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Contrast Enhancement of Cross-Polarization OCT Images
of Breast Cancer by Optical Coefficient Calculation
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The aim of the study was to develop the techniques for contrast enhancement of cross-polarization OCT (CP OCT) images of breast
cancer (BC) by calculating optical attenuation coefficients of OCT signal to differentiate cancer subtypes and analyze polarization properties
of tumor stroma.

Materials and Methods. The study involved ex vivo breast tissue samples after radical mastectomy. Scattering and polarization
properties were studied using a high-speed spectral OCT unit suitable for cross-scattering recording with higher specificity enabling to
differentiate breast connective tissue in health and cancer. We presented the findings of qualitative and quantitative analysis of en face
CP OCT images of non-tumor breast cancer and two the most common BC types, which differ fundamentally by tumor stroma condition —
infiltrating ductal carcinoma of solid and sclerosing structures. Optical coefficients were calculated for contrast enhancement of CP OCT
images: attenuation coefficient in a co-channel (coefficient 1) and a difference attenuation coefficient in co- and cross-channels (coefficient 2),
which enabled both: to differ tumor tissue from non-tumor tissue, and differentiate two breast cancer types under study.

Results. En face CP OCT images of breast tissue without tumor are characterized by heterogeneity due to different scattering capacity
of fat, glandular and connective tissue with predominantly low values of both optical coefficients. Infiltrating ductal BC of a solid structure
is characterized by homogenous distribution of lowest values of both optical coefficients. In case of infiltrating ductal BC of a sclerosing
structure, CP OCT images have the most heterogeneous and contrast OCT signal related to the tumor stroma dominated over parenchyma,
and various degenerative changes are in stroma (fibrosis or hyalinosis).

Conclusion. The use of optical attenuation coefficients of OCT signal in two channels and en face color-coded mapping is an obvious
example presenting CP OCT images of BC and an objective technique for OCT signal quantitative assessment. Moreover, imaging contrast
enhances, it eases the differentiation of morphological BC subtypes and can be used in clinical settings.

Key words: cross-polarization optical coherence tomography; CP OCT; breast cancer; BC; attenuation coefficient; difference attenuation
coefficient in co- and cross-channels; differential diagnosis; morphological breast cancer subtypes.

Introduction women (over 500 thousand deaths are registered
every year) worldwide [1, 2]. In Russia, BC ranks first

Breast cancer (BC) is one of the most common in morbidity rate (21.1%) and mortality rate (16.4%)
carcinomas (over a million of new cases are recorded among malignancies in women [3]. BC is a genetically
every year) and the third leading cause of death among  heterogeneous disease with various biomolecular
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and morphological characteristics [4], which enable to
distinguish a number of disease subtypes; their early
detection is essential when choosing the management
and therapy for BC patients. Infiltrating ductal carcinoma
(IDC) is the most common BC subtype (up to 75% of all
cases) [5].

Morphological/molecular BC subtype is established
in histological/immunohistological and genetic study of
biopsy and operative specimens and has no alternative
intra-operative assessment method. The development
and application of in vivo high-resolution imaging
techniques compatible with a morphological investigation
can improve the quality of early and intra-operative BC
diagnostics.

Rapidly developing diagnostic techniques and
advances in BC therapy promote that sparing operations
are increasingly frequently given preference in surgery.
Therefore, there is a growing clinical demand for
intra-operative reveal of “clean” surgical margin in
lumpectomy (local tumor incision with a small healthy
surrounding tissue area). The remains of the tumor sites
increase the probability of local recurrence development
that will require reoperation or radiotherapy [6, 7].

