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Abstract. In the recent years promising results have been shown by the use of 
Compression optical coherence elastography (C-OCE) as a new optical biopsy 
approach to morphological assessment/diagnostics of human breast cancer 
using differences in elastic properties of morphological components of 
cancerous tissues. In this study, for the first time, a relationship was 
established between microstructural organization and biomechanical 
properties of breast-cancer tissue with pathomorphological changes caused 
by chemotherapy. To characterize texture of collagen fibers in the 
microenvironment of breast cancer, high-resolution visualization by Second-
harmonic generation (SHG) microscopy was used. A side-by-side C-OCE and 
SHG imaging of patients’ breast cancer tissues before and after chemotherapy 
was carried out. Regions of the cancer stroma (collagen fibers outside 
aggregates of cancer cells) were assessed separately from regions of cancer 
cell clusters penetrated by collagen fibers. For cancer stroma areas after 
chemotherapy, a statistically significant decrease in stiffness values was found. 
Simultaneously, parameters of collagen texture in SHG images (mean 
intensity, “coherency” and “energy”) indicated increase in the collagen 
content, orientational orderliness, and collagen-texture heterogeneity. In 
contrast, cancer-cell areas post chemotherapy showed a statistically 
significant increase in stiffness. Analysis of SHG images of these regions 
indicated decrease in the inter-cellular collagen content and heterogeneity of 
its texture, whereas its orientational orderliness somewhat increased. The 
established negative correlation between stiffness and SHG parameters of 
collagen in cancer stroma indicates the contribution of the increase in 
orientational orderliness and total collagen content to the reduction in 
stiffness of breast cancer stroma after chemotherapy. For cancer-cell regions, 
significantly lower correlation between stiffness and SHG parameters 
(especially for coherency) was found, indicating stronger role of 
chemotherapy-induced changes in cancer cells themselves. These results give 
a deeper insight in the role of collagen texture organization in biomechanics of 
breast cancer tissues and contribute to a more detailed substantiation of the 
morphological characterization of breast cancer by C-OCE imaging. 
© 2023 Journal of Biomedical Photonics & Engineering. 
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1 Introduction 

Various optical technologies of bioimaging are being 

introduced into medical practice in the recent years, 

which has significantly extended possibilities for 

studying anatomical/structural features and functional 

state of patients [1]. In the last decade, a major progress 

was observed in the development of optical coherence 

tomography (OCT), where, in addition to unprecedented 

success of OCT usage in ophthalmic diagnostics, there 

was a significant advance in the abilities of OCT 

application for performing in situ optical biopsy enabling 

early cancer diagnosis and a deeper understanding of 

oncogenesis [2]. In addition to OCT-angiography that is 

already widely used in ophthalmology [3], other 

functional extensions of OCT technology are being tested 

for solving various clinical tasks. Such OCT modalities 

include, for example, cross-polarization OCT [4], OCT-

lymphangiography [5], dynamic contrast OCT [6], or 

optical coherent elastography [7, 8]. In particular, the use 

of compression optical coherence elastography (C-OCE) 

makes it possible to distinguish morphological 

components of tissue based on mechanical contrast (e.g., 

in order to identify the location and boundaries of the 

pathology). Similarly, C-COE-based evaluation of 

biomechanical properties of morphological tissue 

components gives a deeper insight in biological 

mechanisms of the formation and course of a disease) [9]. 

The C-OCE technology has a resolution of 15–100 μm, 

which makes possible studying of biological tissue at the 

level of structural/morphological components or 

agglomeration of cells [10], which in many cases is quite 

sufficient, for example, for evaluation of the efficiency of 

cancer therapy [11, 12].  

An important aspect of biomechanical visualization 

of functional changes occurring in tissues is evaluation 

and sufficiently ample understanding of contributions of 

various morphological components to the overall 

biomechanical properties of the tissue [13]. In this 

context, the use of C-OCE bodes well for studying 

biomechanical properties of tissue components in their 

natural state. During the last decade, C-OCE method has 

been attracting much attention in studies of elasticity of 

breast cancer tissues [8]. This is explained by high 

occurrence of breast cancer which is diagnosed in over 

13% of women [14]. The use of C-OCE made it possible 

to establish characteristic elastic properties for various 

individual morphological components of breast 

cancer [15, 16], as well as for different morpho-

molecular types of breast cancer [16–18] and formulate 

the corresponding C-OCE-based criteria of clean 

resection boundaries during breast-cancer 

surgery [19, 20]. C-OCE also made it possible to detect 

changes in elastic properties of cancer components 

(regions of cancer stroma and cancer cells themselves) 

after chemotherapy [11, 21]. In those studies, C-OCE 

revealed a paradoxical effect of increase in stiffness in 

regions of residual cancer cells after chemotherapy, 

whereas in histological images of these regions no 

obvious morphological changes were seen [22]. At the 

same time it is known that, for tumors demonstrating high 

resistance and weak response to therapy, specific 

structural changes are typical of extracellular 

matrix [23, 24] consisting mostly of type I collagen [25]. 

Besides, some connection was mentioned between the 

micro-environment of cancer cells, including specific 

organization of collagen bundles in cancer stroma, with 

early metastasis and occurrence of delayed 

recurrence [26, 27]. Those facts indicate the necessity of 

revealing the connection between the structure of 

collagen fibers and biomechanical properties of breast-

cancer tissues in order to get a deeper insight in tumor 

evolution and better understanding of the morphological 

background of elastographic C-OCE images. 

