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Abstract 

Oral cancer is a serious global health issue, especially in areas where there is poor access to early detection and 

treatment. It has high rates of morbidity and mortality because it is often diagnosed late and conventional 

diagnostic tests like visual inspection and tissue biopsy have their limitations. The older methods are invasive, 

require a lot of time, and are prone to subjective interpretation, leading to delayed or incorrect diagnoses. Recent 

developments in biomedical technology provide hopeful alternatives, in particular the integration of Raman 

spectroscopy with deep learning. Raman spectroscopy is a non-invasive, label-free method that yields high-

resolution molecular-level information, enabling the real-time detection of biochemical changes correlated with 

malignant tissues. When coupled with deep learning algorithms, this method allows for automatic feature 

extraction and precise classification of normal and malignant tissues, which improves diagnostic speed and 

accuracy. In this review, the worldwide prevalence of oral cancer, current diagnostic challenges, and the 

relevance of the convergence of Raman spectroscopy and deep learning in alleviating these challenges are 

discussed. It further emphasizes the clinical promise of real-time diagnostics, reduced diagnostic subjectivity, 

and the move toward preventive and individualized care. Together, these technologies are a revolutionary 

method in oral cancer detection that has the potential to greatly enhance early detection, treatment, and patient 

survival rates. 

Keywords: - Oral Cancer, Raman Spectroscopy, Deep Learning, Artificial Intelligence, Early Diagnosis, 

Medical Imaging, Non-invasive Detection, Oral Squamous Cell Carcinoma (OSCC), Real-time Diagnostics. 

1. Introduction  

Background on Oral Cancer  

Oral cancer is one of the major causes of death globally, the 17th most common worldwide and the 11th most 

common in Asia. According to the World Health Organization, more than 370,000 new cases of oral cancer 

were reported and caused over 170,000 deaths in 2020 [1]. There are various types of oral cancer depending on 

its origin (carcinoma and sarcoma), but the most common type is oral squamous cell carcinoma (OSCC), which 

is mostly transformed from oral potentially malignant disorders (OPMDs). The definitive gold standard 

diagnostic tool of oral cancer and OPMDs is surgical biopsy and histopathological evaluation. The treatment 

modalities for oral cancer were surgery, radiotherapy, and chemotherapy either alone or in combination, which 

is generally determined according to the stage of the disease. The treatment outcomes, especially in advanced 

stages, have resulted in high morbidity, affecting the masticatory function, facial esthetics, and quality of life of 

oral cancer patients. Currently, advances in oral cancer treatment have not improved the prognosis of oral cancer 

over the past decade. Oral cancer prognosis has been based on cancer staging, which decreases significantly in 

advanced stages compared to early stages of oral cancer or in the stage of OPMDs. Therefore, the early 

diagnosis of oral cancer is the crucial step to increase the survival rate of oral cancer patients. Deep learning 

(DL), a subset of artificial intelligence (AI), is built based on neural networks, which are biologically inspired 

programming algorithms that have the ability to learn complex representations to improve pattern recognition 

from raw data. 

A. Global Prevalence and Mortality Rates 

The mortality rate remains high, depending above all on the stage of the disease at the time of diagnosis, which 

is often already advanced. Instead, the real prevalence of oral cancer and its mortality worldwide in antiquity is 

a more obscure field. There is large literature exploring the history of different aspects of oncology in multiple 

languages and across continents [2]. Oral cancer is one of the most common cancers worldwide, with high 

mortality rates. According to the International Agency the study of Cancer, were an estimated 377,000 new 

cases of lip and oral cavity cancers in 2020, with nearly 177,000 deaths worldwide. Despite advances in 

oncology therapy, mortality rates for oral cancer remain high over the past few decades. A majority of oral 
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cancer patients do not have access to timely, quality diagnosis, and treatment, especially in rural areas, resulting 

in poor survival rates [3]. Cancer is the third most common NCD following cardiovascular disease and diabetes, 

the prevalence and incidence of which has been increasing at a fast pace in the past decades, particularly in low-

income countries like India. The reported incident cancer cases were 19.3 million worldwide in 2020. Following 

