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ARTICLE INFO ABSTRACT

Keywords: In this report, we collected the Raman spectrum of cervical adenocarcinoma and cervical squamous cell carci-
Tissue noma tissues by a micro-Raman spectroscopy system. We analysed, compared and summarized the character-
Raman spectrum istics and differences of the normalized mean Raman spectra of the two tissues and pointed out the major
Cervical adenocarcinoma differences in the biochemical composition between the two tissues. The PCA-SVM model that was used to
g(e:Z-lscffllquuamous cell carcinoma distinguish the two types of cervical cancer tissues was established. The accuracy of the model in differentiating
Raman spectroscopy cervical adenocarcinoma from cervical squamous cell carcinoma was 93.125%.

The results of this study indicate that Raman spectroscopy of cervical adenocarcinoma and cervical squamous
cell carcinoma tissue in combination with SVM (support vector analysis) and PCA (principal component ana-
lysis) can be useful for the classification of cervical adenocarcinoma and cervical squamous cell carcinoma
tissues and for the exploration of the differences in biochemical compositions between the two types of cervical
tissue. This study lays a foundation to further study Raman spectroscopy as a clinical diagnostic method for
cervical cancer.

1. Introduction of cervical adenocarcinoma is approximately 10% on average; thus,

ovarian preservation is not recommended [2]. The histological type of

Cervical cancer ranks as the fourth most frequently diagnosed
cancer and the fourth leading cause of cancer death in women, with an
estimated 570,000 cases and 311,000 deaths in 2018 worldwide [1].
Squamous cell carcinomas account for approximately 80% of all cer-
vical cancers, and adenocarcinoma accounts for approximately 20%
[2]. There are differences between cervical adenocarcinoma and cer-
vical squamous cell carcinoma in surgical treatment and the use of
postoperative adjuvant chemotherapy. Cervical squamous cell carci-
noma is not associated with oestrogen, and the rate of ovarian metas-
tasis is low in early-stage patients. Therefore, the ovaries can be pre-
served in premenopausal patients with stage I B1, II A1 when they are
younger than 45 years old. Ovarian preservation is not recommended in
patients with stage I B2, I A2 or above [2]. The ovarian metastasis rate

the tumour (adenocarcinoma, squamous cell carcinomas, etc.) should
be considered as a median risk factor for whether postoperative com-
plementary chemotherapy should be used. Moreover, adenocarcinomas
are less sensitive to radiotherapy than squamous cell carcinomas [2,3].
Therefore, the correct differentiation between cervical adenocarcinoma
and cervical squamous cell carcinoma and the adoption of the correct
treatment regimen are conducive to improving the survival rate of
patients.

At present, the primary screening tool for cervical cancer is a Pap
smear. Colposcopy is another widely used tool, which usually follows
an abnormal Pap smear. However, these methods have several short-
comings such as high false negative/positive results [14], time-con-
suming, expensive and traumatic. Therefore, it is particularly important
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and urgent to find a rapid, economical, non-invasive and objective
method for the diagnosis of cervical cancer.

Raman spectroscopy has been widely exploited for the detection of
cervical cancer as a non-invasive, objective and rapid technique
[4-10,14]. However, there are no studies on the use of Raman spec-
troscopy to differentiate cervical adenocarcinoma from squamous cell
carcinoma. It has been reported that an endoscopic Raman detection
system for nasopharyngeal carcinoma has been developed [11]. An
endoscopic Raman detection system has a great potential for clinical
detection of cancers [12]. In our study, the normalized mean Raman
spectra of cervical adenocarcinoma and cervical squamous cell carci-
noma tissues were compared and analysed. PCA-SVM was used to es-
tablish the differential models of two types of cervical cancer tissues
with an accuracy of 93.125%. It lays a foundation for further research
on the endoscopic Raman detection system for clinical diagnosis of
cervical cancer.

2. Experimental section
2.1. Materials and methods

Raman spectral maps from cervical tissue samples of 95 different
patients, including 45 cervical adenocarcinoma and 50 cervical squa-
mous cell carcinomas were acquired. For each sample, a tissue section
of 10 um thickness was cut from the formalin fixed paraffin processed
cervical tissue block using a microtome. After dewaxing with xylene,
Raman spectra were obtained according to standard clinical procedures
[4,13,16]. The Raman spectra were acquired in the spectral range of
400-1800 cm ! using a Raman system (LabRAM HR Evolution RAMAN
SPECTROMETER, HORIBA Scientific Ltd) at ambient temperature
(25+ 1°C. A 532 nm laser [17] was focused through a 50 X objective
(NA = 0.5) to excite the samples. The spectra were collected at 100 um
steps across whole sections

to provide information about the global changes in the specimen
[21]. At least five to seven spectra were recorded on each sample at
different locations and each spectral point was treated as a sample
[14,18,19]. An integration time of 8s and 3 accumulations were the
parameters used for spectral recording. These conditions were kept
constant for all measurements. A total of 658 pieces of spectral data
were obtained, including 315 pieces of adenocarcinoma spectral data
and 343 pieces of squamous cell carcinoma spectral data.

