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Abstract: Metabolic and inflammatory stress during early lactation poses significant risks to
dairy cow health and productivity. This study aimed to assess the physiological, metabolic,
and inflammatory differences between dairy cows producing low (LL; <4.5%) and high
(HL; >4.5%) milk lactose, focusing on C-reactive protein (CRP), liver function markers, iron
metabolism, and reticulorumen health. A total of 71 clinically healthy lactating multiparous
cows (20-30 days postpartum) were monitored using real-time physiological sensors, milk
composition analysis, blood biomarkers and continuous reticulorumen pH measurement
(every 10 min). Cows in the LL group showed significantly higher aspartate transaminase
(AST) activity (p = 0.042), lower serum iron (Fe) concentration (p = 0.013), and reduced
reticulorumen pH (p = 0.03). Although CRP concentrations did not differ significantly
between groups, correlation analysis revealed positive associations with non-esterified
fatty acids (NEFA) (r = 0.335, p = 0.043), reticulorumen pH (r = 0.498, p = 0.002), and
body temperature (r = 0.372, p = 0.023). Receiver operating characteristic (ROC) analysis
identified gamma-glutamyl transferase (GGT) (AUC = 0.66), AST (AUC = 0.63), and NEFA
(AUC = 0.58) as moderate predictors of low milk lactose levels. Conversely, Fe (AUC = 0.66)
and reticulorumen pH (AUC = 0.64) showed moderate ability to predict higher lactose con-
tent. These results support the integration of milk lactose, liver enzymes, and inflammatory
biomarkers into precision health monitoring protocols. The combined use of CRP and milk
lactose as complementary biomarkers may enhance the early identification of metabolic
stress and support more targeted dairy herd health management.

Keywords: dairy cow health; lactose; C-reactive protein; metabolic biomarkers; inflammatory
biomarkers

1. Introduction

Lactose is the main carbohydrate found exclusively in mammalian milk, where it
plays a key role in regulation milk volume, maintaining osmotic balance, and supplying
energy to neonatal calves [1,2]. It is considered one of the most stable milk components and
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is increasingly recognized as a valuable indicator of both mammary gland function and
systemic metabolic status in dairy cows [3]. Fluctuations in milk lactose levels have been as-
sociated with physiological stress, inflammation, and disruptions in energy metabolism [4].
Due to its non-invasive and frequent measurability—particularly through automated milk-
ing systems—milk lactose is gaining prominence as a practical biomarker for real-time
monitoring of dairy cow health and productivity [5]. Studies have shown that cows with
higher milk lactose concentrations (>4.70%) tend to produce more milk, though often with
lower milk protein content, compared to cows with lower lactose levels [6]. Conversely,
low milk lactose concentrations have been linked to conditions such as mastitis, negative
energy balance, and liver dysfunction [7]. Unlike milk fat or protein, lactose is less affected
by short-term nutritional or environmental fluctuations, making it a robust and sensitive
indicator of subclinical metabolic disturbances [2,8]. Its synthesis depends directly on
glucose availability and the integrity of mammary epithelial cells, further supporting its
utility in metabolic health monitoring [9].

Metabolic changes during the transition period, early lactation, and reproductive
stages are critical to dairy cow health and productivity [10,11]. In the final weeks of gesta-
tion, cows must support rapid foetal development and initiate lactation, which includes
glandular tissue repair and colostrum production. Dry matter intake (DMI) typically de-
clines three weeks before calving in dairy cows, and endocrine changes around parturition
can lead to physiological stress, appetite loss, and reduced feed intake. Negative energy
balance (NEB) begins a few days before calving and may persist for 2-3 weeks due to the
sharp increase in energy demand associated with lactation [12]. These changes are reflected
in biomarkers present in blood and milk, such as non-esterified fatty acids (NEFAs), liver
enzymes, and acute-phase proteins (APPs) [12,13]. In addition to their role in inflammatory
conditions, APPs have proven useful in assessing non-inflammatory conditions, such as
metabolic diseases, pregnancy, parturition, and stress. They often outperform traditional
haematological markers, such as leukocyte count, neutrophil percentage, or immature
neutrophil percentage, in distinguishing between acute and chronic conditions in cattle [14].
Among these, C-reactive protein (CRP) is a major APP synthesized by the liver in response
to inflammation, infection, or metabolic stress [15,16]. Human and animal mononuclear se-
ries cells, including monocytes and macrophages, secrete cytokines, including interleukin-1
(IL-1), interleukin-6 (IL-6), tumour necrosis factor o« (TNF«), and interferon, during infec-
tions and under stressful conditions [17]. CRP levels increase rapidly in the early stages
of infection or stress [18] and have been proposed as a marker of systemic inflammation
in both human and veterinary medicine [15,16,19,20]. Previous research suggests that
elevated CRP levels may occur in high-producing cows or in cases of mastitis and systemic
inflammation [15,21]. For instance, research by Lee et al. [18] and Murakami et al. [22]
reported a threefold increase in CRP concentrations in cows with mastitis compared to
healthy lactating cows [17,21]. However, limited research has examined the relationship
between CRP and organ-specific functions, such as liver metabolism or ruminal health.
Furthermore, integrating CRP with milk-based indicators, such as lactose, may offer a
practical and cost-effective approach to on-farm health monitoring [18]. Unlike transient
cytokines, CRP offers a more stable reflection of systemic inflammation, making it poten-
tially more suitable for routine monitoring [23-25]. Although CRP is less widely studied
than haptoglobin or Serum amyloid A (SAA), it may provide complementary diagnostic
value due to its sensitivity to inflammatory stimuli and liver dysfunction. Unlike previous
studies that primarily evaluated CRP as a general inflammatory marker, the present study
explores its association with liver function, iron metabolism, and ruminal health, offering
deeper insights into organ-specific inflammatory responses [17,24-27].
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Despite growing interest in milk lactose and CRP as individual biomarkers, few stud-
ies have investigated their combined diagnostic potential, particularly in relation to liver
function, iron (Fe) metabolism, and ruminal health. To our knowledge, this is the first
study to apply receiver operating characteristic (ROC) curve analysis to assess the diag-
nostic performance of routine liver and energy metabolism biomarkers in predicting milk
lactose concentration in dairy cows. While individual associations between biomarkers
and milk lactose have been reported, integrating them into a diagnostic framework rep-
resents a novel approach that supports early detection of subclinical health issues using
milk lactose as a sentinel trait. By combining CRP and milk lactose, this study offers a
dual-biomarker strategy for assessing both inflammatory and metabolic stress in early
lactation. This integrated approach is intended to enhance health monitoring, support pre-
cision livestock management, and contribute to the development of cost-effective, on-farm
decision-support tools.

