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The goal of the study is to develop the approach for the express analysis of ex vivo biopsy specimens of breast tissue based on two-
photon microscopy (TPM).

Materials and Methods. We studied breast tissue samples obtained by trephine biopsy procedure. TPM images of breast stroma 
obtained from the ex vivo biopsy specimens were compared with TPM images of the unstained deparaffinized 10-μm thick histological 
sections of breast tissue. The study included samples of patients with fibroadenoma (2 cases), in situ carcinoma (1 case), and invasive 
carcinoma of non-specific type I–II grade (4 cases). In the frames of numerical processing of TPM images, collagen disorganization factor 
maps based on spatial Fourier analysis were constructed.

Results. We have demonstrated the feasibility of the TPM technique in detecting stroma remodeling in breast biopsy specimens in 
the development of benign and malignant changes. Typical images of biopsy specimens and histological sections were obtained for normal 
breast tissue, fibroadenoma and various types of carcinomas. Distinction between typical images of benign and malignant tumors was 
demonstrated. Changes in collagen fibers structure and the presence/absence of elastin fibers in the considered pathological cases were 
revealed. Differences in TPM images of biopsy specimens and histological sections are shown, which may originate from the distortion 
of fiber shape in the course of histological sample preparation. The proposed algorithm for quantitative TPM image processing allows 
objectifying the results of imaging, which is an essential step towards automated express diagnostics.

Conclusion. Two-photon microscopy has high potential as the express biopsy technique for the primary diagnosis of breast tissue, as 
well as for intraoperative use.
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Introduction

Breast cancer is currently the most common type 
of cancer in women worldwide, and demographic 
trends indicate a continuous increase in incidence rate. 
According to forecasts, only in the European Union 
by 2020 about 394,000 new cases of breast cancer 
will be registered yearly together with 100,000 deaths 
among patients with breast cancer [1]. Over the past 
decades, breast cancer treatment approaches have 
undergone significant progress, and current trend is the 
implementation of organ-preserving operations [2–4] 
requiring a reliable intraoperative assessment of surgical 
margins. The problem is, malignant tumors are typically 
heterogeneous, and commonly used frozen-section 

rapid histological analysis has a number of limitations 
related with both tumor heterogeneity and the cold-
induced deformation of the sample during preparation, 
which affect the diagnostics quality. In this regard, the 
development of methods allowing for fast morphological 
analysis of large tissue volumes without additional 
processing is of high importance.

Recently, optical express biopsy approaches for 
cancer diagnostics have been developed [5–7]. These 
approaches are based on the principles of optical 
multispectral visualization of bioissue cellular structure 
and allow for retrieving information on morphological 
type of the tumor, the presence of malignant cells in the 
surgical margin during organ-preserving operations, the 
presence of specific molecular markers [8], including 
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those for breast cancer [9]. Rapid optical biopsy methods 
allow for imaging both in vivo and ex vivo postoperative 
samples (so-called “fresh tissue samples”).

Two-photon microscopy (TPM) is one of the promising 
technologies for optical biopsy of biological tissue native 
samples [10], which was used for the analysis of tumors 
of various localizations [11–15]. The TPM approach is 
based on the principle of laser scanning microscopy [16], 
in which an infrared femtosecond pulsed laser is used 
as a source, and the image is formed by simultaneously 
registering second harmonic generation (SHG) signals 
from collagen and two-photon-excited autofluorescence 
(TPAF) from elastin and cell cytoplasm components 
in the visible spectral range. The TPM approach 
allows for imaging of the structure of biological tissues 
with micron spatial resolution and does not require 
additional staining, which satisfies the requirements for 
intraoperative use.

