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Abstract
Mastitis remains one of the most prevalent and economically significant diseases affecting dairy animals worldwide, leading to substantial losses in milk yield, compromised milk quality, increased treatment costs, and premature culling. Early and accurate diagnosis is critical for effective disease management, reduction of antimicrobial usage, and maintenance of herd productivity. This review comprehensively examines recent advances in diagnostic techniques for mastitis detection, encompassing conventional, molecular, immunological, sensor-based, and artificial intelligence–driven approaches. Traditional methods such as clinical examination, California Mastitis Test, somatic cell count, and bacteriological culture continue to serve as foundational tools, though they present limitations in sensitivity, specificity, and turnaround time. Molecular diagnostics, including polymerase chain reaction, real-time PCR, loop-mediated isothermal amplification, and next-generation sequencing, provide rapid and highly sensitive pathogen identification, enabling targeted therapeutic interventions. Immunological and biomarker-based assays, such as enzyme-linked immunosorbent assays for acute phase proteins and cytokines, offer early detection of inflammatory responses. Emerging technologies, including biosensors, lab-on-a-chip systems, infrared thermography, and automated milking system sensors, facilitate real-time, on-farm monitoring. Integration of machine learning algorithms with multi-parameter datasets enhances predictive accuracy and supports precision dairy farming. Despite significant progress, challenges related to cost, infrastructure, technical expertise, and antimicrobial resistance detection persist. Future perspectives emphasize development of affordable point-of-care diagnostics, multi-omics integration, nanotechnology-based platforms, and personalized herd health management strategies. A comprehensive and integrated diagnostic framework is essential to improve animal welfare, enhance milk safety, strengthen antimicrobial stewardship, and ensure sustainable dairy production systems.
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1. Introduction
Mastitis is a major inflammatory disease of the mammary gland and one of the most economically damaging disorders in dairy animals worldwide (Reshi et.al., 2015). It is primarily caused by intramammary infections that trigger leukocyte infiltration, tissue damage, and significant changes in milk composition and yield. Global economic losses are estimated at USD 19–32 billion annually, with individual cow losses ranging from USD 100–300 per lactation. Dairy cattle account for the majority of reported cases.
A. Definition and Classification
Mastitis is defined as inflammation of mammary tissue, usually resulting from microbial invasion through the teat canal. It is classified into clinical, subclinical, and chronic forms based on clinical signs and duration.
1. Clinical Mastitis: Characterized by visible milk abnormalities and udder inflammation. Incidence ranges from 20–40 cases per 100 cow-years, with milk losses of 150–300 kg per episode.	Comment by Vivek Singh: Write reference from where you have taken this data
2. Subclinical Mastitis: Lacks visible signs and is detected by elevated SCC (>200,000 cells/mL). It is more prevalent than clinical mastitis and may reduce milk yield by 5–15% per affected quarter.	Comment by Vivek Singh: Write reference
3. Chronic Mastitis: Persistent infection, often caused by Staphylococcus aureus, with treatment success below 40%.	Comment by Vivek Singh: Write reference	Comment by Vivek Singh: From where this standards are being set
B. Etiology
Over 150 microorganisms are associated with mastitis. Bacteria account for 90–95% of cases. Major pathogens include S. aureus, Streptococcus agalactiae, E. coli, and Streptococcus uberis. Fungal infections represent less than 5% of cases. Pathogens are categorized as contagious or environmental based on transmission patterns.
C. Global Prevalence and Economic Impact
Subclinical mastitis prevalence often exceeds 30% at herd level. Approximately 70% of economic loss is due to reduced milk yield. Elevated SCC reduces cheese yield by 1–3% per doubling above 100,000 cells/mL .	Comment by Vivek Singh: Source of this data?
D. Importance of Early Diagnosis
Early detection limits production losses, improves treatment outcomes, and reduces antimicrobial use. Integration of SCC monitoring, molecular tools, and sensor technologies supports sustainable mastitis control (Yu et.al., 2025).
2. Pathophysiology of Mastitis and Diagnostic Targets (Short Version)
Mastitis involves a complex inflammatory cascade triggered by pathogen invasion of the mammary gland. Disease severity depends on interactions between microbial virulence factors and host immune responses. These processes lead to measurable changes in immune cell populations, milk composition, enzyme activity, and electrolyte balance, forming the basis for diagnostic targets.
A. Inflammatory Response
Pathogens entering through the teat canal activate Toll-like receptors (TLR2, TLR4) on mammary epithelial cells, stimulating NF-κB–mediated cytokine production. Neutrophils rapidly migrate into milk and may comprise over 90% of somatic cells during acute infection. Cytokines such as IL-1β, IL-6, IL-8, and TNF-α amplify inflammation. Increased vascular permeability allows serum proteins to enter milk (Fekete et.al., 2013). Severe coliform infections may cause systemic endotoxemia.
B. Changes in Milk Composition
1. Somatic Cell Count (SCC): Healthy milk contains <100,000 cells/mL. Values above 200,000 cells/mL indicate infection. Clinical cases may exceed 1 million cells/mL. Each SCC doubling above 100,000 cells/mL can reduce milk yield by 0.5–1.0 kg/day.
2. Enzymes: LDH and NAGase increase three- to five-fold during infection. LDH levels >1,400 U/L suggest mastitis.
3. Electrical Conductivity: Sodium and chloride influx raises conductivity by 15–20% above normal (4.0–5.5 mS/cm).
4. Protein and Lactose: Casein decreases by 5–10% in high-SCC milk. Lactose declines due to epithelial damage.
C. Biomarkers
Acute phase proteins such as haptoglobin and serum amyloid A increase markedly during infection; haptoglobin may exceed 1 mg/mL. Cytokines rise rapidly and support early detection. Enzymes like LDH and NAGase correlate strongly with tissue damage.
D. Importance of Reliable Biomarkers
Accurate biomarkers improve early detection, guide targeted therapy, and enhance antimicrobial stewardship (Stover et.al., 2018). Combining SCC, enzymes, and acute phase proteins increases diagnostic precision and supports effective mastitis control strategies.
3. Conventional Diagnostic Techniques
Conventional diagnostic techniques remain the foundation of mastitis detection in dairy herds and are widely applied in both small-scale and large-scale production systems. These methods focus on clinical observation, indirect estimation of inflammation through somatic cell counts, pathogen isolation, and measurement of physicochemical changes in milk. Although advanced molecular and sensor-based tools are increasingly available, traditional approaches continue to serve as reference standards for confirmation of intramammary infections. Their reliability, cost-effectiveness, and ease of implementation contribute to continued global usage.
A. Clinical examination
Clinical examination represents the first step in mastitis detection and is based on physical assessment of the udder and milk. This method is particularly valuable for identifying clinical mastitis cases that present visible signs. Sensitivity depends on examiner skill, frequency of observation, and severity of infection.
1. Visual inspection
Visual inspection involves careful observation of the udder and foremilk before and during milking. Abnormalities such as swelling, redness, asymmetry, teat lesions, and abnormal milk consistency are evaluated (Brandt et.al., 2010). Milk from affected quarters may contain clots, flakes, watery secretion, or blood-tinged material. In severe coliform mastitis, milk may appear serous and yellowish due to increased vascular permeability.Visual detection primarily identifies clinical mastitis and lacks sensitivity for subclinical cases. Studies indicate that reliance on visual examination alone can miss more than 70% of subclinical infections. Despite this limitation, routine fore-stripping and strip-cup examination are recommended as essential herd management practices to detect early clinical abnormalities and reduce pathogen spread.
