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Purpose: An accurate assessment of the surgical margins of tongue squamous
cell carcinoma (TSCC), especially the deep muscle tissue, can help completely
remove the cancer cells and thus minimize the risk of recurrence. This study
aimed to develop a classification model that classifies TSCC and normal tissues in
order to aid in the rapid and accurate intraoperative assessment of TSCC surgical
deep muscle tissue margins.

Materials and methods: The study obtained 240 Raman spectra from 60 sections
(30 TSCC and 30 normal) from 15 patients diagnosed with TSCC. The
classification model based on the analysis of Raman spectral data was
developed, utilizing principal component analysis (PCA) and linear discriminant
analysis (LDA) for the diagnosis and classification of TSCC. The leave-one-out
cross-validation was employed to estimate and evaluate the prediction
performance model.

Results: This approach effectively classified TSCC tissue and normal muscle
tissue, achieving an accuracy of exceeding 90%. The Raman analysis showed that
TSCC tissues contained significantly higher levels of proteins, lipids, and nucleic
acids compared to the adjacent normal tissues. In addition, we have also explored
the potential of Raman spectroscopy in classifying different histological
grades of TSCC.

Conclusion: The PCA-LDA tissue classification model based on Raman
spectroscopy exhibited good accuracy, which could aid in identifying tumor-
free margins during surgical interventions and present a promising avenue for the
development of rapid and accurate intraoperative techniques.

Raman spectroscopy, tongue squamous cell carcinoma, surgical margin, principal
component analysis—Llinear discriminant analysis, diagnosis, histological grades
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1 Introduction

In recent years, the incidence of oral squamous cell carcinoma
has been increasing year by year, and it is considered the sixth most
common global malignancy (Arathy et al, 2022; Cortina et al,
2023). Tongue squamous cell carcinoma (TSCC) is the most
common oral cancer, which accounts for approximately 50%
(Arathy et al, 2022; Yang et al, 2022). Although multi-
disciplinary therapy has been applied in the treatment of TSCC,
surgical complete resection remains the first treatment choice (Inoue
et al.,, 2023). The primary aim of surgical treatment is the extensive
resection of the tumor with no residual cancer cells, which should be
achieved by removing the tumor with a margin of more than 5 mm
of surrounding normal tissue (Inoue et al., 2023; Karimi et al., 2023;
Spence et al., 2023). Tongue is a vital functional organ, which helps
with functions such as speech, taste, and swallowing (Pai et al., 2021;
Karimi et al., 2023). Surgical extensive resection would significantly
impact the patients’ function and result in a decreased quality of life,
although surgical reconstruction could resolve the defect of tongue
tissue with free vascular flaps (Nemade et al., 2022; Cortina et al.,
2023; Inoue et al,, 2023). The free margin status is very important in
the surgical treatment of TSCC, which should be essential for local
control and minimal for functional preservation. However, it is
reported that the resections of TSCC have a higher rate of positive
surgical margins than other solid tumors, which shows that there is
still a challenge in obtaining free margins in the resections of TSCC
(Bulbul et al., 2021; Cortina et al., 2023). In the evaluation of surgical
margins of TSCC, the deep muscle surgical margin has the higher
rate of positive margins compared with peripheral visualized
mucosal margins (Li et al, 2019; Bulbul et al, 2021). The
mucosal margins can be examined and marked under direct
vision from the general border of the tumor during surgery,
while the deep muscle margins are not directly visible and can
only be assessed by palpation and preoperative imaging (Nilsson
et al, 2022). Currently, the intraoperative frozen section is
considered the standard method to evaluate the surgical margins
of tumors. However, there are still some challenges that persist,
undermining the accuracy of the intraoperative frozen section
interpretation (Li et al., 2019).

Raman spectroscopy is a vibrational spectroscopic technique
that has been extensively explored for biological and biomedical
applications (Falamas et al.,, 2021; Traynor et al., 2021). Raman
spectroscopy is based on inelastic scattering that occurs in a small
number of photons when the laser interacts with a sample. In the
process of inelastic scattering, the scattered light caused by the
molecular vibrations in a sample can be collected and displayed as
the peaks in the Raman spectrum (Ibrahim et al., 2021). Raman
spectroscopy can detect the biochemical
and the
associated with tumor tissues, which is known as the ‘molecular

changes in the

compositions interactions of molecular structures
fingerprint’ (Talari et al.,, 2015; Falamas et al., 2021). In previous
studies, Raman spectroscopy combined with different algorithms
has been successfully used to detect oral premalignant or cancerous
tissues with high accuracies (Sharma et al,, 2021a; Chang et al,
2023). Compared with other vibrational spectroscopies, Raman
spectroscopy is a rapid, label-free, real-time, and non-invasive
method for tissues and liquid detection with the high resolution,

low water interference, and uncomplicated sample preparation,
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(Falamas et al., 2021; Traynor et al.,, 2021), which is suitable for
the intraoperative detection of the surgical deep margin of TSCC.

Discrimination between cancerous and normal muscle tissues
plays a key role in the evaluation of the deep surgical margins. In
the present study, we aim to apply Raman spectroscopy to
discriminate cancerous and muscle tissues in the deep surgical
margin regions of TSCC, in order to establish a rapid and
intraoperative method to detect and evaluate the deep surgical
margins of TSCC.

2 Materials and methods

2.1 Patients

A total of 15 patients with TSCC participated in this study.
Patients were diagnosed by two experienced pathologists
according to the TSCC diagnostic criterion. All patients did not
receive any treatment prior to this study and did not have any
systemic diseases or a history of drug abuse. The patients were
informed, and their consents were obtained prior to the start of this
study. This study was approved by the Institution Review Board of
Hospital, and the Declaration of Helsinki protocols were followed
during this study. The clinical information on patients is recorded
in Table 1.

2.2 Tissue samples

The cancerous tissues and normal muscle tissues were obtained
from the patients undergoing surgical treatment at the First
Affiliated Hospital of Xiamen University. The cancerous tissues
were obtained from the tumor of TSCC patients, and the normal
muscle tissues were obtained from the 5-mm muscle tissue regions
beyond the tumor border. Then, the cancerous and normal muscle
tissues were divided into two parts. One part of the samples was
produced into the routine hematoxylin-eosin-stained sections for
pathological verification and diagnosis. The other part of the
samples was cut into parallel 8-um-thick sections using a
freezing microtome. The 8-um-thick sections were mounted on
the custom pure aluminum chips for Raman spectroscopic
investigation. There were a total of 60 sections for Raman
spectroscopic examination made from 15 TSCC patients,
including 30 sections of cancerous tissues and 30 sections of
normal muscle tissues.

