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Abstract: Cervical cancer is a serious threat to women’s health due to malignant tumours,
and early detection can greatly reduce mortality. In this paper, cervical tissue was used
as the research object, and Raman spectroscopy analysis of cervical inflammation and
precancerous tissues was used to detect cervical cancer. This provides a clinical basis
for the use of Raman spectroscopy in analysis of cervical precancerous lesions. In this
study, the actual Raman spectrum signal of precancerous cervical tissue was collected,
and the PLS and Relief methods were used to extract the signal characteristics of the
spectrum. Then, we established and compared KNN and ELM classification models and
finally achieved the early diagnosis of cervical cancer. This experiment designed a novel
feature fusion method in feature extraction, and we used the first and second derivative
features that reflect more peak details of the original spectrum for fusion. The accuracy rate
of KNN without feature fusion is 88.17%, and the accuracy rate after fusion is 93.55%. The
accuracy rate of ELM without feature fusion is 90.81%, and the accuracy rate after fusion
is 93.51%. The results show that the accuracy of feature fusion has been improved to a
certain extent, and this method is expected to be used as a new method of spectral data
fusion.

Index Terms: Raman spectroscopy, feature fusion, cervical cancer, derivative feature.

1. Introduction
Every year, more than 500000 women worldwide are diagnosed with cervical cancer, and the
number of female cervical cancer deaths worldwide is now as high as 300000 [1], [2]. In the early
stages of cervical cancer, if effective treatment can be obtained, the patient’s 5-year survival rate
is as high as 90%. However, the average survival rate of late-stage patients is only 15%–35%
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TABLE 1

Experimental Process

[3]. Therefore, the Director-General of the World Health Organization (WHO) issued a global
call for action in 2018. This is for the early screening of cervical cancer to eliminate cervical
cancer [4], [5]. Cervical inflammation is common among women. Although chronic inflammation
can be cured, long-term cervicitis infection can induce cervical cancer [6]. The occurrence of
cervical cancer is a relatively slow process. Low-grade squamous intraepithelial lesions (LSIL)
(CIN1) are mainly caused by low-risk Human Papilloma Virus (HPV) infection, and high-grade
squamous intraepithelial lesions (HSIL) (CIN2 + CIN3) remainly caused by persistent high-risk
HPV infection. It takes approximately 5–8 years after HPV infection to cause cervical cancer from
CIN. Regardless of the level of CIN, there will be 3 conditions: regression, persistence, and further
development of the disease. The lower the grade is, the greater the chance of disease reversal and
the lower the risk of disease progression. The higher the grade is, the higher the risk of disease
progression. Currently, commonly used diagnostic tools are cervical cytology, HPV testing and
colposcopy. Cervical cytology requires a microscopic examination by an experienced cytologist,
which cannot be realized in most resource-scarce environments. HPV screening of false negatives
is very high. The colposcopy procedure is simple, but its accuracy is affected by human factors [7],
[8]. Therefore, there is an urgent need to develop a stable, efficient and fast diagnostic method to
provide help for the early diagnosis and pathological research of cervical cancer.

Raman spectroscopy is a nondestructive and highly sensitive optical analysis technique based
on inelastic scattering spectroscopy. It has been widely used in the diagnosis of thyroid disease [9],
[10], breast cancer [11], prostate cancer [12], hepatitis C [13] and other diseases. Almost all types of
diseases, such as cancer and infectious diseases, initially occur at the molecular level [14]. Raman
spectra of these changes show that the characteristic peak location, intensity and spectral width
may change, which provides the basis for the diagnosis of the disease. This article uses spectral
analysis to compare the differences between cervical inflammation, LSIL and HSIL. Raman spectra
have a strong background. In this experiment, adaptive iterative weighted least squares (airPLS)
were used for background subtraction [15]–[17]. Because spectral data have the characteristics of
high dimension, they contain a large amount of redundant information, so this paper adopts partial
least squares (PLS) to extract features from spectral data [18], [19] The experiment process is
shown in Table 1.

The experimental results show that the accuracy was improved after feature fusion, which shows
that the derivative fusion method can be used as a new spectral data fusion method. Wang et al.
used a support vector machine (SVM) to achieve cervical cancer screening. SVM needs to find the
best C and g parameters, and the model runs for a long time. Their research did not provide enough
modelling details and contributed little to developing a Raman spectroscopy method to diagnose
diseases. The experiment was carried out only once, so the robustness of the model cannot be
guaranteed. In addition, there is no innovation in the methodology [20]. This research designed a
novel feature fusion method for use in spectroscopy. The spectral analysis of cervical tissue using
Raman spectroscopy is expected to be used in clinical screening, and it is expected to become a
new method of screening for cervical precancerous lesions.

