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Abstract

Ovarian cancer is a very insidious malignant tumor. In order to detect ovarian cancer cells early, the classification and recognition
of ovarian cancer cells is mainly studied by two-dimensional light scattering technology. Firstly, a single-cell two-dimensional
light scattering pattern acquisition platform based on single-mode optical fiber illumination is designed to collect a certain
number of two-dimensional light scattering patterns of ovarian cancer cells and normal ovarian cells. Then, the HOG
(Histogram of Oriented Gradient) algorithm is used to extract shaving anisotropy feature of two-dimensional light scattering
pattern. The results show that the accuracy of classification and identification of ovarian cancer cells by two-dimensional light
scattering technology is 90.81%, which suggests that the specificity of cancer cells and normal cells can be characterized by two-

dimensional light scattering technology.
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Introduction

Light scattering analysis of cells is an important development
direction of unlabelled cell analysis. Because scattered light is
extremely sensitive to the internal structure of cells and can
detect the subtle differences within cells, it has great potential
in the analysis of cell label-free pathology. The results show
that one-dimensional cell light scattering technology can fur-
ther analyze more properties of cells. For example, the label-
free detection of oxidative stress-induced mitochondrial swell-
ing is realized and has also been used to differentiate sub-
classes of macrophages [1]. This series of studies show that
the collection and analysis of scattered light from multiple
angles is conducive to the further study of cells. In addition
to one-dimensional light scattering technology, two-
dimensional light scattering technology also plays an
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important role in label-free analysis of cells [2]. In the analysis
of two-dimensional light scattering pattern, there are methods
based on spot size and spot area distribution, average light
intensity, entropy calculation and pattern recognition [3, 4].

When a single cell is irradiated by laser, the complex dis-
tribution of different organelles results in the anisotropy of
scattered light. In one-dimensional scattering light technology,
the anisotropic information of one-dimensional scattering
light has been used to reveal the biophysical characteristics
of blood cells and bacteria [5]. This method enlightens people
that the anisotropic information of two-dimensional scattering
light may also reveal some specific information of cells, such
as characterizing the specificity of cancer cells and normal
cells and realizing their unlabelled classification and recogni-
tion [6]. Based on this, a HOG (Histogram of Oriented
Gradient) analysis method is proposed to extract the aniso-
tropic characteristics of two-dimensional light scattering pat-
terns. And then, combined with the machine learning method
of SVM (Support Vector Machine), it is used to establish the
relationship between two-dimensional light scattering and cell
types, so as to realize the differentiation between ovarian can-
cer cells and normal ovarian cells.

Feature extraction using HOG algorithm has been widely
used in pedestrian recognition and face recognition. The ap-
plication of this method in two-dimensional light scattering
pattern analysis is based on the fact that it can well carry out
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multi-directional statistics on the anisotropic information of
two-dimensional light scattering pattern. In the process of
HOG feature extraction, the gradient information of the image
is counted into several histograms in different directions, and
the scattered light information in each direction of the two-
dimensional light scattering pattern is characterized by the
direction histogram. Therefore, the anisotropic characteristics
of the two-dimensional light scattering pattern can be quanti-
tatively described. This quantitative feature can be well proc-
essed by SVM algorithm for classification and recognition.

Feature extraction and platform construction
of two-dimensional light scattering patterns

Image feature extraction

Features are attributes that distinguish one class of objects
from others. Each image has different characteristics or attri-
butes from other images. Some attributes can be perceived
intuitively, such as edge, texture, brightness and color, while
others are difficult to be perceived by human eyes, which need
to be processed by computer, such as gray histogram. In order
to facilitate computer processing, these sets of attributes cor-
responding to the image are given in the form of numerical
vectors in the computer. These numerical vectors are usually
called image eigenvectors.

In an image, if the feature of a certain kind of object can be
represented by a single numerical value, then the dimension of
the image feature vector is 1. If n numerical representations
are needed, then the n numerical values are the n-dimensional
feature vector of the image. The feature vectors can be input
into the training system or classifier, and the classifier can be
obtained through training or the class label can be obtained
from the classifier. In fact, objects with n-dimensional charac-
teristics can be abstracted as points in n-dimensional space,
and the classification of objects is equivalent to partitioning
points in n-dimensional space.

