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Simple Summary: Canine mammary tumours are the most represented neoplastic disease in canine
medicine with relevant implications for the health of dogs. Diagnostic imaging offers tools able to
better define lesion characteristics to improve treatment strategies. In recent years, sonoelastography,
derived from classical ultrasonography, was studied for its ability to quantify in a semi-quantitative or
quantitative manner the stiffness of tissue. In this study, two different methods, one semi-quantitative,
namely strain elastography, and one quantitative, namely shear-wave elastography, were compared
for their ability to quantify the properties of naturally onset canine mammary tumours. Shear-wave
elastography was found to be more replicable, and both techniques were correlated with the amount
of connective tissue of the lesion, suggesting that this attribute is largely responsible for the stiffness of
the mammary lesion. Both elastographic techniques, however, were not able to distinguish between
benign and malignant mammary tumours, which had a wide variable content in the connective tissue.
The findings suggest that sonoelastography is useful for characterizing connective tissue content in
the canine mammary tumour but should be used in conjunction with other techniques to define the
malignancy of the lesion.

Abstract: Mammary gland tumours have a significant impact on the health of dogs, requiring diag-
nostic tools to support clinicians to develop appropriate therapeutic strategies. Sonoelastography is
an emerging technology that is able to define the stiffness of the tissue and has promising applications
in the evaluation of mammary gland lesions. In the present study, strain elastography (STE) and
shear-wave (SWE) elastography were compared in 38 mammary nodular lesions for their ability
to define the histopathological features of canine mammary lesions. Among the techniques, SWE
showed better repeatability (intraclass correlation coefficient: 0.876), whereas STE was found to
be only acceptable (intraclass correlation coefficient: 0.456). Mammary nodular lesions showed a
wide range of tissue stiffening with a similar mean value for STE and SWE in benign (4 ± 0.3 and
115.4 ± 12.6 kPa, respectively) and malignant lesions (3.8 ± 0.1 and 115.5 ± 4.5 kPa, respectively). A
significant correlation was found between lesion fibrosis and STE (STE-I: r = 0.513, p < 0.001; STE-R:
r = 0.591, p < 0.001) or SWE-S (r = 0.769; p < 0.001). In conclusion, SWE was reliable and correlated
with fibrosis and was similar for both benign and malignant lesions, suggesting that other collateral
diagnostic techniques should be considered in conjunction with SWE to characterize mammary
nodular lesions in dogs.

Keywords: bitch; mammary tumour; strain elastography; shear-wave elastography; histopathology;
fibrosis
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1. Introduction

Mammary gland tumours represent the most relevant neoplastic disease in intact
female dogs, with a reported incidence rate in Europe of between 0.2% [1,2] and 0.3% [3],
which is higher than that seen in the human population [4]. Thus, specific attention has been
devoted to early diagnosis and prompt treatment [5], aimed at preserving canine health.
Due to similar clinicopathological and molecular features, canine mammary tumours
(CMTs) are considered a valuable model of study for human breast cancer [6], although
relevant differences exist in the hormonal cycle and incidence rate of the various histological
subtypes between canines and humans. In this respect, myoepithelial cell proliferation is
much more common in CMTs, occurring in >20% of canine tumours compared to <0.1%
of human tumours [7,8]. Unfortunately, detailed information on subtype classifications
and grading of mammary tumours is only obtained by histology, with details usually not
available before developing a treatment plan.

Ultrasonography appeared to be the tool of choice for the evaluation of CMTs due
to its non-invasive and well-tolerated features. The B-mode ultrasound technique was
proposed for CMT evaluation since some tumour features, such as irregular shape, poorly
defined margins, heterogenic echotexture, and vertical orientation of the lesion, are conven-
tionally indicative of malignancy [9,10]. The lack of specific B-mode ultrasound features for
differentiating benign and malignant CMTs has been reported [11], making this technique
of limited prognostic value in this species. In recent years, sonoelastography, a relatively
new ultrasonographic technique, has been introduced as a diagnostic tool for soft tissue
in human and domestic animal medicine, due to its ability to define the stiffening of the
lesion based on its elastic properties [12,13]. Currently, two types of sonoelastography are
available namely, strain elastography (STE) and shear-wave (SWE) elastography. STE is
based on the measurement of tissue echoes before and after compression, mechanically
and manually induced by the operator [14–16]. The mechanical properties of tissues are
qualitatively displayed in real-time in a colour-graded manner, interpreting the features of
the lesion both qualitatively, using a five-grade classification [14], or semi-quantitatively,
by comparing the stiffening of the lesion with the normal surrounding tissue [17]. On
the other hand, SWE is based on lateral acoustic radiation spanning the examined tissue,
which propagates faster in hard tissues than in soft tissues [18]. The ultrasound mod-
ule records the velocity of the propagation, allowing the quantitative measurement of
tissue elasticity in real time, generally reported as kilopascal (kPa) or m/s [19], and in an
operator-independent manner [20].

In human medicine, sonoelastography was proposed to define the cutoff values to
discriminate between benign and malignant neoplasm, but univocal thresholds were not
defined [16,21–23]. Despite the lack of a broad consensus on the cutoff value for malignant
and benign breast tumour discrimination, there is general agreement that harder lesions
are related to malignancy [12,16,24,25].

Recently, different studies have evaluated the elastic properties of CMTs from a quan-
titative [26,27] or qualitative point of view [28]. However, to the best of our knowledge, no
study exists comparing sonoelastographic findings obtained with both STE and SWE from
the same lesion of a canine mammary gland. Thus, in the present study, STE and SWE were
compared for their ability to detect different histological properties of spontaneous CMTs.

2. Materials and Methods
2.1. Patient Selection

This study was conducted between January and December 2020 on spontaneously
occurring mammary gland nodular lesions from female dogs referred to the Veterinary
Teaching Hospital of the University of Teramo, Italy.
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All the ultrasound and surgery procedures were performed within the standard
diagnostic and therapeutic procedures performed for this disease, and no unnecessary
procedures were performed on the patients. Informed consent was obtained from the
owners before their animals were included in the present study.

After a clinical examination, the mammary glands were carefully palpated and the
side (left or right) and localization (cranial thoracic, caudal thoracic, cranial abdominal,
caudal abdominal, inguinal) of each lesion were recorded. Then, the animals were subjected
to ultrasound, as well as complete haematological and clinical biochemical evaluations.
Furthermore, B-mode ultrasounds of the abdominal organs and radiological evaluations
of the thorax in three projections were performed to exclude detectable metastasis. Only
animals with haematological normal values and without clinical evidence of pulmonary
and/or abdominal metastases were included in the study. A total of 22 canine patients met
the criteria of inclusion and were considered for the ultrasound and histological evaluations
of mammary gland nodular lesions.

2.2. Ultrasound Sonoelastography

All ultrasonographic examinations were performed by the same operator with 3years
of experience in the use of STE and quantitative SWE.

In this study, all mammary nodules were analyzed by both semi-quantitative STE and
quantitative SWE using Logiq S8 (GE Healthcare, Milwaukee, WI, USA), with a 9L-D multi-
frequency linear probe (GE Healthcare). All examinations were performed at a frequency
of 8 MHz.