The goal of this work is to develop the approach 
to fast ex vivo analysis of biopsy samples of breast 
tissue based on TPM imaging technique. In the paper, 
the feasibility of TPM for tracking changes in breast 
stroma structure with benign and malignant alterations 
was studied using trephine biopsy samples obtained 
in the course of tumor diagnostics. Typical TPM 
images of normal breast tissue, fibroadenoma, and 
various carcinoma types were obtained, and qualitative 
differences between typical images of breast benign 
and malignant neoplasms were revealed. The changes 
in collagen fibers organization and the presence or 
absence of elastin fibers were demonstrated in the 
considered breast pathologies. After imaging of biopsy 
specimens and routine histological examination, 
TPM technique was applied to image the structure of 
breast stroma in unstained deparaffinized histological 
sections of the same specimens. As a result of the 
comparison, distinctive features of certain pathologies 
were revealed in TPM images of biopsy samples and 
histological sections. Numerical processing of TPM 
images of collagen fibers is proposed, which can be 
further employed to develop an algorithm for automated 
recognition of pathologies in breast tumors diagnostics.

Materials and Methods
Two-photon microscopy. The study involved biopsy 

samples of breast tissue obtained from 7 patients, 
diagnosed with fibroadenoma (2 cases), carcinoma in 
situ (1 case) and invasive carcinoma of a nonspecific 
type of I–II grade (4 cases) according to the results of 
histological examination. Biopsy material in the form 
of breast tissue column was obtained during a routine 
trephine biopsy procedure performed under ultrasound 
control. Within 60 min after the biopsy, the unstained 
samples were imaged with a Carl Zeiss LSM 510 
META laser scanning microscopy system (Germany) 
equipped with an inverted microscope. A Mai Tai HP 
pulsed femtosecond laser (Spectra Physics, USA) with 

a pulse repetition rate of 80 MHz and pulse duration of 
100 fs was used for fluorescence excitation. Samples 
were placed on a 170-μm-thick coverslip. Imaging was 
performed in the reflective mode using an oil-immersion 
objective EC Plan-Neofluar 40×/NA=1.3 (Carl Zeiss, 
Germany). Images with the size of 1024×1024 pixels 
were constructed by scanning a sharply focused laser 
beam over the corresponding field of view equal to 
318×318 μm. The average laser radiation power in the 
sample plane was less than 2 mW. TPM imaging was 
performed upon excitation at a wavelength of 800 nm, 
SHG signal from collagen was recorded in the spectral 
range of 385–415 nm, and TPAF signal from elastin and 
cells was recorded in the range of 460–600 nm. The 
resulting image is an overlay of SHG and TPAF images 
where SHG and TPAF signals were encoded in green 
and red, respectively. After TPM imaging, the samples 
were subjected to a standard histological examination.

Histological examination. Biopsy samples fixed 
in a solution of neutral 10% formalin were subjected to 
standard histological examination using an Excelsior 
ES (Thermo Scientific, USA) setup. After preparation, 
paraffin blocks were fabricated using the HistoStar 
embedding workstation (Thermo Scientific, USA). Serial 
4–6 μm-thick sections were sliced with a Microm HM 
325 microtome (Thermo Scientific, USA). The sections 
were stained with hematoxylin and eosin using a Gemini 
AS automated slide stainer (Thermo Scientific, USA), 
followed by a routine histological examination using a 
Leica 2500 microscope (Leica Microsystems, Germany). 
Slices with a thickness of 10 μm obtained from the same 
blocks were deparaffinized and examined using the TPM 
technique without additional staining.

Numerical processing. To quantify the degree of 
collagen fibers organization, spatial Fourier analysis 
of TPM images was employed. Principles of such an 
analysis were previously proposed in [17] and later 
applied to assess the structure of artery walls [18, 19] 
and age-related skin changes [20, 21]. In this study, 
SHG images of breast biopsy samples acquired by 
registering collagen nonlinear optical response were 
analyzed. Two-dimensional Fourier spectrum of an 
image with the structured fibers is usually represented by 
a bell-like shape in the low spatial frequency region. The 
cross-section of the 2D spectrum at a certain empirically 
chosen level can be approximated by an ellipse. We 
define the ratio of the short to long axis of this ellipse as 
the collagen disorganization factor (CDF) ranging from 
0 to 1. The tendency of CDF to 1 means the equality 
of the ellipse axes (i.e. ellipse turns to circle), which 
corresponds to the absence of a distinguished direction 
in the fiber orientation and their disorganization. CDF 
values close to 0 mean a significant difference in the 
axes length, which indicates the presence of a particular 
direction in fiber orientation and their ordering (Figure 1). 
The program for calculating CDF from SHG images is 
implemented in the MATLAB environment.

