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Abstract

Ultrasonography has been proposed as a complementary tool for the evaluation of udder
health, yet limited information exists on its application for measuring the glandular cistern
area during mastitis. This study aimed to investigate modifications of the glandular cistern
area in clinical (CM) and subclinical mastitis (SCM) compared with contralateral healthy
quarters, and to assess the reliability of manual and automated ultrasonographic measure-
ments. A longitudinal study was conducted on 42 Italian Holstein cows, comprising 26 SCM
and 16 CM quarters, each paired with contralateral healthy controls. Ultrasound examina-
tions were performed at diagnosis (T0), 24 h (T1), and 5 days (T5). Cisternal areas were
measured in transversal and longitudinal sections using both manual and ImageJ-guided
methods. Intra- and inter-operator reliability was assessed using Intraclass Correlation
Coefficients (ICCs). Statistical analyses included two-way mixed ANOVA with post-hoc
Bonferroni correction. Mastitic quarters tended to show smaller cisternal areas compared
with contralateral healthy quarters, with significant differences observed between con-
tralateral healthy and CM quarters (p < 0.05), but not between contralateral healthy and
SCM or between SCM and CM quarters. Temporal trends differed significantly among
groups (interaction effect, p < 0.05). Both manual and automated measurements demon-
strated excellent intra- and inter-operator reliability, with ICCs consistently > 0.95 across
pathology groups and time points. Ultrasonography of the glandular cistern is a feasible,
reproducible, and reliable method under field conditions. Clinical mastitis is associated
with a measurable reduction in cisternal area, while changes in subclinical mastitis appear
less evident. The high reproducibility of measurements, including automated analysis,
supports the use of this technique may contribute to improve the use of ultrasound also for
the udder heath.

Keywords: ultrasound; dairy cows; glandular cistern area

1. Introduction
Ultrasonography is a non-invasive diagnostic tool that has been broadly imple-

mented for clinical evaluations of both individual cases and herd monitoring [1–5].
Among its different uses, ultrasound has been applied to investigate udder health and
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milk production in cows [6–10], sheep [11,12], and goats [13]. Compared with conven-
tional diagnostic approaches, such as clinical inspection, bacteriological culture, somatic
cell count, or milk conductivity, ultrasonography provides real-time information on both
structural and functional features of the mammary gland [14]. In addition, it can be
repeated without interfering with milk production, making it particularly attractive for
both research and field applications. In particular, ultrasonography of udder and teats
enables to the detect several pathological changes: in the teat, it can reveal obstructions,
mucosal alterations, or proliferative processes; in the udder parenchyma, it can identify
inflammation, edema, abscesses, fibrosis, hematomas, and neoplastic lesions [14]. These
conditions are generally recognized as alterations in echogenicity or disruption of the
normal parenchymal pattern, sometimes associated with intraluminal material such as
debris, pus, or milk stones [9,14,15].

Mastitis, an inflammatory condition of the mammary gland, involves both bacterial
infection and inflammatory oxidative stress. It may be caused by a wide range of pathogens,
including bacteria, viruses, fungi, and algae, leading to tissue damage [16] and substantial
economic losses in the dairy industry [17]. The disease manifests in two forms: clinical
mastitis, characterized by visible udder and milk alterations, and subclinical mastitis,
which is detectable only through laboratory testing [18]. Subclinical mastitis is far more
prevalent, with a frequency 15–40 times higher than the clinical form [19]. Because it
often progresses without overt clinical signs, its impact is linked to decreased milk yield,
compositional changes, and elevated somatic cell count (SCC) [20]. In routine practice,
diagnosis is therefore commonly based on indirect markers, particularly SCC, with a
threshold of 200,000 cells/mL generally applied to differentiate healthy from affected
quarters [21]. However, these approaches have limitations, as they either require laboratory
support and fail to provide information on the structural changes occurring within the
udder. Ultrasonography, in contrast, offers the opportunity to visualize morphological
and echogenic alterations in real time, potentially bridging the gap between functional
and structural assessment of mastitis. Previous studies have described a wide spectrum of
ultrasonographic alterations of the mammary parenchyma in cows affected by mastitis. The
normal udder appears as a homogeneous hypoechoic tissue containing anechoic structures
corresponding to blood vessels, milk alveoli, and ducts, while the gland cistern is visualized
as a large anechoic area containing few hypoechoic dots corresponding to milk [22]. In
contrast, inflammatory processes are associated with heterogeneous echotexture, irregular
hyperechoic or hypoechoic areas, and structural disruption of the normal parenchymal
architecture [23–26]. Specific sonographic patterns have been reported, such as abscesses
(round, well-defined hypoechoic cavities with echogenic walls), fibrotic or gas-filled regions
(hyperechoic zones), and hematomas (anechoic to hypoechoic fluid-filled septal spaces) [26].
Furthermore, the presence of non-homogeneous parenchyma has been associated with
the likelihood of recovery of milk production following clinical mastitis [24], highlighting
the prognostic value of ultrasonographic evaluation. From a practical perspective, these
findings may support more accurate prognostic assessments and guide treatment strategies,
thereby contributing to a more rational use of antimicrobials [27].