This study hypothesizes that milk lactose concentration and CRP levels are associated
with specific metabolic and physiological indicators in early lactation dairy cows, and
that their combined use may improve the early identification of subclinical inflammatory
and metabolic disturbances. Specifically, we aim to investigate whether milk lactose
concentration is associated with metabolic parameters, such as liver enzyme activity, Fe
status, reticulorumen pH, and rumination time, while CRP reflects systemic inflammation
and physiological stress responses. By evaluating these biomarkers individually and in
combination, this research supports a more precise and integrated approach to health
assessment in modern dairy herd management.

2. Materials and Methods
2.1. Study Design and Animal Selection

The Lithuanian Law on Animal Welfare and Protection was adhered to in this study,
and authorisation was obtained with the approval number G2-227.

The study was conducted from 1 June to 1 August 2024, on a Lithuanian dairy farm
that accommodates 1500 lactating cows in free-stall barns. The farm is situated at a latitude
of 54.9738° and a longitude of 23.7695°. A DeLaval milking system (DeLaval Inc., Tumba,
Sweden) was used to milk 1000 cows twice daily in a parlour system at 5:00 a.m. and
5:00 p.m. The barns were equipped with ventilation systems (DeLaval Inc., Tumba, Sweden)
to ensure optimal housing conditions. During the study period, the average ambient
temperature was 23 °C, based on farm records and regional meteorological estimates. No
clinical signs of heat stress were observed in any enrolled cows.

From a total herd of approximately 1000 lactating cows, 71 clinically healthy cows
were selected based on strict inclusion and exclusion criteria designed to minimize physio-
logical variability and enhance data consistency. All assessments and selection procedures
were conducted exclusively by a licensed, board-certified veterinarian from the Large
Animal Clinic of the Lithuanian University of Health Sciences, ensuring adherence to
ethical standards.

The inclusion criteria specified multiparous cows in their second or higher lactations
(aged between 3 and 6 years), with an average parity of 2.8 &= 0.7 (range: 2-5 lactations).
This ensured physiological maturity and reduced the confounding effects of first-lactation
variability. All cows were between 20 to 30 days postpartum, corresponding to the early
lactation period, a stage characterized by heightened metabolic demand and susceptibility
to physiological imbalances. Only purebred Holstein Friesian dairy cows were included
to ensure genetic and production trait uniformity. The mean weight of selected cows was
550 kg + 45 kg. Key information, including breed, lactation number, last calving date, and
milk yield, was obtained from the farm’s digital management system (Delpro, DeLaval
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Inc., Tumba, Sweden). Days in milk were calculated based on the interval from calving to
data collection.

Eligible cows were required to be in good general health with no clinical signs of sys-
temic illness, inflammation, or metabolic dysfunction. Health assessments for conditions
such as retained placenta, mastitis, ketosis, metritis, and other periparturient disorders
were conducted by a licensed veterinarian through clinical examination and farm health
records. Cows were also required to have no history of disease or veterinary treatment
during the current or previous lactation. Although subclinical inflammation or metabolic
dysfunction was not systematically confirmed through laboratory diagnostics before inclu-
sion, cows with abnormal behaviour, physiological parameters, or production records were
excluded to minimize the risk of underlying undetected conditions. Each animal under-
went a thorough health evaluation, including general physical examination, rumen motility
assessment, rectal temperature measurement, udder palpation, body condition scoring
(BCS), and observation of feeding behaviour and appetite. Milk yield was confirmed to
be normal for each cow’s parity and lactation stage. Mastitis was excluded using clinical
udder evaluation, individual milk somatic cell counts, and the California Mastitis Test
(CMT), performed according to the protocol by Ali et al. [28]. Lameness was assessed using
a standardized locomotion scoring system (scale 1 to 5) as defined by Thomsen et al. [29]
and Sprecher et al. [30], with only cows scoring < 2/5 considered eligible. Any cows
displaying clinical abnormalities, deviations from physiological norms, or signs of reduced
rumination or feed intake were excluded. This stringent selection process ensured that only
physiologically stable, high-health-status animals were enrolled in the study to minimize
confounding factors in biomarker evaluation.

2.2. Experimental Group Classification

This investigation was designed as a cross-sectional observational study, focusing on a
single time-point assessment of physiological, metabolic, and inflammatory parameters in
early lactation dairy cows. This approach enabled the evaluation of associations between
milk lactose concentration and various health indicators without longitudinal follow-up.
All cows (n = 71) were categorized into two experimental groups based on milk lactose
concentration: low lactose (LL) group: <4.5% and high lactose (HL) group: >4.5%, as
determined by the scientific research conducted by Gantener et al. [31] and the methodology
employed in their research [31]. The LL group consisted of 30 cows, while the HL group
consisted of 41 cows.

2.3. Housing and Feeding Management

Cows were managed under standardized conditions, receiving the same total mixed
ration (TMR) and housed in a controlled environment with uniform feeding, milking, and
ventilation systems. Feeding was scheduled at 6:00 a.m. and 6:00 p.m., with fresh water pro-
vided ad libitum. Any leftover feed was removed daily at 5:00 a.m. and 5:00 p.m. The TMR
was formulated by a professional nutritionist to meet the specific nutritional and physiologi-
cal needs of Holstein cows weighing between 550 and 650 kg. The average energy-corrected
milk production was 12,500 kg per lactation, with an average milk composition of 4.2% fat
and 3.6% protein. Table 1 presents the ingredient proportions and corresponding chemical
composition of the TMR provided to all study cows during the experimental period. The
diet was prepared in accordance with the nutritional recommendations for dairy cattle
(NRCs) [32]. The grass silage used in the TMR was primarily composed of a mixture
dominated by perennial ryegrass (Lolium perenne), which is commonly cultivated on the
farm to ensure high-quality forage for lactating cows.
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Table 1. TMR composition and nutritional content for lactating dairy cows.

TMR Component Value (%)
Corn silage 25%
Alfalfa grass hay 5%
Grass silage 20%
Sugar beet pulp silage 15%
Grain concentrates mash 30%
Mineral mix 5%
Dry matter (DM) 48.8%
Neutral detergent fibre 28.2% of DM
Net energy lactation 1.6 Mcal/kg
Crude protein 15.8% of DM
Non-fibre carbohydrates 38.7% of DM
Acid detergent fibre 19.8% of DM
Calcium 0.80%
Phosphorus 0.45%
Ether extract 3.50%

2.4. Data Acquisition and Monitoring Systems

The BROLIS HerdLine in-line milk analyser (Brolis Sensor Technology, Vilnius, Lithua-
nia) was employed in this study to assess milk composition. Additionally, cow behavioural
parameters—including rumination time (minutes/day), body temperature (°C), reticuloru-
men pH, water intake (L/day), and activity levels (seconds/hour)—were monitored using
SmaXtec boluses (SmaXtec Animal Care GmbH, Graz, Austria).