2.2. Data preprocessing of Raman maps

Data preprocessing included substrate backgrounds, baseline cor-
rection and normalization. The raw Raman spectra acquired from the
tissue samples contained high fluorescence background and noise. To
extract the pure Raman signals, an airPLS algorithm was employed to
subtract the cervical tissue autofluorescence background, and to correct
the baseline [20]. Then, the data normalization function mapminmax of
MATLAB was used to normalize all the spectral data to 0-1 [4]. Thus,
the change in relative spectral intensity, which may be caused by a
power fluctuation of the Raman laser source, can be reduced and the
comparison of Raman peak shapes and relative intensities between
different tissue samples could be achieved. OriginPro19.0 software was
used to plot the mean spectrogram of the pretreated spectral data for
two types of cervical cancer tissues. PCA-SVM was used to establish a
discrimination model for all the spectral data of cervical adenocarci-
noma and cervical squamous cell carcinoma after pretreatment.

3. Results and discussion
3.1. Spectral analysis

The significant differences in Raman spectra between cervical ade-
nocarcinoma and cervical squamous cell carcinoma can be seen in
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Fig. 1. Normalized mean Raman spectrum of cervical adenocarcinoma and
cervical squamous cell carcinoma tissues.
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Fig. 2. Difference spectrum of the normalized mean spectrum (cervical squa-
mous cell carcinoma—cervical adenocarcinoma).

Fig. 1 and 2. These differences are reflected in the relative intensity,
position and shape of the Raman peaks. The distinctive Raman features
and intensity differences in adenocarcinoma vs. squamous cell carci-
noma cervical tissue can reflect differences in the biochemical compo-
nents associated with types of cervical cancer. It can be observed from
Fig. 1 that the Raman peaks of the mean Raman spectra of the two types
of cervical cancer tissues mainly appeared at 415, 485, 614, 640, 695,
838, 880, 938, 1002, 1095, 1340, 1452, 1506, 1616, 1645, 1670 and
1756 cm ~ . These peaks appear in the same position and have a similar
shape, but there are significant differences in their relative intensities,
which can be more clearly illustrated by displaying the spectrum dif-
ferences, which was computed by subtracting the normalized mean
spectrum of cervical adenocarcinomas from the normalized mean
spectrum of cervical squamous cell carcinomas, as shown in Fig. 2. The
strong positive peaks seen in the difference spectrum (Fig. 2), 415, 614,
838, 880, 938, 1002, 1095, 1340, 1452, 1616, 1645, 1670 cm™*, are
contributed by the spectrum of cervical squamous cell carcinomas.
These spectral bands based on peak positions and relative intensities
can be tentatively assigned to lipids, proteins (tryptophan, phenylala-
nine, amide I (a-helix)), carbohydrates, DNA (nucleic acid) using the
available literature data [10,15,18,21]. The negative peaks, 485, 640,
695, 1506 cm ™', are contributed by the spectrum of cervical adeno-
carcinoma, and these bands can be assigned to biomolecules such as
DNA (cytosine), proteins (tyrosine, methionine) and glycogen
[10,13,15]. The peak assignments are listed in Table 1. The peaks at
640, 695, 838, 880, 1002, 1032, 1043, 1236, 1616, 1645, 1670 cm ™!
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Table 1
Raman peak attribution in cervical cancer tissues.
Raman bands/cm ™! Assignations
415 Phosphatidylinositol
485 Glycogen
614 Cholesterol ester
640 C-S stretching and C-C twisting of proteins-tyrosine
695 V(C-S) trans (amino acid methionine)
838 Deformative vibrations odd amine groups
880 Tryptophan, 8 (ring)
898 Monosaccharides (B-glucose), (C—O—C) skeletal mode,
Disaccharide (maltose), (C—O—C) skeletal mode
915 Ribose vibration, one of the distinct RNA modes
938 C—C stretch backbone
1002 Phenylalanine
1032 CH2 CH3 bending modes of collagen and phospholipids
1043 Proline (collagen assignment)
1095 Lipid
1236 CN stretch, NH bending amide III band
1340 Nucleic acid mode
1452 CH2 deformation in lipids
1506 N=H bending, Cytosine
1616 C=C stretching mode of tyrosine & tryptophan
1645 Amide I (a-helix)
1670 Amide I

