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Abstract

Infrared thermography has been proposed as a non-invasive tool for mastitis detection
in dairy ruminants; however, the extent of environmental confounding and diagnostic
performance in small ruminants remain poorly characterized. This study evaluated ud-
der thermography in dairy goats through correlation analysis under winter and summer
conditions, and an experimental intramammary inflammation challenge using Staphylococ-
cus aureus lipoteichoic acid, with receiver operating characteristic analysis using somatic
cell count >1500 × 103 cells/mL as the reference standard. Strong positive correlations
between ambient temperature and udder surface temperatures intensified substantially
from winter to summer, while surface temperatures showed weak or absent correlations
with rectal temperature. Experimental inflammation induced a 12-fold increase in somatic
cell count (305 vs. 3658 × 103 cells/mL, p < 0.001); however, thermographic responses
remained minimal and spatially inconsistent, with area under the curve values approxi-
mating 0.5 and weak correlations between thermographic measurements and somatic cell
count. Environmental temperature variation and physiological thermoregulatory adjust-
ments substantially exceeded the minimal thermal signal generated by intramammary
inflammation, limiting diagnostic utility. Infrared thermography showed poor diagnostic
utility for detecting experimentally induced intramammary inflammation in dairy goats
under the tested conditions.

Keywords: Murciano-Granadina goats; mastitis; thermography; somatic cell count;
heat stress

1. Introduction
Infrared thermography (IRT) enables non-invasive temperature monitoring through

the detection of infrared radiation emitted from body surfaces [1,2]. Applications in
ruminants include stress assessment, metabolic evaluation, lameness detection, and dis-
ease diagnosis [3–7]. Surface temperature reflects the balance between metabolic heat
production, thermoregulatory vasomotor control, and environmental heat exchange [8,9].
Environmental factors including ambient temperature, humidity, air velocity, and solar radi-
ation directly affect thermal gradients between an animal and its environment, modulating
heat loss and potentially confounding disease detection [10–12]. Recently, Ibanez et al. [13]
evaluated non-contact devices for body temperature measurement. These applications
demonstrate IRT potential, though each requires specific validation.
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Udder thermography for mastitis detection has shown variable results in cattle. Mul-
tiple studies have reported inconsistent sensitivity and specificity values, with environ-
mental temperature fluctuations identified as a major confounding factor [14–18]. Hovinen
et al. [19] demonstrated that experimental Escherichia coli endotoxin challenge elevated
udder temperature, but clinical signs were observed before thermal changes. Polat et al. [20]
reported sensitivity of 73% and specificity of 85% for subclinical mastitis detection using
California Mastitis Test score correlation.

In small ruminants, thermographic mastitis research remains limited. Marnet et al. [21]
found no regression or trend between log SCC and IRT measurements in 551 Alpine goats,
concluding that IRT failed to detect mastitis in goats and could not be used for prophylactic
purposes. Recently, Bueso-Rodenas et al. [22] reported lower udder temperatures in glands
with higher SCC in Manchega sheep under monthly monitoring, suggesting that more
frequent sampling may improve IRT sensitivity, although monthly intervals precluded
determining the precise onset of mastitis. Castro-Costa et al. [23] examined 83 lactating
dairy ewes (Manchega n = 48, Lacaune n = 35) and found no differences in udder skin
temperature between healthy and infected udder halves, regardless of whether infection
was subclinical or clinical, concluding that IRT was unable to discriminate between healthy
and infected udders; breed differences were also observed, with Manchega ewes displaying
lower temperatures, likely attributable to their hairier udders. Recent comprehensive
reviews have critically examined IRT applications for mastitis assessment in dairy ru-
minants [24], highlighting both technological advancements and persistent operational
challenges, particularly the lack of standardized procedures and optimal camera settings
that currently limit widespread adoption of the technique for diagnostic purposes. Limited
research exists evaluating IRT in dairy goats under controlled inflammatory conditions
with systematic quantification of environmental effects. Moreover, experimental induction
of mammary inflammation in dairy goats using species-specific pathogens, particularly
staphylococci, has not been reported.

It was hypothesized that ambient temperature is a major source of variation in ther-
mographic measurements and systemic temperature indicators in dairy goats, and that
experimentally induced intramammary inflammation would produce detectable thermo-
graphic changes in the affected gland, enabling discrimination from non-inflamed glands.
Thus, this study evaluated udder thermography in dairy goats through two investigations:
(1) correlation analysis between ambient temperature, systemic temperatures, and udder
thermography under winter (i) and summer conditions (ii); (2) an experimental intra-
mammary inflammation using Lipoteichoic acid from Staphylococcus aureus with receiver
operating characteristic analysis using somatic cell count (SCC >1500 × 103 cells/mL) as
reference standard.

2. Materials and Methods
The Institutional Animal Care and Use Committee (IACUC) of Miguel Hernández

University of Elche approved the referenced Animal Use (UMH.DTA.JDS.001.09).

2.1. Installations, Animal Handling and Experimental Design

The study was conducted at the Teaching Farm of the Polytechnic School of Orihuela,
Miguel Hernández University (Orihuela, Spain). Routine farm management included
once-daily milking of goats. Milking was performed in a 1 × 12 Casse-type milking
parlour, which was also used for the thermographic assessments and milk sample collection.
Animals were housed in free-stall facilities with indoor pens adjacent to the milking parlour.
For the duration of the experimental period, access to outdoor sun-exposed areas was
restricted to control thermographic confounding from solar radiant load. Water and cereal
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straw were provided ad libitum. A concentrate based on cereal grains and oilseeds was
supplied in controlled amounts according to species and stage of lactation

Three experimental trials were conducted: (i) analysis of global correlation patterns be-
tween thermographic temperatures, rectal temperature, and udder health parameters under
winter conditions; (ii) the same analysis under summer conditions; and (iii) an experimental
intramammary inflammation challenge in dairy goats to evaluate the performance of in-
frared thermography for detecting experimentally induced intramammary inflammation.