In this regard, in the present study we applied the 

second-harmonic generation (SHG) microscopy to 

visualize and quantitatively assess structure (texture) of 

collagen fibers in breast-cancer tissue before and after 

chemotherapy using excised tissue samples. Quantitative 

assessment of SHG images included evaluation of mean 

density of collagen (characterized by the mean intensity 

of SHG image), estimation of orientational ordering of 

collagen-fibers texture (using the parameter usually 

called “coherency”) and the parameter called “energy” to 

characterize the degree of heterogeneity of collagen 

texture. For the first time, we correlated the above-

mentioned SHG-based characteristics of collagen-fibers 

texture in breast-cancer samples with the stiffness 

(Young’s modulus) of the same regions estimated using 

C-OCE. SHG microscopy allowed us to detect not only 

fairly thick collagen bundles (which were visible in 

histological images), but also isolated collagen fibers. 

Earlier studies indicated that SHG microscopy made it 

possible both qualitative and quantitative assessment of 

microenvironment of breast-cancer cells [28]. In this 

study we performed targeted analysis of morphologically 

different regions of cancer [29], namely, regions of 

cancer stroma sufficiently distant from agglomerates of 

cancer cells and regions of cancer cells themselves. For 

the regions of cancer stroma, characteristic range of 

stiffness was determined using C-OCE and parameters of 

collagen-fibers texture for these regions were estimated 

using SHG microscopy. For the regions of cancer cells, 
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we also determined the characteristic stiffness range 

using C-OCE, parameters of collagen texture using SHG 

microscopy. Besides, density of cancer cells was 

estimated for these regions using histological images.  

The goal of this study was to reveal how the so-

determined microstructural parameters and stiffness 

values for cancer stroma and cancer-cell agglomerates 

are related to pathomorphological changes in breast-

cancer tissues caused by chemotherapy. Co-location of 

the same breast-cancer regions in the C-OCE and 

SHG-microscopy images made it possible to evaluate the 

complementary variations in stiffness and parameters of 

collagen fibers texture. The established correlation 

between the collagen texture parameters and 

biomechanical properties cancerous tissues gives a 

deeper insight in the morphological background of 

variations in stiffness of the main structural components 

of breast cancer after chemotherapy. 

2 Materials and Methods 

2.1 Patients and Therapy 

The study complies with international and ethical 

standards set out in the World Medical Association 

Declaration of Helsinki “Ethical principles for medical 

research involving human subjects” [30]. The present 

study was approved by the Institutional Review Boards 

of the Nizhny Novgorod Regional Oncologic Hospital 

(protocol #12 of December 23, 2021). All patients 

included in the study provided written informed consent 

prior to enrolment. The patients (the mean age is 

62 years; age range 34–76 years) were treated in the 

Nizhny Novgorod Regional Oncologic Hospital in 

2018–2022 and had been morphologically diagnosed 

with locally advanced breast cancers (T2-3N0-1M0 stages). 

Patients were prescribed courses of neoadjuvant 

chemotherapy according to the clinical guidelines [31], 

consisting of 4 cycles of AC (Adriamycin & Cytoxan) 

given at 3 weekly intervals comprising doxorubicin 

(60 mg/m2) and cyclophosphamide (600 mg/m2), all 

given by intravenous injection followed by 12 weekly 

paclitaxel (80 mg/m2) injections. Following completion 

of primary chemotherapy before surgical resection, 

assessments of the responses and tumor bed detection 

were performed clinically by ultrasound. The surgical 

procedure (total mastectomy) was carried out between 

the 2nd and 6th weeks following the completion of 

chemotherapy. All patients had histologically proven 

invasive adenocarcinoma (Luminal-B Her2 negative 

(n = 3) and Triple-negative (n = 7) subtypes) without 

detectable metastatic disease prior to commencing 

chemotherapy. 

2.2 Study Design 

Breast cancer tissues of 10 patients obtained by core 

needle biopsy (before chemotherapy) and surgical 

resection (after completion of chemotherapy) were 

examined (Figs. 1A–B). Two fresh tissue samples per 

patient were obtained, a core-needle biopsy tissue sample 

(∼1.5 × 0.1 × 0.1 cm) and surgically excised tissue 

samples (∼3.0 × 1.0 × 0.5 cm). Breast cancer tissue 

samples were delivered within one hour after 

punctation/resection to the laboratory in 10% solution of 

bovine serum albumin on ice. At the first stage, C-OCE 

studies of fresh breast cancer tissues were carried out for 

20–25 min (Fig. 1C). During C-OCE visualization, we 

used a 3D positioning system [32], which enabled both 

high-precision positioning of the probe in lateral 

directions (with an accuracy of 10 µm), as well vertical 

movement of the probe required for performing 

controlled compression of the studied tissue samples. 

Immediately after the C-OCE study, samples were 

subjected to histological preparation (Fig. 1D). At the 

second stage, a histological examination of the prepared 

histological slides was carried out for targeted 

comparison with C-OCE images to evaluate the cancer 

response to chemotherapy, as well as to assess the cancer-

cell density in pre- and post-chemotherapy 

samples (Fig. 1E). To analyze the organization of 

collagen fibers, deparaffinized unstained histological 

sections were studied using SHG microscopy (Fig. 1F). 

For subsequent quantitative assessment of cell 

density (in histological images), stiffness values (in 

C-OCE images) and collagen fibers texture parameters 

(in SHG images), two types of breast cancer tissue areas 

before/after chemotherapy were analyzed: cancer stroma 

(collagen fibers in the projection of the anatomical tumor 

bed, but outside cancer-cell regions) and cancer-cell 

regions themselves (clusters of cancer cells and 

penetrating collagen fibers in the tumor bulk) 

(Figs. 1G–I). 

2.3 Compression Optical Coherence 

Elastography (C-OCE) 

A custom-made spectral-domain multimodal OCT 

device (Institute of Applied Physics of Russian Academy 

of Sciences, Russia) was used [33]. The OCT device had 

the following characteristics: a central wavelength of 

1.3 µm, spectral width of 90 nm, spectral-fringe rate of 

20 kHz, radiation power on the sample of 2 mW, axial 

resolution of 10 µm, lateral resolution of 15 μm, and 

scanning depth of 2 mm in air. 

