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Abstract. The objective of the study is the quantitative analysis of the dose-time dependences of changes
occurring in collagen of bladder and rectum after gamma-irradiation using optical methods [nonlinear microscopy
in a second harmonic generation (SHG) detection regime and cross-polarization optical coherence tomography
(CP OCT)]. For quantitative assessment of the collagen structure, regions of interest on the SHG-images of
two-dimensional (2-D) distribution of SHG signal intensity of collagen were chosen in the submucosa. The
mean SHG signal intensity and its standard deviation were calculated by ImageJ 1.39p (NIH). For quantitative
analysis of CP OCT data, an integral depolarization factor (IDF) was calculated. Quantitative calculation of the
SHG signal intensity and the IDF can provide additional information about the processes of the collagen radi-
ation-induced degradation and subsequent remodeling. High positive correlation between the mean SHG signal
intensity and the mean IDF of bladder and rectum demonstrates that CP OCT can be used as an “optical biopsy”
in the grading of collagen radiation damage. © 2018 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.23

.9.091417]
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1 Introduction
Despite the development of the methods of conformal irradia-
tion of malignant tumors, adverse events in normal tissues that
arise in the early and late periods after radiation therapy are still
a challenge of radiation oncology.1 The severity of the side
effects of radiation/chemoradiation therapy can range from
minor functional disorders to severe injuries that have a signifi-
cant impact on the patients’ quality of life and lead to disability.2

One of the key mechanisms for the development of normal
tissues’ radiation damage is degradation and subsequent remod-
eling of the connective-tissue matrix. The collagen synthesis
activation in irradiated tissues leads to the radiation-induced fib-
rosis, which is typical for second grade of radiation changes and
accompanied by the corresponding organs dysfunction.3 The
main manifestation of the third and fourth grades of complica-
tions is the degradation of extracellular matrix components,
which leads to the subsequent appearance of necrosis, bleeding,
and fistula.4,5 All modern systems of grading the severity of radi-
ation-induced organ and tissue damage are based on patient
complaints, symptoms, and visual changes; these cannot pro-
vide objective and quantifiable information.1 From this point
of view, a noninvasive method for detecting quantifiable
changes in the connective-tissue matrix of organs included

into the irradiated volume during the radiation therapy of malig-
nant tumors is highly desirable.

The development of optical methods [optical coherence
tomography (OCT),6,7 nonlinear microscopy8,9] has opened
new opportunities for studying and assessing the structure of
the extracellular matrix ex vivo and in vivo. Visualization of col-
lagen using the method of nonlinear microscopy occurs due to
the phenomenon of the second harmonic generation (SHG) from
molecules that do not have a center of symmetry.10–12 Under the
short-pulse (∼100 fs) laser radiation with a high peak power,
collagen generates a nonlinear optical response at a doubled
frequency.13,14 Scanning with a fine-focused laser beam
makes it possible to obtain images that reflect the peculiarities
of the collagen folding in the tissue in detail. Nonlinear micros-
copy in SHG detection regime is now used in dermatology,15

ophthalmology,16 oncology,17,18 atherosclerotic vascular disease
studies,19,20 and diseases with abnormal accumulation of colla-
gen in tissues and organs.21

The principle of OCT is the measurement of the echo time
delay and magnitude of backscattered light. The OCT operation
is based on light interferometry.22 The method is widely used in
a routine clinical practice for diagnostics and monitoring.23 One
of its modifications is the cross-polarization OCT (CP OCT),
which can obtain specific information about the structure of
extracellular matrix based on the polarization properties of

*Address all correspondence to: Marina Kochueva, E-mail: marina.kochueva@
mail.ru 1083-3668/2018/$25.00 © 2018 SPIE

Journal of Biomedical Optics 091417-1 September 2018 • Vol. 23(9)