2.3 Raman spectroscopy

Raman spectra of cancerous tissues and normal muscle tissues
were carried out using a Nanophoton Raman-11 laser Raman
microscope (Nanophoton, Japan) using a 532-nm excitation
laser, x20 objective, and a liquid nitrogen-cooled CCD. The
excitation laser beam was focused on the sample through the
X20 0.45 NA Nikon lens. Samples were placed in the motorized
XYZ stage to ensure accurate positioning, and the Raman spectra of
the four interested regions around the center of the sample were
recorded with a spectral resolution of 1 cm™.
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TABLE 1 Clinical information on patients.
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Age (year) Histological grade TNM classification
1 67 Male MDSCC T2N1MO
2 67 Male MDSCC T2N1MO
3 68 Male MDSCC T2N1MO
4 67 Male MDSCC T2N1MO
5 68 Male MDSCC T2N1MO
6 66 Female WDSCC T2NOMO
7 71 Male PDSCC T2NOMO
8 75 Male MDSCC T3NOMO
9 68 Male PDSCC T4N2MO
10 45 Male MDSCC T4N2MO
11 70 Female WDSCC TIN2MO
12 64 Female PDSCC TIN2MO
13 75 Male WDSCC T2NOMO
14 29 Male WDSCC TINOMO
15 55 Female WDSCC T2NOMO

2.4 Data analysis

Before the multivariate analysis of the Raman spectral data, the raw
Raman spectra were processed to
backgrounds, the noisy interferences, and oversaturated spectra and

remove autofluorescence

were smoothed by using the Vancouver Raman algorithm (Zhao et al,,
2007). Then, the baseline correction and normalization of the Raman
spectra were carried out by using OriginPro 8.0 software (OriginLab,
Northampton, MA, United States) before the multivariate analysis. In
addition, the mean spectra of cancerous tissues and normal muscle
tissues and the subtracted Raman of different tissues were obtained
through OriginPro 8.0 software.

In the multivariate analysis process, principal component
analysis (PCA) was applied to reduce the dimensions of
numerous Raman data and generate principal components. Then,
linear discriminant analysis (LDA) was employed to classify
different Raman spectra of cancerous tissues and normal muscle
tissues. In this study, the generated principal components that
account for more than 90% of the total variables in Raman
spectra were selected as statistical variables in LDA. The leave-
one-out cross-validation was employed in order to estimate and
evaluate the prediction performance of the classification model
established by PCA and LDA. In this study, the classification
model was not only employed to discriminate Raman spectra of
cancerous tissues and normal muscle tissues but also applied to
classify the Raman spectra of TSCC tissues with different degrees of
differentiation.

3 Results

The testing process was obtaining tissue sections from TSCC
and normal muscle tissues and performing pathological diagnosis
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and Raman spectral analysis. A total of 240 Raman spectra were
obtained successfully from the samples using the Raman
microscope. These spectra were grouped according to the
histological grades for the next analysis.

3.1 Raman spectral difference and
discrimination of TSCC and normal
muscle tissues

According to the pathological diagnosis, a total of 240 Raman
spectra were classified into the normal muscle and TSCC groups.
There were 120 spectra in the normal muscle group and 120 spectra
in the TSCC group. Comparing the mean spectra of different tissues,
the main Raman peaks appeared at similar wavelengths. However,
marked differences between the mean spectra were observed, such as
the Raman shifts, intensities, and height and width of peaks
(Figure 1A). The subtracted spectra showed that there were
significant enhancements in the peaks at Raman shifts of 1,001,
1,153, 1,445, 1,517, and 1,664 cm™". The characteristic assignments
of different peaks of TSCC and normal muscle tissues are shown in
Table 2 (Zuiiga et al., 2019; Buchan et al,, 2021; David et al., 2022;
Depciuch et al., 2023). According to the reported literature reports
and previous studies, these peaks were assigned to C-C
phenylalanine ring breathing modes, carotenoids, CH,, CHj;
bending in proteins and lipids, C-N stretching modes, and
nucleic acid modes. Meanwhile, the subtracted spectra also
showed some significant decreases in the peaks at Raman shifts
of 1,366 and 1,583 cm™ of the mean spectra of the TSCC tissues.
These peaks were assigned to adenine, guanine, and thymine in
DNA and amide II. Compared with the normal muscle tissues, the
major increased peaks in the TSCC tissues were assigned to the
molecular structures of the nucleic acids and proteins. Similarly, we
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(A) Subtracted Raman spectrum of TSCC and normal muscle. (B) Independent-sample t-test's results of the subtracted spectra peaks of different
spectra. Asterisk (*) indicates significant difference (p < 0.05). (C) Histogram of discrimination scores of TSCC and normal muscle. Abbreviations: TSCC,

tongue squamous cell carcinoma.

have analyzed the mean Raman spectra of TSCC and normal muscle
tissue of each patient. The mean spectra and subtracted spectra are
presented in Supplementary Figure S1 and Supplementary Figure
S2. Most of the subtracted spectra of the 15 patients showed some
significant increases in the peaks at Raman shifts of 851, 1,001, 1,153,
1,445, 1,517, 1,656, and 1664 cm™', which also showed some
decreases in the peaks at Raman shifts of 746, 1,366 and
1583 ¢cm'. The above results were similar to the mean Raman
spectra of all patients. However, the subtracted spectra of patient nos
6, 12, and 14 differed somewhat from the other spectra between
peaks 1,400 and 1,700 cm ™.

Figure 1B shows the results of an independent-sample t-test
comparing the Raman spectra peaks between TSCC tissues and
normal muscle tissues at specific Raman shift values. Each pair of
boxplots (red for TSCC and blue for normal muscle) represents the
range of Raman spectra intensity at specific Raman shift values
labeled along the x-axis (1,001, 1,153, 1,366, 1,445, 1,517, 1,583, and
1,664 cm™). The results show that the difference in Raman intensity
between TSCC and normal muscle tissue observed at these Raman
shifts is statistically significant (indicated by an asterisk (*) above the
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box plot). In other words, the molecular environment of TSCC tissue
is significantly different from normal muscle tissue.

As the result of the PCA-LDA process, 99 of 120 spectra in the
TSCC group and 118 of 120 spectra in the normal muscle group
were classified into the accurate groups, respectively. The accuracy
of the normal muscle group classification that reached 98.3% was the
highest, and the total accuracy of the diagnostic model established by
PCA-LDA was 90.4%. The total accuracy of the leave-one-out cross-
validation was 89.2%, which demonstrated the stable prediction
performance of the diagnostic mode (Table 3). The histogram of
discrimination scores of the two groups demonstrated a clear
classification (Figure 1C).