can be attributed to proteins. In cervical cancer tissues, the cells have
large amounts of proteins giving a protein-dominated spectrum [18].
Very prominent differences in spectral profiles for both cervical cancer
tissues are observed. As seen from Fig. 1, the band at 1002cm ™7, at-
tributed to phenylalanine [18] in the normalized mean Raman spec-
trogram of cervical squamous cell carcinoma tissues, is 2cm ™! red-
shifted from the normalized mean Raman spectrogram of cervical
adenocarcinoma tissues. The band at 1032 cm-, attributed to CH2/CH3
bending modes of collagen and phospholipids [15] in the normalized
mean Raman spectrogram of cervical squamous cell carcinoma tissues,
is 11 cm ! red-shifted relative to the band at 1043 cm ™}, attributed to
proline (collagen assignment) [23] in the normalized mean Raman
spectrogram of cervical adenocarcinoma tissues. These results indicate
that there is a change in the molecular structure of proteins in asso-
ciation with cervical cancer types [19]. There is a spectrum peak at
898 cm !, attributed to monosaccharides (B-glucose), (C—O—C) ske-
letal mode and disaccharide (maltose), (C—O—C) skeletal mode [21], in
the normalized mean Raman spectrogram of cervical adenocarcinoma
tissues, which is missing in the normalized mean Raman spectrogram of
cervical squamous cell carcinoma tissues. The results indicate that the
percentage of carbohydrate contents relative to the total Raman-active
components are higher in cervical adenocarcinoma tissue in compar-
ison with those of the cervical squamous cell carcinoma tissue. There is
a spectrum peak at 915 cm ™!, attributed to ribose vibration (one of the
distinct RNA modes) [22], in the normalized mean Raman spectrogram
of cervical squamous cell carcinoma tissues, which is missing in the
normalized mean Raman spectrogram of cervical adenocarcinoma tis-
sues. These results indicate that the percentage of RNA contents relative
to the total Raman-active components are higher in cervical squamous
cell carcinoma tissue in comparison with those of the cervical adeno-
carcinoma tissue. The band at 1236 cm ™, attributed to the CN stretch,
NH bending amide III band [13] in the normalized mean Raman
spectrogram of cervical squamous cell carcinoma tissues, is 16 cm ™!
blue-shifted relative to the band at 1220 cm ™2, attributed to amide III
(b -sheet) [13] in the normalized mean Raman spectrogram of cervical
adenocarcinoma tissues, which indicates a change in structure and
conformation of amide III in association with cervical cancer types.

3.2. Raman characteristic peak scatter diagram

To further clarify the differences in proteins, DNA and lipids be-
tween cervical adenocarcinoma and cervical squamous cell carcinoma
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tissues, the relative intensity of all the spectral data after pretreatment
at 1002 (protein), 1340 (nucleic acid) and 1452 (lipid) cm ~! were used
as the ordinate, and the number of samples were used as the abscissa to
draw scatter plots as shown in Fig. 3(A, B, and C). The standard error
bar diagrams of the average relative intensity of the characteristic peaks
at 1002, 1340 and 1452 cm ™! of two types of cervical cancer tissues
were also drawn and shown in Fig. 3D.

The scatter plot of the relative intensity of the characteristic peak at
1002 cm %, attributed to phenylalanine [18], is shown in Fig. 3A. As
seen from Fig. 3A, the relative intensity of the spectra of cervical ade-
nocarcinoma and cervical squamous cell carcinoma tissues at
1002 cm ™! is different. An independent variable t-test was performed
on 315 spectral relative intensity data of cervical adenocarcinoma tis-
sues at 1002 cm ™!, and 315 data randomly selected from 343 spectral
relative strength data of cervical squamous cell carcinoma tissues at
1002 cm™ (all the data was preprocessed). P < 0.001, which indicates
that there is a significant difference in the spectral relative intensity
between cervical adenocarcinoma and cervical squamous cell carci-
noma tissues at 1002 cm ™. As seen in Fig. 3D, the mean spectral re-
lative intensity of cervical squamous cell carcinoma tissues is higher
than that of cervical adenocarcinoma tissues at 1002 cm ™ !. It has been
reported in previous studies that tumours showed higher percentage
signals for phenylalanine in comparison with normal tissues
[10,15,24]. Phenylalanine, a protective amino acid highly present in
primary tumours [26], has been associated with inhibition of tumour
growth and postoperative metastasis [25,26] and has been used in
studies to detect pancreatic cancer [27].

