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Abstract

The combination of several sonographic techniques can provide important information
on pathological feature of mammary tumors. This study aims to evaluate the diagnostic accuracy
of spectral Doppler indices and shear wave elastography (SWE) in dogs with mammary tumors
and their relationship to tumor proliferation. The study consisted of malignant epithelial tumors
(Group MET; n=49) and healthy mammary tissues (Group C; n=15). Ultrasonographic findings
(echotexture, echogenicity, mass width, etc.), tissue Ki-67 levels, Doppler ultrasonography and
sonoelastographic measurements were performed. Ultrasonography was performed by a single
experienced veterinary sonographer prior to mastectomy using a Resona 19 US device equipped
with a linear transducer (L20-5s). Histopathological results were used as the gold standard. Tissue
Ki-67 levels were measured using a canine Ki-67 Protein (Ki67P) ELISA kit. The distribution
of echotexture and echogenicity in Group MET were mostly heterogencous and hyperechoic.
Also, the most frequent vascular pattern was a mixed pattern in Group MET, and the vasculariza-
tion amount did not differ in terms of histological grades in canine mammary carcinomas. Vascu-
lar resistivity (RI) in Group MET was significantly higher than in Group C while pulsatility
indexes (PI) was not significantly different between the groups . Peak systolic velocity (PSV) and
end diastolic velocity (EDV) increased in malignant tumors and showed adequate sensitivity
and specificity values to distinguish the malignant tumors than healthy mammary tissues. Shear
wave speed and stiffness of malignant tumors were higher than healthy mammary tissue.
The highest shear wave speed and tissue elasticity were observed in tumors larger than 5 cm.
Elastography parameters in Grade 3 carcinomas were higher than in Grade 2 carcinomas. Tissue
Ki-67 concentration was significantly associated with Doppler velocimetry parameters and SWE
measurements. Also, Ki-67 was accurate in distingiuishing the healthy mammary tissue than
canine mammary masses with moderate sensitivity and high specificity. Tissue Ki-67, RI, PSV,
shear wave speed, and elasticity amounts have 100% specificity to distinguish malignant mam-
mary tumors compared to healthy mammary tissues in dogs. It was concluded that a combination
of imaging techniques should be applied for a more accurate diagnosis of mammary tumors.
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Introduction

Mammary tumors are mostly malignant and are
frequently seen tumor types in dogs. Canine mammary
tumors are a naturally occurring heterogenous group of
cancers that have similar etiology, signaling pathway
activation and histological classification features with
human breast cancer (Sorenmo et al. 2009). An estima-
tion of a tumor’s proliferation potential is useful for
determining tumor malignancy. A high proliferation
rate is associated with rapid tumor growth and the
ability to cause local and distant metastases. One of
the widely used cell proliferation markers is antigen
Ki-67 (Ki-67) (Kaszak et al. 2022). Rodrigues et al.
(2016) indicate that the expression level of Ki-67 is
positively correlated with adverse clinicopathological
parameters and jointly signifies aggressive tumor beha-
vior and poor prognosis in dogs with mammary tumors.
However, Estaller et al. (2022) determined no signifi-
cant difference in serum Ki-67 concentration between
benign and malignant mammary tumours.

Non-invasive diagnostic ultrasound techniques
such as B-mode ultrasound, Doppler technique and real
time elastography are important requirements in both
human and veterinary medicine (Kaszak et al. 2022).
Even though the gold standard for the diagnosis of
mammary lesions is the histopathological examination,
some ultrasonographic features described, can predict
the potential of a lesion being malignant (Feliciano
et al. 2023). Esteves-Monteiro et al. (2025) reported
that tumor size, shape, border irregularity, echotexture,
internal echogenicity, and acoustic transmission para-
meters were useful for the evaluation of mammary
gland tumors in dogs and cats. Doppler ultrasonography
can be used for the estimation of blood flow into the
mammary glands. Color flow imaging enables the visua-
lization (present or absent) and localization (peripheral,
central or diffuse) of tumoral vascularization present
in tumors (Feliciano et al. 2023). The spectral Doppler
measures peak systolic velocity (PSV), end diastolic
velocity (EDV), resistance index (RI) and pulsatility
index (PI) (Barbagianni and Gouletsou 2023). High
vascularity and increases in spectral vascular indices
are predictive of malignant masses (Ugar et al. 2021).
Elastography is an ultrasonographic technique emplo-
yed to measure the elasticity and stiffness of tissues,
to increase diagnostic sensitivity. The elasticity of
a tissue (even within the same organ) may vary accor-
ding to the physiological state (e.g., lactating or dry
mammary gland) or the pathological process (e.g.,
inflammation, neoplasia) in the tissue (Barbagianni and
Gouletsou 2023). Sonoelastography methods were suf-
ficiently able to distinquish malignant mammary
tumors from benign ones (Feliciano et al. 2023, Seran

et al. 2024). It is based on the principle that malignant
tissues are generally stiffer than benign ones
(Esteves-Monteiro et al. 2025). The combination of
several sonographic techniques can provide important
information on pathological features of the mammary
tumor (Feliciano et al. 2023).

Several studies have been carried out to evaluate
the applicability of the ultrasonographic examination of
mammary lesions in bitches. This study aims to evalu-
ate the diagnostic accuracy of spectral Doppler indices
and shear wave elastography in dogs with mammary
tumors and their relationship to tumor proliferation.

Materials and Methods

Ethics statement

Permission for the study was approved by the Istan-
bul University-Cerrahpasa Animal Experiments Local
Ethics Committee (2023/10). The animal owners’ per-
mission was obtained in order to conduct the research.

