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The aim of the study is to demonstrate the potential of cross-polarization optical coherence tomography (CP OCT) as a minimally 
invasive real-time technique for detection of bladder cancer against a background of severe inflammation.

Materials and Methods. For the verification of CP OCT diagnostic data related to the condition of collagen comparison with high-
resolution microscopy inspection was performed and correlation of the results was calculated. The CP OCT study was performed on 
samples of tissue with muscle-invasive urothelial carcinoma T2–3N0–хM0 (G2, 3) in 18 patients ranging in age from 50 to 64 obtained in 
course of cystectomy with urine diversion into the intestinal vessel. In total, 60 regions of interest were selected and divided into four groups 
in accordance with the results of the histological analysis: areas with mild inflammation (group 1, control), 12 areas; areas with severe 
inflammation (group 2), 18 areas; areas with poorly differentiated urothelial carcinoma with invasion into the muscular layer (group 3), 
24 areas; areas with cancer recurrence at the post-operative scar (group 4), 6 areas. Tissue changes at micro-structural level registered 
by CP OCT were investigated in detail with high-resolution microscopy (nonlinear microscopy and atomic force microscopy). Quantitative 
processing of all the obtained images enabled their direct comparison.
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Results. By two high-resolution techniques and classical histology the spatial and structural features of the bladder extracellular 
matrix organization exhibiting different pathologies were demonstrated. Depolarization factor maps derived from CP OCT images of both 
invasive carcinoma and carcinoma recurrence  in the area of post-operative scar tissue characterize the cross-scattering properties of the 
bladder connective tissue in these conditions and demonstrate a statistically significant difference in the integral depolarization factor value 
for  carcinoma and severe chronic inflammation (р<0.05). A high statistically significant positive correlation (r=0.867, p<0.001; Spearman 
correlation) between the integral depolarization factor and the conformance parameter of the second harmonic signal distribution detected 
from collagen at the level of the mucous membrane was demonstrated. This is indicative of a high level of correspondence between 
the level of cross-scattering and the collagen fibers ordering. In cases of severe inflammation, invasive growth of urothelial carcinoma, 
and cancer recurrence in the area of the surgical scar the structural disorganization of fiber structures determined at tissue level in the 
subsurface region of the bladder was revealed.

Conclusion. The comparison of CP OCT images with data from the high-resolution techniques (nonlinear microscopy in second 
harmonic generation mode and atomic force microscopy) demonstrated that CP OCT have the potential to become a powerful, minimally 
invasive, real-time tool for  detection of bladder cancer against a background of severe inflammation in the area of the post-operative scar. 
These results will stimulate further development of CP OCT technique and promote its active introduction into clinical practice.

Key words: cross-polarization optical coherence tomography; CP OCT; urothelial carcinoma; urothelial carcinoma recurrence; collagen 
state; nonlinear microscopy; second harmonic generation; atomic force microscopy.

Improvement of real-time in vivo techniques for 
diagnostics, in particular, for monitoring of cancer 
invasion, based on assessment of microstructural 
changes, remains one of the major directions for the 
development of endoscopic imaging techniques [1, 2].

Optical coherence tomography (OCT) technique 
in urology is primarily used for the identification and 
differential diagnosis of urothelial carcinoma, where 
quantitative processing of the OCT signal allows 
objectification of the changes observed. Quantitative 
processing of 3D OCT images was demonstrated to 
significantly increase the diagnostic performance of the 
method for in situ detection of bladder carcinomas [3–
5]. Meanwhile, an analysis of a large number of works 
on the use of OCT for bladder cancer visualization by 
Hale and Deem [6] indicated that cases of false positive 
cancer diagnoses are fairly typical for OCT against a 
background of severe inflammation as well as in cases 
of the diagnosis of cancer in the region of the post-
operative scar.

Polarization-sensitive OCT is an OCT modality 
that allows assessment of the condition of collagen in 
the region of interest (ROI) and is potentially able to 
increase the efficiency of bladder cancer detection [7, 
8]. In our previous study [9], cross-polarization OCT 
(CP OCT), a modality of polarization-sensitive OCT, 
was demonstrated to evaluate the condition of the 
extracellular matrix of the bladder wall according to 
the cross-polarization backscattering. The degree and 
nature of the cross-scattering are mainly determined 
by the condition of the collagen fibers, and depends on 
the severity of inflammation and/or the stage of cancer 
development. According to our data, the effectiveness of 
CP OCT diagnostics in detection of superficial bladder 
cancer by inspecting cross-scattering properties of the 
mucous membrane is higher than that with traditional 
OCT: the diagnostic accuracy of CP OCT was 93.6%, 
sensitivity was 96.4%, specificity was 92.1%, against 
72.1, 74.5 and 70.8% for traditional OCT, respectively.

The development of high resolution methods of 
microscopy provided new abilities to study the changes 
in the spatial organization of the extracellular matrix 
during the course of inflammation and cancer invasion 
[10–13]. The method of nonlinear microscopy in second 
harmonic generation (SHG) mode allows imaging of 
collagen fibers in their normal condition and observation 
of the changes that occur during the process of 
inflammation and the development of neoplasia [10, 
14]. However, this method of microscopy has serious 
limitations for in vivo endoscopic use [12, 15].