Furthermore, serum biomarkers, such as NEFA, CRP, aspartate transaminase (AST),
creatinine (CREA), Fe, gamma-glutamyl transferase (GGT), and SAA, were analysed to
evaluate metabolic and inflammatory status. By integrating advanced sensor technologies
with blood parameter assessments, a comprehensive dataset was obtained, enabling a
multidimensional evaluation of dairy cow health and performance.

The real-time data collected from Brolis Sensor Technology and SmaXtec boluses
facilitated continuous health monitoring, providing valuable insights into the cows’ phys-
iological state. The combination of behavioural metrics, physiological indicators, and
biochemical markers allowed for a holistic assessment of overall well-being, supporting a
more precise and informed approach to dairy herd management.

2.5. Blood Sampling and Biochemical Analysis

A single blood sample was collected from each cow within 20 to 30 days postpartum,
corresponding to the early lactation period. The mean sampling day was 25.1 & 3.2 days
postpartum. This window was selected because it represents a critical phase of metabolic
adaptation, during which cows are at elevated risk of negative energy balance, hepatic
lipidosis, and subclinical inflammation [33,34]. Sampling during this timeframe allows for
effective identification of early physiological stress before the onset of clinical symptom:s,
thereby aligning with the study’s aim to investigate early metabolic and inflammatory
indicators. Blood samples were obtained from each cow four hours after morning milk-
ing and feeding, with all collections conducted during routine clinical examinations. To
facilitate sampling, cows were restrained in a resting stall or headlock, ensuring minimal
stress and safe handling. A small blood sample was drawn from the coccygeal vein using a
needle syringe.

For biochemical analysis, blood was collected into evacuated tubes without anticoagu-
lant (BD Vacutainer®, Eysin, Switzerland). Samples were kept upright and allowed to clot
at room temperature (~22 °C) for approximately 30 min. To maintain sample integrity, all
specimens were transported at +4 °C within one hour to the Laboratory of Clinical Tests at
the Large Animal Clinic, Veterinary Academy, Lithuanian University of Health Sciences.
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Upon arrival, the samples underwent centrifugation at 1500 x g for 15 min to separate
serum, which was immediately used for biochemical profiling on the same day.

The levels of CRP, GGT, AST, CREA and Fe in the blood serum were measured using
a Hitachi 705 analyser (Hitachi, Tokyo, Japan) and DiaSys reagents (Diagnostic Systems
GmbH, Berlin, Germany).

The NEFA samples were assessed using an automated wet chemistry analyser (Rx
Daytona, Randox Laboratories Ltd., London, UK) and Rx Daytona reagents (Randox
Laboratories Ltd., London, UK).

SAA concentration was tested by Selectra Junior (Vital Scientific, Dieren, The Nether-
lands) using ELISA kits (MyBioSource, San Diego, CA, USA) for blood tests.

2.6. Milk Composition

Milk composition was continuously monitored throughout the experiment using the
BROLIS HerdLine in-line milk analyser. This advanced device was employed to measure
key milk parameters, including lactose, temperature, fat, protein, and the fat-to-protein
ratio, in real time for each milk sample.

The analyser is equipped with a GaSb broadly tuneable external cavity laser-based
spectrometer, operating within the 2100-2400 nm spectral range. By utilizing transmission
mode, the device continuously tracks milk flow during the milking process, allowing
for individual sample measurements. Through molecular absorption spectrum analysis,
it functions as a compact, on-farm laboratory, precisely quantifying the primary milk
components. Conveniently positioned within the milking parlour, the mini spectroscope is
integrated along the milk line, ensuring seamless data collection.

To ensure accuracy and reliability, each BROLIS HerdLine in-line milk analyser was
assessed and calibrated at the Eurofins laboratory. The calibration process verified the
precision of the device, with root mean square error of prediction (RMSEP) values recorded
at 0.21% for fat, 0.19% for protein, and 0.19% for lactose.

2.7. Cow Behavioural Monitoring and Activity Tracking

At the start of the study, each of the 71 cows was equipped with an orally administered
SmaXtec Classic Bolus (Model: SCB-G5, SmaXtec Animal Care GmbH, Graz, Austria)
within the first 5 days post-calving. The boluses were inserted into the reticulorumen using
a specialized applicator device, following the manufacturer’s guidelines. Prior to insertion,
each bolus was activated, matched to the corresponding ear tag ID, and wirelessly paired
with the farm’s SmaXtec Base Station for real-time data acquisition.

The boluses were programmed to collect physiological and behavioural data ev-
ery 10 min, including reticulorumen pH, internal body temperature, activity levels (sec-
onds/hour), and rumination time (minutes/day). Additionally, the system estimated water
intake (litters/day) through detection of temperature changes following drinking events,
using proprietary algorithms.

Calibration of pH sensors was performed prior to data collection using certified buffer
solutions (pH 4.0 and pH 7.0) supplied by Reagecon (Shannon, Ireland). Calibration was
repeated according to the manufacturer’s recommended schedule and checked regularly
throughout the study to ensure data accuracy. The data were transmitted wirelessly to the
farm server and analysed using SmaXtec Messenger® Software (Version 4.0).

Beyond its role in ruminal health monitoring, SmaXtec technology also facilitated
the assessment of drinking behaviour by directly tracking activity within the reticulum.
The system measured internal body temperature fluctuations to estimate water intake,
employing Al-driven algorithms to analyse temperature changes following each drinking
event. This method allowed for the continuous monitoring of individual water consump-
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tion, ensuring that each cow met appropriate hydration thresholds without requiring
additional manual observation. Collected data were wirelessly transmitted to a central
system, enabling farmers and veterinarians to conduct detailed analyses.

An implanted wireless device was used to track reticulorumen temperature, pH
levels, total reticulated rumination, and physical activity. The data acquisition process
was supported by SmaXtec Animal Care Technology® antennas, while a microprocessor-
controlled system digitized pH and TRR measurements through an Analog-to-Digital (A /D)
converter and stored them on an external memory chip for further analysis. All collected
data were systematically compiled using SmaXtec Messenger® software (Version 4). This
innovative technology provided continuous, non-invasive health monitoring, allowing for
early detection of potential health issues and contributing to the improved welfare and
productivity of the herd.

