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Canine mammary cancer tumour
behaviour and patient survival time
are associated with collagen fibre
characteristics

AnaP.V. Garcial*, Luana A. Reis?>*, Fernanda C. Nunes?, Francis G. J. Longford?,
Jeremy G. Frey?, Ana M. de Paula?*“ & Geovanni D. Cassali***

Precise diagnosis and prognosis are key in prevention and reduction of morbidity and mortality in all
types of cancers. Here we show that changes in the collagen fibres in the main histological subtypes of
canine mammary gland carcinomas are directly associated with the tumour behaviour and the animal
survival time and could become a useful tool in helping with diagnosis. Imaging by second harmonic
generation and multiphoton excited fluorescence microscopy were performed to evaluate the collagen
and cellular segment parameters in cancer biopsies. We present a retrospective study of 45 cases of
canine mammary cancer analysing 836 biopsies regions including normal mammary gland tissue,
benign mixed tumours, carcinoma in mixed tumour, carcinosarcoma, micropapillary carcinoma and
solid carcinoma. The image analyses and the comparison between the tumour types allowed to assess
the collagen fibre changes during tumour progression. We demonstrate that the collagen parameters
correlate with the clinical and pathological data, the results show that in neoplastic tissues, the
collagen fibres are more aligned and shorter as compared to the normal tissues. There is a clear
association of the mean fibre length with the dogs survival times, the carcinomas presenting shorter
collagen fibres indicate a worse survival rate.

Breast cancer is the most common cancer among women—with the exception of non-melanoma skin cancer—
corresponding to about 25% of new cases each year worldwide. In Brazil, this rate is even higher, reaching 29.7%,
according to the National Cancer Institute!. Thus it is of great importance for public health that motivates stud-
ies on prevention and early diagnosis, in the search for the reduction of morbidity and mortality related to this
neoplasm?®. The subject is also of great interest in Veterinary Medicine as about 50% of the tumours in female
dogs are malignant mammary neoplasms?, largely a reflection of late diagnosis, which compromises treatment
and reduces the survival rate of the animals*®. In addition, mammaryneoplasms in female dogs and women
show epidemiological, clinical, biological and genetic similarities, which makes it possible to use the female dog
as a comparative model®13.

It is known that breast neoplasms stimulate the degradation of components of the extracellular matrix. Col-
lagen, specifically, undergoes significant structural changes in the presence of malignancy that plays an impor-
tant role in modulating the behaviour of breast cancers'*~*°. The changes in the collagen structural architecture
have been used also to successfully detect malignancies in the canine mammary gland*'. In addition, collagen
plays a significant role in the emergence of metastases, with a large amount of studies of cancer prognosis and
therapies®*~*. Recent studies indicate that there must be a balance between the magnitude of the traction forces
and the adhesion force of the cell to the extracellular matrix to achieve an ideal process of cell migration***°. In
a multicellular system, the tensile forces generated by individual cells can give rise to an evolving force network
(supported by the fibres of the extracellular matrix), that actively pull the individual cells in order to move them
in the extracellular matrix and this force can be detected by distant cells*’. The mechanical coupling between
the cells can influence the migration of individual cells, which could alter the structure and properties of the
extracellular matrix and, therefore, the tensile strength network. This feedback loop between the strength of
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Staging Histological grades | Molecular subtype
Histolo-gical type | n(%) Age(year) |[I |II |III |[IV |V |I [II |III |NA | HR+/Ki67 < 20% | HR+/Ki67 > 20% | HR- /HER2- | NA | Survival (days)
BMT 6 (13%) 9.0 (2.2) 4 |2 |0 0o oo o |6 0 0 0 6 658
CMT 16 (36%) 10.6 (2.8) 4 |1 4 7 10 |8 8 0 |0 8 7 1 0 687 (375)
MC 7 (16%) 11.0 (3.4) 0 (0 |0 512 |0 4 3 |0 1 6 0 0 152 (110)
CS 4(9%) 9.3(4.2) 0 (0 |3 0 |1 |0 0 4 10 0 3 1 0 165 (149)
sC 12 (26%) 10.2 (4.0) 2 |0 1 8 |1 |0 4 8 |0 1 10 1 0 267 (220)
Total 45 (100%) 10 3 |8 20 |4 |8 |16 |15 |6 10 26 3 6

Table 1. Clinicopathological features of canine mammary neoplasms. For the age and the survival, the data
are the mean values with the standard deviation in brackets. BMT benign mixed tumour, CMT carcinoma in
mixed tumour, MC micropapillar carcinoma, CS carcinosarcoma, SC solid carcinoma.

the extracellular matrix network and cell migration may be responsible for a wide range of collective migratory
behaviour®*-#.

Therefore, understanding the structure and functional properties of the collagen fibres is essential for under-
standing the tumour behaviour in different types of neoplasms. The collagen is a non-centrosymmetric fibre
that efficiently generates second harmonic signals, thus images obtained by nonlinear microscopy from second
harmonic generation (SHG) have been shown to be a useful method to study these tissue changes®*!. The SHG
microscopy allows to obtain data regarding the morphology of the extracellular matrix, including the organiza-
tion, shape and quantification of the collagen fibres that make up this matrix, characterizing the changes that
occur in the fibres during tumour progression that facilitates the extravasation and migration of tumour cells
in many types of cancers'®!618:222331.374243 Recent polarization resolved SHG results have shown details of the
collagen microscopic structure modifications that can discriminate the histological grades of breast cancer™®.
And the details of the macroscopic collagen organization obtained by SHG microscopy image analysis have
been shown to correlate with the survival of luminal®® and triple negative breast cancer patients*. In addition,
it has been shown that third harmonic generation microscopy allows to obtain details of the tumour cells with
potential for differentiating malignant from benign breast tissue®.

Most of the previous studies measured the collagen properties at the tumour borders, however recent stud-
ies have shown that the intra tumoral collagen properties are important for the differentiation of invasive
tumours®**. Here we present results for multiphoton microscopy, by simultaneous two-photon excited fluores-
cence (TPEF) and SHG imaging, together with an image analysis procedure that provided a range of collagen
and cellular segment parameters of intra-tumour tissue. The images were performed on archive standard hema-
toxylin and eosin (H&E) stained histological slides from 45 patients and allowed a correlation with the animal
survival time. A large number of intra-tumoral representative areas of each patient were imaged (836 biopsies
regions) to cover the heterogeneity of the tumours. We implemented a comprehensive and robust image analysis
methodology to extract the collagen fibre network and to quantify the properties of the collagen fibres and the
cellular segments in the images. A software package was developed to perform an automated image segmenta-
tion into collagen and cellular regions*® and to extract their parameters (available on GitHub*’). The measured
parameters include the organization of the fibres, the number of fibres, the mean fibre length, the shape of the
cellular segments and the proportion of the image area covered by fibres or cellular segments. We demonstrate
that the obtained parameters allows a good discrimination of the main histological types of canine mammary
neoplasms. In addition, the results show that the changes in the collagen fibre length directly correlate with the
tumoral behaviour and the animal survival time.