Journal of Biomedical Optics 23(9), 091417 (September 2018)

https://doi.org/10.1117/1.JBO.23.9.091417
https://doi.org/10.1117/1.JBO.23.9.091417
https://doi.org/10.1117/1.JBO.23.9.091417
https://doi.org/10.1117/1.JBO.23.9.091417
https://doi.org/10.1117/1.JBO.23.9.091417
https://doi.org/10.1117/1.JBO.23.9.091417
mailto:marina.kochueva@mail.ru
mailto:marina.kochueva@mail.ru
mailto:marina.kochueva@mail.ru
mailto:marina.kochueva@mail.ru


the tissue.24 Optical methods have been already used in assess-
ing the features of tissues exposed to ionizing radiation. The
previous studies using the CP OCT have shown that early radi-
ation complications of bladder are located primarily in the zone
of connective-tissue structures under the urothelium.25 The
study of the radiation-induced changes of the collagen on the
model (rat’s tail tendon) using optical and physical–chemical
methods revealed the main mechanisms of its degradation
and subsequent remodeling depending on the dose and the
time after irradiation.26 The combination of nonlinear micros-
copy and OCT can be used to diagnose various pathological
processes in real time, avoiding unnecessary biopsies.27–30

CP OCT imaging is a minimally invasive procedure that
has been performed using a sterile endoscopic OCT-probe
under a visual control of a cystoscope with a very low risk of
complications.31 However, to use this technique as the method
for the evaluation of tissues damage degree after the irradiation,
the verification of the CP OCT results with histology is needed.
Nonlinear microscopy allows to obtain objective information
about the collagen structure, i.e., the rate of change that char-
acterizes orientation, the degree of structural organization of col-
lagen on fiber and fibrils levels, and it allows to judge about the
presence of pathology.32 The correlation between these two
methods will further help to determine the nature of collagen
changes caused by radiation therapy using the “optical biopsy”
itself, without performing a histological study.

The study objective was the quantitative analysis of the dose-
time dependences of changes occurring in collagen of bladder
and rectum after gamma-irradiation using two optical methods:
nonlinear microscopy (in the regime of SHG detection) and
cross-polarization OCT.

2 Materials and Methods

2.1 Study Object

Experiments were performed on white outbred rats (a total of 20
animals) kept in the standard vivarium conditions. The studies
were performed in accordance with the ethical principles estab-
lished by the European Convention for the Protection of
Vertebrate Animals used for experimental and other scientific
purposes with the permission of the Local Ethical Committee
of the Nizhny Novgorod State Medical Academy (Protocol
no. 9, October 15, 2014). Before procedure, intraperitoneal
anesthesia was performed with a Zoletil solution in a dose of
50 mg/kg, then the animals were fixed on a special plate.
Irradiation was carried out in vivo using the Co60 unit “Terabalt”
(UJP, Prague, Czech Republic) with a mean beam energy of
1.25 MeV, by a local field, by single doses equivalent to 2,
10, and 40 Gy, respectively. The exposure time was calculated
in accordance with the size of the irradiation field, the depth, and
the single dose. In 24 h, 1 week, and 1 month after exposure, the
animals were withdrawn from the experiment using ether
anesthesia.

Bladder and rectum were dissected and ex-vivo CP OCT
study was performed immediately on the entire surface of the
organs. The samples were constantly wetted with 0.9% NaCl
solution to avoid drying. The preparations of the bladder and
rectum of two unirradiated animals were used as controls. A
part of the organ was separated for microscopic examination
before the CP OCT procedure. The samples for the nonlinear
microscopy and light microscopy were fixed for 24 h in a
10% buffered solution of neutral formalin. Then, the samples

were embedded into paraffin (“Histomix-extra,” “BioVitrum,”
Russia), followed by the mounting of paraffin blocks. The slices
of 0.3- and 10-μm-thick were produced from the resulting
blocks using the Leica 450 RM rotary microtome (Leica
Microsystems, Germany). The slices of 0.3-μm-thick were
stained with picrofuchsin according to van Gieson and were
used to verify the results obtained by the nonlinear microscopy.
The preparations were studied with a Leica DMLS microscope
(Leica Microsystems, Germany). The samples of 10-μm-thick
obtained from the same blocks were dewaxed and investigated
using the method of the nonlinear microscopy without addi-
tional staining.