3.2 Raman spectral difference and
discrimination of different histological
grades of TSCC and normal muscle tissues

According to the histological grades, a total of 240 Raman
spectra were classified into three groups, including 40 spectra of
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TABLE 2 Assignments of Raman peaks of TSCC and normal muscle tissues.
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Peak (cm™) Assignment

746 Ring breathing mode of DNA and RNA bases and symmetric breathing of tryptophan (protein assignment)
851 C-C stretching mode from multiple sites in collagen backbone, a-helix, valine, and proline

1,001 C-C phenylalanine ring breathing mode

1,123 C-N stretching mode of proteins

1,147 and 1,153

Carotenoids

1,318

1,357, 1,366 and 1,370

CH deformation in proteins

Adenine, guanine, and thymine in DNA

1,445 and 1,449

1,517, 1,519 and 1,542

CH, and CHj; bending in proteins and lipids

C-N stretching mode

1,581, 1,583 and 1,587 Amide IT
1,612 Amide T
1,656 C = C of lipids

1,664 and 1,668

Nucleic acid modes, indicator of tissue DNA content, and amide I

TABLE 3 Results of the classification of TSCC and normal muscle stage groups by PCA-LDA.

Method

PCA-LDA count (%)

Predicted group

Cross-validated count (%)

TSCC Normal muscle
TSCC 99 (82.5%) 21 (17.5%) 120 (100%)
Normal muscle 2 (1.7%) 118 (98.3%) 120 (100%)
TSCC 97 (80.8%) 23 (19.2%) 120 (100%)
Normal muscle 3 (2.5%) 117 (97.5%) 120 (100%)

TABLE 4 Assignments of Raman peaks of WDSCC, MDSCC, and PDSCC.

Peak (cm™)

746 and 748

Assignment

Ring breathing mode of DNA and RNA bases and symmetric breathing of tryptophan (protein assignment)

1,001 and 1,003

1,152 and 1,153

C-C phenylalanine ring breathing mode

Carotenoids

1,314

1,445

CH deformation in proteins

CH, and CHj; bending in proteins and lipids

1,517 and 1,518

1,587 and 1,608

C-N stretching mode

Amide IT

1,651 and 1,653

C = C of lipids

well-differentiated squamous cell carcinoma (WDSCC), 56 spectra
of moderately differentiated squamous cell carcinoma (MDSCC),
24 spectra of poorly differentiated squamous cell carcinoma
(PDSCC), and 120 spectra of normal muscle tissues
corresponding to each TSCC group. The characteristic
assignments of different peaks of different histological grades of
TSCC are shown in Table 4 (Yan et al, 2011; Yan et al., 2015;
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Fouskova et al.,, 2023). Compared with different mean spectra, the
intensities of peaks at 1,001, 1,318, 1,449, 1,612, and 1,668 cm™" in
the Raman spectra increased from the WDSCC group to the normal
muscle group (Figure 2A). These peaks were assigned to the C-C
phenylalanine ring breathing mode, CH deformation in proteins,
CH,, CH; bending in proteins and lipids, and nucleic acid modes.
Hstretching mode from multiple sites inowever, there were also
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(A) Subtracted Raman spectrum of WDSCC and normal muscle. (B) Subtracted Raman spectrum of MDSCC and normal muscle. (C) Subtracted
Raman spectrum of PDSCC and normal muscle. (D) Histogram of discrimination scores of WDSCC and normal muscle. (E) Histogram of discrimination
scores of MDSCC and normal muscle. (F) Histogram of discrimination scores of PDSCC and normal muscle. Abbreviations: WDSCC, well-differentiated
squamous cell carcinoma; MDSCC, moderately differentiated squamous cell carcinoma; PDSCC, poorly differentiated squamous cell carcinoma.

decreased peaks at 1,147 and 1,542 cm ™" in the spectra, which were
assigned to the carotenoids and C-N stretching mode. These
differences in peaks suggested the changes in the biochemical
components such as nucleic acid, proteins, and lipids.
Meanwhile, the subtracted spectrum of the MDSCC and
normal muscle groups is shown in Figure 2B. It showed some
significant increases in the peaks at Raman shifts of 851, 1,001,
1,153, 1,445, 1,517, and 1,656 cm™" of the mean spectrum. These
peaks were assigned to the C-C stretching mode from multiple
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sites in the collagen backbone, a-helix, valine, proline, C-C
CH,,
CHj; bending in proteins and lipids, C-N stretching modes, and

phenylalanine ring breathing mode, carotenoids,
C = C of lipids. Meanwhile, the subtracted spectrum also showed
some decreases in the peaks at Raman shifts of 1,370 and
1,587 cm™', which were assigned to adenine, guanine, and
thymine in DNA and amide II. These differences of peaks
suggested that the content of nucleic acid and protein and the

amide II components were changed.
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TABLE 5 Results of the classification of WDSCC and normal muscle stage groups by PCA—-LDA.

Predicted group

WDSCC Normal muscle
WDSCC 35 (87.5%) 5 (12.5%) 40 (100%)
PCA-LDA count (%)
Normal muscle 2 (5.0%) 38 (95.0%) 40 (100%)
WDSCC 31 (77.5%) 9 (22.5%) 40 (100%)
Cross-validated count (%)
Normal muscle 3 (7.5%) 37 (92.5%) 40 (100%)

TABLE 6 Results of the classification of MDSCC and normal muscle stage groups by PCA-LDA.

Method Predicted group
MDSCC Normal muscle

MDSCC 52 (92.9%) 4 (7.1%) 56 (100%)
PCA-LDA count (%)

Normal muscle 0 (0.0%) 56 (100.0%) 56 (100%)

MDSCC 51 (91.1%) 5 (8.9%) 56 (100%)
Cross-validated count (%)

Normal muscle 2 (3.6%) 54 (96.4%) 56 (100%)

When comparing PDSCC and normal muscle groups in the
subtracted spectrum (Figure 2C), there are not only positive peaks
but also negative peaks. The positive peaks at Raman shifts of 1,155,
1,449, 1,519, and 1,668 cm™ can be assigned to carotenoids, CH,,
CHj; bending in proteins and lipid C-N stretching mode, and
nucleic acid modes, respectively. These positive peaks suggest
that the contents of proteins, lipids, and nucleic acids in the
PDSCC were higher than that in normal muscle tissues. The
negative peaks suggest that the contents of nucleic acid and
amide II components may decrease at 746, 1,123, 1,357, and
1581 cm™', which are assigned to the ring breathing mode of
DNA and RNA bases, symmetric breathing of tryptophan, and
C-N stretching modes of proteins, adenine, guanine, and
thymine in DNA and amide II

The classification and diagnosis of the WDSCC and normal
muscle group were carried out using the PCA-LDA method. The
results showed that 35 of 40 spectra in the WDSCC group and 38 of
40 spectra in the normal muscle group were classified into the
accurate groups, respectively. The accuracy of WDSCC group
classification reached 87.5%, and the accuracy of normal muscle
group classification reached 95.0%. The total accuracy of the
diagnostic model established by PCA-LDA was 91.3%. The total
accuracy of the leave-one-out cross-validation was 85.0%, which
demonstrated the stable prediction performance of the diagnostic
model (Table 5). The histogram of discrimination scores
demonstrated a clear separation of the spectra of the WDSCC
and normal muscle groups (Figure 2D).

