023.02.004
https://doi.org/10.1016/j.cvfa.2023.02.004
https://doi.org/10.1017/S002202991000052X
https://doi.org/10.1111/gcb.12471
https://doi.org/10.1016/s0301-6226(97)00029-8
https://doi.org/10.1016/s0301-6226(97)00029-8
https://doi.org/10.1017/S1751731116002718
https://doi.org/10.3168/jds.2014-8261
https://doi.org/10.3168/jds.2014-8261
https://doi.org/10.1111/asj.13745
https://doi.org/10.1111/asj.13745
https://doi.org/10.1016/j.rvsc.2021.01.015
https://doi.org/10.1080/07315724.2000.10718930
https://doi.org/10.1080/07315724.2000.10718930
https://doi.org/10.1016/s0093-691x(03)00119-5
https://doi.org/10.3168/jds.2012-6095
https://doi.org/10.4137/ccrpm.s449
https://doi.org/10.3168/jds.2018-15471
https://doi.org/10.3168/jds.2011-4937
https://doi.org/10.3168/jds.2014-9269
https://doi.org/10.3168/jds.2014-9269
https://doi.org/10.1016/j.tvjl.2010.04.007
https://doi.org/10.1016/j.tvjl.2010.04.007
https://doi.org/10.1152/ajpendo.1990.258.3.E399
https://doi.org/10.1071/an14503
https://doi.org/10.1071/ea01023
https://doi.org/10.3390/ani5040395
https://doi.org/10.7717/peerj.9969
https://doi.org/10.3168/jds.2012-6035

Journal of Animal Science, 2025, Vol. XX, No. XX

to reduce methane emissions from Holstein cows. Anim. Biosci.
37:173-183. d0i:10.5713/ab.23.0120

van der Drift, S. G. A., R. Jorritsma, J. T. Schonewille, H. M. Knijn,
and J. A. Stegeman. 2012. Routine detection of hyperketonemia in
dairy cows using Fourier transform infrared spectroscopy analy-
sis of B-hydroxybutyrate and acetone in milk in combination with
test-day information. J. Dairy Sci. 95:4886-4898. doi:10.3168/
jds.2011-4417

van Dixhoorn, I. D. E.; R. M. de Mol, S. K. Schnabel, J. T. N. van
der Werf, S. van Mourik, J. E. Bolhuis, J. M. J. Rebel, and C. G.
van Reenen. 2023. Behavioral patterns as indicators of resilience
after parturition in dairy cows. J. Dairy Sci. 106:6444-6463.
doi:10.3168/jds.2022-22891

Van Dixhoorn, I. D. E., R. M. de Mol, J. T. N. van der Werf, S. van
Mourik, and C. G. van Reenen. 2018. Indicators of resilience
during the transition period in dairy cows: A case study. J. Dairy
Sci. 101:10271-10282. doi:10.3168/jds.2018-14779

van Erp-van der Kooij, E., J. Derix, S. van Gorp, A. Timmermans, C.
Krijnen, I. Fodor, and L. Dingboom. 2023. Breath analysis for early
detection of rising ketone bodies in postpartum dairy cows classi-
fied as at risk of ketosis. Ruminants 3:39-54. doi:10.3390/rumi-
nants3010005

van Lingen, H. J., J. E. Edwards, J. D. Vaidya, S. van Gastelen, E. Sac-
centi, B. van den Bogert, A. Bannink, H. Smidt, C. M. Plugge, and J.
Dijkstra. 2017. Diurnal dynamics of gaseous and dissolved metab-
olites and microbiota composition in the bovine rumen. Front.
Microbiol. 8:425. doi:10.3389/fmicb.2017.00425

15

van Nes, E. H., B. M. S. Arani, A. Staal, B. van der Bolt, B. M. Flores,
S. Bathiany, and M. Scheffer. 2016. What do you mean, ‘Tip-
ping Point’?> Trends Ecol. Evol. 31:902-904. doi:10.1016/.
tree.2016.09.011

Walsh, R. B., J. S. Walton, D. F. Kelton, S. J. LeBlanc, K. E. Leslie, and T.
E. Duffield. 2007. The effect of subclinical ketosis in early lactation
on reproductive performance of postpartum dairy cows. J. Dairy
Sci. 90:2788-2796. doi:10.3168/jds.2006-560

Wankhade, P. R., A. Manimaran, A. Kumaresan, S. Jeyakumar,
K. P. Ramesha, V. Sejian, D. Rajendran, and M. R. Varghese.
2017. Metabolic and immunological changes in transition
dairy cows: a review. Vet. World 10:1367-1377. doi:10.14202/
vetworld.2017.1367-1377

Wathes, D. C., N. Bourne, Z. Cheng, G. E. Mann, V. ]. Taylor, and
M. P. Coffey. 2007. Multiple correlation analyses of metabolic
and endocrine profiles with fertility in primiparous and multip-
arous cows. J. Dairy Sci. 90:1310-1325. doi:10.3168/jds.S0022-
0302(07)71619-3

Wisnieski, L., B. Norby, S. J. Pierce, T. Becker, J. C. Gandy, and L.
M. Sordillo. 2019. Predictive models for early lactation diseases
in transition dairy cattle at dry-off. Prev. Vet. Med. 163:68-78.
doi:10.1016/j.prevetmed.2018.12.014

Yan, T., . J. Gordon, C. P. Ferris, R. E. Agnew, M. G. Porter,
and D. C. Patterson. 1997. The fasting heat production and
effect of lactation on energy utilisation by dairy cows offered
forage-based diets. Livest. Prod. Sci. 52:177-186. d0i:10.1016/
s0301-6226(97)00121-8

G20z Jequieydas ¢ uo Josn Aieiqr ¥n usBulusBe Aq 8.¥6028/7EZIENS/SEI/E601 0 L/10p/alo1e/SEl/Ww00 dno oW pes.//:sd)y Wolj papeojumod


https://doi.org/10.5713/ab.23.0120
https://doi.org/10.3168/jds.2011-4417
https://doi.org/10.3168/jds.2011-4417
https://doi.org/10.3168/jds.2022-22891
https://doi.org/10.3168/jds.2018-14779
https://doi.org/10.3390/ruminants3010005
https://doi.org/10.3390/ruminants3010005
https://doi.org/10.3389/fmicb.2017.00425
https://doi.org/10.1016/j.tree.2016.09.011
https://doi.org/10.1016/j.tree.2016.09.011
https://doi.org/10.3168/jds.2006-560
https://doi.org/10.14202/vetworld.2017.1367-1377
https://doi.org/10.14202/vetworld.2017.1367-1377
https://doi.org/10.3168/jds.S0022-0302(07)71619-3
https://doi.org/10.3168/jds.S0022-0302(07)71619-3
https://doi.org/10.1016/j.prevetmed.2018.12.014
https://doi.org/10.1016/s0301-6226(97)00121-8
https://doi.org/10.1016/s0301-6226(97)00121-8

	On-farm analysis of exhaled breath compounds as indicators for a postpartum health score in dairy cattle: a case study
	Introduction
	Materials and Methods
	Animals, housing, and diet
	Clinical assessment
	Blood sample collection and analysis
	Total Deficit Score (TDS) calculation
	Categorization of BCS decrease, BHB, and TDS scores
	Breath analysis
	Statistical analysis

	Results
	Descriptive statistics of breath components
	Associations between TDS Total and decrease in BCS
	Associations between postpartum decrease of BCS and BHB serum values on breath composition
	Associations between TDS on breath composition

	Discussion
	Conclusion
	Supplementary Data
	Acknowledgments
	References