Animals involved in the three studies were selected from the herd based on good
health status, absence of asymmetric elevation in SCC between glands, and negative bac-
teriological cultures at the start of each study (see Section 2.3). For the winter correlation
study and inflammation challenge, all animals were Murciano-Granadina dairy goats in
mid-lactation (approximately 3 months post-partum), with a mean parity of 3.6 ± 1.6
(range: 1–6), baseline SCC of 22–614 × 103 cells/mL, and mean daily milk production of
1178 ± 238 mL. For the summer correlation study, animals were in late lactation (approxi-
mately 8 months post-partum), with a mean parity of 3.2 ± 1.0 (range: 2–5), baseline SCC
of 93–965 × 103 cells/mL, and mean daily milk production of 753 ± 262 mL.

For the correlation studies, a regular time-based sampling protocol was applied over
two six-day periods, with observations recorded at 4 h intervals. Samplings included
Infrared Thermographic Measurements (see Section 2.2) and Milk Sample Collection (see
Section 2.3).

The inflammation challenge was developed with 10 animals just after the end of the
first correlation study. The acute inflammatory response was monitored at regular intervals
over 72 h post-inoculation. Observations were recorded at 0 (pre-inoculation baseline),
and at 4 h intervals (17 timepoints total), capturing the acute phase of the experimentally
induced inflammation. Experimental intramammary challenges were performed using
bacterial toxins to induce acute inflammation. Goats (n = 5) received Lipoteichoic acid from
Staphylococcus aureus (0.2 µg per mammary gland diluted in 10 mL sterile saline), obtained
from Sigma-Aldrich (St. Louis, MO, USA) and reconstituted in sterile physiological saline
immediately before use. The remaining five goats served as non-inoculated controls and
were monitored throughout the experimental period to account for potential environmental
or management-related variation in thermographic and milk parameters independent of
the inflammatory challenge. Inoculations were performed via the teat canal using aseptic
technique with sterile disposable cannulas, immediately after morning milking on the first
day. One mammary gland was randomly selected for inoculation, while the contralateral
gland served as a paired internal control.

2.2. Infrared Thermographic Measurements

Infrared thermographic images were captured using an FLIR ThermaCAM SC
660 camera (FLIR Systems, Inc., Wilsonville, OR, USA) with a thermal sensitivity (NETD)
of <0.045 ◦C at 30 ◦C, a measurement accuracy of ±2% or ±2 ◦C (whichever is greater),
and a spatial resolution of 640 × 480 pixels. The camera operated in the 7.5–13 µm spectral
range. Emissivity was set to 0.98, appropriate for mammalian skin surfaces.

Thermographic images of the udder were obtained in the milking parlour immediately
after animal restraint and before milking. The camera was positioned on a tripod at a
standardized distance of 0.8 m from the udder, capturing caudal views of both mammary
glands. Images were acquired under controlled lighting conditions to avoid reflective
artifacts. Ambient temperature and relative humidity in the milking parlour were recorded
concurrently with each thermographic session.

The udder was segmented into five circular regions of interest (AR01–AR05), arranged
diagonally from the teat toward the upper portion of the gland (Figure 1). For each region,
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both maximum and mean infrared temperatures were extracted. Each circle comprised
approximately 3674 pixels, corresponding to roughly 12% of the total image area and
approximately 75% of the selected glandular surface. Temperature values were extracted
using FLIR ThermaCAM Researcher Professional software version 2.10 (FLIR Systems, Inc.,
Wilsonville, OR, USA) and reported as maximum (Max) and average (Avg) for each region.
Additional surface temperatures were recorded at standardized anatomical landmarks:
lacrimal temperature (TLac, maximum temperature of the medial canthus region) and
perianal temperature (TPer, maximum temperature of the hairless perianal skin).

 

Figure 1. Thermographic images from the lacrimal area, mammary glands (AR01; AR02; AR03; AR04;
AR05) and perianal area.

Core body temperature was assessed as rectal temperature (TRec), measured using
a digital clinical thermometer (accuracy ±0.1 ◦C) inserted approximately 5 cm into the
rectum and held until a stable reading was obtained.

2.3. Milk Sample Collection and Laboratory Analysis

Milk samples were collected aseptically from each mammary gland immediately
following thermographic image acquisition at each timepoint. Prior to sampling, teats
were cleaned with 70% ethanol and dried with sterile gauze. The first three streams
of foremilk were discarded, and approximately 50 mL was collected into sterile tubes.
Somatic cell count (SCC, × 103 cells/mL) was determined using a DeLaval cell counter
(DeLaval International AB, Tumba, Sweden) calibrated for caprine milk according to
manufacturer specifications. Samples were analyzed within 4 h of collection. Electrical
conductivity (EC; mS/cm) was measured in duplicate using a conductivity meter (Crison
Instruments GLP32, Alella, Spain) calibrated at 25 ◦C, and the mean value was recorded.
Bacteriological cultures were performed at the beginning and end of the experimental
periods following the procedures described by Bueso-Ródenas et al. [22,25], and were
also used to confirm the absence of pre-existing intramammary infection both before and
throughout the experimental challenge period.