The classification and diagnosis of the MDSCC and normal
muscle groups were also carried out using the PCA-LDA method.
As aresult of the PCA-LDA process, 52 of the 56 spectra were in the
MDSCC group and 56 spectra were in the normal muscle group. The
accuracy of MDSCC group classification reached 92.9%, and the
accuracy of normal muscle group classification reached 100.0%. The
total accuracy of the diagnostic model established by PCA-LDA was
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96.4%. The total accuracy of the leave-one-out cross-validation was
93.8%, which demonstrated the stable prediction performance of the
diagnostic model (Table 6). The histogram of discrimination scores
demonstrated a clear separation of the spectra of the MDSCC and
normal muscle groups (Figure 2E).

The classification and diagnosis of the PDSCC and normal
muscle group were also carried out using the PCA-LDA method.
As aresult of the PCA-LDA process, 24 of the 24 spectra were in the
PDSCC group and 23 spectra were in the normal muscle group. The
accuracy of PDSCC group classification reached 100.0%, and the
accuracy of normal muscle group classification reached 95.8%. The
total accuracy of the diagnostic model established by PCA-LDA was
97.9%. The total accuracy of the leave-one-out cross-validation was
91.7%, which demonstrated the stable prediction performance of the
diagnostic model (Table 7). The histogram of discrimination scores
demonstrated a clear separation of the spectra of the PDSCC and
normal muscle groups (Figure 2F).

3.3 Raman spectral difference and
discrimination of WDSCC, MDSCC,
and PDSCC

Compared with the WDSCC and MDSCC groups in the
subtracted spectrum (Figure 3A), the main Raman peaks, which
showed some significant increases, appeared at 746, 1,314, and
1,587 cm™" from the 600 cm™ to 1800 cm™' Raman shift region.
These peaks were assigned to the ring breathing mode of DNA and
RNA bases,
assignment), and CH deformation in proteins and amide II

symmetric breathing of tryptophan (protein
Meanwhile, the subtracted spectrum also showed some decreases
in the peaks at Raman shifts of 1,001, 1,153 and 1,517 cm™"', which
were assigned to the C-C phenylalanine ring breathing mode,
carotenoids, and C-N stretching mode. These differences in
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TABLE 7 Results of the classification of PDSCC and normal muscle stage groups by PCA-LDA.

Predicted group

PDSCC

Normal muscle

PDSCC

24 (100.0%)

0 (0.0%) 24 (100%)

PCA-LDA count (%)
Normal muscle 1 (4.2%)
PDSCC
Cross-validated count (%)

Normal muscle 2 (8.3%)
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(A) Subtracted Raman spectrum of WDSCC and MDSCC. (B) Subtracted Raman spectrum of WDSCC and PDSCC. (C) Subtracted Raman spectrum of
MDSCC and PDSCC. (D) Two-dimensional scatter plot diagram of the WDSCC, MDSCC, and PDSCC groups. Abbreviations: WDSCC, well-differentiated
squamous cell carcinoma; MDSCC, moderately differentiated squamous cell carcinoma; PDSCC, poorly differentiated squamous cell carcinoma.

peaks suggested that there were more nucleic acid, protein, and
amide I components but less lipids in the WDSCC tissues than those
in the MDSCC tissues. When comparing WDSCC and PDSCC
groups in the subtracted spectrum (Figure 3B), the intensities of
peaks at 748, 1,003, 1,314, 1,445, 1,608, and 1,651 cm™" in the Raman
spectra increased. These peaks were assigned to the ring breathing
mode of DNA and RNA bases, symmetric breathing of tryptophan
(protein assignment), C-C phenylalanine ring breathing mode, CH
deformation in proteins, CH,, CH; bending in proteins and lipids,
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amide II, and C = C of lipids. These differences in peaks suggested
that there were more nucleic acid, protein, lipids, and amide II
components in the WDSCC tissues than those in the PDSCC tissues.
Comparing MDSCC and PDSCC groups in the subtracted spectrum
(Figure 3C), some significant increases were observed in the peaks at
Raman shift 746, 1,001, 1,152, 1,445, 1,518, and 1,653 cm™* of the
mean spectrum. These peaks were assigned to the ring breathing
mode of DNA and RNA bases, symmetric breathing of tryptophan
(protein assignment), C-C phenylalanine ring breathing mode,
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TABLE 8 Results of the classification of WDSCC, MDSCC, and PDSCC stage groups by PCA-LDA.

Predicted group

WDSCC
WDSCC 33 (82.5%) 2 (5.0%) 5 (12.5%) 40 (100%)
PCA-LDA count (%) MDSCC 2 (3.6%) 48 (85.7%) 6 (10.7%) 56 (100%)
PDSCC 4 (16.7%) 1 (4.2%) 19 (79.2%) 24 (100%)
WDSCC 32 (80.0%) 3 (7.5%) 5 (12.5%) 40 (100%)
Cross-validated count (%) MDSCC 2 (3.6%) 45 (80.4%) 9 (16.1%) 56 (100%)
PDSCC 5 (20.8%) 3 (12.5%) 16 (66.7%) 24 (100%)

carotenoids, CH,, CHj; bending in proteins and lipids, C-N
stretching mode, and C = C of lipids. These differences in peaks
suggested that there were more nucleic acid, protein, and lipids in
the MDSCC tissues than those in the PDSCC tissues.