Since a particular SHG image may contain regions 
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Figure 1. Examples of collagen disorganization factor calculation
SHG-images with high (a) and low (b) organization of collagen fibers (image 
size: 318×318 μm) and the corresponding 2D Fourier transform images (c), (d) 
(size: 256×265 pixels) with the ellipse fit. CDF=0.44 (a), (c); CDF=0.85 (b), (d) 

Intensity 
(rel. units)

Intensity 
(rel. units)

with different collagen organization 
patterns, the original images were divided 
into 4 equal squares 512×512 pixels in 
size to increase the information content. 
For each of the smaller squares CDF was 
calculated and a corresponding collagen 
disorganization map was constructed for 
the full image. The color palette of the 
map is chosen in such a way that the red 
areas correspond to the areas with the 
highest collagen disorganization, and the 
blue areas correspond to the areas of 
ordered collagen in the original image.

Results
Figures 2–5 demonstrate TPM images 

of breast biopsy samples (hereinafter 
referred to as “ex vivo TPM images”), 
TPM images of the unstained 10-µm 
histology sections (hereinafter referred 
to as “TPM images of sections”) and 
the corresponding images of stained 
histological sections. It should be 
emphasized that the fields of view in ex 
vivo TPM images and TPM images of 
sections from the corresponding sample 
are not absolutely co-localized, we focus 
on a qualitative comparison of the typical 
structures revealed within a certain biopsy 
sample.

Normal tissue. Figure 2 shows images of normal 
breast fibrous tissues excised from the side region of 
a sample with fibroadenoma. Histological examination 
confirms that the visualized area corresponds to the 
normal stroma of the breast (Figure 2 (c)). Ex vivo TPM 
image demonstrates that the stroma of normal tissue is 
loose, collagen fibers are thin (up to 5 μm thick), long, 
straight, mostly ordered and are characterized by weak 
SHG signal. Elastin fibers and epithelial cells are not 
visualized in TPAF image. In TPM image of an unpainted 

section of normal tissue, collagen fibers exhibit a wavy 
structure. This mismatch between the ex vivo TPM 
images and TPM images of slices presumably originates 
from the sample processing. Elastin fibers in TPM image 
of slices are not visualized as well.

Fibroadenoma. In the case of fibroadenoma (see 
Figure 3), breast stroma becomes dense, and ex vivo 
TPM images demonstrate bundles of collagen fibers 
of various thickness, both long and fragmented, with a 
wavy fiber direction. Fibrous tissue covers almost the 

Figure 2. TPM images of ex vivo sample (a), unstained section (b), and histology image (c) of 
normal breast tissue
Bar equals 100 μm. SHG signal from collagen is encoded with green, TPAF signal from elastin and 
cells is encoded with red
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entire field of view with no particular direction of fibers, 
although there are small clusters of co-directed bundles. 
The thickness of individual fibers is of the order of few 
microns, while the thickness of the bundles reaches 
tens of microns. Similar to normal tissue, elastin fibers 
and epithelial cells are not visualized in TPAF images. 
TPM images of sections also show dense stroma 
consisting of randomly oriented bundles of collagen 
fibers. Some images show cross-sections of mammary 

gland ducts with epithelial cells covering their surface 
visualized in TPAF images, as well as cross-sections of 
blood vessels walls visualized by SHG signal.

In situ carcinoma. In general, ex vivo TPM images 
of breast stroma in this case (see Figure 4) are similar 
to  those for fibroadenoma, however, in some areas, 
among the dense wavy collagen fibers, thin elastin 
fibers are visualized as twisted tangles or in the shape of 
bound filaments, while epithelial cells are not visualized. 