2. Palpation
Palpation involves manual examination of the udder to detect heat, pain, induration, fibrosis, or abscess formation (Scott et.al., 2015). Acute infections typically present with warmth and edema, while chronic cases may show firm nodules or fibrotic tissue due to repeated inflammatory episodes. Pain response during palpation may indicate active inflammation.Palpation is useful for distinguishing between acute and chronic conditions, yet its diagnostic accuracy depends heavily on examiner experience. It cannot reliably detect subclinical mastitis, which requires laboratory-based or indirect testing methods.
B. California Mastitis Test (CMT)
The California Mastitis Test (CMT) is one of the most widely used cow-side screening tools for detecting subclinical mastitis. Developed in the 1950s, it remains popular due to simplicity, low cost, and rapid results.
1.Principle
The CMT is based on the reaction between a detergent reagent and DNA released from somatic cells present in milk (Rust et.al., 2023). The reagent lyses cell membranes, allowing nuclear material to interact with the detergent, forming a gel-like matrix. The degree of gel formation correlates with somatic cell concentration. The reaction is scored visually on a scale from negative to 3+, reflecting increasing SCC levels. Milk samples are collected from individual quarters and mixed with equal volumes of reagent in a paddle. Results are interpreted within 10–15 seconds. A score of 1+ generally corresponds to SCC above 200,000–400,000 cells/mL, while 3+ may indicate SCC exceeding 1,200,000 cells/mL.
2. Advantages and limitations
CMT offers rapid, inexpensive, and on-farm detection of subclinical mastitis without specialized equipment. It allows quarter-level screening and supports early intervention. Sensitivity ranges from 70% to 85%, while specificity varies between 65% and 80%, depending on observer experience and lactation stage. Limitations include subjective interpretation, influence of colostrum and late-lactation milk, and reduced accuracy in very early infections. False positives may occur due to physiological increases in SCC unrelated to infection.
C. Somatic Cell Count (SCC)
Somatic cell count is considered the gold standard indicator of udder inflammation. SCC reflects the number of leukocytes and epithelial cells present in milk and serves as a quantitative measure of intramammary infection (Schwarz et.al., 2011).
1. Direct microscopic count
The direct microscopic somatic cell count (DMSCC) involves staining a known volume of milk on a microscope slide and manually counting cells under magnification. Results are expressed as cells per milliliter. Although accurate when performed correctly, this method is labor-intensive and subject to operator variability. It has largely been replaced by automated methods in routine milk recording laboratories.
2. Automated cell counters
Automated electronic cell counters, such as flow cytometry-based instruments, provide rapid and precise SCC measurement. These systems stain somatic cell DNA with fluorescent dyes and count cells using optical sensors. Automated methods allow high-throughput testing of thousands of samples daily and are widely used in milk recording schemes.Flow cytometry provides repeatable results with coefficients of variation below 5% for samples above 100,000 cells/mL. Bulk tank SCC monitoring is routinely used as a herd-level indicator of udder health and milk quality compliance.
3. Threshold values
A threshold of 200,000 cells/mL at quarter level is commonly used to indicate probable infection in dairy cattle (Karzis et.al., 2017). Healthy cows typically exhibit SCC below 100,000 cells/mL. Bulk tank SCC limits for regulatory compliance often range between 400,000 and 750,000 cells/mL depending on national standards.Each doubling of SCC above 100,000 cells/mL has been associated with milk yield losses of approximately 0.5–1.0 kg per cow per day. Elevated SCC also reduces cheese yield and shelf life of dairy products.
D. Bacteriological culture
Bacteriological culture remains the reference method for identifying causative pathogens of mastitis. Isolation and identification of microorganisms guide targeted antimicrobial therapy and herd-level control strategies.
1. Standard plate culture
Standard plate culture involves aseptic collection of milk samples followed by inoculation onto selective and differential media such as blood agar and MacConkey agar (Mukhida et.al., 2025). Plates are incubated at 35–37°C for 24–48 hours. Colony morphology, hemolysis patterns, Gram staining, and biochemical tests are used for preliminary identification.Culture-based methods can detect major pathogens such as Staphylococcus aureus, Streptococcus agalactiae, Escherichia coli, and environmental streptococci. Sensitivity varies depending on bacterial load and sampling technique.
2. Identification of pathogens
Identification involves biochemical assays, catalase and coagulase testing, carbohydrate fermentation profiling, and commercial identification kits. Accurate pathogen identification enables differentiation between contagious and environmental mastitis, supporting appropriate management interventions.Culture positivity rates in clinical mastitis cases range from 60% to 80%. Approximately 20–40% of samples may yield no bacterial growth due to intermittent shedding or prior antimicrobial therapy.
3. Limitations (time-consuming, false negatives)
Bacteriological culture requires 24–72 hours for results, which may delay treatment decisions (Lago et.al., 2011). False-negative results occur when bacterial counts are low, intermittent, or when samples are improperly handled. Fastidious organisms such as Mycoplasma spp. require specialized media and extended incubation periods. Culture methods also require laboratory infrastructure and trained personnel.Despite these limitations, culture remains essential for antimicrobial susceptibility testing and epidemiological surveillance.
E. Electrical conductivity measurement
Electrical conductivity (EC) measurement is an indirect method for detecting mastitis based on changes in milk electrolyte composition.
1. Principle
Mastitis disrupts tight junctions in mammary epithelial cells, allowing sodium and chloride ions to diffuse from blood into milk, while potassium concentration declines. These ionic shifts increase milk’s electrical conductivity. Normal milk EC ranges from 4.0 to 5.5 mS/cm at 25°C. Infected quarters may exhibit increases of 10–20% compared to healthy quarters.Measurement is performed using conductivity meters integrated into milking systems or portabledevices.
2. On-farm applications
Inline EC sensors installed in automated milking systems allow continuous monitoring of individual quarters (Kunes et.al., 2021). Deviations from baseline conductivity values trigger alerts for potential mastitis. Sensitivity for detecting clinical mastitis ranges between 60% and 85%, while specificity varies depending on threshold settings and environmental factors.Factors such as stage of lactation, milk temperature, and milking interval influence EC values, necessitating combination with SCC or milk yield data for improved accuracy. Despite moderate specificity, EC monitoring provides real-time surveillance and supports early intervention strategies in precision dairy management.
4. Advances in Molecular Diagnostic Techniques
Molecular diagnostic technologies have transformed mastitis detection by enabling rapid, sensitive, and pathogen-specific identification directly from milk samples. Traditional bacteriological culture requires 24–72 hours and may yield negative results in 20–40% of clinical samples due to intermittent bacterial shedding or prior antimicrobial therapy. Molecular approaches target nucleic acids of pathogens, allowing detection of viable and non-viable organisms with higher analytical sensitivity. These techniques reduce diagnostic time, support targeted antimicrobial therapy, and facilitate surveillance of antimicrobial resistance genes. The integration of molecular assays into veterinary diagnostics has improved detection of fastidious organisms such as Mycoplasma bovis and enhanced epidemiological monitoring of contagious mastitis pathogens.
A. Polymerase Chain Reaction (PCR)
Polymerase Chain Reaction (PCR) is a nucleic acid amplification technique that selectively amplifies specific DNA sequences of pathogens present in milk (Valones et.al., 2009). It relies on thermal cycling involving denaturation, primer annealing, and extension steps mediated by thermostable DNA polymerase. PCR-based assays can detect bacterial DNA concentrations as low as 10–100 colony-forming units (CFU)/mL under optimized conditions.