To classify and discriminate the 120 spectra of different
histological grade groups, the PCA-LDA algorithm was
employed. As the result of the PCA-LDA process, 33 of the
40 spectra in the WDSCC group, 48 of the 56 spectra in the
MDSCC group, and 19 of the 24 spectra in the PDSCC group
were classified into the corresponding groups. The accuracy of
MDSCC group classification that reached 85.7% was the highest,
and the total accuracy of the diagnostic model established by
PCA-LDA was 83.3%. The total accuracy of the leave-one-out
cross-validation was 77.5%, which demonstrated the stable
prediction performance of the diagnostic model (Table 8). The
two-dimensional scatter plot diagram of discrimination scores
demonstrated a clear classification of the three groups (Figure 3D).

4 Discussion

To date, TSCC accounts for over 50% of oral cavity cancers, with
patients typically presenting with locally advanced stages of the
disease. The primary treatment modality is comprehensive surgical
excision, necessitating adequately expanded surgical margins to
eliminate any residual tumor cells. However, the tongue performs
critical physiological roles, significantly influencing patients” quality
of life (Watanabe et al., 2023). Consequently, precise delineation of
surgical margins for tongue cancer is imperative. Current practices
for determining tumor margins rely heavily on visual inspection and
palpation, which usually lead to insufficient histopathological
margins (Aaboubout et al., 2021). In particular, the deep surgical
margins are the most difficult place to achieve clear margins due to
the inability to get direct vision. Intraoperative frozen section
analysis serves as a crucial tool for the histopathological
examination of suspect regions during surgery, aiding in the
assessment of the mucosal margins’ extent. The efficacy of this
diagnostic approach is contingent upon the pathologist’s expertise,
and it is very time-consuming and laborious. In addition, comparing
to the more readily assessable peripheral mucosal margins, the deep
muscle surgical margin exhibits a higher rate of positive diagnoses,
underscoring its critical importance in the evaluation of TSCC
surgical margins (Bulbul et al., 2021). Thus, an intraoperative
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tool that can adjunct an intraoperative frozen section for
diagnosis that provides a real-time and objective evaluation of
the margins (especially in the deeper muscle tissue margins) of
more than 5 mm of the surrounding normal tissue may improve the
prognosis of patients with TSCC.

Raman spectroscopy, a nondestructive vibrational spectroscopy
technique, leverages alterations in biochemical components for
disease identification and diagnosis without the necessity for
tissue pretreatment or labeling (Zhang et al, 2022). Raman
spectroscopy combined with different algorithms has been
successfully used to detect parotid neoplasms or cancerous tissues
with high accuracies in our previous studies (Xue et al., 2014; Yan
et al,, 2015; Xue et al., 2018). Raman spectroscopy can detect the
differences and changes in the biochemical components and
histopathological structures in the molecular level, which is
described as “molecular fingerprint.” The chemical composition,
molecular structures, and expressions of some proteins always
change during different histological grades in the TSCC tissue
(Cals et al, 2016). In this study, tissue sections were obtained
from cancerous and normal muscle tissues and classified by
performing pathological diagnosis and then detected by Raman
spectral analysis. A total of 240 Raman spectra were obtained
successfully from the samples using the Raman microscope.
These Raman spectra were used to demonstrate differences in
“molecular fingerprints” between different tissues. There were
many algorithms for analyzing and classifying spectral data
(Sharma et al., 2023; Fuentes et al., 2024). SVM was classified in
high-dimensional space, which was effective but had high
computational complexity. Neural networks were not superior in
dealing with linear problems and required large amounts of training
data and computational resources. Comparing with these
algorithms, PCA-LDA had been extensively applied for the
accurate identification of oral cancerous tissues and had the most
applications in Raman spectral classification with better
performance (Xue et al., 2018). In our study, PCA was applied to
reduce the dimensionality of Raman spectra by transforming the
data into a set of orthogonal principal components that capture the
most variance in the data. After PCA reduced the dimensionality,
LDA was applied to find the linear combinations of features that best
separate different classes. This combination enhanced the ability to
distinguish between classes with high accuracy. It was the first time
that PCA-LDA can successfully discriminate and classify not only
the spectra of TSCC and normal muscle tissues but also the spectra

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1480279

Li et al.

of TSCC tissues with different degrees of differentiation. In the
process of cross-validation, the leave-one-out method was employed
to test the results. The cross-validated results were similar to the
results of the classification model, which suggested that the
PCA-LDA algorithm was suitable and reliable to analyze and
classify the Raman spectral data.

In our study, the mean spectrum of TSCC exhibits higher peaks
compared to normal muscle tissue. We found that the peak at
1,001 cm™ can be assigned to the characteristic phenylalanine of the
protein. The intensity at peak 1,153 cm™" was higher for both types
of tissues, but TSCC tissues exhibited more intense carotenoid
peaks. Rau et al. reported that the cancer intensity was
significantly higher at this peak in the Raman mode than in
healthy tissues, which is in good agreement with our results (Rau
et al., 2017). The cancerous spectral features included a broad and
distinct amide I peak at 1,664 cm™', a CH, bending peak at
1445 cm™', a C-N peak at 1,517 cm™, and a distinct

1

phenylalanine peak at 1,001 cm™, all of which were significantly
associated with the increased protein content in TSCC tissues. The
literature confirms that the peaks in malignant tissues are mainly
driven by proteins, which may be related to the value added,
metabolic changes, and extracellular matrix changes in malignant
cells (Sahu et al,, 2016; Sharma et al., 2021b). In addition, TSCC

! (nucleic acid modes),

tissues showed higher intensity at 1,664 cm
indicating active nucleic acid metabolism and high nucleic acid
content in TSCC patients. This is consistent with previous reports
(Sahu et al., 2015). However, the intensity was lower at 1,366 cm™
(adenine, guanine, and thymine in DNA). It is considered that there
may be changes in the chromatin structure in cancer tissues, and the
compactness of chromatin may affect the vibrational properties of
adenine, guanine, and thymine in DNA, making their Raman
intensity weaker.

The substantial differences between cancerous and healthy
tissues led to a high discrimination rate in this study. The total
accuracy of the diagnostic model established by PCA-LDA reached
90.4%. When spectral
discrimination between the histological grade group and normal

comparing Raman difference and
muscle tissue group and among different histological grade groups,
the lowest accuracy of the diagnostic model reached 91.3% and
93.3%, respectively. The cross-validated results were similar to the
results of the classification model, which suggested that the
PCA-LDA algorithm was suitable and reliable to analyze and
classify the Raman spectral data on TSCC. We conclude that the
highest accuracy of the PCA-LDA classification model would be
helpful in achieving adequate resection margins and that such
clinical implementation is technically feasible.