Previous studies have explored teat cistern width and glandular cistern diameter
in healthy cows and cows affected by mastitis [7,22,28,29]. Similar investigations have
been conducted in small ruminants [30–34]. However, studies specifically addressing the
glandular cistern area during both clinical and subclinical mastitis are limited, and the
available evidence is often inconsistent, with a lack of consensus on the magnitude and
clinical significance of the observed changes.

The limited information available on glandular cistern ultrasonography, together with
the reduction in milk production associated with both subclinical and clinical mastitis,
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prompted the authors of this study to focus on the glandular cistern area during mastitis.
The primary aim was therefore to evaluate potential modifications of the glandular cistern
area in clinical and subclinical mastitis, and to monitor their evolution over time and
during follow-up examinations. Furthermore, the reproducibility of ultrasonographic
measurements of the glandular cistern has rarely investigated, and little is known about
inter- and intra-operator variability or the reliability of automated image analysis. For
this reason, the secondary aim was to assess the level of agreement between operators,
intra-operator repeatability, and the accuracy of automated measurements performed
using ImageJ.

2. Materials and Methods
2.1. Study Design

A longitudinal study was conducted in Italian Holstein lactating cows from the herd
of the Centro di Ricerche Agro-ambientali “E. Avanzi”, University of Pisa. The study
was performed in accordance with STROBE guidelines. Ethical approval was granted
by the Institutional Animal Care and Use Committee of the University of Pisa (Protocol
N: 19/2023, dated 19 April 2023).

Sample size calculation was performed using G*Power 3.1 (Heinrich Heine University,
Düsseldorf, Germany). The analysis was based on a repeated measures ANOVA (within–
between interaction), assuming an effect size of 0.5, an alpha error probability of 0.05, a
power of 0.80, three groups (contralateral healthy, subclinical mastitis, and clinical mastitis
quarters), and three repeated measurements (T0, T1, T5). The calculation indicated that
a minimum of 12 subjects would be required to achieve adequate power. In the present
study, 42 cows (84 quarters) were enrolled, as more animals were available during the
study period and the aim was to ensure enough quarters in each group.

2.2. Animals and Management

All enrolled cows were maintained under uniform feeding and housing conditions.
Animals were housed in a free-stall barn with permanent straw bedding, fully replaced
every 3–4 days, with clean straw added daily. Fresh water was available ad libitum, and
feed was distributed twice daily as a total mixed ration. Milking was performed twice daily
in a Herringbone parlor. Routine udder health monitoring was carried out weekly by a
veterinarian of University of Pisa.