The scatter plot of the relative intensity of the characteristic peak at
1340 cm ™}, attributed to the nucleic acid mode [10], is shown in
Fig. 3B. The relative intensity of the spectrum of cervical adenocarci-
noma and cervical squamous cell carcinoma tissues at 1340 cm ™! is
different, which can be seen in Fig. 3B. An independent variable t-test
was performed on 315 spectral relative intensity data of cervical ade-
nocarcinoma tissues at 1340 cm™! and 315 data randomly selected
from 343 spectral relative strength data of cervical squamous cell car-
cinoma tissues at 1340cm™ (all the data has been preprocessed).
P < 0.001, which indicates that there is a significant difference in
spectral relative intensity between cervical adenocarcinoma and cer-
vical squamous cell carcinoma tissues at 1340 cm ™', As seen in Fig. 3D,
the mean spectral relative intensity of cervical squamous cell carcinoma
tissues is higher than that of cervical adenocarcinoma tissues at
1340 cm ™~ !. The increased nucleic acid is a result of the increased
proliferation of the tumour cells [13,15,19]. The results indicated that,
compared with cervical adenocarcinoma tissue, cervical squamous cell
carcinoma tissue had a stronger ability of cell proliferation.

The scatter plot of the relative intensity of the characteristic peaks at
1452 cm !, attributed to CH2 deformation in lipids [10], is shown in
Fig. 3C. As seen from Fig. 3C, the relative intensity of spectra of cervical
adenocarcinoma and cervical squamous cell carcinoma tissues at
1452 cm ™! is different. An independent variable t-test was performed
on 315 spectral relative intensity data of cervical adenocarcinoma tis-
sues at 1452 cm ™! and 315 data randomly selected from 343 spectral
relative strength data of cervical squamous cell carcinoma tissues at
1452 cm™ (all the data has been preprocessed). P < 0.001, which in-
dicates that there is a significant difference in the spectral relative in-
tensity between cervical adenocarcinoma and cervical squamous cell
carcinoma tissues at 1452cm™'. As seen from Fig. 3D, the mean
spectral relative intensity of cervical squamous cell carcinoma tissues is

higher than that of cervical adenocarcinoma tissues at 1452 cm™?.

3.3. PCA-SVM model

Principal component analysis (PCA) can reduce a large amount of
original data to a much smaller, more manageable dataset [28]. In the
literature, there are many examples of the application of PCA as an
efficient tool supporting medical diagnosis [10,13,14,17,18,19,28]. A
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Fig. 3. Scatter diagrams of relative intensities of characteristic peaks at 1002 cm ™! (A), 1340 cm ™! (B), and 1452 cm ™~ ! (C). The standard error bar diagrams of the
average relative intensity of the characteristic peaks at 1002, 1340 and 1452 cm ™' of the two types of cervical cancer tissues (D).

support vector machine (SVM) is a powerful multi-class pattern re-
cognition technology and is applied to analyse small sampling, non-
linear and high dimension data sets [29]. SVM belongs to the family of
“margin-based classifiers” that often achieve superior classification
performance compared to other classification algorithms [29]. The
current study presents the use of Raman spectroscopy combined with
principal component analysis (PCA) and support vector machine (SVM)
for the classification of cervical adenocarcinoma and cervical squamous
cell carcinoma tissues. All the spectra (unfiltered) were subjected to
fluorescence background removal and baseline correction using the
airPLS algorithm [20], in MATLAB 2016a before being exported to
Microsoft Excel. Then, the spectra were normalized to the spectral
maximum, from O to 1, and then principal component analysis (PCA)
was carried out to reduce the data dimension 111 principal components
(contribution rate > 0.95) were extracted to establish an SVM identi-
fication model between cervical adenocarcinoma and cervical squa-
mous cell carcinoma in MATLAB 2016a. Each dataset(cervical adeno-
carcinoma data set and cervical squamous cell carcinoma data set was

divided into training and validation sets by randomly selecting 80
samples for the validation data and the rest of the data was used for
training. All the results shown in the latter part are the results of pre-
dictions from the verification set, which was not included in the
training of the algorithm.