Vol. 13, No. 3, June 2021 3900311



IEEE Photonics Journal Feature Fusion Combined With Raman Spectroscopy

2. Materials and Methods
2.1 Experimental Materials

In this study, a total of 123 cervical tissue sections were collected from the First Affiliated Hospital
of the First Affiliated Hospital of Xinjiang Medical University. According to the clinical diagnosis, 49
samples exhibited inflammation, 29 samples exhibited LSIL, and 45 samples exhibited HSIL. Each
formalin-fixed sample was embedded in paraffin and cut into 10-µm-thick cervical tissue sections.
According to the standard clinical procedure, we performed the following wax removal method on
the sections. The tissue sections were placed in an oven and heated at 60 °C for 40 minutes and
then removed immediately and soaked in dewaxing liquid for 15 minutes. Then, the tissue biopsy
samples were removed from the wax-removing liquid and cleaned with distilled water to remove
residual tissue dewaxing fluid. After wax was removed from the cervical cancer tissue samples, the
biopsy samples were placed in a cool, dry, ventilated place. We completed Raman spectroscopy
collection in two days.

2.2 Raman Spectral Data Acquisition

Raman spectral data were obtained at ambient temperature (25 ± 1 °C) by a laser Raman
spectrometer (LabRAM HR Evolution Raman spectrometer, HORIBA Scientific Ltd.) with a spectral
resolution of approximately 0.35 cm−1. The spectra were recorded at 400 to 1800 cm−1 using an
excitation wavelength of 532 nm. Using a 50× objective lens to focus the laser spot, the laser power
on the sample surface was approximately 100 mW. The spectral data were acquired in 8 s, and
a numerical aperture (NA = 0.5) was used. The laser spot size was 6 µm. To provide the overall
sample information, the entire slice was crossed with a span of 100 µm. For each sample, five
spectra were recorded at different locations. A total of 615 spectral data points were obtained: 245
for inflammation, 145 for LSIL and 225 for HSIL. During the experiment, all experimental conditions
remained unchanged.

2.3 Spectral Data Preprocessing

This experiment obtained Raman spectra containing obvious background because after paraffin
embedding and dewaxing, the tissue section usually appears white and diffuse, without fluores-
cence but with strong scattering [15], [21]. The airPLS background subtraction algorithm is a
method to correct spectral baseline drift proposed in recent years. It is mainly to introduce adaptive
iteration and sparse matrix technology to quickly fit the accurate background. In addition, as the
number of variables increases, its calculation speed is changing in linear relationship, which can
quickly obtain the result of the background deduction without having a large variable [22], [23]. This
experiment first performs background subtraction on the obtained spectrum data, which effectively
removes the fluorescent background. We used airPLS for background subtraction, normalized the
derived data, and then normalized the spectrum to eliminate noise interference and improve the
convergence speed. This experiment used the mapminmax normalization function. Data analysis
was performed in the MATLAB 2018a (Origin, 2018) environment.

2.4 Spectral Analysis

The average Raman spectra processed by background subtraction and normalization are shown in
Fig. 1 for the range of 400 to 1800 cm−1. At 548, 640, 721, 830, 938, 1073, 1250, 1309, 1452, and
1664 cm−1, obvious Raman peaks were observed, and all the characteristic peaks of the specific
material are shown in Table 2.

By comparing the three spectra, there was a large difference between inflammation and HSIL
that was identified. Although the three spectral lines change by roughly the same amount, the
intensities of the peaks at 548, 640, 1452, and 1664 cm−1 are quite different for the three spectra.
Comparing the Raman spectra of early cervical lesions shows that their Raman spectra have many
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Fig. 1. Normalized average Raman spectrum.

differences, and the intensities of multiple peaks are different. Therefore, based on the differences
in the spectral intensities of the three spectra, we can classify them according to the spectral
data. There are some differences in the changing trends of the three spectrograms, which lays the
foundation for the selection of derivative feature fusion for the difference in changing trends.