For characterization of tissue elasticity we use the 

variant of quantitative C-OCE described in detail in 

previous works [34–38]. In this C-OCE method, a thin 

layer of translucent silicone with pre-calibrated Young’s 

modulus is placed onto the surface of the studied tissue. 

This sandwich structure silicone-tissue is slightly 

compressed by the output window of the OCT probe and 

a series of complex-valued OCT scans is acquired during 

this process. In the course of compression, the tissue and 

silicone are allowed to freely expand laterally, so that 

their elastic response is determined by the Young’s 

moduli of the silicone and tissue. It was carefully verified 

that silicone is a highly elastically linear material, so that 

its cumulative strain is proportional to the elastic stress 

applied to the compressed sandwich structure. 

Consequently, by plotting the cumulative strain in the 
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silicone against the strain in the tissue beneath one 

obtains stress-strain curves ( )  characterizing the 

tissue elasticity [37]. These stress-strain curves are 

pronouncedly nonlinear for the majority of real tissues, 

so that the local slope / tgd d E    of such a curve 

yields the tangent Young’s modulus 
tgE  of the tissue. In 

was shown in previous studies [11, 16, 17, 39] that the 

tangent Young’s modulus in breast-cancer tissue is 

pronouncedly stress-dependent and may vary several 

times and even more when the applied stress varies in the 

 

range of several kPa. In view of this, for reliable 

quantitative conclusions, reproducibility and comparison 

of different measurements, the Young’s modulus 

(stiffness) of the tissue should be estimated for the same 

pre-chosen stress level [37]. It was experimentally 

verified that a stress level of 4 kPa is quite a convenient 

value for measurement procedures and at the same time 

different morphological components of breast-cancer 

tissue often demonstrate better contrast in their stiffness 

than for significantly higher and significantly lower 

stress [16, 37]. 

 

Fig. 1 Schematic of the study design demonstrating all main steps with representative images of various types. (A) harvesting 

of core needle biopsy samples before chemotherapy and (B) surgical excision of cancer samples after chemotherapy. 

(C) C-OCE examination of the fresh-tissue followed by histological preparation (D). (E) morphological assessment of the 

cancer-cell component; (F) SHG-based assessment of collagen fibers texture parameters; representative co-located 

histological image (G), C-OCE-based stiffness map (H) and SHG image (I). The images demonstrate the possibility of 

gathering various-type data for the same tissue regions for subsequent quantitative assessment of the corresponding 

parameters within a standard-size ROI of 180 × 180 μm in size. Two of such ROI are shown in panels (G), (H), and (I) by 

rectanges, one corresponding to cancer stroma and the other to a cancer cell region. 
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This fact is important for detection of tumor zones, 

for which the maximal contrast between the cancer cell 

areas with high stiffness values and stroma areas with 

medium/low stiffness values is usually observed at an 

intermediate (neither very low, no too high) stress level 

about a few kPa [16]. In this study, we adopted the 

“standardized” stress level ~ 4kPa. For this stress, it was 

previously established in Ref. [17] and confirmed in 

several independent studied [16, 18, 21, 40] on the 

possibility to differentiate stiffer breast cancer cell areas 

from the surrounding softer stroma areas that a stiffness 

of 420 kPa can be taken as the boundary (threshold) 

value. This conclusion is also true for breast cancer tissue 

after chemotherapy [21, 22]. 

2.4 Second-Harmonic Generation (SHG) 

Microscopy 

In this study, we use SHG microscopy as a high-

resolution method for visualizing type I collagen fibers, 

which play a major structural role in the tumorous 

stroma. The study was carried out on deparaffinized 

unstained sections 7 µm thick, which were made together 

with strained sections for histological examination. This 

allowed identical structures to be observed on both SHG 

images (Fig. 1I) and histological images (Fig. 1G). 

A multiphoton laser scanning microscope LSM 880 

(Carl Zeiss, Germany) was used. The images were 

constructed using an objective with a “C Plan-

Apochromat” ×40/1.3 NA oil immersion, the field of 

view is 212 × 212 μm (image size 1024 × 1024 px). The 

source of the exciting radiation was Ti:Sapphire 

femtosecond laser Mai Tai HP (Spectra Physics, USA). 

The excitation wavelength was 800 nm. The average 

laser power was maintained at 3 mW. The SHG signal 

was detected using spectral selection in the wavelength 

range 370 to 420 nm. The images were detected from the 

back-scattered SHG signal. 

2.5 Histological Examination 

Immediately after C-OCE study, for co-location, the 

positions of the C-OCE scans were marked on the surface 

of the studied samples using the histological ink (Histo-

Line, blue). Samples were fixed in 10% formalin for 48 h 

and then dehydrated using a gradient ethanol bath, 

followed by xylene purification and paraffin embedding. 

Then several (3–6) serial sections with a thickness of 

7 μm were made along the direction coinciding with the 

C-OCE-scan position. Histological sections were stained 

according to the standard technique with hematoxylin 

and eosin (H & E), which made it possible to assess the 

breast cancer tissue structures (cancer cells and stroma) 

and to carry out an accurately comparison of histological 

and C-OCE images (Figs. 1G–H), which is described in 

detail in the papers [11, 17]. 

According to the results of histological examination, 

among the ten studied cases of breast cancer, only two 

showed a pathological complete response to neoadjuvant 

chemotherapy, which was expressed in the absence of 

residual cancer cells. For eight other cases, cancer cells 

areas were identified and analyzed both before and after 

chemotherapy. Cancer stroma areas were analyzed for all 

ten cases of breast cancer before and after chemotherapy. 