2.3. Inclusion and Exclusion Criteria

Enrollment took place during the weekly veterinary herd checks. Clinical examinations
were performed by the veterinarian ready before milking procedures (afternoon), while
udder and teats were inspected and palpated for any signs of inflammation once cow
entered the milking parlor [34,35]. Before milking, California Mastitis Test (CMT) and
somatic cell count (SCC) (DCC DeLaval®, DeLaval s.p.a., Milan, Italy) evaluation were
carried out at quarter level. Cows were eligible for inclusion if they met the following
criteria: (1) Clinical mastitis (CM): cows with SCC > 200,000 cells/mL, together with
visible changes in the udder (swelling, hardness, warmth, pain) and/or alterations in
milk appearance (clots, flakes, watery secretion); (2) Subclinical mastitis (SCM): cows with
SCC > 200,000 cells/mL, in the absence of clinical signs or visible milk alterations; (3) For
each case of CM or SCM, the contralateral quarter of the same cow was required to remain
healthy throughout the study period, defined as SCC values below the thresholds indicated
above and no clinical or milk alterations. These contralateral healthy quarters constituted
the control group.
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In addition, a single quarter milk was collected and stored at 4 ◦C until the bacteriologi-
cal analysis. For bacteriological examination, 10 µL of milk from each quarter were streaked
onto 5% defibrinated sheep blood agar plates. The cultures were incubated aerobically
at 37 ◦C for 24 h, and bacterial growth was evaluated according to colony morphology,
hemolytic characteristics, and Gram staining. Representative colonies were subcultured
into fresh blood agar to obtain pure isolates. Gram-positive cocci were further differen-
tiated based on catalase and coagulase reactions, whereas Gram-negative bacteria were
characterized using colony appearance, Gram staining, oxidase activity, and biochemical
reactions on MacConkey agar. Samples yielding growth of three or more distinct bacterial
species were classified as contaminated and excluded from pathogen identification.

Cows showing toxic mastitis, i.e., hyperacute cases associated with systemic illness
(depression, anorexia, pyrexia, muscle tremors, mucosal congestion) or cows that developed
mastitis in the contralateral quarter during follow-up were excluded.

Enrolled cows were monitored for five days and during this period each cows un-
derwent three scheduled ultrasound sessions: T0: day of mastitis diagnosis (afternoon
milking). T1: 24 h after diagnosis (afternoon milking) and T5: 5 days after diagnosis
(afternoon milking). This time frame was chosen to monitor acute changes during mastitis.

2.4. Ultrasonographic Technique

Transcutaneous ultrasonographic examinations were performed using a portable unit
(Mindray DP30Vet, Mindray Bio-Medical Electronics Co., Ltd., Shenzhen, China) equipped
with a convex probe operating at 3.5–5 MHz. Images were acquired in B-mode with a
scanning depth of 20 cm, gain set at 50 and focus was positioned at approximately 10 cm.
The udder was not clipped, and a thin layer of acoustic gel was applied to the skin surface
to ensure adequate probe contact. Light pressure was applied during scanning to avoid
image distortion. All examinations were carried out during the afternoon, before milking,
and performed by the same operator (CO) to avoid variability. The probe was positioned
cranially to the teat base. A longitudinal image of the glandular cistern was first obtained by
aligning the probe parallel to the teat axis, followed by a transverse image after rotating the
probe 90◦. Both the affected quarter and the contralateral healthy quarter were examined
in each animal. After scanning, residual gel was carefully removed using disposable paper
towels. Images were saved on the ultrasound unit, transferred to a USB drive, and archived
for subsequent analysis.

2.5. Determination of Glandular Cistern Area

All ultrasound images were then transferred to a computer and processed using
ImageJ software v. 1.53 (National Institutes of Health, Bethesda, MD, USA). The analysis
of the glandular cistern area was performed in two ways: (1) Manual measurement: the
cistern contour was delineated freehand along the echogenic border, contrasting with
the anechoic lumen. The software then calculated the enclosed area, expressed in cm2.
(2) Automatic measurement: each image was converted to black and white, and the
cisternal area was automatically detected using the threshold segmentation function of the
software. Image calibration was set so that 24 pixels corresponded to 1 cm, according to the
manufacturer’s instructions.