Atomic force microscopy (AFM) is considered to 
be promising for diagnoses of a variety of pathologies 
including connective tissues diseases and cancer 
[16, 17]. By means of 3D visualization at nanometer 
resolution of the surface profile of the objects 
under study (which is superior to the resolution of 
optical microscopy [18]), the AFM method is able to 
significantly complement and extend the knowledge 
of the mechanisms of pathology development at tissue 
(macro-) level.

In this study we performed a comparison of values 
obtained from the quantitative processing of images 
of the bladder mucous and submucous membranes, 
obtained using the CP OCT technique, with nonlinear 
microscopy and AFM in cases of chronic inflammation 
and the development of urothelial carcinoma against 
this background. Chosen combination of methods 
provided the possibility of tracing the condition of 
collagen at different levels of its organization: at the 
tissue level (change of cross-scattering in the CP 
OCT images), at the fiber level (change of geometrical 
distribution of the fibers in the SHG images) and at the 
fibrillar level (defects in collagen fibril packing in the 
AFM images).

The aim of the study is to demonstrate the potential 
of CP OCT as a minimally invasive method operating 
in real-time for the diagnosis of bladder cancer against 
a background of severe inflammation by means of 
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verification of the obtained diagnostic data through 
comparison and calculation of the correlation with 
quantitative characterization of the collagen state based 
on high resolution microscopy inspection.

Materials and Methods
Human bladder wall post-surgery samples. The 

CP OCT study was performed with tissue samples 
obtained in the course of cystectomy with urine diversion 
to the intestinal vessel, in cases of muscle-invasive 
urothelial carcinoma T2–3N0–хM0 (G2, 3) from 18 patients 
ranging in age from 50 to 64. In total 60 areas of interest 
were selected. These were divided into four groups in 
accordance with the results of histological assessments: 
areas with mild inflammation (group 1, control), 12 areas; 
areas with severe inflammation (group 2), 18 areas; 
areas with poorly differentiated urothelial carcinoma with 
invasion into the muscular layer (group 3), 24 areas; and 
areas with carcinoma recurrence in the area of the post-
operative scar (group 4), 6 areas. Due to inspection of 
materials from excised organs sourced from cases of 
muscle-invasive urothelial carcinoma developing against 
a background of long-term chronic inflammation (the 
duration of chronic inflammation was, on average, 17±6 
years), no areas of unaltered mucous membrane were 
found. In this respect, samples with mild inflammation 
(group 1) with minimal changes of the connective tissues 
were used as the control group.

Post-operative material was placed in a gauze 
moistened with phosphate buffer at 7°C and delivered 
for examination within 2 h. After the CP OCT imaging, 
the OCT inspection area on the sample surface was 
marked with an ink, and serially sliced in the central 
area. Ethics Committee of the Nizhny Novgorod State 
Medical Academy, report No.7 dated August 14, 2014, 
for scientific research involving ex vivo human samples 
approved the clinical study.

Cross-polarization optical coherence tomography. 
A spectral modification of the CP OCT device with 
a common optical path for the reference and signal 
waves was used in this study. Such a modification 
provides real-time visualization of the backscattering 
maps from the tissue optical inhomogeneities. This 
device has two channels: a co-polarization channel 
and a cross-polarization one allowing the separation 
of the light waves into those (after backscattering in 
the tissue) preserving their initial state of polarization, 
or have been transformed to an orthogonal one. As a 
result, a CP OCT image displayed on the PC screen 
consists of two images: one in co- and the other in 
cross-polarization [19–21]. Each image represents a 
4×2 mm (width × height) area. The device uses probing 
radiation at a wavelength of 1,310 nm, with a spectrum 
width of 100 nm and a power at the object of 20 mW. 
The in-depth resolution (in air) is ~10 µm, and the lateral 
resolution is ~15 µm, while the imaging depth in air is 
~1.7 mm, with a scanning rate of 20,000 A-scans/s 
resulting in B-scans acquisition rate of 40 frames/s.

Quantitative assessment of the bladder tissue CP 

OCT images was performed by generating depolarization 
factor maps and calculation of the integral depolarization 
factor (IDF). Each map represents a 2×1 mm (width × 
height) area including the main ROI. The algorithm for 
calculating the depolarization factor had previously been 
developed by our group for assessing the condition of 
collagen fibers in different tissues (bladder and aorta 
mucous membranes) [22, 23]. The IDF calculation is 
based on the ratio of the OCT signal levels in the cross- 
and co-polarization channels, averaged over the ROI.

Histological examination. After obtaining the CP 
OCT images, the bladder wall samples were fixed in 10% 
neutral formalin solution within 48 h, then embedded in 
paraffin. Serial sections with a thickness of 7 µm were 
prepared from the marked area; a number of sections 
were stained with hematoxylin and eosin and by Van 
Gieson method, while the others (after de-embedding) 
were inspected using SHG microscopy and AFM. The 
histological specimens were examined using a Leica 
DM2500 microscope (Leica Microsystems, Germany), 
equipped with a DFC 245C digital camera.