2.6 Quantification of the Examination Results  

We emphasize once again that quantitative assessment of 

histological, C-OCE and SHG images was made for the 

two types of breast cancer tissue areas, i.e., before and 

after chemotherapy. We analyzed separately the cancer 

stroma (collagen fibers in the projection of the 

anatomical tumor bed, but away from cancer cells) and 

cancer cells (clusters of cancer cells and collagen fibers 

in tumor bulk) (Fig. 1G). To analyze the cellular density 

by histological images of breast cancer, the number of 

cancer cell nuclei in a region of interest (ROI) of 180 µm2 

was counted (squares in Fig. 1G) and calculated using the 

multipoint tool in ImageJ 1.8.0 software (NIH, USA). 

The same size of areas (for cancer stroma and cancer 

cells) was used for quantitative analysis of parameters in 

C-OCE and SHG images (Figs. 1H–I). For the statistical 

calculation of parameters, 30 areas of the cancer stroma 

and 30 areas of cancer cells (with the exception of two 

cases of pathologically complete response) were 

analyzed for each patients’ breast cancer tissue both 

before and after chemotherapy. 

As mentioned in Section 2.3, for quantitative 

assessment of C-OCE data, the analyzed elastographic 

maps correspond to the stress-standardization level of 

4 kPa. The “local” stiffness was estimated as a mean 

value over a rectangular ROI with a side size 180 m2. 

In order to quantify the state of type I collagen fibers in 

the studied ROIs, the methods of first-order statistics 

(mean signal intensity) and texture analysis (coherency, 

energy) of SHG images were applied. These methods are 

able to quantify changes in collagen fibers texture caused 

by various pathological conditions [41] and are widely 

used in SHG image analysis [42]. The average intensity of 

the SHG signal reflects the relative amount of collagen 

fibers in the ROI [43]. Coherency is directly proportional 

to the degree of ordering of the packaging of collagen 

fibers and reflects the degree of alignment (the existence 

dominant direction) of the fibers [44]. The “energy” 

parameter characterizes the degree of the texture 

heterogeneity. High energy values occur when the gray 

level distribution is characterized by high spatial gradients. 

In our case, this corresponds to a highly heterogeneous 

texture of collagen fibers in the ROI. The mean intensity 

of SHG-signal was calculated using ImageJ’s histogram 

analysis toolbox [45] and “coherency” and “energy” 

parameters of the SHG-visualized collagen texture were 

calculated using the OrientationJ plugin [46] (see 

Appendix section for a more detailed information). 

2.7 Statistics 

The variable for statistical intergroup (before/after 

chemotherapy) comparison was the average stiffness 

(elastic Young’s modulus) calculated from the C-OCE 

images, as well as the indices of the subsequent tissue 

morphological measuring (cell density, mean signal 
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intensity, coherency, and energy of collagen fibers) for 

tissue areas of cancer stroma and cancer cells. For 

quantitative comparative analysis of these parameters all 

results are expressed as mean ± SD. Box plots were used 

for graphical presentation of data and indicate the 

median, lower/upper quartiles (25th and 75th percentile), 

and 5th and 95th percentile. The non-parametric 

Wilcoxon signed-rank test is a were used to detect 

significant differences in numerical data between related 

studied groups (from patient before/after chemotherapy). 

The results were considered statistically significant if the 

p value was < 0.05. The Spearman’s correlation 

coefficient (r) was calculated to determine the correlation 

between stiffness values according to the C-OCE data 

and mean signal intensity, coherency, and energy 

parameters of collagen fibers according to SHG data or 

cancer cell density according to histology data. 

The calculations were carried out using the GraphPad 

Prism 8.0 (San Diego, CA, USA) and the Statistical 

Package for Social Sciences 26.0 (Chicago, IL, USA). 

 

 

Fig. 2 Representative examples of various images obtained for breast-cancer samples from one patient. Characteristic 

histological images (A) and C-OCE-based stiffness maps (B) obtained before (A1–B1) and after (A2–B2) chemotherapy. 

Panels (C)–(E) demonstrate zoomed histological images (C), C-OCE-based stiffness maps (D) and SHG-microscopy images 

(E) for the analyzed regions of cancer stroma and cancer cells before and after chemotherapy. For cancer stroma images, 

clear reduction in stiffness is visible in C-OCE images (see D1 and D2), whereas SHG images (E1–E2) demonstrate increase 

in the collagen content (via increase in the SHG-signal intensity), increase in the orientational ordering (i.e., increase in the 

coherency parameter) and increase in spatial heterogeneity (expressed via energy parameter of the collagen fibers texture) 

after chemotherapy. For cancer-cell regions, in contrast to stroma, stiffness increases (D3–D4), collagen content decreases 

after chemotheraphy. The trends for the coherency and energy of the collagen fibers texture are not visually evident and 

results of their quantification are shown in Fig. 3. 
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Fig. 3 Quantitative assessment of parameters for cancer stroma areas and cancer cells areas: Stiffness values (A) by C-OCE, 

Mean signal intensity (B), Coherency (C), and Energy (D) by SHG, and cancer Cell density in standard ROI (E) by histology; 

for each box plot, the center line represents medians, box plot limits indicate lower/upper quartiles (25th and 75th percentile), 

whiskers are 5th and 95th percentil; p-values demonstrate statistical significance of the established differences between the 

corresponding parameters before and after chemotherapy (non-parametric Wilcoxon signed-rank test); a.u. – arbitrary units; 

the exponential values for arbitrary units are retained in the form given by the ImageJ/OrientationJ software). 

3 Results 

The obtained histological images (Fig. 2A) from patients 

before and after the chemotherapy were compared with 

relevant C-OCE images (Fig. 2B) to determine the 

stiffness of areas of the cancer stroma and cancer cells. 

When assessing a full-scale tissue sample, one can note a 

change in the cellularity of the tumor, which is 

characteristic of breast cancer tissue after chemotherapy 

with a pathological partial response [47] – there is a 

prevalence of fibrosis areas and rare individual clusters 

of residual cancer cells (Fig. 2A2). When comparing full-

scale C-OCE images before and after chemotherapy, 

there is a decrease in high stiffness values areas (light and 

dark blue areas in Fig. 2B2) from cancer cells (previously 

established threshold for detection of cancer cells 

> 420 kPa [17]) and a predominance of medium and low 

stiffness values areas (orange and red areas in Fig. 2B2) 

from cancer stroma after chemotherapy. 