In order to distinguish the target image from other images
and realize image classification, it is necessary to select fea-
tures that can describe the uniqueness of the image as much as
possible. In addition, it is also expected that the selected fea-
tures will have greater similarity in the same class samples and
smaller similarity with other different classes.

HOG feature extraction of two-dimensional light
scattering pattern

A two-dimensional light scattering pattern of a cell is used to
demonstrate the process of feature extraction of two-
dimensional light scattering pattern using HOG algorithm.
The process of feature extraction consists of four steps: image
pre-processing, gradient calculation, cell histogram
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calculation and combination of image feature vectors, as
shown in Fig. 1.

Image pre-processing Two-dimensional light scattering pat-
tern is collected from CMOS (Complementary Metal-Oxide-
Semiconductor) sensor and then transferred to computer for
feature extraction and classification recognition. Before
extracting HOG features, images need to be pre-processed.
Image pre-processing includes two main steps: image color
space conversion and image denoising. The color space in-
cludes device-related color space and device-independent col-
or space. The color space conversion of the collected image
usually involves the conversion between the RGB format of
the acquisition device and the standard CIE XYZ format, as
well as the conversion between the standard CIE XYZ format
(CIE-XYZ is a class of CIE (color system) spectral tristimulus
values) and the different display RGB formats [7]. Image
denoising is the basis of image processing and the key re-
search content of image restoration. The main method to elim-
inate noise is to use filters. Before filtering noise, different
filters need to be designed according to different noises.

Gradient calculation The image data stored in two-
dimensional space can be regarded as a two-dimensional sca-
lar field. The gradient direction of a point in the scalar field
indicates the direction of the fastest change of the scalar field
at that point, and the gradient size of the point indicates the
speed of the change of the scalar field at that point. Therefore,

Image preprocessing

QGradient calculation

Cell histogram calculation

Combination of image feature
vectors

Fig. 1 HOG feature extraction process of two-dimensional light scatter-
ing pattern
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after gradient calculation, the gray value change rate and di-
rection of each point in the image can be obtained. Because
the edge is perpendicular to the gradient direction, the calcu-
lation of gradient also reflects the edge or texture information
in the image, as shown in Fig. 2. Edges and gradients exist in
places that vary from O to 1.

From the above three formulas, it can be seen that the
gradient calculation only needs to obtain the partial deriva-
tives of the image in the x and y directions. In computer, the
image is stored in the form of discrete data, so when calculat-
ing image gradient, the derivative is generally approximated
by differential operation. The commonly used approximate
expressions are as follows, where f (x, y) represents the gray
value of the pixel in the image (X, y):

D G, = e+ 1901, (1)
VI 6, = fey+ e @)

In gradient calculation of HOG algorithm, the gradient
component G, of x direction (horizontal direction, right direc-
tion is positive) is obtained by convolution operation of gra-
dient operator [—1,0,1] on the whole image. The gradient com-
ponent G, in the y direction (vertical direction, positive up-
ward) is obtained by convoluting the whole image using the
vertical gradient operator [1,0,~1]" [8]. In order to keep the
size of the processed image consistent with that of the original
image, the original image expands one pixel outward by copy-
ing edge pixels before using gradient operator.

Fig. 2 Histogram star type

Histogram calculation Histogram statistics are often used in
image processing. Different types of image objects usually
have unique histogram features, which often have better re-
sults in image recognition and matching. Because the different
positions and angle changes of the object in the image have
little influence on the histogram, the recognition method based
on histogram usually does not have obvious difference be-
cause of the spatial position and direction of the object. In
addition, histogram can greatly reduce data redundancy and
maximize the contribution of data points to different catego-
ries. The key step of the HOG algorithm is to calculate the
gradient, then calculate the histogram according to the gradi-
ent and get the HOG features.

Histograms are computed separately in each cell.
Therefore, the whole image needs to be segmented in a certain
way before statistical histogram. For the convenience of dem-
onstration, a two-dimensional light scattering pattern is divid-
ed into 36 cells using a 6*6 mesh. Here “6” is the adjustable
configuration parameter of the algorithm. By adjusting this
parameter, the influence of different mesh generation methods
on the subsequent classification can be analyzed, and then the
optimal segmentation method can be selected. When
partitioned into 6*6 meshes, each cell will be 160%160 pixels
in size. Table 1 shows an enlarged view of a small area, and
the normalized gradient size is numerically marked.