1. Conventional PCR
Conventional PCR involves endpoint amplification followed by gel electrophoresis for visualization of amplified products. Primers targeting species-specific genes such as nuc for Staphylococcus aureus, 16S rRNA genes for streptococci, and uidA for Escherichia coli are widely used.Studies demonstrate that conventional PCR detects mastitis pathogens with sensitivity ranging from 80% to 95% compared with culture methods. Detection time is typically 4–6 hours, significantly shorter than culture-based identification. Limitations include post-amplification processing, risk of contamination, and inability to quantify bacterial load.
2. Real-time PCR (qPCR)
Real-time PCR, also termed quantitative PCR (qPCR), allows real-time monitoring of DNA amplification through fluorescent dyes or probe-based systems such as TaqMan assays (Arya et.al., 2005). This method provides quantitative estimation of bacterial DNA load, expressed as cycle threshold (Ct) values.Commercial qPCR platforms for mastitis detection can identify major pathogens including S. aureus, Streptococcus agalactiae, Streptococcus uberis, E. coli, and Mycoplasma spp. within 2–4 hours. Reported diagnostic sensitivity and specificity often exceed 90% when compared with culture. qPCR also detects antimicrobial resistance genes such as mecA in methicillin-resistant S. aureus.One limitation is detection of DNA from non-viable bacteria, which may not represent active infection. Despite this, rapid turnaround and high analytical performance make qPCR a valuable tool in herd health management.
3. Multiplex PCR
Multiplex PCR enables simultaneous amplification of multiple target genes within a single reaction using multiple primer sets (Sint et.al., 2012). This approach allows detection of several mastitis pathogens in one assay, reducing cost and processing time.Multiplex assays targeting 4–10 bacterial species have demonstrated diagnostic sensitivity above 85% with high specificity. This method is particularly useful in differentiating contagious pathogens from environmental species, supporting targeted control strategies.Challenges include primer optimization, risk of primer-dimer formation, and variable amplification efficiency among targets.
4. Advantages over culture methods
PCR-based diagnostics offer several advantages over conventional bacteriology. Detection time is reduced from days to hours. Analytical sensitivity is higher, enabling identification of low bacterial loads. Fastidious organisms such as Mycoplasma spp. can be detected without specialized culture media. Molecular assays also allow identification of virulence and resistance genes, providing actionable information for antimicrobial stewardship. Limitations include higher cost, need for specialized equipment, and potential detection of residual DNA from resolved infections.
B. Loop-mediated Isothermal Amplification (LAMP)
Loop-mediated Isothermal Amplification (LAMP) is a nucleic acid amplification technique performed at a constant temperature, eliminating the need for thermal cycling equipment (Wong et.al., 2018).
1. Principle
LAMP employs four to six primers recognizing six to eight regions of the target DNA, along with strand-displacing DNA polymerase. Amplification occurs at a constant temperature, typically 60–65°C, generating large amounts of DNA within 30–60 minutes. Amplified products can be visualized by turbidity, fluorescence, or colorimetric indicators.LAMP assays for mastitis pathogens such as S. aureus and Streptococcus agalactiae have demonstrated sensitivity comparable to conventional PCR, detecting as few as 10–50 CFU/mL in experimental conditions.
2. Field applicability
The isothermal nature of LAMP allows use of simple heating devices, making it suitable for on-site or field-level diagnostics. Results are available within one hour, supporting rapid decision-making. Visual detection methods reduce reliance on advanced laboratory infrastructure.Potential limitations include non-specific amplification if primers are poorly designed and difficulty in multiplexing compared to PCR.
C. Next-Generation Sequencing (NGS)
Next-Generation Sequencing (NGS) technologies enable high-throughput sequencing of DNA fragments, providing comprehensive insight into microbial communities within milk (Chan et.al., 2019).
1. Metagenomics approaches
Metagenomic sequencing analyzes total DNA extracted from milk samples without prior culture. This approach identifies bacterial, viral, and fungal species simultaneously. It enables detection of mixed infections and unculturable organisms.Studies using 16S rRNA gene sequencing have revealed greater microbial diversity in mastitic milk compared to culture-based findings. Metagenomics has detected over 100 microbial taxa in individual milk samples, highlighting complex microbial ecosystems. Whole-genome sequencing further allows characterization of virulence factors and resistance genes.Limitations include high cost, requirement for bioinformatics expertise, and complexity of data interpretation.
2. Microbiome analysis
Microbiome analysis focuses on the composition and functional dynamics of microbial communities within the mammary gland (Hoque et.al., 2021). Research demonstrates that healthy udders harbor diverse commensal bacteria that may influence susceptibility to infection.Alterations in microbial diversity indices, such as Shannon diversity, have been associated with mastitis severity. Reduced diversity often correlates with dominance of pathogenic species. Microbiome profiling contributes to understanding pathogen ecology and may inform probiotic-based preventive strategies.
D. DNA microarrays
DNA microarray technology enables simultaneous detection of multiple pathogen-specific DNA sequences immobilized on a solid surface. Hybridization of labeled DNA from milk samples to complementary probes allows identification of numerous targets in a single assay.Microarrays have been developed to detect over 20 mastitis-associated pathogens concurrently, including Staphylococcus, Streptococcus, and coliform species. This technology also facilitates detection of virulence and antimicrobial resistance genes.Constraints include high setup cost, need for technical expertise, and limited flexibility compared with sequencing-based methods.
E. CRISPR-based diagnostic platforms
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-based diagnostics represent emerging tools for rapid pathogen detection (Lahari et.al., 2025). Platforms such as SHERLOCK and DETECTR utilize CRISPR-associated (Cas) enzymes that recognize specific DNA or RNA sequences and produce detectable signals upon target binding.CRISPR-based assays offer high specificity due to programmable guide RNA sequences. Preliminary studies demonstrate detection sensitivity comparable to qPCR, with results available within 30–60 minutes. These systems can be adapted for portable, point-of-care formats using lateral flow strips.Current limitations involve assay standardization, validation in field conditions, and cost considerations. Ongoing research focuses on integration of CRISPR diagnostics with microfluidic platforms for real-time herd-level screening.
5. Immunological and Biomarker-Based Diagnostics
Immunological and biomarker-based diagnostic approaches focus on host-derived indicators of inflammation and infection rather than direct pathogen detection. Mastitis induces rapid activation of innate and adaptive immune responses, leading to measurable changes in proteins, cytokines, enzymes, and metabolites in milk and blood. These biological alterations often precede visible clinical signs and may occur before substantial increases in somatic cell count (SCC). Biomarker-driven diagnostics therefore offer opportunities for early detection, disease severity assessment, and monitoring of therapeutic response.Advances in immunoassays, proteomics, and metabolomics have enabled identification of highly sensitive indicators associated with intramammary infection. Many of these biomarkers demonstrate strong correlation with SCC, pathogen load, and tissue damage, supporting their integration into mastitis surveillance systems.