Animal subjects and study design

The G-power test was applied to calculate the total
sample size (G¥*Power version 3.1.9.7 software, Hein-
rich-Heine-Universitdt Diisseldorf, Germany). During
this test, when the effect size was 0.80, a err prob: 0.05,
and power (1-B err prob): 0.80, the minimum sample
size for each group was set at n=14 to obtain statistical
results in the two-group comparison, and the minimum
total sample size for the study was set at n=28.

Thirty-three female dogs were presented to the
Istanbul University-Cerrahpasa Faculty of Veterinary
Medicine, Department of Obstetrics and Gynecology
clinic between 2023 and 2025 with complaints of mam-
mary masses. The dogs were medium sized breed, and
their age range was 8-12 years. During the clinical
examination, the two mammary chains and the lymph
nodes were explored. Canine mammary neoplasms
were commonly presented as circumscribed nodules
with variable size, consistency, and mobility to the skin
and muscle. The tumors associated with skin ulceration
and local inflammatory reactions were not included
in the study. Three-view thoracic radiography (DR,
Ekovia, Korea) and total blood count (Catalyst One,
IDEXX, USA) were performed to evaluate the preo-
perative anesthesia risks in all groups. Bilateral mastec-
tomy was performed under general anesthesia for all
dogs, as defined by Ugmak et al. (2021). General anes-
thesia was induced with 6 mg/kg of propofol (Pofol®,
Dongkook, Korea) intravenously and followed by iso-
flurane (3%) (Foran liquid®, Abbott Laboratories, UK)
in oxygen (2%).
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All animals and a total of 81 masses were evaluated
by ultrasonography (Resona 19, Mindray, China) and
subsequently classified as benign, healthy or malignant
by histopathology. As a result of histopathological
examination, a total of 66 mammary tissue samples
were included in the study. The study consisted of
malignant epithelial tumors (Group MET; n=49)
and healthy mammary tissues (Group C; n=15).
The remaining 15 tissues had hyperplasia dysplasia
(n=5), carcinosarcoma (n=6), and benign neoplasms
(n=4) and were not included in the study due to low
sample size. After mastectomy, tissue samples were
collected (0.5cm per two Eppendorf tubes) and stored at
-86°C until ELISA analysis was performed.

Ultrasonography examination

Ultrasonography (US) was performed by a single
experienced veterinary sonographer prior to mastecto-
my using a Resona 19 US device equipped with a linear
transducer (L20-5s) (Mindray, China). Each mammary
mass was evaluated using the different ultrasonographic
methods (B-mode, Doppler, shear wave elastography
(SWE)) in the order described below.

B-mode ultrasonography

The mammary masses were evaluated by conven-
tional ultrasonography according to: echotexture
(homogenous or heterogeneous), echogenicity (hypoe-
choic, hyperechoic, anechoic or mixed with solid
or liquid components), contours/ margins (defined or
undefined) and invasiveness (present or absent).
Masses with cystic structure were excluded from the
study. Additionally, width (cm) of the mammary tissue
in transverse sections was obtained. Mass sizes were
classified according to the TMN staging system (T1<3
cm, T2: 3-5 cm, T3> 5 cm) (Owen 1980).

Doppler ultrasonography

Power Doppler imaging enabled the visualization
(present or absent) and localization (peripheral, central
or diffuse) of tumoral vascularization. The amount of
vascularization (color pixel percentage; CPP%) was au-
tomatically calculated by the software of the US device.
In tumoral vascularization analysis by spectral Doppler,
the angle between the Doppler beam and the vessel’s
long axis did not exceed 60°. A 2-4 mm gate (depending
on the diameter of the vessel) with apertures was posi-
tioned at the center of the vessel to measure the flow’s
spectral trace, spectral curve and vascular indices,
which were obtained automatically following software
identification of the ultrasonic scanner for each wave-
form. A minimum of three subsequent waves was used

in the evaluation. The parameters studied were peak
systolic velocity (PSV; cm/s), end diastolic velocity
(EDV; cm/s), resistive index (RI) and pulsatility index
(PD).

Shear wave elastography

For each mass that had completed B-mode and
Doppler ultrasonography examinations, the US device’s
2D shear wave elastography module was activated.
During SWE, after the motion stability index (MSI)
reached >4 stars, a shear wave was delivered to the
tissue. At this stage, images with a reliability index of
>85% were recorded, and quantitative measurements
were made from these images. A qualitative map is cre-
ated on the screen based on the stiffness levels of the
tissues in the shear wave area; red represents the stiffest
tissue, and blue represents the softest. For quantitative
measurements, at least two regions of interest (ROIs)
were determined from each recorded image, and each
ROI was set to 2 cm in diameter. Quantitative measure-
ments were performed automatically by the device.
The tissue stiffness is presented as minimum, maxi-
mum, average and standard error values based on the
measurement of each ROI. Two measurements were
taken from each mammary lobe, and the average of
these measurements was calculated to determine tissue
stiffness. As a result of elastography measurements, the
stiffness of the tissue was obtained in kilopascals (kPa)
and the speed of the shear wave passing through the
mammary tissue was obtained in m/s.