China and the USA, India ranked third in cancer incidence worldwide. It has been estimated that one person in 

every nine individuals has the risk of developing cancer in his lifetime in India. In 2022, the reported incidence 

was 100 cases per 100,000 individuals. According to estimates, there will be 12.8% more cancer cases in 2025 

than in 2020. It has been estimated that 2.08 million new cancer cases will rise in India by 2040, an increase of 

57.5% from 2020 [4]. 

B.  Diagnostic Methods 

Early detection is very important to reduce the mortality rate of patients suffering from oral cancer. Thus, there 

is a huge demand for oral cancer diagnostic techniques that are non-invasive, rapid, and easy to use. For oral 

cancer diagnosis, traces of oral lesions in the mouth are first observed properly by a physician. Upon suspected 

malignancy, it is further referred to an oral or maxillofacial surgeon who conducts the specific tests. In the case 

of oral cancer, a dentist plays a pivotal role in the early examination of occurrence [5]. Various routinely 

practiced techniques for oral cancer detection are shown in Fig. 4 

 

 

Fig.1 Techniques for oral cancer detection [5]. 

In this figure schematizes the several oral cancer diagnosis techniques divided into seven broad categories. The 

initial diagnostic stages consist of physical examination and biopsy procedures (e.g., brush, liquid, fine needle, 

and endoscopic biopsies). Vital staining and imaging modalities such as ultrasound, MRI, CT, PET, and 

confocal scans provide an image of abnormalities. Spectroscopy techniques including Raman, FTIR, and optical 

coherence tomography identify molecular and structural changes in tissues. Biomarker detection involves 

gene/DNA arrays, enzyme assays, and immunological techniques such as immunohistochemistry and PCR to 
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detect cancer-specific markers. Finally, histopathological examination provides a confirmed diagnosis by 

microscopic tissue analysis. These combined methods facilitate early detection, accurate diagnosis, and 

treatment planning for oral cancer. 

1. Raman Spectroscopy in Cancer Diagnosis 

Raman spectroscopy is a fast, non-destructive and inelastic light scattering technique that depends on the 

specific vibrational modes of molecules. It is called "molecular fingerprinting" and can yield a wealth of 

molecular information from biological tissues [6]. Raman spectroscopy can be combined with fiber optic 

devices for rapid, real-time, and highly accurate tissue evaluation. The detection of Raman spectroscopy 

only requires a handheld fiber optic probe, which can be used to approach tissues and for intraoperative in 

vivo measurements, offering the benefits of real-time and flexibility [7]. Raman spectroscopy can be 

combined with fiber optic devices for rapid, real-time, and highly accurate tissue evaluation. The detection 

of Raman spectroscopy only requires a handheld fiber optic probe, which can be used to approach tissues 

and for intraoperative in vivo measurements, offering the benefits of real-time and flexibility [8]. Compared 

to conventional histopathological diagnostics that demand complex sample preparation procedures, Raman 

spectroscopy requires only simple sample preparation. It not only facilitates sample retention under almost 

physiological condition, but also shortens the intraoperative evaluation time [9], creating conditions for 

intraoperative clinical applications of Raman spectroscopy. Therefore, an essential step is to develop an 

effective Raman spectroscopy analysis technique to enhance the robustness of oral cancer tissue 

classification [10, 11]. The basic principle of the Raman Effect is that when the smallest unit of light passes 

through any medium, the light scattered by other molecules affects the frequency change, which means the 

Raman Effect is caused by the vibration of molecules. From the perspective of quantum mechanics, the 

Raman Effect is the inelastic collision that occurs when photons collide with molecules [12].Biochemical 

signatures differentiate normal from cancerous tissue according to differences in molecular composition and 

activity. In cancer tissues, there is generally increased glucose consumption and a changed metabolism 