2.4. Environmental Monitoring

Ambient temperature and relative humidity were continuously monitored using a
Testo 174H USB datalogger (Testo SE & Co., Lenzkirch, Germany) recording at 15 min
intervals. The datalogger was positioned in the milking parlour at approximately 1.5 m
height, shaded from direct solar radiation, with a temperature accuracy of ±0.5 ◦C. During
the winter correlation study (i) and the inflammation challenge (iii), mean temperature in
the milking parlour was 14.5 ± 1.6 ◦C (range: 10.0–18.0 ◦C) and mean relative humidity
was 65.7 ± 10.8%, yielding a mean THI of 14.5 ± 1.4 (range: 10.5–17.8). During the summer
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correlation study (ii), ambient temperature in the milking parlour ranged from 21.8 to
37.3 ◦C (mean: 29.8 ± 3.3 ◦C) with a mean relative humidity of 66.1 ± 13.3%, yielding a
mean THI of 28.1 ± 2.4 (range: 21.5–33.0). Solar radiant load was not quantified; however,
access to outdoor sun-exposed areas was denied during all experimental periods to prevent
confounding effects on surface temperature measurements.

2.5. Statistical Analysis

Data were analyzed using SAS software version 9.4 (SAS Institute Inc., Cary, NC,
USA). Normality of residuals was assessed using the Shapiro–Wilk test. Somatic cell count
data were log10-transformed prior to analysis to achieve normality; for the presentation of
means, back-transformation was applied.

Pearson correlation coefficients were calculated between thermographic variables
(AR01–AR05, TLac, TPer and TRec), ambient temperature, and udder health parameters
using PROC CORR, with separate matrices generated for winter and summer conditions.
The effect of time of day on thermographic variables was assessed using the Kruskal–
Wallis H test across sampling timepoints, and its association with rectal temperature
was evaluated using Spearman’s rank correlation to distinguish circadian from ambient
temperature-driven variation.

Thermal responses to the experimental intramammary challenge were evaluated
accounting for the repeated-measures structure of the data, with multiple observations
per animal and gland across timepoints. Pre-inoculation baseline was defined as the mean
value across all pre-challenge timepoints per animal. Between-group comparisons were
conducted using the Mann–Whitney U test (PROC NPAR1WAY, WILCOXON option) and
the Kruskal–Wallis H test as an omnibus test (PROC NPAR1WAY). To account for the non-
independence of repeated observations within animals, a linear mixed model was fitted
using PROC MIXED with animal as a random effect (random intercept), log10-transformed
SCC as the outcome variable, and ∆Temperature as a fixed effect.

Receiver operating characteristic (ROC) curve analysis was performed using
∆Temperature as the predictor variable and SCC-based classification of experimentally
induced intramammary inflammation as the outcome variable. Glands were classified
as inflamed using SCC >1500 × 103 cells/mL, consistent with the threshold used to de-
fine unspecific intramammary inflammation in Murciano-Granadina dairy goats under
identical farm and management conditions [25]. Two analytical approaches were com-
pared: temporal (∆T = post-inoculation AR02Max minus mean pre-inoculation AR02Max
within the same gland) and anatomical (∆T = challenged gland AR02Max minus con-
tralateral gland AR02Max at the same timepoint). To address the clustered nature of
post-challenge observations arising from multiple timepoints nested within only five chal-
lenged animals, 95% confidence intervals for AUC were estimated using cluster bootstrap
resampling with the animal as the resampling unit. Discriminative performance was inter-
preted as excellent (≥0.9), good (0.80–0.89), acceptable (0.70–0.79), poor (0.60–0.69), or very
poor/chance (<0.6). The optimal temperature threshold was identified using Youden’s
index (sensitivity + specificity − 1).

Diagnostic performance metrics including sensitivity, specificity, positive predictive
value (PPV), negative predictive value (NPV), accuracy, and false negative rate were calcu-
lated using PROC FREQ. The association between ∆Temperature and log10-transformed
SCC was assessed using Spearman’s rank correlation at the observation level and Pear-
son’s correlation coefficient derived from the mixed model fixed-effect estimates, both
using PROC CORR. Statistical significance was set at p < 0.05. All statistical analyses were
performed using SAS software version 9.4 (SAS Institute Inc., Cary, NC, USA).
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3. Results
3.1. Global Correlation Patterns Between Thermographic and Physiological Variables

Under winter conditions (Table 1), Pearson correlation analysis revealed predomi-
nantly positive associations between ambient temperature (Tamb), systemic temperatures,
and udder thermographic variables. Tamb was moderately correlated with rectal tempera-
ture (TRec), lacrimal temperature (TLac), and perianal temperature (TPer), with correla-
tion coefficients ranging from r = 0.35 to 0.59. Tamb also showed moderate correlations
with both maximum and average udder surface temperatures across all anatomical re-
gions (AR01–AR05; r = 0.39–0.61). TRec showed its strongest correlation with TPer. Time
of day had a significant effect on udder surface temperatures under winter conditions
(Kruskal–Wallis H = 42.89, p < 0.001), with minimum values recorded at 06:00 h (35.59 ◦C)
and maximum values at 16:00 h (37.48 ◦C); however, time of day showed no significant
correlation with rectal temperature (Spearman r = 0.135, p = 0.111).

Strong internal correlations were observed among udder thermographic variables.
Within each anatomical region, maximum and average temperatures were very highly
correlated (e.g., AR01Max–AR01Avg, r = 0.96; AR02Max–AR02Avg, r = 0.97), and high
correlations were also detected between adjacent udder regions, particularly between
intermediate and ventral areas (e.g., AR03Max–AR04Max, r = 0.93; AR04Max–AR05Max,
r = 0.91).

