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Abstract: Multi-spectral imaging technique plays an important role in real-world applications such
as medicine and medical detections. This paper proposes a cervical cancer cell screening method
to simultaneously adopt TBS classification and DNA quantitative analysis for a single cell smear.
Through using compound staining on a smear, the cytoplasm is stained by Papanicolauo and the
nucleus is stained by Feulgen. The main evaluation parameter is the DNA content of the nucleus,
not the subjective description of cell morphology, which is more objective than the TBS classification
method and reduces the chances of missing a diagnosis due to subjective factors. Each nucleus has
its own DI value and color image of the whole cell, which is convenient for doctors as it allows
them to review and confirm the morphology of cells with a nucleus DI of over 2.5. Mouse liver
smears and cervical cases are utilized as the measuring specimens to evaluate the performance of the
microscope multi-spectral imaging system; illustrative results demonstrate that the proposed system
qualifies, with high accuracy and reliability, and further presents wide application prospects in the
early diagnosis of cervical cancer.
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1. Introduction

Cervical cancer is one of the most common gynecological malignant tumors all over
the world, especially in developing countries [1-3]. However, in developed countries,
cervical cancer cases have been significantly reduced; this is mainly attributed to developed
countries having implemented effective cervical cancer screening programs [4,5].

Several methods have been investigated for cervical cancer screening. The Bethesda
system (TBS) classification and cellular DNA quantitative analysis are common screen-
ing methods for cervical cancer [6,7]. Cytology-based screening has not been effective;
therefore, other methods, such as HPV DNA testing, are increasingly being evaluated [8].
Cellular DNA quantitative analysis is an objective method of interpreting the cytopathic
changes in cervical cells [9,10]. Due to the superiority of screening for precancerous lesions,
this technique could detect abnormalities before the morphology of cells is significantly
changed [11,12]. Studies have found that women screened for cervical cancer at least
once in their lifetime using HPV DNA testing significantly reduce their risk of developing
advanced cervical cancers and cervical-cancer-related deaths [13,14].

There are some obstacles to implementing DNA quantitative analysis for cervical
cancer screening in developing countries, such as cost, lack of infrastructure and concerns
about health care workers’ attitudes [15,16]. An effective screening method is crucial
for overcoming the lack of pathological resources related to cervical cancer screening in
developing countries [17]. Research into cost-effective cervical cancer screening methods
that involve the minimal number of clinic visits are urgently needed [18].

Multi-spectral imaging (MS]I) is the technique of capturing the image data of samples
within more than one wavelength; it has been widely applied in various fields such as
medicine, environmental science, conservation of works of art, food, and biology [19-22].
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For medical detection, multi-spectral imaging has mainly been employed to analyze hidden
diseases in specimens such as cells and tissues. In this regard, Jakovels and Spigulis used
the MSI technique to measure three chromophores of the skin in the spectral range of
from 500 nm to 700 nm. Experimental results showed that MSI has high sensitivity and
stability in this spectral range [23]. Basiri et al. designed a multi-spectral camera to
acquire 18 wavelength-sensitive images in a single snapshot and utilized them in order
to study the characterization of skin chromophores [24]. Crane et al. injected a specific
mixture of fluorescent substances into the cervix of 10 patients with early cervical cancer,
and fluorescent signals were detected in the lymph nodes of six patients by a real-time
fluorescence spectral imaging system [25].

In general, TBS classification and cellular DNA quantitative analysis are performed
separately on two different smears. It is difficult to carry out morphological analysis and
DNA ploidy analysis of one cell at the same time. The compound staining method can
reach the efficacy of simultaneously using the above two screening methods on the same
smear [26]. In the compound-stained smears, the cytoplasm of cells is Papanicolauo-stained
and the nuclei are Feulgen-stained, which leads to interference in DNA absorbance. To
solve the above-mentioned issue, an absorbance-unmixing model is utilized in this study.
Doctors are, therefore, able to acquire colored images of cells and the DNA index of the
nucleus for each cell. This improvement can provide the possibility for doctors to perform
morphological analysis and DNA ploidy analysis of cells simultaneously and efficiently,
which leads to a positive effect on the accuracy of diagnosis. In this study, compared with a
color camera of the same pixel size and area, each pixel from our solution could represent a
different color band after using a designed interpolation algorithm to calculate the spectral
image of multiple color channels. As a result, the monochrome camera collects the multi-
spectral scheme, and the pixel accuracy is about three times higher than that of the color
camera. In this context, our proposed method can collect a finer absorption spectrum
under the same conditions. As a result, the DNA index calculated by multi-spectral color
stripping becomes more accurate.