For STE, the nodular lesion was detected in an ultrasound B-mode scan and then the
STE tool was activated. Strain elastographic images were generated by freehand cycles
of compression/decompression, maintaining the lesion within the ultrasound scan. For
each lesion, at least three clips were recorded. The software for STE was implemented
with feedback by which the adequate compression and quality were visualized on a scale
from red (low quality) to green (good quality). Only images with good-quality feedback
were considered and the analyses were performed on at least three images recorded on
three different clips. A region of interest (ROI) was created on the lesion, and an ROI of
equivalent size and depth was positioned on apparently normal mammary tissue (Figure 1).
The strain elasticity index (STE-I), as the value recorded by the software in the ROI of the
lesion, and STE ratio (STE-R), as the ratio between the strain elasticity in the lesion and that
in the normal mammary tissue, were calculated and recorded.

After STE, SWE was performed using the same probe. The colour-scale ranged from
0, displayed in red (soft), to 150+ kPa, displayed in blue (hard). During acquisition, the
operator minimized pressure and movements with the probe on the lesion. Images were
acquired by keeping the probe stationary for at least 10 seconds on the lesion for each
measurement, and the orientation of the probe was chosen taking care that the maximum
diameter of the lesion was included in the image. In SWE mode, the SWE image and
B-mode image of the lesion were simultaneously visualized on the display in split-screen
mode. For each mammary lesion, three clips were recorded and in each clip, three different
frames were chosen to perform the measurements. Shear-wave rigidity was recorded on
the ROI manually selected by the operator within the margins of the lesion (Figure 2). A
second ROI, similar in size, was created on apparently normal parenchyma to measure
the rigidity of normal mammary tissue. Areas with artefacts or without elastographic
information (black-to-white areas in the image) were not considered. For each ROI, the
shear-wave rigidity in kPa was measured and recorded (SWE-S).

Analyses of the images and recording of the STE and SWE parameters were per-
formed by the same experienced operator who was not made aware of the results of the
histological evaluation.
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Figure 1. A representative image of the semi-quantitative measurements of STE-I and STE-R in a
mammary nodular lesion in a bitch (sample No. 12d). The graduation scales reported in the left
upper corner refer to the quality of the image acquisition (green bar on the left) and the different
degrees of stiffness (red-to-blue bar on the right).

Figure 2. A representative image of the quantitative measurement of SWE-S in a mammary nodular
lesion in a bitch was included in the study (sample No. 17). The graduation red-to-blue scales
reported on the left of the image refer to the degree of stiffness. The region of interest (ROI) is
delimitated by discontinuous yellow line (1).
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2.3. Surgery of Canine Mammary Nodular Lesions

After ultrasound evaluation, patients underwent a total or regional mastectomy, de-
pending on the location of the mammary lesion. Localization in the caudal abdominal
or inguinal mammary gland resulted in the caudal regional resection (from the cranial
abdominal to the inguinal mammary gland); localization in the cranial or caudal thoracic
mammary gland resulted in the cranial regional resection (from the cranial thoracic to the
cranial abdominal mammary gland); localization in the cranial abdominal resulted in the
resection of the complete mammary line. Surgery was performed under general anaes-
thesia with conventional procedures, and post-surgery antimicrobial therapy (amoxicillin
and clavulanic acid, 20 mg/kg BID orally, Synulox, Zoetis Italia s.r.l., Rome, Italy) was
performed for 7 days together with anti-inflammatory therapy (Rimadyl, 2 mg/kg SID
orally, Zoetis, Italy) for 5 days. Follow-up was performed every 6 months after surgery by
radiological thoracic examination and ultrasound abdominal evaluation.

2.4. Histopathological Evaluation of Canine Mammary Nodular Lesions

After surgery, the mammary nodules and surrounding mammary tissue (at least 2 cm)
were fixed in 10% neutral-buffered formalin and embedded in paraffin wax. Histologi-
cal classifications [29] and grading [30] were established using haematoxylin and eosin
(H/E) stained slides. Additional sections were also stained with Masson trichrome for
evaluating the extent of collagen deposition and Movat pentachrome stain for detecting
mucin-rich/collagen-poor ECM (extracellular matrix) [31] (Figure 3) and were subjected to
immunohistochemistry (IHC) using a primary antibody directed against vimentin (1:100 di-
lution, V9, mouse monoclonal; Dako) for detecting myoepithelial and stromal cells. Briefly,
for IHC, sections were treated with citrate buffer solution 0.01 M pH 6.0 in a microwave for
15 minutes for antigen retrieval and with 5% bovine serum albumin and 5% normal goat
serum for 15 minutes each to block unspecific binding sites. Labelling was subsequently
detected using an ImmPRESS HRP Universal (horse anti-mouse/rabbit IgG) PLUS polymer
kit (Vector Laboratories, CA, USA) with 0.1% hydrogen peroxide in a 3,3′-diaminobenzidine
solution (Millipore Sigma, St. Louis, MO, USA) as the chromogen. Sections were finally
counterstained with Mayer haematoxylin (Merck, Darmstadt, Germany).

The percentage of fibrosis and vimentin-positive cells was calculated on low-magnification
(25× and 50×, respectively) images of coronal sections of the entire nodular lesion us-
ing the colour detection function of the Image J IHC Tool, whereas the percentages of
other histopathological features (necrosis, chondroid or bone tissue, cystic spaces/tubular
secretion) were calculated on live digital imaging using the area measure tools of the
Leica Application Suite X (LAS X Version 02) software (Leica Microsystems CMS GmbH—
Wetzlar, Germany).

On the other hand, the percentage of mucin-rich/collagen-poor ECM on Movat
pentachrome-stained slides was semi-quantitatively assessed as follows: − (absent),
+ (≤10%), ++ (>10%–≤50%), +++ (>50%).
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Figure 3. Mucin-rich/collagen-poor ECM in canine mammary lesions. Figure (100×) shows the
light-blue ground substance of a myoepithelial nest in a mixed carcinoma (sample No.4) stained with
Movat pentachrome.

2.5. Statistical Design

Data were reported as the mean and standard error of the mean (SEM). The normal
distribution of the data was tested using the Shapiro–Wilk test. Quantitative attributes were
considered normally distributed (p > 0.05) for all parameters except for necrosis, chondroid
and bone tissues, and cystic spaces/tubular secretion. For normally distributed parameters,
the Levene test for equality of variances was also performed. The prevalences of the side
(left or right) and localization (cranial thoracic, caudal thoracic, cranial abdominal, caudal
abdominal, inguinal) were checked by the chi-square test.

The repeatability of STE and SWE in repeated measures performed on the same lesion
in different clips and images was verified using the intraclass correlation coefficient (ICC).
This test returns values between 0 and 1, and poor reliability was defined with an ICC
below 0.5, moderate reliability between 0.5 and 0.75, good reliability between 0.75 and
0.9, and excellent reliability above 0.9 [32]. For normal mammary tissue, both STE-I and
SWE-S were verified for the effects of age, breed, and location using the general linear
model (GLM) based on ANOVA.

