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Differentiation methods of rat brain tissues and glioma model 101.8

ex vivo using optical coherence tomography
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The article considers two methods of image analysis obtained by using optical coherence tomography (OCT):
analysis of attenuation coefficient and speckle-structures of images as regards differentiation of intact tissues and rat

brain tumors. The glioma model 101.8 was used for extracting information from speckle structures using wavelet

analysis method of OCT images and calculating the power of local brightness fluctuations in speckles. Applying

linear discriminant analysis, the effectiveness of the developed approach consisting of two methods was evaluated

on the basis of sensitivity, specificity and precision values in differentiation of glioma model and intact tissues. The

results of the study showed the advantages of the developed OCT image analysis method for neurosurgery.
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Introduction

Optical coherence tomography is a label-free method (it
uses only endogenous (i.e., internal, intrinsic to the sample

itself) diagnostic markers) that allows one to establish

a contrast between signals from objects with different

scattering properties [1–5]. OCT has demonstrated clinical

utility for the study and detection of abnormalities in

various organs, including retina, coronary vessels, skin,

breast, and brain [6–9]. It has shown great potential in

the diagnosis and surgery of glial brain tumors [11–24],
which is exemplified by its capacity to visualize melanoma

metastases [10]. Glial tumors forming from the cells of

white brain matter are characterized by invasive growth,

which complicates their diagnosis. A number of in vivo

and ex vivo studies have verified the capacity of OCT

to detect tumor growth boundaries via qualitative and

quantitative signal assessment [15,25–27].

Most existing OCT signal processing methods are based

on intensity analysis and extraction of scattering and atten-

uation coefficients. According to the obtained experimental

data, the attenuation coefficient for glial tumors is lower

than for intact tissues (including the cortex and white

matter [20,22,23]). White matter is characterized by the

presence of nerve fibers covered with a myelin sheath,

which is the reason why the attenuation coefficient is higher

than the one corresponding to the cortex. In OCT images,

the cortex appears similar to tumor tissue [24,28]. Thus,

given the label-free nature of OCT, further development of

OCT image processing algorithms is required in order to

increase the sensitivity and specificity.

One possible method for improving neurodiagnostics

with OCT is the analysis of speckle patterns that emerge

in OCT images due to the interference of a large number

of elementary waves with random phases that arise in

propagation of coherent light through a scattering medium.

Since most biological tissues are heterogeneous, speckle

patterns will always appear when an object is illuminated

with coherent light. They may both distort measurements

and provide useful data on the structural properties of

a sample [29–31]. These patterns are a source of noise

in images obtained under coherent light illumination and

reduce the image quality and contrast, blurring the bound-

aries between different tissue types. However, recent OCT
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Table 1. Rat brain tissue samples

Tissue type Number of samples Number of B-scans

Cortex
12 31

White matter 12 28

Glioma model

101.8
9 20

imaging research [29] has demonstrated that speckles may

contain data on the structural properties of examined tissues.

A statistical study was carried out in [32], and it was shown

that the boundary of skin layers may be determined from

the distribution of speckle patterns in OCT images. The

same research technique was applied in [33] to the corneas

of the eye. Thus, assuming that speckle patterns are related

to the properties of the tissue under study, their analysis

may be used for brain tissue differentiation in OCT images.

OCT images of intact tissues and rat glioma model 101.8

were obtained and examined for the purpose of brain

tissue differentiation. In the present study, the power of

local brightness fluctuations in a speckle and its standard

deviation were calculated via wavelet analysis of OCT

images. The attenuation coefficient and its dispersion

were also determined for the same set of samples. An

additional assessment of sensitivity, specificity, and precision

was carried out, and the obtained values corresponding

to the two examined methods were compared. The

obtained results revealed the advantages and disadvantages

of the developed approach to speckle pattern analysis for

neurodiagnostics.