In a detailed comparison of histological images of 

cancer stroma areas and cancer cells areas before and 

after chemotherapy (Fig. 2C), only thickening of 

collagen bundles in cancer stroma areas after 

chemotherapy can be visually noted (Fig. 2C2). There 

were no visible qualitative features of changes in cancer 

cells (and in their density positioning relative to each 

other) or the condition of the collagen fibers after 

chemotherapy by histology (Fig. 2C4). However, 

qualitative changes in stiffness before and after 

chemotherapy were found in C-OCE images: for areas of 

cancer stroma – a decrease in stiffness was observed (the 

predominance of orange areas changed to red in 

Figs. 2D1–D2), and for areas of cancer cells – an increase 

in stiffness was observed (the predominance of light blue 

areas changed to dark blue in Figs. 2D3–D4). A detailed 

visualization of such areas in SHG images shows an 

expressive change of collagen fibers structure: for areas 

of cancer stroma – disordered thin collagen fibers are 

observed before chemotherapy (Fig. 2E1), and an 

increase in the number of collagen bundles, their 

orientational ordering and thickening are observed after 

chemotherapy (Fig. 2E2); within areas of cancer cells 

randomly oriented isolated collagen fibers are observed 
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before chemotherapy (Fig. 2E3) and demonstrate almost 

complete disappearance after chemotherapy (Fig. 2E4). 

Then, a quantitative assessment was carried out to 

determine the significance of differences in the studied 

parameters before and after chemotherapy. Fig. 3 shows 

the corresponding results: stiffness values (Fig. 3A) 

according to C-OCE images, mean SHG-signal intensity 

(Fig. 3B), parameters of coherency (Fig. 3C) and energy 

(Fig. 3D) of collagen fibers extracted from SHG images, 

and the cancer-cell density in a standard ROI (Fig. 3E) 

extracted from histological images. C-OCE indicated that 

for cancer stroma areas, the stiffness values statistically 

significantly decreased from 224 ± 95 kPa before 

chemotherapy down to 175 ± 67 kPa after chemotherapy 

(p = 0.009) (Fig. 3A1). However, the analysis of SHG-

images of these areas revealed a statistically significant 

increase (p < 0.001) in the SHG-based parameters of 

collagen texture after chemotherapy compared with the 

pre-chemotherapy values. Namely, mean signal intensity 

increased from (11.0 ± 4.5) × 103 a.u. to 

(19.4 ± 5.9) × 103 a.u., coherency increased from 

(2.1 ± 1.0) × 10-2 to (3.5 ± 1.7) × 10-2, and energy 

increased from (1.0 ± 0.5) × 108 a.u. to 

(1.7 ± 0.6) × 108 a.u. (see Figs. 3B1–D1). Increase in the 

mean signal intensity indicates the increase in collagen 

content in cancer stoma. Increase in the coherency и 

energy parameters indicate post-chemotherapy increase 

in orientational ordering accompanied by increase in 

spatial heterogeneity of the collagen fibers texture. 

For cancer cells areas, C-OCE, on the contrary to 

stroma, indicated that stiffness statistically significantly 

increased after chemotherapy from 719 ± 264 kPa to 

954 ± 231 kPa (p < 0.001) (Fig. 3A2). The SHG analysis 

of these areas, also in contrast to stroma, revealed a 

statistically significant post-chemotherapy decrease 

(p < 0.001) in the mean signal intensity from 

(3.5 ± 0.6) × 103 a.u. down to (2.6 ± 0.2) × 103 a.u., as 

well as in the energy parameter, from (8.7 ± 4.1) × 106 

a.u. down to (4.2 ± 2.3) × 106 a.u. (see Figs. 3B2 and 

3D2). These results indicate that the content of collagen 

fibers decreases (the texture visually becomes more 

rarified). This also led to a decrease in the heterogeneity 

of the collagen texture reflected in the decrease in the 

“energy” parameter of the texture. An increase 

(p = 0.049) in the coherency parameter in SHG images of 

cancer-cell areas after chemotherapy, from 

(1.3 ± 1.0) × 10-2 to (2.7 ± 3.3) × 10-2 (see Fig. 3C2), 

indicates some increase in the orientational ordering of 

the collagen fibers residual post therapy. 

 

 

 

Fig. 4 Relation between stiffness values (according to C-OCE) and values of mean signal intensity, coherency, energy 

(according to SHG) for areas of cancer stroma (A1–C1) and cancer cells (A2–С2); high inverse significant correlation is 

demonstrated between stiffness values and mean signal intensity (r = −0.854, p < 0.001) (A1) / coherency (r = −0.791, 

p < 0.001) (B1) / energy (r = −0.823, p < 0.001) (C1) for cancer stroma areas; lower significant inverse correlation is 

demonstrated between stiffness values and mean signal intensity (r = −0.609, p = 0.014) (A2) / energy (r = −0.597, p = 0.017) 

(C2) for cancer сells areas; a significant correlation has not been established between stiffness values and coherency (r = 0.482, 

p = 0.06) (B2) for cancer сells areas; black squares are values for breast cancer cases before chemotherapy; gray squares are 

values for breast cancer cases after chemotherapy; the dotted lines show 95% prediction intervals; a.u. – arbitrary units; 

exponential values for arbitrary units are kept in the form given by the ImageJ/OrientationJ software. 
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When analyzing the cancer cell density in a standard 

ROI in histological images (Fig. 3E) before and after 

chemotherapy (284.9 ± 144.0 cell/µm2 × 10−5 versus 

276.8 ± 90.6 cell/µm2 × 10−5), no statistically significant 

differences were found (p = 0.789). 