The number of histogram channels determined by this ex-
ample is 9, and the histogram of one channel is established
every 40 degrees. Taking the cells marked by dotted boxes as
an example, 160*160 pixels in a dotted box vote on 9 histo-
gram channels according to their gradients. In order to display
the final statistical results in different directions more intui-
tively, the histogram is usually represented as a star, as shown
in Fig. 2.

Combine of image feature vectors. In the example
above, the histogram statistics results of each cell are a 9-
dimensional vector. When the histogram statistics of all
cells are completed and combined, there are vectors of
6*%6%9 =324 dimensions. This is the HOG feature in this
example, whose dimension n =number of cells * number
of channels. Thus, it is known that the two HOG configu-
ration parameters mentioned above, one determines the
number of cells and the other provides the number of chan-
nels, which together determine the dimension of the final
HOG eigenvector. By changing these two parameters, the
number of features finally output can be adjusted.

Table 1 Gradient size

after processing 0.66 0.59 0.49 0.34
0.52 0.41 0.27 0.10
0.29 0.17 0.03 0.17
0.12 0.10 0.25 0.42
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Construction of two-dimensional light scattering
experimental platform

The experimental acquisition platform of two-dimensional
light scattering pattern consists of three parts: illumination
light path part, signal acquisition part and computer pro-
cessing system. The part of illumination light path is built
on the optical platform, including laser used for cell ex-
citation and related devices for light path conduction,
such as dimmer filter, objective, triaxial displacement ta-
ble and optical fiber. The signal acquisition part is mainly
mounted on the microscope to stably carry out scattered
light acquisition and control the acquisition process. This
part includes a liquid-based chip for loading static cell
suspension, acquisition objective and CMOS optical sen-
sor. After laser irradiation, scattered light passes through
the objective lens and is recorded by CMOS optical sen-
sors. The two-dimensional light scattering patterns col-
lected by CMOS sensors are transmitted to the computer
system for processing. The computer system is mainly
composed of a DELL computer.

In the experiment, the optical fibers are inserted into
the slot of the liquid-based chip to illuminate the target
cells. The distance between the target cell and the end of
the optical fiber is adjusted to be more than 5 mm. At the
observation target, the illumination area of single mode
optical fibers is a spot with diameter greater than
344 pm. In this case, considering that the diameter of
the cell is about 10-20 um, the irradiation of the cell
can be approximated to plane wave irradiation. The ex-
periment is carried out in dark environment to reduce the
light interference in the peripheral environment. In the
two-dimensional light scattering pattern acquisition of
ovarian cancer and normal ovarian cells, 40 times long
working distance objective with NA value of 0.6 is used
to collect scattered light signals. The acquisition objective
operates in defocusing mode to obtain two-dimensional
pattern of speckle state, and the uniform defocusing dis-
tance is adjusted to 90 um for single cell two-dimensional
light scattering pattern acquisition.

Compared with natural light, laser has some outstand-
ing advantages, such as good monochrome, strong coher-
ence and high directivity. It is a good light source for
stimulating cells or micro-particles in experiments and
for scattering light analysis. The laser is mainly composed
of three parts: pump source, laser working substance and
resonator. In the experiment, the laser is a single longitu-
dinal mode laser (Frankfurt Laser Company, 100 mW,
Germany) of FPYL-532-100 T-SLM type. The output of
the laser is a 532-nm continuous wave green laser with a
maximum output power of 100 mW. The laser is coupled
to a single-mode fiber after beam splitting and a dimming
filter.
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Lastly, single-mode optical fibers with S405-XP core diame-
ter of 3.0 wm and numerical aperture of 0.12 pm are selected to
guide laser irradiation of ovarian cancer cells and normal ovarian
cells to collect two-dimensional light scattering patterns
(Table 2).