In addition to a comparison of benign vs malignant lesions, malignant tumours were
also sub-grouped based on the histological subtype (i.e., complex, mixed, and ductal-
associated) and grade of malignancy. Differences in the percentages of fibrosis, vimentin-
positive cells, necrosis, chondroid and bone tissues, cystic spaces/tubular secretion, and
mucin-rich/collagen-poor ECM among these groups were compared using the GLM. When
appropriate, Scheffè post hoc analysis was also used.

Correlations between the average STE-I, STE-R, and SWE-S and the histological fea-
tures were determined by calculating Pearson’s or Spearman’s correlation coefficients
depending on the normality of the distributions. The difference between the levels of
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mucin-rich/collagen-poor ECM and SWE-S was evaluated with ANOVA. Statistical analy-
sis was performed using SPSS 17.0 software (SPSS Inc., Chicago, IL, USA), with p < 0.05
considered statistically significant.

3. Results

A total of 38 nodular lesions of the mammary glands were detected in 22 canine
patients. The included breeds were mixed-breed (n = 6), Chihuahua (n = 2), Lagotto
Romagnolo (n = 2), German sheepdog (n = 2), Maltese (n = 2), Pinscher (n = 2), Border collie
(n = 1), Boxer (n = 1), English setter (n = 1), Scottish sheepdog (n = 1), Shih-Tzu (n = 1), and
Yorkshire (n = 1). The mean age of the animals at diagnosis was 9.06 ± 1.9 years, with a
range between 5.7 and 13.3 years. Mammary nodular lesions were localized at the inguinal
(I), caudal abdominal (cauA), cranial abdominal (crA), caudal thoracic (cauT), and cranial
thoracic (crT) mammary glands in 14 (36.8%), 15 (39.5%), 4 (10.5%), 4 (10.5%), and 1 (2.6%)
cases, respectively, with a significant prevalence in I and cauA when compared with the
other localizations (p < 0.05). Among the lesions, 14 were found in the right mammary
line (36.8%) and 24 in the left mammary line (63.2%), with a larger prevalence in the left
mammary line (p < 0.05).

Radiographic and ultrasonographic follow-ups at 6 months revealed the onset of
pulmonary metastasis, not detected at the first evaluation, in two patients (9.1%) with a
grade II and grade III carcinoma, respectively.

3.1. Sonoelastography and Correlation between Elastographic Parameters

Normal mammary gland parenchyma showed homogeneous stiffening values among
the various animals studied, without differences between the breeds, ages, and locations of
the lesion (p > 0.05). The STE-I of normal mammary tissue was 0.5, whereas the objective
SWE-S was 18.8 ± 1.01 kPa.

The repeatability of the STE-I was moderate, with an ICC of 0.456. The reliability was
good when the STE-R was considered, with a value of 0.649 for the ICC. The stiffening of
the mammary nodular lesions measured by the SWE-S showed high repeatability, with an
ICC of 0.876. The STE-I, STE-R, and SWE-S of mammary nodular lesions recorded in this
study are summarized in Table 1.

Table 1. Percentage of fibrosis and elastographic parameters in benign (hyperplastic and neoplastic
benign lesions) and malignant (grade I, II, and III) canine mammary lesions (n. 38).

Benign Malignant

Hyperplastic Neoplastic Total Grade I Grade II Grade III Total

(n = 3) (n = 2) (n = 19) (n = 11) (n = 2)

Age (y) 8.9 ± 0.8 10.7 ± 2.7 9.6 ± 1 9.7 ± 0.5 9 ± 0.7 9.4 ± 2.6 9.4 ± 0.4
Fibrosis (%) 37.06 ± 15.59 70.50 ± 0.79 50.44 ± 11.84 32.35 ± 4.43 34.98 ± 6.13 34.52 ± 16.46 32.95 ± 3.32

SWE-S
(kPA) 100.8 ± 15.8 137.4 ± 4.8 115.4 ± 12.6 114.9 ± 4.9 120.1 ± 6.7 88.7 ± 56 115.5 ± 4.5

STE-I 3.5 ± 0.3 4.7 ± 0.3 4 ± 0.3 4 ± 0.2 3.7 ± 0.2 3 ± 0.5 3.8 ± 0.1
STE-R 6.74 ± 1.82 7.64 ± 1.76 7.1 ± 1.16 5.69 ± 0.54 5.53 ± 0.6 4.46 ± 2.54 5.6 ± 0.38

Data are expressed as Mean ± SEM.

No significant correlations were found between the STE-I and SWE-S (r = 0.457;
p > 0.05), whereas a weak but significant correlation was found between the STE-R and
SWE-S (r = 0.684; p < 0.05).

The elastographic parameters (STE-I, STE-R, and SWE-S) in the hyperplastic/benign
neoplastic lesions were similar to the malignant lesions (Table 1).
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3.2. Histological Evaluations

The histologically examined nodular lesions (n = 38) of the canine mammary glands
were classified into hyperplastic (n = 3), benign (n = 2), and malignant (n = 33) lesions and
are summarized in Table 2.

Table 2. Classification and histological features of the canine mammary gland nodular lesions
included in the study.

N◦ Histological
Classification Grade Fibrosis

(%)

Vimentin-
Positive
Cells (%)

Necrosis
(%)

Chondroid
(%)

Bone
(%)

Cystic
Spaces/Tubular
Secretion (%)

ECM

1 Mixed carcinoma II 12.2 36.7 0.5 0.15 4.9 ++

2a
Carcinoma

arising in benign
mixed tumour

I 25.7 29.1 0.09 12.10 5.5 +++

2b Tubular
carcinoma I 20.4 22.5 0.2 14.5 +

2c

Carcinoma
arising in
complex
adenoma

I 10.8 28.3 20 1 +++

3 Comedocarcinoma II 76.0 11.6 24 0.5 ++
4 Mixed carcinoma I 61.6 25.4 1.13 12.83 0.41 3.29 +++

5a
Intraductal
papillary

carcinoma
II 44.9 28.7 5.42 38.02 N.A.

5b Complex
carcinoma I 6.2 50.0 0.85 +++

6
Intraductal
papillary

carcinoma
I 21.0 34.7 6.6 +++

7a Complex
carcinoma II 3.8 51.0 0.57 1.02 ++

7b Adenosquamous
carcinoma III 18.1 23.3 3.91 0.26 N.A.

8a Mixed carcinoma I 11.4 27.2 11.43 9.75 N.A.

8b
Lobular

hyperplasia with
fibrosis

N.A. 67.4 10.1 0.23 N.A.

9
Intraductal
papillary

carcinoma
II 27.3 18.4 4.98 51.93 ++

10 Complex
carcinoma I 27.8 34.3 0.33 20.33 +++

11
Lobular

hyperplasia with
atypia

N.A. 28.0 9.0 0.27 ++

12a
Lobular

hyperplasia with
atypia

N.A. 15.8 12.4 18.98 ++

12b Simple adenoma,
sclerosing N.A. 71.3 20.0 9.33 3.04 ++

12c
Intraductal
papillary

carcinoma
I 38.0 36.9 5.52 19.21 +++

12d
Carcinoma

arising in benign
mixed tumour

I 57.3 28.1 0.06 36.93 4.18 0.1 +

13a

Carcinoma
arising in
complex
adenoma

I 35.2 27.1 0.45 26.08 +++

13b
Carcinoma

arising in benign
mixed tumour

I 22.2 43.5 0.57 9.93 1.6 +++

13c Ductal carcinoma I 33.5 63.1 0.43 2.46 ++
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Table 2. Cont.