Histopathological classification

After tissue section samples were taken, the remain-
ing total mastectomy material was sent to the pathology
department for histopathological analysis in 10%
formaldehyde solution. Mammary tumor tissues were
fixed with 10% buffered formalin solution for 48 hours.
Samples were then subjected to routine tissue process-
ing procedures, paraffin blocks were prepared and 5 um
thick sections were cut and stained with Hematoxylin &
Eosin (H&E). Sections were examined under a light mi-
croscope (Nikon Eclipse Ci-L, Japan) and each case
was labelled according to the canine mammary tumor
classification of Goldschmidt et al. (2011) and graded
according to the grading system of Pena et al. (2013).
Histopathological results were used as the gold stan-
dard. The histopathological appearance of solid carci-
noma, mixed type carcinoma, complex type carcinoma,
and intraductal papillary carcinoma are presented
at Fig. 1.
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Fig. 1. Histopathological appearance of carcinoma subtypes in dogs with mammary tumors. A. Solid carcinoma. Neoplastic epithelial
cells arranged in densely packed solid sheets exhibiting moderate anisokaryosis and a high nuclear density (H&E, scale bar =
100 um). B. Carcinoma, mixed type. Neoplastic epithelial cells forming irregular tubulopapillary structures within a prominent
fibromyxoid stroma containing areas of chondroid matrix production (H&E, scale bar = 100 um). C. Intraductal papillary carci-
noma. Neoplastic epithelial cells form multilayered papillary projections supported by fibrovascular cores within dilated ducts
(H&E, scale bar = 100 um). D. Carcinoma, complex type. Malignant epithelial cells admixed with proliferative spindle-shaped

myoepithelial cells (H&E, scale bar = 100 um).

ELISA analysis

Tissue samples were diluted to ensure homogeneity.
For this purpose, the tissues were weighed and cut into
small pieces using a sterile scalpel. Approximately
100 mg of tissue was diluted with 1 ml (1000 pl)
of Phosphate Buffered Saline (PBS). The tissues were
homogenized in a cooling container using a homogeni-
zation blender (Miccra-D1, Miccra, Germany).
The homogenate was centrifuged at 3000 rpm for 20
minutes (Sigma 3K30, Sigma Laborzentrifugen GmbH,
Germany). The supernatant was collected and trans-
ferred to a separate Eppendorf tube. Tissue homoge-
nates were used for ELISA analysis (Bio-Tek, USA).
Tissue Ki-67 levels were measured using a canine
Ki-67 Protein (Ki67P) ELISA kit according to the
manufacturers’ instructions (Canine Ki-67 Protein
ELISA Kit, Cat.No: MBS089640, Mybiosource, USA).
The detection range of Ki-67 was 0.625 ng/ml-20 ng/ml.
The intra and inter assay coefficients of variation were
4.82% (n=5) and 8.34% (n=5), respectively.

Statistical analysis

Statistical analysis was performed by using SPSS
31.0 (IBM, USA). Normal distribution of data and
homogeneity of variances were evaluated using
the Shaphiro Wilk test and Levene’s test, respectively.
The comparison of groups in terms of Ki-67, CPP%,

Doppler and elastography measurements was per-
formed using Mann-Whitney U test. However, changes
in RI values between the groups were evaluated using
Student’s t-test. In Group MET, comparision of histolo-
gical grades and mass sizes in terms of evaluated
parameters were performed using OneWay Anova.
The relationships among the parameters were deter-
mined with the Pearson correlation test. The receiv-
er-operating characteristics (ROC) curve analysis was
performed to determine the sensitivity and specificity of
Ki-67, CPP%, Doppler and elastography parameters.
Areas under the ROC curves (AUC) were assessed to
determine the discrimination ability in dogs with mam-
mary tumors or healthy ones. Values were given as
mean + standard error of the mean (SEM). The signifi-
cance level was accepted as p<0.05.

Results

The mean age of the 33 dogs was 10.41+0.38 years.
On clinical examination, sizes of the mammary neo-
plasms ranged from 1 to 7 cm in the widest cross-sec-
tional diameter. Multiple tumors were frequently obser-
ved in one mammary chain. The existence of malignant
mammary tumors was more frequently at the caudal
abdominal and inguinal mammary glands than at the
thoracic glands. According to histopathology, mali-
gnant epithelial tumor was diagnosed in 49 of 66 mam-
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Table 1. B mod US, Doppler US and sonoelastographic measurements, tissue Ki-67 levels and their comparison between the groups.

Group MET (n=49)  Group C (n=15) Significance
Homogenous 27 12
Echotexture
Heterogeneous 22 3
. Hyperechoic 27 3
Lo Echogenicity -
B mod US Findings Hypoechoic 22 12
Solid 24 -
Structure Multilobulated 12 -
Diffuse 13 -
Peripheric 19 9
Vascularization Central 3 3
Mixed 27 3
oo CPP % 7.36+0.86* 3.434+0.63° =0.01
Doppler US Findings
PI 1.97+0.12 2.58+0.33 >0.05
RI 0.78+0.01* 0.69+0.02° <0.05
EDV (cm/s) 3.12+0.43* 1.33+0.39* <0.05
PSV (cm/s) 13.12+0.432 7.12+0.61° <0.001
Lo EkPa (mean) 57.94+7.07° 28.61+2.38° <0.01
SWE Findings
Cs (m/s, mean) 4.05+0.20* 3.03+0.15° <0.01
Tissue Ki-67 6.85+0.20° 5.68+0.12° <0.001

b Different superscript letters in the same row indicate the significance. CPP — Color pixel percentage, PI — Pulsatility index,
RI - Resistive index, PSV — peak systolic velocity (cm/s), EDV — end diastolic velocity (cm/s), EkPa — Stiffness, Cs — Shear wave speed