The two-dimensional light scattering pattern acquisition
device for text uses objective lenses in two places, and laser
beams are coupled into optical fibers in one place by coupling
objective lenses. The other is to isolate other scattered light
interference by using the acquisition objective when acquiring
two-dimensional light scattering pattern, so that the scattered
light in a specific angle range can enter the sensor. Coupled
objective lens, the laser used in the experiment does not have a
self-contained optical fiber collision. If lasers want to enter the
optical fiber, they need to making coupling through external
equipment. A long working distance lens (LUCPLFLN
40XPH, Olympus) with a magnification of 40, a numerical
aperture of 0.6 and a working distance of 3.3—4.2 mm is se-
lected to collect two-dimensional light scattering patterns of
ovarian cancer cells and normal ovarian cells.

Two-dimensional light scattering patterns are collected by
planar optical sensors. There are two common types of light
scattering patterns: CCD (Charge Coupled Device) and
CMOS, and they are integrated in different ways. The former
is made of semiconductor single crystal, while the latter is
based on metal oxide semiconductor technology. Compared
with CMOS, the early CCD optical sensors have many advan-
tages, such as high permeability, good color restoration and
accurate exposure. However, the process of CCD is complex
and the prices is expensive, and only a few sensor manufac-
turers can produce it. After the development of semiconductor
technology and the progress of optical sensing technology in
recent years, in fact, the imaging effect of these two types of
optical sensors tends to be the same, and the imaging differ-
ence between them is getting smaller and smaller. Moreover,
CMOS has the advantages of low power consumption and
small size, which can also achieve random, high frame rate
and no tail reading. Based on these advantages, CMOS sen-
sors have been widely used in various shooting terminals in
recent years. The CMOS sensor of Canon SSOD camera is
used in the acquisition device here Sensor resolution is
5184%3456 pixels, analog-to-digital conversion is 16 bits,
and sensor size is 22.3%14.9 mm.

Table 2 Parameters of S405-XP single-mode fiber

The fiber core diameter 3.0 um

The cladding diameter 125.0+ 1.0 um
Diameter of coating layer 245.0+15.0 um
Numerical aperture 0.12

The mode field diameter 33£0.5 pm@405 nm

4.6+0.5 pm@630 nm
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Experiment and result analysis
of two-dimensional light scattering of ovarian
cancer cells

Cell allocation experiment

Epithelial ovarian cancer cell line A2780 and normal epithe-
lial ovarian cell line HOSEpiC are used in the experiment. In
the process of cell allocation, A2780 cells and HOSEpiC cells
are cultured in RPMI1640 medium with 10% fetal bovine
serum, 100 Unit/mL penicillin and 100 pg/mL streptomycin
for two generations. In order to obtain cell suspension, mono-
layer cells in the previous step are treated with trypsin
preheated at 37°Cin phosphate buffer solution (PBS) until
the cells are observed to shrink into a round shape.
Subsequently, the cells are centrifuged under a centrifuge at
a rate of 1000 rpm for 5 min and then suspended in 1¥PBS
solution. In order to operate the cells safely in later experi-
ments, the cells are centrifuged again and suspended again for
30 min at room temperature with 75% ethanol. After washing,
immobilization and centrifugation, the cells are suspended in
1*PBS solution. The cells are finally diluted into a cell sus-
pension with a concentration of about 3000cells/mL to facil-
itate the acquisition of two-dimensional light scattering pat-
terns of single cells.

Acquisition experiment operation

The acquisition operation of two-dimensional light scattering
pattern mainly includes before acquisition operation and ac-
quisition process operation. Before acquisition, the adjustment
of optical fiber coupling, optical fiber cutting and acquisition
system and other experimental operations are needed. The
acquisition process is mainly completed under a microscope.

In the experimental system, the green laser emitted by a
diode-pumped solid-state laser enters the liquid-based chip
through a single-mode optical fiber, and stimulates the scat-
tering light of the suspended single cell in the chip trough.
Before configuring the cell suspension, the whole optical sys-
tem should be adjusted to ensure that the laser can accurately
combine from the objective lens to the single-mode optical
fiber. The smoothness of the incision at the end of the optical
fiber also affects the facula. Good laser collision requires reg-
ular, smooth and clean laser inlet and outlet. The acquisition
part of the system is mounted on the microscope. The acqui-
sition process is mainly completed by operating the micro-
scope. The specific operation steps of the microscope are as
follows:

