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Abstract
BACKGROUND
Cancer detection is a global research focus, and novel, rapid, and label-free techniques are being developed for routine clinical practice. This has led to the development of new tools and techniques from the bench side to routine clinical practice. In this study, we present a method that uses Raman spectroscopy (RS) to detect cancer in unstained formalin-fixed, resected specimens of the esophagus and stomach. Our method can record a clear Raman-scattered light spectrum in these specimens, confirming that the Raman-scattered light spectrum changes because of the histological differences in the mucosal tissue.

AIM
To evaluate the use of Raman-scattered light spectrum for detecting endoscopically resected specimens of esophageal squamous cell carcinoma (SCC) and gastric adenocarcinoma (AC).

METHODS
We created a Raman device that is suitable for observing living tissues, and attempted to acquire Raman-scattered light spectra in endoscopically resected specimens of six esophageal tissues and 12 gastric tissues. We evaluated formalin-fixed tissues using this technique and captured shifts at multiple locations based on feasibility, ranging from six to 19 locations 200 microns apart in the vertical and horizontal directions. Furthermore, a correlation between the obtained Raman scattered light spectra and histopathological diagnosis was performed.

RESULTS
We successfully obtained Raman scattered light spectra from all six esophageal and 12 gastric specimens. After data capture, the tissue specimens were sent for histopathological analysis for further processing because RS is a label-free methodology that does not cause tissue destruction or alterations. Based on data analysis of molecular-level substrates, we established cut-off values for the diagnosis of esophageal SCC and gastric AC. By analyzing specific Raman shifts, we developed an algorithm to identify the range of esophageal SCC and gastric AC with an accuracy close to that of histopathological diagnoses.

CONCLUSION
Our technique provides qualitative information for real-time morphological diagnosis. However, further in vivo evaluations require an excitation light source with low human toxicity and large amounts of data for validation.
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Core Tip: Cancer diagnosis is a critical step in patient management, and involves a combination of diagnostic modalities or a single investigation. Diagnostic techniques that provide comprehensive data on the disease process can be particularly valuable, and Raman spectroscopy (RS) is one such modality that offers detailed molecular-level information. In this study, we utilized RS to rapidly detect cancer in resected esophageal and stomach specimens, providing information beyond morphology. By providing detailed molecular-level data, RS can provide a more comprehensive understanding of disease processes and aid in accurate diagnosis.

INTRODUCTION
Gastrointestinal cancers are typically evaluated using various investigative modalities, like radiological imaging, endoscopy, and histopathology[1,2]. Although tissue diagnosis through histopathological evaluation remains the gold standard for diagnosis, it is primarily based on morphological interpretation, even in current molecular-level evaluation practices[3]. In addition to morphology, many other such modalities are rapidly making inroads into practice[3,4]. Unlike morphology alone, immunohistochemistry, which has become almost synonymous with objective histopathological evaluation, is further aided by fluorescence in situ hybridization and sequencing. At the other end of the spectrum lies non-invasive/minimally invasive, non-label-based evaluation options, such as near-infrared spectroscopy and Raman spectroscopy (RS)[5].
Endoscopic biopsy is the preferred diagnostic method for gastrointestinal cancer[6]. Recent technological advances in endoscopy have enabled reliable diagnoses based on endoscopic findings alone, which have been further improved by the incorporation of artificial intelligence[5-7]. However, these methodologies rely primarily on morphological assessments and do not consider molecular biological information. Tumor tissues contain abnormal molecules and proteins that are absent in normal tissues. The addition of molecular biological information to existing highly evolved morphological diagnostic methods may become an epoch-making technique with higher diagnostic accuracy[5,8,9].
Hence, we evaluated the biological samples using RS to obtain molecular information[8,10]. RS is a nondestructive inspection method that identifies a substance by measuring the type and amount of molecules contained in the substance by analyzing the wavelength of the reflected light obtained by irradiating the target substance with light, such as a laser[11-13]. Furthermore, RS can be used to evaluate substances with all types of properties, including solids[14-16], liquids[9,11], and gases[17], without sample pretreatment. Therefore, RS is an excellent inspection method for evaluating substances within a short time.
Therefore, attempts have been made to evaluate tissue samples using RS. Bergholt et al[4] presented a diagnostic technique for esophageal disease in the gastrointestinal tract using RS and published diagnostic techniques for gastric cancer. Moreover, Duraipandian et al[3] reported a diagnostic technique for gastric cancer using RS. However, a standard method for biological evaluations using RS has not yet been established.
A major challenge in using RS to evaluate biological samples is interference of autofluorescence[18]. To address this issue, we developed a novel micro-Raman device with unique features that enables effective evaluation of biological samples using RS.
We selected a near-infrared laser, which is not easily affected by autofluorescence, as the excitation light source. Because the Raman-scattered light intensity is inversely proportional to the square of the excitation light wavelength, the scattered light intensity of a long-wavelength near-infrared laser is low[18]. We developed a highly sensitive circuit to detect this weakly scattered light. We attempted to record the Raman-scattered light wavelengths from living esophageal tissues using a micro-Raman device with these characteristics.