2.2 Nonlinear Microscopy: Imaging and Processing

Studies of unstained slices of bladder and rectum samples were
performed on an inverted laser scanning microscope LSM
Axiovert 510 Meta (Carl Zeiss, Germany). A short-pulse femto-
second laser MaiTai HP (Spectra Physics) with a pulse repetition
rate of 80 MHz and a duration of about 100 femtoseconds was
used. Deparaffined slices placed on a slide were covered with a
cover glass of 170-μm thick. The images of the structure were
constructed with the oil-immersion lens EC Plan-Neofluar with
40-fold magnification and a numerical aperture of 1.3, which
made it possible to obtain a field of 318 × 318 microns with
a resolution of 1024 × 1024 pixels. The following spectral char-
acteristics of the visualization system were used: excitation at a
wavelength of 800 nm, detection in the wavelength range of 362
to 415 nm, containing a peak of the nonlinear response of col-
lagen at the second harmonic (400 nm).13 Registration was car-
ried out with the fully open pinhole.

To quantify the features of the collagen fibers, the regions of
interest (ROI) on the submucosal layer were selected (Fig. 1).
The areas corresponding to the quality criteria (the absence of
blood vessels, epithelium, and muscle fibers in the area of inter-
est and the absence of dark fields corresponding to areas that
were out of focus) were outlined. In total, 109 images of the
bladder and 145 images of the rectum were obtained. In total,
265 ROI on the bladder SHG-images and 343 ROI on the rectum
SHG-images were analyzed.

The parameter of the SHG signal intensity, which represents
the average SHG signal intensity on all informative pixels in the
image for the selected ROI, has been used as a quantitative cri-
terion for assessing the structure of collagen depending on the
dose and time after radiation exposure. The average intensity of
the intact bladder/intact rectum SHG signal was obtained as a
result of averaging the intensity values from a set of ROI. All the
values obtained were normalized to the average value of the
intensity of the SHG signal of intact samples taken as unity.
The average value of the SHG signal intensity from all the ana-
lyzed ROI was calculated for each dose and time after irradia-
tion, the result being presented as mean ± SD. Calculations
were made in the ImageJ 1.39p software (NIH, USA). All tissue
samples were fixed uniformly in a neutral formalin; the values of
the signal intensity distribution of every sample were normalized
to the average value of the intensity of the SHG signal of intact
samples taken as unity. There are data that formalin fixation
could affect a collagen structure.33 Although the protocol of tis-
sue processing was the same for all samples, we suggest that the
resulting changes did not influence on the relative values of the
signal intensity distribution on the nonlinear microscopy
images. All data were obtained from the slices of the same
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thickness at the same parameters of the pump power, digital
amplification, and the dynamic range of the recorded signal.

2.3 Cross-Polarization Optical Coherence
Tomography: Imaging and Processing

The cross-polarization OCT was used to assess the changes in
the structure of biological tissues at the level of general organs
(bladder and rectum) architectonics. The device “OCT 1300-U”
(IAP RAS, Nizhny Novgorod, Russia) was used.34

The wavelength of the superluminescent diode used as the
radiation source was 1315 nm, the spectral width was 60 nm,
which determined the spatial resolution at a depth of 20 μm.
The tomograph is equipped with a flexible fiber-optic probe
with an end-window of an optical scanner of 2.7 mm in diam-
eter, with a lateral resolution of 25 μm. When scanning the ROI,
the probe was brought into a contact with the object of inves-
tigation. Before OCT-scanning, the dissected organs were
spread and fixed on the plate. OCT imaging was performed
“step by step” all over the organ surface. From every organ,
at least 15 images were obtained. The averaged data from all
obtained images for every time and dose point have been pre-
sented in the paper.