Studied samples

Glioblastoma is a rapidly growing, poorly differentiated,

and treatment-refractory brain tumor. In its histobiological

properties, glioma model 101.8 is close to malignant gliomas

of the human brain. A transplantable malignant rat glioma

(strain 101.8) model has been obtained for the first time at

the Research Institute of Human Morphology [23]. This

tumor model is characterized by invasive ingrowth into

tissues surrounding the brain, which makes it difficult to

define clearly its boundaries with intact tissues.

Rat brain tissue samples were examined ex vivo. More

detailed data are provided in Table 1. Experiments with

laboratory animals were carried out at the Avtsyn Research

Institute of Human Morphology (Federal State Budgetary

Scientific Institution
”
Petrovsky National Research Centre of

Surgery,“Moscow, Russia) in accordance with the following

international ethical standards and principles: (1) European

Convention for the Protection of Vertebrate Animals used

for Experimental and Other Scientific Purposes (Strasbourg,
2006); (2) International Guiding Principles for Biomedical

Research Involving Animals (Council for International Or-

ganizations of Medical Sciences and International Council

for Laboratory Animal Science, 2012); and (3) three Rs

principle (when possible, laboratory animals in experiments

are replaced by alternative models, the number of animals

studied is reduced, and the experimental methodology

is refined to minimize pain and enhance the welfare of

animals). The studies were conducted in accordance with

the internal guidelines of the Avtsyn Research Institute

of Human Morphology. Only qualified personnel were

allowed to work with animals, which ensured compliance

with standards and ethical principles. All animals were

kept in appropriate conditions, and experimental procedures

were performed with account for their condition to ensure

reliability of the obtained data.

Twelve mature male Wistar rats with glioma model 101.8

were studied (Table 1). Rat brain tissue samples were

dissected into two parts, and the frontal part was subjected

to OCT no later than 10min after resection. An OCT1300Y

system developed at the Institute of Applied Physics of the

Russian Academy of Sciences in Nizhny Novgorod was

used for measurements. A superluminescent diode with

an operating wavelength of 1.3µm and an optical output

power of 0.6mW served as the optical radiation source.

The samples were covered with a gelatin film to prevent

hydration and dehydration in the process of measurements.

Following measurements, all tissues were fixed in formalin

and transported for histological examination to confirm the

preliminary diagnosis. Examples of OCT images of rat

brain tissue and the corresponding histological image are

presented in Fig. 1.

OCT images output from the system are 400× 256 pixels

in size, which corresponds to a transverse scan range of

1.96mm (the resolution is 20µm) and a depth scan range

of ∼ 1mm (the resolution is 24µm in air). Pre-processing
was performed (see the diagram in Fig. 2) prior to analysis

of OCT images. At the first stage of pre-processing, the

region corresponding to the signal from the tissue layer was

selected. Distortions introduced by the OCT system were

then suppressed by removing 15 side pixels and filtering the

image with a transfer function [34].

Attenuation coefficient analysis

Biological tissues are optically heterogeneous absorbing

media. Light is scattered off various structures inside

the cells. The propagation of light in biological tissues

is governed by the scattering and absorbing properties

of their components. When biological tissues are illu-

minated by a laser beam, its attenuation in the single

scattering approximation may be characterized by the

Bouguer−Lambert−Beer law:

I(z ) = I0 exp(−µz ), (1)

where I0 is the incident light intensity;

µ = µa + µs (2)
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Figure 1. Rat brain images obtained ex vivo: (a) example of an extracted rat brain; (b) histological image of this sample; (c–e) OCT

images of the cortex, white matter, and rat glioma model 101.8, respectively.
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Figure 2. OCT images of a rat brain obtained ex vivo: (a) diagram of the OCT tissue measurement experiment; (b) example initial image

obtained prior to cortex processing; (c) final image obtained after applying the transfer function and selecting the region corresponding to

the tissue of interest; (d) extraction of attenuation coefficient µ from a normalized I(z ) A-scan.

is the extinction (attenuation) coefficient; and µa , µs are the

absorption and scattering coefficients, respectively. Since

radiation scattering off optical inhomogeneities is dominant

in most biological tissues, the following approximation is

valid: µ ≃ µs .