Nonlinear microscopy. This study was performed 
with an LSM 710 multiphoton laser scanning microscope 
(Carl Zeiss, Germany). The excitation was performed by 
the radiation of a Ti:Sapphire femtosecond Chameleon 
Vision II laser (Coherent, USA) with a pulse repetition 
rate of ~80 MHz and a duration of 140±20 fs. De-
embedded 7-micron-thick sections of the bladder 
samples were observed at 170 µm-thick cover glass. 
Images of a fine structure were generated by means 
of a С-Apochromat water-immersion objective with a 
40× zoom range and a numerical aperture of 1.2, which 
provided a field of view of 212×212 µm with a resolution 
of 1,024×1,024 pixels.

The excitation wavelength of 800 nm and the power 
of ~4 mW were selected for the study. Guided by 
literature data [13], detection of the SHG signal was 
performed with a spectral selection in the 371–415 nm 
wavelength range. The average value of SHG signal 
intensity and the SHG signal distribution concurrence 
(coherence) were selected as the parameters to use for 
quantitative evaluation of the condition of the collagen 
fibers, in particular, assessing the degree of integrity/
disorganization, form and their packing density.

The value of the average intensity reflects the 
relative number of collagen fibers in the field of view. 
The coherence is directly proportional to the degree of 
order of collagen fibers packing and therefore represents 
the isotropic properties of the image. It is determined 
as the ratio of the difference and sum of the maximum 
and minimum eigenvalues of the 2×2 matrix, obtained 
from the partial derivatives in the horizontal and vertical 
directions of the image. The value of the coherence 
parameter is limited in range from 0 to 1, where 1 
corresponds to highly oriented structures, and 0 — 
to isotropic areas [24]. For evaluation of the average 
value of the SHG signal intensity from the collagen in 
the selected areas, the standard function for average 
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value calculation provided by ImageJ software (NIH, 
USA) was used [25]. For the assessment of collagen 
fiber orientation, a plugin for structural tensor analysis of 
ImageJ based on the OrientationJ program (NIH, USA) 
was used.

The parameters of average intensity and the 
coherence of distribution were calculated by means 
of averaging the values obtained from the ROI of the 
test sample. The ROI was chosen on the basis of the 
histological analysis and contained areas of typical 
tissue structure.

Atomic force microscopy. Histological sections 
mounted on glass slides were studied using the AFM 
method in air, in a semi-contact measurement mode 
to obtain topographic and phase images. AFM images 
were acquired with a Solver P47 microscope (NT-MDT, 
Russia), using a Solver scanner and TESP probes 
(Bruker, USA) with a nominal spring constant of 42 N/m, 
nominal resonant frequency of 320 kHz and a nominal 
radius of tip curvature of 8 nm. Overview images with 
the size of 14×14 µm were obtained from different 
areas of a tissue section using the sample orientations 
based on the corresponding tissue images from the 
optical microscope, combined with AFM, as well as from 
the photographs of each histological specimen. Such 
overview images allowed detection of topography of 
collagen fibers and their bundles.

In addition, high resolution topography and phase 
images of the 6×6 and 3×3 µm sizes were obtained. 
These high resolution images allowed detection of 
collagen fibrils’ packing and characterization of individual 
fibrils.

The parameters of flicker-noise spectroscopy (FNS), 
obtained on the basis of the digitized AFM data, were 
used as a quantitative measure of the extracellular 
matrix ultrastructure. Initially, AFM images of the 
connective tissue sections in 14×14 µm windows were 
obtained, then structural fragments to be observed in 
6×6 and 3×3 µm windows were selected from this area, 
since, at a higher resolution, the fibrils can be seen. 
The FNS parameters of the structure were determined 
for all the images obtained in such windows (typically, 
there were 5–8 images) [26]. It has previously been 
demonstrated [6] that, out of the entered 3D parameters 
of the structure in the specified range of spatial 
dimensions, the following ones are most sensitive to 
pathological changes in the tissue: parameter σ, which 
is a measure of the jump-like irregularities of the chaotic 
surface profiles against the low frequency — baseline — 
it is determined as a “stepwiseness factor” of the chaotic 
component of the profile; and parameter S(L0

–1), which 
is a measure of the spike-like irregularities of the profile 
being observed — it is determined as the “spikiness 
factor” of the surface structure. These two parameters 
were considered as the fundamental ones for the FNS 
parametrization of the bladder tissue AFM images.

ROI selection for quantitative assessment of the 
images. The ROIs for quantitative assessment of the 

images from CP OCT, SHG and AFM were selected 
manually, with a particular size for each imaging 
technique. The ROIs were located at two depths from 
the tissue surface and included only connective tissue 
(blood vessels and muscle fibers were excluded).

For the CP OCT images, two ROIs were selected 
with dimensions of 200×2,000 and 300×2,000 µm, at 
depths of 100–300 µm corresponding to the mucous 
membrane where the inflammation process initially 
develops and the tumor cell invasion begins; and of 
300–600 µm corresponding to the submucous layer, 
from which it is possible to assess the extent of the 
previous inflammation as well as the condition of the 
post-operative scar.

For SHG images, two ROIs were also selected, with 
dimensions of 60×60 µm, at depths of 100–300 µm and 
300–600 µm, providing the opportunity to compare the 
results with the CP OCT data.