Correlations with Tamb and systemic temperatures tended to increase from the most
dorsal region (AR01) toward the more ventral regions (AR04–AR05), although differences
among regions were moderate. Among systemic indicators, TPer showed the strongest
and most consistent correlations with udder thermographic variables across all regions
(r = 0.56–0.62 for ARMax and ARAvg). Correlations involving TRec were lower but re-
mained positive and moderate (r = 0.38–0.46), while TLac showed weaker associations with
udder surface temperatures (r = 0.23–0.45).

During the summer period (Table 2), correlation coefficients were consistently higher
than those observed in winter. Tamb showed strong positive correlations with all udder
thermographic variables across all anatomical regions (AR01–AR05; r = 0.66–0.73), as well
as with TLac (r = 0.74) and TPer (r = 0.65), while the correlation with TRec was moder-
ate (r = 0.48). TRec again showed its strongest correlation with TPer, with a markedly
stronger association than in winter (r = 0.75). Maximum and average temperatures re-
mained highly correlated within each udder region (r ≥ 0.95), and correlations between
different regions were consistently high, frequently exceeding r = 0.90 including between
dorsal (AR01–AR02) and ventral areas (AR04–AR05). TLac displayed the highest correla-
tions with udder surface temperatures across all regions (r = 0.90–0.97), followed by TPer
(r = 0.75–0.83), while TRec showed moderate to strong correlations (r = 0.65–0.70), higher
than those recorded in winter. Under the more extreme heat conditions of the summer
period, goats experienced greater difficulty maintaining stable internal body temperatures.
In a post hoc analysis, when ambient temperature reached its highest observed values
(34–37 ◦C), mean rectal temperature was notably elevated (approximately 39.5 ◦C), with
transient instances of individual goats exceeding 40 ◦C. Time of day also had a signif-
icant effect on udder surface temperatures under summer conditions (Kruskal–Wallis
H = 207.46, p < 0.001), with minimum values at 06:00 h (38.35 ◦C) and maximum values at
18:00 h (39.46 ◦C), and a significant but weak correlation between time of day and rectal
temperature was observed (Spearman r = 0.192, p < 0.001).
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Table 1. Pearson correlation matrix between measured parameters in dairy goats (ambient temperature between 10 and 18 ◦C). The intensity of the color depends on
the value of the correlation, being fainter close to zero. TRec: rectal temperature; TPer: perianal temperature; TLac: lacrimal temperature; AR: anatomical region;
Max: maximum temperature; Avg: average temperature.

Tamb TRec TLac TPer AR01Max AR02Max AR03Max AR04Max AR05Max AR01Avg AR02Avg AR03Avg AR04Avg AR05Avg
Tamb 1.00 0.35 0.59 0.53 0.43 0.39 0.50 0.55 0.58 0.47 0.40 0.52 0.61 0.61
TRec 0.35 1.00 0.21 0.60 0.39 0.39 0.44 0.44 0.46 0.38 0.40 0.39 0.38 0.46
TLac 0.59 0.21 1.00 0.33 0.29 0.23 0.35 0.39 0.43 0.29 0.25 0.36 0.44 0.45
TPer 0.53 0.60 0.33 1.00 0.58 0.58 0.62 0.61 0.59 0.58 0.56 0.60 0.57 0.56

AR01Max 0.43 0.39 0.29 0.58 1.00 0.65 0.69 0.67 0.65 0.96 0.67 0.68 0.64 0.60
AR02Max 0.39 0.39 0.23 0.58 0.65 1.00 0.89 0.72 0.60 0.68 0.97 0.87 0.67 0.49
AR03Max 0.50 0.44 0.35 0.62 0.69 0.89 1.00 0.93 0.80 0.70 0.87 0.96 0.87 0.72
AR04Max 0.55 0.44 0.39 0.61 0.67 0.72 0.93 1.00 0.91 0.67 0.71 0.90 0.93 0.84
AR05Max 0.58 0.46 0.43 0.59 0.65 0.60 0.80 0.91 1.00 0.64 0.61 0.78 0.87 0.91
AR01Avg 0.47 0.38 0.29 0.58 0.96 0.68 0.70 0.67 0.64 1.00 0.69 0.70 0.65 0.61
AR02Avg 0.40 0.40 0.25 0.56 0.67 0.97 0.87 0.71 0.61 0.69 1.00 0.87 0.67 0.51
AR03Avg 0.52 0.39 0.36 0.60 0.68 0.87 0.96 0.90 0.78 0.70 0.87 1.00 0.89 0.71
AR04Avg 0.61 0.38 0.44 0.57 0.64 0.67 0.87 0.93 0.87 0.65 0.67 0.89 1.00 0.89
AR05Avg 0.61 0.46 0.45 0.56 0.60 0.49 0.72 0.84 0.91 0.61 0.51 0.71 0.89 1.00

Table 2. Pearson correlation matrix between measured parameters in dairy goats (ambient temperature between 27 and 34 ◦C). The intensity of the color depends on
the value of the correlation, being fainter close to zero. TRec: rectal temperature; TPer: perianal temperature; TLac: lacrimal temperature; AR: anatomical region;
Max: maximum temperature; Avg: average temperature.