MATERIALS AND METHODS
Study population and data collection
Sixteen patients aged 80 years or younger who underwent endoscopic submucosal dissection of the esophagus or stomach at the Digestive Disease Center of Showa University Koto Toyosu Hospital were recruited for this study. Written consent was obtained from all participants. Eleven participants were male and five were female, with an age range of 38-80 years. Eighteen specimens (esophagus, n = 6; stomach, n = 12) were analyzed (Table 1). This study was approved by the in-hospital clinical research review board (approval number: 18T5009) and conducted in accordance with the Declaration of Helsinki.

Measurement protocol and data capture
Esophageal and stomach tissue samples (including mucosal and submucosal tissues) were collected immediately after endoscopic resection. The tissue was attached to a black rubber plate with a metal pin, and a 0.02 mm thick aluminum foil was sandwiched between the rubber plate and the esophageal tissue to prevent Raman scattered light from the rubber plate from being included in the measurements.
A linear or grid-like measurement grid was set up to include endoscopically diagnosed lesions in the mucosa and the surrounding normal mucosa. Multiple measurement points were selected at 5 mm or 10 mm intervals depending on the shape of the clinically determined lesion. Raman scattered light wavelengths were recorded from 19 or 6 locations at intervals of 200 μm in the vertical and horizontal directions for each selected point depending on the feasibility. To prevent the sample from drying out, distilled water was sprayed on the sample as necessary during the measurement.
A RS device (BaySpec Inc., San Jose, CA, United States) was used, with a computer-controlled stage, an objective lens of 20 × magnification, a correction collar for near-infrared microscopy (LCPLN20XIR, Olympus Corporation, Tokyo, Japan), and an excitation laser wavelength of 1064 nm. The measurements were captured with a laser power of 200 mW and an exposure time of 10 s per point. Pathologic System Software Version 1.0.1.0 (BaySpec, Inc., San Jose CA, United States) was used and baseline correction was performed without smoothing the waveform. Examples of the Raman spectra of the esophageal and gastric mucosa are shown in Figure 1.

Analysis
Fifteen types of Raman shifts corresponding to the constituent molecules of living tissues (Table 2) were selected for the analysis. From the recorded Raman-scattered light waveforms, the scattered light intensities of 15 types of Raman shifts were extracted, and the optimum combination matching the range of squamous cell carcinoma (SCC) of the esophagus and gastric adenocarcinoma (AC) by histopathological diagnosis was determined.