For AFM images, one ROI for each was selected with 
dimensions of 6×6 µm directly under the urothelium at 
a depth of up to 300 µm (the region where maximally 
expressed morphological changes are observed).

Manual selection of the ROIs was used for the 
focused analysis of changes in the connective tissue, 
where (primarily) the pathological process takes place 
(inflammation, tumor cell invasion). In the future, it will 
be helpful to advance in the direction of automated 
differential diagnostics of the bladder pathologies 
according to the characteristics of the collagen fibers 
state.

Statistical processing. The results were analyzed 
using Statistica 10.0 set (StatSoft, Inc., USA) and 
Prism 6 (GraphPad Software, USA). Average values 
(M) of the measured parameters and the average 
standard deviations (±SD) were determined. The 
significance of the differences between the groups was 
calculated using the Mann–Whitney non-parametric 
test. For the determination of correlation (r) Spearman’s 
rank correlation coefficient was used. In all cases, 
the difference was considered to be significant at a 
significance value р<0.05.

Results and Discussion
Visual assessment of the collagen state in bladder 

pathologies, using CP OCT, SHG microscopy, AFM 
and histological methods. We had previously used 
CP OCT, SHG microscopy and histological methods 
on a stand-alone basis for the assessment of content, 
spatial and structural organization of the collagen 
fibers in the bladder wall [22]. However this is the first 
time when AFM has been used for the analysis of 
bladder connective tissue. In this study we performed 
a comparative assessment of the collagen condition by 
using these methods in four groups, described above 
(Figure 1).

In the case of mild inflammation (group 1, control) 
the CP OCT image (Figure 1 (a)) in co-polarization 
(upper part of the image) visually has a layered 
structure: the layer with a high signal level corresponds 

E.B. Kiseleva, E.V. Gubarkova, V.V. Dudenkova, P.S. Timashev, S.L. Kotova, L.B. Timofeeva, ..., N.D. Gladkova



 AdvAnced ReseARches 

СТМ ∫ 2017 — vol. 9, No.1   11

Mild inflammation  
of the bladder wall  

(group 1)

Severe inflammation  
of the bladder wall  

(group 2)

Poorly differentiated  
urothelial invasive  

bladder cancer 
 (group 3)

Bladder cancer recurrence  
in the area  

of the surgical scar  
(group 4)

Figure 1. Collagen visualization of bladder pathologies by different imaging modalities: CP OCT image of the bladder wall 
(first row); corresponding histological specimen, stained by Van Gieson (second row); SHG images of the mucous membrane 
(third row); SHG images of the submucous layer (fourth row); topographic AFM images of the mucous membrane (fifth row); 
phase AFM images of the mucous membrane (sixth row). In the CP OCT images the upper part shows the image in co-
polarization; the lower part — in cross-polarization. Vertical and horizontal bars: 500 µm for the CP OCT images; 50 µm for 
the SHG and histological images; 1 µm for the AFM images. Here: U, urothelium; MM, mucous membrane; SL, submucous 
layer; UC, urothelial carcinoma; ST, scar tissue; for symbols (a)–(x) — see the text
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to the bladder mucous and submucous membranes, 
while the underlying layer, with a lower signal level 
corresponds to the muscular layer. In cross-polarization 
(lower part of the image) a high level OCT signal can 
be observed, indicating the relatively ordered, closely-
packed arrangement of collagen fibers in the bladder 
mucous and submucous membranes. It is also evident 
in the histological specimen with Van Gieson staining 
(Figure 1 (e)).

In the SHG images the collagen fibers are well 
visualized, they have a waved form and are about 
2–3 µm thick. Overall, we may conclude on the existence 
of a preferred orientation (Figure 1 (i)), while deeper, 
in the submucous layer, fiber bundles with a thickness 
of 12–17 µm with the curved structure prevail which 
does not indicate the existence of a preferred direction 
(Figure 1 (m)).

Collagen fibers and bundles, some partially denuded 
and others, partially covered with an “amorphous” 
(structureless) material, can be seen in the overview 
AFM images. Closely packed, short collagen fibrils 
with a parallel layering (Figure 1 (q)) can be clearly 
observed inside the collagen fibers. Collagen fibrils 
are characterized by their uniform thickness and easily 
distinguishable D-periods, as seen in the AFM phase 
images, obtained at a high resolution (Figure 1 (u)).

In the case of severe inflammation (group 2) the 
signal level in the CP OCT image (Figure 1 (b), upper 
part of the image) is noticeably lower in comparison to 
that in the case of mild inflammation, due to the edema 
at the mucous membrane and tissue infiltration by the 
inflammatory cells (lymphocytes) (Figure 1 (f)). Signal 
attenuation takes place at approximately the same 

depth across the whole image. In cross-polarization 
(Figure 1 (b), lower part of the image) the signal level is 
significantly lower, which is an indicative of a decrease in 
the polarization properties of the extracellular matrix due 
to thinning of the mucous membrane collagen fibers and 
significant mucoid swelling in the submucous layer. This 
was confirmed by the high resolution microscopy (SHG 
and AFM).