The CP OCT system has a common-path optical layout and
two signal acquisition channels: one for scattered light that
maintained initial polarization (“copolarized”), and one that
now exhibits orthogonal polarization (“cross polarized”).23

The size of the CP OCT image in each polarization is 200 points
in the transverse direction and 256 points in depth, which cor-
responds to 2.2 × 1.3 mm2. The brightest areas of the CP OCT
image represented in the brown palette correspond to the maxi-
mum intensity signal, and the darkest ones correspond to the
signal with minimum intensity.34

A dimensionless parameter, the integral depolarization factor
(IDF), which is the ratio of the received OCT signal powers,
averaged over all informative pixels of the CP OCT image,
in the orthogonal and original channels.31 The amplitude of
the OCT signal in the orthogonal polarization depends on the
degree of inverse cross scattering of the probe radiation by
the tissues that are studied.35 The main structural cross-scatter-
ing components are collagen fibers. The degree of cross-scatter-
ing depends on their structural and spatial organizations.
Therefore, the IDF magnitude can be used to judge the structure
of collagen fibers in the tissue, and, consequently, to assess the
degree of radiation-induced damage of the organs’ extracellular
matrix.

2.4 Statistical Analysis

Statistical analysis was performed by ImageJ 1.39p (NIH) and
Microsoft Excel 2007 software. The intact samples and the sam-
ples obtained at various times after irradiation (a day, a week,
and a month) by the doses of 2, 10, and 40 Gy were compared
using the one-tailed student’s t-test in Statistica 6.0 software.
P values <0.05 were considered to be statistically significant.
Correlation analysis was performed between the mean values
of the intensity of the SHG signal determined by a nonlinear
microscopy method and the values of IDF were determined
by CP OCT for bladder and rectum separately. A correlation
cloud was created and linearly approximated by the Prism
software (GraphPad Software Inc., La Jolla). The Spearman’s
rank correlation coefficient and the significance level were
calculated.

3 Results

3.1 Results of the Study of Radiation-Induced
Changes in Bladder Collagen

On the images of intact rat bladder obtained using the nonlinear
microscopy in an SHG detection regime, the main localization
of collagen fibers were the urothelium basal membrane, the sub-
mucosa, the walls of the blood vessels, and the framework of the
muscle layer [Fig. 1(a)].36

No changes in the extracellular matrix were detected during
the visual assessment of images of the SHG signal distribution
of collagen of the bladder wall after exposure to a dose of 2 Gy
irrespective of the time after irradiation (Fig. 2). The main man-
ifestations of radiation damage to collagen on the images after
irradiation at doses of 10 and 40 Gy were swelling of the sub-
mucosal layer, fragmentation of collagen fibers, destruction of
connective-tissue structures, and more pronounced after expo-
sure to a dose of 40 Gy (Fig. 2).36

A clear dependence of the SHG signal intensity of the blad-
der wall collagen on the dose and the time after irradiation was
observed after the quantitative assessment of SHG-images. After
irradiation at a dose of 2 Gy, the values of the intensity of the
SHG signal did not differ from the intact bladder samples irre-
spective of the term after irradiation. One day after irradiation,
the decrease in the intensity of the SHG signal of collagen after
irradiation in doses of 10 and 40 Gy, respectively, was observed
(Fig. 3). Statistically significant difference (p ¼ 0.05) compared
with the intact sample was revealed after irradiation at a dose of
40 Gy.

Fig. 1 Examples of ROI selection. (a) Intact bladder SHG-image, (b) intact rectum SHG-image, and
(c) contours.
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Aweek after the exposure, a statistically significant decrease
in the intensity of the SHG signal to 0:67� 0.12 a.u. after irra-
diation at a dose of 10 Gy and to 0.52� 0.11 a.u. after 40 Gy
irradiation remained in comparison with the intact sample
(1� 0.13 a.u.) (Fig. 3). A month after irradiation at a dose of
10 Gy, the intensity of the SHG signal was almost restored to the
level of the intact sample—0.91� 0.14 a.u., whereas the signal
intensity of the samples irradiated at a dose of 40 Gy did not
even show a tendency to return to the initial level and amounted
to 0.47� 0.15 a.u. (Fig. 3).