A. Enzyme-Linked Immunosorbent Assay (ELISA)
Enzyme-Linked Immunosorbent Assay (ELISA) is a widely applied immunodiagnostic technique used to detect specific antigens or antibodies in milk and serum (Catala et.al., 2008). The method is based on antigen–antibody binding, followed by enzymatic conversion of a chromogenic substrate that generates a measurable color change. ELISA formats include direct, indirect, sandwich, and competitive assays.In mastitis diagnostics, ELISA is used for detection of pathogen-specific antibodies, bacterial toxins, acute phase proteins, and cytokines. Sandwich ELISA is commonly applied for quantification of milk amyloid A (MAA), haptoglobin (Hp), and interleukins. Sensitivity of ELISA assays often reaches detection limits in the nanogram per milliliter range, allowing identification of early inflammatory responses.Studies report that milk MAA concentrations in healthy cows are typically below 5 µg/mL, while levels may exceed 100 µg/mL during clinical mastitis. ELISA-based pathogen detection assays for Staphylococcus aureus enterotoxins and Mycoplasma bovis antibodies have demonstrated diagnostic sensitivities above 85% under field conditions. Limitations include cross-reactivity, requirement for laboratory infrastructure, and moderate assay time ranging from 2 to 5 hours (Leach et.al., 2010). Despite these constraints, ELISA remains a standard method for quantitative biomarker assessment.
B. Detection of acute phase proteins
Acute phase proteins (APPs) are systemic inflammatory markers synthesized predominantly by the liver in response to cytokine stimulation. Their concentrations rise markedly during infection, trauma, or stress. In mastitis, major APPs include haptoglobin (Hp), serum amyloid A (SAA), C-reactive protein (CRP), and fibrinogen.Haptoglobin binds free hemoglobin, limiting oxidative damage and bacterial iron acquisition. Baseline Hp levels in milk are typically undetectable or below 0.1 mg/mL in healthy animals. Concentrations may increase to 1–2 mg/mL in clinical mastitis cases. Serum amyloid A responds rapidly, often increasing within 24 hours of intramammary infection. Milk-associated SAA isoforms are considered highly sensitive early indicators.APP measurement provides objective assessment of inflammatory severity. Correlations between milk Hp and SCC frequently exceed r = 0.70, indicating strong association with inflammatory cell infiltration. Elevated APP levels are observed in both clinical and subclinical mastitis, though concentrations are generally higher in clinical cases.Advantages of APP detection include early responsiveness and quantitative evaluation of inflammation. Limitations involve influence of systemic inflammatory conditions unrelated to mastitis.
C. Cytokine profiling
Cytokines are low-molecular-weight signaling proteins that regulate immune responses (Lee et.al., 2021). During mastitis, pro-inflammatory cytokines such as interleukin-1 beta (IL-1β), interleukin-6 (IL-6), interleukin-8 (IL-8), and tumor necrosis factor-alpha (TNF-α) are rapidly produced by mammary epithelial cells and leukocytes.IL-8 plays a central role in neutrophil recruitment to infected mammary tissue. Experimental intramammary challenge studies show that IL-8 concentrations may increase several-fold within 6–12 hours post-infection. TNF-α and IL-1β promote vascular permeability and leukocyte activation, contributing to elevated SCC and tissue damage.Cytokine profiling is typically performed using ELISA, multiplex bead-based immunoassays, or quantitative PCR for gene expression analysis. Multiplex platforms allow simultaneous measurement of multiple cytokines in a single sample, improving efficiency and data integration.Cytokine concentrations often correlate with pathogen virulence. Gram-negative infections generally induce stronger TNF-α and IL-6 responses compared with Gram-positive infections. Cytokine measurement offers potential for differentiation of infection severity and pathogen type.Constraints include short half-life of cytokines and variability among individual animals. Standardization of sampling time is critical for reliable interpretation.
D. Proteomic approaches
Proteomics involves large-scale analysis of protein expression profiles using techniques such as two-dimensional gel electrophoresis (2-DE), liquid chromatography–mass spectrometry (LC-MS/MS), and matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry (Aslam et.al., 2016). Proteomic studies have identified numerous differentially expressed proteins in mastitic milk, including lactoferrin, cathelicidins, complement components, heat shock proteins, and antimicrobial peptides. Lactoferrin concentrations may increase two- to five-fold during infection, contributing to antimicrobial defense through iron sequestration.Comparative proteomic analyses reveal altered expression of casein fragments and whey proteins in subclinical mastitis. Cathelicidin peptides have emerged as promising biomarkers due to their rapid upregulation following bacterial invasion. Quantitative proteomics provides insights into host–pathogen interactions and supports discovery of novel diagnostic targets.High cost, technical complexity, and need for specialized equipment limit routine field application. Proteomics primarily serves as a research tool for biomarker discovery and validation.
E. Metabolomics-based detection
Metabolomics examines low-molecular-weight metabolites produced during physiological and pathological processes. Mastitis alters metabolic pathways related to energy metabolism, oxidative stress, and amino acid turnover.Nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry-based platforms are commonly used for metabolomic profiling. Studies have identified increased concentrations of lactate, acetate, and β-hydroxybutyrate in mastitic milk, reflecting altered glycolysis and inflammatory metabolism. Decreased lactose and citrate concentrations are also reported due to impaired mammary epithelial function.Metabolomic signatures may distinguish clinical from subclinical mastitis with high classification accuracy using multivariate statistical models. Integration of metabolomics with proteomic and transcriptomic data enhances understanding of disease mechanisms.Limitations include high analytical cost, complex data interpretation, and need for advanced bioinformatics tools. Despite these challenges, metabolomics offers promising avenues for early detection and personalized herd health monitoring.
6. Sensor-Based and On-Farm Rapid Detection Technologies
Rapid detection technologies based on sensor platforms have transformed mastitis surveillance by enabling real-time, non-invasive, and automated monitoring at the farm level (Asogan et.al., 2025). These systems rely on physicochemical, biological, and behavioral indicators associated with intramammary infection. Early detection reduces transmission, improves treatment success rates, and lowers economic losses. Sensor-based technologies are increasingly integrated into precision dairy farming systems, combining data streams such as milk composition, electrical conductivity, udder temperature, milk yield, and animal behavior. Conventional laboratory diagnostics provide high analytical accuracy but often require centralized facilities and longer turnaround times. On-farm rapid detection tools allow continuous monitoring and prompt intervention, particularly for subclinical mastitis cases that lack visible symptoms.
A. Biosensors
Biosensors are analytical devices combining a biological recognition element with a physicochemical transducer to generate measurable signals proportional to target analyte concentration. In mastitis detection, biosensors target pathogens, somatic cells, enzymes, acute phase proteins, and metabolites in milk.Biosensors offer rapid response times ranging from minutes to less than one hour, with detection limits often comparable to laboratory-based assays. Their portability and automation potential support routine herd-level screening.
1. Electrochemical biosensors
Electrochemical biosensors measure electrical signals generated by biochemical reactions (Wei et.al., 2009). These devices detect changes in current, voltage, impedance, or conductance following interaction between target molecules and immobilized recognition elements such as antibodies, nucleic acids, or enzymes.Electrochemical sensors have been developed for detection of Staphylococcus aureus, Escherichia coli, and Streptococcus species directly in milk. Detection limits as low as 10–100 CFU/mL have been reported under optimized conditions. Impedance-based sensors quantify changes in electrical resistance caused by bacterial growth or antigen–antibody binding.Advantages include high sensitivity, rapid detection, low reagent consumption, and compatibility with miniaturized platforms. Challenges include potential interference from milk fat and protein matrices, electrode fouling, and requirement for calibration.