Tamb TRec TLac TPer AR01Max AR02Max AR03Max AR04Max AR05Max AR01Avg AR02Avg AR03Avg AR04Avg AR05Avg
Tamb 1.00 0.48 0.74 0.65 0.66 0.68 0.71 0.72 0.72 0.68 0.70 0.73 0.73 0.72
TRec 0.48 1.00 0.69 0.75 0.67 0.67 0.68 0.70 0.70 0.65 0.66 0.67 0.67 0.67
TLac 0.74 0.69 1.00 0.82 0.90 0.93 0.96 0.97 0.94 0.90 0.93 0.95 0.96 0.92
TPer 0.65 0.75 0.82 1.00 0.75 0.78 0.82 0.83 0.81 0.74 0.79 0.80 0.81 0.77

AR01Max 0.66 0.67 0.90 0.75 1.00 0.95 0.90 0.88 0.86 0.97 0.95 0.91 0.89 0.86
AR02Max 0.68 0.67 0.93 0.78 0.95 1.00 0.95 0.91 0.87 0.92 0.98 0.95 0.90 0.85
AR03Max 0.71 0.68 0.96 0.82 0.90 0.95 1.00 0.97 0.92 0.88 0.94 0.97 0.94 0.87
AR04Max 0.72 0.70 0.97 0.83 0.88 0.91 0.97 1.00 0.96 0.86 0.91 0.94 0.96 0.91
AR05Max 0.72 0.70 0.94 0.81 0.86 0.87 0.92 0.96 1.00 0.85 0.87 0.90 0.93 0.93
AR01Avg 0.68 0.65 0.90 0.74 0.97 0.95 0.88 0.86 0.85 1.00 0.95 0.90 0.89 0.86
AR02Avg 0.70 0.66 0.93 0.79 0.95 0.98 0.94 0.91 0.87 0.95 1.00 0.96 0.91 0.86
AR03Avg 0.73 0.67 0.95 0.80 0.91 0.95 0.97 0.94 0.90 0.90 0.96 1.00 0.95 0.88
AR04Avg 0.73 0.67 0.96 0.81 0.89 0.90 0.94 0.96 0.93 0.89 0.91 0.95 1.00 0.93
AR05Avg 0.72 0.67 0.92 0.77 0.86 0.85 0.87 0.91 0.93 0.86 0.86 0.88 0.93 1.00
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3.2. Effect of Experimental Intramammary Inoculation on Udder Health Indicators and
Thermographic Responses

Following intramammary inoculation, SCC in the inoculated glands increased
markedly from pre- to post-inoculation (304.74 ± 38.42 vs. 3658.38 ± 371.28 ×103 cells/mL;
p < 0.001), and was also significantly higher than in the contralateral glands
(298.19 ± 19.07 ×103 cells/mL; p < 0.001). EC increased significantly between pre- and
post-inoculation in inoculated glands (p = 0.028), with no significant lateral difference
observed (p = 0.134) (Table 3).

Table 3. Changes in somatic cell count, electrical conductivity, systemic temperatures, and udder
surface thermographic variables following experimental intramammary inflammation induced by
Staphylococcus aureus lipoteichoic acid in dairy goats.

Variable Inoculated Glands
Pre-Inoculation

Inoculated Glands
Post Inoculation

Contralateral Glands
Post Inoculation

p
Pre vs. Post

p
Inoc vs. Cont

SCC (×103) 304.74 ± 38.42 3658.38 ± 371.28 298.19 ± 19.07 <0.001 <0.001
EC (mS/cm) 5.30 ± 0.07 5.50 ± 0.04 5.45 ± 0.03 0.028 0.134

TRec (◦C) 38.68 ± 0.13 38.41 ± 0.05 38.41 ± 0.05 0.006 1.000
TLac (◦C) 38.49 ± 0.05 38.50 ± 0.04 38.49 ± 0.04 0.901 0.838
TPer (◦C) 38.47 ± 0.15 38.81 ± 0.11 38.81 ± 0.11 0.030 1.000

AR01Max (◦C) 36.71 ± 0.15 36.95 ± 0.09 36.84 ± 0.12 0.149 0.790
AR02Max (◦C) 36.86 ± 0.16 37.24 ± 0.09 36.75 ± 0.10 0.008 <0.001
AR03Max (◦C) 37.10 ± 0.14 37.51 ± 0.09 37.11 ± 0.09 0.009 0.002
AR04Max (◦C) 37.11 ± 0.16 37.42 ± 0.09 37.31 ± 0.08 0.136 0.626
AR05Max (◦C) 36.90 ± 0.18 37.10 ± 0.10 37.23 ± 0.09 0.436 0.217
AR01Avg (◦C) 35.63 ± 0.16 35.82 ± 0.10 35.55 ± 0.12 0.177 0.076
AR02Avg (◦C) 35.75 ± 0.16 36.02 ± 0.11 35.66 ± 0.11 0.075 0.028
AR03Avg (◦C) 35.95 ± 0.16 36.24 ± 0.11 36.07 ± 0.10 0.125 0.439
AR04Avg (◦C) 35.93 ± 0.18 36.13 ± 0.11 35.96 ± 0.10 0.396 0.550
AR05Avg (◦C) 35.61 ± 0.23 35.73 ± 0.13 35.81 ± 0.10 0.689 0.584

SCC: somatic cell count; EC: electrical conductivity; TRec: rectal temperature; TLac: lacrimal temperature; TPer:
perianal temperature; AR: anatomical region; Max: maximum temperature; Avg: average temperature; inoc:
inoculated gland; cont: contralateral gland.

TRec showed a significant decrease following inoculation (p = 0.006), TPer showed a
significant increase (p = 0.030), and no significant change was detected in TLac (p = 0.901)
(Table 3).