The four layers can be differentiated on OCT images of intact
bladder samples of rats in the initial polarization, corresponding
to the layers on histological image: the upper layer with a mod-
erate signal level corresponding to the urothelium; medium layer
with a high signal level corresponding to the connective-tissue
layer (proper mucous plate and submucosal layers); the next
layer with a moderately intense signal corresponding to the
muscle layer; and the lowest layer corresponding to the outer
adventitious membrane [Figs. 4(a) and 4(c)]. In the orthogonal
polarization, in these zones of the bladder, a distinct signal is

Fig. 3 Dynamics of the SHG signal of collagen depending on the
dose and time after radiation exposure. Normalized mean intensity
of the SHG signal in ROI of the bladder. *Statistically significant differ-
ence from the initial level.

Fig. 2 Images of the bladder depending on the dose and time after irradiation. Left columns—SHG-
images (nonlinear microscopy in SHG detection regime, image size 318 × 318 μm, oil-immersion);
right columns—van Gieson staining (40× objective magnification).

Fig. 4 OCT-image of intact bladder: (a) initial polarization, (b) orthogonal polarization, (c) standard his-
tological image of bladder, HE staining. (U, urothelium; S, submucosa, and lamina propria; M , muscle;
and A, adventitia)
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clearly determined from collagen fibers in the proper mucous
plate, the submucosa layer, and the adventitious membrane.
The urothelium does not have a visible OCT signal as the transi-
tional epithelium does not change the polarization of the probing
radiation [Fig. 4(b)].

There have been no visible changes in the structure identified
after any dose expose, but the numerical image processing
revealed changes (see Figs. 5 and 7). The IDF value of the intact
bladder was 0.067� 0.01 a.u. After irradiation at a dose of 2 Gy,
the changes in the IDF were not statistically significant irrespec-
tive of the period after irradiation (Fig. 5). A day after irradiation
of the bladder in doses of 10 and 40 Gy, respectively, the IDF
values reduced to 0.053� 0.01 and 0.05� 0.01, respectively. A
week after irradiation in doses of 10 and 40 Gy, the IDF values
remained lower, which indicated the continuing processes of the
connective-tissue matrix degradation. An increase in the values

of the IDF almost to the initial level was observed 1 month after
the exposure at a dose of 10 Gy. There was a pronounced
decrease in the IDF to 0.029� 0.01 1 month after the radiation
exposure at a dose of 40 Gy (Fig. 5). Statistically significant
differences compared with the unirradiated control were
detected in a day, a week, and a month after a radiation exposure
in the doses of 10 and 40 Gy, respectively.

The analysis of the data showed a high positive correlation
(the Pearson correlation coefficient was 0.855 at a significance
level of p < 0.005) between the values of the SHG signal inten-
sity and the IDF values of the bladder wall. The linear approxi-
mation showed a satisfactory value of the approximation
reliability (R2 > 0.7). This indicates that CP OCTwith the blad-
der tissue IDF calculation can be used as a method for verifying
the dynamics of changes in collagen structures after the ionizing
radiation exposure.

3.2 Results of the Study of Radiation-Induced
Changes in Rectal Collagen

The basal membrane, a proper mucous plate, submucosa and
walls of blood vessels, and the stromal skeleton muscle sheath
are the main allocations of connective-tissue structures in intact
rat rectum [Fig. 1(b)].

Visual changes in the rectum wall collagen arising from 1
day up to 1 month after exposure in the studied doses were sim-
ilar to the changes in the bladder wall collagen structures
(Fig. 6).

Quantitative analysis of the SHG images of rectum samples
showed a decrease in the intensity of the collagen SHG signal
to 0.86� 0.18 a.u. a day after irradiation at a dose of 10 Gy and
to 0.74� 0.04 a.u. after 40-Gy irradiation (Fig. 7). The maxi-
mum decrease in the signal intensity was observed after expo-
sure to a dose of 40 Gy (difference in comparison with the intact
sample was statistically significant, p ¼ 0.05). Aweek after the

Fig. 5 Mean IDF depending on the dose and time after radiation
exposure. *Statistically significant difference from the initial level.