2. Optical biosensors
Optical biosensors detect changes in light properties such as fluorescence, absorbance, surface plasmon resonance (SPR), or chemiluminescence following analyte binding. Fluorescence-based biosensors utilize labeled antibodies or nucleic acid probes to identify mastitis pathogens or host biomarkers.Surface plasmon resonance sensors enable label-free detection of antigen–antibody interactions with high specificity. Studies have demonstrated detection of mastitis pathogens at concentrations below 10³ CFU/mL using SPR platforms.Optical biosensors provide high analytical precision and minimal background interference. Instrument cost and sensitivity to environmental conditions may limit routine field deployment.
B. Lab-on-a-chip technologies
Lab-on-a-chip (LOC) devices integrate multiple laboratory functions onto microfluidic chips capable of handling minute sample volumes (Dawson et.al., 2021). These systems combine sample preparation, nucleic acid amplification, biomarker detection, and signal processing within compact platforms.Microfluidic chips designed for mastitis detection can perform rapid PCR or immunoassays within 30–60 minutes. Sample volumes typically range from 1 to 50 µL, reducing reagent consumption and processing time. Detection sensitivity is often comparable to standard laboratory PCR assays.LOC technologies facilitate point-of-care diagnostics and reduce reliance on centralized laboratories. Limitations include fabrication complexity, potential channel clogging due to milk components, and cost of device production.
C. Infrared thermography
Infrared thermography (IRT) is a non-invasive imaging technique that measures surface temperature variations associated with inflammation. Mastitis increases local blood flow and metabolic activity in the affected quarter, leading to elevated udder surface temperature.Thermal imaging cameras detect temperature differences as small as 0.1°C. Research indicates that mastitic quarters may exhibit temperature increases of 1–2°C compared to healthy quarters. Sensitivity for detecting clinical mastitis ranges from 75% to 90%, depending on environmental conditions and stage of infection.IRT provides rapid, contact-free screening and can be integrated into routine herd inspections. Environmental temperature, humidity, and animal cleanliness influence accuracy. Combining IRT with SCC or conductivity data improves diagnostic reliability.
D. Milk analyzers integrated in milking systems
Modern milking systems incorporate inline milk analyzers capable of measuring electrical conductivity, SCC, fat, protein, lactose, and milk color during each milking session (Kunes et.al., 2021). Automated cell counters based on fluorescence or image analysis provide quarter-level SCC data in real time.Inline SCC sensors achieve correlation coefficients above 0.85 when compared with laboratory-based flow cytometry. Early deviations from baseline SCC or conductivity patterns trigger alerts for suspected mastitis.Milk yield decline is often an early indicator of infection. A reduction of 5–10% in daily milk yield may precede visible clinical signs. Integration of multiple milk parameters enhances detection sensitivity and reduces false positives.
E. Wearable sensors and Internet of Things (IoT)
Wearable sensors attached to dairy animals monitor activity, rumination, body temperature, and lying behavior. Mastitis frequently alters behavioral patterns due to discomfort and systemic illness. Decreased rumination time, reduced activity, and increased lying bouts have been associated with mastitis onset.Body temperature sensors detect fever episodes; clinical mastitis may elevate rectal temperature above 39.5°C. Continuous monitoring via IoT platforms enables data transmission to centralized herd management software for real-time analysis.Machine learning algorithms applied to multi-parameter datasets improve predictive accuracy. Studies report detection sensitivities between 70% and 85% for behavioral monitoring systems when combined with milk parameter analysis.
F. Automatic milking systems (AMS) and inline monitoring
Automatic milking systems (AMS), also known as robotic milking systems, incorporate multiple inline sensors that continuously monitor milk composition, conductivity, color, yield, and flow rate at thequarter level (Pu et.al., 2022). These systems generate large datasets that support predictive modeling for mastitis detection.Inline conductivity sensors detect ionic shifts, while optical sensors identify abnormal milk coloration associated with blood or clots. Algorithms analyze deviations from individual cow baselinesrather than relying solely on fixed thresholds, improving specificity.Research indicates that AMS-based detection systems achieve sensitivities ranging from 70% to 95%for clinical mastitis, depending on algorithm configuration. Early-warning alerts often precede visible clinical signs by 12–48 hours.AMS platforms facilitate precision dairy management by integrating health monitoring with milking automation. Initial investment cost is substantial, though long-term benefits include labor reduction, improved detection efficiency, and enhanced herd health surveillance.
7. Artificial Intelligence and Machine Learning Applications
Artificial intelligence (AI) and machine learning (ML) technologies have emerged as transformative tools for mastitis detection, prediction, and herd health optimization. Modern dairy farms generate large volumes of data from automated milking systems, inline milk analyzers, wearable sensors, and environmental monitoring platforms. AI-driven analytics convert these multidimensional datasets into actionable health alerts, improving early detection of clinical and subclinical mastitis.Machine learning models learn patterns from historical data and identify deviations indicative ofdisease. Compared with single-parameter threshold systems, AI-based models achieve higher sensitivity and specificity through multivariate analysis. Studies report predictive accuracies ranging from 75% to 95%, depending on model complexity, data quality, and herd characteristics. These systems reduce economic losses by enabling timely intervention and minimizing unnecessary antimicrobial usage.
A. Predictive modeling using milk yield and composition data
Milk yield decline is often one of the earliest indicators of mastitis. Daily milk production may decrease by 5–10% prior to visible clinical signs, with greater reductions in severe infections (Fikadu et.al., 2016). AI-based predictive models analyze longitudinal milk yield trends alongside milk composition parameters such as fat, protein, lactose, and electrical conductivity.Regression models, artificial neural networks (ANN), random forests, and support vector machines (SVM) are commonly applied algorithms. Neural network models trained on historical milk yield and SCC data have demonstrated predictive sensitivities above 85% for clinical mastitis detection. Random forest classifiers often achieve high robustness against noisy datasets and non-linear relationships.Milk lactose reduction and increased fat-to-protein ratio have been incorporated into predictive frameworks. Integration of multiple milk parameters enhances model accuracy compared with single-indicator systems.Limitations include requirement for large datasets for model training and risk of overfitting if validation procedures are inadequate.
B. Pattern recognition in SCC and conductivity data
Somatic cell count (SCC) and electrical conductivity (EC) are widely monitored mastitis indicators. Machine learning techniques analyze time-series patterns rather than relying solely on fixed threshold values. Individual cow baseline modeling improves detection sensitivity by identifying abnormal deviations unique to each animal.Time-series algorithms such as autoregressive integrated moving average (ARIMA), hidden Markov models, and deep learning recurrent neural networks (RNN) have been applied to SCC trend analysis. Pattern recognition models combining SCC and EC data have achieved detection sensitivities between 80% and 92% for clinical mastitis.Combining SCC with EC improves specificity because EC may increase due to factors unrelated to infection, such as stage of lactation. Multivariate ML models reduce false positives by incorporating contextual variables including parity, days in milk, and previous mastitis history.Data quality and sensor calibration strongly influence algorithm performance. Continuous validation under field conditions remains essential.
C. Image-based detection techniques
Image-based detection leverages computer vision and deep learning algorithms to identify visible mastitis indicators (Devi et.al., 2025). High-resolution cameras integrated into milking systems capture images of udders and milk streams. Convolutional neural networks (CNN) analyze images for abnormalities such as swelling, redness, asymmetry, and clots in milk.Thermal imaging combined with AI enhances detection of inflammatory heat signatures. Deep learning models trained on thermal datasets have achieved classification accuracies exceeding 85% for distinguishing healthy and mastitic quarters.Milk color analysis using image recognition detects blood-tinged or watery milk associated with clinical mastitis. Automated classification reduces subjectivity inherent in manual visual inspection.Challenges include variable lighting conditions, dirt contamination, and need for large labeled datasets for model training. Despite these factors, computer vision systems are increasingly incorporated into robotic milking platforms.