Results and discussion

Details of the samples studied. The details of the histological subtypes analysed: the age of the patients,
clinical stage, histological grade, molecular subtype, cell proliferation rate and survival times are shown in
Table 1. The mean age of all the patients was of 10 years. The mean age for each histological subtype is pre-
sented in Table 1with the standard deviation in brackets. Among the 45 cases of mammary neoplasm evaluated,
36% were carcinoma in mixed tumour (CMT; n = 16), 26% solid carcinoma (SC; n = 12), 16% micropapillary
carcinoma (MC; n = 7), 13% benign mixed tumour (BMT; n = 6) and 9% carcinosarcoma (CS; n = 4). In rela-
tion to the clinical staging, 44% of the carcinomas were classified with staging IV (n = 20), 22% with staging
I (n = 10), 18% with staging III (n = 8), 9% with staging V (n = 4) and 7% with staging II (n = 3). For the
histological grade 36% of the cases were classified with histological grade II (n = 16), 33% with histological
grade III (n = 15) and 18% with histological grade I (n = 8). Regarding the molecular subtype, 25% of the cases
were classified as luminal A (n = 10), 67% as luminal B (n = 26) and 8% as triple negative (n = 3). Among the
analysed cases, 60% had low cell proliferation rate (Ki67 < 20%; n = 27) and 40% of the cases had a high cell
proliferation rate (Ki67 > 20%; n = 18). The mean survival time of the patients are presented in Table 1 with the
standard deviation in brackets. The patients diagnosed with BMT were all alive until the last contact with the
person responsible for the dog, that was greater than 658 days. Thus this value was not included in the statistical
analyses.

Images and extracted parameters. Figure 1 presents representative images of the histological mam-
mary sections studied. The histological types in the columns are indicated as NMT, BMT, CMT, MC, CS and SC
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Figure 1. Acquired images: the optical microscopy H&E (first row), SHG (second row), TPEF (third row)

and the images extracted by the software: a colour map image with the angle distribution of the collagen fibre
orientation in the tissue (fourth row, angle colour map at the bottom left hand side), the extracted collagen fibres
with each fiber in a random colour (fifth row), the fibre segment (sixth row) and the cellular segments (seventh
row) for the histological types in the columns NMT, BMT, CMT, MC, CS, SC. Each connected fibre and cellular
segment is presented in a random colour. The scale bar is 100 um.
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for the normal mammary gland, benign mixed tumour, carcinoma in mixed tumour, micropapillary carcinoma,
carcinosarcoma and solid carcinoma, respectively. The rows one to three show the measured images and the
extracted fibre and cellular segmented images obtained from the image analysis methodology are in rows four
to seven. The H&E bright field microscopy optical images are in the first row, the SHG images in the second row
and the TPEF images in the third row. The TPEF signal is the fluorescence emission of the eosin dye. The SHG
and TPEF are false colour images of the measured intensity maps normalized to highlight all the features. The
fourth row shows a colour map image with the angle distribution of the collagen fibre orientation in the tissue
(the angle colour map is at the image bottom left hand side). Note that the NMT image show a more isotropic
distribution of angles, whereas the solid carcinoma image shows almost all fibres oriented in one direction indi-
cated by the purple colour. In the fifth row are the images of the extracted network of collagen fibres with the
individual fibres in random colours. The sixth row shows the connected collagen fibre segments, each segment
in a different colour. And in the seventh row is the cellular segments, where each connected cell-cluster is in a
different colour. The fibre segment images are shown superimposed on the SHG images in grayscale and the cel-
lular segment images are presented superimposed on the TPEF images in grayscale with each connected cellular
segment in a different colour. The details of the image measurements and analysis are described in the “Materials
and methods” section.

The normal mammary gland, first column, presents acini and ducts consisting of luminal epithelial cells lined
by myoepithelial cells that are separated from the surrounding connective tissue by the basement membrane?**.
The collagen fibres, abundant in the surrounding connective tissue, are arranged in different directions through-
out the mammary tissue. The benign mixed tumour (BMT), second column, are characterized by benign pro-
liferation of cells morphologically similar to the epithelial (luminal or myoepithelial cells) and mesenchymal
components that produce cartilage and/or bone and/or adipose tissue, possibly in combination with fibrous
tissue®. In these neoplasms, it is still possible to observe an abundance of collagen fibres in the surrounding
connective tissue, however the fibres are more organized in relation to the NMT. The carcinomas in mixed
tumour (CMT), third column, exhibit a complex histological pattern, as they have components of epithelial and
mesenchymal origin. Malignant epithelial cells exhibit an infiltrative growth, which can be identified by the loss
of continuity of the basal/myoepithelial layer associated with clusters of tumour cells that penetrate the stroma.
The occurrence of non-invasive proliferation (in situ) can also be observed. The differentiation between in situ
and invasive components in carcinoma in mixed tumours is possible due to the presence of stromal invasion
and microinvasion. The areas of invasion are characterized by the presence of clusters of infiltrative tumour
epithelial cells in the regions of periductal stroma close to the components of the carcinoma. Carcinoma in situ
with microinvasion areas is defined when the continuity of the basement membrane is lost, within 1 mm, and
epithelial cells are present™. In these carcinomas, it is possible to observe a greater organization of collagen
fibres that make up the surrounding connective tissue in relation to the NMT and BMT. It is possible to observe
the alignment of the collagen fibres in the connective tissue that surrounds the neoplastic growth. The micro-
papillary carcinomas (MC), fourth column, exhibit well-defined cystic spaces similar to the lymphatic vessels
diffusely distributed throughout the mammary gland. Within these cystic spaces there are clusters of epithelial
cells with a micropapillary pattern called “moruliform”, with abundant eosinophilic cytoplasm, evident nuclear
pleomorphism and prominent nucleoli®'. In these carcinomas, it is also possible to notice the orientation of the
collagen fibres in a preferred direction, indicating greater organization of the surrounding connective tissue. The
histological characteristics of the carcinosarcomas (CS), fifth column, are extremely variable and were previously
described as mixed malignant tumours of the mammary gland. They are composed of malignant epithelial and
mesenchymal cells®® and show an abundance of connective tissue. In the solid carcinoma (SC), sixth column,
there is a proliferation of epithelial cells organized in a solid arrangement, with the formation of cords, sheets or
agglomerates. The tumour cells are undifferentiated, exhibit small hyperchromatic nuclei and the mitotic index
is high. The amount of stroma can vary from small to moderate and areas of necrosis are frequently observed®'.
As in the other carcinomas, in the solid carcinoma it is also possible to observe greater organization of the col-
lagen fibres of the surrounding connective tissue in relation to NMT and BMT.