2.8. Data Processing and Statistical Evaluation

All statistical analyses were conducted using IBM SPSS Statistics for Windows, Version
29.0 (IBM Corp., Armonk, NY, USA). The Shapiro-Wilk test was applied to assess the
normality of continuous variables [35]. Descriptive statistics, including means, standard de-
viations, and 95% confidence intervals, were calculated to summarize the data. Differences
between groups categorized by milk lactose content (<4.5% vs. >4.5%) were evaluated
using independent t-tests. The group sizes were unequal (n = 30 vs. n = 41), which may
have contributed to higher variability in the standard deviations and standard errors for the
smaller group. However, all statistical analyses were performed using methods appropriate
for unequal sample sizes, including independent t-tests with equal variance assumptions
tested, and results were interpreted accordingly.

Pearson’s correlation analysis was performed to assess associations between CRP
levels and other physiological indicators, with significance set at p < 0.05. No correction for
multiple comparisons was applied, as the analysis was exploratory and aimed to identify
potential associations for further investigation. Pearson correlation analysis interprets
coefficients as follows: values from 0.1 to 0.3 signify a low correlation, 0.3 to 0.5 denote a
moderate correlation, and values over 0.5 represent a high correlation [36].

To evaluate the discriminatory ability of physiological and biochemical parameters in
predicting milk lactose concentration groupings, Receiver Operating Characteristic (ROC)
curve analysis was performed. This method enables the assessment of the diagnostic
performance of individual variables by calculating the Area Under the Curve (AUC). An
AUC of 0.5 indicated no discrimination, 0.6-0.7 was considered moderate, and values > 0.7
were considered acceptable [37]. ROC analysis offers a novel perspective by identifying
which biomarkers may serve as early indicators of subclinical metabolic imbalance and
complements traditional group comparisons.

3. Results
3.1. Biomarker Description of ROC Analysis Results for Milk Lactose

The results analysis below presents ROC curves for the top predictors, illustrating their
diagnostic performance. The Area Under each Curve quantifies how well the parameter
discriminates between low and high lactose milk, with curves further from the diagonal
(reference line) indicating stronger discriminatory ability.

To identify potential biomarkers associated with reduced milk lactose concentration
(<4.5%), we performed an ROC curve analysis using a wide panel of physiological, bio-
chemical, and production-related parameters. Here, we focused on those variables that
showed moderate to strong discriminatory ability with an AUC > 0.60. Conversely, the best
predictors of low milk lactose levels (<4.5%) were markers related to liver function and
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energy balance, as presented in Figure 1. GGT (U/L) — AUC = 0.66; gamma-glutamy] trans-
ferase, a liver enzyme, demonstrated the highest predictive ability for low milk lactose; AST
(U/L) — AUC = 0.63. Aspartate aminotransferase, another liver-associated enzyme, was
also significantly associated with low lactose levels and NEFA (mmol/L) — AUC = 0.58.

1.0
0.8
2
S o6t
[
=
.‘%
o
a.
L 0.4}
=
0.2
GGT (U/L) (AUC = 0.66)
—— AST (U/L)(AUC = 0.63)
0.0f —— NEFA (mmol/L) (AUC = 0.58)

0.0 0.2 0.4 0.6 0.8 1.0
False Positive Rate

Figure 1. Receiver Operating Characteristic (ROC) curves for GGT, AST and NEFA predicting milk
lactose concentration below 4.5% in dairy cows. The AUC values indicate the diagnostic performance
of each biomarker. The black dashed line represents the line of no discrimination (AUC = 0.5), which
indicates the performance of a random classifier. AUC—Area Under the Curve; GGT—gamma-
glutamyl transferase activity; AST—aspartate transaminase activity; NEFA—non-esterified fatty acid.

Several parameters exhibited moderate to strong ability to predict whether a cow had
a milk lactose level of 4.5% or higher. The top-performing indicators, as shown in Figure 2,
were statistically and biologically meaningful parameters (AUC > 0.60).

1.0f
0.8}
3
& 06}
]
o>
%
o
a
L 04¢
=
0.2}
Fe (Mg/dL) (AUC = 0.66)
—— Reticulorumen pH (AUC = 0.64)
Q —— Crea (AUC = 0.61)
0.0 —— SAA (pg/mL)(AUC = 0.60)

0.0 0.2 0.4 0.6 0.8 1.0

False Positive Rate
Figure 2. ROC curves for Fe, Reticulorumen pH, Crea, and SAA in predicting milk lactose concentra-
tion > 4.5% in dairy cows. The AUC values indicate the discriminatory ability of each biomarker.
The black dashed line represents the line of no discrimination (AUC = 0.5), which indicates the
performance of a random classifier. RAUC—Area Under the Curve; Fe—iron; Crea—creatinine;
SAA-serum amyloid A.
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The following variables showed promising discriminatory power: Fe (ug/dL) —
AUC = 0.66: iron concentration in blood demonstrated the highest predictive accu-
racy among tested traits. Reticulorumen pH — AUC = 0.64: indicates that cows
with higher rumen pH were more likely to have milk lactose concentrations > 4.5%.
Creatinine (Crea) — AUC = 0.61: as a marker of renal function and muscle metabolism.
SAA — AUC = 0.60: as an acute phase protein, SAA’s moderate predictive power suggests
a possible relationship between systemic inflammation and milk composition changes.
These variables demonstrated better-than-chance discriminatory power (AUC > 0.60).

3.2. Behaviour and Blood Parameters Differences in Dairy Cows with Low and High Milk
Lactose Levels

The results of this study reveal significant behaviour, metabolic, and inflammatory
differences between dairy cows with low lactose (<4.5%) and high lactose (>4.5%) milk
content. One of the most notable findings is the difference in liver function markers, with
cows in the LL group exhibiting significantly higher AST activity levels (94.95 U/L vs.
83.35 U/L, p = 0.042, +12.22%). Additionally, Fe concentration was significantly lower
(—12.40%) in cows with lactose < 4.5% (97.88 ng/dL vs. 110.02 pg/dL, p = 0.013) (Table 2).

Table 2. Descriptive statistics of blood parameters in dairy cows based on milk lactose content.