We analyzed the mean Raman spectra of TSCC and normal
muscle tissue of each patient and found that their characteristic
peaks were similar to those of the mean spectra of all patients,
especially when compared with the mean spectra of the same
histological grading. However, the magnitude of the subtracted
spectra varied between these patients, such as patient nos 6, 12,
and especially 14. We believe that the most important reasons for
this difference are the degrees of differentiation of the tissues and
individual differences. The composition and structure of molecules
in TSCC tissues with different degrees of differentiation are
different, so there are some differences in Raman spectra that
capture the ‘molecular fingerprint. In addition, individual
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differences between patients may also lead to differences in the
magnitude of the subtracted spectra. In our future work, we will
expand the sample size, on one hand, to obtain more information
about the patients and explore the reasons for such differences and,
on the other hand, extract more features of the spectra of different
tissues to further improve the accuracy and sensitivity of the
classification model.

We also found that the peaks in the Raman spectra of TSCC of
different histological grade groups showed some unexplained
The 1,001, 1,152,
1,518 cm™' increased in the spectra of MDSCC compared to
PDSCC, but all these intensities of peaks decreased in the
spectra compared to WDSCC. The intensities of peaks did not

changes. intensities of peaks at and

always increase with increasing pathologic grading. This result
suggests that histological observations and pathological
manifestations do not represent all biochemical changes and
molecular alterations. When comparing the difference and
discrimination of Raman spectra of different histologic grades
of TSCC and normal muscle tissues, the subtracted spectrum
showed some significant increases in the peaks at Raman shifts
from 600 to 1,000 cm ™' in WDSCC and MDSCC groups compared
to normal muscle tissue, while it showed a significant decrease in
the PDSCC group compared to normal muscle tissue. When
comparing the difference and discrimination of Raman spectra
of PDSCC to WDSCC and MDSCC, the subtracted spectra both
showed only increases in the peaks at Raman shifts from 600 to
1800 cm ™.
increases and decreases when comparing WDSCC to MDSCC.

However, the subtracted spectrum showed some

These results suggest that the molecular structure and material
alterations of PDSCC are more different from WDSCC and
MDSCC, which may also suggest that the biological metabolism
or behavior of PDSCC is significantly different. In addition, the
results of the histogram of discrimination scores of TSCC of
different histological grades and normal muscle show increasing
differences between WDSCC, MDSCC, PDSCC, and normal
muscle tissue, which may be related to the degree of
differentiation of the tumor tissue. Meanwhile, the results can
indirectly prove that Raman spectroscopy can be used to identify
different pathological grades of TSCC.

Although we deduce that the developed PCA-LDA classification
model can facilitate the objective and automated evaluation of
frozen tissue sections, our conclusions are drawn from a dataset
limited in size. Therefore, we aim to expand our collection of TSCC
specimens of varying pathological grades in order to develop a more
reliable diagnostic classification model, which will aid in the
enhanced assessment of the deep surgical margins.

5 Conclusion

Raman spectroscopy can detect alterations in ‘molecular
fingerprints’ caused by changes in biochemical composition and
histopathological structures. This study demonstrates that a
classification model based on differences in Raman spectroscopy
can identify cancerous and muscular tissues in the region of the deep
surgical margins of TSCC and that this approach shows great
potential to assist in the rapid intraoperative detection and
assessment of deep surgical margins of TSCC.

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1480279

Li et al.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material; further inquiries can be directed
to the corresponding author.

Ethics statement

The studies involving humans were approved by the Ethics
Committee of the First Affiliated Hospital of Xiamen University
XMYY-2022KYSB030) the Ethics
Committee of West China Hospital of Stomatology, Sichuan
University (approval number: WCHSIRB-CT-2023-438). The
studies were conducted in accordance with the local legislation

(approval number: and

and institutional requirements. The participants provided their
written informed consent to participate in this study.

Author contributions

ZoL: conceptualization, data curation, formal analysis,
investigation, methodology, software, validation, and
writing-original draft. XD: data curation, formal analysis,

investigation, software, validation, and writing-original draft. ZiL:
data
writing-original draft. ZW: data curation, formal analysis,

curation, formal analysis, software, validation, and
software, validation, and writing—original draft. LX: methodology,
editing. YL:
supervision, validation, and writing-review and editing. BY:
conceptualization, =~ methodology,  project  administration,

resources, supervision, validation, and writing-review and editing.

software, validation, and writing-review and

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work
has been supported by the National Natural Science Foundation of

References

Aaboubout, Y., Ten Hove, I, Smits, R. W. H., Hardillo, J. A., Puppels, G. J., and
Koljenovic, S. (2021). Specimen-driven intraoperative assessment of resection margins
should be standard of care for oral cancer patients. Oral Dis. 27, 111-116. doi:10.1111/
0di.13619

Arathy, K., Sudarsan, N., Antony, L., Ansari, S., and Malini, K. A. (2022). Early
detection and parameter estimation of tongue tumour using contact thermometry in a
closed mouth. Int. J. Thermophys. 43, 34. doi:10.1007/s10765-021-02965-z

Buchan, E., Kelleher, L., Clancy, M., Stanley Rickard, J. J., and Oppenheimer, P. G.
(2021). Spectroscopic molecular-fingerprint profiling of saliva. Anal. Chim. Acta 1185,
339074. doi:10.1016/j.aca.2021.339074

Bulbul, M., Tarabichi, O., Parikh, A., Yoon, B., Juliano, A., Sadow, P., et al. (2021). The
utility of intra-oral ultrasound in improving deep margin clearance of oral tongue
cancer resections. Oral Oncol. 122, 105512. doi:10.1016/j.oraloncology.2021.105512

Cals, F., Koljenovi¢, S., Hardillo, J., Baatenburg De Jong, R., Bakker Schut, T., and
Puppels, G. (2016). Development and validation of Raman spectroscopic classification
models to discriminate tongue squamous cell carcinoma from non-tumorous tissue.
Oral Oncol. 60, 41-47. doi:10.1016/j.oraloncology.2016.06.012

Chang, X,, Yu, M,, Liu, R, Jing, R, Ding, J., Xia, J., et al. (2023). Deep learning
methods for oral cancer detection using Raman spectroscopy. Vib. Spectrosc. 126,
103522. doi:10.1016/j.vibspec.2023.103522

Frontiers in Bioengineering and Biotechnology

11

10.3389/fbice.2024.1480279

China (Grant No. 82272955), the Natural Science Foundation of
Fujian Province (Grant No. 2021J011361), and the Project of Science
and Technology of Xiamen City (Grant No. 3502Z20199015).