The remainder of this article is organized as follows: Section 2 describes the design
and principle of a microscopic multi-spectral imaging system as well as a multi-spectral
absorbance-unmixing model, followed by detailed experiments and results in Section 3.
Finally, Section 4 concludes this paper.

2. Design and Principle
2.1. Design of Microscopic Multi-Spectral Imaging System

The overall structural design of the microscopic multi-spectral imaging system is
shown in Figure 1. It mainly consists of the automatic microscope, imaging system and
LED-composite light source.

The automatic microscope is the Olympus BX41, which we transformed in this system.
Through being driven by a screw mandrel and three stepping motors instead of manual
operation, the microscope stage was reconstructed for automatization. An optoelectronic
switch was installed at the edge of the microscope stage for automatic locating to the origin.
These transformations realized the automatic focusing and scanning of cervical smears.
The bright-green absorption is the largest under the 620 nm band, the Fulgen absorption
is the largest under the 570 nm band, while the eosin absorption is the largest under the
520 nm band. In light of this, the coefficient of Forggen peeling under a specific light source
can be calculated according to the curve.

The original illumination source of the microscope was replaced by a set of combined
LED light sources. The wavelength accuracy of these LEDs is 5 nm. Light source 1 consists
of three different wavebands of LEDs, the central wavelength of them being 620 nm (red),
520 nm (green), and 460 nm (blue); these three colors are easy to utilize for color imaging,
and light source 2, emitting monochromatic light at 570 nm, can improve the accuracy of
DNA quantitative analysis.



Appl. Sci. 2021, 11, 5628

3o0f11

CMOS Camera -

? PC

Image processing
Image analysis

Micro-optic
system A

y

-
| |
| |

J_—. Smear || Camera Control PCIE Interface ||
Microscope stage | :
[
| |
Collimating lens I :
i I Image Capture Data Storage ||
Transflective | |
mirror : |
. . |
: Reflective mirror |

Light source 1 I| Focusing control LED Control :
|
| |
| |
| |
| |

Light source 2 Data Acquisition Board

Figure 1. Schematic diagram of microscopic multi-spectral imaging system.

2.2. Multi-Spectral Absorbance Unmixing Model

There are three kinds of absorbent materials in the compound-stained cervical smears
of this system; Figure 2 shows their absorbance curves in the spectral range of from 460 nm
to 700 nm [27]. Traditional DNA quantitative analysis generally uses a wavelength of
570 nm because it is performed on Feulgen-stained specimens [28,29]. As shown in
Figure 2, there are spectral overlaps of these absorbent materials in all spectral wave-
bands in the compound staining method. Therefore, the DNA content of cells cannot be
measured directly.
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Figure 2. The absorbance curves of absorbent materials.

By the linear superposition character of absorbance, if there are n kinds of absorbent
materials in the specimen, the total absorbance of the specimen is:

n n
Aot = Y A} =Y €lbc; 1)
i=1 i=1

where Ay, represents the total absorbance of the light-receiving medium. AiA is the
absorbance of each component in the medium, ¢; is the concentration vector of the dyeing
substance, and &b is the spectral characteristic of the dyeing substance.
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If there are monochromatic lights with wavelengths of A1, Ay, ... , A in the system,
the equation above can be described as:
n n
Mo Mo A
AM =Y AT = ¥ b
1?1 i=1

n
AN =y AR = ¥ 2
j i=1

i=1 (2)
n n
At =y Al = ¥ el
i=1 i=1
Equation (2) can be expressed by the matrix as follows:
A=XxC ®)
In Equation (3), A = [AM AM, ... AMn] T is the absorbance vector,

X =[Xq,Xy,- -+, Xy] is the feature Matrix where X; = [e?l, 8;\2,‘ . ,SZ-A’” is the feature vec-

tor,i=1,2,---,nand C=[cq, ¢p,- - ,cn]T is the concentration vector of the absorbent
materials in the specimen. By using the multiple linear regression method, the least square
solution of the concentration vector is:

Cz(XTxX)_lxXTxA @)

From the absorbance curves, the matrix X in Equation (3) can be obtained through col-
lecting the absorbance image (A’\) based on the microscopic multi-spectral imaging system.
Then, the concentration of each absorbent material can be calculated by Equation (4).

Four color bands are adopted for imaging analysis in this study. To be specific, the
band of red color is 620 nm (central wavelength) &+ 2.5 nm (half width), while the band
values of green color, blue color, and yellow color are 520 nm + 2.5 nm, 460 nm & 2.5 nm,
and 570 nm =+ 8 nm, respectively. Fulgan presents the largest absorption in the 570 nm
band, while eosin and brilliant green have a small amount of absorption. After subtracting
the absorption values of eosin and bright aluminum from the absorption values of 570 nm,
the absorption value of Forggen is obtained, which can be adopted to calculate the accurate
DNA index.