In order to analyze the relation between stiffness 

values according to C-OCE data and values of mean 

signal intensity / coherency / energy according to SHG 

data, or cancer cell density according to histology data 

the correlation coefficients were calculated separately for 

areas of cancer stroma (Figs. 4A1, B1, C1) and for cancer 

cells (Figs. 4A2, B2, C2). There was a high negative 

(inverse) correlation between the stiffness of cancer 

stroma areas and their parameters of mean signal 

intensity (r = −0.854, p < 0.001), coherency (r = −0.791, 

p < 0.001), and energy (r = −0.823, p < 0.001) (Figs. A1–

C1). Also there was an inverse correlation between the 

stiffness of cancer cells areas and their SHG parameters 

of mean signal intensity (r = −0.609, p = 0.014) (Fig. 

A2), and energy (r = −0.597, p = 0.017) (Fig. C2). No 

significant correlation has been established between the 

stiffness of cancer cells areas and SHG parameter of 

coherency (r = 0.482, p = 0.06) (Fig. B2).  

4 Discussion 

To the best of our knowledge in the reported study for the 

first time side-by-side high-resolution C-OCE-based 

characterization of stiffness with SHG-based 

characterization of collagen texture in patients’ breast-

cancer tissues before and after chemotherapy. Our earlier 

study [17] in agreement with other authors [15, 20] 

already demonstrated the possibility to efficiently 

characterize various morphological types of breast cancer 

using C-OCE and even to perform quantitative 

morphometric analysis of fresh tissue samples using the 

established differences in stiffness for regions of cancer 

cells (high stiffness values) and cancer stroma (medium 

and low stiffness values). Besides, in our recent study 

related to C-OCE-based evaluation of breast-cancer 

response to chemotherapy, a certain increase in stiffness 

of cancer-cell regions post neoadjuvant chemotherapy 

was revealed [22] in comparison with cancer-cell regions 

in samples from patients who did not receive 

chemotherapy before surgery [17]. Furthermore, in the 

present study elastic properties were studied using needle 

core biopsy tissue samples (before chemotherapy) and 

surgery tissue samples (after chemotherapy) taken from 

the same patients. The obtained results directly 

confirmed the fact of statistically significant (p < 0.001) 

increase in stiffness of residual cancer-cell regions post 

chemotherapy (954 ± 231 kPa) in comparison with the 

stiffness values before chemotherapy (719 ± 264 kPa). It 

can be noted that the hypothesis that the increase in 

stiffness of the cancer-cell regions is due to the increase 

in the density of cancer-cell packing was not confirmed. 

It was found that the packing density of cancer cells per 

unit area (counted in histological images over areas 

180 m × 180 m) did not reveal any statistically 

significantly differences (p > 0.78) between 

the pre-chemotherapy and post-chemotherapy 

samples:  284.9  ± 144.0  cel l /µm2 ×10 − 5  and  

276.8 ± 90.6 cell/µm2×10−5, respectively. Penetrating 

collagen fibers among cancer cells were hardly seen in 

such regions in histological images. An inverse situation 

was seen in the regions of cancer stroma, for which the 

stiffness values statistically significantly decreased post-

chemotherapy down to 175 ± 67 kPa from the pre-therapy 

224 ± 95 kPa (p = 0.009). However, in histological images 

for these regions, only a certain thickening of collagen 

bundles was visible. In view of this we tried to obtain a 

more detailed information about the morphological 

differences accompanying the stiffness changes in cancer 

stroma and cancer-cell regions after breast cancer 

chemotherapy by using SHG microscopy to quantitatively 

characterize collagen fibers texture. 

The importance of studying collagen as the main 

structural component of breast-tissue stroma is indicated 

by the known data on the correlation between the density 

of breast tissue with the risk of breast cancer 

development [48]. It was also shown that structural 

features and biomechanical properties of collagenous 

environment essentially affect the progressive 

development of cancer, its molecular characteristics and 

results of therapy [49]. Our previous studies 

demonstrated the possibility of identification of various 

morphological subtypes of breast cancer based on 

SHG-microscopy data on structural/textural features of 

collagen fibers [28]. In this study the limited amount of 

samples did not suffice for performing gradation of the 

revealed textural features of collagen bundles for 

multiple morpho-molecular subtypes of breast cancer. 

Nevertheless, the studies 10 cases of breast cancer before 

and after chemotherapy statistically significantly 

indicated the fact of therapy-induced variations in the 

SHG-based parameters of collagen fibers. For the regions 

of cancer stroma, statistically significant increase in the 

following SGH-based textural parameters was revealed 

(p < 0.001): mean signal intensity increase from 

(11.0 ± 4.5) × 103 a. u. to (19.4 ± 5.9) × 103 a. u. after 

chemotherapy; coherency increased from 

(2.1 ± 1.0) × 10−2  to (3.5 ± 1.7) × 10−2  after 

chemotherapy; energy increased from 

(1.0 ± 0.5) × 108 a. u. to (1.7 ± 0.6) × 108 a. u. after 

chemotherapy. These findings indicate the overall 

increase in the collagen content accompanied by increase 

in orientational ordering the collagen bundles and 

increase in spatial inhomogeneity of the collagen fibers 

texture after chemotherapy, which is also visually 

noticeable (Figs. 2E1–E2) and correlates with the results 

of other authors [50, 51]. Reorganization of collagen 

bundles and their structuring along a dominant direction 

may be associated with easier migration of cancer cells 

along the aligned collagen bundles in cases of weak 

cancer response to the chemotherapy [52, 53]. In this 

context, studies [54, 55] can be mentioned, in which 

differences were found in the SHG-based parameters 

between cases of pathological complete response of 

cancer to chemotherapy and cases of partial response. 