In this study, Raman spectroscopy and PCA-SVM were used to
classify cervical adenocarcinoma and squamous cell carcinoma tissues.
Four different kernels are used to analyse and classify the Raman
spectra, and the results are shown in Table 2(A-D). To compare the
classification effect, PCA-LDA was also adopted in this study to estab-
lish the classification model. The data settings were exactly the same as
the PCA-SVM model, and the results are shown in Table 2E. As seen
from Table 2, the classification accuracy of the PCA- SVM algorithm is
higher than that of the PCA-LDA algorithm. Among them, the PCA-SVM
classification model based on the polynomial kernel function has a
classification accuracy rate of 90% for cervical adenocarcinoma tissue,
96.25% for cervical squamous cell carcinoma tissue and a total accu-
racy rate of 93.125%. The ROC curve was adopted to verify the
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1 - Specificity
Fig. 4. ROC curve of the PCA-SVM model based on the polynomial kernel

function.

reliability of the PCA-SVM classification model based on the polynomial
kernel function, as shown in Fig. 4. The area under the ROC curve was
0.932, indicating that the model had high reliability.

In this study, the number of samples was limited, and we will
continue to collect samples for future studies. We hope to establish a
standard Raman spectroscopy library of cervical adenocarcinoma and
cervical squamous cell carcinoma tissues with the support of a large
number of samples and data.

In the future, we will further study Raman spectroscopy of different
types of cervical tissues in detail. We hope to develop an endoscopic

C. Zheng, et al.
Table 2
Classification using the PCA-SVM algorithm.
A
Style Polynomial N (train)/N (test) Adenocarcinoma Squamous cell carcinoma Total Accuracy
Cervical adenocarcinoma 235/80 72 8 315 90%
Cervical squamous cell carcinoma 263/80 3 77 343 96.25%
B
Style line N (train)/N (test) Adenocarcinoma Squamous cell carcinoma Total Accuracy
Cervical adenocarcinoma 235/80 58 22 315 72.5%
Cervical squamous cell carcinoma 263/80 8 72 343 90%
C
Style Radial basis function N (train)/N (test) Adenocarcinoma Squamous cell carcinoma Total Accuracy
Cervical adenocarcinoma 235/80 52 28 315 65%
Cervical squamous cell carcinoma 263/80 9 71 343 88.75%
D
Style Sigmoid N (train)/N (test) Adenocarcinoma Squamous cell carcinoma Total Accuracy
Cervical adenocarcinoma 235/80 55 25 315 68.75%
Cervical squamous cell carcinoma 263/80 17 63 343 78.75%
E. Classification using the PCA-LDA algorithm
Style LDA N (train)/N (test) Adenocarcinoma Squamous cell carcinoma Total Accuracy
Cervical adenocarcinoma 235/80 78 315 97.5%
Cervical squamous cell carcinoma 263/80 70 10 343 12.5%
ROC curve: ROC of PCA-SVM Raman spectroscopy detection system, which combines optical fibre
technology with Raman spectroscopy technology and can be used for
10 S — the clinical diagnosis of cervical cancer.
P
H 4. Conclusion
:
L]
0.5 ' In this study, the normalized mean Raman spectra of cervical ade-
- nocarcinoma and cervical squamous cell carcinoma tissues were com-
- pared and analysed. The Raman intensity peaks at 640, 695, 838, 880,
[ H 1002, 1032, 1043, 1236, 1616, 1645 and 1670 cm™, attributed to
- — . _ . .
; 06 H proteins, at 614, 1095 and 1452 cm 1 attributed to lipids, and at 485
' . . . . .
] ! and 898 cm™, attributed to glycogen, provided adequate differentiation
@ ! between cervical adenocarcinoma and cervical squamous cell carci-
g 0.4 4 noma tissues. The scatter plot of the relative intensity of all the spectra
v at 1002, 1340 and 1452 cm™ !, were drawn. The scatter plots were
' analysed in detail. The results showed that the relative intensity of the
' characteristic peaks at 1002, 1340 and 1452cm ™' was significantly
] . . .
02! different (P < 0.001). The Raman spectroscopy combined with the
: PCA-SVM model was established for the classification of cervical ade-
N nocarcinoma and cervical squamous cell carcinoma tissues; the accu-
9 racy of the identification reached 93.125%.
0.0 T T T T This study indicated that there were significant differences in
0.0 02 0.4 06 08 1.0 . . . .
Raman spectrum between cervical adenocarcinoma tissues and cervical

squamous cell carcinoma, and Raman spectroscopy combined with
PCA-SVM could achieve the classification and differentiation of cervical
adenocarcinoma and cervical squamous cell carcinoma.
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