(Warburg effect), overexpression of certain proteins (e.g., HER2, p53 mutations), aberrant DNA 

methylation profiles, and perturbed lipid and amino acid profiles. These biochemical alterations enable 

uncontrolled cell growth and survival. Healthy tissues, on the other hand, preserve equilibrium metabolic 

processes and a stable gene expression. Detection of such biochemical variations helps in the early 

diagnosis, specific therapy, and follow-up for monitoring response in cancer treatment. Raman 

spectroscopy is very useful in clinical environments since it is a label-free, non-invasive method that gives 

fast and precise molecular-level information from fluids and tissues with little preparation. It can identify 

subtle biochemical alterations, which makes it useful for the early diagnosis of diseases such as cancer and 

for differentiating between normal and abnormal tissue in real time. Its capacity to provide accurate, in situ 

diagnosis in the procedure, e.g., surgery, enhances enhanced clinical decision-making and customized 

treatment and minimizes the number of invasive biopsies [12]. 

2. Deep Learning for Biomedical Applications 

Deep learning is revolutionizing biomedical applications by facilitating the automated analysis of intricate 

medical data like images, genomics, and electronic health records. Deep learning performs well on tasks 

such as disease diagnosis, image segmentation, drug discovery, and predicting patient outcomes by learning 

patterns from high volumes of data. Its capacity for high-dimensional data analysis with high accuracy 

places it in high demand for finding subtle anomalies and enhancing diagnostic speed and accuracy in the 

field of clinical practice. . Over recent years, deep learning techniques have gained a lot of attention to solve 

various problems, especially in medical imaging fields [13]. Deep learning is an advanced field in computer 

vision. The purpose of computer vision is to carry out multiple tasks such as image detection, image 

recognition, NPL, image analysis [14], etc. 

4. Integration of Deep Learning and Raman Spectroscopy 

Long measurement times are necessary to obtain high-quality Raman spectra because of the Raman effect's 

inherent low quantum efficiency. Consequently, enhancement methods were developed, including surface-

enhanced Raman spectroscopy (SERS) and coherent anti-Stokes Raman spectroscopy (CARS). Raman 

spectroscopy is now widely used in many research domains, such as forensic investigation, the design of 

pharmaceutical products, material identification, disease detection, etc. Raman spectroscopy in its unlabelled 

form is used in the majority of the investigations that are presented and comparable. Therefore, in order to 

comprehend the untargeted spectral data, data modelling is always required [15]. The Raman spectrum has a 
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fingerprint feature because the peaks in the spectrum correspond to particular molecules of the measured 

substance. On the basis of this, certain components in mixtures can be identified using Raman spectroscopy. 

Because of its benefits of easy sample preparation, fast analysis speed, and non-destructive operation, Raman 

technology has emerged as a significant and potent instrument in the field of mixture component identification. 

One of the most widely used techniques for Raman spectroscopy-based mixture component identification was 

database searching and matching algorithms [16].  

Significant progress has been made by deep learning in signal reconstruction tasks, particularly in the areas of 

signal denoising, image denoising, and single-image super resolution (SISR). Each of these categories involves 

training a neural network using pairs of high-quality [such as high-resolution (HR)] and low-quality [such as 

low-resolution (LR)] data in an effort to create efficient representations of low-quality inputs that reconstruct 

the associated high-quality outputs. Therefore, given low-quality input data in the test set, neural networks can 

be thought of as learning previous information (such as forms, sizes, and colours typical of various features) 

from the corpus of data in the training set in order to produce high-quality output data. While image denoising 

has been used to enhance image quality by eliminating noise produced by imaging hardware or compression 

artifacts, signal denoising has seen multiple organizations create neural networks intended to lower noise in 

electrocardiograms. Similar to this, SISR has been the subject of a lot of research, with significant potential life 

sciences applications already shown for MRI, electron microscopy, fluorescence microscopy, and even 

endomicroscopy [17]. However, there are two main obstacles that prevent spectral data interpretation in SERS 

sensing applications. First, there is frequently a lot of fluctuation in SERS readings. Localized electric field 

enhancement is the main cause of SERS signal augmentation, and it is especially noticeable in hot spots like 

highly structured metal surfaces and nanoscale gaps between metal particles. A small change in the SERS 

substrates could result in a very variable SERS signal. Second, comparing samples that contain comparable 

chemical kinds is the goal of many Raman spectroscopy applications, including food quality analysis and 

disease detection [18].  