Rotate the brightness adjusting knob to make sure that the
brightness of the microscope lamp is the smallest. Turn on the
main switch, make the liquid-based chip and place on the
microscope carrier. Insert the optical fiber into the cell suspen-
sion in the chip trough and fix it by the optical fiber. Observe

under the low power objective (10 *) and adjust the brightness
until appropriate, adjust the single mode fiber head to the
middle of the field of vision, and adjust the focus until the
fiber head can be clearly seen. Convert to a 40-fold long
working distance objective, observe the optical fiber head
and focus again. Turn on the laser switch, move the field of
view of the microscope along the direction of light propaga-
tion for about 5 mm, and turn off the light of the microscope.
Look for a single cell in the field of vision and focus on it.
Note the fine-tuning knob scale when focusing, then defocus
90 pm, observe the brightness of speckle pattern when
defocusing, and adjust the speckle to the appropriate bright-
ness by adjusting the dimming filter in the optical path. And
debug shooting and determine the camera’s shooting parame-
ters according to these shooting. Take two-dimensional light
scattering patterns of cells. Repeat the above steps to obtain a
certain number of two-dimensional light scattering patterns
without adjusting the parameters of the filter and camera.
Replace the cell type and repeat the above operation to obtain
a certain number of two-dimensional light scattering patterns.

Two-dimensional light scattering patterns and dark
field primitive patterns of cells

Typical two-dimensional light scattering patterns of ovarian
cancer cells and dark field images of the cells are shown be-
low. Figures 3 and 4 are obtained without labelling, and the
image sizes of both are 960%960 pixels. Figure 3 is a two-
dimensional light scattering pattern collected from the exper-
imental device. It can be seen from the figure that the two-
dimensional light scattering pattern is mainly composed of
complex light spots, which represent different intensity infor-
mation in different scattering directions, i.e. the anisotropy
information of scattered light. These complex speckle patterns
may be due to the inhomogeneous distribution of organelles

Fig. 3 Scattering pattern

@ Springer



127 Page60of 8

J Med Syst (2019) 43: 127

Fig. 4 Corresponding dark field map

such as mitochondria within cells. Figure 4 shows the image
of'the cell in dark field and focusing state. In static suspension,
the cells are transparent and spherical without staining, and the
internal organelles and their structures are difficult to distin-
guish. Therefore, it is difficult to classify cells based on this. In
addition, compared with two-dimensional light scattering pat-
terns of the same pixel size, the original dark field image is
smaller, while the speckle pattern occupies a larger area of the
image and may extract more information.

HOG processing of two-dimensional light scattering
patterns

The HOG algorithm is used to extract speckle features. HOG
feature dimension can be flexibly changed according to needs.
The extracted features can usually have tens of thousands of
dimensions, which are expected to be used to specifically
characterize a certain kind of cells. HOG algorithm counts
the histogram according to the different gradient directions
of cells, which is the anisotropy statistics of two-dimensional
light scattering patterns. Because the method is based on gra-
dient and is less affected by the absolute brightness of the
speckle, it can effectively avoid the instability caused by the
fluctuation of the excitation light source. Two-dimensional
light scattering patterns of 148 ovarian cancer cells and 148
normal ovarian cells are conducted with HOG processing.

In the process of HOG feature extraction, the whole pattern
is divided into 144 cells by 12*12 mesh. The gray gradient
information of each cell is counted into the histogram of nine
channels. The histogram counted by cells directly represents
the statistical results of each direction of cell in the form of
stars. The length of the pointer in the star structure represents
the gray gradient statistics of the pointer direction. Therefore,
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HOG features can quantitatively characterize the anisotropic
information of two-dimensional light scattering patterns from
the local area of speckles. HOG features can be trained and
classified as input of SVM.

Classification results of linear SVM

SVM, also known as support vector network, is a general
learning algorithm in statistical learning theory. This algo-
rithm is proposed by Vapnik and Cortes for the first time
and has been widely used in machine learning [9].
According to statistical learning theory, if the output of the
computer is as close as possible to the ideal output for input
data subject to a certain distribution, the machine algorithm
should follow the principle of structural risk minimization
(SRM). SVM algorithm is established based on SRM princi-
ple. Compared with traditional algorithm, it can overcome
over-fitting and dimension disasters in the learning process,
and has good learning ability. Compared with the traditional
artificial neural network, it has the advantages of strong gen-
eralization ability and simple structure. At present, SVM al-
gorithm has been applied in many fields. This algorithm will
be used to classify two-dimensional light scattering patterns
after feature extraction.