95% Confidence
Std. De- Std. Interval for Mean

Traits Lactose (%) N  Mean L. Minimum Maximum Significance
viation Error Lower Upper
Bound Bound
CRP <45 30 14.15 3.94 0.72 12.68 15.62 441 22.30 0.399
(mg/L) >4.5 41 14.94 3.83 0.60 13.73 16.15 5.13 22.73 ’
AST <4.5 30 94.95 31.53 5.76 83.17 106.72 48.10 196.00 0.042
(U/L) >45 41 83.35 14.68 2.29 78.72 87.98 58.60 124.40 :
Fe <45 30 97.88 21.17 3.87 89.97 105.78 51.00 135.40 0.013
(ng/dL) >4.5 41 110.02 18.9 2.95 104.06 115.99 66.30 141.00 ’
GGT <4.5 30 32.03 16.56 3.02 25.85 38.22 18.00 88.00 0.085
(U/L) >45 41 26.27 11.24 1.76 22.72 29.82 17.00 88.00 ’
NEFA <4.5 30 0.38 0.17 0.03 0.32 0.45 0.13 0.91 0.359
(mmol/L) >45 41 0.34 0.19 0.03 0.28 0.40 0.10 0.84 .
SAA <4.5 30 65.27 23.83 4.35 56.37 74.17 23.81 100.00 0125
(ug/mL) >4.5 41 74.18 23.99 3.75 66.61 81.76 23.81 100.00 ’
CREA <4.5 31 74.10 10.48 191 70.19 78.01 56.00 98.00 0161
(g/L) >4.5 41 77.51 9.69 151 74.45 80.57 61.00 98.00 ’

CRP—C-reactive protein; AST—aspartate transaminase activity; Fe—iron; GGT-gamma-glutamyl transferase
activity; NEFA-non-esterified fatty acids; SAA—serum amyloid A; CREA—creatinine.

Inflammatory markers also showed notable trends, with CRP levels 5.58% higher in
the HL group (14.94 mg/L vs. 14.15 mg/L), although this difference was not statistically
significant. Similarly, SAA, another inflammatory marker, was 13.65% higher in the HL
group (74.18 pg/mL vs. 65.27 pg/mL). In terms of energy metabolism, NEFA levels
were 10.53% lower in the HL group (0.34 mmol/L vs. 0.38 mmol/L), indicating potential
differences in lipid mobilization and energy utilization, though not statistically significant.

Other behaviour parameters, such as rumination time (+2.39%), cow activity (+5.74%),
and water intake (+1.61%), exhibited small variations between groups but were not statisti-
cally significant (Table 3). Furthermore, reticulorumen pH was significantly lower in the
LL group (5.99 vs. 6.1, p = 0.03, —1.83%), suggesting altered ruminal fermentation that may
affect digestive efficiency or be influenced by dietary factors.
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Table 3. Descriptive statistics of behaviour and milk parameters in dairy cows based on milk

lactose content.

95% Confidence

. . Std. De- Std.  Interval forMean . o
Traits Lactose (%) N Mean .. Minimum Maximum Significance
viation  Error Lower Upper
Bound Bound
L <45 30 4082 802 146 3782 4382 2332 5685
Milk yield (kg) 45 41 398 739 115 3749 4215 1431 5453 0.588
, <45 30 400 076 0.14 3.72 428 2.64 552
Milk fat >45 41 394 058 0.09 3.76 412 298 532 0.705
. . <45 30 327 031 0.06 315 338 2.64 3.95
Milk protein >45 41 32 023 0.04 3.15 3.29 2.66 3.82 0.472
Milk <45 30 124 027 005 1.14 1.34 0.79 1.86 0582
fat-to-protein ratio >45 41 123 020 0.03 117 1.29 0.88 1.95 :
. <45 30 599 022 0.04 5.91 6.07 551 6.36
Reticulorumen pH >45 41 610 018 0.03 6.04 6.15 5.50 6.49 0.03
Reticulorumen <45 30 3894 0.5 003 3888  39.00 3869  39.20 0579
temperature (°C) >45 41 3897 018 003 3891  39.02 3859  39.60 :
Temperature without <45 30 3963 017 003 3957 3970 3937  39.99 0456
drink cycles (°C) >45 41 3966 014 002 3962 3970 3944  40.14 '
Normal <45 30 3979 0.5 003 3973  39.85 395 40.00 1963
temperature (°C) >45 41  39.79 0.12 0.02 39.75 39.83 39.59 40.00 )
Rumination time <45 30 43689 7617 1391 40845 46534 2532  549.39 0541
(min./day) >45 41 44736 6677 1043 42628 46843 22455  567.10 :
Cow activity {sec/h) <45 30 129590 429.44 7840 113554 145625 55591  2445.83 0197
y >45 41 137030 47033 7345 122189 15188 32316 241833 :
. <45 30 13001 1811 331 12324 13677 9559  168.94
Water intake (L./day) >45 41 13211 17.03 266 12674 13749 9500  166.93 0.618

The mean daily milk yield in the LL group (<4.5%) was 39.82 & 6.1 kg/day. In the HL
group (>4.5%), it was 40.82 + 5.4 kg/day. No statistically significant difference in milk
yield was observed between groups (p > 0.05). Milk composition parameters, including
milk fat (—1.50%) and protein (—1.53%), showed minor reductions in the HL group, while
the milk fat-to-protein ratio remained stable (—0.81%). Milk temperature (—0.34%) was
slightly lower in the HL group, but this change also was not significant.

3.3. Correlation Analysis with CRP

In addition to group differences, correlation analyses revealed significant relationships
between CRP and various blood, behaviour and milk parameters in dairy cows (n = 71),
with several noteworthy associations (Table 4). While some correlations were weak and sta-
tistically insignificant, a few notable trends emerged. NEFA (r = 0.335, p = 0.043) exhibited a
moderate positive correlation with CRP, suggesting that increased inflammation is linked to
heightened lipid mobilization and metabolic stress. Similarly, reticulorumen pH (r = 0.498,
p = 0.002) showed a strong positive correlation. Normal temperature (r = 0.372, p = 0.023)
also demonstrated a moderate positive correlation with CRP. Furthermore, rumination
time (r = 0.429, p = 0.008) displayed a moderate correlation. Other physiological variables,
including milk composition, activities of liver enzymes (AST, GGT), Fe concentration, and
milk temperature, showed weaker correlations with CRP, with p-values exceeding 0.05,
indicating no statistically significant relationship.
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Table 4. Correlation between C-reactive protein and other investigated traits.

Traits Pearson Correlation Significance N
Milk temperature (°C) —0.058 0.733 71
Lactose (%) 0.043 0.802 71
AST (U/L) 0.189 0.262 71
Fe (ug/dL) —0.177 0.294 71
GGT (U/L) —0.087 0.608 71
NEFA (mmol/L) 0.335 0.043 71
SAA (ug/mL) —0.32 0.053 71
CREA (g/L) 0.059 0.624 71
Milk yield (kg/day) 0.147 0.386 71
Milk fat 0.161 0.343 71
Milk protein —0.264 0.115 71
Milk fat-to-protein ratio 0.244 0.145 71
Reticulorumen pH 0.498 0.002 71
Reticulorumen temperature (°C) 0.140 0.408 71
Temperature without drink cycles (°C) 0.275 0.100 71
Normal temperature (°C) 0.372 0.023 71
Rumination time (min/day) 0.429 0.008 71
Cow activity (seconds/hour) —0.099 0.558 71
Water intake (L/day) —0.007 0.969 71

AST—aspartate transferase; Fe—iron; GGT—gamma-glutamyl transferase; NEFA—non-esterified fatty acids;
SAA—serum amyloid A; CREA—creatinine.