Fig. 6 Images of the rectum depending on the dose and time after irradiation. Left columns—SHG-
images (nonlinear microscopy in SHG detection regime, image size 318 × 318 μm, oil-immersion);
right columns—van Gieson staining (40× objective magnification).
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exposure, the decrease in the SHG signal remained, having sta-
tistically significant differences compared with unirradiated
control after exposure to a dose of 10 Gy (0.58� 0.2 a.u.) and
40 (0.48� 0.03 a.u.), respectively. A tendency of the SHG sig-
nal intensity returning to the original level was observed a month
after exposure to a dose of 10 Gy, and signal intensity of the
samples irradiated in a dose of 40 Gy remained significantly
reduced: 0.45� 0.02 a.u. Irradiation in a dose of 2 Gy did
not significantly affect the SHG signal intensity irrespective
of the period after exposure.

Four layers are differentiated on OCT images of intact rectum
samples in the initial polarization, corresponding to the layers
on a histological image: the upper layer with a moderate signal
level corresponding to the epithelium; the second with a high
signal level corresponding to the submucosal layer; the third
one with a moderate signal level—a muscular layer; the lower
thin layer with an uneven border—a serous layer [Figs. 8(a) and
8(c)]. In the orthogonal polarization, in these zones of the rec-
tum, a distinct signal is clearly determined from collagen fibers
in the submucosa layer and the serous membrane. In this case,
the epithelium does not demonstrate a visible signal [Fig. 8(b)].

No visible changes in the structure were revealed on CP OCT
images of rectum samples obtained at various times after irra-
diation in the studied dose range. After the quantitative analysis
of CP OCT images of the intact rectum, the mean IDF value was
0.058� 0.01. A day after irradiation of the rectum in doses of
2, 10, and 40 Gy, the IDF values reduced to 0.051� 0.01,
0.044� 0.01, and 0.046� 0.01, respectively. In a week and
a month after irradiation in doses of 2 and 10 Gy, the IDF values
slightly increased. After a dose expose of 40 Gy, the IDF values

decreased progressively and amounted to 0.38� 0.01 in a week
and 0.034� 0.01 in a month, which indicated the persistent con-
nective-tissue matrix degradation processes (Fig. 9). There were
statistically significant changes compared with intact control in
a day after 10-Gy exposure, and in a day, a week, and a month
after irradiation in the dose of 40 Gy.

The analysis of the data showed a high positive correlation
between the values of the SHG signal intensity and the IDF val-
ues (the value of the linear Pearson correlation coefficient was
p ¼ 0.813, with a significance level of p < 0.005). The linear
approximation showed a satisfactory value of the approximation
reliability (R2 > 0.6).

4 Discussion
The study objective was to quantify the features of the connec-
tive-tissue matrix of internal organs (bladder and rectum) at dif-
ferent times after exposure to increasing clinically relevant doses
of ionizing radiation. Nonlinear microscopy images with the
SHG signal distribution were subjected to a quantitative analysis
with an assessment of the SHG signal intensity from collagen,
depending on the dose and the time after irradiation. A choice of
a correct approach for an objective assessment of collagen struc-
ture was one of the primary objectives of the work. At present,
there are several different approaches, most of them are based on
the assessment of characteristic features of the fibers, such as a
size, shape, arrangement, and proportions of its parts. The key
features on which the methods of quantitative analysis are based,
are the number of fibers, their organization and disorganization,
the density of packing, the curvature of the fibers, their longi-
tudinal and transverse dimensions.37 To quantify the density and

Fig. 7 Dynamics of SHG signal of collagen depending on the dose
and time after radiation exposure. Normalized mean intensity of
SHG signal in ROI of the rectum. *Statistically significant difference
from the initial level.

Fig. 8 OCT-image of intact rectum: (a) initial polarization, (b) orthogonal polarization, (c) standard his-
tological image of rectum, HE staining. (E , epithelium; S, submucosa; and M , muscle)

Fig. 9 Mean IDF depending on the dose and time after radiation
exposure. *Statistically significant difference from the initial level.
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orientation of collagen structure, the most used method is the
fast Fourier transform.38

In addition, a combination of the Fourier transforms and the
Hough transform39 and other modifications of the method40 can
be used. For cases with a poorly expressed order of collagen
fibers, a gray-level co-occurrence matrix is also used.41 For
quantitative analysis of tissues that do not have certain features
of collagen structure, the most often used parameter is the aver-
age signal intensity and its standard deviation. It can be consid-
ered as the most universal and objective as the intensity of the
signal is calculated directly from the initial data and does not
require subjective variation in any parameters. This very
approach was used in our work to objectify the data obtained
by visual assessment of the nonlinear microscopy images.