Before evaluation, all images were anonymized to blind the readers to the identity
of the animal, and the time point of acquisition. Two independent operators carried out
the measurements: Operator A: an experienced veterinarian, diplomate of the European
College of Bovine Health Management; Operator B: a veterinarian in the first year of
a PhD program. Each operator analyzed the full set of images twice, with a one-month
interval between sessions. This approach allowed assessment of intra-operator repeatability.
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Inter-operator agreement was evaluated by comparing the first reading session of both
operators. For each session, both manual and automatic measurements of the cistern area
were performed.

2.6. Statistical Analysis

All statistical analyses were performed using SPSS (IBM SPSS Statistics, version 29 IBM
Corp., Armonk, NY, USA). Because data were not normally distributed, descriptive statis-
tics were expressed as median, 25th and 75th percentile.

The effect of pathology (healthy, subclinical, clinical) and time (T0, T1, T5) on glandular
cistern area was assessed using a two-way mixed ANOVA, with pathology as the between-
subjects factor and time as the within-subjects factor. Assumptions of the ANOVA model
were formally checked. Mauchly’s test of sphericity was applied to the within-subject
factor (time); in case of violation, Greenhouse–Geisser corrected values were considered.
Levene’s test was used to assess the equality of error variances across groups. Although the
distributions deviated from normality, the two-way mixed ANOVA was retained because it
allows simultaneous assessment of time and pathology effects and their interaction, which
cannot be addressed by non-parametric alternatives. Moreover, ANOVA models have
been demonstrated to be robust to moderate deviations from normality, particularly when
group sizes are not extremely different, as in the present dataset [36]. Post-hoc pairwise
comparisons were adjusted with Bonferroni correction. Statistical significance was set at a
p-value of <0.05.

Intra- and inter-operator reliability of manual and ImageJ-guided acquisitions was
evaluated through Intraclass Correlation Coefficients (ICCs). Agreement between operators
was classified as poor with ICC values ≤ 0.5, moderate with ICC values between 0.51 and
0.7, good with ICC values between 0.71 and 0.9, and excellent with ICC values > 0.9 [37].

3. Results
All enrolled animals were Italian Friesian dairy cows, ranging from first to seventh

lactation, with a median age of 6 years and a median body condition score (BCS) of 3.
During the study period, 61 cows were identified with at least one episode of mastitis. Of
these, 19/61 cows (30%) were excluded: 14/61 (22%) due to other concomitant diseases
(4 lameness, 6 metritis, 4 ketosis) and 5/61 (8%) because mastitis developed in the con-
tralateral control quarter. The final dataset included 42 cows, with 26 subclinical mastitic
quarters and 16 clinical mastitic quarters, together with 42 contralateral healthy quarters
used as controls. The median milk yield of the included cows was 31 kg (25th p = 14 kg;
75th p = 39 kg). When stratified by health status, milk yield was highest in contralateral
healthy quarters (median 33 kg; 25th p = 18 kg; 75th p = 39 kg), slightly reduced in SCM
quarters (median 30 kg; 25th p = 16 kg; 75th p = 36 kg), and lowest in CM quarters (me-
dian 26 kg; 25th p = 14 kg; 75th p = 32 kg). Cows with SCM were days in milk (DIM)
136.1 ± 103.4 days, while CM cows were 103.9 ± 79.7 DIM. The median number of lacta-
tions was 2.5 (25th p = 1; 75th p = 5) in SCM cows and 3.0 (25th p = 2,25; 75th p = 4) in CM
cows. The median somatic cell count (SCC) was 104,000 ± 43,000 cells/mL in contralateral
healthy quarters, 766,500 ± 443,358 cells/mL in SCM, and 1,627,500 ± 764,794 cells/mL
in CM. Bacteriological examination of milk samples confirmed the absence of bacterial
growth in all contralateral healthy quarters. Among SCM cases, the predominant iso-
lates were non-aureus staphylococci and Mammaliicoccus spp. (n = 14; 53.8%), followed by
Streptococcus dysgalactiae (n = 8; 30.8%), Enterococcus spp. (n = 2; 7.7%), and Aerococcus viri-
dans (n = 2; 7.7%). In quarters with CM, Escherichia coli was the most frequently identified
pathogen (n = 9; 56.3%), followed by Streptococcus uberis (n = 6; 37.5%) and Pseudomonas
spp. (n = 1; 6.2%).
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Ultrasonographic examination of the glandular cistern proved to be feasible under
field conditions and was easily performed in all animals. Adequate visualization of the
glandular cistern was consistently achieved without the need for shaving, using only
ultrasound gel applied directly to the skin. The cistern could be clearly visualized in all
quarters at each time point (T0, T1, T5) (Figure 1). The average time required to perform
transcutaneous ultrasonography of the glandular cistern was 57 ± 29 s for the longitudinal
projection and 46 ± 32 s for the transverse projection. The maximum duration recorded for
a complete ultrasonographic examination was 185 s.