RESULTS
The study involved 16 patients, and 18 specimens were resected for histopathological analysis. The results showed that five of the specimens were SCC of the esophagus, 10 were well-differentiated tubular AC of the stomach, one was a gastric adenoma, and one was a gastric carcinoid tumor (NET G1) (Table 3).
Raman spectra were recorded for all six esophageal and 12 gastric specimens. All combinations of the scattered light intensities of the 15 Raman shifts were calculated to determine the combination that best matched the range of cancer by histopathological diagnosis. In esophageal squamous cell cancer, the scattered light intensity of Skeletal C-C stretch was Peak 1, the scattered light intensity of Phenylalanine C-C twist was Peak 2, the scattered light intensity of CH3 deformation was Peak 3 (Table 4), and Peak 2/Peak 1 was defined as Cut-off 1. Peak 3/Peak 1 was defined as Cut-off 2 (Table 5). The site with more than half of the measurement points having Cut-off 1 greater than 0.65 and Cut-off 2 greater than 2.0 was determined to be the best match for histopathological SCC of the esophagus (Figure 2).
For gastric AC, the scattered light intensity of the CH2 stretch was Peak 1, Phenylalanine ring breadth was Peak 2, and Amide I alpha helix was Peak 3 (Table 4). The ratio of Peak 2/Peak 1 was defined as Cut-off 1 and Peak 3/Peak 1 was defined as Cut-off 2 (Table 5). The site with more than half of the measurement points with Cut-off 1 greater than 1.85 and Cut-off 2 greater than 2.0 was determined to be the best match for the histopathological diagnosis of gastric AC (Figure 3).

DISCUSSION
Patients with gastrointestinal cancers affecting the esophagus and stomach have symptoms, such as difficulty in swallowing, heartburn, and fullness[6]. Contrast examination or endoscopy is often performed in patients with a clinical evaluation suggestive of esophageal or gastric cancer[6]. Histopathological evaluation of the tissues obtained via endoscopic biopsy can be used to confirm the diagnosis[3,4,6]. In recent years, the accuracy of endoscopic finding-based diagnoses has dramatically improved. One of the reasons for this is the better quality of images obtained through high-resolution camera optics[3,6].
It is highly possible that the ability to diagnose cancer will improve further if it is feasible to depict what cannot be delineated using conventional equipment by making the image richer in features. Another reason is the use of image classification algorithms based on artificial intelligence[13,16,19]. By recognizing and patterning endoscopic images using artificial intelligence, the existence of lesions is clarified, and diagnosis by doctors is supported. Since the diagnosis using artificial intelligence evaluates endoscopic images morphologically, it is possible to prevent the lesion from being overlooked[13,16]. However, its diagnostic ability is not higher than that of an experienced doctor. Another drawback is that diagnostic ability is greatly affected by the quality of the endoscopic image[5,9,14].
As mentioned above, the accuracy of endoscopic diagnosis of lesions in the gastrointestinal tract has greatly improved; however, it is still at the morphological interpretation level[6,7]. Histopathological diagnosis, which is the current definitive diagnostic method, is a form of morphological evaluation; moreover, qualitative information that assists in morphological evaluation is required to improve diagnostic accuracy beyond the existing practice. RS can be used to add qualitative information to the morphological information[2,20]. Short et al[1] published a technique for diagnosing lung cancer using bronchoscopy combined with RS. Lui et al[21] reported a method for diagnosing skin cancer using RS. Krishna et al[22] reported a method for diagnosing oral cancer using RS. Jermyn et al[20] reported that RS can be used to identify lesion areas during brain surgery. Furthermore, Bergholt et al[6] presented a diagnostic technique for esophageal disease in the gastrointestinal tract using RS, and published diagnostic techniques for gastric cancer[4]. Duraipandian et al[3] reported a diagnostic technique for gastric cancer using RS. Molckovsky et al[2] reported a diagnostic technique for colon cancer using RS. However, a standard method for analyzing living organisms and biological samples using RS is yet to be developed.
In this study, we selected 15 Raman shifts corresponding to constituent molecules in living tissues. The analysis results of the scattered light intensity of Raman shift of Skeletal C-C stretch, Phenylalanine C-C twist, and CH3 deformation in SCC of the esophagus, and Raman shift of CH2 stretch, Phenylalanine ring breadth, and Amide I alpha-helix in gastric AC. The results of the analysis of the scattered light intensity of the shift were in good agreement with the range of morphological cancer diagnoses offered by histopathological evaluation. SCC of the esophagus and gastric AC are distinct types of cancers with different biological characteristics. Therefore, a significant Raman shift is expected to differ in the analysis conducted using RS. The technique presented in this study has the potential to provide qualitative evaluation in addition to the morphological evaluation currently used. In particular, it may offer valuable information regarding lesions that are challenging to assess using endoscopic or histopathological diagnoses alone.
However, at some sites, the results of this technique did not match the histopathological diagnoses. The limitations of this study include the small number of samples analyzed (n = 18), which included both the esophagus and stomach. Hence, there is no doubt that more samples must be analyzed in the future to confirm the accuracy of this technique. Using this technique, molecular information not solely dependent on morphological interpretation can be obtained. Furthermore, it may indicate the degree of mucosal abnormality from normal to cancerous. Evaluation of precancerous tissues may enable highly accurate preventive medicine. We aim to further advance this research and establish a method for predicting the current and future states of the gastrointestinal mucosa with high accuracy by clarifying the correlation between the Raman-scattered light intensity and the tissue state at each Raman shift.