Attenuation coefficients µi for all the corresponding A-

scans, where i is the examined A-scan number, were

derived from each OCT image. To determine µi values

from a single A-scan slope, the noise part of the OCT

signal was removed by minimizing the mean square error in

polynomial approximation of an A-scan:

z noise = argminz

[

6z noise

0 [I(z ) − I fit(z , µi)]
2

Ndecay

+
6zmax

z=z noise
[I(z ) − Inoise]2

Nnoise

]

, (3)
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Figure 3. Bivariate distribution of attenuation coefficient µ and standard deviation σµ for the considered set of ex vivo rat brain tissue

samples and separation of classes by LDA.

where I fit(z , µi) is an inclined line; Inoise = I fit(z noise, µi) is

a horizontal line corresponding to the noise level; zmax is

the maximum depth of a sample; and Ndecay and Nnoise are

the numbers of terms in the two corresponding regions of

an A-scan. The attenuation coefficient µ analysis reveals the

structural properties of tissues, such as their density, cell

and nuclei size, and the presence and formation of myelin

fibers.

The spread of attenuation coefficient values in OCT

images provides information regarding the optical properties

of tissue, characterizing its heterogeneity caused by vascular-

ization or necrosis and cysts in glioma tissues. The standard

deviation of the attenuation coefficient within a small region

in the lateral direction was used as the second parameter:

σµ,i =

[

NA
∑

i=1

(µi − µ̄i)
2/NA

]0.5

, (4)

where µ̄i is the local average µi value in the region under

consideration with its size corresponding to NA = 150µm

(the typical size of a small vessel in brain tissue). Average
values of µ = µ̄i and σµ = σ̄µ,i for each OCT image (all
its A-scans) were considered in further analysis. These

parameters formed the basis for examination of optical

properties performed to differentiate glioma from intact

tissue.

Bivariate distributions of the discussed parameters are

shown in Fig. 3. The attribution of each sample to intact

tissues or glioma model 101.8 was verified by histological

examination. Different colors of dots in two-dimensional

space correspond to different tissue types. The space

is divided into two regions using the linear discriminant

analysis (LDA) method, which is discussed in more detail

below. According to the results for the first method of OCT

image analysis (Fig. 4) obtained after LDA and representing

the probability of attribution of examined tissues to glioma

model 101.8, it is harder to differentiate between the cortex

and the glioma model than between white matter and the

glioma model, since white matter is characterized by the

presence of nerve fibers and, consequently, an enhanced

attenuation coefficient.

Wavelet analysis of speckle patterns

Wavelet analysis is often used as a noise filtering

method for OCT images [35]. Its efficiency is at-

tributable to the fact that basis functions of the wavelet

transform are similar in their properties to wave pack-

ets (zero mean value, boundedness, and simultaneous

localization in the time and frequency domains). This

method also allows one to identify inhomogeneities in

images. Lingley−Papadopoulos et al. [36] were the first

to demonstrate the use of wavelet analysis in combi-

nation with texture analysis of OCT images for the

detection of cancer tissue. Essock et al. [37] have in-

vestigated the feasibility of application of wavelet OCT

image analysis in glaucoma detection. The wavelet

analysis method, which forms the basis of image pro-

cessing, provides an opportunity to separate the infor-

mative part of the signal from noise (speckle noise

included), enhancing the signal-to-noise ratio. Thus,

wavelet analysis is an efficient instrument for extract-

ing the characteristics of speckle patterns in OCT im-

ages.