Our image analysis procedure and the extracted fibre and cellular segments (see details on the “Materials
and methods” section) allowed the quantification of many of the image visual characteristics described above.
The colour map images of the angle distribution of the collagen fibre orientation in the tissue (fourth row) show
that the carcinomas with a worse prognosis present more aligned fibres. Also the images of the collagen fibre
networks (fifth row) show the decrease of the number of fibres for the carcinomas with worse prognosis. And
the comparison of the fibre and cellular segments in the sixth and seventh rows shows the changes of the areas
covered by fibres and cells.

We will discuss some of the measured parameters that allow a good differentiation between the histological
type. The collagen fibre organization parameter (fibre organization), the number of collagen fibres, the mean
fibre length, the linearity of the cellular segments and the image area covered by fibre (fibre segment coverage)
and by cellular regions (cellular segment coverage) for all the histological types are shown in Fig. 2. The statistical
correlations between the histological types are shown in the Table 2.

The collagen fibre organization parameter is a measurement of the degree of alignment of the collagen fibres,
that ranges from zero to one for random organized fibres and for well oriented fibres all aligned along a specific
direction in the tissue, respectively. The results in Fig. 2A show that in all histological types the collagen fibres
are more aligned as compared to the NMT and it provides a clear separation between normal and neoplastic
tissue. These findings corroborate with others described in the literature!®!>17:19-21,24-29,31,5253,

The number of fibres and fibre length are two important parameters to assess the changes of the collagen in
neoplastic tissues. The number of fibres, Fig. 2B shows that the amount of collagen decreases in the neoplastic
tissues within the tumour regions as compared to the NMT except for the BMT, due to the large amount of
extracellular matrix characteristic of this histological type”****. However, the fibres are longer in the neoplastic
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Figure 2. Boxplot graphics showing the calculated parameters for the fibre and cellular segments: the fibre
organization, number of fibres, the mean fibre length, the cellular segment linearity and the image area covered
by the fibre and cellular segments for all the tumour types studied. The numbers below each histological type
indicate the number of acquired images. The centre lines show the medians, the box limits indicate the 25th and
75th percentiles, the whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles and
the outliers are represented by dots.

tissue, Fig. 2C. Nonetheless, between the tumour types the collagen fibres show shorter length in the MC, CS
and SC as compared to the BMT and CMT. These results lead to the hypothesis that within the tumour types,
the less aggressive mammary carcinomas present longer collagen fibres than the more aggressive ones. These
two parameters show statistically significance between most of the histological types, Table 2.

The cellular segment linearity is presented in Fig. 2D. This is a parameter that evaluates the shape of the
extracted segments of cellular regions and it measures the elongation of the segments as compared to a circle. It
may be expected that normal tissue types will contain cellular regions that display more regular, circular appear-
ance, whereas the value of the linearity metric for this type suggests that they are more elongated. An explanation
for this may be seen in Fig. 1; although visually the cellular regions of the normal type image (first column) are
relatively circular, the colored cellular segments identified by the analysis software are highly folded, due to the
presence of the collagen structures within the intra tumoral regions that are detected by the SHG. This folding
leads to a much greater value for the segment perimeter than would be expected by eye. Note that the MC and
SC show the more circular shapes, in these tissue types, the cellular regions display less collagen within the cell
mass and so the cellular segments are not folded. Thus, this parameter allows a good discrimination of the cancer
types. The p-values show statistically significance between most of the histological types, Table 2.

For the parameters, fibre segment coverage and cellular segment coverage, shown in Fig. 2E, F and Table 2,
it is observed that the BMT and CS show a higher amount of collagen and less cellular segments, corroborating
with studies that used other methodologies®****. In addition, the results show a larger area covered by cellular
segments in the SC as compared to other histological types in agreement with the characteristic of solid carcino-
mas that show an expansive growth in highly cellularized nests'®. For the comparisons between the histological
types, the BMT presented a larger area covered by fibres in comparison to the samples of the other histological
subtypes®**. These parameters also show statistically significance between most of the histological types.

Changes in the collagen parameters and tumour progression.  Here we show the measured param-
eters for the CMT to discuss the collagen changes as the tumour progress. The results obtained for the fibre
organization, number of fibres, collagen fibre length, cellular segment linearity, fibre segment coverage and cellu-
lar segment coverage are presented in Fig. 3. It is shown the comparisons between the NMT and the benign areas
(CMTD), the malignant in situ (CMTis) and the malignant invasive regions (CMTi) of the CMT. The statistical
data are shown in Table 3. The benign areas are not so common, thus only 24 regions were imaged.

For the fibre organization parameter, Fig. 3A, the results show that the collagen fibres are more aligned
in the CMTis and CMTi regions of the CMT in comparison to the NMT and the CMTb, but there is no clear
separation between the NMT and the CMTb. However, it is possible to say that during tumour progression the
collagen fibres become more aligned as the neoplasia develops. It is well known that cellular migration involves
integration into a complex microenvironment, which can be a physiological or pathological process, including
regeneration tissues, immune response and tumor progression!>*¢-#026-58 In addition to well-established chemo-
taxis, the microstructure and physical properties of the extracellular matrix have a significant influence on cell
migration via durotaxis'?*-%, This process can be explained as a unidirectional cell migration mechanism in
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which a cell responds to an extracellular gradient of rigidity, which is important in the process of cell migration
and invasion in tumour progression. During durotactic migration, there is usually cellular movement towards
regions of increasing stiffness on increasingly rigid substrates®*-*". Thus, the changes in the alignment and the
amount of collagen in the tumor microenvironment may be capable of facilitating the migration and invasion
of neoplastic cells in other locations.

For the number of fibres, the data presented in Fig. 3B and Table 3 show that the CMTb presents a significant
smaller amount of fibres than the NMT. The number fibres keeps decreasing for the CMTis areas but increases
again for the CMT1 areas. However, the mean fibre length shows the opposite trend, Fig. 3C, the collagen fibres
are longer in CMTb, CMTis and CMTi than in the NMT. Therefore, it is possible to say that during tumour
progression the collagen fibre length increases as the neoplasia develops. However, in the malignant invasive
regions the fibres decrease again in comparison to the malignant in situ regions. These two parameters show
statistically significance between most of the histological types and are good indicators of the tumour progression,
Table 3. Several studies describe that neoplastic cells influence and are influenced by the extracellular matrix and
the tumour microenvironment during tumour progression, in order to invade the underlying tissues!>?6-40-5-58,
Thus, as discussed earlier, we believe that for the in situ growth profile the collagen fibres are larger and more
stretched, limiting the neoplastic growth. Nonetheless, when the cells break the basal membrane and express an
invasive profile, the fibres become more fragmented and shorter as compared to the previous state.