Current BC imaging techniques such as ultrasound,
mammography,  positron  emission  tomography,
and magnetic resonance tomography can detect a
tumor node size, and provide general morphological
information [8—10]. However, the low spatial resolution
fails to detect lesion less than 1 mm in size and record
in vivo negative surgical margin. In addition, some
morphological BC subtypes (such as carcinoma in situ
and tumors with fibrous stroma) are difficult to image
[11]. Currently, there are several available methods used
to assess a surgical margin, however, all of them have
some limitations. For example, widely used conventional
microscopic methods such as express biopsy and
cytologic screening of imprint smears have their errors
and difficulties due to insufficient sampling, technical
problems occurring when working with adipose tissue
and additional time needed for investigation [12].

Optical coherence tomography (OCT) is a three-
dimensional promising technique of optical imaging, its
resolution being up to micrometer units, to differentiate
healthy tissue, benign and malignant tumor tissue
including BC [13, 14], as well as to determine a precise
intra-operative “clean” surgical margin in real-time
mode [15-17]. For automated differentiation of healthy
breast tissue from tumor tissue using conventional
(non-polarization-sensitive) OCT we used and
calculated optical refraction, dispersion, and attenuation
coefficients [17, 18]. Heterogeneous distribution of
high and low values of backscattering coefficient was
found to be the characteristic for adipose tissue, which
consists of “empty” lipid-filled cells and nuclei on the
periphery. Mean values of a scattering coefficient and
low values of an attenuation coefficient are typical for
connective tissue. A high scattering coefficient with a
high attenuation is characteristic for tumor tissue, since
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tumor cells are densely spaced making tissue be poorly
permeable to light [17, 19]. Nevertheless, less dense
invasive tumors can be difficult to distinguish from
healthy connective tissue due to similar optical refraction
and scattering intensity indices [20, 21].

To enhance contrast imaging that can promote
differential diagnostics of healthy and tumor breast
tissue, to be used in clinical settings, we used OCT
systems, which enable to obtain polarization-dependent
[22, 23] and elastographic [24-26] information
estimating, correspondingly, optical double refraction
and elasticity of biological tissues. Using the systems,
normal breast stroma was found to have significantly
higher double refraction index compared to tumor
stroma due to characteristic structure of the last one (the
presence of degenerative changes of collagen fibers,
their changed spatial orientation) [22]. Optical coherence
elastography was demonstrated to have high application
potential to detect the contrast between malignant and
healthy breast tissues based on tissue compression
deformability analysis [25, 26].

Collagen fibers comprise the base of healthy
breast tissue stroma. Fiber condition (physical
parameters) changes in BC. Different BC subtypes
being characterized by specific structure of connective
tissue and its certain ratio with tumor cells. Currently, all
clinically used in vivo imaging techniques cannot give
high-resolution evidence of breast connective tissue.
The common structural OCT images of infiltrating BC
subtypes of a solid structure are difficult to differentiate
from infiltrating masses with fibrous or hyalinized stroma
due to a similar high backscattering coefficient. Detection
of cross-polarization properties of collagen fibers using
real-time cross-polarization OCT (CP OCT) in solid and
sclerosing BC subtypes will enable both to detect tumors
and determine its subtype. Moreover, the criteria for
quantitative OCT signal assessment to both differentiate
BC subtypes and to real-time intra-operatively determine
“clean” surgical margin have not been established yet.

The aim of the present study was to develop the
techniques to enhance the contrast of CP OCT image
of BC by calculating optical attenuation coefficients of
the signal to differentiate cancer subtypes and analyze
tumor stroma polarization properties.

Materials and Methods

Ex vivo breast tissue samples (n=75) obtained in
radical mastectomy in 52 patients aged 38-77 years
were investigated by CP OCT. The study was approved
by the Ethics Committee of Privolzhsky Research
Medical University. The samples were delivered in
phosphate buffer-wet gauze, at 7°C, and were studied
within 1-2 h after sampling.

Cross-polarization OCT system. A high-speed
spectral 3D OCT system (Federal Research Center
Institute of Applied Physics, Russian Academy of
Sciences, Nizhny Novgorod) was applied in the study.
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The OCT setup characterised by central wavelength
1310 nm and spectral width of 100 nm. Radiation
power is 2 mW, resulting in axial resolution of 15 um,
lateral resolution is 20 ym, scanning depth in the air
is 1.7 mm. Scanning speed is 20 kHz/s, 3D-image
2.4%2.4x1.25 mm in size was recorded within 26 s.
CP OCT setup was equipped with an end optical fiber
probe, its outer objective diameter being 10 mm, which
was led to the studied tissue.