2.5 Derivative of the Raman spectrum

The derivative transformation method (differential method) is based on differential analysis or uses
mathematical functions to estimate the spectral curve slope. Raman spectral data processing is
mainly used to extract different spectral parameters. The derivative Raman spectrum consists
of two zero points, positive and negative peaks, which correspond to the peaks, troughs, and
Raman spectra on both sides of the inflection point [24]. The curve obtained after the first derivative
transformation mainly reflects the transformation rate of the spectral curve, that is, the slope of each
point corresponding to the wavelength of the curve. The second derivative spectrum is the result of
the second derivative transformation of the original spectrum, so the second derivative is equivalent
to increasing each change point on the original spectrum curve based on the first derivative. Studies
have shown that the data processing method of derivative spectroscopy (first-order derivative
or high-order derivative) has been used to analyse near-infrared spectroscopy and ultraviolet
spectroscopy data because of its ability to extract subtle spectral features [25], [26]. The derivation
process is as follows. A discrete spectrum x is at wavelength xk , and the width of the differential
window is g:

First Derivative : xk,1 = xk+g − xk−g

2g
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Fig. 2. Normalized first derivative Raman spectrum of the sample.

Second Derivative : xk,2 = xk+g − 2xk + xk−g

2g

Usually, derivative processing obtains a spectrum with a higher resolution and clearer spectrum
variation than the original spectrum. The purpose of second derivative processing is to expand
the spectral difference and improve the signal-to-noise ratio so that more effective content can
be obtained from the spectrum. As shown in Fig. 3, in the second derivative graph, the original
spectrum with insignificant changes has obvious changes in some characteristic bands. These
results show that derivative spectroscopy technology has many advantages in reflecting subtle
spectral characteristics. The first derivative and second derivative spectra of this experiment are
shown in Fig. 2 and Fig. 3, respectively:

2.6 Feature Extraction and Fusion

Because it is difficult to directly distinguish between high-dimensional spectral data, to improve
the efficiency of diagnosis, it is very important to reduce the dimensionality and select features
of the spectral data before building the model. Multifeatured combination and feature optimization
are hot topics in the study of spectral classification. At present, the classification method based on
feature selection after fusion has not been used for the early screening of cervical cancer. KIRA
et al. proposed the Relief feature weight algorithm to calculate feature weights in 1992 [27], [28].
The basic idea is to randomly select a sample through nearest neighbour learning. The distance
between samples of the same type with better features is small, and the distance between samples
of different types is large. PLS is a supervised linear dimensionality reduction method. It has a
good ability to process small samples at high dimension and has been widely used in various
research fields. This research used PLS to reduce the dimensionality of the spectral data [18],
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TABLE 2

Peak Position and Distribution of the Raman Spectra

[29]and adopted the Relief method to perform feature selection on the feature fusion data, aiming
to establish a more efficient classification model.

3. Results
In this experiment, all samples were randomly divided into a training set and test set at a ratio of
7:3: the inflammation training set contained 34 samples, and the test set contained 15 samples; the
LSIL training set contained 20 samples, and the test set contained 9 samples; and the HSIL training
set contained 31 samples, and the test set contained 14 samples. Random division was achieved
by the MATLAB randperm function. Due to the chance of dividing the dataset randomly, to make
the experimental results more convincing, the experimental results are based on three random
divisions and averaged. To determine the best classification effect, the 50 principal components
extracted from the PLS feature are sequentially sent to the classifier model, and the model results
are the average of three runs. For the data obtained after the fusion of the various derivative
features, Relief is used for feature selection, and 50 features are still selected for the construction
of the classification model.

3.1 KNN Classification Model

KNN is one of the more famous classification recognition algorithms based on statistical methods. It
is not only one of the simplest algorithms in machine learning but also one of the most widely used
algorithms in machine learning [30], [31]. The idea is that for a given sample data set, a certain
distance measurement rule is first established to calculate the distance between the samples to
calculate the k nearest sample points to a sample point and then judge which category of the k
sample points has more samples to classify the sample points [32]–[36]. In this experiment, the k
value is 4, and the highest accuracy rate is 93.55%. Fig. 4 shows the accuracy of the model.

Fig. 4 shows that the construction of the KNN model changes the accuracy of different features.
Its accuracy rate is 88.17% in the first 14 features. With the increase in the number of features,
the accuracy rate fluctuates relatively greatly, and it is basically stable at approximately 78% in
the end. The classification model constructed after 0 + 1-order derivative feature fusion has the
highest accuracy rate of 91.94% for the first 23 features, and there is little fluctuation in the follow-
up. The classification model constructed after the 0 + 2-order derivative feature fusion has the
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Fig. 3. The normalized and averaged second derivative Raman spectrum of the sample.