Regarding udder surface thermography, significant increases in maximum temper-
ature were observed in specific anatomical regions of the inoculated glands. AR02Max
increased significantly from pre- to post-inoculation (36.86 ± 0.16 vs. 37.24 ± 0.09 ◦C;
p = 0.008) and was higher than the contralateral gland after inoculation (p < 0.001). A
similar pattern was observed for AR03Max, which increased after inoculation (37.10 ± 0.14
vs. 37.51 ± 0.09 ◦C; p = 0.009) and differed from the contralateral gland (p = 0.002). No
significant pre- vs. post-inoculation differences were detected for AR01Max, AR04Max, or
AR05Max, nor were differences observed between inoculated and contralateral glands for
these regions (Table 3).

For average udder temperatures, no statistically significant differences were observed
between pre- and post-inoculation measurements in any anatomical region (AR01Avg–
AR05Avg; p > 0.05). Comparisons between inoculated and contralateral glands revealed a
significant difference for AR02Avg (p = 0.028), while all other regions showed no significant
lateral differences (Table 3).

The temporal representation of individual SCC and AR02Max values provided ad-
ditional resolution of the inflammatory response. Based on individual SCC trajectories,
the intramammary challenge was successful in four out of five goats, which exhibited a
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pronounced increase in SCC following inoculation. In these animals, SCC values increased
rapidly after challenge, reaching peak levels within the first 24–48 h post-inoculation and
remaining elevated during the acute phase, although the magnitude and timing of the
response varied among individuals. One animal showed only a limited and delayed
SCC response, with values remaining close to baseline throughout the observation period
(Figure 2).

Figure 2. Individual trajectories of somatic cell count (SCC) and AR02 maximum udder surface tem-
perature (AR02Max) relative to the time of intramammary inoculation (control point 0) in dairy goats.

At the individual level, increases in AR02Max were observed primarily in animals
showing a clear SCC response, although the temporal pattern of AR02Max changes was
heterogeneous. In some goats, AR02Max increased concurrently with the early rise in SCC,
whereas in others, AR02Max changes were more transient or temporally displaced relative
to SCC elevation. In the animal with minimal SCC response, AR02Max values remained
relatively stable over time (Figure 2).

3.3. Diagnostic Performance of the Thermography

Receiver operating characteristic (ROC) analysis was performed to evaluate the di-
agnostic capacity of infrared thermography for detecting intramammary inflammation.
AR02Max was selected as the test variable based on its significant temporal and anatomical
differences observed. The reference standard was SCC >1500 × 103 cells/mL. Analysis
included 84 post-inoculation observations from challenged glands: 61 observations ex-
ceeded the SCC threshold (inflammation present) and 23 remained below the threshold
(inflammation absent). Two analytical approaches were compared: temporal (compar-
ing post-inoculation temperature to pre-inoculation baseline within the same gland) and
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anatomical (comparing challenged gland temperature to contralateral gland temperature
at the same time point).

Table 4 presents the correlation between temperature changes and SCC magnitude.
The temporal approach (∆T = AR02Max post-inoculation minus AR02Max pre-inoculation)
showed an observation-level Spearman correlation ρ = 0.133 (p = 0.228) and a within-animal
correlation r = 0.401 (p < 0.001). The anatomical approach (∆T = AR02Max challenged gland
minus AR02Max contralateral gland) showed an observation-level Spearman correlation
ρ = −0.003 (p = 0.977) and a within-animal correlation r = −0.200 (p = 0.068).

Table 4. Diagnostic performance of infrared thermography for detecting experimentally induced in-
tramammary inflammation in dairy goats using temporal and spatial temperature-based approaches.

Metric Temporal (Post-Pre) Spatial (Inoc-Contra)

Method ∆T within gland ∆T between glands
Spearman ρ (observation-level) 0.133 −0.003

p-value (observation-level) 0.228 0.977
Within-animal r 0.401 −0.200
Within-animal p <0.001 0.068

AUC 0.569 0.566
95% CI (cluster bootstrap) 0.434–0.869 0.408–0.693

Optimal threshold (◦C) −0.30 0.45
Sensitivity 90.2% 55.7%
Specificity 39.1% 65.2%
Accuracy 76.2% 58.3%

PPV 79.7% 81.0%
NPV 60.0% 35.7%

False Negative Rate 9.8% 44.3%
N observations 84 84

N animals 5 5
N inflamed glands (SCC >1500 × 103 cells/mL) 61 61

AUC: area under the curve; PPV: positive predictive value; NPV: negative predictive value; NS: not significant;
∆T: temperature difference; inoc: inoculated gland; contra: contralateral gland.

AUC was 0.569 for the temporal approach and 0.566 for the anatomical approach.
The 95% confidence intervals, estimated using cluster bootstrap resampling with animal
as the resampling unit (2000 iterations), were 0.434–0.869 for the temporal approach and
0.408–0.693 for the anatomical approach.

The temporal approach used an optimal threshold of −0.30 ◦C (temperature decrease).
At this threshold, sensitivity was 90.2%, specificity was 39.1%, and overall accuracy was
76.2%. Positive predictive value was 79.7%, negative predictive value was 60.0%, and false
negative rate was 9.8%. The anatomical approach used an optimal threshold of +0.45 ◦C
(temperature increase in challenged gland relative to contralateral gland). At this threshold,
sensitivity was 55.7%, specificity was 65.2%, and overall accuracy was 58.3%. Positive
predictive value was 81.0%, negative predictive value was 35.7%, and false negative rate
was 44.3%.

4. Discussion
The present study has some inherent limitations, including the relatively small number

of animals in the inflammation challenge and the use of an experimental, rather than natu-
rally occurring, inflammatory model. These factors should be considered when interpreting
the results. Despite these limitations, the study successfully achieved its experimental objec-
tives: correlation patterns between ambient temperature and thermographic variables dif-
fered substantially between winter and summer conditions, confirming the strong influence
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of environmental temperature on udder surface measurements, and the experimental intra-
mammary inflammation model induced a robust and consistent inflammatory response.