The linearity of the cellular regions, Fig. 3D show more circular shapes for the CMTb areas as compared to
both the NMT and the CMTis and CMTi areas. Thus this parameter can separate the CMTb from the NMT.
For the parameters fibre coverage and cellular segment coverage, the results presented in Fig. 3E, F and Table 3
show that the benign areas of the CMT have a smaller fibre coverage area as compared to NMT and the malig-
nant in situ and invasive areas. Thus, the benign areas show larger cellular segment coverage in comparison to
the NMT and the malignant in situ and invasive areas of CTM. These results confirm that at the later stages of
tumour progression, the cell proliferation is more pronounced in relation to the collagen deposition!>3¢-4026-8,

Carcinomas with worse prognosis present shorter collagen fibres. Figure 4 shows the analyses
of the collagen fibre length of all the malignant histological types studied (CMT, CS, MC and SC) with the cell
proliferation, histological grading and histological subtype. The linear regression for the fibre length and the cell
proliferation is presented in Fig. 4A. The Spearman’s correlations for the fibre length and the histological grades
I, II and IIT are in Fig. 4B, and the Spearman’s correlation for the fibre length and the histological subtypes are
in Fig. 4B. The histological subtypes are presented as 0 for carcinomas with good prognosis (CMT) and 1 for
carcinomas with worse prognosis (CS, MC and SC). All the correlations show that the carcinomas with worse
prognosis present shorter collagen fibres. Correlations of the mean collagen fibre length with other clinical and
pathological data were performed, such as patient age, clinical staging, tumor size, lymph node status, ER, PR,
HER?2, but they did not show statistical correlations.

In Fig. 5 we present the survival curves for the dogs diagnosed with each histological subtypes, Fig. 5A, and
with the dogs grouped by the mean fibre length disregarding the histological type, Fig. 5B. Figure 5A shows that
the dogs diagnosed with CS reached the median survival time in 54 days, the ones diagnosed with MC in 140
days, the SC in 252 days and the CMT in 824 days. The COX regression analysis was performed using the CMT
as a reference for a carcinoma with a better prognosis. However, due to the low number of cases of the other
histological types (CS, MC and SC) they were grouped into a single group considering that they all have a poor
prognosis in relation to CMT, as demonstrated by previous studies'*>>*. Thus only one p value is shown. Cor-
relating this information with the data presented in Fig. 2C, it is possible to note that the carcinomas with worse
prognosis present shorter collagen fibres in comparison to the CMT. From this analysis, a cut-off point was estab-
lished to determine whether the collagen fibre length could be used as a clinical complementary parameter for
the diagnosis of mammary cancer. To obtain a cut-off point we considered all the histological subtypes together.
The median fibre length of 25.68 um was obtained and considered as the cut-off. Then the dogs were stratified
into two groups defined by this median cut-off point, disregarding histological subtype, histological grading
and cell proliferation rate. The numbers 0 and 1 were assigned to the distribution of cancer-specific survivals: 0
was assigned to dogs diagnosed with carcinomas presenting collagen fibre length smaller than the cut-off and
number 1 was assigned to dogs diagnosed with carcinomas presenting collagen fibre with length larger than the
cut-off. In this way the prognostic and predictive factors did not interfere in the correlations established between
the mean fibre length and the survival of the animals in the study. The results are presented in Fig. 5B, the dogs
diagnosed with carcinomas that present short collagen fibres (number 0) reach the median survival time on the
150th day and dogs diagnosed with carcinomas with long fibres (number 1) reach the median survival time on
the 511th day (HR = 2.302, p = 0.0041, [CI] = 1.140-4.648). Therefore, the results clearly indicate that the more
aggressive carcinomas, with unfavorable prognosis, present shorter collagen fibres as compared to less aggressive
ones. It should be pointed out that the acquired images were for regions within the tumour mass. Previous results
have shown an opposite trend for the fibres at the tumour border?!. These results corroborate the previously
presented hypothesis that carcinomas with an invasive growth profile and with a tendency to metastasize tend
to have shorter fibres in comparison to carcinomas with an in situ and local growth profile?”.

Nonetheless, in a multivariate analysis, the mean fibre length is not included in the final model as in the
univariate risk analysis it presented p = 0.06. On a multivariate model with the variables: histological subtype,
histological grade, clinical stage, estrogen receptor, progesterone receptor, HER-2, molecular subtype, cell pro-
liferation index, clinical stage and mean fibre length only the histological subtype and clinical stage variables
were included in the final model. An increased risk of death was observed in dogs diagnosed with carcinomas
with stage IV and V (HR = 3.74, p < 0.010, confidence interval [CI] = 1.36-10.27) in comparison to the dogs
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Figure 3. Boxplot graphics showing the calculated parameters for the fibre and cell segments: the fibre
organization, number of fibres, the mean fibre length, the cellular segment linearity, the fibre segment coverage
and the cellular segment coverage for the NMT, CMTis and CMTi regions of the CMT. The centre lines show the
medians, the box limits indicate the 25th and 75th percentiles, the whiskers extend 1.5 times the interquartile
range from the 25th and 75th percentiles and the outliers are represented by dots.
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Table 3. Statistical results for the tumour progression. p value significance: p < 0.05 are denoted as *, p < 0.01
are denoted as ** and p < 0.001 are denoted as ***. Empty table cells denote not significant p NMT normal
mammary gland, CMTb benign areas of carcinoma in mixed tumour, CMTis in situ areas of carcinoma in
mixed tumour, CMTi invasive areas of carcinoma in mixed tumour. The p values were obtained by one-way
ANOVA and Tukey’s HSD test.

diagnosed with tumour stages I-III and in dogs diagnosed with more aggressive histological subtypes (HR =
11.35, p < 0.0001, confidence interval [CI] = 3.14-41.00).

Conclusion

In conclusion, the biopsy evaluation by the nonlinear microscopy technique and the new image analysis proce-
dure allowed to demonstrate differences in the organization, number and length of the collagen fibres between
neoplasms and normal mammary gland during tumour progression. In addition we demonstrated that, among
the subtypes of mammary carcinomas, the more aggressive carcinomas present shorter collagen fibres in com-
parison with the less aggressive ones that directly correlates with the dogs survival times. These imaging and
analyses could be useful tools to help towards more precise cancer diagnostics.