The SHG signal from the collagen fibers, in this case, 
has lower intensity (Figure 1 (j), (n)) as compared to the 
control group (See Figure 1 (i), (m)). Collagen fibers in 
the mucous membrane are thinned (average thickness 
is 1–1.5 µm), and they have indistinct boundaries, 
which is an indicative of damage to their structure. 
Attention should also be paid to the uneven distribution 
of the fibers throughout the tissue. The fibers are 
located loosely indicating no preferred direction of 
orientation (See Figure 1 (j)). In the submucous layer, 
the collagen fibers are thickened due to mucoid swelling 
and are arranged more tightly (See Figure 1 (n)), with 
characteristics close to those of the samples from 
group 1 at this depth.

AFM images of severe inflammation in the bladder 
mucosa reveal that the packing of the matrix collagen 
fibers does not change, however, the packing of 
collagen fibrils within the fibers has changed — densely 
interweaved texture of chaotically oriented fibrils, forming 
a “net” can be observed (Figure 1 (r), (v)).

In the case of poorly differentiated invasive urothelial 
carcinoma (group 3) the CP OCT image in co-
polarization (Figure 1 (c), upper part of the image) is 
structureless and the OCT signal level is low. Particularly 
note the inhomogeneous distribution of the signal along 

q r s t
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Figure 1 continued
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the transverse coordinate and pronounced vertical lines 
in the image structure. This feature of the OCT signal is 
conditioned by the infiltrative growth of cancer. According 
to the histological specimen, stained according to 
Van Gieson (Figure 1 (g)), it is evident that the majority 
of the tumor cells are located at the mucous membrane, 
disturbing the structure of the connective tissue. Tumor 
cell clusters can also be observed in the submucous 
layer, but here inflammatory infiltration prevails. In cross-
polarization (Figure 1 (c), lower part of the image) the 
signal is either very weak or there is no signal at all. 
These features of CP OCT images of invasive bladder 
cancer have been previously described by our group [9].

It can be seen in the SHG images that depending 
on the distance from the tissue surface the collagen 
fibers exhibit different states: at the depth of the mucous 
membrane the collagen fibers are either destroyed or 
fragmented (Figure 1 (k)) due to the invasive growth 
of the urothelial carcinoma; in the submucous layer 
aggregation of collagen fibers into bundles can be 
observed, and, in some parts, such bundles are 
thickened with the borders of the bundles and fibers 
being indistinct (Figure 1 (o)) due to the long duration of 
the current inflammation.

In the course of AFM analysis the following trend was 
revealed: in the overview images demonstrating the 
microstructure of the extracellular matrix, collagen fibers 
do not have sharp contours and are entirely covered with 
a non-fibrous amorphous material, which (at a higher 
resolution) (Figure 1 (s), (w)) is presented in the form of 
“beads” of another protein (protein-based proteoglycan 
complexes), which completely cover collagen fibrils. 
Consequently, according to the AFM data, invasive 
cancer changes the ratio between the collagen fibers 
and the non-fibrous components of the matrix: the 
fraction of collagen fibers in the matrix is decreased, 
which obviously correlates with the low level of cross-
scattering in the CP OCT image.

In the case of recurrence of poorly differentiated 
invasive urothelial carcinoma in scar tissue (group 4), the 
CP OCT image in co-polarization is also structureless at 
the mucous membrane (similar to the case of invasive 
cancer) (Figure 1 (d), upper part of the image), however, 
the OCT signal level, in general, is higher due to fibrosis 
(Figure 1 (h)). Along the transverse coordinate the signal 
is homogenous (overall), with the vertical lines, although 
pronounced weak as compared to previous group. 
However, in this case the image in cross-polarization 
is not typical for invasive poorly differentiated cancer. 
The absence of an OCT signal at the surface reflects 
the existence of the tumor, which does not produce 
any cross-scattering. At larger depths an OCT signal of 
varying intensity that is non-uniform along the transverse 
coordinate (Figure 1 (d), lower part of the image) is 
observed. The existence of areas with either high or low 
level of OCT signals can be explained morphologically 
by the presence of regions with coherently laid fibers 
and bundles at the surgical scar as well as areas of 

disorganized collagen fibers under the influence of the 
cathepsins and proteinases released by the tumor cells 
in the areas of intense infiltration of the scar tissue by 
the tumor cells (See Figure 1 (h)).

Non-uniform in-depth attenuation of the OCT signal 
in cross-polarization in the case of cancer in the scar 
area is confirmed by the difference in the SHG signals at 
different depths. Near the surface, in the area of intense 
infiltration of the scar tissue by the cancer cells (Figure 1 
(l)), disorganization of the collagen is observed, and the 
boundaries of the bundles and the fibers are indistinct 
rather than sharp. Deeper, at the level of the submucous 
layer, there are areas where the scar tissue structure is 
preserved: collagen fiber bundles with sharp boundaries 
prevail, and a preferred orientation is evident; with high 
SHG signal intensity from the fiber is (Figure 1 (p)).

In the corresponding overview AFM images there are 
collagen fiber bundles that are partially denuded and 
some that are partially covered with amorphous material. 
Topography (Figure 1 (t)) and phase imaging (Figure 1 
(x)) visualize a coherent layering of the fibrils and the 
typical banding (D-period) can be observed. These 
findings indicate the processes of the fibrous (scar) 
tissue formation in the area of the surgical wound.