N◦ Histological
Classification Grade Fibrosis

(%)

Vimentin-
Positive
Cells (%)

Necrosis
(%)

Chondroid
(%)

Bone
(%)

Cystic
Spaces/Tubular
Secretion (%)

ECM

14a
Intraductal
papillary

carcinoma
II 44.9 32.8 1.43 27.97 +++

14b
Intraductal
papillary

carcinoma
II 38.4 21.4 0.5 4.9 +++

15 Ductal carcinoma I 30.8 12.4 0.04 3.25 +++
16 Ductal carcinoma I 55.4 17.0 4.45 +++
17 Mixed carcinoma I 22.8 24.2 0.12 0.44 37.42

18a
Intraductal
papillary

carcinoma
I 21.0 25.0 0.8 3.25 25.96 ++

18b
Carcinoma and-

malignant
myoepithelioma

III 51.0 34.6 13.52 1.02 ++

18c
Intraductal
papillary

carcinoma
II 13.6 24.6 20 13.00 +

19 Complex
carcinoma II 35.0 16.1 1.29 +++

20 Carcinosarcoma N.A. 18.9 27.2 2.05 26.25 13.18 3.41 +++

21

Multinodular:
Lobular hyperpla-

sia/simple
ade-

noma/intraductal
papillary
adenoma–

carcinoma/tubular–
solid

carcinoma

II 49.9 19.8 2.3 15.0 +

22a Complex
carcinoma II 39.0 70.9 6.1 10.0 +

22b
Intraductal
papillary

carcinoma
I 32.4 41.3 0.07 13.8 +

22c

Multinodular:
Lobular

hyperplasia with
secretory activity

–with
atypia/benign

mixed
tumour/simple

ade-
noma/complex

ade-
noma/intraductal

papillary
adenoma

N.A. 69.8 54.0 0.8 0.1 12.8 ++

22d

Carcinoma
arising in
complex
adenoma

I 81.3 50.0 0.22 2.22 N.A.

N◦ indicates the canine patient; letters indicate cases with multiple lesions. N.A.: not applicable.

Fibrosis, vimentin-positive cells, and cystic spaces/tubular secretion were variably
recorded in all cases, whereas necrosis was detected in 30/38 cases and chondroid and bone
metaplasia were detected in 10 and 3 cases, respectively. ECM evaluation was not available
for 5/38 nodules due to technical issues. Although not reaching statistical significance, a
tendency toward higher fibrosis was observed in the hyperplastic/benign neoplastic lesions
compared to the malignant lesions (50.4% ± 11.8% of hyperplastic/benign neoplastic
lesions vs 33.0% ± 3.3% of malignant lesions; p = 0.87) (Figure 4).
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Figure 4. Fibrosis levels in benign and malignant canine mammary lesions. Figures (50×) show
lobular hyperplasia with fibrosis (A,B: sample No. 8b), a sclerosing simple adenoma (C,D: sample No.
12b), and an adenosquamous carcinoma (E,F: sample No. 7b) stained with H/E in the left column
(A,C,E) and Masson trichrome in the right column (B,D,F), where collagen fibres have been stained
in blue.

As expected, a significantly (p = 0.035) higher percentage of vimentin-positive cells
was also observed in complex and mixed malignant tumours (37% ± 3.9%) with respect to
other malignant histotypes (26.9 ± 2.7%).
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3.3. Correlations between Elastographic Parameters and Histological Features of Canine Mammary
Nodular Lesions

The correlation analysis revealed a significant Pearson correlation coefficient between
fibrosis and the STE-I (r = 0.513; p < 0.001), STE-R (r = 0.591; p < 0.001), and SWE-S
(r = 0.769; p < 0.001). No significant correlations were found between the sonoelastographic
parameters, estimated with both techniques, and other histological features of the nodules,
except for a tendency observed in the correlation between the percentage of bone metaplasia
and SWE-S (Spearman’s rho = 0.295 p = 0.072).

4. Discussion

In the present study, the cases included were predominantly represented by malignant
neoplastic lesions (86.84%), showing a higher prevalence than that usually reported in the
literature, ranging between 30% and 50% [33,34]. Notwithstanding these results, similar
findings were shown in other recent studies concerning CMTs in which the prevalences
reported were 82% [27] and 71% [11]. These differences could suggest a progressive increase
in the prevalence of malignant lesions of the canine mammary gland, as hypothesized in
a longitudinal study in which it increased to 70% [3]. Furthermore, the present findings
showed a predominant detection of mammary lesions in the caudal mammary glands,
which is consistent with the literature [35]. Moreover, it should be noted that the present
research is not an epidemiological study, thus the prevalence of canine mammary gland
lesions could be influenced by other reasons, possibly related to the secondary-care nature
of the veterinary teaching hospital.

To the best of our knowledge, this is the first study in which the reliability of different
sonoelastograpic techniques was estimated in the canine species. The data presented here
showed that SWE appeared to be more reliable than STE to evaluate canine mammary
nodular lesions. A recent study showed an excellent intra-operator repeatability using
SWE during the examination of an elastic phantom [36], and the lesser agreement found in
the present study (ICC = 0.876) could be related to the heterogeneous nature of the sponta-
neously occurring canine mammary lesions. On the other hand, the higher repeatability of
SWE compared to both the STE-I and STE-R suggests that several repeated measurements
and the mean calculation are required to reliably estimate the stiffness by STE.

In the present study, a comparison of the stiffness estimated by STE and SWE per-
formed in the same canine mammary nodular lesion was reported for the first time. Previ-
ous studies in human medicine compared the diagnostic performances of STE and SWE
for their ability to differentiate benign and malignant breast lesions, demonstrating similar
diagnostic performances [37–39]. In the present study, a relevant agreement was recorded
between these techniques, suggesting the effectiveness of both STE and SWE for the charac-
terization of canine mammary nodular lesions.