Materials and methods

Biopsies: case selection. We present a retrospective study of 45 cases of canine mammary cancer and 12
samples of healthy mammary gland regions as control. We included the samples that contained the informa-
tion on clinical staging, histological graduation, molecular subtype and cell proliferation. The samples were
obtained from the Laboratory of Comparative Pathology at Federal University of Minas Gerais (UFMG), Brazil.
The materials used for the imaging were the standard histological slides stained with H&E, from fragments of
neoplasms fixed in formalin and embedded in paraffin. The tissues were obtained from biopsies of simple mas-
tectomy, regional mastectomy, unilateral or bilateral radical mastectomy depending on the tumour size, clinical

Scientific Reports |

(2021) 11:5668 |

https://doi.org/10.1038/s41598-021-85104-w nature portfolio



www.nature.com/scientificreports/

GV 100 p=0.0019 () ©
F=11.29 r=-0.3979 r=-0.5349
Y = -4.735*X + 156.2 o =0. @ = 0.000
< ESlll{ o o csmoce o p=00110 19 p=0.0004
2 3 £
g 5 711 © cememe o o
= T =
] o o
s g’ll - ® @0 e00 0 W0 o g)
3 B ®
I I
— | —————To0@——F——— 0 T———ero—Ter@rae—eeo S|
35 20 25 30 35 20 25 30 35
Mean Fibre Length (um) Mean Fibre Length (um) Mean Fibre Length (um)

Figure 4. (A) Linear regression for the fibre length and the cell proliferation; (B) Spearman’s correlation for
the fibre length and the histological grades I, II and III; (C) Spearman’s correlation for the fibre length and the
histological subtype, where the subtype is presented as 0 for carcinomas with good prognosis (CMT) and 1 for
carcinomas with worse prognosis CS, MC and SC).

staging, lymphatic drainage and tumour location. The selected samples were collected from the years 2009 to
2019 and they were classified according to the criteria described in the Consensus for the Diagnosis, Prognosis
and Treatment of Canine Mammary Tumours®, including the types: 12 NMT, 06 BMT, 16 CMT, 07 MC, 04
CS and 12 SC. All cases were reviewed in sections stained with H&E by an experienced pathologist special-
ized in canine mammary gland cancer. Clinical staging was performed based on tumour size (T), neoplastic
involvement of regional lymph nodes (N) and presence of distant metastases (M) according to the TNM system
established by the World Health Organization (WHO), modified by Owen, for canine mammary tumours*. The
histological grade was established according to the Nottingham system. For the correlations with the survival
data, the patients included were the ones treated with surgery only. The score 1 was used for those who died due
to mammary carcinoma and 0 for the ones alive or those who died due to other causes.

The biopsy microscopy slides used were of the routine histopathological diagnosis of spontaneous occurring
tumours of female dogs obtained at the Veterinary Hospital of UFMG.

Ethical approval. The study was performed in view of the fundamental ethical principles of law No. 11.794,
of October 8, 2008 and of decree No. 6.899 of July, 2009, and with the rules issued by the National Council for
the Control of Animal Experimentation (CONCEA). It was approved by the “Ethics Committee on the Use of
Animals” at UFMG, under No. 251/2018.

Second harmonic generation and two-photon excited fluorescence imaging. The SHG and
TPEF imaging system is a home built setup using an Olympus FV300 confocal scanning laser unit attached to
an upright BX61-WI microscope®’. We used a 140 fs Ti-Sapphire oscillator (Coherent Chameleon) with 80 MHz
repetition rate tuned to the wavelength of 800 nm. The laser energy per pulse at the sample position is about
0.1 nJ, average power of 7 mW, fluence of 7 x 10™* J/cm?. The laser beam passes through the scanning mir-
rors and through a dichroic mirror and is focused on the sample at normal incidence by a 20x objective lens
(N.A. 0.90). The laser is circularly polarized at the sample position, that is achieved using a half-wave plate
and a quarter waveplate in the laser path before it enters the confocal microscope®. The SHG backscattered
signal is collected by the same objective and directed by a polarization-insensitive dichroic mirror (Semrock
FF665-Di02) to the detector (a photomultiplier tube, PMT). A thin band pass filter (20 nm bandwidth, Chroma
HQ400/20m-2p) centred at the SH wavelength (400 nm) a blocking edge filter (Semrock FF01-680/SP-25) are
used to completely remove the laser scattered light.

For the TPEF imaging the dichroic mirror is moved out of the beam and the backscattered signal follows
the descanned path and is measured by the internal PMT of the confocal. The signal is filtered by a band pass
filter in the range 560-600 nm and the blocking edge filter (Semrock FF01-680/SP-25). The TPEF signal is the
fluorescence emission of the eosin dye in the H&E stained tissues. We collected SHG and TPEF images at the
same sample position with areas of 0.471 mm x 0.471 mm (512 x 512 pixels). The laser transmission though the
sample is also acquired as an image in a PMT positioned after the microscope condenser. The focus was selected
by optimizing the SHG intensity and then three images were collected, one at the focal position and one at each
focal planes at 1 wm above and below the optimal position. The acquisition of the three images allowed to assure
the best focal position and they were also used by the software to eliminate noise. The scanning time for each
image is 2.71 s. For the samples with a weak SHG intensity up to 5 images were accumulated, and the overall
acquisition time was about 60 s.

We have acquired images for 836 representative areas of the NMT and the other histological types in the
sections stained with H&E. On the histological slides in which normal mammary regions were selected the
images were acquired for the 10 most representative areas of normal tissue. For the BMT slides, 5 peri-tumour
areas and 5 intra-tumour areas were selected for measurements. The peri-tumour regions are defined from the
fibrous tissue at the edges of the tumour, in the transition to the unchanged tissue; the intra-tumour regions
correspond to areas with collagen within groups of cells with neoplastic growth. In the remaining cases, 10-15
most representative intra-tumour regions were selected for the measurements. The images from these selected
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Figure 5. (A) Survival curves for dogs presenting the histological subtypes, CMT carcinoma in mixed tumour,
CS carcinosarcoma, MC micropapillary carcinoma, SC solid carcinoma. (B) Survival curves separating the cases
by the collagen mean fibre length, the red line for fibre length < 25.68 jum and the blue line for fibre length

> 25.68 pm.

areas were collected for analysis. The bright field microscopy images of the H&E stained tissue were obtained at
the same areas for comparison.