Figure 5. TPM image of ex vivo sample (a), unstained section (b), and histology image (c) of 
invasive carcinoma
Bar equals 100 μm. SHG signal from collagen is encoded with green, TPAF signal from elastin and 
cells is encoded with red
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Figure 4. TPM image of ex vivo sample (a), unstained section (b), and histology image (c) of 
in situ carcinoma
Bar equals 100 μm. SHG signal from collagen is encoded with green, TPAF signal from elastin and 
cells is encoded with red
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Figure 3. TPM image of ex vivo sample (a), unstained section (b), and histology image (c) of 
fibroadenoma
Bar equals 100 μm. SHG signal from collagen is encoded with green, TPAF signal from elastin and 
cells is encoded with red
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Figure 6. SHG images of collagen in normal breast tissue (a), 
fibroadenoma (c), carcinoma in situ (e), and invasive carcinoma (g) and 
corresponding disorganization factor maps (b), (d), (f), (h)
Bar equals 100 μm
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numerical processing allows us to differentiate between 
healthy and altered breast tissue stroma, however, 
for more detailed recognition of various pathologies 
it is necessary to combine CDF distribution maps with 
the information about collagen fibers thickness and the 
presence of elastin fibers.

At the same time, TPM image of unstained 
sections reveals a region with a large 
localized agglomeration of cells. This 
section neighbors the area of dense long 
and wavy collagen fibers, among which 
individual thin elastin fibers are visible. 
Comparison with histology demonstrates 
that the revealed region may belong to the 
tumor in situ.

Invasive carcinoma of a nonspecific 
type of I–II grade. In ex vivo TPM images 
elongated thick collagen bundles are 
visualized with the thickness of up to 20 μm 
(see Figure 5). Local density of collagen 
fibers forming the bundles is rather high, 
however, the bundles themselves are 
quite fragmented. Due to the beginning 
of the hyalinosis process, it is impossible 
to distinguish individual collagen fibers 
in TPM images of bundles. Ex vivo TPM 
images are characterized by pronounced 
heterogeneity of stromal structures: both 
long and thick bundles of collagen fibers 
and thinner wavy structures with a higher 
density are present in the field of view. 
Bundles of elastin fibers up to 5 μm thick 
are also observed, epithelial cells are not 
visualized. Similar to the ex vivo TPM 
images, TPM images of sections show 
substantially altered, thickened collagen 
fibers in stroma, but additionally, numerous 
evenly spaced cells not localized within 
the ducts, which correlates well with 
histological images (Figure 5 (c)). At the 
same time, elastin fibers are rarely found in 
TPM images of sections.

Numerical processing. The degree 
of collagen fibers organization in biopsy 
samples stroma was evaluated using the 
described numerical algorithm for all the 
considered cases. CDF distribution maps 
are shown in Figure 6 together with the 
corresponding SHG images. As expected, 
in normal stroma the degree of co-
orientation of the fibers is the largest, and 
the CDF value within the field of view does 
not exceed 0.4. For fibroadenoma, the 
degree of collagen disorganization is more 
pronounced: there are both areas with 
ordered collagen for which CDF does not 
exceed 0.4, and areas with dense packing 
of disoriented fibers, for which CDF values 
are in the range of 0.7–0.9. For carcinoma, CDF values 
are in a wide range (CDF=0.6–1), which indicates 
high degree of heterogeneity of collagen organization: 
lower CDF values correspond to the areas with thick 
straight collagen bundles, while large CDF values 
correspond to areas with wavy structures. In general, 
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Discussion

Implementation of TPM technique for the diagnostics 
of breast tumors is limited by difficulties in interpreting 
the obtained data, in particular, in establishing the 
correspondence between TPM images and the images 
obtained by traditional methods of morphological 
analysis of biological tissues. Currently, microscopy 
of hematoxylin and eosin stained histological sections 
with contrasted cell nuclei is the “gold standard” tool 
in oncology diagnostics. By now, the main diagnostic 
component of biological tissue is nuclei of epithelial cells, 
namely, their localization, amount and type. In contrast 
to histological examination, TPM approach provides 
information typically on the structure of breast tissue 
stroma, mostly on collagen and elastin organization and 
to a lesser extent, on the characteristics of epithelial 
cells nuclei [22]. Thus, direct comparison of histology 
images with TPM images is complicated and the 
value of the information obtained by TPM technique is 
questionable within the framework of the traditional 
histological paradigm. However, according to modern 
studies, extracellular matrix of breast tissue is very 
sensitive to the changes in the structure of epithelial 
cells parenchyma that forms lobules and ducts. As the 
result of epithelial cells mutation and their growth inside 
stroma, the parenchymal-stromal relation also changes 
leading to alterations in the structure of collagen fibers 
and elastin [23–25].