D. Decision support systems for farmers
Decision support systems (DSS) integrate AI algorithms with herd management software to provide actionable recommendations. These systems combine milk production data, SCC, sensor outputs, treatment history, and environmental variables to generate alerts and treatment guidance.DSS platforms prioritize cases based on severity and predicted economic impact. Some systems include antimicrobial stewardship modules that recommend selective therapy based on probability of bacterial infection. Implementation of DSS has been associated with reductions in antimicrobial usage by 15–30% in controlled studies.User-friendly interfaces present risk scores, probability estimates, and trend graphs, assisting farmers and veterinarians in informed decision-making. Economic modeling within DSS evaluates cost–benefit scenarios for treatment versus culling.Barriers include data integration complexity and farmer training requirements. System transparency and interpretability are crucial for user acceptance.
E. Integration with precision dairy farming
Precision dairy farming (PDF) involves continuous monitoring of individual animals using automated technologies to optimize productivity and welfare (Caja et.al., 2016). AI-driven mastitis detection forms a central component of PDF systems.Integration of milk analyzers, wearable sensors, environmental monitors, and genomic information enables comprehensive herd health modeling. Multisource data fusion improves early detection accuracy beyond single-sensor approaches. Studies demonstrate that combining milk yield, EC, activity, and rumination data increases predictive sensitivity by 10–20% compared with isolated indicators.Cloud-based platforms allow real-time data synchronization and remote veterinary consultation. Predictive analytics support proactive management strategies rather than reactive treatment approaches.Challenges include high initial investment costs, data privacy concerns, and need for standardized data protocols. Despite these constraints, AI-integrated precision systems represent a major advancement in mastitis control and sustainable dairy production.
8. Comparative Evaluation of Diagnostic Techniques
Accurate diagnosis of mastitis requires evaluation of diagnostic tools based on analytical performance, economic feasibility, turnaround time, and suitability for herd-level implementation. Conventional methods such as somatic cell count (SCC) and bacteriological culture remain reference standards, while molecular assays, biosensors, and artificial intelligence–based systems offer rapid and highly sensitive alternatives. Comparative assessment of these approaches is essential for evidence-based selection of diagnostic strategies in diverse dairy production systems.Diagnostic performance is commonly measured by sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), time to result, and cost per test. Sensitivity refers to the ability to correctly identify infected animals, while specificity reflects correct identification of non-infected animals. Economic evaluation includes direct testing costs, labor requirements, equipment investment, and potential reduction in disease-associated losses (Fofana et.al., 2016).
A. Sensitivity and specificity comparison
Diagnostic sensitivity and specificity vary considerably among techniques. Clinical examination has relatively low sensitivity for subclinical mastitis, often below 30%, though specificity for overt clinical cases exceeds 90%. The California Mastitis Test (CMT) demonstrates sensitivity between 70% and 85% and specificity ranging from 65% to 80%, depending on observer interpretation and lactation stage.Somatic cell count at a threshold of 200,000 cells/mL yields sensitivity of approximately 75–90% and specificity between 60% and 85% at quarter level. Bulk tank SCC is effective for herd-level monitoring but lacks quarter-level resolution.Bacteriological culture, regarded as a reference method for pathogen identification, has specificity exceeding 95%. Sensitivity typically ranges from 60% to 85%, influenced by bacterial load, sampling technique, and intermittent shedding. Real-time PCR (qPCR) exhibits high analytical sensitivity and specificity, frequently above 90% for major mastitis pathogens. Multiplex PCR allows simultaneous detection of multiple pathogens with comparable accuracy. Loop-mediated isothermal amplification (LAMP) shows sensitivity similar to conventional PCR under controlled conditions.Sensor-based systems, including electrical conductivity (EC) monitoring, achieve sensitivity between 60% and 85% for clinical mastitis detection. Integration of multiple parameters enhances predictive accuracy, with some automated milking systems reporting sensitivities up to 95% when combining SCC, EC, and milk yield data.
B. Cost-effectiveness analysis
Cost-effectiveness depends on both test expense and potential reduction in mastitis-associated losses. Mastitis may cause economic losses of USD 100–300 per cow per lactation, largely due to decreased milk yield and premature culling (Wani et.al., 2022). Early detection can significantly mitigate these losses.CMT is inexpensive, with minimal reagent and equipment costs, making it suitable for routine screening. SCC testing through milk recording programs incurs moderate costs but provides valuable herd-level monitoring.Bacteriological culture requires laboratory infrastructure and skilled personnel, increasing per-sample cost. Molecular diagnostics such as qPCR involve higher initial investment in equipment and reagents. Despite higher direct costs, rapid pathogen identification supports targeted therapy, reducing unnecessary antimicrobial use and long-term treatment expenses.Sensor-based and automated systems demand substantial capital investment. Robotic milking systems with integrated health monitoring can cost several hundred thousand USD depending on herd size. Economic modeling suggests that improved detection efficiency and labor savings may offset initial expenditure over time in large-scale operations.
C. Time efficiency
Turnaround time significantly influences clinical decision-making. Visual inspection and palpation provide immediate results but lack sensitivity for subclinical infection. CMT yields results within minutes, supporting rapid screening.SCC laboratory analysis typically requires several hours to one day. Bacteriological culture requires 24–72 hours for pathogen identification and antimicrobial susceptibility testing.Molecular methods reduce detection time to 2–6 hours. LAMP assays can deliver results within 30–60 minutes under field conditions. Sensor-based systems provide real-time or near-real-time monitoring during milking sessions.AI-driven predictive models analyze continuously collected data and may generate alerts before clinicalsigns become evident, offering the earliest possible warning.
D. On-farm applicability
On-farm applicability depends on ease of use, portability, infrastructure requirements, and operator skill level (Fountas et.al., 2015). Clinical examination and CMT are highly suitable for farm-level implementation without advanced equipment.
Portable SCC devices and handheld conductivity meters extend diagnostic capability directly to the milking parlor. Bacteriological culture typically requires laboratory support, though on-farm culture kits have been developed with moderate accuracy.Molecular diagnostics traditionally require specialized laboratories. Portable PCR and LAMP devices are expanding on-farm feasibility, though cost and training remain considerations.Automated milking systems and sensor networks provide seamless integration into daily operations, though they are primarily feasible in technologically advanced dairy farms.
E. Suitability for subclinical detection
Subclinical mastitis accounts for the majority of cases and presents significant detection challenges due to absence of visible signs. Clinical examination alone fails to identify most subclinical infections.SCC remains the most widely accepted screening tool for subclinical mastitis. Elevated SCC above 200,000 cells/mL strongly correlates with intramammary infection. CMT provides a practical alternative for quarter-level detection. Molecular assays offer superior sensitivity for detecting low bacterial loads and mixed infections. Proteomic and biomarker-based approaches, including acute phase protein measurement, enable early detection prior to marked SCC elevationSensor-based and AI-integrated systems improve subclinical detection by analyzing deviations from individual cow baselines rather than relying solely on population thresholds.