TABLE 3

Highest Diagnosis Rate for Each Model of KNN

highest accuracy of 90.86% for the first 33 features. The model has relatively small fluctuations,
and the classification effect is relatively stable. The classification model constructed after the fusion
of 0 + 1 + 2-order derivative features fluctuates with the increase in the number of features in the
early stage. The accuracy rate is the highest at 93.55% for the first 43 features, and there is a slight
decrease in the subsequent results. The specific diagnosis rate of each model is shown in Table 3.

In this paper, the 0-order derivative represents the data after the original spectrum is extracted.
The 1-order derivative represents the data after the first derivative of the original data. The 0 + 1-
order derivative fusion refers to the data fusion of the data obtained by the 0-order derivative and
the 1-order derivative. The 2-order derivative refers to the data after the second derivative feature
extraction of the original data, and the 0 + 2-order derivative fusion refers to the data obtained after
the 0-order derivative and the 2-order derivative are fused.
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Fig. 4. Accuracy of the first 50 dimensions of each model of KNN (the average of the model results is
taken three times).

3.2 ELM Classification Model

The extreme learning machine (ELM) is a new extended network used to train a single hidden layer
feedforward neural network. Compared with other existing neural network learning methods, such
as backpropagation networks (BP) [37], and typical machine learning algorithms, such as support
vector machines (SVM) [10], [38], the ELM performs the random initialization of input weights, and
only by solving the equation can the advantage of the primary weight be determined. Therefore,
the ELM algorithm has fast and powerful learning capabilities [39]–[41]. The internal state of the
ELM has the function of mapping dynamic characteristics so that the system has the function
of time-varying characteristics, and the generalization performance of the model is very good. The
parameters of the ELM are as follows: the number of hidden neurons is 60, and the transfer function
is a sigmoid function. Fig. 5 shows that the accuracy of the ELM model constructed by each feature
has changed. Among the fusion models, the 0-order derivative has the highest accuracy of 90.81%
in the first 27 features. After feature fusion, 0 + 1-order derivative fusion has the highest accuracy
rate of 92.79% in the first 28 features, 0 + 2-order derivative fusion has the highest accuracy of
91.53% when the first 43 features are fused, and the 0 + 1 + 2-order derivative features are fused
with the highest accuracy rate of 93.51% in the first 41 features. The accuracy of each model
fluctuates with the change in features. The overall accuracy shows a certain increase with the
increase in the number of features. After reaching the highest accuracy rate, the accuracy rate
fluctuates as the number of features increases and finally stabilizes within a certain range. The
specific diagnosis rate of each model is shown in Table 4.

3.3 Result Analysis

This research combines feature selection and feature fusion to construct a classification model.
The best model is the KNN model after 0 + 1 + 2 derivative feature fusion. The accuracy rate of
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Fig. 5. Accuracy of the first 50 dimensions of each ELM model (the model results are the average of
three runs).

TABLE 4

Highest Diagnosis Rate for Each Model of ELM

the first 43 features is 93.55%. The experimental results show that the accuracy of the data has
been improved after feature fusion, and the accuracy of the model after 0 + 1 + 2 derivative fusion
is the largest. This shows that the data derivation can retain more effective spectral information to
a certain extent, which has great reference value for data modelling.

4. Conclusion
This article attempts to realize the early diagnosis of cervical cancer through Raman spectroscopy
combined with machine learning algorithms, which shows the feasibility of the early-stage diagnosis
of cervical cancer. In this study, an analysis system was established from the perspective of
spectroscopy, and the airPLS-PLS-KNN and airPLS-PLS-ELM models were established, with the
highest accuracy rates of 88.17% and 90.81%, respectively. On this basis, to improve the accuracy
of model discrimination, a feature fusion method of various orders is proposed. After fusion, the
accuracy of the model increased by 5.38% and 2.7%. These improvements may be due to the
ability of derivative spectroscopy to extract subtle spectral features, which provides a new idea for
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future Raman spectral feature extraction. The sample size used in the model of this research is too
small. In subsequent research, we will collect more samples to verify the stability and effectiveness
of the model. Because the technology has the advantages of being fast and low cost, it provides a
new method for the clinical prevention and treatment of cervical disease.

Conflict of Interest: The authors declare that there are no conflicts of interest related to this
article.
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