Consequently, a visual comparative assessment 
of the CP OCT images and images from high 
resolution microscopy illustrates a high degree of data 
correspondence. This allows justification of the concept 
that the character of the OCT signal in CP OCT images 
of the bladder in the case of these pathologies matches 
changes affecting the collagen fibers at various levels of 
organization. However, visual assessment of the images 
is demanding and requires detailed knowledge that is 
rarely available in actual clinical practice. In this respect 
quantitative assessment of the images is reasonable.

Quantitative assessment of CP OCT images. In 
this study we performed a quantitative assessment of 
cross-scattering by generating depolarization factor 
maps from the CP OCT images. Color encoding of the 
depolarization factor values in the range from 0 to 0.3 
facilitated the visual assessment of the cross-scattering 
properties of the connective tissue stroma basing on CP 
OCT images consisting in per-pixel calculation of the 
ratio of the signal levels in cross- and co-polarization. 
Selection of ROIs in depolarization factor maps at 
different depths from the tissue surface with calculation 
of IDF makes the assessment of CP OCT images 
objective.

Depolarization factor maps typical for the four groups 
of bladder pathologies that were studied are presented 
in Figure 2, while the IDF values (depolarization factors 
averaged over ROIs) are shown in Figure 3. The area 
marked in Figure 2 with a grey rectangle morphologically 
corresponds to the bladder mucous membrane; while 
the area marked with an orange rectangle corresponds 
to the submucous layer.

In the group with mild inflammation (group 1) the 
depolarization factor value at the depth of the mucous 
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Figure 2. Depolarization factor maps for mild (a) and severe (b) inflammation of the bladder wall; at poorly differentiated 
invasive urothelial carcinoma (c) and urothelial carcinoma recurrence in the area of the post-operative scar (d); black 
pointer — tumor area; white pointer — scar area; axis tick labels are specified in µm; the jet colormap represent the color 
encoding of the IDF values

Figure 3. Histogram of the IDF value distribution for 
mild (group 1) and severe (group 2) inflammation of 
the bladder wall; for poorly differentiated invasive 
urothelial carcinoma (group 3) and urothelial 
carcinoma recurrence in the area of the post-operative 
scar (group 4). * Statistically significant difference 
between the control group and all the other groups 
of pathologies, p<0.05 (Mann–Whitney criterium); 
** between urothelial carcinoma and the other 
pathologies, p<0.05 (Mann–Whitney criterium)

membrane is higher than in the case of the other 
pathologies (groups 2–4) (Figure 2 (a)–(d), grey 
rectangle; Figure 3, grey columns), which matches the 
observations (obtained in the course of SHG, AFM and 
histological examination) concerning the preservation of 
the structure of the majority of the collagen fibers in this 
condition (See Figure 1 (i), (m)) and at this depth.

While comparing the depolarization factor values 
in the maps and the calculated IDF values for the ROI 

at a depth of 300–600 µm, an actual decrease of this 
parameter is observed only in the group with urothelial 
invasive carcinoma (group 3). In the other groups (1, 2 
and 4) the IDF values remain high, although statistically 
significant differences are not achieved (Figure 2 (a)–
(d), orange rectangle; Figure 3, orange columns). 
This is also consistent with the results of the parallel 
examinations using high resolution methods. Only in the 
case of invasive urothelial carcinoma developing against 
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particularly severe inflammation the collagen fibers and 
fibrils at this depth become disorganized and fragmented 
to a noticeable extent. In cases of mild and severe 
inflammation, as well as in cases of the recurrence of 
urothelial carcinoma in the area of the surgical scar at 
the level of the submucous layer, the collagen fibers 
are predominantly in a condition of mucoid swelling, 
becoming thickened and densely arranged. This results 
in efficient cross-scattering.

It is important that the results of the IDF calculation 
demonstrate statistically significant differences between 
the groups with severe inflammation and those with 
urothelial carcinoma (See Figure 3, р<0.05) confirming 
the efficacy of the diagnostic use of CP OCT in these 
situations.

Thus, a statistically significant decrease in the IDF 
values derived from the CP OCT images of bladder 
cancer against a background of chronic inflammation 
and carcinoma recurrence in the area of the surgical scar 
confirms the significant disorganization of the collagen 
fibers (responsible for the polarization properties of 
the tissue) in the case of carcinoma invasion into the 
connective tissue. Consequently, the IDF may be 
used to detect (with a high level of reliability) urothelial 
carcinoma against a background of severe inflammation, 
as well as carcinoma recurrence in the area of the 
surgical scar.

Quantitative assessment of SHG images. Two 
parameters are proposed for quantitative assessment 
of the collagen state from the SHG images: the average 
value of the signal intensity, and the coherence of 

its distribution. Results for each of the four groups 
are demonstrated in Figure 4. It can be seen that at 
the different depths from the bladder surface these 
parameters have different characteristic values, which is 
an indicative of the heterogeneity of the studied tissues.