Our plans for future foresee to study a larger amount of 

cases corresponding to pathological complete and 
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incomplete responses to chemotherapy for performing 

side-by-side evaluation of variations in stiffness and 

SHG-based parameters to reveal differences and 

determine characteristic values of these parameters for 

each type of cancer response to the therapy. 

For the cancer-cell regions before chemotherapy, in 

the SHG images thin isolated and randomly directed 

collagen fibers are fairly well visible (Fig. 2E3), whereas 

after chemotherapy, collagen fibers among clusters of 

residual cancer cells visually almost disappear 

(Fig. 2E4). Statistical analysis of SHG images indicates 

significant reduction in the following parameters of 

collagen fibers texture (p < 0.001): mean signal intensity 

– before (3.5 ± 0.6) × 103 a. u and (2.6 ± 0.2) × 103 a. u. 

after chemotherapy; and energy – before 

(8.7 ± 4.1) × 106 a. u. and (4.2 ± 2.3) × 106 a. u. after 

chemotherapy. These variations in the collagen fibers 

texture parameters well agree with the visually observed 

reduction in the density of collagen fibers penetrating the 

cancer cell regions. The observed increase of the 

coherency parameter in the SGH images 

(1.3 ± 1.0) × 10−2 before chemotherapy versus 

(2.7 ± 3.3) × 10−2 after it) also well agrees with above-

mentioned strong reduction in the density of collagen 

fibers because residual isolated fibers demonstrate 

certain “preferential orientation” (p = 0.049). Such 

changes in the texture of breast-cancer collagen fibers 

after neoadjuvant chemotherapy were also mentioned in 

study [51]. The observed pathomorphological changes in 

the breast cancer samples are typical in cases of partial 

response of tumor to chemotherapy, for which quite 

typical are clusters of residual cancer cells embedded into 

overgrown collagenous stroma which substituted the 

regions of necrotic cancer cells that responded to the 

chemotherapy [56]. These regions of collagenous stroma 

prevail over the regions of residual cancer cells survived 

after chemotherapy, which reduces the overall stiffness 

of the tumor node detectable by instrumental diagnostic 

methods [57]. 

The performed C-OCE study and analysis of the 

complementary SHG images indicate that the stiffness 

values of cancer stroma areas demonstrate pronounced 

negative correlation with the SHG parameters of mean 

signal intensity (r = −0.854, p < 0.001), coherency 

(r = −0.791, p < 0.001) and energy (r = −0.823, 

p < 0.001). The SHG images indicate the increase in the 

content of collagen fiber, increased orientational ordering 

(coherency) and increase in the heterogeneity (energy) of 

the collagen fibers texture. These facts give reasons to 

assume that it is the change in the structural 

characteristics of the collagen fibers which give the 

dominating contribution in the decrease in stiffness of 

cancer stoma (and overall stiffness reduction of the 

tumor) after chemotherapy. These conclusions are 

consistent with the results of our previous C-OCE 

study [58] of elastic properties of the vaginal wall, in 

which a high correlation was observed between the wall 

stiffness and parameters of collagen bundles extracted 

from quantitative analysis of histological images with 

Van Gieson staining. It was found that the increase in the 

vaginal wall stiffness was accompanied by decrease in 

the coherency (orientational ordering) of collagen 

bundles, whereas the energy parameter of collagen fibers 

texture in the histological images increased. Therefore, 

for the vaginal wall in Ref. [58], the correlation between 

stiffness and coherency of the collagen fibers texture was 

also negative like in the present study, whereas for 

stiffness-energy, the positive sign of correlation in 

Ref. [58] was opposite to the negative correlation 

revealed in the present study. In this context it can be 

pointed out that in Ref. [58] the parameters of collagen 

bundles texture were estimated using Van-Gieson stained 

histological images rather that SHG-images used in the 

present study. Concerning orientation of collagen 

bundles, these two types of images could give fairly 

similar results (at least qualitatively), whereas for 

estimation of texture energy, the results based on stained 

histological images and SHG-microscopy could differ 

rather significantly.  

For the regions of cancer cells penetrated by collagen 

fibers, the sign of correlation between stiffness and 

collagen fibers texture coherency is opposite than for 

regions of cancer stroma (compare Fig. 4B2 and 

Fig. 4B1). In contrast, the revealed negative signs of 

correlation between stiffness and intensity (r = −0.597, 

p = 0.017) and between stiffness and collagen fibers 

texture energy (r = −0.597, p = 0.017) for cancer-cell 

regions qualitatively agree with the corresponding 

correlations found for cancer stroma (see Fig. 4), 

although the correlation coefficients are somewhat 

smaller than for stromal regions. The latter fact may be 

attributed to the stronger contribution of cancer cells 

themselves to stiffness of cancer-cell regions. In this 

study we limited ourselves by estimations of densities 

(concentrations) of the cancer cells before and after 

chemotherapy putting aside possible structural changes 

in the individual cancer cells caused by the therapy. 

Studying of such biomechanical characteristics with a 

sub-cellular resolution require high-resolution methods 

such as atomic-force microscopy (AFM) [59]. However, 

application of this technique for studying intact tissues 

and, moreover, living tissues is very challenging. 

Usually, AFM require utilization of either cell-culture 

samples or tissue slices in the surface layer of which there 

are very few cells with unperturbed structure [60]. Under 

such visualization conditions, the influence of 

mechanical inter-cellular transduction and influence of 

surrounding cells and extra-cellular matrix may be 

strongly perturbed [10, 61]. At the same time, it is known 

(e.g., based on electron-microscopy data [62]) that cell 

malignization is accompanied by essential 

disorganization of actin cytoskeleton, which is likely to 

affect elastic properties of individual cells and may be 

responsible for the appearance of the so-called higher 

elasticity peak according to AFM results [59, 63]. 

However, influence of chemotherapy on the state of cyto-

skeleton of residual cancer cell has not yet been studied. 