 
Figure 1. Ultrasonographic images of bovine glandular cisterns. (a,b) Healthy quarters in transverse
(a) and longitudinal (b) sections. (c,d) Subclinical mastitis (SCM) quarters in transverse (c) and longi-
tudinal (d) sections. (e,f) Clinical mastitis (CM) quarters in transverse (e) and longitudinal (f) sections.

At baseline (T0), the transversal section showed larger cisternal areas in con-
tralateral healthy quarters compared to subclinical and clinical cases. Specifically, the
median transversal area was 36.8 mm2 (25.5–44.8) in contralateral healthy quarters,
31.2 mm2 (19.5–38.3) in subclinical cases, and 29.3 mm2 (22.5–42.0) in clinical mastitis.
A similar pattern was observed in the longitudinal section, where median cistern areas
were 36.6 mm2 (26.8–46.1) in contralateral healthy quarters, 31.6 mm2 (21.4–38.2) in sub-
clinical quarters, and 30.2 mm2 (22.0–39.7) in clinical mastitis. The results of the glandular
cistern area across all time points and groups are presented in Table 1.
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Table 1. Descriptive statistics (median (IQR)) of glandular cisternal area measurements (mm2) accord-
ing to clinical group, time, and ultrasonographic section. Different superscript letters (a, b) within
the same column indicate significant differences among groups according to post-hoc pairwise
comparisons (p < 0.05).

Group Time Transversal Section Longitudinal Section

Healthy T0 36.8 (25.5–44.8) a 36.6 (26.8–46.1) a

T1 41.5 (21.3–51.2) a 41.5 (30.4–53.5) a

T5 37.0 (26.8–46.1) a 36.6 (25.5–44.2) a

Subclinical T0 31.2 (19.5–38.3) ab 31.6 (21.4–38.3) ab

T1 31.5 (19.6–43.8) ab 32.4 (19.6–46.1) ab

T5 34.1 (22.2–45.3) ab 35.3 (22.7–47.6) ab

Clinical T0 29.3 (22.5–42.0) b 30.2 (22.0–39.7) b

T1 23.3 (15.1–41.0) b 25.4 (16.0–41.9) b

T5 29.7 (19.9–43.9) b 29.9 (19.3–36.9) b

The mixed ANOVA revealed a significant interaction between time and groups both
in transversal and longitudinal section (p = 0.043 and 0.034, respectively), indicating that
temporal trends differed among healthy, subclinical, and clinical quarters. The between-
subjects main effect of group was also significant both in transversal and longitudinal
section (p = 0.049 and 0.042, respectively). Post-hoc analysis showed a significant difference
between contralateral healthy quarters and those affected by clinical mastitis (transversal
section p = 0.034; longitudinal section p = 0.038), while no significant differences were ob-
served between contralateral healthy and subclinical quarters (transversal section p = 0.142;
longitudinal section p = 0.132) or between subclinical and clinical quarters (transversal
section p = 0.092; longitudinal section p = 0.078).

The agreement in both manual and ImageJ-guided acquisitions showed excellent relia-
bility. Across all strata of pathology (healthy, subclinical, clinical) and time (T0–T5), ICCs
were consistently ≥0.95 in the transversal section and ≥0.96 in the longitudinal section.