mary tissues. Ultrasonographic findings (echotexture,
echogenicity, mass width, etc.), tissue Ki-67 levels,
Doppler US and sonoelastographic measurements and
their comparison between the groups are presented in
Table 1. Mammary lobes with anechoic and cystic
structure were not included in this study. Mammary
tumors in Group MET mostly had homogenous echo-
texture, hyperechoic echogenicity and solid structure.
Mixed vascularization mostly existed in Group MET,
while peripheric vascularization was in Group C. Dop-
pler US measurements revealed increased CPP, RI,
EDYV, and PSV values in Group MET. Also, stiffness
of the tumors in Group MET were higher compared to
healthy mammary tissues. Group MET was also classi-
fied in terms of mass size and histological gradings:
thirty mammary tumors were T1 size, nine tumors were
T2 size and ten tumors were T3 size; according to histo-
pathological examination, 18 tumors were Grade 1,
19 tumors were Grade 2 and 12 tumors were Grade 3.
The histopathological distribution of mammary tumors
in Group MET was simple carcinoma (n=14), solid car-
cinoma (n=6), complex carcinoma (n=7), mixed carci-
noma (n=9), intraductal carcinoma (n=6) and carcino-
ma malignant myoepithelioma (n=7). In solid carcinoma
cases, neoplastic epithelial cells were arranged in den-
sely packed solid sheets exhibiting moderate anisokary-
osis and a high nuclear density (Fig. 1 A). In mixed type
carcinoma cases, neoplastic epithelial cells formed irre-
gular tubulopapillary structures within a prominent

fibromyxoid stroma containing areas of chondroid
matrix production (Fig. 1B). Intraductal papillary carci-
noma cases exhibited neoplastic epithelial cells in mul-
tilayered papillary projections supported by fibrovascu-
lar cores within dilated ducts (Fig. 1C). In complex type
carcinoma cases, malignant epithelial cells admixed
with proliferative spindle-shaped myoepithelial cells
(Fig. 1D). Changes of evaluated parameters among the
histological gradings and mass size in Group MET are
shown in Table 2. CPP in T2 sized tumors were higher
than in T1 sized tumors (P <0.05). Also, the highest ela-
sticity measurements and Ki-67 values were recorded
in T3 sized tumors. Doppler indices (PI and RI) in grade
3 tumors were higher compared to grade 2 tumors
(P<0.05). However, the highest EDV and PSV values
were obtained in grade 2 tumors. Also, elasticity
parameters in grade 3 tumors were higher than in Grade
2 tumors while Ki-67 levels in Grade 2 tumors were
higher than in grade 1 tumors. The relationships among
the tissue Ki-67 levels, Doppler and elastography para-
meters are given in Table 3. Tissue Ki-67 levels were
positively correlated with CPP (P <0.05), Doppler velo-
cities (PSV and EDV; P <0.01) and elastography para-
meters (EkPa, Cs) (P <0.05). However, significant asso-
ciations, particularly those between Ki-67 and CPP%,
elastography parameters were weak to moderate in
strength (r=0.25-0.27). Also, PI value was inversely
correlated with CPP (P<0.01), PSV (P<0.05), and EDV
(P<0.001), while PI was significantly associated with
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Table 2. Changes of evaluated parameters among the histological gradings and mass size in Group MET.

Parameters T1 (<3 cm) T2 (3-5 cm) T3 (>5 cm) Significance
CPP % 5.03+0.46 14.21+3.18° 8.22+1.59® <0.05
PI 1.944+0.16 1.59+0.21 2.12+0.24 >0.05
RI 0.77+0.02%® 0.73+0.05* 0.87+0.03° <0.05
EDV (cm/s) 2.25+0.31 4.42+0.82 4.43+1.58 >0.05
PSV (cm/s) 10.96+0.86 15.05+2.27 16.90+4.44 >0.05
T1vsT3 T2 vs T3
a a b
EkPa (mean) 39.19+3.02 44.94+£5.24 126.30+23.34 <0.001 <0.01
T1vsT3 T2 vs T3
. a a b
Cs (m/s; mean) 3.52+0.14 3.69+0.23 5.99+0.58 <0.01 <0.01
. T3 vs Tl T3 vs T2
- a a b
Ki-67 6.49+0.12 6.36+0.25 8.34+0.74 <0.01 20.05
Parameters Grade 1 Grade 2 Grade 3 Significance
CPP % 6.37£1.65 8.63+1.23 6.85+1.58 >0.05
PI 1.79+0.13% 1.55+0.13* 2.58+0.33° <0.05
RI 0.71£0.02%® 0.73+£0.03* 0.86+0.03° <0.05
EDV (cm/s) 2.28+0.36* 4.89+0.86° 1.57+.39° <0.05
PSV (cm/s) 10.64+1.01* 17.17+£2.48° 9.77+0.932 <0.05
Gl vs G2 G3 vs G2
a b a
EkPa (mean) 49.12+4.17 44.53+10.74 92.40+20.22 20.05 <001
Gl vs G2 G3 vs G2
. a b a
Cs (m/s; mean) 4.00+0.19 3.49+0.31 5.02+0.53 <0.05 <001
Ki-67 6.24+0.12° 7.17+0.36% 7.23+£0.52° <0.05

+b Different superscript letters in the same row indicate the significance. CPP — Color pixel percentage, PI — Pulsatility index,
RI— Resistive index, PSV — peak systolic velocity (cm/s), EDV — end diastolic velocity (cm/s), EkPa — Stiffness, Cs — Shear wave speed

Table 3. Relationships among the evaluated parameters (Pearson correlation coefficients and their significance).