Acknowledgments

The authors would like to acknowledge the support from Prof.
Bin Ren and Dr. Mengxi Xu (The State Key Laboratory of Physical
Chemistry of Solid Surfaces, Xiamen University, China).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors, and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fbioe.2024.1480279/
full#supplementary-material

SUPPLEMENTARY FIGURE S1
Raman spectra of TSCC and normal muscle for each patient.

SUPPLEMENTARY FIGURE S2
Subtracted Raman spectra of TSCC and normal muscle for each patient.

Cortina, L., Meyer, C,, Feng, A,, Lin, D., Deschler, D., Richmon, J,, et al. (2023). Depth
of resection predicts loss of tongue tip sensation after partial glossectomy in oral tongue
cancer: a pilot study. Oral Oncol. 147, 106595. doi:10.1016/j.oraloncology.2023.106595

David, S., Plante, A., Dallaire, F., Tremblay, J., Sheehy, G., Macdonald, E., et al. (2022).
Multispectral label-free Raman spectroscopy can detect ovarian and endometrial cancer
with high accuracy. J. Biophot. 15, €202100198. doi:10.1002/jbi0.202100198

Depciuch, J., Jakubczyk, P., Paja, W., Pancerz, K., Wosiak, A., Kula-Maximenko, M.,
et al. (2023). Correlation between human colon cancer specific antigens and Raman
spectra. Attempting to use Raman spectroscopy in the determination of tumor markers
for colon cancer. Nanomedicine Nanotechnol. Biol. Med. 48, 102657. doi:10.1016/j.nano.
2023.102657

Falamas, A., Faur, C., Ciupe, S., Chirila, M., Rotaru, H., Hedesiu, M., et al. (2021).
Rapid and noninvasive diagnosis of oral and oropharyngeal cancer based on micro-
Raman and FT-IR spectra of saliva. Spectrochimica acta. Part A, Mol. Biomol. Spectrosc.
252, 119477. doi:10.1016/j.sa.2021.119477

Fouskovd, M., Vali§, J., Synytsya, A., Habartova, L., Petrtyl, J., Petruzelka, L., et al.
(2023). In vivo Raman spectroscopy in the diagnostics of colon cancer. Analyst 148,
2518-2526. doi:10.1039/d3an00103b

Fuentes, A. M., Milligan, K., Wiebe, M., Narayan, A., Lum, J. J., Brolo, A. G., et al.
(2024). Stratification of tumour cell radiation response and metabolic signatures

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fbioe.2024.1480279/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2024.1480279/full#supplementary-material
https://doi.org/10.1111/odi.13619
https://doi.org/10.1111/odi.13619
https://doi.org/10.1007/s10765-021-02965-z
https://doi.org/10.1016/j.aca.2021.339074
https://doi.org/10.1016/j.oraloncology.2021.105512
https://doi.org/10.1016/j.oraloncology.2016.06.012
https://doi.org/10.1016/j.vibspec.2023.103522
https://doi.org/10.1016/j.oraloncology.2023.106595
https://doi.org/10.1002/jbio.202100198
https://doi.org/10.1016/j.nano.2023.102657
https://doi.org/10.1016/j.nano.2023.102657
https://doi.org/10.1016/j.saa.2021.119477
https://doi.org/10.1039/d3an00103b
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1480279

Li et al.

visualization with Raman spectroscopy and explainable convolutional neural network.
Analyst 149, 1645-1657. doi:10.1039/d3an01797d

Ibrahim, O., Toner, M., Flint, S., Byrne, H., and Lyng, F. (2021). The potential of
Raman spectroscopy in the diagnosis of dysplastic and malignant oral lesions. Cancers
13, 619. doi:10.3390/cancers13040619

Inoue, K., Ito, H., Iwai, M., Tanaka, M., Mori, Y., and Todo, T. (2023). Neoadjuvant
use of oncolytic herpes virus G47A prevents local recurrence after insufficient resection
in tongue cancer models. Mol. Ther. oncolytics 30, 72-85. doi:10.1016/j.omt0.2023.
07.002

Karimi, E., Hashemi, Z., Sohrabpour, S., Mousavi, S., and Yousefi, J. (2023).
Comparison of swallowing disorder in patients with tongue cancer undergoing
reconstruction with either a radial forearm free flap or a submental island flap. Oral
Maxillofac. Surg. 28, 125-130. doi:10.1007/s10006-023-01137-7

Li, M., Puram, S,, Silverman, D., Old, M., Rocco, J., and Kang, S. (2019). Margin
analysis in head and neck cancer: state of the art and future directions. Ann. Surg. Oncol.
26, 4070-4080. doi:10.1245/s10434-019-07645-9

Nemade, H., Chaitanya, S. A., Kumar, S., A, A, Rao, T., and Rao S, L. (2022).
Oncological outcomes of total glossectomy procedure for advanced tongue cancer: a
single-centre experience. Int. J. oral Maxillofac. Surg. 51, 152-158. doi:10.1016/j.ijom.
2021.04.006

Nilsson, O., Knutsson, J., Landstrém, F. J., Magnuson, A., and Von Beckerath, M.
(2022). Ultrasound-assisted resection of oral tongue cancer. Acta Otolaryngol. 142,
743-748. doi:10.1080/00016489.2022.2153916

Pai, P., Tuljapurkar, V., Balaji, A., Mishra, A., Chopda, P., Agarwal, S., et al. (2021).
Comparative study of functional outcomes following surgical treatment of early tongue
cancer. Head and neck 43, 3142-3152. doi:10.1002/hed.26811

Rau, J. V., Fosca, M., Graziani, V., Taffon, C., Rocchia, M., Caricato, M., et al. (2017).
Proof-of-concept Raman spectroscopy study aimed to differentiate thyroid follicular
patterned lesions. Sci. Rep. 7, 14970. d0i:10.1038/s41598-017-14872-1

Sahu, A., Deshmukh, A., Hole, A. R., Chaturvedi, P., and Krishna, C. M. ].]. O.1. O. H.
S. (2016). In vivo subsite classification and diagnosis of oral cancers using Raman
spectroscopy. J. Innovative Opt. Health Sci. 09, 1650017. doi:10.1142/
$1793545816500176

Sahu, A., Nandakumar, N., Sawant, S., and Krishna, C. M. (2015). Recurrence
prediction in oral cancers: a serum Raman spectroscopy study. Analyst 140,
2294-2301. doi:10.1039/c4an01860e

Sharma, M., Jeng, M., Young, C., Huang, S., and Chang, L. (2021a). Developing an
algorithm for discriminating oral cancerous and normal tissues using Raman
spectroscopy. J. personalized Med. 11, 1165. doi:10.3390/jpm11111165