Image analysis. Quantitative analysis of the parameters for the collagen fibres and cellular segments were
obtained using an open source software package named PyFibre (Python Fibrous Image Analysis Toolkit) that
was developed to perform an automated image segmentation into collagen and cellular regions and to extract
their parameters (available free on GitHub*). In the analysis procedure, the SHG and the TPEF signals, as well
as a copy of the laser transmission data are used to better identify the collagen fibres and cellular features in the
images. The SHG signal allows to identify the collagen fibres. For mapping out the locations of collagen fibres as
a network we use a modified version of the FIbeR Extraction (FIRE) algorithm®®%. Additional information from
the TPEF and transmission signals is then used to further refine the boundary between fibrous and cellular areas.
The PyFibre analysis generates a database with all the metrics extracted from the images for the analysis, details
of which can be found in the online software documentation*. The image segmentation allows the calculations
to be performed specifically for the cellular and collagen fibre regions in the image. The values of the metrics
evaluated are used as comparison parameters for normal tissues and the neoplastic tissue. The measurements
of the SHG anisotropy characterize the organization of collagen fibres as purely isotropic regions (value 0) and
regions in which the collagen fibres are perfectly aligned, or anisotropic (value 1). The extracted collagen fibre
network allows to measure also the number of fibres and the fibre length. The cellular segment linearity is a
measurement of the shape of the extracted cellular segments. It is proportional to the ratio of a circumference
of a circle with the same area as the segment to the perimeter of cell segment. The value is considered as 0 if the
cellular segment is circular and 1 if the segment is completely elongated. The fibre coverage area and cellular seg-
ment coverage area parameters are the image percentage covered by the fibre and cellular features, respectively.
A strong negative correlation between the fibre segment and cellular segment coverage parameters is perhaps to
be expected, but it is not guaranteed by the analysis method.

Immunohistochemistry. Histological sections of 4 pm thickness were prepared for immunohistochem-
istry reactions. A commercial anti-mouse/anti-rabbit detection kit (Novolink Polymer Detection System, Leica
Biosystems, Newcastle Upon Tyne, United Kingdom) was used according to the manufacturer’s instructions.
Antigenic recovery of estrogen receptor (ER), progesterone (PR), Ki67 and HER2 were performed in steam
heat (Pascal) with pH 6.0 citrate (Dako Cytomation Target Retrieval Solution, Dako, Glostrup, Denmark). The
slides with the histological sections were incubated with the appropriate primary antibody for 16 hours in a
humid chamber at 4 °C, ER (1:50, clone 1D5, Dako), PR (1:50, hPRa2 clone, Neomarkers, Fremont, CA, USA),
HER?2 (1: 200, polyclonal, Dako) and Ki67 (1:50, MIB-1 clone, Dako). Immunoreactivity was visualized with the
3’-diaminobenzidine chromogen (DAB Substrate System, Dako, Carpinteria, CA, USA) and contrasted with
Mayer’s hematoxylin. Samples of breast tissue fragments from women positive for ER, PR, HER-2 and Ki67 were
used as positive controls of the reactions. For negative controls, the primary antibody was replaced with phos-
phate buffered saline (PBS). The analysis of the slides, quantification of immunoreactions and the classification
of immunophenotypes were performed according to Nunes et al.%>. The antibodies are the standard ones used
in our laboratory routine procedures and the antigenic specificity has already been tested according to works
published by our group>>**%> and works published by other groups®®’.

Statistical analysis. One-way analysis of variance (ANOVA) and multiple comparisons using the Tuk-
ey’s HSD (honestly significant difference) test were used to compare means between the diagnostic groups and
p < 0.05was considered statistically significant. The p values less than 0.001 are denoted by (***), p less than 0.01
are denoted by (**) and p less than (0.05) are denoted by (*).

For the correlation analysis between the evaluated variables, the Spearman Rank Correlation Coefficient
statistical test and linear regression were used. For all analyses, a value of p < 0.05 was considered statistically

Scientific Reports |

(2021) 11:5668 | https://doi.org/10.1038/s41598-021-85104-w nature portfolio



www.nature.com/scientificreports/

significant. These analyses were performed using the Microsoft Windows software, Prism (version 7.0, GraphPad,
San Diego, CA, United States). The prognostic value of the different clinical-pathological variables was deter-
mined in patients treated with surgery only, based on an initial univariate analysis to assess the cancer-specific
survival rate according to the immunophenotype. The cancer-specific survival rate was estimated using the
Kaplan-Meier curve and the comparisons between groups were performed using the Mantel-Cox log rank test.
Then, a multivariate analysis was performed using the Cox regression model to estimate the risk ratio consid-
ering the variables with p < 0.05 in the univariate analysis. In Cox’s final model, only variables with p < 0.05
were maintained in the model. The multivariate analysis was performed using the Stata software version 14.0
(SatataCorp, College Station, TX, USA).

Received: 1 October 2020; Accepted: 19 February 2021
Published online: 11 March 2021