4. Discussion
4.1. Interpretation of Biomarker Associations and Physiological Implications

This study investigated the potential of milk lactose and CRP as non-invasive biomark-
ers for evaluating the metabolic and inflammatory status of early lactation of dairy cows.
Milk lactose was chosen due to its strong dependence on systemic glucose availability
and its role as an indirect indicator of energy balance, mammary function, and metabolic
health. CRP was selected as a representative acute-phase inflammatory protein, reflecting
systemic inflammatory states that may not yet be clinically apparent. The combination of
these two markers provides a novel integrative approach to monitoring dairy cow health at
a critical production stage.

Nobrega and Langoni [38] highlighted the importance of milk lactose content as
a key indicator of mammary gland health. Similarly, Costa et al. [1] identified a corre-
lation between lactose levels and overall animal health, reporting that cows with milk
lactose < 4.553% experienced greater health impairments compared to those with lactose
levels > 5.045%. Our results align with and extend these findings by demonstrating signifi-
cant physiological, metabolic, and inflammatory differences between dairy cows producing
LL (<4.5%) and high lactose (>4.5%) milk. GGT (AUC = 0.66) and AST (AUC = 0.63) were
the strongest predictors of low milk lactose (<4.5%), linking liver function impairment to
decreased lactose synthesis. A key distinction lies in liver function markers, where cows in
the LL group exhibited notably higher AST activities (94.95 U/L vs. 83.35 U/L, p = 0.042,
+12.22%), indicating greater hepatic stress or metabolic strain. AST is a well-recognized
biomarker of liver function, and increased activity indicates potential liver cell damage,
metabolic overload, or heightened oxidative stress [7,36]. AST is an acute-phase enzyme
located in the mitochondria and, to a lesser degree, in the cytoplasm of hepatocytes [39].
AST is released into the bloodstream as a result of hepatic injury, lipid build-up in the
liver, inflammation, or muscle damage [40]. This finding is consistent with prior research,
where elevated AST activities were associated with metabolic disorders, including ketosis
and hepatic lipidosis, in high-yielding dairy cows [7]. It is noteworthy that Pandey et al.
observed that injury to the secretory epithelium of the udder was indicated by the increase
in AST levels [41]. In the study by Cui et al. [42], elevated levels of hepatic markers were re-
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ported post-parturition. Comparable findings have been documented in cows afflicted with
endometritis [43] and mastitis [44], indicating that inflammation enhances cell membrane
permeability, resulting in the efflux of enzymes into the bloodstream [42]. Moreover, the
relationship between milk lactose concentration and metabolic health is further supported
by studies indicating that lower lactose levels are associated with increased metabolic stress
markers. For instance, research has shown that cows with lower milk lactose concentrations
during early lactation exhibit higher levels of NEFA and (3-hydroxybutyrate (BHB), both
indicative of negative energy balance and lipid mobilization. These findings suggest that
reduced milk lactose content may reflect underlying metabolic challenges, including im-
paired liver function and energy metabolism [45]. The observed elevation in AST activities
among cows producing low lactose milk underscores the potential hepatic implications and
metabolic stress associated with reduced lactose concentrations. These insights highlight
the importance of monitoring milk lactose levels as part of a comprehensive approach
to dairy cow health management, facilitating early detection of metabolic disorders and
informing targeted interventions to enhance animal welfare and productivity.

In our study, we observed a significant reduction in serum Fe concentration (—12.40%)
in cows with milk lactose levels below 4.5% (97.88 pg/dL vs. 110.02 ug/dL, p = 0.013).
Fe (AUC = 0.66) was the best predictors of higher milk lactose (>4.5%), implying that
iron metabolism is crucial for maintaining milk quality. This finding suggests potential
metabolic alterations or anaemia-like conditions in these cows. The observed decrease
in serum Fe concentration in cows with milk lactose levels below 4.5% may indicate un-
derlying inflammatory processes. During inflammation, cytokines such as IL-6 stimulate
the liver to produce hepcidin, a key regulator of iron homeostasis. Hepcidin inhibits fer-
roportin, the iron exporter on cell membranes, leading to reduced iron absorption from
the intestine and sequestration of iron within macrophages [22]. This mechanism results
in reduced serum iron levels, a response observed in various inflammatory conditions in
cattle. For instance, studies have demonstrated that serum iron concentration decreases
rapidly during inflammation, serving as a potential biomarker for such conditions [21,43].
Therefore, the reduced Fe concentration in cows with lower milk lactose levels may reflect
an inflammatory state, potentially linked to metabolic stress or subclinical infections [46].
Previous research has shown that serum Fe concentrations decrease in endotoxemia [47,48]
and acute coliform mastitis [44,45], as well as following minor surgery involving inflam-
mation, like dehorning [49]. By highlighting this relationship, our study emphasizes the
potential of serum iron, along with milk lactose, as accessible and informative biomarkers
of inflammation and metabolic imbalance in dairy cows.