In the patients included in the present study, malignant mammary nodular lesions
showed similar stiffness compared with hyperplastic/benign neoplastic lesions. This find-
ing is apparently in contrast with previous studies in human medicine in which malignant
breast tumours generally showed increased hardness [12,16,24,25,40]. Similarly, a series of
studies on CMTs reported high values of stiffness in malignant lesions [27,41]. Notwith-
standing these results, it is important to mention that our findings could be due to the
limited number of hyperplastic/benign neoplastic lesions, which were mainly represented
by histological lesions typically characterized by a high degree of fibrosis, such as lobular
hyperplasia with fibrosis, and simple, sclerosing adenoma. In this respect, fibrosis was the
main histological parameter correlating with the STE-I, STE-R, and SWE-S (p < 0.001) in
our study. In addition, the presence of other intralesional features, such as central necro-
sis or the mucinous matrix, could also affect the stiffness of neoplastic tissue, making it
more difficult to discriminate between benign and malignant lesions [42]. In our study,
no significant correlations were found between the sonoelastographic parameters and
various histopathological features of the mammary nodules, except for a tendency toward
a higher stiffness in malignant histological subtypes characterized by osseous metaplasia.
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In this respect, it is important to note that CMTs are typically characterized by a great
heterogeneity of cellular and extracellular components, which may include epithelial and
myoepithelial cells, mesenchymal components, such as cartilaginous and/or osseous tissue,
as well as a variably abundant myxoid extracellular matrix. It is also important to consider
that these components may be variably represented in different mammary nodules with the
same histological diagnosis, e.g., complex and mixed carcinomas may be characterized by
a variably extensive presence of myoepithelial and/or mesenchymal components. Further-
more, among malignant CMTs, particular histotypes, such as carcinoma arising in complex
adenoma/benign mixed tumour, may be characterized in some cases by only small areas
of malignant tumour, which could not influence the elastic properties of the nodular lesion,
which are likely related to the mechanical properties of the prevalent component. Thus,
similar to previous studies [28,43], the accuracy of elastography appears to be limited in
differentiating between benign and malignant canine mammary lesions, as well as dis-
criminating between the different histological subtypes or grades of malignancy, although
the limited number of canine patients with high grades of malignancy (n = 2) made the
statistical comparison of the grades difficult. Further studies with a higher number of
cases will allow for a better evaluation of the diagnostic and/or prognostic performance
of elastography and to establish whether an optimal cutoff value exists to differentiate
between benign vs. malignant canine mammary nodular lesions and/or to identify more
aggressive histotypes of CMTs.

As previously mentioned, among the different features of the mammary nodular
lesions included in the present study, a significant correlation between stiffness and per-
centage of fibrosis was recorded, with better results provided by SWE. These findings
were consistent with those described in fibrous lesions of other organs since sonoelastog-
raphy was originally applied to fibrotic degeneration of soft tissue organs such as the
liver [44] or kidney [45]. A significant and linear correlation was found between SWE and
the Picrosirius red-stained collagen amount in liver fibrosis experimentally induced in
a rat model [46]. Similarly, sonoelastography was significantly correlated with collagen
fibre content in pancreatic fibrotic lesions [47]. Therefore, the findings reported in the
present study suggested the effective use of sonoelastography to test the fibrotic content
of canine mammary lesions rather than to discriminate between benign and malignant
mammary lesions. Connective tissue deposition could play a relevant role in mammary
pathophysiology in both humans and animals. In humans, mammographic density, which
was found to be variable depending on the amount of collagen, was reported as a relevant
risk factor for malignancy [48]. In a recent study, collagen density was also found to be
negatively correlated with patient survival in dogs [49]. Other studies, however, showed
that the nature of the collagen deposition rather than its amount could drive the protective
or permissive role in tumorigenesis. Maller et al. reported that high-density non-fibrillar
collagen I appeared to be tumour-suppressive, whereas linear (fibrillar) collagen was corre-
lated with tumour invasiveness [50] and reduced survival [51]. It was hypothesized that the
increased crosslink between collagen fibres may increase the stiffness of the extracellular
matrix, promoting the invasion of an oncogene-initiated epithelium [52]. On the other
hand, the presence of a clear tumour-stromal boundary, with parallel-arranged collagen
fibres correlated with the increased overall survival of canine patients [49]. Furthermore,
numerically consistent studies including follow-ups are required to clarify the possible
application of sonoelastography to evaluate collagen tissue orientation in canine mammary
gland nodular lesions.

5. Conclusions

In the present study, SWE appeared to be more reliable than STE in quantifying the
stiffness of canine mammary nodular lesions and was also significantly correlated with the
percentage of fibrosis within the nodule. Since a clear increase in fibrosis was not found
in malignant lesions compared to hyperplastic/benign neoplastic lesions, both SWE and
STE did not appear to be able to discriminate between the different natures of the canine
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mammary nodules, which are typically characterized by a great heterogeneity of cellular
and extracellular components that may variably influence nodular stiffness.

Author Contributions: Conceptualization, A.G., A.C., M.M., L.D.S. and M.R.; methodology, A.G.,
A.C., M.M., L.D.S. and M.R.; software, A.C. and M.M.; formal analysis, A.C., L.D.F. and M.M.;
investigation, A.G., L.D.F., M.M. and M.R..; resources, L.D.S.; data curation, A.G. and M.M.; writing—
original draft preparation, A.G. and M.M.; writing—review and editing, M.M., L.D.S., M.R. and A.C.;
visualization, M.M., M.R. and A.C.; supervision, L.D.S. and A.C. All authors have read and agreed to
the published version of the manuscript.

Funding: The present study was carried out in the framework of the Project “Demetra” (Dipartimenti
di Eccellenza 2018-2022, CUP_C46C18000530001), founded by the Italian Ministry for Education,
University and Research.

Institutional Review Board Statement: The animal study protocol applied in the present was ap-
proved by the Ethics Committee of the Faculty of Veterinary Medicine of the University of Teramo
–Italy (protocol code CES-11/08/2022).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data not presented in the manuscript are available for consultation
after a reasonable request to the corresponding authors.

Acknowledgments: The authors would like to acknowledge Marina Baffoni for the technical support
in the histological procedures.

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

References
1. Dobson, J.M.; Samuel, S.; Milstein, H.; Rogers, K.; Wood, J.L.N.N. Canine Neoplasia in the UK: Estimates of Incidence Rates from

a Population of Insured Dogs. J. Small Anim. Pract. 2002, 43, 240–246. [CrossRef]
2. Merlo, D.F.; Rossi, L.; Pellegrino, C.; Ceppi, M.; Cardellino, U.; Capurro, C.; Ratto, A.; Sambucco, P.L.; Sestito, V.; Tanara, G.; et al.

Cancer Incidence in Pet Dogs: Findings of the Animal Tumor Registry of Genoa, Italy. J. Vet. Intern. Med. 2008, 22, 976–984.
[CrossRef] [PubMed]

3. Vascellari, M.; Capello, K.; Carminato, A.; Zanardello, C.; Baioni, E.; Mutinelli, F. Incidence of Mammary Tumors in the Canine
Population Living in the Veneto Region (Northeastern Italy): Risk Factors and Similarities to Human Breast Cancer. Prev. Vet.
Med. 2016, 126, 183–189. [CrossRef] [PubMed]

4. Gray, M.; Meehan, J.; Martínez-Pérez, C.; Kay, C.; Turnbull, A.K.; Morrison, L.R.; Pang, L.Y.; Argyle, D. Naturally-Occurring
Canine Mammary Tumors as a Translational Model for Human Breast Cancer. Front. Oncol. 2020, 10, 617. [CrossRef] [PubMed]

5. Li, X.; Wang, J.N.; Fan, Z.Y.; Kang, S.; Liu, Y.J.; Zhang, Y.X.; Wang, X.M. Determination of the Elasticity of Breast Tissue during the
Menstrual Cycle Using Real-Time Shear Wave Elastography. Ultrasound Med. Biol. 2015, 41, 3140–3147. [CrossRef]

6. Holen, I.; Speirs, V.; Morrissey, B.; Blyth, K. In Vivo Models in Breast Cancer Research: Progress, Challenges and Future Directions.
Dis. Model. Mech. 2017, 10, 359–371. [CrossRef]

7. Goldschmidt, M.H.; Peña, L.; Rasotto, R.; Zappulli, V. Classification and Grading of Canine Mammary Tumors. Vet. Pathol. 2011,
48, 117–131. [CrossRef]

8. Liu, D.; Xiong, H.; Ellis, A.E.; Northrup, N.C.; Rodriguez, C.O.; O’Regan, R.M.; Dalton, S.; Zhao, S. Molecular Homology and
Difference between Spontaneous Canine Mammary Cancer and Human Breast Cancer. Cancer Res. 2014, 74, 5045–5056. [CrossRef]
[PubMed]

9. Gonzalez De Bulnes, A.; Garcia Fernandez, P.; Mayenco Aguirre, A.M.; Sanchez De La Muela, M. Ultrasonographic Imaging of
Canine Mammary Tumours. Vet. Rec. 1998, 143, 687–689.