In the present study, discrete wavelet transform, which

allows one to analyze various frequency components, was
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Figure 4. Difference between glioma model 101.8 and intact brain tissues ((a) cortex and (b) white matter) determined by LDA of

optical parameters. Dots are colored according to the results of histological analysis of the considered tissue types. Box-and-whiskers plots

represent the quartile values (lower — 25th percentile (Q1), upper — 75th percentile (Q3)), the minimum and maximum values in subset

Q1 ∓ 1.5(Q3−Q1) —
”
whiskers,“ and the median (50th percentile).

used for OCT image processing. The two-dimensional

discrete wavelet transform is based on the one-dimensional

wavelet transform, which does not depend on the number

of columns and lines of images. With the wavelet

transform, the signal is decomposed into low-frequency

(approximation) and high-frequency (detail) components.

The signal is decomposed into levels, each of which

produces two sets of detail and approximation coeffi-

cients. Detail and approximation coefficients are associated

with high-frequency and low-frequency data, respectively.

Since our goal is to evaluate the possibility of differ-

entiating between brain tissue and glioma using speckle

pattern analysis, only detail coefficients are considered

below.

Wavelet filter bior 3.5 (biorthogonal filter) was used

for the wavelet transform. The efficiency of bior 3.5

has been demonstrated earlier in [38]. However, it is

important to note that the choice of wavelet filter depends

on the OCT system used. It has been demonstrated

already that only the first and second levels of OCT

image decomposition contain data on speckle patterns [39].

An example decomposition of an OCT image into detail

coefficients (VDC, HDC, DDC — vertical, horizontal,

and diagonal coefficients, respectively) with the bior 3.5

wavelet filter for glioma model 101.8 is presented in

Fig. 5.

The power of local brightness fluctuations in a speckle

was chosen as the primary parameter of wavelet analysis of

OCT images with regard to speckle patterns:
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where K = Nx Ny is the number of pixels in an image;

nx , ny is the current position of the examined pixel; IHDC
a ,

IVDCa , and IDDCa are the intensities of horizontal, vertical, and

diagonal detail coefficients, respectively; and a is the image

decomposition level.

The standard deviation of the power of local brightness

fluctuations in a speckle was the auxiliary parameter:

σPa =

[ N∗

x
∑

nx =1

(

Px
a(nx) − Pa

)2
/N∗

x

]0.5

. (6)

Here, Px
a(nx ) is the mean power in direction Y for each

pixel nx :

Px
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1
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(7)
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Figure 5. Example decomposition of an OCT image into detail (horizontal HDC, vertical VDC, and diagonal DDC) and approximation

(ADC) coefficients at two decomposition levels.

0.8 1.2 1.6 2.22.0

s
P

1
, 
ar

b
. 
u
n
it

s

0.3

0.5

1.1

true negative
false negative

true positive
false positive

cortex glioma model 101.8 white matter

0.7

0.9

1.0 1.4 1.8 2.4

a

0.8 1.2 1.6 2.22.0

0.3

0.5

1.1

true negative
false negative

true positive
false positive

0.7

0.9

1.0 1.4 1.8 2.4

b

P1, arb. units

4.0 5.0 7.06.5

s
P

2
, 
ar

b
. 
u
n
it

s

1.2

2.0

3.2

2.4

2.8

4.5 5.5 6.0 7.5

c

P2, arb. units

1.6

3.5 4.5 6.56.0

1.2

2.0

3.2

2.4

2.8

4.0 5.0 5.5 7.0

d

1.6

Figure 6. Bivariate distribution of the power of local brightness fluctuations in a speckle at two decomposition levels P1,2 and standard

deviation σP1,2
for the considered set of ex vivo rat brain tissue samples and separation of classes with LDA: (a, b) — results for the first

level of decomposition; (c, d) — results for the second level.
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Figure 7. Difference between glioma model 101.8 and intact brain tissues ((a, c) cortex and (b, d) white matter) determined by LDA of the

power of local brightness fluctuations in speckles at the first (a, b) and the second (c, d) decomposition levels. Dots are colored according

to the results of histological analysis of the considered tissue types. Box-and-whiskers plots represent the quartile values (lower — 25th

percentile (Q1), upper — 75th percentile (Q3)), the minimum and maximum values in subset Q1 ∓ 1.5(Q3−Q1) —
”
whiskers,“ and the

median (50th percentile).