References
1. Institute of cancer, Brazil, https://www.inca.gov.br/numeros-de-cancer. Accessed April 24th, 2020.
2. Sun, Y. S. et al. Risk factors and preventions of breast cancer. Int. J. Biol. Sci. 13, 1387-1397. https://doi.org/10.7150/ijbs.21635
(2017).
3. Gray, M. et al. Naturally-occurring canine mammary tumors as a translational model for human breast cancer. Front. Oncol. 10,
617 (2020).
4. Nunes, E et al. Epidemiological, clinical and pathological evaluation of overall survival in canines with mammary neoplasms.
Arquivo Brasileiro de Medicina Veterindria e Zootecnia 70, 1714-1722. https://doi.org/10.1590/1678-4162-10217 (2018).
5. Andrade, E H.,, Figueiroa, E C., Bersano, P. R, Bissacot, D. Z. & Rocha, N. S. Malignant mammary tumor in female dogs: envi-
ronmental contaminants. Diagn. Pathol. 5, 45 (2010).
6. Estrela-Lima, A. et al. Inmunophenotypic features of tumor infiltrating lymphocytes from mammary carcinomas in female dogs
associated with prognostic factors and survival rates. BMC Cancer 10, 256 (2010).
. Cassali, G. D. Comparative mammary oncology: canine model. In BMC Proceedings, vol. 7, K6 (Springer, 2013).
. Cassali, G. D. Canine Mammary Tumors—From Diagnosis to Treatment English (MedVet, Rio de Janeiro, 2020).
. Misdorp, W. Tumors of the Mammary Gland, chap. 12, 575-606 (John Wiley & Sons, Ltd, 2008).
10. Uva, P. et al. Comparative expression pathway analysis of human and canine mammary tumors. BMC Genom. 10, 135 (2009).
11. Rivera, P. & Von Euler, H. Molecular biological aspects on canine and human mammary tumors. Vet. Pathol. 48, 132-146 (2011).
12. Markkanen, E. Know thy model: charting molecular homology in stromal reprogramming between canine and human mammary
tumors. Front. Cell Develop. Biol 7, 348 (2019).
13. Abadie, J. et al. Canine invasive mammary carcinomas as models of human breast cancer. Part 2: immunophenotypes and prog-
nostic significance. Breast Cancer Res. Treat. 167, 459-468 (2018).
14. Falzon, G., Pearson, S. & Murison, R. Analysis of collagen fibre shape changes in breast cancer. Phys. Med. Biol. 53, 6641 (2008).
15. Hompland, T., Erikson, A., Lindgren, M., Lindmo, T. & de Lange Davies, C. Second-harmonic generation in collagen as a potential
cancer diagnostic parameter. J. Biomed. Opt. 13, 054050 (2008).
16. Provenzano, P. P. et al. Collagen density promotes mammary tumor initiation and progression. BMC Med. 6, 11 (2008).
17. Tuer, A. E. et al. Nonlinear optical properties of type I collagen fibers studied by polarization dependent second harmonic genera-
tion microscopy. J. Phys. Chem. B 115, 12759-12769 (2011).
18. Ajeti, V. et al. Structural changes in mixed Col I/Col V collagen gels probed by SHG microscopy: implications for probing stromal
alterations in human breast cancer. Biomed. Opt. Express 2, 2307-2316 (2011).
19. Burke, K., Tang, P. & Brown, E. B. Second harmonic generation reveals matrix alterations during breast tumor progression. J.
Biomed. Opt. 18, 031106 (2012).
20. Burke, K. et al. Using second harmonic generation to predict patient outcome in solid tumors. BMC Cancer 15, 929 (2015).
21. Brabrand, A. et al. Alterations in collagen fibre patterns in breast cancer a. Premise for tumour invasiveness?. APIMIS 123, 1-8
(2015).
22. Tan, W. . et al. Second harmonic generation microscopy is a novel technique for differential diagnosis of breast fibroepithelial
lesions. J. Clin. Pathol. 68, 1033-1035 (2015).
23. Golaraei, A. et al. Changes of collagen ultrastructure in breast cancer tissue determined by second-harmonic generation double
Stokes-Mueller polarimetric microscopy. Biomed. Opt. Express 7, 4054-4068 (2016).
24. Hall, M. S. et al. Fibrous nonlinear elasticity enables positive mechanical feedback between cells and ECMs. Proc. Natl. Acad. Sci.
113, 14043-14048 (2016).
25. Barcus, C. E. et al. Elevated collagen-i augments tumor progressive signals, intravasation and metastasis of prolactin-induced
estrogen receptor alpha positive mammary tumor cells. Breast Cancer Res. 19, 1-13 (2017).
26. Conklin, M. W. et al. Aligned collagen is a prognostic signature for survival in human breast carcinoma. Am. J. Pathol. 178,
1221-1232 (2011).
27. Wang, K. et al. Breast cancer cells alter the dynamics of stromal fibronectin-collagen interactions. Matrix Biol. 60-61, 86-95 (2017).
28. Natal, R. A. et al. Collagen analysis by second-harmonic generation microscopy predicts outcome of luminal breast cancer. Tumor
Biol. 40, 1010428318770953 (2018).
29. Natal, R. A. et al. Exploring collagen parameters in pure special types of invasive breast cancer. Sci. Rep. 9, 7715 (2019).
30. Tsafas, V. et al. Polarization-dependent second-harmonic generation for collagen-based differentiation of breast cancer samples.
J. Biophotonics 13, 202000180 (2020).
31. Case, A. et al. Identification of prognostic collagen signatures and potential therapeutic stromal targets in canine mammary gland
carcinoma. PLoS ONE 12, 1-19 (2017).
32. Brown, E. et al. Dynamic imaging of collagen and its modulation in tumors in vivo using second-harmonic generation. Nat. Med.
9, 796-800 (2003).
33. Folgueras, A. R., Pendas, A. M., Sanchez, L. M. & Lopez-Otin, C. Matrix metalloproteinases in cancer: from new functions to
improved inhibition strategies. Int. J. Dev. Biol. 48, 411-424 (2004).
34. Desa, D. E. et al. Second-harmonic generation directionality is associated with neoadjuvant chemotherapy response in breast
cancer core needle biopsies. J. Biomed. Opt. 24, 086503 (2019).
35. Desa, D. E. et al. Intratumoral heterogeneity of second-harmonic generation scattering from tumor collagen and its effects on
metastatic risk prediction. BMC Cancer 20, 1-14 (2020).
36. Moriyama, K. & Kidoaki, S. Cellular durotaxis revisited: initial-position-dependent determination of the threshold stiffness gradi-
ent to induce durotaxis. Langmuir 35, 7478-7486 (2018).
37. Zhang, K. et al. The collagen receptor discoidin domain receptor 2 stabilizes SNAIL1 to facilitate breast cancer metastasis. Nat.
Cell Biol. 15, 677-687 (2013).

[o=BN]

o

Scientific Reports |

(2021) 11:5668 | https://doi.org/10.1038/s41598-021-85104-w nature portfolio


https://www.inca.gov.br/numeros-de-cancer
https://doi.org/10.7150/ijbs.21635
https://doi.org/10.1590/1678-4162-10217

www.nature.com/scientificreports/

38.

39.
40.

Friedl, P. & Brocker, E.-B. The biology of cell locomotion within three-dimensional extracellular matrix. Cell. Mol. Life Sci. 57,
41-64 (2000).

DuChez, B. ], Doyle, A. D., Dimitriadis, E. K. & Yamada, K. M. Durotaxis by human cancer cells. Biophys. J. 116, 670-683 (2019).
Ebata, H., Moriyama, K., Kuboki, T. & Kidoaki, S. General cellular durotaxis induced with cell-scale heterogeneity of matrix-
elasticity. Biomaterials 230, 119647 (2020).

41. Campagnola, P.]. & Loew, L. M. Second-harmonic imaging microscopy for visualizing biomolecular arrays in cells, tissues and
organisms. Nat. Biotechnol. 21, 1356-1360 (2003).

42. Tilbury, K. & Campagnola, P. ]. Applications of second-harmonic generation imaging microscopy in ovarian and breast cancer.
Perspect. Med. Chem. 7,21-32 (2015).

43. Garcia, A. M. et al. Second harmonic generation imaging of the collagen architecture in prostate cancer tissue. Biomed. Phys. Eng.
Express 4, 025026 (2017).

44. Gole, L. et al. Quantitative stain-free imaging and digital profiling of collagen structure reveal diverse survival of triple negative
breast cancer patients. Breast Cancer Res. 22, 1 (2020).