Sharma, M., Jeng, M. J., Young, C. K, Huang, S. F., and Chang, L. B. (2021b).
Developing an algorithm for discriminating oral cancerous and normal tissues using
Raman spectroscopy. J. Pers. Med. 11, 1165. doi:10.3390/jpm11111165

Frontiers in Bioengineering and Biotechnology

12

10.3389/fbioe.2024.1480279

Sharma, M., Li, Y. C.,, Manjunatha, S. N,, Tsai, C. L, Lin, R. M., Huang, S. F., et al.
(2023). Identification of healthy tissue from malignant tissue in surgical margin using
Raman spectroscopy in oral cancer surgeries. Biomedicines 11, 1984. doi:10.3390/
biomedicines11071984

Spence, R. N, Efthymiou, V., Goss, D., and Varvares, M. A. (2023). Margin distance in
oral tongue cancer surgery: a systematic review of survival and recurrence outcomes.
Oral Oncol. 147, 106609. doi:10.1016/j.oraloncology.2023.106609

Talari, A. C. S., Movasaghi, Z,, Rehman, S., and Rehman, 1. U. (2015). Raman spectroscopy
of biological tissues. Appl. Spectrosc. Rev. 50, 46-111. doi:10.1080/05704928.2014.923902

Traynor, D., Behl, I, O’dea, D., Bonnier, F., Nicholson, S., O’connell, F,, et al. (2021).
Raman spectral cytopathology for cancer diagnostic applications. Nat. Protoc. 16,
3716-3735. doi:10.1038/s41596-021-00559-5

Watanabe, S., Gotoh, M., Naitoh, M., Ariji, Y., Hirukawa, A., Goto, M., et al. (2023).
Alterations of posterior pharyngeal wall movement during swallowing in postoperative
tongue cancer patients: assessment with a videofluoroscopic swallowing study.
Odontology 111, 228-236. doi:10.1007/s10266-022-00731-7

Xue, L., Sun, P.,, Ou, D., Chen, P., Chen, M., and Yan, B. (2014). Diagnosis of
pathological minor salivary glands in primary Sjogren’s syndrome by using Raman
spectroscopy. Lasers Med. Sci. 29, 723-728. d0i:10.1007/s10103-013-1398-y

Xue, L., Yan, B, Li, Y., Tan, Y., Luo, X., and Wang, M. (2018). Surface-enhanced
Raman spectroscopy of blood serum based on gold nanoparticles for tumor stages
detection and histologic grades classification of oral squamous cell carcinoma. Int.
J. Nanomedicine 13, 4977-4986. doi:10.2147/ijn.S167996

Yan, B, Li, B., Wen, Z., Luo, X,, Xue, L., and Li, L. (2015). Label-free blood serum
detection by using surface-enhanced Raman spectroscopy and support vector machine
for the preoperative diagnosis of parotid gland tumors. BMC cancer 15, 650. doi:10.
1186/512885-015-1653-7

Yan, B, Li, Y., Yang, G., Wen, Z, Li, M., and Li, L. (2011). Discrimination of parotid
neoplasms from the normal parotid gland by use of Raman spectroscopy and support
vector machine. Oral Oncol. 47, 430-435. doi:10.1016/j.oraloncology.2011.02.021

Yang, J., Guo, W., Huang, R., Xu, Z., Zhou, C., and Lu, M. (2022). Ultrasound-guided
microwave ablation in the treatment of early-stage tongue cancer. Front. Oncol. 12,
950228. doi:10.3389/fonc.2022.950228

Zhang, Y., Ren, L, Wang, Q., Wen, Z, Liu, C, and Ding, Y. (2022). Raman
spectroscopy: a potential diagnostic tool for oral diseases. Front. Cell. Infect.
Microbiol. 12, 775236. doi:10.3389/fcimb.2022.775236

Zhao, J., Lui, H., Mclean, D., and Zeng, H. (2007). Automated autofluorescence
background subtraction algorithm for biomedical Raman spectroscopy. Appl. Spectrosc.
61, 1225-1232. doi:10.1366/000370207782597003

Zuniga, W., Jones, V., Anderson, S., Echevarria, A., Miller, N., Stashko, C., et al.
(2019). Raman spectroscopy for rapid evaluation of surgical margins during breast
cancer lumpectomy. Sci. Rep. 9, 14639. doi:10.1038/s41598-019-51112-0

frontiersin.org


https://doi.org/10.1039/d3an01797d
https://doi.org/10.3390/cancers13040619
https://doi.org/10.1016/j.omto.2023.07.002
https://doi.org/10.1016/j.omto.2023.07.002
https://doi.org/10.1007/s10006-023-01137-7
https://doi.org/10.1245/s10434-019-07645-9
https://doi.org/10.1016/j.ijom.2021.04.006
https://doi.org/10.1016/j.ijom.2021.04.006
https://doi.org/10.1080/00016489.2022.2153916
https://doi.org/10.1002/hed.26811
https://doi.org/10.1038/s41598-017-14872-1
https://doi.org/10.1142/S1793545816500176
https://doi.org/10.1142/S1793545816500176
https://doi.org/10.1039/c4an01860e
https://doi.org/10.3390/jpm11111165
https://doi.org/10.3390/jpm11111165
https://doi.org/10.3390/biomedicines11071984
https://doi.org/10.3390/biomedicines11071984
https://doi.org/10.1016/j.oraloncology.2023.106609
https://doi.org/10.1080/05704928.2014.923902
https://doi.org/10.1038/s41596-021-00559-5
https://doi.org/10.1007/s10266-022-00731-7
https://doi.org/10.1007/s10103-013-1398-y
https://doi.org/10.2147/ijn.S167996
https://doi.org/10.1186/s12885-015-1653-7
https://doi.org/10.1186/s12885-015-1653-7
https://doi.org/10.1016/j.oraloncology.2011.02.021
https://doi.org/10.3389/fonc.2022.950228
https://doi.org/10.3389/fcimb.2022.775236
https://doi.org/10.1366/000370207782597003
https://doi.org/10.1038/s41598-019-51112-0
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1480279

	Intraoperative rapid assessment of the deep muscle surgical margin of tongue squamous cell carcinoma via Raman spectroscopy
	1 Introduction
	2 Materials and methods
	2.1 Patients
	2.2 Tissue samples
	2.3 Raman spectroscopy
	2.4 Data analysis

	3 Results
	3.1 Raman spectral difference and discrimination of TSCC and normal muscle tissues
	3.2 Raman spectral difference and discrimination of different histological grades of TSCC and normal muscle tissues
	3.3 Raman spectral difference and discrimination of WDSCC, MDSCC, and PDSCC

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