In the process of classification, two-dimensional light scat-
tering patterns of HOSEpiC cells are labelled as positive
group, and two-dimensional light scattering patterns of
A2780 cells are labelled as negative group. In the verification
phase, 10-fold cross validation is used to obtain the classifica-
tion accuracy of SVM. In this process, 296 two-dimensional
light scattering patterns are randomly mixed and then divided
into 10 non-overlapping subsets, each of which has 29 or 30
images. A 10-fold cross validation is processed 10 times, each
time using 9 subsets for training, and the remaining subset for
testing, so that the cycle is 10 times. Finally, according to these
10 times processing, the accuracy, sensitivity and specificity
of classification are counted.

In order to validate the classification results more reliably,
five independent 10-fold cross validation processes are carried
out, and then five times of accuracy, sensitivity and specificity
as well as their average are obtained. Results are shown in
Table 3, and the accuracy of five independent 10-fold cross
validation results is over 90.20%, with an average of 90.81%.
The highest accuracy rate is 91.55%, the maximum sensitivity
is 95.95% and the average is 94.05%, and the average speci-
ficity is 87.57%. The results show that HOG features can
specifically characterize ovarian cancer cells and normal ovar-
ian cells. Gradient anisotropy of two-dimensional light scat-
tering patterns can be used as a marker-free method to distin-
guish the two kinds of cells. The two-dimensional light scat-
tering technique is expected to achieve high accuracy in clin-
ical identification of ovarian cancer cells.
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Table 3 SVM classification results

Random test Accuracy Sensitivity Specificity Diagnostic table

1 91.55 93.24 89.86 138 (TP) 15 (FP)
10 (FN) 133 (TN)
2 90.54 93.92 87.16 139 (TP) 19 (FP)
9(FN) 129 (TN)
3 90.20 93.24 87.16 138 (TP) 19 (FP)
10 (FN) 129 (TN)
4 90.20 93.92 86.49 139 (TP) 20 (FP)
9(FN) 128 (TN)
5 91.55 95.95 87.16 142 (TP) 19 (FP)
6 (FN) 129 (TN)
Average 90.81 94.05 87.57 - -

Accuracy analysis under different HOG parameters

Two-dimensional light scattering patterns are divided into
grids with different densities. The grid settings range from
4*4 to 48%48, and the cell size varies from 240%240 pixels
to 20*20 pixels due to the 960%960 pixels of the collected
two-dimensional light scattering pattern, as shown in the hor-
izontal axis of Fig. 5. The number of channels in the histogram
varies from 6 to 24. The two sets of parameters cooperate with
each other to extract HOG features for the configuration pa-
rameters of HOG algorithm. All the features obtained by each
combination are classified into the same SVM algorithm to
obtain the accuracy under the configuration parameters. The
height of each column in the histogram in Fig. 5 represents the
accuracy of SVM processing under a set of configuration pa-
rameters. Figure 5 shows that cell segmentation has a great
influence on the results, and the number of channels used will
also affect the results. When the number of channels is 9, the
accuracy of 6%6 mesh segmentation is the highest, and the
accuracy is 92.57%.

1
0.8
0.6

0.4

0.2

0 24
4*4 8*8 16*16 48*48

Fig. 5 Classification results under different HOG parameters

Conclusion

A two-dimensional light scattering pattern acquisition system
based on single-mode optical fiber illumination is built, and
two-dimensional light scattering patterns of ovarian cancer
cells and normal ovarian cells are collected. Then, HOG fea-
ture extraction algorithm is used to extract gradient anisotropy
features of two-dimensional light scattering patterns, and re-
alize automatic classification of ovarian cancer cells and nor-
mal ovarian cells through SVM algorithm. This method pro-
vides a label-free analysis method for ovarian cancer
screening.

The results show that the specific information of ovarian
cancer cells and normal ovarian cells can be characterized by
gradient anisotropy of two-dimensional light scattering pat-
terns. This suggests that the gradient anisotropy of two-
dimensional light scattering patterns of different kinds of cells
may be unique. It is expected that HOG algorithm can be used
to extract and classify cells. Two-dimensional light scattering
pattern label-free cell recognition has important application
prospects.
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