The OCT records simultaneously two conjugated
images: in co- and cross-polarization channels [27]. The
cross-polarization channel provides evident advantages
for connective tissue study (in particular, collagen
fibers, since some studies [28, 29] show that they have
polarization properties).

The present study demonstrates CP OCT images
as en face 2D images in co- and cross-polarization
channels.

Morphological analysis. All tissue samples were
histologically studied after CP OCT-scanning. Serial
histological sections were made in the same orientation
with CP OCT images. Serial sections both hematoxylin
and eosin (H&E) and Van-Gieson’'s were stained to
determine breast cancer subtype and collagen fibers
content, respectively.

All tissue samples were divided by a pathologist into
3 groups according to the morphological diagnosis and
tumor structure characteristics [30]: non-tumor breast
tissue (n=14); infiltrative nonspecific (ductal) carcinoma:
solid (n=17) and sclerosing structures (n=44). Totally,
there were obtained and studied 150 pairs of CP OCT
and histological images.

Quantitative analysis of en face CP OCT images.
Quantitative analysis of scattering and polarization
properties of tissue samples was performed by 3D OCT
data. Each 3D OCT image contains 256%256 A-scans
and presents OCT signal depth attenuation profile in
each polarization. Attenuation coefficient of light was
calculated by A-scans in co- and cross-channels.

For quantitative analysis of scattering tissue
properties, an attenuation coefficient (coefficient 1)
was used. It indicates photon attenuation rate in a co-
channel, which can be caused by various reasons,
such as absorption, side scattering or cross-polarization
scattering. The method of the coefficient calculation
reported in the paper [31].

To describe polarization properties a difference
attenuation coefficient (coefficient 2) was used. It
demonstrates the difference in photon scattering and
absorption in tissues in co- and cross-polarization
channels.

The consideration of the above-mentioned processes,
the change of scanning beam intensity with depth z can
be presented as follows

leo~exp(=22zu), (1)
leross~€XP(=22(U~Up), )

where I, l.0ss — @ signal in co- and cross-channels,
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respectively; u, u-up are the attenuation coefficients in
corresponding channels.

Figures 1 (e), 2 (e), 3(e) show the examples of
random A-scans from 3D data set in co- (blue color)
and cross-channels (orange color) and demonstrate
significant difference in OCT signal attenuation rate.
A black dotted rectangle on A-scans indicates depth
range (80-720 um), where optical coefficients were
calculated.

2D (en face) color-coded maps were made based on
obtained two optical coefficients (Figure 1-3 (f) and (g)).
The range of values was adjusted so that colors most
accurately indicate different tissue types (tumor and non-
tumor, fat and collagen).

To inter compare the maps in the study groups, it
was suggested conventionally mark the areas with high
values of coefficient 1 — over 1.5 mm~', and coefficient
2 — over 0.5 mm™ (green and yellow-red colors) and
the areas with their low values: less than 1.5 mm~" and
less than 0.5 mm~', respectively (light blue and blue
colors). Constructed this way color-coded maps perfectly
contrast cellular (by low values of the coefficients) and
stromal (by high values of the coefficients) breast tissue
components including those in different infiltrative BC
subtypes.

Optical coefficients were calculated for 150 CP OCT
images (two areas of interest of each sample), which
included non-tumor breast tissue (n=28), infiltrative
ductal BC of solid (n=34), and sclerosing (n=88)
structure.