This study demonstrates strong correlations between ambient temperature and udder
surface temperatures in dairy goats, consistent with previous findings in Manchega sheep
where ambient temperature exhibited high positive correlations (r = 0.72–0.80, p < 0.01) with
thermographic measurements across all udder regions [22]. These correlations reflect fun-
damental thermoregulatory mechanisms whereby peripheral vasodilation facilitates heat
dissipation during warm conditions [8,26,27]. Environmental thermal load substantially
influences thermographic readings [10,14,15]. The magnitude of environmental influence
on surface temperature has been documented across multiple species, with ambient factors
explaining up to 48% of thermographic variance in cattle [10,28] and similar patterns in
small ruminants [12,13,29–31]. This environmental sensitivity represents a fundamental
challenge for using thermography as a diagnostic tool in field conditions where ambient
temperatures fluctuate substantially.

The intensification of correlations between ambient temperature and thermographic
measurements during summer heat challenge reflects compromised thermoregulatory ca-
pacity under sustained thermal stress. Heat stress in dairy ruminants enhances peripheral
blood flow to maximize heat loss [27,32–34], thereby increasing thermal coupling between
environment and body surface. Small ruminants demonstrate remarkable resilience to
environmental temperature variation [32–34], yet the present findings indicate that corre-
lation coefficients increased substantially from winter to summer conditions, suggesting
goats experienced greater difficulty maintaining thermal homeostasis during acute heat
episodes. Major advances in understanding environmental effects on dairy cattle [35]
have established that heat stress alters cardiovascular function, metabolic rate, and periph-
eral circulation [11,33], with similar mechanisms operative in small ruminants [32,33]. The
strengthened environmental–thermographic associations during heat stress reduce the diag-
nostic signal-to-noise ratio for detecting localized inflammatory processes, as physiological
thermoregulatory responses mask pathological thermal signals.

Regarding the utility of surface temperatures for predicting rectal temperature, the
present findings demonstrate weak or absent correlations between these parameters, con-
sistent with previous reports in multiple ruminant species [22,26]. This dissociation reflects
the effectiveness of thermoregulatory vasomotor control: core temperature is tightly regu-
lated within narrow physiological limits [8,9], whereas peripheral temperatures fluctuate
widely in response to environmental conditions and local circulatory adjustments [10,12].
Consequently, surface thermography cannot reliably predict systemic temperature sta-
tus, and these modalities provide fundamentally different thermal information. Recent
validation studies comparing non-contact infrared devices with rectal measurements in
sheep [13] have confirmed substantial discrepancies, particularly under variable ambient
conditions. The circadian variation in body temperature [8] further complicates interpreta-
tion, as peripheral and core temperatures demonstrate different temporal patterns. Notably,
the present findings demonstrate that the association between time of day and rectal tem-
perature was negligible under winter conditions, suggesting that the diurnal variation
observed in thermographic measurements was driven primarily by ambient temperature
fluctuation rather than an independent circadian physiological effect. Under elevated
ambient temperature conditions, a circadian component in rectal temperature variation
cannot be excluded, further compounding the difficulty of interpreting thermographic
readings as indicators of intramammary inflammation. These findings underscore that
thermographic and rectal temperatures reflect distinct physiological processes and should
not be considered interchangeable metrics.
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The experimental intramammary inflammation model successfully induced a robust
inflammatory response, as evidenced by the substantial increase in somatic cell count from
baseline values of 305 × 103 cells/mL to 3658 × 103 cells/mL (p < 0.001), representing
a 12-fold elevation comparable to acute mastitis scenarios [22,36–42]. The use of lipotei-
choic acid from Staphylococcus aureus as an inflammatory stimulus elicits innate immune
responses characterized by neutrophil recruitment [43,44], cytokine production [44], and
local tissue reactions [23,40]. The controlled experimental approach eliminated confound-
ing factors inherent to naturally occurring mastitis, including variable infection duration,
pathogen virulence, and individual immune response heterogeneity [41–43]. Despite this
standardized and quantified inflammatory stimulus, the thermographic response remained
minimal, with udder surface temperatures increasing only marginally in specific regions.
This dissociation between marked intramammary cellular inflammation and modest ther-
mographic changes highlights fundamental limitations in using surface temperature to
detect internal glandular processes, particularly when considering the depth of mammary
tissue [22,31,45] and the insulating properties of udder structures. From a physiological
perspective, this variability arises from the interplay of three main factors: the attenuation
of heat transfer from deep glandular tissue through overlying fat and skin layers, the
competing influence of peripheral thermoregulatory vasomotor responses that redistribute
blood flow independently of local inflammation, and the limited magnitude of acute innate
immune-mediated vasodilation relative to the large thermographic variance induced by
ambient temperature fluctuations.