Parameters Ki-67 CPP % PI PSV EDV Ekpa Cs (m/s)
Ki-67 - 0.268* -0.095 0.149 0.45]#%* 0.400%** 0.254* 0.270*
CPP % - -0.350** -0.201 0.353** 0.398** -0.059 -0.043

PI - 0.561%** -0.248* -0.528%** -0.016 0.058
RI - 0.013 -0.338%** 0.347%* 0.394%*

PSV (cm/s) - 0.832%** 0.018 0.014

EDV (cm/s) - 0.057 0.018
EkPa - 0.953%%*

Cs (m/s) -

CPP — Color pixel percentage, PI — Pulsatility index, RI — Resistive index, PSV — peak systolic velocity (cm/s), EDV — end diastolic
velocity, EkPa — Stiffness, Cs — Shear wave speed, * P<0.05, ** P<0.01, *** P<0.001

RI (P<0.05). However, weak association (r=0.248) was
detected between PI and PSV values. A graphical view
of the ROC curve is presented in Fig. 2. The sensitivity
and specificity of Ki-67, Doppler and elastography
parameters were determined and are presented in
Table 4.

Discussion

Ultrasonography could be used as a noninvasive
method in the examination of the canine mammary
gland, as it is in humans (Bagtan et al. 2009). Ultra-
sound examination has highlighted the existence of
a characteristic architecture of the layers of healthy
mammary glands in female dogs. These aspects could
easily be seen both using a microconvex transducer
and a linear transducer (Balaci et al. 2015). Similarly,
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Table 4. Receiver-operating characteristics (ROC) curve analysis results.

Parameters Sensitivity % Specificity % AUC Cut Point Youden’s index
Ki-67 71.43 100 0.872 6.228 0.714
CPP % 46.94 93.33 0.722 6.42 0.403
PI 89.8 20 0.384 1.03 0.098
RI 44.9 100 0.686 0.82 0.449
PSV (cm/s) 55.1 100 0.789 10.51 0.551
EDV (cm/s) 69.39 66.67 0.716 1.56 0.716
EkPa 53.06 100 0.731 38.32 0.731
Cs (m/s) 48.98 100 0.739 3.865 0.739

CPP — Color pixel percentage, PI — Pulsatility index, RI — Resistive index, PSV — peak systolic velocity (cm/s), EDV — end diastolic

velocity (cm/s), EkPa — Stiffness, Cs — Shear wave speed

a linear transducer was used to evalute the mammary
lobes in this study. Healthy mammary tissue is visible
on the ultrasound image as a middle layer of heteroge-
nous echotexture with intermittent hyper-echoic and
hypo-echoic areas. The muscular layer is the most pro-
found layer of medium echogenicity which is separated
by a thin hyper-echoic layer of abdominal fascia
(Thomas et al. 2022). Balaciet al. (2015) reported that
mammary parenchyma had coarse-grained structure
with medium echogenicity. In this study, mammary
parenchyma in healthy mammary tissues mostly had
homogenous echotexture and hypoechoic echogenicity.
Canine mammary tumors with a varied echogenicity
(heterogenous echotexture) are likely to be malignant
(Bastan et al. 2009). Benign tumours had mostly homo-
geneous echotexture and malignant tumours showed

a higher frequency of heterogeneity (Soler et al. 2016).
Also, malignant mixed tumors had higher homogeneity
and contrast compared to benign mixed tumors
(Miilazimoglu et al. 2016). The distribution of echo-
texture and echogenicity in Group MET were similar
and a mostly heterogeneous and hyperechoic view
existed in malignant mammary tissues. Using B-mode
ultrasonography, tumor shape can be used to identify
masses in the mammary gland, and tumors can be clas-
sified as round, oval, lobed or irregular. Studies have
shown that benign human breast tumors are generally
round or oval with smooth borders, while malignant
mammary tumors are often irregular or multilobed
(Ugar et al. 2021). An irregular tumor border indicates
an increased probability that the tumor is malignant
(Bastan et al. 2009). Thomas et al. (2022) indicated that
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malignant mammary neoplasms have an undefined
margin on B-mode ultrasonography. However, regular
and multilobed mammary tumors were dense in Group
METand undefined, diffuse malignant mammary tumors
were also found in this study.

Doppler US, used to examine mammary masses,
provides more sensitive results than B-mode imaging
(Feliciano et al. 2018). One of the features evaluated
in studies conducted with Doppler ultrasonography on
mammary tumors in dogs is the presence of vasculari-
zation and the localization of vascularization (central,
peripheral, mixed) (Thomas et al. 2022). Feliciano et al.
(2017) found that 67% of malignant mammary tumors
had vascularization, and the location of the vasculariza-
tion was peripheral in 75% of cases. Soler et al. (2016)
reported that the most common vascular pattern in
malignant tumors was the mixed pattern, while it was
the peripheral pattern in benign tumors. Similarly to
Soler et al. (2016), the most frequent vascular pattern
was observed in Group MET and was the mixed
pattern. Other research (Thomas et al. 2022) indicates
that malignant tumors induce an abnormal vascular
supply and have greater small vessels throughout the
tumor due to strong angiogenesis. As previously
reported, the increased CPP% in Group MET is due to
strong angiogenesis in malignant tumors. Similarly
to Feliciano et al. (2018), the vascularization amount
did not differ in terms of histological grades in canine
mammary carcinomas.