10. Paulinelli, R.R.; Freitas-Junior, R.; de Lucena, C.Ê.M.; Moreira, M.A.R.; de Moraes, V.A.; Bernardes-Júnior, J.R.M.; da Silva Rocha
Vidal, C.; Ruiz, A.N.; Lucato, M.T.; da Costa, N.G.S.; et al. Sonobreast: Predicting Individualized Probabilities of Malignancy in
Solid Breast Masses with Echographic Expression. Breast J. 2011, 17, 152–159. [CrossRef]

11. Vannozzi, I.; Tesi, M.; Zangheri, M.; Innocenti, V.M.; Rota, A.; Citi, S.; Poli, A. B-Mode Ultrasound Examination of Canine
Mammary Gland Neoplastic Lesions of Small Size (Diameter <2 Cm). Vet. Res. Commun. 2018, 42, 137–143. [CrossRef] [PubMed]

12. Evans, A.; Whelehan, P.; Thomson, K.; McLean, D.; Brauer, K.; Purdie, C.; Jordan, L.; Baker, L.; Thompson, A. Quantitative Shear
Wave Ultrasound Elastography: Initial Experience in Solid Breast Masses. Breast Cancer Res. 2010, 12, R104. [CrossRef]

13. Golatta, M.; Schweitzer-Martin, M.; Harcos, A.; Schott, S.; Gomez, C.; Stieber, A.; Rauch, G.; Domschke, C.; Rom, J.; Schütz, F.; et al.
Evaluation of Virtual Touch Tissue Imaging Quantification, a New Shear Wave Velocity Imaging Method, for Breast Lesion
Assessment by Ultrasound. Biomed. Res. Int. 2014, 2014. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1748-5827.2002.tb00066.x
http://doi.org/10.1111/j.1939-1676.2008.0133.x
http://www.ncbi.nlm.nih.gov/pubmed/18564221
http://doi.org/10.1016/j.prevetmed.2016.02.008
http://www.ncbi.nlm.nih.gov/pubmed/26948297
http://doi.org/10.3389/fonc.2020.00617
http://www.ncbi.nlm.nih.gov/pubmed/32411603
http://doi.org/10.1016/j.ultrasmedbio.2015.07.013
http://doi.org/10.1242/dmm.028274
http://doi.org/10.1177/0300985810393258
http://doi.org/10.1158/0008-5472.CAN-14-0392
http://www.ncbi.nlm.nih.gov/pubmed/25082814
http://doi.org/10.1111/j.1524-4741.2010.01046.x
http://doi.org/10.1007/s11259-018-9716-2
http://www.ncbi.nlm.nih.gov/pubmed/29541992
http://doi.org/10.1186/bcr2787
http://doi.org/10.1155/2014/960262
http://www.ncbi.nlm.nih.gov/pubmed/24800257


Vet. Sci. 2022, 9, 506 14 of 15

14. Itoh, A.; Ueno, E.; Tohno, E.; Kamma, H.; Takahashi, H.; Shiina, T.; Yamakawa, M.; Matsumura, T. Breast Disease: Clinical
Application of US Elastography for Diagnosis. Radiology 2006, 239, 341–350. [CrossRef]

15. Balleyguier, C.; Ciolovan, L.; Ammari, S.; Canale, S.; Sethom, S.; Al Rouhbane, R.; Vielh, P.; Dromain, C. Breast Elastography: The
Technical Process and Its Applications. Diagn. Interv. Imaging 2013, 94, 503–513. [CrossRef]

16. Pesce, K.; Binder, F.; Chico, M.J.; Swiecicki, M.P.; Galindo, D.H.; Terrasa, S. Diagnostic Performance of Shear Wave Elastography in
Discriminating Malignant and Benign Breast Lesions: Our Experience with QelaXtoTM Software. J. Ultrasound 2020, 23, 575–583.
[CrossRef]

17. Zhou, J.Q.; Zhou, C.; Zhan, W.W.; Jia, X.H.; Dong, Y.J.; Yang, Z.F. Elastography Ultrasound for Breast Lesions: Fat-to-Lesion Strain
Ratio vs Gland-to-Lesion Strain Ratio. Eur. Radiol. 2014, 24, 3171–3177. [CrossRef]

18. Bercoff, J.; Tanter, M.; Fink, M. Supersonic Shear Imaging: A New Technique for Soft Tissue Elasticity Mapping. IEEE Trans.
Ultrason. Ferroelectr. Freq. Control 2004, 51, 396–409. [CrossRef] [PubMed]

19. Nightingale, K.; McAleavey, S.; Trahey, G. Shear-Wave Generation Using Acoustic Radiation Force: In Vivo and Ex Vivo Results.
Ultrasound Med. Biol. 2003, 29, 1715–1723. [CrossRef] [PubMed]

20. Jin, Z.-Q.; Li, X.-R.; Zhou, H.-L.; Chen, J.-X.; Huang, X.; Dai, H.-X.; Li, J.-W.; Chen, X.-D.; Xu, X.-H. Acoustic Radiation Force
Impulse Elastography of Breast Imaging Reporting and Data System Category 4 Breast Lesions. Clin. Breast Cancer 2012, 12,
420–427. [CrossRef]

21. Xue, Y.; Yao, S.; Li, X.; Zhang, H. Value of Shear Wave Elastography in Discriminating Malignant and Benign Breast Lesions.
Medicine (Baltimore) 2017, 96, e7412. [CrossRef] [PubMed]

22. Yoon, J.H.; Jung, H.K.; Lee, J.T.; Ko, K.H. Shear-Wave Elastography in the Diagnosis of Solid Breast Masses: What Leads to
False-Negative or False-Positive Results? Eur. Radiol. 2013, 23, 2432–2440. [CrossRef] [PubMed]

23. Ohtaki, T.; Shintani, Y.; Honda, S.; Matsumoto, H.; Hori, A.; Kanehashi, K.; Terao, Y.; Kumano, S.; Takatsu, Y.; Masuda, Y.; et al.
Metastasis Suppressor Gene KiSS-1 Encodes Peptide Ligand of a G-Protein-Coupled Receptor. Nature 2001, 411, 613–617.
[CrossRef] [PubMed]