In particular, note that the coherence of the SHG 
signal distribution in the bladder is low, amounting 
about 0.125, indicating the absence of a preferred 
direction of the extracellular matrix collagen fibers in 
the bladder wall. The highest value of average intensity 
and coherence in the SHG signal can be observed 
in the case of mild inflammation of the bladder wall 
directly under the urothelium (Figure 4, grey columns). 
Statistically significant differences in these two 
parameters exist between the control group and the 
groups with severe inflammation, poorly differentiated 
carcinoma, and carcinoma in the area of the surgical 
scar (See Figure 4, р<0.05). However, at greater 
depth (300–600 µm) a significant decrease of these 
parameters of the SHG signal can be observed in the 
control group and this is an indicative of the structural 
inhomogeneity and multidirectionality of the packing of 
the collagen fibers at the level of the submucous layer. 
This seems to be due to the intrusion of the muscle 
fibers among the connective tissue fibers at this depth.

The lowest values of these two parameters of the SHG 
signal at a depth of 100–300 µm from the tissue surface 
are found in the cases of both severe inflammation 
and poorly differentiated urothelial carcinoma being 
an indicative of the absence of a preferred orientation 
of the collagen fibers in the subsurface area in these 
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Figure 4. Histograms of the average value of intensity (a) and the distribution coherence (b) of the SHG signal for mild 
(group 1) and severe (group 2) bladder wall inflammation; for poorly differentiated invasive urothelial carcinoma (group 3) and 
for urothelial carcinoma recurrence in the area of the post-operative scar (group 4). * Statistically significant difference of the 
SHG signal parameters in the mucous membrane, calculated at the same depth as in group 1 in comparison with the other 
pathologies, p<0.05 (Mann–Whitney criterium); ** values of average intensity of the SHG signal in the mucous membrane in 
groups 2 and 3, p<0.05 (Mann–Whitney criterium)
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Figure 5. FNS parameters of the surface for AFM images of the bladder tissue 
at mild inflammation (group 1) and severe inflammation (group 2); at poorly 
differentiated urothelial carcinoma (group 3) and recurrence of carcinoma in the 
area of the post-operative scar (group 4)

cases. It is important to note that a statistically significant 
difference (p<0.05) in the average values of the SHG 
signal between the severe inflammation and the 
urothelial carcinoma groups (Figure 4 (a)) is revealed. 
By contrast we were unable to find a consistent change 
of the average value of the SHG signal intensity with 
depth in the cases under study.

The values of coherence of the SHG signal distribution 
at the depth of the mucous membrane mirrored the 
IDF values, i.e. they were largest in the case of mild 
inflammation, and smallest in the case of carcinoma 
invasion (Figure 4 (b)). At a depth of 300–600 µm no 
trends in variation of the SHG signal coherence values 
or in the intensity values in the cases under study were 
revealed.

Thus, the proposed parameters, namely, average 
value of the SHG signal intensity and the coherence 
of its distribution, allow for assessment of the spatial 
location and organization of the collagen fibers in the 
bladder wall at different depths and in cases of different 
pathological processes.

For verification of the CP OCT diagnostic data, a 
correlation analysis with the SHG signal parameters in 
the selected ROIs was performed. A highly statistically 
significant positive correlation between the IDF and 
the parameter of conformance of the SHG signal 
distribution from collagen at the level of the mucous 
membrane (r=0.867; p<0.001; Spearman correlation) 
was revealed. This is an indicative of high degree of 
correlation between the cross-scattering level and 
collagen fibers packing density. This determines the 
structural disorganization of the fibers at a tissue level 
in the bladder subsurface region. However, a significant 
decrease in correlation can be observed between the 
specified parameters at the level of the submucous layer 
(r=0.127; p=0.648; Spearman correlation).

Between the values of the IDF and 
the parameter of the SHG intensity 
signal from the collagen at the level 
of mucous membrane, a low and 
statistically insignificant correlation was 
revealed (r=0.464; p=0.081; Spearman 
correlation). For the submucous layer 
no correlation between the specified 
parameters (r=–0.116; p=0.682; 
Spearman correlation) was found. 
Consequently, a correlation analysis of 
these quantitative parameters reveals 
only their unconditional relationship, 
while a visual assessment is sensitive 
to less evident relationships.

FNS parametrization of AFM 
images. The FNS parameters were 
obtained for the AFM images of the 
bladder extracellular matrix in all the 
situations being studied. In the cases 
of mild and severe inflammation, 
we observed significant variance 

of FNS parameters (groups 1 and 2, Figure 5), which 
is indicative of the extreme non-uniformity of the 
extracellular matrix in these cases. In the case of 
urothelial carcinoma of the bladder, the FNS parameters 
were either unchanged or decreased, in comparison 
with the control group, although the variance of the 
values was not significant (groups 3 and 4, Figure 5). 
It is obvious, that the observed trend for the tumor 
process reflects a smoothing of the surface topography, 
associated with the increase in the content of non-
fibrous matrix components, covering the destroyed 
collagen structures. The correlation of these FNS 
parameters with the CP OCT and SHG parameters was 
not determined.