3. Experiments and Results
3.1. Pseudo-Color Image Synthesizing and Absorbance Unmixing

The process of multi-spectral imaging is as follows: (1) Turn off the light source and
obtain an image of the dark background. The dark background image contains the dark-
current noise and the response of ambient light of the CMOS camera. (2) Place a blank
slide on the microscope stage, turn on the light sources and switch the four LEDs, obtain
multi-spectral images of blank background. (3) Replace the blank slide with a cervical
smear, control the light source as mentioned above and obtain multi-spectral images of the
cervical cells.

Figure 3 shows the original images of the compound-stained cervical smear in
monochromatic lights with the wavelengths of 620 nm, 520 nm, 460 nm and 570 nm.
It can be observed that the problem of DNA absorbance interference caused by compound
staining is serious. The cytoplasmic background in Figure 3 will affect the image processing.
It is not feasible to carry out DNA quantitative analysis by using the original image. In
our study, the proposed system adopts a grayscale camera (monochrome camera), which
captures the image under a single band and then performs the peeling calculation. The
grayscale change value is 0255, and the pixel area is 2592 x 1944 pixels.
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Figure 3. Original images obtained under monochromatic light sources; (a) the image of the wavelength of 620 nm, (b) the
image of the wavelength of 520 nm, (c) the image of the wavelength of 460 nm, (d) the image of the wavelength of 570 nm.

Figure 4 is the image after absorbance unmixing. It can be seen that the image of
the cytoplasm has been removed; only the clear nuclei can be seen after the absorbance
unmixing, which could be effective for a personal computer (PC) to conduct quantitative
DNA analysis. This image reflects the true absorbance of DNA at a wavelength of 570 nm.
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Figure 4. The image after absorbance unmixing.

Figure 5 is the pseudo-color image synthesized by using the original images of lights
with the wavelengths of 620 nm, 520 nm and 460 nm. Through first collecting the image’s
gray value of each direct light source (no slide), the pseudo-color image could be synthe-
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sized after calculating each band’s weight, based on the absorbance-unmixing model, as
expressed in Equation (4).

Figure 5. The pseudo-color image.

It can be observed that the color of this image is bright, the nuclei in the image are
clearly visible and the edge of the cytoplasm is explicit. The pseudo-color image was sent
to pathological doctors who, after reviewing, concluded that, compared with Papanicolaou
smear, there was no significant difference in the background and color of the cytoplasm;
the color of nuclei in the pseudo-color image was darker because the nuclei in this smear
were Fuelgen-stained. However, this would not cause an interference or be an obstacle to
TBS classification.

The microspectral images used to reflect absorbance-unmixing results are illustrated
in Figure 6. Figure 6(1a-7a) shows the images of co-stained cytoplasms and nuclei, while
Figure 6(1b—7b) shows the grayscale images of cell nuclei after absorbance unmixing. The
value under each figure is the corresponding DI index of the cell. It can be seen that the
morphology of the entire cell is clear, providing a promising way to analyze the relative
size of the cytoplasm and the nucleus. According to the observed grayscale images, the
DNA content could be further analyzed through using the nucleus after unmixing. DNA
content in the image represents the integrated optical density. The DNA index is obtained
through using the ratio of the integrated optical density of a single cell to the reference
integrated optical density. It should be known that DNA index is a significant indicator for
representing the content of the cell nucleus, further representing the number of ploidy in
the process of cell proliferation, and reflecting the CV of nuclear content in the process of
cell classification.

3.2. Verification Test of DNA Quantitative Analysis

The coexistence of polyploidy nuclei, such as diploid(2c), tetraploid(4c), octoploid(8c),
etc., is a significant characteristic of hepatocyte; therefore, the performance of DNA quan-
titative analysis by this multi-spectral imaging system can be evaluated by examining
whether the measured DNA index accords with the polyploid features of hepatocyte.

A Feulgen-stained mouse liver smear was examined by the multi-spectral imaging
system. Figure 7 is the scatter plot and histogram of measured DNA indices of mouse
hepatocytes. In the scatter plot, each point represents a cell, and it can be noticed that the
measured cells are essentially distributed where the DNA index is 1, 2 and 4; there are
obvious 2¢, 4c and 8c cell peaks in the histogram. It is proved that the DNA indices of
measured cells are consistent with the polyploidy characteristics of hepatocytes; the results
are, therefore, accurate.
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Figure 6. The microspectral images of DNA unmixing results; (1a-7a) the images of co-stained
cytoplasms and nuclei, (1Ib-7b) the grayscale images of cell nuclei after absorbance unmixing.
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Figure 7. The evaluation result using the mouse liver smear.