Both histological study and nonlinear microscopy in SHG
detection regime revealed two parallel processes in the
bladder and rectum: destruction (disorganization) and restora-
tion of damaged structures of collagen-containing elements.
Disorganization of the extracellular matrix observed with van
Gieson microscopy manifested itself as a diffuse signal decrease
in the range of 362 to 415 nm on images of SHG signal distri-
bution. Similar changes (decrease in the intensity of the collagen
SHG signal) were detected in vivo when monitoring the skin
after a thermal burn,8 as well as in systemic diseases character-
ized by disorganization of connective-tissue structures of inter-
nal organs.31 A distinct dependence of changes in the collagen
SHG signal on the radiation dose was revealed. A dose of 2 Gy
did not cause significant changes in the signal intensity, whereas
exposure in doses of 10 and 40 Gy led to a statistically signifi-
cant reduction of it in a day and a week after exposure.

The recovery mechanisms are triggered as a response to the
destruction of connective-tissue structures: the neocollagenesis
process, the start of which was noted in a month after irradiation
of a dose of 10 Gy. These processes were reflected on the images
of the SHG signal distribution in the form of signal intensity
growth after its decrease. The remodeling of the extracellular
matrix is significantly slowed after exposure to higher doses
(40 Gy).

Today the development of nonlinear microscopy technology
goes in the direction of in-vivo diagnosis of chronic inflamma-
tory processes, precancerous diseases, and malignant tumors of
the colon, esophagus, stomach, and skin diseases. However,
there can be some problems in this area, the main of which
is the problem of illumination of the tissue of interest and
the possible mutations caused by the action of a femtosecond
laser.42 With this regard, the nonlinear microscopy requires tis-
sue biopsy, and in most cases, cannot be used in routine practice
as a method of the assessment of radiation-induced damage of
the internal organs extracellular matrix. On the contrary, OCT is
a fairly simple minimally invasive procedure.

The CP OCT method allows not only to describe the micro-
structure of biological tissues, but also to assess the ability of
their connective-tissue matrix to change the polarization features
of a probing radiation. With regard to the rectum and bladder,
this is possible due to random cross scattering. CP OCT pro-
vides information about the damage of the microstructure of
depolarizing tissue components, among which collagen fibers
predominate. With the help of this method, it was shown that
inflammation and invasive cancer significantly alter the ability
of the tissue to cross-scattering.34,43–46

In our study, the CP OCT method was first used to study the
features of the connective-tissue matrix of internal organs at

various times after exposure of increasing doses of gamma radi-
ation. The study showed a reduction in cross-scattering proper-
ties of the bladder and rectum tissue in 1 day and 1 week after
exposure in doses of 10 and 40 Gy with a subsequent increase of
IDF 1 month after exposure to a dose of 10 Gy and pronounced
lowering of IDF after exposure to a dose of 40 Gy. Reduction of
this indicator in the early times after irradiation can reflect proc-
esses of collagen degradation, the subsequent IDF increase—the
restoration of the extracellular matrix. The pronounced IDF
decrease after irradiation in a dose of 40 Gy can indicate a per-
sistent disorganization of collagen, which is associated with
exposure to high doses of radiation.

Quantitative analysis of the features of the connective-tissue
framework after radiation exposure provided additional infor-
mation about the processes occurring in the collagen-containing
structures of normal tissues under the influence of ionizing radi-
ation. The high correlation between values of the SHG signal
intensities and IDF of the bladder and rectum that was found
will help to noninvasively assess the status of extracellular
matrix after exposure to even low doses of radiation without per-
forming a histological study. This makes it possible to use CP
OCT in clinical practice to diagnose and monitor the treatment
of radiation-induced changes in normal tissues.
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