Discussion. These studies demonstrate the potential 
of CP OCT as an in vivo technique for assessing 
the state of collagen fibers that may be used for the 
reliable diagnosis of bladder cancer developing against 
a background of severe inflammation, as well as of 
carcinoma recurrence in the area of the post-operative 
scar.

Three modalities of high resolution technologies were 
used to provide visualization and a comprehensive 
assessment of the collagen fibers, the dominant 
component of connective tissue, and to trace the 
changes in its state in the bladder wall that occur in 
cases of considered pathologies. These approaches 
allowed for evaluation of the collagen fibers from the 
viewpoint of their integrity/disorganization, orientation, 
form and density by characterizing the condition of the 
collagen at different levels of its structural organization 
(from tissue to fibrillar) and to draw conclusions on the 
sensitivity of the OCT signal in cross-polarization to the 
changes in the condition of the collagen fibers. It has 
been demonstrated that the optical structures in the CP 
OCT images are visually well correlated with the results 
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of traditional histopathology and with the assessment of 
collagen by means of SHG and AFM.

Quantitative processing of the images obtained by CP 
OCT and high resolution microscopy (SHG microscopy 
and AFM modes) allowed objective assessment of the 
changes in the spatial organization of the extracellular 
matrix at a multi-structural level for different stages of the 
inflammatory process and for invasive bladder cancer.

Results of the IDF calculations (evaluating the 
condition of the collagen fibers by the level of cross-
scattering) demonstrated the potential for its use in 
automated diagnoses of bladder pathology. The obvious 
decreases in the IDF value both in the cases of invasive 
bladder cancer developing against a background of 
chronic inflammation and cancer recurrence in the 
area of the post-operative scar confirm significant 
disorganization of the collagen fibers in the case of 
cancer invasion. Therefore, employment of IDF allows 
the detection (with high level of significance) of urothelial 
carcinoma against a background of severe inflammation, 
as well as carcinoma recurrence in the area of the post-
operative scar (р<0.05).

Study of the two SHG signal parameters, the average 
value of intensity and the coherence of its distribution, 
at the level of the mucous and submucous membranes 
of the bladder wall demonstrated that their lowest 
values directly under urothelium (mucous membrane) 
are found in cases of severe inflammation and poorly 
differentiated urothelial carcinoma. This is an indicative 
of the absence of a preferred orientation of the collagen 
fibers in the subsurface area in these situations. The 
statistically significant difference (p<0.05) found for the 
average value of the SHG signal intensity in the groups 
with severe inflammation and with urothelial carcinoma 
is considered to be important. The values of SHG 
signal distribution coherence at the level of the mucous 
membrane mirrored the trends for IDF, i.e. they were 
greatest in the case of mild inflammation and lowest in 
the case of cancer invasion.

The IDF calculation provides significant information 
concerning the level of disorganization of the stromal 
collagen in the case of invasion correlating well with 
the data from nonlinear microscopy in SHG mode. The 
Spearman correlation coefficient for the IDF and SHG 
signal distribution coherence was r=0.867; p<0.001.

The character of the changes taking place in 
the bladder in the case of inflammation and cancer 
developing at its background is confirmed by the 
AFM method with the use of qualitative assessment 
of the FNS parameters. The involvement of all levels 
of collagen organization inevitably affects the surface 
structure. Significant variance of the FNS parameters 
in the case of inflammation (independently of its 
expression) is indicative of the extreme non-uniformity 
of the extracellular matrix in these cases. In the case 
of bladder tumors, the FNS parameters were slightly 
changed in comparison with the control group, although 
the variance of values was not significant. It is obvious, 

that the observed trend for the tumor process reflects 
smoothing of the surface topography, connected with an 
increase in the content of non-fibrous matrix components 
(protein-based proteoglycan complexes), covering the 
collagen structures.

The comprehensive quantitative assessment of CP 
OCT images and high resolution microscopy (SHG 
and AFM) in the case of inflammation and of bladder 
cancer enables to trace disorganization of the collagen 
at different levels: at a tissue level (decrease of cross-
polarization back-scattering, which is quantitatively 
characterized by the IDF); at the fiber level (severe 
mucoid swelling and fragmentation in the SHG images 
quantitatively characterized by the average value of 
intensity and coherence of the SHG signal distribution); 
and at the fibrillary level (distortion of fibril layering, 
prevalence of interweaving of the net of fibrils, and 
presence of amorphous material seen in the AFM 
images, which can be quantitatively characterized by 
their FNS parameters).

By contrast to OCT, the use of SHG microscopy and 
AFM modes in clinical endoscopic practice is currently 
unavailable. In this study, methods of high resolution 
microscopy were considered as the means of verification 
of the changes in the microstructure of the bladder 
extracellular matrix in cases of inflammation and cancer 
which improved understanding of the features observed 
in CP OCT images.

Conclusion. Comparison of CP OCT images with 
the data from high resolution microscopic modalities 
(nonlinear microscopy in second harmonic generation 
mode and atomic force microscopy) demonstrated 
that CP OCT has the potential to become a powerful, 
real-time and minimally invasive tool for the diagnosis 
of bladder cancer against a background of severe 
inflammation in the area of the post-operative scar. 
The presented results should stimulate the further 
development of CP OCT technique and promote its 
active introduction into clinical practice.
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