3.3. The Performance of Cervical Cell Screening

Twenty cervical cases from the Maternal and Child Health Hospital of Hubei
Province were analyzed. Two cervical smears were made for each case: one smear
was Fuelgen-stained and analyzed by traditional single-band DNA equipment, while
the other one was stained by the compound staining method and analyzed by the
multi-spectral imaging system.

Figure 8 shows the scatter plots and histograms of one negative case obtained by two
methods of analysis. Table 1 presents the quantity, mean of DI, standard deviation and
CV of cells, in this case, obtained by two methods. Through analyzing the experimental
results of the multi-spectral imaging system by mathematical statistics at a 95% confidence
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level, the confidence interval of the DNA indices of diploid cells is (0.998, 1.002), while the

confidence interval of the DNA indices of tetraploid cells is (1.939, 2.179).
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Figure 8. The analysis results of negative case; (a) the results of Feulgen staining method, (b) the results of compound

staining method.

Table 1. Contrast data of negative case.

Standard

Analysis Method Cell Types Quantity Mean of DI Deviation Ccv

Diploid cells 6421 0.989 0.089 9.043

Feulgen staining method Tetraploid cells 6 1.983 0.102 5.126

8 & Aneuploid cells 15 1.473 0.154 10.427
High ploidy cells 0 0 0 0

Diploid cells 6153 1.000 0.097 9.744

Compound staining Tetraploid cells 12 2.009 0.127 6.305

method of this paper Aneuploid cells 29 1.351 0.141 10.433
High ploidy cells 0 0 0 0

Figure 9 shows the scatter plots and histograms of one positive case obtained by two
methods of analysis. Table 2 presents the quantity, mean of DI, standard deviation and
Coefficient of Variation (CV) of cells obtained by two methods. At a 95% confidence level,
the confidence interval of the DNA indices for diploid cells calculated by the multi-spectral
imaging system is (1.023, 1.029); the confidence interval of the DNA indices for tetraploid

cells is (2.020, 2.058).
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Figure 9. The analysis results of positive case; (a) the results of Feulgen-staining method, (b) the results of compound-

staining method.

Table 2. Contrast data of positive case.

. . Standard

Analysis Method Cell Types Quantity Mean of DI Deviation Ccv
Diploid cells 3517 1.034 0.092 8.918

Feulgen staining method Tetraploid cells 243 2.032 0.128 6.276
& & Aneuploid cells 86 1.353 0.134 9.934
High ploidy cells 32 3.424 0.429 12.544

Diploid cells 3780 1.026 0.094 9.111

Compound staining Tetraploid cells 210 2.039 0.141 6.921
method of this paper Aneuploid cells 90 1.377 0.152 11.063
High ploidy cells 30 3.440 0.463 13.462

To judge whether there is a negative case or a positive case at a 95% confidence level,
the upper limit of the confidence intervals for tetraploid cells calculated by the multi-
spectral imaging system is less than 2.5, so a miscalculation will not happen. Comparing
the results of the DNA quantitative analysis of three cases between two methods, as shown
in the figures, most cells in this case that are distributed in the position of the DNA index
are 1 and 2. There is a small number of positive cells with DI > 2.5 in Figure 8. Positive
cells can be identified by both systems, the shape of the cells distribution is similar, and the
results of the two methods are also basically consistent.

It can be seen from Table 2 that CV of the high ploidy cells for the compound-stained
smear measured by multi-spectral system is larger than that of the Feulgen-stained smear
measured by single-band DNA equipment. The main reason for this is that the traditional
method uses only one spectral waveband, there are fewer sources of error in the compound-
staining method, and it has greater accuracy, especially in the calculation of high-ploidy
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cells with a higher gray level of the nucleus. However, the mean values of DNA indices
of diploid cells and tetraploid cells calculated by both methods are basically consistent,
and cells with a DNA index greater than 2.5 can be detected by both methods. Therefore,
this multi-spectral imaging system still provides high accuracy and reliability in screening
cervical cells.

4. Conclusions

This proposed system realizes the simultaneous application of TBS classification and
DNA quantitative analysis to the same cell smear. Some advantages can be observed,
such as: (1) only one material extraction and one film production are required, which
greatly reduces the production cost; (2) the simultaneous implementation of two screen-
ing methods can realize the complementary advantages of each method, significantly
improving diagnostic accuracy; (3) automatic scanning based on PCs allows for a high
degree of automation, which would greatly improve the screening diagnosis speed and
reduce operators’” work intensity. In summary, the microscopic multi-spectral imaging
system provides high accuracy and reliability, providing wide application prospects in
early diagnosis of cervical cancer.

In this system, images of cervical smears are captured via a monochrome CMOS image
sensor. In further works, a color-image sensor with a higher resolution, higher frame rate
and lager pixel size could be utilized to further improve the real-time accuracy of this
system.
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