Azhar et al. (2023) reported that an increase in the
value of the RI indicates an increase in the risk of mali-
gnancy in human breast cancer. Youssefzadeh et al.
(1996) noted higher resistance indices in carcinomas
than in normal tissue, since their continuous growth
leads to an increase in tissue pressure with eventual
reduction of distal flow. In contrast, vascular resistivity
and pulsatility indices were not significantly different in
benign and malignant canine mammary gland tumors
(Soler et al. 2016; Feliciano et al. 2017). Similarly
to the studies on human breast cancer but in contrast to
studies on canine mammary tumors, the highest RI was
observed in Group MET. However, PI values did not
differ between the groups in this study regarding mali-
gnancy, as previously reported (Soler et al. 2016,
Feliciano et al. 2017, Thomas et al. 2022). Feliciano
et al. (2017) reported that color and spectral Doppler
variables did not provide any data that could be used in
the identification of high-grade mammary carcinomas
in dogs. In our study, the extent of vascularization did
not differ according to histologic grade, as malignant
epithelial tumors showed signs of neovascularization
across all grades of malignancy. However, contrary to
the previous report (Soler et al. 2016, Feliciano et al.
2017, Thomas et al. 2022), Doppler indices (PI and RI)

in Grade 3 tumors were higher than in Grade 2 tumors,
which are reported as indicators of malignancy.
In addition, the increase in RI values in tumors larger
than 5 cm in our study is supported by the report of
Sorenmo et al. (2009), which states that there is a strong
relationship between tumor size and malignancy.

High vascularity on color Doppler imaging and
increases in spectral vascular indices such as systolic
velocity (SV) and diastolic velocity (DV) are predictive
of malignant masses (Feliciano et al. 2017). The peak
systolic velocity (maximum velocity) found in mamma-
ry tumors can indicate tissue malignancy in humans
(Dock et al. 1991) and dogs (Feliciano et al. 2012).
Vascular index values are higher in malignant mamma-
ry tumors compared to benign mammary tumors
(Feliciano et al. 2017). Also, Thomas et al. (2022)
reported that elevated peak systolic velocity of blood
flow within the tumor vessels in malignant mammary
neoplasms was the only feature assessed with Doppler
mode to have a significant difference. Similarly to pre-
vious reports, Doppler spectral vascular indices PSV
and EDV were greater in malignant tumors and showed
adequate sensitivity and specificity values as being ma-
lignancy predictors on canine mammary masses in this
study. The findings could be explained by Dock et al.
(1991) who state that the absence of non-striated
muscle structure seen in normal vessels leads to an
abnormal course and distribution of tumor vessels,
which alters the blood flow velocity and appears as
accelerated flow on Doppler ultrasonography.

Feliciano et al. (2018) reported that Doppler veloci-
metry values did not differ according to mammary car-
cinoma types and their grades in dogs. In contrast with
this previous report, the highest EDV and PSV values
were observed in Grade 2 tumors, while velocimetry
parameters were not influenced by the difference
in tumor sizes, in our study. Based on the hypothesis
of Folkman et al. (1989) on neovascularization in
tumors with great growth potential, newly formed
vessels associated with carcinoma are responsible for
the features of Doppler waveform signals. Doppler
velocities (PSV and EDV) were greater in malignant
tumors, showing average sensitivity 79.2%, specificity
70.8%, accuracy 71.6% and AUC 73.0% in canine
mammary tumors (Feliciano et al. 2017). In our study,
the very strong correlations observed between PSV and
EDV (r=0.832, P<0.001) demonstrated the synegystic
effect of these parameters as malignancy predictors for
canine mammary masses.

Elastography is an ultrasonographic technique used
to measure elasticity

and stiffness of tissues, in order to increase diagno-
stic sensitivity (Ophir et al. 1991). SWE, can provide
quantitative elastic information in both kPa and m/s.
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To convert units from Young’s modulus elasticity (E)
in kilopascal and shear wave speed (Cs) in m/s are
directly linked through the simple formula: E=3G=3 p
Cs? (Sigrist et al. 2017). Consistent with the definition
in the mathematical formula, a very strong correlation
was observed between EkPa and Cs (r=0.953, P<0.001)
in this study. The elastography of proliferative lesions
of the mammary gland is a useful diagnostic method for
distinguishing benign neoplastic lesions from mali-
gnant neoplasms (Glinska-Suchocka et al. 2013,
Feliciano et al. 2017). Glinska-Suchocka et al. (2013)
observed that benign neoplasms of the mammary gland
showed low stiffness, whereas malignant neoplasms
were characterized by high stiffness. However,
Massimini et al. (2022) determined similar stiffness
with malignant mammary nodular lesions and hyper-
plastic/benign neoplastic lesions in dogs. In our study,
Shear wave speed and stiffness in malignant tumors
were higher than in healthy mammary tissue. The incre-
ased stiffness of malignant lesions may be explained by
the presence of a stromal reaction induced by mammary
carcinoma associated with increased amounts of colla-
gen components in tumor tissues (Feliciano et al. 2015).
These results suggest that SWE evaluations may be
helpful in predicting malignancy in canine mammary
masses with moderate sensitivity and high specificity.

Massimini et al. (2022) reported that the accuracy
of elastography appears to be limited in differentiating
between benign and malignant canine mammary
lesions, as well as discriminating between the different
histological subtypes or grades of malignancy. Also,
Seran et al. (2024) reported that elasticity score and
strain ratio of the malignant epithelial tumors in diffe-
rent grade groups were not statistically different. Howe-
ver, Feliciano et al. (2018) stated that acoustic radiation
force impulse—clastography enabled the detection
of grade II and III carcinomas with moderate accuracy.
In contrast with previous reports, Shear wave speeds
and tissue elasticity in Grade 3 carcinomas were higher
than in Grade 2 carcinomas in our study. Pieczewska
etal. (2021) evaluated by SWE the density of the canine
mammary tumor before and after the treatment with
aglepristone and found no influence on the density of
the tumor tissue, although significant reduction in the
mammary tumor’s size was observed following treat-
ment. However, Youk et al. (2013) indicated that the
mean elasticity value was correlated with larger size
and higher histological grade in invasive breast cancer
patients. Similarly, in our study, the highest shear wave
speed and elasticity were determined in tumors larger
than 5 cm. Similar results obtained in human breast
cancer cases confirm the clinicopathological similarity
of canine mammary tumors to human breast cancers
(Sorenmo et al. 2009).