Results and Discussion

Visual analysis of scattering

and polarization properties of breast tissue
and morphological BC subtypes

by en face CP OCT images

Non-tumor breast tissue. In norm, the mammary
gland is formed of a terminal duct lobular unit, adipose
and connective tissue (Figure 1 (a), (b)) that makes
it heterogeneous exhibiting different scattering and
polarization properties. It explains heterogeneous OCT
signal distribution on structural en face CP OCT images
of non-tumor breast tissue in co- and cross-polarization
channels (Figure 1 (c), (d)). Breast adipose tissue is
visualized as the accumulation of roundish structures
with a low signal from cytoplasm, and a high signal —
from cell membrane. Connective tissue gives a high
signal both in co- and cross-polarization channels due
to arranged, parallel collagen fibers; however, a signal
quickly attenuates in depth. A terminal duct lobular unit
or a single dilated glandular duct is visualized as the low-
signal area in co- and cross-polarization channels.

Infiltrative ductal BC of solid structure. CP OCT
technique enables to differentiate the subtypes of high
grade infiltrative ductal BC characterized by a poor
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Figure 1. Non-tumor breast tissue

Histological H&E (a) and van Gieson’s (b) stained images; en face structural CP OCT images in co- (c) and
cross-polarization (d) channels; random A-scans from 3D data set in co- (blue color) and cross-channels (orange
color) (e); corresponding en face color-coded maps of optical coefficients: attenuation coefficient 1 in a cross-
channel (f) and difference attenuation coefficient 2 in co- and cross-channels (g). A black dotted rectangular on
A-scans indicates the depth range (80-720 um), in which optical coefficients were calculated. CT — connective
tissue; AT — adipose tissue; DGD — dilated glandular duct.

The maps of optical coefficients show the following: heterogeneous distribution of coefficient 1 and coefficient 2
values is typical for non-tumor breast tissue. Low values of coefficient 1 (light blue and blue areas) prevailed in
the areas of adipose tissue and dilated ducts, while high values (green and yellow-red areas) — in healthy loose
connective tissue areas. Coefficient 2 was primarily low and characterized by the distribution of mean values
providing connective tissue area imaging (green and yellow-red areas)

prognosis. It is possible to distinguish carcinoma type:
solid or sclerosing due to the tissue components, which
differently scatter light — connective tissue stroma and
agglomerates of tumor cells.

Infiltrative ductal BC of solid structure (with tumor
parenchyma dominating over stroma) is characterized
by a low heterogeneous OCT signal in co- and cross-
polarization channels of CP OCT images (Figure 2
(c), (d)), which is due to densely packed tumor cells
in agglomerates that makes tumor tissue poorly light-
permeable. However, there are no anisotropic (fibrous)
structures in this cancer subtype (Figure 2 (a), (b)). Such
OCT signal distribution enables to easily differentiate
visually infiltrative ductal BC of solid structure from non-
tumor breast tissue.

Infiltrative ductal BC of sclerosing structure.
This cancer subtype is characterized by tumor stroma
dominating over parenchyma (Figure 3 (a), (b)), OCT
signal being distributed heterogeneously (Figure 3 (c),
(d)) that makes difficulties for visual differential
diagnostics of this cancer subtype with non-tumor breast
tissue (though small structures had better contrast in
healthy breast images). In corresponding histological
specimens, tumor cell clusters are surrounded by tumor
stroma fibrous structures with degenerative changes
(fibrosis or hyalinosis) resulting in the increase or
decrease in OCT signal in a cross-polarization channel.
Stroma condition assessment is known to be very

Contrast Enhancement of CP OCT Images of Breast Cancer

important, since tumor collagen matrix plays a key role in
BC invasion and metastasis [32].

Quantitative analysis of scattering

and polarization properties of breast tissue
and different BC subtypes

when making color-coded maps

of optical attenuation coefficients

in co- and cross-channels

The approach enabled to sharply enhance of CP OCT
image contrast.