As it was shown in tumor models of laboratory 
animals, collagen remodeling occurs under the impact 
of tumor secreted oncoproteins and growth factors, 
while the fibers network formed in this way provides 
tumor cells with favorable conditions for invasion and 
metastasis [26–31]. Benign changes in the breast 
tissue (in particular, fibroadenomatosis) are associated 
with excessive proliferation of the connective tissue 
component of stroma, which also affects the state of 
collagen and elastin [24]. Thus, TPM has diagnostic 
value in the detection of breast lesions, which is 
confirmed by a number of papers [15, 32–35]. High 
correlation of sequential changes in the organization 
of collagen fibers with the degree of invasion of breast 
tumors was observed in laboratory animals, and typical 
signs of remodeled collagen structure were classified as 
tumor-associated collagen signatures [30]. However, vast 
majority of papers on TPM employment for the diagnosis 
of human breast cancer basing on the changes of stroma 
structure were performed at fixed sections [32–36], and 
in some cases, at histological hematoxylin and eosin 
stained sections prepared for a clinical morphological 
study [34, 36]. As a result of sample processing, stroma 
organization in the studied section can be significantly 
disrupted in comparison with the native biological tissue, 
while TPM study of stained sections can lead to artifacts 
and misinterpretation due to pronounced fluorescence 
of eosin. Besides, typically, TPM analysis of breast 
stroma state is mainly limited by the analysis of collagen 

structure, while elastin, another fibrous component 
of extracellular matrix, is usually ignored (possibly 
due to a disintegration of its structure in the course of 
sample processing or due to spectral overlap of elastin 
autofluorescence with eosin fluorescence). At the same 
time, it is known from the literature [37–39] that elastosis 
accompanies certain malignant changes in breast, and, 
therefore, TPM visualization of elastin fibers organization 
seems a promising approach. 

In this paper it was demonstrated that TPM images 
obtained from ex vivo biopsy samples of breast tissue 
differ significantly from those obtained from unstained 
sections. In particular, the structure of collagen fibers in 
normal tissue is different: in ex vivo images, the fibers are 
straight, while in the images of sections, they are wavy. 
In the papers devoted to imaging breast tissue stroma 
with various pathologies using unstained sections, the 
wave-like shape of thin collagen fibers is associated with 
normal biological tissue. In our opinion, a distortion of 
the shape of the fibers occurs during the processing of 
the samples. Also, we did not observe cells in ex vivo 
samples, which makes it difficult to compare TPM data 
with the results of standard histological examination. On 
the other hand, in the ex vivo TPM images of tissues 
with malignant changes, elastin fibers are clearly 
visualized, which is extremely rare in TPM images of 
sections, and perhaps it is the reason why elastin is 
not properly considered in the literature. We suggest 
that the presence or absence of elastin fibers in TPM 
images may serve a marker of malignant changes, and, 
therefore, this issue requires a more thorough analysis. 
In addition, further classification of TPAF images also 
requires consideration of such factors as the age and 
receptor status of a patient.

Conclusion
Two-photon microscopy technique used for ex vivo 

imaging of breast tissue samples in norm and pathology 
demonstrated the distinctive features of stroma under 
various conditions, which were not detected in the 
images of unstained tissue sections and by standard 
histological examination. The obtained results can 
be used for intraoperative diagnosis of breast tumors 
by the TPM technique and for future development 
of multiphoton systems with an external scanning 
head for in vivo imaging. The proposed algorithm for 
quantitative image processing based on the Fourier 
analysis enables to objectify the results of visualization, 
which is a significant step towards automated express 
diagnostics.
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