Beyond liver function and iron metabolism, ruminal health also showed significant
associations with milk lactose concentration. Reticulorumen pH was significantly lower in
the LL group (5.99 vs. 6.10, p = 0.03, —1.83%), indicating changes in ruminal fermentation
that may impact digestive efficiency or be influenced by dietary factors. Reticulorumen pH
(AUC = 0.64) was a predictor of higher milk lactose (>4.5%), implying that ruminal health
is crucial for maintaining milk quality. The lower reticulorumen pH in cows with lower
lactose milk may indicate a predisposition to sub-acute ruminal acidosis (SARA), which
could contribute to increased metabolic stress. These cows may require dietary adjustments
to optimize fermentation efficiency. This suggests a greater predisposition to SARA or
altered fermentation processes. A lower ruminal pH can indicate increased production of
volatile fatty acids (VFA) and reduced buffering capacity, which can compromise digestive
efficiency and nutrient absorption. These findings align with previous studies that associate
low ruminal pH with metabolic stress, altered feed efficiency, and increased systemic
inflammation in dairy cows. Given that low lactose content in milk has been linked to
metabolic disruptions, it is plausible that these cows may have higher energy demands,
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altered fermentation efficiency, or diet-induced acidosis contributing to this variation [50].
For instance, Televicius et al. [50] observed that cows with higher reticuloruminal pH
had increased milk lactose concentrations, suggesting that monitoring reticuloruminal pH
could serve as an indicator of milk quality, particularly lactose content [50]. However,
other studies have found only weak or inconsistent correlations between reticuloruminal
pH and milk composition parameters, including lactose. Sematovi¢a et al. [51] reported
a weak, statistically significant correlation between reticuloruminal pH and milk protein
levels, but no significant relationship with milk lactose concentration [51]. In another
study, Antanaitis et al. [6] examined the association between milk lactose concentration
and cow behaviour. They observed that cows with milk lactose levels of >4.70% produced
significantly more milk and had increased rumination activity. These cows also showed a
decrease in milk protein concentration and physical activity levels. The findings suggest
that higher milk lactose levels reflect enhanced rumination and feeding behaviours, thereby
reflecting better overall health and well-being [6]. Furthermore, research by Antanaitis
et al. [52] indicated that cows with higher reticuloruminal pH and milk lactose levels had
improved reproductive success. The study highlighted that monitoring reticuloruminal pH
could be a valuable tool in assessing cow health and fertility [52]. Collectively, these studies
underscore the intricate relationship between ruminal pH, milk lactose concentration, and
overall cow health. Our findings contribute to this body of knowledge by demonstrating
that cows producing low-lactose milk are more susceptible to ruminal pH imbalances,
which may necessitate dietary adjustments to optimize fermentation efficiency and mitigate
metabolic stress. Implementing strategies to monitor and manage ruminal pH could
enhance digestive health, improve milk quality, and promote the well-being of dairy cows.

In the present study, a strong positive correlation between reticulorumen pH and
CRP levels (r = 0.498, p = 0.002) has been observed, suggesting that higher ruminal pH
may be associated with increased systemic inflammation, potentially through systemic
metabolic shifts affecting acid-base homeostasis. However, other studies have reported
different associations. For instance, Antanaitis et al. [50] investigated the relationship
between reticulorumen pH and various health indicators, including milk somatic cell
count (SCC), an indirect marker of inflammation [50]. They found that cows with lower
reticulorumen pH had higher SCC, indicating a potential link between decreased ruminal
pH and increased inflammatory responses [52]. Additionally, research by Antanaitis
et al. [53] demonstrated that cows with clinical mastitis exhibited lower reticulorumen pH
compared to healthy cows, further supporting the association between reduced ruminal pH
and heightened inflammatory states [53]. This suggests that inflammatory processes may
influence ruminal fermentation dynamics, potentially through systemic metabolic shifts
affecting acid-base homeostasis. These varying findings highlight the complex interplay
between ruminal pH and systemic inflammation in dairy cows. Factors such as diet, health
status, and individual cow variability may influence this relationship. Further research is
needed to elucidate the mechanisms underlying these associations and to determine the
potential of reticulorumen pH as a biomarker for inflammatory conditions in dairy cattle.

Our study identified a moderate positive correlation between CRP and NEFA
(r =0.335, p = 0.043), suggesting that increased inflammation is linked to heightened lipid
mobilization and metabolic stress in dairy cows. The concentration of serum CRP in cattle
undergoes minimal fluctuations during inflammatory conditions [19]. This is expected,
as elevated NEFA concentrations indicate NEB and increased fat mobilization, which are
frequently observed in cows under metabolic stress. The high NEFA levels are associated
with a higher incidence of periparturient metabolic diseases, as they reflect the mobilisation
of lipid reserves to compensate for the discrepancy between the nutrients consumed by
the cow and the nutrients secreted in milk [54]. Several studies have investigated the
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relationship between NEFA and CRP in dairy cows [55]. While direct studies linking NEFA
and CRP are limited, research has demonstrated significant associations between NEFA
and other acute-phase proteins, such as haptoglobin (Hp) and SAA, which serve as proxies
for systemic inflammation [56-58]. Research investigating the relationship between NEFA
concentrations and APP such as Hp and SAA in postpartum dairy cows revealed significant
positive correlations between NEFA and both Hp and SAA. These findings indicate that
higher NEFA levels are associated with elevated APP, reflecting an inflammatory response
linked to lipid mobilization [56]. However, our recent study produced contrasting findings,
revealing a significant negative correlation between NEFA and SAA levels (r = —0.441,
p < 0.001). This suggests that elevated fat mobilization may dampen the inflammatory
response, potentially increasing the risk of metabolic and infectious diseases [57]. However,
more research is needed to fully understand the implications of these results. Further
investigation into the relationship between NEFA levels and inflammatory markers like
SAA is warranted to clarify the underlying mechanisms at play. These conflicting results
highlight the complexity of the interplay between lipid metabolism and inflammation in
disease development. Given the limited direct studies on NEFA and CRP correlations,
further research is warranted to elucidate this specific relationship. Understanding the
direct association between NEFA and CRP could provide deeper insights into the inflam-
matory processes linked to metabolic stress in dairy cows, potentially leading to improved
monitoring and management strategies during critical periods like early lactation.

Normal temperature (r = 0.372, p = 0.023) demonstrated a moderate positive correlation
with CRP, reinforcing the association between inflammatory responses and thermoregu-
lation in dairy cows. This association indicates that systemic inflammation may lead to
subtle thermoregulatory adaptations, potentially due to metabolic adjustments or immune
activation. While fever is a classical sign of infection, low-grade increases in body tempera-
ture may also reflect subclinical inflammation, particularly in high-producing dairy cows
during early lactation. In a study involving sows, similar findings were found, showing
that higher blood CRP was linked to higher sow body temperature [59]. Schmitt et al. [60]
found that only Hp exhibited a significant positive correlation with body temperature.
No correlation was identified between CRP and body temperature [60]. This discrepancy
may be attributed to differences in study design, animal health status, or the specific in-
flammatory challenges encountered. Supporting this, Lee et al. [18] observed that CRP
levels in dairy cattle increased with milk production, peaking during high lactation peri-
ods, and decreased when lactation ceased. They also noted that CRP levels were highest
during naturally occurring infections, such as mastitis and other tissue inflammations,
highlighting its role as a marker for systemic inflammation [18]. These results suggest that
the relationship between inflammatory markers and body temperature may vary among
different species and physiological conditions [61]. The positive correlation between Hp
and body temperature in dairy cows could be indicative of the acute phase response to
infection. Further research is needed to understand the mechanisms underlying these
relationships and their implications for animal health and welfare. The findings from these
studies highlight the complex interplay between inflammation, thermoregulation, and
overall physiological function in livestock.