Non-tumor breast tissue. Non-tumor breast tissue
is characterized by heterogeneous distribution values
of coefficient 1 (see Figure 1 (f), (g)). Low values of
coefficient 1 (light blue and blue areas) prevailed in
the areas of adipose tissue and dilated glandular ducts
(less than 0.5 mm~"), while high values (over 1.0 mm~")
(green and yellow-red areas) prevailed in healthy loose
connective tissue areas. It is significant that the images
with distribution of coefficient 1 are more contrast than
standard CP OCT images, and visualize transparent
ducts with a rim created by the duct wall that complied
with histological data. Coefficient 2 in this tissue
type is, primarily, not high (less than 1.5 mm=') and
characterized by mean values providing the imaging of
healthy connective tissue areas (green and yellow-red
areas).
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Figure 2. Infiltrative ductal BC of solid structure

Histological H&E (a) and van Gieson’s (b) stained images; en face structural CP OCT images in co- (c) and cross-
polarization (d) channels; random A-scans from three-dimensional data set in co- (blue color) and cross-channels (orange
color) (e); corresponding en face color-coded maps of optical coefficients: attenuation coefficient 1 in a cross-channel (f) and
difference attenuation coefficient 2 in co- and cross-channels (g). A black dotted rectangular on A-scans indicates the depth
range (80-720 um), in which optical coefficients were calculated. TC — tumor cells.

This cancer type significantly differs from other studied BC subtypes by its color-coded maps of both coefficients. It is
characterized by homogeneous distribution of lowest values of both: coefficient 1 (less than 1.0 mm~") and coefficient 2 (less
than 0.5 mm™") (blue and light blue color, no yellow-red color)
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Figure 3. Infiltrative ductal BC of sclerosing structure

Histological H&E (a) and van Gieson’s (b) stained images; en face structural CP OCT images in co- (c) and cross-polarization (d)
channels; random A-scans from three-dimensional data set in co- (blue color) and cross-channels (orange color) (e);
corresponding en face color-coded maps of optical coefficients: attenuation coefficient 1 in a cross-channel (f) and difference
attenuation coefficient 2 in co- and cross-channels (g). A black dotted rectangular on A-scans indicates the depth range (80—
720 pm), in which optical coefficients were calculated. TC — tumor cells; FS — fibrous stroma; HS — hyalinized stroma.

In this BC type there is the richest in contrast heterogeneous distribution of high values of both coefficients: coefficient 1 and

coefficient 2 (green and yellow-red areas)

Infiltrative ductal BC of solid structure. This
cancer subtype differs significantly from other
studied BC subtypes by its color-coded maps of both
coefficients. It is characterized by homogeneous

26 CTM 2019 [vol. 11 ] No.3

distribution of lowest values of both: coefficient 1 (less
than 1.0 mm=") and coefficient 2 (less than 0.5 mm~")
(blue and light blue color, no yellow-red color) (see
Figure 2 (f), (9)).
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Infiltrative ductal BC of sclerosing structure.
There is the most contrast heterogeneous distribution of
high values of both: coefficient 1 and coefficient 2 (in the
range 1.0-3.0 mm™) (see Figure 3 (), (g)).

However, coefficient 1 and coefficient 2 values in
cancer of sclerosing structure depend on tumorous
stroma collagen fibers (Figure 4). It is important that
fibrous connective tissue in marked hyalinosis becomes

ADVANCED RESEARCHES

optical coefficients (Figure 5, blue curves). Infiltrative
solid BC, which predominantly consists of tumor
cells, is characterized by dominating low values of
optical coefficients, and therefore, low scattering and
polarization properties (Figure 5, orange curves).
Heterogeneous distribution of primarily high values of
optical coefficients was found in infiltrative ductal BC
of sclerosing structure that leads to higher backward

dense, and coefficient 1 increases (over
2.5 mm™) (areas of yellow-red color) compared
to fibrosis condition, when coefficient 1 is
lower (less than 2.0 mm™) (green-blue areas).
Coefficient 2, which clearly demonstrates tumor
stroma connective tissue state, is as follows:
in fibrous changes its high values (in the range
1.0-3.0 mm~") have heterogeneous distribution
(yellow-red areas); in hyalinosis of tumor stroma
its values, in contrast, decrease (less than
0.5 mm~") (blue, light blue, and green areas). It
is related to collagen destruction, the formation
of homogeneous semi-opaque dense masses
(similar to hyaline) and, therefore, low ability to
cross-scattering.