CONCLUSION
Based on the results, it was concluded that RS could accurately identify esophageal SCC and gastric AC by analyzing the scattered light intensities of the 15 types of Raman shifts. The optimum combinations of Raman shifts were identified as Peak 1, Peak 2, and Peak 3 for both cancer types, with specific cut-off values for each peak. Although it is currently used in endoscopic treatment, the qualitative diagnosis of lesions, risk of residual lesions, etc., can be confirmed in a short time by analyzing excised specimens, and treatment can be provided as necessary.

ARTICLE HIGHLIGHTS
Research background
Cancer diagnosis plays an important role in patient management, many researchers focused on the cancer detection, and novel, rapid, and label-free techniques are being developed for routine clinical practice.

Research motivation
To address the issue of using Raman spectroscopy (RS) to evaluate biological samples is interference of autofluorescence.

Research objectives
Our study is to evaluate the use of Raman-scattered light spectrum for detecting endoscopically resected specimens of esophageal squamous cell carcinoma (SCC) and gastric adenocarcinoma (AC).

Research methods
We created a Raman device, which is suitable for observing living tissues, and we attempted to acquire Raman-scattered light spectra in endoscopically resected specimens of six esophageal tissues and 12 gastric tissues. Furthermore, we performed a correlation between the obtained Raman scattered light spectra and histopathological diagnosis.

Research results
We obtained Raman scattered light spectra from all six esophageal and 12 gastric specimens successfully, and developed an algorithm to identify the range of esophageal SCC and gastric AC with an accuracy close to that of histopathological diagnoses.

Research conclusions
In this study, we utilized RS to rapidly detect cancer in resected esophageal and stomach specimens, providing information beyond morphology.

Research perspectives
By providing detailed molecular level data, RS can provide a more comprehensive understanding of disease processes and aid in accurate diagnosis.
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Figure 1 Example of Raman spectra. Screenshots from the software window illustrating the Raman shift plotted against the intensity on a linear scale. A: Normal esophageal mucosa; B: Esophageal squamous cell carcinoma; C: Normal stomach mucosa; D: Stomach adenocarcinoma.

[image: ][image: ]
[image: ][image: ]
[image: ][image: ]
Figure 2 Comparison of Raman spectroscopic analysis and pathological diagnosis of sample Eso [squamous cell carcinoma, pT1a(LPM)-pT1b(SM)]. A: Eso-1; B: Eso-2; C: Eso-3; D: Eso-4; E: Eso-5; F: Eso-6.
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Figure 3 Comparison of Raman spectroscopic analysis and pathological diagnosis of sample Sto (well-differentiated tubular adenocarcinoma, pT1a-pT1b1; tubular adenoma; carcinoid tumor, NET G1). A: Sto-1; B: Sto-2; C: Sto-3; D: Sto-4; E: Sto-5; F: Sto-6; G: Sto-7; H: Sto-8; I: Sto-9; J: Sto-10; K: Sto-11; L: Sto-12.