Besides, presently there is no sufficient understanding of 

the contribution of nuclei to the cellular stiffness, 

although the fact of some increase in the nuclei’s sizes 
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after chemotherapy is known [64]. In view of this only 

the use of multiparameter analysis of data form various 

diagnostic techniques may give sufficiently ample 

understanding of the contributions of various 

morphological components to the overall stiffness of 

biological tissues. 

5 Conclusion 

In this study we performed side-by-side OCE 

characterization of elasticity collagenous stromal tissue 

and quantitative characterization of collagen texture 

using SHG imaging in patients’ breast-cancer tissues 

before and after chemotherapy. The analysis of cancer 

stromal tissue (i.e. collagen fibers fairly distant from 

conglomerates of cancer cells) was performed separately 

from the regions of cancer itself (i.e., clusters of cancer 

cells penetrated by collagen fibers in the tumor bulk). For 

the regions of cancer stromal tissue after chemotherapy 

the performed C-OCE examinations for the first time 

revealed statistically significant reduction in stiffness 

(p = 0.009). In parallel, the SHG microscopy indicated 

the statistically significant increase in the amount of 

collagen bundles accompanied by increase in their 

coherency and thickening (p < 0.001). The revealed high 

negative correlation (p < 0.001) between the stiffness and 

the SHG-based parameters of collagen texture indicate an 

important contribution of the collagen organization and 

collagen-bundle thickening to the reduction of stiffness 

of the cancer stroma areas after chemotherapy. For the 

regions of residual cancer cells post chemotherapy, 

C-OCE for the first time revealed statistically significant 

opposite trends: increase in stiffness (p < 0.001), whereas 

SHG microscopy indicated statistically significant 

decrease in the amount of penetrating collagen fibers 

(p = 0.014) and reduction in their thickness (p = 0.017). 

The revealed negative correlation (p = 0.014–0.017) 

between the stiffness of these regions and SHG-based 

parameters characterizing the amount and uniformity of 

visualized collagen fibers also indicates the existence of 

some relationship between the reduction of the collagen-

fiber proportion and increase in stiffness of the residual 

cancer-cell regions after chemotherapy. Further studies 

will be focused on characterization of post-chemotherapy 

changes in the cancer cells themselves and clarification 

of the relationship of these changes with variations in 

their elastic.  

Appendix 

This section describes in more detail how the parameters 

“intensity”, “energy” and “coherency” were calculated 

for the acquired SHG images using the 

ImageJ / OrientationJ software [44]. 

Mean signal intensity is a simple first-order moment 

used to estimate the intensity of the SHG signal, the 

parameter is calculated over a rectangular processing 

window by Eq. (1A): 
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where N  is the size of the processing window and 

),( jiI  is the intensity of a pixel with coordinates ),( ji . 

The coherency and energy parameters are expressed 

via spatial derivatives xI  and yI  of the image matrix 

( , )I x y  along the principal directions x and y, 

respectively, from which a 2 × 2 symmetric positive 
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In Eq. (2A), w ..  denotes the weighted inner 

product, which for two quantities is defined as 

, ( , ) ( , ) ( , )wg h w x y g x y h x y dxdy     . (3A) 

Here, ),( yxw  is the Gaussian weighting function 

that specifies the area of interest. Once the structure 

tensor in Eq. (2A) is known, the quantities “energy” and 

“coherency” in the vicinity of each pixel can be 

calculated [44, 65]. 

The energy parameter ( E ) is given by the trace of the 

tensor matrix: 

 yyxx IIIIJTraceE ,,)(  . (4A) 

The coherency parameter ( C ) is defined as the ratio 

of the difference and the sum of the maximal and minimal 

eigenvalues maxλ  and minλ  of tensor J , 
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Coherency is bounded between 0 and 1, with 1 

indicating highly oriented structures and 0 indicating 

isotropic regions. 

The OrientationJ software realizes calculation of 

tensor J defined by Eq. (2A) and then the energy and 

coherency parameters defined by Eqs. (4A) and (5A). 
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Fig. 1A The test images and the corresponding parameters of mean signal intensity, coherency and energy calculated with 

the ImageJ/OrientationJ software for each image. 

To illustrate the correspondence of these parameters 

with visually seen image features, we processed a series 

of simple test images shown in Fig. 1A with the 

ImageJ/OrientationJ software. 

We start from images with a chess-board-like 

structure, in which dark squares are characterized by 

various levels of grey color (compare panels A1, B1, C1). 

The patterns in the upper row have no preferred 

orientation, so that the coherency parameter is zero, 

whereas for the invariable pattern geometry, the 

parameters of intensity and energy monotonically 

decrease with decreasing contrast of the darker squares.  

The 2nd and 3rd rows in Fig. 1A are obtained by 

reordering the same white and dark squares as in the 

upper-row images towards more oriented structures with 

the visually most pronounced pattern orientation in the 

3rd row.  

The intensity parameter evidently remains insensitive 

to rearrangement of the squares in each column of 

Fig. 1A according to the definition given by Eq. (1A). 

Consequently, the intensity parameter remains invariable 
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for each column in Fig. 1A (albeit different for different 

columns). 

The energy parameter, for a given grey-color 

intensity, is maximal for the upper-row images, 

characterized by the most pronounced spatial 

heterogeneity and maximal length of boundaries 

separating white and dark squares, where spatial 

gradients are localized. Notice that for the same 

geometrical structure in each row in Fig. 1A, the energy 

parameter is higher for patterns with higher grey levels. 

Finally, the coherency parameter is maximal for the 

lowest row in Fig. 1A, where the patterns visually 

demonstrate the most pronounced orientation. Unlike the 

energy parameter, the coherency parameter is entirely 

determined by the pattern geometry and is insensitive to 

the grey level according to the definition given by 

Eq. (5A). Consequently, the coherency parameter 

remains invariable for each row in Fig. 1A. 
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