Thus, color-coded maps of BC tissue
images based on coefficient 1, compared
to structural CP OCT images provide high
contrast of healthy and tumor breast tissue
(primarily, of solid structure). Coefficient 2
distribution enables to indicate specific
features of the stroma state of the sclerosing
structure tumors by a high value in the fibrous
stroma area. A low value of coefficient 2
indicates to the area of hyalinosis.

Figure 5 shows the resulting distribution
histograms of two optical coefficients for study
groups. Since non-tumor breast adipose,
glandular and connective tissues have different
scattering ability, there is heterogeneous
distribution of both high and low values of

~ mm™
3.0
25
2.0
1.5
1.0
0.5
0.0
-0.5
-1.0

Figure 4. En face color-coded maps of BC tissue with tumor stroma
fibrosis and hyalinosis

Optical attenuation coefficient 1 in a cross-channel (a) and difference
attenuation coefficient 2 in co- and cross-channels (b). Histological
H&E (c) and van Gieson’s (d) stained images. TC — tumor cells; FS —
fibrous stroma; HS — hyalinized stroma.

In marked hyalinosis, fibrous connective tissue becomes dense and
coefficient 1 (a) grows (over 2.5 mm~") (areas of yellow-red color), and
in fibrosis its value is lower (less than 2.0 mm™") (green-blue area).
Coefficient 2 (b), which indicates tumor stroma connective tissue
condition, is as follows: in fibrous changes the distribution of its high
values is heterogeneous (in the range 1.0-3.0 mm™"') (yellow-red areas);
in tumor stroma hyalinosis its values, in contrast, decrease (less than
0.5 mm~") (blue, light blue, and green colors)
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Figure 5. Histograms of the attenuation coefficient 1 (a) and coefficient 2 (b) data for non-

tumor and breast tumor tissue
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scattering, as well as more expressed polarization
effects (Figure 5, green curves).

Conclusion

CP OCT enables to differentiate the main structural
breast tissue components (adipose tissue, connective
tissue, and tumor cells) with high contrast by OCT signal
in a cross-polarization channel and by the values of
optical attenuation coefficients.

The color-coded maps of coefficient 1 and
coefficient 2 distributions made by en face CP OCT
images of breast tissue samples enable:

easily, to a high accuracy, differentiate non-tumor and
tumor breast tissue;

obtain relevant information on the relation and
condition of cellular and stromal components in different
morphological BC subtypes.

High values of optical coefficients (coefficient 1
and coefficient 2) were found to indicate high content
of healthy connective tissue or tumor fibrous stroma.
In contrast, their low values suggest tumor cellular
component dominating. A difference attenuation
coefficient in co- and cross-channels (coefficient 2)
enables to indicate and give more evidence on various
degenerative changes of tumorous stroma collagen
structures. Its low values suggest tumorous stroma
hyalinosis growth providing the evidence of secondary
deep (degenerative) changes.

A quantitative analysis of scattering and polarization
properties of different morphological BC subtypes by
calculating optical attenuation coefficients of OCT signal
in co- and cross-polarization channels followed by making
color-coded maps can serve the basis for independent
automated intra-operative diagnosis of different
morphological subtypes of infiltrative BC, as well as for
the accurate determination of intra-operative resection
margin in lumpectomy. Intra-operative identification of
positive tumor margins will reduce the number of tumor
recurrences and the necessity for reoperations.

Study funding. The study of scattering and
polarization properties of breast cancer was supported
by the Russian Science Foundation, agreement
No0.18-75-10068. The calculation technique of optical
coefficients was supported by Russian Foundation of
Fundamental Research project 16-32-60178 mol_a_dk.
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