F. Table 1.  Strengths and limitations summary table
	Diagnostic Method
	Sensitivity (%)
	Specificity (%)
	Time to Result
	Cost Level
	Key Strengths
	Key Limitations

	Clinical Examination
	20–30 (subclinical)
	>90 (clinical)
	Immediate
	Low
	Simple, no equipment
	Misses subclinical cases

	CMT
	70–85
	65–80
	Minutes
	Very Low
	Rapid, quarter-level
	Subjective interpretation

	SCC (Laboratory)
	75–90
	60–85
	Hours–1 day
	Moderate
	Quantitative, standardized
	Influenced by non-infectious factors

	Bacteriological Culture
	60–85
	>95
	24–72 hours
	Moderate–High
	Pathogen identification
	Time-consuming, false negatives

	qPCR
	>90
	>90
	2–6 hours
	High
	Rapid, sensitive, detects resistance genes
	Detects non-viable bacteria

	LAMP
	85–95
	>90
	<1 hour
	Moderate
	Field-friendly, rapid
	Primer optimization required

	Electrical Conductivity
	60–85
	60–80
	Real-time
	Moderate
	Continuous monitoring
	Affected by lactation stage

	AI-based Multivariate Systems
	80–95
	75–90
	Real-time
	High
	Early predictive alerts
	Data integration complexity


Comparative analysis indicates that no single diagnostic tool fulfills all criteria for optimal mastitis detection. Integrated approaches combining SCC, molecular diagnostics, and sensor-based monitoring offer the highest diagnostic accuracy and economic benefit. Selection of appropriate techniques should consider herd size, management system, available infrastructure, and cost constraints.
9. Challenges and Limitations in Current Diagnostic Approaches
Despite substantial progress in mastitis diagnostics, several technical, economic, and operational challenges limit optimal implementation across diverse dairy production systems (Duarte et.al., 2015). No single diagnostic tool achieves perfect sensitivity and specificity under field conditions. Biological variability, environmental influences, pathogen diversity, and logistical constraints contribute to diagnostic uncertainty. Misclassification of infection status may lead to inappropriate treatment, increased antimicrobial usage, economic losses, and compromised animal welfare. A critical evaluation of limitations associated with existing diagnostic approaches is essential for improving reliability and practical adoption.
A. False positives and false negatives
Diagnostic inaccuracies arise from both biological and methodological factors. False positives occur when uninfected animals are incorrectly classified as infected. Elevated somatic cell count (SCC) may result from stress, late lactation, parity effects, or systemic illness unrelated to intramammary infection. Studies indicate that SCC specificity at a 200,000 cells/mL threshold ranges between 60% and 85%, meaning up to 40% of positive cases may not involve active bacterial infection. False negatives occur when infected animals are not detected. Bacteriological culture may yield negative results in 20–40% of clinical mastitis samples due to intermittent bacterial shedding, low pathogen load, or prior antimicrobial therapy. Molecular techniques such as PCR may detect DNA from non-viable organisms, potentially leading to misinterpretation of infection status.Sensor-based systems also exhibit variable performance. Electrical conductivity monitoring demonstrates sensitivity between 60% and 85%, which may miss early or mild infections. Image-based detection may fail under poor lighting or heavy udder contamination. Diagnostic uncertainty complicates treatment decisions and may contribute to unnecessary antibiotic administration or delayed therapy.
B. Cost and infrastructure requirements
Economic constraints significantly influence adoption of advanced diagnostic technologies. Conventional methods such as clinical examination and California Mastitis Test (CMT) are low-cost and accessible (Zeweld et.al., 2025). Laboratory-based SCC analysis and bacteriological culture require moderate investment in equipment and trained personnel. Molecular diagnostics such as real-time PCR demand specialized instruments, temperature-controlled storage, reagents, and laboratory infrastructure. Initial equipment costs for PCR platforms may exceed several thousand USD, with recurring expenses for consumables.Automated milking systems with integrated health sensors involve substantial capital investment, often reaching hundreds of thousands USD depending on herd size and configuration. Maintenance, calibration, and software updates contribute to ongoing operational costs.Resource-limited dairy operations may struggle to justify such investments, especially in smallholder systems with limited herd size and lower milk revenue margins.
C. Technical expertise requirements
Accurate interpretation of diagnostic results requires technical knowledge and training. Laboratory-based culture and antimicrobial susceptibility testing require microbiological expertise. Molecular assays demand proficiency in nucleic acid extraction, contamination control, and result interpretation.
Proteomic and metabolomic analyses involve advanced instrumentation and bioinformatics capabilities (Chen et.al., 2020). Artificial intelligence models require data preprocessing, validation, and periodic recalibration to maintain predictive performance.Even seemingly simple methods such as CMT may yield inconsistent results due to subjective scoring differences among operators. Lack of standardized training increases variability in field-level diagnostics.Ongoing education and extension services are necessary to ensure appropriate use and interpretation of diagnostic tools.
D. Field applicability in developing countries
Field implementation of advanced diagnostics faces practical challenges in regions with limited laboratory infrastructure, irregular electricity supply, and constrained financial resources. Smallholder dairy systems often rely on manual milking and lack automated data collection systems.Transport of milk samples to centralized laboratories may compromise sample integrity due to inadequate refrigeration and delayed processing. These logistical barriers reduce reliability of culture and molecular results.Low-cost, portable, and rapid diagnostic tools such as LAMP assays and handheld SCC devices offer potential solutions. Simplified biosensor platforms and colorimetric assays suitable for minimal infrastructure settings are under development. Despite these innovations, widespread adoption requires cost reduction, supply chain support, and training programs tailored to local production conditions.
E. Antimicrobial resistance detection challenges
Antimicrobial resistance (AMR) among mastitis pathogens presents a growing concern for animal and public health. Detection of resistant strains typically relies on culture-based antimicrobial susceptibility testing, which requires 24–48 hours after pathogen isolation.Molecular assays can detect specific resistance genes such as mecA in methicillin-resistant Staphylococcus aureus. Yet presence of a resistance gene does not always correlate with phenotypic resistance expression. Conversely, unknown resistance mechanisms may not be identified by targeted PCR assays.Comprehensive AMR profiling using whole-genome sequencing provides detailed information on resistance determinants, though high cost and technical demands limit routine application. Delayed or inaccurate resistance detection may lead to ineffective treatment, prolonged infection, and increased economic loss.Integration of rapid molecular resistance screening with culture confirmation represents a promising approach. Standardization of resistance testing protocols and surveillance networks is essential for effective antimicrobial stewardship.
10. Future and Emerging Trends
Rapid technological advancement in biotechnology, data science, and sensor engineering is reshaping mastitis diagnostics toward faster, more precise, and economically sustainable solutions (Asogan et.al., 2025). Future diagnostic strategies emphasize early detection at the subclinical stage, integration of multi-source biological data, and automation within precision dairy systems. Emerging platforms focus on portability, reduced assay time, and minimal sample preparation while maintaining high analytical sensitivity and specificity.
A. Point-of-care diagnostics
Point-of-care (POC) diagnostics aim to deliver rapid results directly at the farm without dependence on centralized laboratories. Portable PCR devices, isothermal amplification systems such as LAMP, handheld somatic cell counters, and lateral flow immunoassays are under active development.Modern portable PCR units can detect major mastitis pathogens within 30–60 minutes, with analytical sensitivity comparable to laboratory-based systems. LAMP-based kits operate at constant temperatures using compact heating blocks and visual colorimetric readouts. Detection limits as low as 10–50 CFU/mL have been reported in optimized assays.