Both manual and ImageJ-guided acquisitions showed excellent intra-operator re-
liability. For Operator 1, manual vs. automatic agreement was high (T: 0.959–0.989;
L: 0.970–0.991), manual test–retest was among the strongest (T: 0.990–0.996; L: 0.992–0.997),
and automatic test–retest reached near-perfect values (T: 0.991–0.999; L: 0.984–0.995). For
Operator 2, intra-operator agreement was similarly excellent across methods: manual vs.
automatic T 0.981–0.995; L ≥ 0.98; manual test–retest T 0.988–0.997; L ≥ 0.96; automatic
test–retest T 0.988–0.995; L 0.981–0.996).

Also inter-operator agreement showed excellent reliability. Manual measurements
showed excellent agreement in the transversal section (ICC 0.976–0.999) and very good
to excellent agreement in the longitudinal section (0.892–0.998). Automatic acquisitions
yielded uniformly excellent inter-operator reliability (T: 0.978–0.994; L: 0.970–0.993).
The details of intra- and inter-operator agreement at T0 are reported in Tables 2 and 3.
Complete agreement data for all time points are provided in Tables S1 and S2 of the
Supplementary Materials.
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Table 2. Intraclass correlation coefficients (ICCs and 95% CI) for intra-operator comparisons (manual
and automatic acquisitions) of glandular cistern area at T0, in both transversal (T) and longitudinal (L)
sections, stratified by pathology status. Healthy quarters (n = 42), subclinical mastitis (n = 26), and
clinical mastitis (n = 16).

O1 Manual
vs. Auto

O1 Manual
vs. Manual

O1 Auto
vs. Auto

O2 Manual
vs. Auto

O2 Manual
vs. Manual

O2 Auto
vs. Auto

Healthy

T 0.99 (0.97–0.99) 1.00 (0.99–1.00) 1.00 (1.00–1.00) 0.98 (0.96–0.99) 0.98 (0.95–0.99) 0.99 (0.98–0.99)
L 0.99 (0.98–1.00) 0.99 (0.98–1.00) 1.00 (0.99–1.00) 0.98 (0.92–0.99) 0.99 (0.99–1.00) 1.00 (0.99–1.00)

Subclinical

T 0.96 (0.90–0.98) 0.97 (0.94–0.99) 0.99 (0.97–0.99) 0.96 (0.90–0.98) 0.97 (0.93–0.99) 0.99 (0.99–1.00)
L 0.99 (0.97–0.99) 0.99 (0.99–1.00) 0.99 (0.99–1.00) 0.96 (0.91–0.98) 0.99 (0.97–1.00) 0.99 (0.99–1.00)

Clinical

T 0.98 (0.95–0.99) 0.99 (0.97–0.99) 0.99 (0.99–1.00) 0.98 (0.93–1.00) 0.99 (0.94–1.00) 0.98 (0.93–0.99)
L 0.98 (0.93–0.99) 0.99 (0.94–1.00) 0.99 (0.99–1.00) 0.98 (0.93–0.99) 0.99 (0.94–1.00) 0.99 (0.99–1.00)

Table 3. Intraclass correlation coefficients (ICCs and 95% CI) for inter-operator comparisons (manual
and automatic acquisitions) of glandular cistern area at T0, in both transversal (T) and longitudinal (L)
sections, stratified by pathology status. Healthy quarters (n = 42), subclinical mastitis (n = 26), and
clinical mastitis (n = 16).