In addition to systemic inflammatory markers, behavioural parameters, such as rumi-
nation time, further reflected the cows’ physiological status. Furthermore, rumination time
(r=0.429, p = 0.008) displayed a moderate correlation with CRP, suggesting that cows expe-
riencing inflammatory stress might alter their feeding and chewing behaviour, potentially
as a compensatory mechanism for maintaining digestive efficiency. Research indicates
that there can be a compensatory relationship between eating and ruminating time. For
instance, cows that spend less time eating due to illness or feed restrictions may increase
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their rumination time to maintain proper digestion. This inverse relationship suggests that
increased rumination can serve as a compensatory mechanism in response to reduced feed
intake or other stressors [62]. Recognizing this pattern is vital for comprehensive health
monitoring and timely intervention, ultimately contributing to improved animal welfare
and dairy production efficiency. Research assessing inflammatory status and metabolic
changes at dry-off in high-yielding dairy cows found that, after dry-off, DMI was reduced,
and rumination time increased in all animals. High milk-yielding cows had greater DMI
and rumination time than low milk-yielding cows. This indicates a potential link between
rumination behaviour and inflammatory status during the dry-off period [63]. Future
studies should also consider additional factors that may influence lactose concentration,
such as diet, genetic variation, and overall cow health. Exploring these variables could
provide a more comprehensive understanding of the interactions between metabolic health,
inflammation, and milk composition.

Future research should explore potential nutritional and management interventions
to mitigate these effects, particularly in cows at risk of low lactose production, metabolic
disorders, and ruminal acidosis. Investigating the role of dietary buffering agents, precision
feeding strategies, and early biomarker detection could provide valuable insights into
improving dairy cow resilience and productivity. Additionally, longitudinal studies exam-
ining how changes in lactose levels correspond to metabolic and inflammatory fluctuations
over time would help refine precision livestock farming approaches and enhance dairy
herd management.

4.2. Limitations

While this study provides valuable insights into the association between milk lactose
concentration, CRP, and metabolic health in early lactation dairy cows, several limitations
must be acknowledged. First, the study employed a cross-sectional design with a single
time-point blood sampling, which limits the ability to assess dynamic changes in biomarker
levels over time. As a result, causal inferences cannot be made, and transient fluctuations
in physiological or inflammatory markers may have been missed.

Second, although a total of 71 cows were included, which provided sufficient power
to detect statistically significant differences in key variables, a larger and more diverse
population across multiple farms would enhance the generalizability of the findings.

Although our study focused on NEFA as a primary biomarker of lipid mobilization,
other indicators, such as 3-hydroxybutyrate (BHBA), malondialdehyde (MDA), and total
antioxidant status (TAS), also play important roles in evaluating metabolic and oxidative
stress in dairy cows [64]. BHBA is a key ketone body that reflects hepatic ketogenesis and
could provide additional insight into energy metabolism, particularly in cows at risk of
subclinical ketosis [65]. Similarly, MDA is a widely used marker of lipid peroxidation, and
TAS reflects overall antioxidant capacity—both of which are closely linked to oxidative
stress status in high-yielding dairy cows [66]. While these markers were not included in
the present study due to logistical constraints, their integration in future research could
further elucidate the complex interactions between energy balance, inflammation, oxidative
stress, and milk composition. Including BHBA may enhance the interpretation of metabolic
profiles and offer complementary value alongside NEFA and CRP.

Future studies should consider longitudinal sampling to track biomarker trends
throughout lactation and include a broader sampling base to validate these findings across
varying management systems, breeds, and environmental conditions. Future studies could
benefit from incorporating detailed environmental monitoring to evaluate interactions
between heat stress and metabolic responses.
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5. Conclusions

This study demonstrated that milk lactose concentration, when assessed in conjunction
with key blood biomarkers, such as CRP, GGT, AST, NEFA, and serum Fe, provides valuable
insights into the metabolic and inflammatory status of early lactation dairy cows. Cows
producing low lactose milk (<4.5%) exhibited higher AST activity, lower Fe concentrations,
and reduced reticulorumen pH, suggesting increased hepatic stress, systemic inflamma-
tion, and altered ruminal fermentation dynamics. ROC analysis confirmed the moderate
predictive ability of liver function enzymes and metabolic parameters for identifying cows
at risk of subclinical metabolic disturbances. The integration of milk lactose monitoring
with CRP and other physiological markers offers a cost-effective, non-invasive approach to
early health assessment in dairy herds. These findings support the use of milk lactose as
a sentinel indicator of metabolic stability, while CRP and related biomarkers enhance the
early detection of inflammatory stress. Implementing precision monitoring systems based
on these biomarkers could improve dairy cow welfare, optimize production efficiency, and
enable more targeted herd management strategies. Further longitudinal studies are war-
ranted to validate these associations across different production systems and to explore the
potential of incorporating these biomarkers into automated health-monitoring technologies
for precision dairy farming. Additional research is advised to confirm these biomarkers in
field circumstances and other production systems.

Author Contributions: Conceptualization, K.D., ] K. and R.A.; methodology, K.D. and R.A.; software,
K.D. and L.A,; formal analysis, K.D.; investigation, K.D., ] K., A.G.,S.A., G.S. and G.L.; data curation,
K.D. and R.A ; writing—original draft preparation, K.D.; writing—review and editing, R.A. and W.B.;
visualization, K.D.; project administration, R.A. All authors have read and agreed to the published
version of the manuscript.

Funding: This project has received financial support from the Research Council of Lithuania (LMTLT)
and the Ministry of Education, Science and Sport of the Republic of Lithuania, agreement No:
S-A-UEI-23-7.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee (approval number G2-227, dated 7 March 2025).

Data Availability Statement: The original contributions of this study are presented within the journal,
and any further inquiries can be directed to the corresponding author.

Acknowledgments: The authors have reviewed and edited the output and take full responsibility for
the content of this publication.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

MDPI Multidisciplinary Digital Publishing Institute

CRP C-reactive protein
AST Aspartate transaminase
Fe Iron

NEFA Non-esterified fatty acid
APP Acute phase protein

IL-1 Interleukin-1

IL-6 Interleukin-6

TNF«x Tumour necrosis factor «
GGT Gamma-glutamyl transferase
SAA Serum amyloid A
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BSC Body condition score

CMT California mastitis test

TMR Total mixed ration

CREA Creatinine

A/D Analog-to-digital

AUC Area Under the Curve

ROC Receiver operating characteristic
RMSEP  Root mean square error of prediction
SARA Sub-acute ruminal acidosis

BHB B-hydroxybutyrate

VFA Volatile fatty acid

SCC Somatic cell count

NEB Negative energy balance

Hp Haptoglobin

DMI Dry matter intake

BHBA  B-hydroxybutyrate

MDA Malondialdehyde

TAS Total antioxidant status
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