24. Chang, J.M.; Moon, W.K.; Cho, N.; Yi, A.; Koo, H.R.; Han, W.; Noh, D.-Y.; Moon, H.-G.; Kim, S.J. Clinical Application of Shear
Wave Elastography (SWE) in the Diagnosis of Benign and Malignant Breast Diseases. Breast Cancer Res. Treat. 2011, 129, 89–97.
[CrossRef]

25. Athanasiou, A.; Tardivon, A.; Tanter, M.; Sigal-Zafrani, B.; Bercoff, J.; Deffieux, T.; Gennisson, J.-L.; Fink, M.; Neuenschwander, S.
Breast Lesions: Quantitative Elastography with Supersonic Shear Imaging—Preliminary Results. Radiology 2010, 256, 297–303.
[CrossRef] [PubMed]

26. Feliciano, M.A.R.R.; Vicente, W.R.R.R.; Silva, M.A.M.M. Conventional and Doppler Ultrasound for the Differentiation of Benign
and Malignant Canine Mammary Tumours. J. Small Anim. Pract. 2012, 53, 332–337. [CrossRef]

27. Feliciano, M.A.R.; Uscategui, R.A.R.; Maronezi, M.C.; Simões, A.P.R.; Silva, P.; Gasser, B.; Pavan, L.; Carvalho, C.F.; Canola, J.C.;
Vicente, W.R.R. Ultrasonography Methods for Predicting Malignancy in Canine Mammary Tumors. PLoS ONE 2017, 12, e0178143.
[CrossRef]

28. Pastor, N.; Espadas, L.; Santella, M.; Ezquerra, L.J.; Tarazona, R.; Durán, M.E. Comparison between Histological Features and
Strain Elastographic Characteristics in Canine Mammary Carcinomas. Vet. Sci. 2022, 9, 9. [CrossRef]

29. Zappulli, V.; Pena, L.; Rasotto, R.; Goldschmidt, M.; Gama, A.; Scruggs, J.; Kiupel, M. Mammary Tumors. Surgical Pathology of
Tumors of Domestic Animals; Davis-Thompson DVM Foundation: Gurnee, IL, USA, 2019; Volume 2.

30. Peña, L.; De Andrés, P.J.; Clemente, M.; Cuesta, P.; Pérez-Alenza, M.D. Prognostic Value of Histological Grading in Noninflamma-
tory Canine Mammary Carcinomas in a Prospective Study with Two-Year Follow-Up: Relationship With Clinical and Histological
Characteristics. Vet. Pathol. 2013, 50, 94–105. [CrossRef]

31. Haeberle, L.; Insilla, A.C.; Kapp, A.C.; Steiger, K.; Schlitter, A.M.; Konukiewitz, B.; Demir, I.E.; Friess, H.; Esposito, I. Stroma Com-
position and Proliferative Activity Are Related to Therapy Response in Neoadjuvant Treated Pancreatic Ductal Adenocarcinoma.
Histol. Histopathol. 2021, 36, 733–742. [CrossRef]

32. Koo, T.K.; Li, M.Y. A Guideline of Selecting and Reporting Intraclass Correlation Coefficients for Reliability Research. J. Chiropr.
Med. 2016, 15, 155–163. [CrossRef] [PubMed]

33. Sorenmo, K.U.; Shofer, F.S.; Goldschmidt, M.H. Effect of Spaying and Timing of Spaying on Survival of Dogs with Mammary
Carcinoma. J. Vet. Intern. Med. 2000, 14, 266–270. [CrossRef] [PubMed]

34. Dorn, C.R.; Taylor, D.O.N.; Schneider, R.; Hibbard, H.H.; Klauber, M.R. Survey of Animal Neoplasms in Alameda and Contra
Costa Counties, California. Ii. Cancer Morbidity in Dogs and Cats from Alameda County. J. Natl. Cancer Inst. 1968, 40, 307–318.
[CrossRef] [PubMed]

35. Sleeckx, N.; de Rooster, H.; Veldhuis Kroeze, E.; Van Ginneken, C.; Van Brantegem, L. Canine Mammary Tumours, an Overview.
Reprod. Domest. Anim. 2011, 46, 1112–1131. [CrossRef]

36. Woo, J.H.; Ko, E.Y.; Han, B.K. Comparison of 2 Shear Wave Elastography Systems in Reproducibility and Accuracy Using an
Elasticity Phantom. Medicine 2021, 100, e24921. [CrossRef]

37. Kim, H.J.; Kim, S.M.; Kim, B.; La Yun, B.; Jang, M.; Ko, Y.; Lee, S.H.; Jeong, H.; Chang, J.M.; Cho, N. Comparison of Strain and
Shear Wave Elastography for Qualitative and Quantitative Assessment of Breast Masses in the Same Population. Sci. Rep. 2018,
8, 6197. [CrossRef]

http://doi.org/10.1148/radiol.2391041676
http://doi.org/10.1016/j.diii.2013.02.006
http://doi.org/10.1007/s40477-020-00481-8
http://doi.org/10.1007/s00330-014-3366-8
http://doi.org/10.1109/TUFFC.2004.1295425
http://www.ncbi.nlm.nih.gov/pubmed/15139541
http://doi.org/10.1016/j.ultrasmedbio.2003.08.008
http://www.ncbi.nlm.nih.gov/pubmed/14698339
http://doi.org/10.1016/j.clbc.2012.07.007
http://doi.org/10.1097/MD.0000000000007412
http://www.ncbi.nlm.nih.gov/pubmed/29049174
http://doi.org/10.1007/s00330-013-2854-6
http://www.ncbi.nlm.nih.gov/pubmed/23673572
http://doi.org/10.1038/35079135
http://www.ncbi.nlm.nih.gov/pubmed/11385580
http://doi.org/10.1007/s10549-011-1627-7
http://doi.org/10.1148/radiol.10090385
http://www.ncbi.nlm.nih.gov/pubmed/20505064
http://doi.org/10.1111/j.1748-5827.2012.01227.x
http://doi.org/10.1371/journal.pone.0178143
http://doi.org/10.3390/vetsci9010009
http://doi.org/10.1177/0300985812447830
http://doi.org/10.14670/HH-18-332
http://doi.org/10.1016/j.jcm.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/27330520
http://doi.org/10.1111/j.1939-1676.2000.tb01165.x
http://www.ncbi.nlm.nih.gov/pubmed/10830539
http://doi.org/10.1093/jnci/40.2.307
http://www.ncbi.nlm.nih.gov/pubmed/5694272
http://doi.org/10.1111/j.1439-0531.2011.01816.x
http://doi.org/10.1097/MD.0000000000024921
http://doi.org/10.1038/s41598-018-24377-0


Vet. Sci. 2022, 9, 506 15 of 15

38. Seo, M.; Ahn, H.S.; Park, S.H.; Lee, J.B.; Choi, B.I.; Sohn, Y.M.; Shin, S.Y. Comparison and Combination of Strain and Shear Wave
Elastography of Breast Masses for Differentiation of Benign and Malignant Lesions by Quantitative Assessment: Preliminary
Study. J. Ultrasound Med. 2018, 37, 99–109. [CrossRef]

39. Youk, J.H.; Son, E.J.; Gweon, H.M.; Kim, H.; Park, Y.J.; Kim, J.A. Comparison of Strain and Shear Wave Elastography for the
Differentiation of Benign from Malignant Breast Lesions, Combined with b-Mode Ultrasonography: Qualitative and Quantitative
Assessments. Ultrasound Med. Biol. 2014, 40, 2336–2344. [CrossRef]

40. Barr, R.G. Sonographic Breast Elastography: A Primer. J. Ultrasound Med. 2012, 31, 773–783. [CrossRef]
41. Feliciano, M.A.R.R.; Maronezi, M.C.; Pavan, L.; Castanheira, T.L.; Simões, A.P.R.R.; Carvalho, C.F.; Canola, J.C.; Vicente, W.R.R.R.