Raman spectroscopy relies on the particular vibrational modes of molecules and is a quick, non-destructive, and 

inelastic light scattering method. The process is known as "molecular fingerprinting" and may extract a 

multitude of molecular data from biological tissues. If cells develop cancer, the distinctive peaks of some 

chemicals will alter. It is capable of successfully directing intraoperative margin resection. Fiber optic devices 

and Raman spectroscopy can be used together to evaluate tissue quickly, accurately, and in real time. All that is 

needed for Raman spectroscopy detection is a portable fiber optic probe, which offers the advantages of 

flexibility and real-time when approaching tissues and performing intraoperative in vivo measurements [19]. 

A. Automated Feature Extraction  

The malignant condition known as cancer is typified by unchecked cell division and tissue invasion.  The 

movement of cancer cells to other parts of the body is known as metastasis. Cancer that spreads quickly is oral 

cancer.  It first appears as mouth sores, red rashes, or non-cancerous growths before progressing to malignancy.  

Usually, the mouth or the area around it is where this kind of cancer starts.  The various parts of the mouth may 

be affected. The sixth most common type of cancer globally, oral cancer is thought to affect at least 500,000 

people each year [20]. A number of factors, including exposure to sunlight, alcohol and tobacco use, human 

papillomavirus (HPV) infection, poor dental hygiene, and a diet low in fruits and vegetables, have been 

associated with an increased risk of oral cancer. According to the study, the oral mucosa's lamina propria and 

epithelium are less than 1 mm thick. Microscopic methods of imaging the oral cavity have a limited penetration 

depth, which might not be sufficient to examine the presence of the basement membrane. On the other hand, 

OCT has the benefits of real-time, high-resolution (1–20 μm), and large-depth (1–2 mm) imaging, making it 

appropriate for imaging the oral mucosa. Since its initial introduction in 1991, OCT has been used in a variety of 

biomedical specialties, including dermatology, gastrointestinal, cardiology, and ophthalmology [21]. Studies 

using OCT have tried to distinguish between benign and OSCC in the oral cavity using various structural or 

optical markers, such as the thickness of the epithelium, the integrity of the basement membrane, or optical 

scattering characteristics. It has been demonstrated that OCT makes it possible to image the oral mucosa and 

identify its morphological features. Oral cancer is a highly severe, complicated, and widely dispersed cancer. 

Deep learning algorithms and cutting-edge technology enable early detection and classification. Through the 

analysis of computed tomography (CT), magnetic resonance imaging (MRI), and X-ray pictures, medical 

imaging techniques, computer-aided diagnosis, and detection might potentially alter the course of cancer 

treatment [22]. This facilitates the proper separation of the normal region from the tumour-prone regions and 

facilitates the anatomical examination of the oral cavity. 

B. Enhancing Diagnostic  

Improving diagnostics in oral cancer is a process of advancing and refining techniques employed to 

diagnose and detect oral cancer at earlier and more precise stages. Conventional diagnostic tools like visual 

assessments and biopsies are usually hampered by delayed detection, particularly in asymptomatic earlier 

stages. Improving diagnostics means adding contemporary technologies such as imaging devices (e.g., 