Ki-67 is a nuclear antigen found in cells in the pro-
liferative phase of the cell cycle, by which tumor proli-
feration is measured. Estaller et al. (2022) reported that
serum Ki-67 concentration in dogs with malignant
tumors was higher than in healthy dogs. Although tissue
Ki-67 concentration was evaluated in this study, similar
results were obtained as those by Estaller et al. (2022).
Tissue Ki-67 concentration was significantly associated
with Doppler velocimetry parameters and SWE measu-
rements in our study. Also, Ki-67 was accurate in pre-
dicting malignancy in canine mammary masses with
moderate sensitivity and high specificity. This suggests
that the relationship between the mean elasticity value
and Ki-67 is not independent, and the relationship
between Ki-67 and the mean elasticity value may
be due to the relationship between the mean elasticity
and histological grade or vascular invasion (Youk et al.
2013). In our study, tissue Ki-67, RI, PSV, Shear wave
speed, and elasticity amounts have 100% specificity
in distinguishing the malignant mammary tumors com-
pared to healthy mammary tissues in dogs.

In our study, in addition to pairwise comparison
tests and ROC analysis, we also performed correlation
analysis to determine the relationship between the para-
meters. However, correlation does not imply causality.
This can be considered a limitation of the study.
The correlation analysis is particularly relevant for
associations between Ki-67, vascularization parameters
and tissue stiffness, which may be influenced by con-
founding factors such as tumor size, histological
subtype, or grade.

Conclusion

We concluded that a combination of imaging tech-
niques can be applied for a more accurate diagnosis
of mammary tumors. In future studies, the effectiveness
of drug treatments in canine mammary tumors can
be evaluated with the support of a combination of
modern ultrasound techniques.

Acknowledgements

This study was supported by the Scientific Research
Fund of Istanbul University-Cerrahpasa (TDK-2024-
37977). This work is summarized from the first author’s
PhD thesis.



410

S. Islamoglu Esen et al.

Author Declarations

Ethics approval

Permission for the study was approved by the Istan-
bul University-Cerrahpasa Animal Experiments Local
Ethics Committee (2023/10). The animal owners’ per-
mission was obtained in order to conduct the research.

Use of generative artificial intelligence

Generative artificial intelligence tools were not
used in the preparation of the manuscript.

Conflict of interest

The authors declare no competing interests.

References

Azhar Y, Candrawinata, VS (2023) Correlation of resistive index
values using spectral Doppler ultrasound with histopatho-
logical results in breast tumors. J Surg Ultrasound 10: 42-51.

Balaci IM, Ciupe S, Pop AR, Parlapan L, Arion A, Vasiu [,
Purdoiu R, Papuc I, Groza IS (2015) Ultrasonographic find-
ings of mastitic and normal mammary gland in bitches. Bull
Univ Agric Sci Vet Med Cluj-Napoca 72: 110-116.

Barbagianni MS, Gouletsou PG (2023) Modern imaging tech-
niques in the study and disease diagnosis of the mammary
glands of animals. Vet Sci 10: 83.

Bastan A, Ozenc E, Yagci IP, Acar DB (2009) Ultrasonographic
evaluation of mammary tumors in bitches. Kafkas Univ Vet
Fak Derg 15: 81-86.

Dock W, Grabenwoger F, Metz V, Eibenberger K, Farres MT
(1991) Tumor vascularization: assessment with duplex
sonography. Radiology 181: 241-244.

Estaller A, Kessler M, Wehrend A, Hirschberger J, Neumann S
(2022) Utility of serum Ki-67 as a marker for malignancy
in dogs. Animals (Basel) 12: 1263.

Esteves-Monteiro M, Santos J, Fontes-Sousa AP, Baptista CS
(2025) Diagnostic imaging features of mammary gland
tumors in dogs and cats. Animals (Basel) 15: 3506.

Feliciano MA, Maronezi MC, Brito MB, Simdes AP, Maciel GS,
Castanheira TL, Garrido E, Uscategui RR, Miceli NG,
Vicente WR (2015) Doppler and Elastography as comple-
mentary diagnostic methods for mammary neoplasms
in female cats. Arq Bras Med Vet Zootec 67: 935-939.

Feliciano MA, de Miranda BS, Aires LP, Lima BB,
de Oliveira AP, Feliciano GS, Uscategui RA (2023) The im-
portance of ultrasonography in the evaluation of mammary
tumors in bitches. Animals (Basel) 13: 1742.

Feliciano MA, Ramirez RA, Maronezi MC, Maciel GS,
Avante ML, Senhorello IL, Mucédola T, Gasser B,
Carvalho CF, Vicente WR (2018) Accuracy of four ultra-
sonography techniques in predicting histopathological
classification of canine mammary carcinomas. Vet Radiol
Ultrasound 59: 444-452.