Table 1 Patients‘ background
	Patient number
	Patient
	Clinical diagnosis
	Number of lesions
	Treatment date

	1
	50-year-old, female
	Esophageal cancer
	1
	December 20, 2018

	2
	65-year-old, male
	Esophageal cancer
	1
	December 20, 2018

	3
	61-year-old, male
	Esophageal cancer
	1
	January 11, 2019

	4
	61-year-old, male
	Esophageal cancer
	2
	January 18, 2019

	5
	78-year-old, female
	Esophageal cancer
	1
	April 18, 2019

	6
	72-year-old, female
	Stomach cancer
	1
	January 8, 2019

	7
	63-year-old, male
	Stomach cancer
	1
	January 18, 2019

	8
	56-year-old, male
	Stomach cancer
	1
	January 24, 2019

	9
	58-year-old, male
	Stomach cancer
	1
	February 3, 2019

	10
	79-year-old, male
	Stomach cancer
	1
	February 4, 2019

	11
	77-year-old, male
	Stomach cancer
	1
	February 17, 2019

	12
	80-year-old, male
	Stomach cancer
	2
	February 28, 2019

	13
	65-year-old, male
	Stomach cancer
	1
	February 28, 2019

	14
	68-year-old, male
	Stomach cancer
	1
	April 8, 2019

	15
	66-year-old, female
	Stomach adenoma
	1
	May 19, 2019

	16
	38-year-old, female
	Stomach submucosal tumor
	1
	April 9, 2019




Table 2 Fifteen Raman shift parameters obtained from the raw tissues and the range of the shifts[7,9]
	Number
	Assigned peak
	Shift start (cm-1)
	Shift end (cm-1)

	RS 1
	Phenylalanine C-C twist
	611
	631

	RS 2
	Cholesterol
	700
	720

	RS 3
	Tryptophane ring breath
	751
	771

	RS 4
	Tyrosine ring breath
	830
	850

	RS 5
	Phenylalanine ring breath
	993
	1013

	RS 6
	Skeletal C-C
	1060
	1080

	RS 7
	Nucleotide O-P-O
	1091
	1111

	RS 8
	Skeletal C-C stretch
	1123
	1143

	RS 9
	Amide III beta-sheet
	1244
	1264

	RS 10
	Amide III delta (CH)2
	1275
	1295

	RS 11
	Amide III alpha-helix
	1322
	1342

	RS 12
	CH2 stretch
	1408
	1428

	RS 13
	CH3 deformation
	1448
	1468

	RS 14
	Phenylalanine C=C
	1596
	1616

	RS 15
	Amide I alpha-helix
	1647
	1667





Table 3 Esophageal and gastric samples and histopathological diagnosis along with TNM classification
	Sample number
	Patient
	Pathological diagnosis (UICC TNM classification)

	Eso-1
	50-year-old, female
	SCC, pT1a (LPM)

	Eso-2
	65-year-old, male
	SCC, pT1a (LPM)

	Eso-3
	61-year-old, male
	SCC, pT1a (MM)

	Eso-4
	61-year-old, male
	SCC, pTis

	Eso-5
	61-year-old, male
	SCC, pTis

	Eso-6
	78-year-old, female
	SCC, pT1b (SM)

	Sto-1
	72-year-old, female
	Tub1, pT1a

	Sto-2
	63-year-old, male
	Tub1>tub2, pT1b2

	Sto-3
	56-year-old, male
	Tub1, pT1b1

	Sto-4
	58-year-old, male
	Tub1, pT1b1

	Sto-5
	79-year-old, male
	Tub1, pT1b1

	Sto-6
	77-year-old, male
	Tub1, pT1a

	Sto-7
	80-year-old, male
	Tub1, pT1b1

	Sto-8
	80-year-old, male
	Tub1, pT1a

	Sto-9
	65-year-old, male
	Tub1, pT1a

	Sto-10
	68-year-old, male
	Tub1, pT1a

	Sto-11
	66-year-old, female
	Tubular adenoma

	Sto-12
	38-year-old, female
	Carcinoid tumor (NET G1), pT1b


Tub1: Well differentiated tubular adenocarcinoma. UICC: Union for International Cancer Control; SCC: Squamous cell carcinoma; TNM: Tumor node metastasis.

Table 4 Raman shift peaks observed in the esophageal and the gastric samples
	
	Peak 1
	Peak 2
	Peak 3

	Esophagus
	RS 8
	RS 1
	RS 13

	Stomach
	RS12
	RS 5
	RS 15




Table 5 Cut-off ratios obtained from the esophagus and stomach samples
	
	Cut-off 1 (peak 2/peak 1)
	Cut-off 2 (peak 3/peak 1)

	Esophagus
	0.65
	2.0

	Stomach
	1.85
	2.0
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