45. Gavgiotaki, E. et al. Third harmonic generation microscopy distinguishes malignant cell grade in human breast tissue biopsies.
Sci. Rep. 10, 1-13 (2020).

46. Reis, L. A. et al. Canine mammary cancer diagnosis from quantitative properties of nonlinear optical images. Biomed. Opt. Express
11, 6413-6427 (2020).

47. Longford, E. G. Pyfibre: Python fibrous image analysis toolkit. https://github.com/franklongford/PyFibre, Version 2 (2020).

48. Liu, D. et al. Molecular homology and difference between spontaneous canine mammary cancer and human breast cancer. Cancer
Res. 74, 5045-5056 (2014).

49. Santos, A. & Matos, A. Advances in the understanding of the clinically relevant genetic pathways and molecular aspects of canine
mammary tumours. Part 2: invasion, angiogenesis, metastasis and therapy. Vet. J. 205, 144-153 (2015).

50. Misdorp, W. Histological classification of the mammary tumors of the dog and the cat. World Health Organ. Int. Histol. Classif.
Tumors Domestic Anim. Second Ser. 7, 1-59 (1999).

51. Cassali, G. D. et al. Consensus for the diagnosis, prognosis and treatment of canine mammary tumors-2013. Braz. J. Vet. Pathol.
10, 87-99 (2014).

52. Rezakhaniha, R. et al. Experimental investigation of collagen waviness and orientation in the arterial adventitia using confocal
laser scanning microscopy. Biomech. Model. Mechanobiol. 11, 461-473 (2012).

53. Avila, E J. & Bueno, J. M. Analysis and quantification of collagen organization with the structure tensor in second harmonic
microscopy images of ocular tissues. Appl. Opt. 54, 9848-9854 (2015).

54. Dantas-Cassali, G. et al. Canine mammary mixed tumours: a review. Vet. Med. Int. 2012, 1-7 (2012).

55. Damasceno, K. ef al. Relationship between the expression of versican and EGFR, HER-2, HER-3 and CD44 in matrix-producing
tumours in the canine mammary gland. Histol. Histopathol. Cell. Mol. Biol. 31, 675-688 (2016).

56. Hill, B. S., Sarnella, A., D’Avino, G. & Zannetti, A. Recruitment of stromal cells into tumour microenvironment promote the
metastatic spread of breast cancer. In Seminars in Cancer Biology, vol. 60, 202-213 (Elsevier, 2020).

57. Ungefroren, H., Sebens, S., Seidl, D., Lehnert, H. & Hass, R. Interaction of tumor cells with the microenvironment. Cell Commun.
Sign. 9,1-8 (2011).

58. Guo, S. & Deng, C.-X. Effect of stromal cells in tumor microenvironment on metastasis initiation. Int. J. Biol. Sci. 14, 2083 (2018).

59. Owen, L. N. & World Health Organization. Veterinary Public Health Unit and WHO Collaborating Center for Comparative
Oncology. TNM classification of tumours in domestic animals, edited by L.N. Owen (1980). https://apps.who.int/iris/handle/10665
/68618.

60. Chen, X., Nadiarynkh, O., Plotnikov, S. & Campagnola, P. J. Second harmonic generation microscopy for quantitative analysis of
collagen fibrillar structure. Nat. Protoc. 7, 654-669 (2012).

61. Stein, A. M., Vader, D. A,, Jawerth, L. M., Weitz, D. A. & Sander, L. M. An algorithm for extracting the network geometry of three-
dimensional collagen gels. J. Microsc. 232, 463-475 (2008).

62. Bredfeldt, J. S. et al. Computational segmentation of collagen fibers from second-harmonic generation images of breast cancer. J.
Biomed. Opt. 19, 016007 (2014).

63. Nunes, E C. et al. Mixed tumors of the canine mammary glands: evaluation of prognostic factors, treatment, and overall survival.
Vet. Animal Sci. 7, 100039 (2019).

64. Gamba, C. et al. Histopathological and immunohistochemical assessment of invasive micropapillary mammary carcinoma in dogs:
a retrospective study. Vet. J. 196, 241-246 (2013).

65. Gamba, C. et al. Invasive micropapillary carcinoma of the mammary gland in humans and canines: clinicopathological, immu-
nophenotypical and survival approaches. Res. Vet. Sci. 115, 189-194 (2017).

66. Kadthur, J. C,, Rao, S., Sonnahallipura, B. M., Thimmanahalli, D. S. & Laxmikanth, S. M. Prognostic value of Ki 67 proliferation
antigen in canine malignant mammary gland tumours. Braz. J. Vet. Pathol. 4, 36-40 (2011).

67. Sorenmo, K. U. et al. The estrogen effect: clinical and histopathological evidence of dichotomous influences in dogs with spontane-
ous mammary carcinomas. PLoS ONE 14, 0224504 (2019).

Acknowledgements

This work was supported by Fundagao de Amparo a Pesquisa do Estado de Minas Gerais (Fapemig); Conselho
Nacional de Desenvolvimento Cientifico e Tecnoldgico (CNPq) and Coordenagdo de Aperfeicoamento de Pes-
soal de Nivel Superior (Capes).

Author contributions

A.M.dP. and L.A R conceived the nonlinear imaging experiments and performed the image analysis, G.D.C. and
A.PV.G conceived the case selection, L.A.R and A.P.V.G conducted the nonlinear imaging experiments, EC.N.
performed the immunohistochemistry experiments, A.P.V.G. and E.C.N. performed the survival data analysis,
EG.J.L. wrote the image analysis software and helped with the analysis, A.P.V.G, G.D.C., L.A.R and A.M.dP.
analysed the results and wrote the manuscript. All authors discussed the results and reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.M.d.P. or G.D.C.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports |

(2021) 11:5668 | https://doi.org/10.1038/s41598-021-85104-w nature portfolio


https://github.com/franklongford/PyFibre
https://apps.who.int/iris/handle/10665/68618
https://apps.who.int/iris/handle/10665/68618
www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021) 11:5668 | https://doi.org/10.1038/s41598-021-85104-w nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Canine mammary cancer tumour behaviour and patient survival time are associated with collagen fibre characteristics
	Results and discussion
	Details of the samples studied. 
	Images and extracted parameters. 
	Changes in the collagen parameters and tumour progression. 
	Carcinomas with worse prognosis present shorter collagen fibres. 

	Conclusion
	Materials and methods
	Biopsies: case selection. 
	Ethical approval. 
	Second harmonic generation and two-photon excited fluorescence imaging. 
	Image analysis. 
	Immunohistochemistry. 
	Statistical analysis. 

	References
	Acknowledgements