ARFI Elastography as a Complementary Diagnostic Method for Mammary Neoplasia in Female Dogs– Preliminary Results.
J. Small Anim. Pract. 2014, 55, 504–508. [CrossRef] [PubMed]

42. Pastor, N.; Ezquerra, L.J.; Santella, M.; Caballé, N.C.; Tarazona, R.; Durán, M.E. Prognostic Significance of Immunohistochemical
Markers and Histological Classification in Malignant Canine Mammary Tumours. Vet. Comp. Oncol. 2020, 18, 753–762. [CrossRef]
[PubMed]

43. Feliciano, M.A.R.; Ramirez, R.A.U.; Maronezi, M.C.; Maciel, G.S.; Avante, M.L.; Senhorello, I.L.S.; Mucédola, T.; Gasser, B.;
Carvalho, C.F.; Vicente, W.R.R. Accuracy of Four Ultrasonography Techniques in Predicting Histopathological Classification of
Canine Mammary Carcinomas. Vet. Radiol. Ultrasound 2018, 59, 444–452. [CrossRef] [PubMed]

44. Guibal, A.; Renosi, G.; Rode, A.; Scoazec, J.Y.; Guillaud, O.; Chardon, L.; Munteanu, M.; Dumortier, J.; Collin, F.; Lefort, T. Shear
Wave Elastography: An Accurate Technique to Stage Liver Fibrosis in Chronic Liver Diseases. Diagn. Interv. Imaging 2016, 97,
91–99. [CrossRef] [PubMed]

45. Menzilcioglu, M.S.; Duymus, M.; Citil, S.; Avcu, S.; Gungor, G.; Sahin, T.; Boysan, S.N.; Altunoren, O.; Sarica, A. Strain Wave
Elastography for Evaluation of Renal Parenchyma in Chronic Kidney Disease. Br. J. Radiol. 2015, 88, 20140714. [CrossRef]
[PubMed]

46. Wang, M.H.; Palmeri, M.L.; Guy, C.D.; Yang, L.; Hedlund, L.W.; Diehl, A.M.; Nightingale, K.R. In Vivo Quantification of Liver
Stiffness in a Rat Model of Hepatic Fibrosis with Acoustic Radiation Force. Ultrasound Med. Biol. 2009, 35, 1709–1721. [CrossRef]
[PubMed]

47. Fujita, Y.; Kitago, M.; Abe, T.; Itano, O.; Shinoda, M.; Abe, Y.; Yagi, H.; Hibi, T.; Ishii, M.; Nakano, Y.; et al. Evaluation of Pancreatic
Fibrosis with Acoustic Radiation Force Impulse Imaging and Automated Quantification of Pancreatic Tissue Components.
Pancreas 2018, 47, 1277–1282. [CrossRef]

48. Boyd, N.F.; Martin, L.J.; Yaffe, M.J.; Minkin, S. Mammographic Density and Breast Cancer Risk: Current Understanding and
Future Prospects. Breast Cancer Res. 2011, 13, 223. [CrossRef]

49. Case, A.; Brisson, B.K.; Durham, A.C.; Rosen, S.; Monslow, J.; Buza, E.; Salah, P.; Gillem, J.; Ruthel, G.; Veluvolu, S.; et al.
Identification of Prognostic Collagen Signatures and Potential Therapeutic Stromal Targets in Canine Mammary Gland Carcinoma.
PLoS ONE 2017, 12, e0180448. [CrossRef]

50. Maller, O.; Hansen, K.C.; Lyons, T.R.; Acerbi, I.; Weaver, V.M.; Prekeris, R.; Tan, A.C.; Schedin, P. Collagen Architecture in
Pregnancy-Induced Protection from Breast Cancer. J. Cell Sci. 2013, 126, 4108–4120. [CrossRef]

51. Conklin, M.W.; Eickhoff, J.C.; Riching, K.M.; Pehlke, C.A.; Eliceiri, K.W.; Provenzano, P.P.; Friedl, A.; Keely, P.J. Aligned Collagen
Is a Prognostic Signature for Survival in Human Breast Carcinoma. Am. J. Pathol. 2011, 178, 1221–1232. [CrossRef]

52. Levental, K.R.; Yu, H.; Kass, L.; Lakins, J.N.; Egeblad, M.; Erler, J.T.; Fong, S.F.T.; Csiszar, K.; Giaccia, A.; Weninger, W.; et al.
Matrix Crosslinking Forces Tumor Progression by Enhancing Integrin Signaling. Cell 2009, 139, 891–906. [CrossRef] [PubMed]

http://doi.org/10.1002/jum.14309
http://doi.org/10.1016/j.ultrasmedbio.2014.05.020
http://doi.org/10.7863/jum.2012.31.5.773
http://doi.org/10.1111/jsap.12256
http://www.ncbi.nlm.nih.gov/pubmed/25132077
http://doi.org/10.1111/vco.12603
http://www.ncbi.nlm.nih.gov/pubmed/32336005
http://doi.org/10.1111/vru.12606
http://www.ncbi.nlm.nih.gov/pubmed/29430763
http://doi.org/10.1016/j.diii.2015.11.001
http://www.ncbi.nlm.nih.gov/pubmed/26655870
http://doi.org/10.1259/bjr.20140714
http://www.ncbi.nlm.nih.gov/pubmed/25806412
http://doi.org/10.1016/j.ultrasmedbio.2009.04.019
http://www.ncbi.nlm.nih.gov/pubmed/19683381
http://doi.org/10.1097/MPA.0000000000001179
http://doi.org/10.1186/bcr2942
http://doi.org/10.1371/journal.pone.0180448
http://doi.org/10.1242/jcs.121590
http://doi.org/10.1016/j.ajpath.2010.11.076
http://doi.org/10.1016/j.cell.2009.10.027
http://www.ncbi.nlm.nih.gov/pubmed/19931152

	Introduction 
	Materials and Methods 
	Patient Selection 
	Ultrasound Sonoelastography 
	Surgery of Canine Mammary Nodular Lesions 
	Histopathological Evaluation of Canine Mammary Nodular Lesions 
	Statistical Design 

	Results 
	Sonoelastography and Correlation between Elastographic Parameters 
	Histological Evaluations 
	Correlations between Elastographic Parameters and Histological Features of Canine Mammary Nodular Lesions 

	Discussion 
	Conclusions 
	References