Inter-Operator Manual Inter-Operator Auto

Healthy

T 0.98 (0.95–0.99) 0.98 (0.96–0.99)
L 0.89 (0.70–0.97) 0.97 (0.94–0.99)

Subclinical

T 0.97 (0.93–0.99) 0.97 (0.93–0.99)
L 0.97 (0.93–0.99) 0.99 (0.99–1.00)

Clinical

T 0.98 (0.93–1.00) 0.98 (0.93–0.99)
L 0.98 (0.93–0.99) 0.99 (0.99–1.00)

4. Discussion
The present study evaluated the use of ultrasonographic assessment of the glandular

cistern area during clinical and subclinical mastitis. The first finding was that ultrasound
of the glandular cistern is a feasible and reliable method for monitoring structural changes
associated with mastitis under field conditions. All images were consistently obtainable
without clipping, and visualization of the cisternal lumen was adequate at all time points.
In literature, ultrasound of the udder in dairy cows has also been reported as easy to
perform [7,38,39]. In recent years, the number of studies employing udder ultrasonography
has increased, not only for surgical diseases such as teat obstruction or milk stones [14,40],
but also for the evaluation of ultrasound findings during mastitis [27,41].

Our results suggested that cisternal areas were significantly smaller in cows with
clinical mastitis compared with contralateral healthy quarters, whereas differences between
contralateral healthy and subclinical quarters did not reach statistical significance. This
indicates that ultrasonographic alterations become more evident as disease severity in-
creases. The reduction in cisternal size may be explained by inflammatory processes leading
to edema, exudation, and tissue thickening, ultimately decreasing the lumen available
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for milk storage, in association with reduced milk production [42,43]. Previous studies
have described echogenic changes in mastitic glands, including increased pa renchymal
echogenicity and irregular lumen borders; our results add quantitative evidence on cisternal
area reduction as an additional marker of disease [9,15].

In subclinical mastitis, despite elevated SCC values and evidence of inflammation,
cisternal measurements showed only modest deviations from contralateral healthy quarters.
This observation aligns with the subclinical nature of the disease, in which functional
impairment may precede or exceed detectable structural changes [9,15]. Longer follow-up
and larger cohorts could help clarify whether cisternal changes evolve over time or in
relation to specific etiologies. Beyond structural assessment, Doppler ultrasonography
offers the possibility to evaluate hemodynamic and lymphatic alterations associated with
mastitis. Studies have demonstrated changes in blood flow parameters and regional
lymph node perfusion in affected cows [44,45]. Integrating these findings with B-mode
measurements could improve understanding of disease dynamics. Furthermore, recent
research has explored the application of machine-learning and deep-learning models to
ultrasonographic and sensor data for automated mastitis detection [46,47]. These advances
suggest a potential for combining Doppler and artificial-intelligence-based analyses to
enhance diagnostic accuracy and support precision dairy management.

The interaction between time and pathology observed in our study underscores that
temporal dynamics differ according to disease status. In clinical mastitis, a marked decrease
in cisternal area at T1 was followed by partial recovery at T5, suggesting that ultrasonogra-
phy may be useful to monitor disease progression and response to treatment. Conversely,
contralateral healthy and subclinical quarters showed relatively stable measurements over
time. These findings are consistent with udder damage caused by clinical mastitis and with
the effects described in previous literature [48,49]. In fact, clinical mastitis has a direct effect
on the udder parenchyma, influencing milk production throughout the entire lactation in
dairy cows [50,51]. This mechanism could explain the differences in cistern area observed
during the study period.

A notable finding of the present study was the excellent reproducibility of ultra-
sonographic measurements of the glandular cistern area. Both manual and automated
(ImageJ-guided) analyses achieved ICC values consistently above 0.95 across operators,
reading sessions, and pathology groups. Such values fall within the range generally
classified as “excellent” according to established reliability criteria [37]. To the authors’
knowledge, no previous study has assessed agreement for the glandular cistern area in
dairy cows. The very high intra-operator repeatability observed suggests that both manual
tracing and automated segmentation can be reliably reproduced by the same examiner
over time. This is crucial in longitudinal designs, where repeated measures are required
to monitor the evolution of mastitis within the same cow or herd. At the same time, the
excellent inter-operator agreement highlights that ultrasonographic evaluation of the cis-
tern can be standardized across different examiners with minimal variability, making it
suitable for multicentric studies and for routine herd monitoring performed by different
veterinarians. The high level of both inter- and intra-operator agreement observed in this
study supports the applicability of this ultrasonographic approach under field conditions.
In contrast, previous investigations on the use of ultrasonography for bovine respiratory
disease have reported disappointing reproducibility, largely attributed to limited operator
expertise [52]. Interestingly, when applied to the teat, such constraints appear less critical,
provided that the examiner has received at least basic theoretical training, which seems
sufficient to ensure reliable results.