Although modest temperature elevations were detected in specific udder regions
following inflammatory challenge, these changes remained highly localized and inconsis-
tent across anatomical zones. The observation that only certain thermographic variables
showed significant increases while others remained unchanged indicates substantial spa-
tial heterogeneity in thermal response, likely reflecting variations in tissue depth, blood
flow distribution, and thermal conductivity across the udder [22,31,45]. Machine milking
effects on teat tissue [31,46,47] demonstrate that localized circulatory changes can pro-
duce measurable thermal responses, yet these mechanical effects may exceed pathological
signals from inflammation. Critically, systemic temperature parameters (rectal, lacrimal,
perianal) showed no response to the intramammary inflammatory challenge, confirming
that the induced mastitis remained localized without systemic manifestations. This pattern
contrasts with the systemic responses observed in natural clinical mastitis cases [22,42]
where fever and behavioral changes accompany local udder inflammation. The localized
thermal pattern observed in this study is consistent with findings in Manchega sheep [22],
where glands with positive microbiological cultures showed significant temperature dif-
ferences in only one of ten thermographic variables. Recent work in crossbred goats [48]
has demonstrated that seasonal variations significantly affect thermographic mastitis de-
tection, with thermogram analysis revealing significant temperature differences between
healthy and mastitis-affected quarters across different seasons, and higher ambient tem-
peratures during summer further complicating the interpretation of thermal patterns. The
complexity of the inflammation–temperature relationship appears influenced by infection
chronicity, pathogen type, tissue integrity, circulatory status [24,47–50], and environmental
conditions [48].

Despite the successful induction of quantifiable mammary inflammation and the use
of high-precision thermographic equipment, the present results strongly suggest that in-
frared thermography cannot serve as a reliable early detection tool under the conditions
evaluated. Diagnostic performance was specifically evaluated using ∆Temperature derived
from AR02Max, which was identified as the most responsive thermographic variable based
on both temporal and anatomical analyses. Receiver operating characteristic analysis
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yielded area under the curve values approximating 0.5 (chance level), with poor correlation
coefficients between thermographic measurements and somatic cell count. Despite the
apparently high sensitivity observed at the selected threshold, the AUC values close to
0.5 indicate that this performance is driven by threshold selection rather than true dis-
criminative capacity. These findings align with recent reports across multiple species:
Marnet et al. [21] in Alpine goats (n = 551) found no regression between log SCC and IRT
(r = −0.001, p = 0.992); Castro-Costa et al. [24] were unable to discriminate between healthy
and infected udders in dairy ewes despite camera accuracy of ±0.15 ◦C; and multiple
bovine studies [14–18,20,49] have reported inconsistent diagnostic performance with high
false-positive rates. The fundamental limitation stems from the minimal thermal signal
produced by even marked intramammary inflammation (12-fold SCC increase producing
only modest temperature changes), which is substantially exceeded by environmental tem-
perature variation and physiological thermoregulatory fluctuations. This paradox has been
documented in Manchega sheep [22], where glands with high SCC (>400,000 cells/mL) ex-
hibited lower temperatures than healthy glands, suggesting that chronic inflammation may
reduce local blood flow and temperature rather than increasing it. The inverse relationship
between inflammation severity and thermographic readings has also been observed in
mastitis detection studies in sheep [45] and goats [21,48], where chronic infections with
tissue damage may impair local circulation and reduce thermal signals, and seasonal envi-
ronmental variations further complicate detection [48]. Although IRT has shown utility for
early mastitis detection in crossbred goats throughout the year with significant tempera-
ture rises in mastitis-affected quarters [48], the present controlled experimental conditions
reveal that even substantial inflammatory responses produce thermographic changes that
are masked by environmental and physiological variation. This complex and sometimes
inverse relationship between inflammation and thermographic readings precludes the
development of reliable diagnostic thresholds for intramammary inflammation detection
under the tested conditions.

The present investigation provides evidence that thermography showed limited di-
agnostic utility for detecting experimentally induced intramammary inflammation under
the conditions evaluated. Multiple individual-level analytical strategies, environmental
control, experimental standardization, and high-precision equipment all failed to achieve
diagnostically useful sensitivity or specificity. The core problem is the minimal thermal
signal from intramammary inflammation relative to the large thermographic variance
induced by ambient temperature [10–12], thermoregulatory adjustments [8,26,27,32], circa-
dian rhythms [8], seasonal variations [48], and individual variation [9,49]. This limitation
could be inherent to the physics of infrared emission from deep tissues through overlying
structures with variable insulating properties. Despite recent technological advancements
and comprehensive reviews of IRT applications [24], fundamental physiological constraints
persist. Future research should focus on alternative non-invasive modalities for mastitis
detection in small ruminants, potentially including electrical conductivity monitoring,
acoustic analysis, or integration of multiple sensor technologies [51–53]. However, so-
matic cell count quantification [39,53] and microbiological culture [41–43] remain the gold
standards for mastitis diagnosis, offering specificity and sensitivity unattainable through
surface temperature measurements. The present findings strongly support the conclusion
that thermography, while valuable for assessing heat stress [32–35], animal welfare [50],
and milking machine effects [31,46,47], has limited diagnostic utility for mastitis detection
under the specific conditions evaluated in this study.
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5. Conclusions
Correlation analysis demonstrated strong positive associations between ambient tem-

perature and udder surface temperatures, with coefficients intensifying substantially from
winter to summer conditions, confirming environmental thermal load as a critical con-
founding factor. Surface temperatures showed weak or absent correlations with rectal
temperature across all conditions, indicating these measurements reflect fundamentally
different physiological processes. Despite a robust 12-fold increase in somatic cell count fol-
lowing experimental intramammary inflammation with Staphylococcus aureus lipoteichoic
acid (from 305 × 103 to 3658 × 103 cells/mL, p < 0.001), thermographic responses remained
minimal and spatially inconsistent, with ROC analysis yielding AUC values approximating
chance level. The dominance of environmental and physiological thermoregulatory varia-
tion over the thermal signal generated by intramammary inflammation precluded reliable
diagnostic discrimination. Thermography showed poor diagnostic utility for detecting
experimentally induced intramammary inflammation in dairy goats under the tested con-
ditions, with somatic cell count quantification and microbiological culture remaining the
gold standards for diagnosis.
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