Lateral flow assays targeting acute phase proteins such as milk amyloid A provide results within 10–20 minutes (Zhang et.al., 2021). Rapid on-site identification enables targeted therapy and reduces unnecessary antimicrobial usage. Wider adoption depends on cost reduction, simplified sample preparation, and durability under field conditions.
B. Integration of multi-omics technologies
Multi-omics approaches combine genomics, transcriptomics, proteomics, metabolomics, and microbiomics to provide comprehensive understanding of host–pathogen interactions. Whole-genome sequencing of mastitis pathogens identifies virulence genes and antimicrobial resistance determinants. Host transcriptomic profiling reveals immune response pathways activated during infection.Proteomic analyses have identified differential expression of proteins such as lactoferrin, cathelicidins, and complement factors in mastitic milk. Metabolomic profiling using nuclear magnetic resonance and mass spectrometry detects alterations in lactose, citrate, and lactate concentrations associated with inflammation.Integration of multi-omics datasets through bioinformatics pipelines enhances biomarker discovery and predictive modeling. Machine learning algorithms applied to omics data enable classification of infection stages with high accuracy. Declining sequencing costs and improved computational tools are accelerating translation of muti-omics research into practical diagnostics.
C. Nanotechnology-based detection
Nanotechnology has introduced highly sensitive diagnostic platforms based on nanoparticles, quantum dots, and nanoscale biosensors. Gold nanoparticles conjugated with antibodies enable colorimetric detection of mastitis pathogens through visible aggregation changes.Nanobiosensors exhibit large surface area-to-volume ratios, enhancing signal amplification and lowering detection limits. Electrochemical nanosensors have demonstrated detection of bacterial DNA at femtomolar concentrations under laboratory conditions. Quantum dot-based fluorescent probes offer high photostability and multiplex detection capability.Nanotechnology platforms promise rapid response times, miniaturization, and integration into portabledevices. Safety evaluation, scalability, and cost remain key considerations before widespread adoption.
D. Smart dairy farms and real-time monitoring
Smart dairy farms integrate automated milking systems, wearable sensors, environmental monitoring devices, and cloud-based analytics into unified health management platforms (Rao et.al., 2025). Real-time monitoring of milk yield, electrical conductivity, SCC, rumination, activity, and body temperature enables early detection of disease patterns.Data fusion algorithms analyze multiple parameters simultaneously. Studies show that combining milk yield decline, conductivity changes, and activity reduction increases detection sensitivity by 10–20% compared with single-parameter models. Alerts generated through predictive analytics may precede visible clinical signs by 12–48 hours.Cloud connectivity allows remote veterinary consultation and centralized data storage. Advances in artificial intelligence enhance predictive accuracy and support continuous system improvement through adaptive learning models.
E. Development of affordable rapid kits
Affordability remains critical for widespread implementation across diverse production systems. Development of low-cost rapid kits based on colorimetric assays, paper-based microfluidics, and simplified immunostrips is progressing.Paper-based diagnostic devices use capillary-driven fluid flow and visual color changes to detect biomarkers without external power sources. Production cost per test may be reduced to a few USD, improving accessibility. Simplified kits targeting SCC, acute phase proteins, or specific pathogens provide practical screening tools for small-scale producers.Large-scale manufacturing and local distribution networks are essential to maintain affordability and supply continuity.
F. Personalized herd health management
Precision livestock farming enables individualized monitoring of cows rather than relying solely on herd-level averages (Kleen et.al., 2023). Baseline health parameters such as SCC trends, milk yield patterns, and behavioural metrics are established for each animal. Deviations from individual norms trigger early interventions.Genomic selection programs incorporate mastitis resistance traits based on estimated breeding values. Selection for low SCC and enhanced immune response contributes to long-term disease reduction. Personalized management reduces blanket antimicrobial therapy and supports targeted preventive measures.Integration of genetics, sensor data, and environmental factors facilitates predictive health modelling tailored to individual animals and specific herd conditions.
11. Implications for Dairy Industry and Animal Health Management
Advancements in mastitis diagnostics influence productivity, antimicrobial stewardship, milk quality standards, economic stability, and animal welfare. Implementation of accurate and timely detection strategies contributes to sustainable dairy production systems.
A. Improved herd productivity
Mastitis reduces milk yield by 5–15% per affected quarter, with greater losses during severe infections. Early detection limits tissue damage and shortens recovery time, preserving milk-producing capacity. Reduction of subclinical infection prevalence lowers bulk tank SCC and enhances processing efficiency.Improved detection accuracy reduces culling rates associated with chronic infections. Lower culling preserves genetic potential and reduces replacement costs.
B. Reduction in antibiotic use
Targeted diagnostics enable selective therapy based on confirmed infection status (Zumla et.al., 2016). Studies indicate that culture-guided treatment protocols can reduce antimicrobial usage by 15–30% without compromising cure rates. Rapid pathogen identification supports avoidance of antibiotics in non-bacterial cases.Reduction in antimicrobial use mitigates risk of resistance development and aligns with global antimicrobial stewardship initiatives. Integration of resistance gene detection further refines therapeutic decisions.
C. Enhanced milk quality and safety
High SCC adversely affects milk composition, decreasing lactose and casein content while increasing serum proteins. Elevated SCC reduces cheese yield by approximately 1–3% for each doubling above 100,000 cells/mL. Accurate mastitis control improves compliance with regulatory SCC limits, often set between 400,000 and 750,000 cells/mL depending on jurisdiction. Improved milk quality enhances consumer confidence and export competitiveness.Early detection also reduces risk of pathogen transmission into the food chain and minimizes antibiotic residues in milk.
D. Economic sustainability
Mastitis-related economic losses per cow per lactation are estimated between USD 100 and 300, largely due to reduced milk yield and premature culling. Investment in effective diagnostics decreases long-term costs by preventing severe disease and improving treatment efficiency.Cost–benefit analyses demonstrate that sensor-based early detection systems can yield positive economic returns in medium to large herds through labor savings and reduced disease incidence.Sustainable mastitis management strengthens profitability and resilience within competitive dairy markets.
E. Animal welfare considerations
Mastitis causes pain, inflammation, and systemic illness, negatively affecting animal welfare (Khan et.al., 2006). Early diagnosis minimizes suffering by enabling prompt treatment. Automated monitoring systems reduce reliance on subjective observation and ensure consistent health assessment.Improved welfare contributes to enhanced productivity, longevity, and public perception of dairy farming practices. Welfare-oriented management aligns with ethical standards and consumer expectations.
Conclusion
Advances in diagnostic techniques for mastitis detection have significantly enhanced the ability to identify infections at earlier stages and with greater precision. Conventional methods such as somatic cell count, bacteriological culture, and clinical examination remain foundational tools, while molecular assays, biosensors, artificial intelligence, and multi-omics approaches have improved sensitivity, specificity, and turnaround time. Integration of real-time sensor data with predictive analytics supports proactive herd management and reduces economic losses associated with decreased milk yield and premature culling. Rapid and point-of-care diagnostics contribute to targeted antimicrobial therapy, strengthening antimicrobial stewardship and milk safety. Future strategies emphasizing affordability, portability, and personalized health monitoring will facilitate broader adoption across diverse dairy systems. A comprehensive, integrated diagnostic framework remains essential for sustainable mastitis control, improved animal welfare, enhanced milk quality, and long-term profitability in the global dairy industry.
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