Automated image analysis deserves particular attention. The use of ImageJ to seg-
ment the cistern lumen and compute its area further minimized variability, producing



Dairy 2025, 6, 68 10 of 13

near-perfect ICC values in both transversal and longitudinal sections. This suggests that,
once appropriate thresholds and calibration are established, automated methods may
outperform manual tracings in terms of consistency. In the literature, automated image
analysis in both human and veterinary medicine has been reported as a method to improve
agreement and reproducibility of results [9,53,54]. From a practical perspective, it may
reduce operator workload by shortening the time needed for measurements, a relevant
advantage when large datasets are analyzed.

Nevertheless, some limitations should be acknowledged. The study was restricted
to a single herd, which may limit the generalizability of the findings, and the relatively
small number of clinical mastitis cases may have reduced statistical power for subgroup
comparisons. The unbalanced distribution among groups (CM n = 16, SCM n = 26, healthy
n = 42) should also be recognized as a limitation. Although the overall number of enrolled
quarters exceeded the minimum sample size required by the power analysis, the smaller
CM group may have increased variability and reduced the precision of between-group
estimates, particularly for interaction effects.

Bacteriological culture results were available but were not included in the statistical
analysis, as the study was primarily designed to evaluate ultrasonographic differences
according to clinical classification rather than etiological agents. Consequently, pathogen-
specific effects could not be assessed. Different microorganisms may induce variable in-
flammatory patterns and involve distinct mammary compartments, potentially influencing
cisternal ultrasonographic appearance. Future studies should therefore investigate whether
specific bacterial species are associated with characteristic ultrasonographic findings.

Moreover, although automated image analysis yielded promising results, some caution
should be exercised when interpreting these data. Automated segmentation algorithms
are influenced by image quality, probe positioning, and artifacts such as debris or acoustic
shadowing, which may affect reproducibility under field conditions.

Finally, cows showing systemic involvement or toxic mastitis were excluded to avoid
potential confounding factors related to fever, dehydration, or severe inflammation, which
could independently alter milk yield and cisternal dimensions. This restriction allowed a
clearer evaluation of the method’s reliability under comparable conditions but limits the
applicability of the results to mild or moderate mastitis.

Future research should include animals with systemic or severe forms of mastitis to
define diagnostic cut-offs and to evaluate the sensitivity and specificity of ultrasonographic
cisternal measurements. Further studies are also warranted to assess whether cisternal
alterations vary according to the infectious agent, disease chronicity, or parity, and to
validate the robustness of automated analyses under variable field conditions. Finally,
integrating ultrasonography with functional parameters such as SCC, milk yield, and bio-
chemical indicators could enhance diagnostic accuracy and provide a more comprehensive
understanding of mastitis progression.

5. Conclusions
In conclusion, this study confirms that ultrasonographic measurement of the glandular

cistern area is a practical, reproducible, and informative tool for mastitis evaluation. While
clinical mastitis is associated with significant cisternal reduction, changes in subclinical
cases remain limited. The robustness of both manual and automated measurements sup-
ports the adoption of this technique for longitudinal monitoring and research purposes,
with promising implications for precision dairy farming.
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vs. automatic measurements. Healthy quarters (n = 42), subclinical mastitis (n = 26), and clinical
mastitis (n = 16). Table S2. Intraclass correlation coefficients (ICCs, average measures, 95% CI) for
longitudinal section measurements of glandular cistern area, stratified by pathology status (healthy,
subclinical, clinical quarters) and time (T0–T2). Agreement was evaluated across eight comparisons:
intra-operator agreement for manual vs automatic acquisition, manual test–retest, automatic test–
retest; inter-operator agreement for manual vs. manual and automatic vs. automatic measurements.
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