Two parameters Pa and σPa were obtained by averaging

the corresponding values for each obtained distribution.

The obtained distribution of values for the two-dimensional

analysis is presented in Fig. 6. One may note that intact

tissues are separated from glioma model 101.8 both at

the first and at the second levels of decomposition. The

probability of attribution of all the examined tissue types

to glioma is shown in Fig. 7. The obtained values suggest

that the first level of decomposition of an OCT image is

preferable for analysis of the power of local brightness

fluctuations in speckles aimed at differentiating between

glioma model 101.8 and white matter, while the second

level of decomposition is better suited for analysis of the

cortex and glioma.

Fisher’s linear discriminant analysis (LDA) was used

for brain tissue differentiation. The purpose of the LDA

method is to determine the maximum distance between the

distributions of two different classes of objects and events.

The resulting combination is used as a linear classifier:

— a search is performed for a line onto which points are

projected based on the Fisher’s criterion;

— a search is performed for a discrimination function

perpendicular to the Fisher’s one based on logistic regres-

sion.

A straight line separating two classes of objects with

the maximum possible values of sensitivity (Se) and speci-

ficity (Sp) is thus obtained based on the actual diagnosis for

each considered tissue sample. Sensitivity, specificity, and

Optics and Spectroscopy, 2024, Vol. 132, No. 4



Differentiation methods of rat brain tissues and glioma model 101.8 using optical coherence tomography 359

Table 2. Estimation of sensitivity Se, specificity Sp, and

precision Pr values for differentiation between glioma model 101.8

and intact rat brain tissues with the use of optical parameters

[µ, σµ ] and power parameter [P1,2, σP1,2
] of local brightness

fluctuations in speckles at two levels

Tissue types
[µ, σµ] [P1, σP1

] [P2, σP2
]

Se Sp Pr Se Sp Pr Se Sp Pr

Cortex vs 0.90 0.71 0.67 0.75 0.77 0.68 0.80 0.77 0.69

glioma 101.8

White

matter vs 0.95 0.89 0.86 0.90 0.75 0.72 0.80 0.71 0.67

glioma 101.8

precision (Pr) parameters were analyzed additionally:

Se =
TP

TP+FN
, (8)

Sp =
TN

TN+FP
, (9)

Pr =
TP

TP+FP
, (10)

where TP is a true positive parameter, TN is a true negative

parameter, FP is a false positive parameter, and FN is a false

negative parameter.

Analysis of the obtained results

Two methods for analysis of OCT images and their

subsequent processing by Fisher’s LDA were examined. The

values of sensitivity, specificity, and precision were calcu-

lated as additional numerical parameters for assessment of

tissue differentiation. The obtained values for two processing

methods are presented in Table 2.

As can be seen from Table 2, Fisher’s LDA confirms

that attenuation coefficient µ is the preferable parameter

for brain tissue differentiation in the case of white matter

and glioma model 101.8. However, the method of wavelet

analysis of OCT image speckles allows one to raise the

level of specificity and precision in differentiating between

the cortex and glioma model 101.8.

Conclusion

The application of two developed methods for OCT

image analysis was demonstrated. The first one involves

extracting the attenuation coefficient and its dispersion,

and the second method is based on the analysis of

power and dispersion of local brightness fluctuations in

a speckle. Samples of rat brain tissues, which included

the cortex, white matter, and glioma model 101.8, were

examined ex vivo. LDA with subsequent calculation of

sensitivity, specificity, and precision levels was used to

evaluate the efficiency of the developed methods. The

obtained results revealed the advantages of analyzing the

optical parameters of OCT images of brain tissues compared

to the application of wavelet analysis. However, the power

of local brightness fluctuations in a speckle may also be

used as an additional parameter to enhance the specificity

of diagnosis in differentiating between the cortex and the rat

glioma model.
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