Feliciano MA, Uscategui RA, Maronezi MC, Simdes AP,
Silva P, Gasser B, Pavan L, Carvalho CF, Canola JC,
Vicente WR (2017) Ultrasonography methods for predict-

ing malignancy in canine mammary tumors. PLoS One
12:¢0178143.

Feliciano MA, Vicente WR, Silva MA (2012) Conventional
and Doppler ultrasound for the differentiation of benign and
malignant canine mammary tumours. J Small Anim Pract
53:332-337.

Folkman J, Watson K, Ingber D, Hanahan D (1989) Induction
of angiogenesis during the transition from hyperplasia
to neoplasia. Nature 339: 58-61.

Glinska-Suchocka K, Jankowski M, Kubiak K, Spuzak J,
Nicpon J, Dzimira S (2013) Application of shear wave elas-
tography in the diagnosis of mammary gland neoplasm
in dogs. Pol J Vet Sci 16: 477-482.

Goldschmidt M, Pena L, Rasotto R, Zappulli V (2011) Classifi-
cation and grading of canine mammary tumors. Vet Pathol
48: 117-131.

Kaszak 1, Witkowska-Pitaszewicz O, Domrazek K, Jurka P
(2022) The novel diagnostic techniques and biomarkers
of canine mammary tumors. Vet Sci 9: 526.

Massimini M, Gloria A, Romanucci M, Della Salda L,
Di Francesco L, Contri A (2022) Strain and Shear-wave
elastography and their relationship to histopathological fea-
tures of canine mammary nodular lesions. Vet Sci 9: 506.

Miilazimoglu SB, Beceriklisoy BH, Schafer-Somi S, Kaya M,
Bumin A, Ozeng E, Giiltiken N, Kanca H, Giinen MZ,
Kutsal O, Emre B, Evangelos K, Aslan, S (2016)
B-mode echotexture analysis and color doppler sonography
in canine mammary tumors. Kafkas Univ Vet Fak Derg
22:961-969.

Ophir J, Céspedes I, Ponnekanti H, Yazdi Y, Li X (1991)
Elastography: a quantitative method for imaging the elastic-
ity of biological tissues. Ultrason Imaging 13: 111-134.

Owen LN (1980) Clinical stages (TNM) of canine mammary
tumors. In: Owen LD (ed) TNM classification of tumors in
domestic animals. World Health Organization, Switzerland,
pp 16-18.

Pena L, De Andrés PJ, Clemente M, Cuesta P, Pérez-Alenza MD
(2013) Prognostic value of histological grading in nonin-
flammatory canine mammary carcinomas in a prospective
study with two-year follow-up: relationship with clinical
and histological characteristics. Vet Pathol 50: 94-105.

Pieczewska B, Glinska-Suchocka K, Nizanski W, Dzieciot M
(2021) Decreased size of mammary tumors caused by pre-
operative treatment with aglepristone in female domestic
dogs (canis familiaris) do not influence the density of the
benign neoplastic tissue measured using Shear Wave elas-
tography technique. Animals (Basel) 11: 527.

Rodrigues H, Carvalho MI, Pires I, Prada J, Queiroga FL (2016)
Clinicopathological significance of caspase-3 and Ki-67
expression in canine mammary gland tumours. Acta Vet
Hung 64: 78-89.

Sigrist RM, Liau J, El Kaffas AE, Chammas MC, Willmann JK
(2017) Ultrasound elastography: review of techniques and
clinical applications. Theranostics 7: 1303.

Soler M, Dominguez E, Lucas X, Novellas R, Gomes-
-Coelho KV, Espada Y, Agut A (2016) Comparison between
ultrasonographic findings of benign and malignant
canine mammary gland tumours using B-mode, colour
Doppler, power Doppler and spectral Doppler. Res Vet Sci
107: 141-146.

Sorenmo KU, Kristiansen VM, Cofone MA, Shofer FS, Breen
AM, Langeland M,

Mongil CM, Grondahl AM, Teige J, Goldschmidt MH (2009)



Diagnostic accuracy of spectral Doppler indices and shear ... 411

Canine mammary gland tumours; a histological continuum
from benign to malignant; clinical and histopathological
evidence. Vet Comp Oncol 7: 162—-172.

Seran MO, Ug¢mak ZG, Tek C (2024) Strain elastography
is a useful tool in the evaluation of canine mammary neo-
plasms. Vet Arhiv 94: 55-66.

Thomas A, Nair SS, Varghese R, Anoop S, Ramankutty S,
Ambily VR, Martin KJ (2022) B-mode and Doppler ultra-
sound features of mammary neoplasms and their compari-
son with normal mammary glands in dogs. J Vet Anim Sci
53: 643-650.

Ucar EH, Peker C, Erdogan G (2021) Radiologic evaluations in
scanning and diagnosis of mammary tumors. In: Kirsan I

(ed) Current approaches in canine and feline mammary
tumors. Tiirkiye Klinikleri, Ankara, pp 26- 30.

Ugmak ZG, Koenhemsi L, Ugmak M, Or ME, Bamag¢ OE,
Giirgen HO, Yaramus CP (2021) Evaluation of platelet
indices and complete blood count in canine mammary
tumors. Acta Sci Vet 49: 1819.

Youk JH, Gweon HM, Son EJ, Kim J-A, Jeong J (2013) Shear-
wave elastography of invasive breast cancer: correlation
between quantitative mean elasticity value and immunohis-
tochemical profile. Breast Cancer Res Treat 138: 119-126.

Youssefzadeh S, Eibenberger K, Helbich T, Jakesz R, Wolf G
(1996) Use of resistance index for the diagnosis of breast
tumours. Clin Radiol 51: 418-420.