MRI, PET scans), molecular markers, and artificial intelligence to enhance the sensitivity and specificity of 
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identifying oral cancer. These technologies allow clinicians to find malignancies earlier, resulting in faster 

interventions and potentially improved patient outcomes [23]. Along with technological developments, 

improved diagnostics also focus on personalized medicine and minimally invasive procedures. Saliva-based 

diagnostics and genomic profiling, for example, provide non-invasive, highly sensitive methods to evaluate 

cancer risk and follow disease progression. Incorporation of these new devices into regular dental and 

medical examinations enhances the probability of early detection, particularly among high-risk individuals 

like tobacco consumers. Overall, improving diagnostics in oral cancer is essential for lowering mortality 

rates and enhancing the quality of life for patients through timely and accurate medical treatment [24]. Also 

included in improving oral cancer diagnostics is boosting awareness and education among the medical 

community. Dentists and family physicians have an important function to play during early detection 

because they are generally the first who become aware of suspect lesions or changes in the mouth. If they 

are made well-equipped with high-tech diagnosis aids and continually educated on suspect early warning 

signals, the opportunities to detect cancer in a manageable state improve measurably. Public health 

programs designed to inform the general population about symptoms and risk factors of oral cancer also 

help in earlier self-reporting and prompt medical care. The combination of these strategies constitutes an 

overall strategy for enhanced diagnostic accuracy and mitigation of the global burden of oral cancer [25]. 

3. Implications for Clinical Practice  

Integration of advanced diagnostic technologies in dental cancer treatment has far-reaching implications in 

clinical practice. With conventional diagnoses depending mainly on visual examination and histopathological 

verification, new technologies like optical imaging, molecular diagnostics, and artificial intelligence are 

changing the paradigm. These technologies allow clinicians to make quicker, more precise choices and 

customize treatment plans based on patient-specific profiles [26]. In dental and medical clinics, this means more 

effective workflows, decreased patient anxiety that stems from faster results, and better overall outcomes. In 

addition, the greater capability to identify cancerous or pre-cancerous lesions during a regular check-up enables 

earlier referrals and interventions, thus incorporating cancer detection more easily into daily dental and medical 

practice [27]. 

A. Potential for Real-Time Cancer Detection 

One of the most revolutionary developments in oral cancer diagnostics is the possibility of real-time cancer 

detection, a great departure from the conventional, time-consuming diagnostic process. Historically, oral cancer 

diagnosis encompasses a series of steps: initial clinical evaluation, which is followed by tissue biopsy, 

laboratory testing, and lastly, malignancy confirmation. This takes several days to weeks, and in the meantime, 

anxiety among patients escalates and the window period for early intervention is lost. Recent developments like 

fluorescence visualization, NBI, OCT, and AI-based diagnostic tools now provide the facilities to detect oral 

cavity precancerous and cancerous lesions with instant feedback [28]. These instruments are able to identify fine 

cellular and vascular alterations in the oral mucosa that are not apparent to the naked eye, thereby allowing for 

early diagnosis of malignancies at a time when treatment is more likely to be effective. Clinically, this real-time 

function is particularly useful during minor surgery and oral examination. For instance, during a lesion excision 

or a biopsy, such technologies can be utilized to define the precise boundaries of the diseased tissue, thus 

removing all cancerous tissue and avoiding injury to adjacent normal structures as much as possible. This 

accuracy significantly lowers the chances of local recurrence and enhances functional and aesthetic recovery in 

the patient. Additionally, the portability and simplicity of these diagnostic devices make them perfect for 

application not just in hospitals and specialty clinics but also in community health centres, dental offices, and 

mobile screening vehicles. This increases access to early detection of oral cancer, especially among rural and 

underserved communities, where such conditions tend to go undetected until late stages [29].  

Real-time diagnostic systems also ease decision-making, permitting dental and medical professionals to make 

timely referrals or treatment at the same patient visit. Such immediacy minimizes delays, increases patient trust, 

and encourages a more proactive, streamlined approach to care. Ultimately, the incorporation of real-time 

detection technologies into general oral health practice has the potential to transform oral cancer management 

through enhanced early detection rates, decreased diagnostic errors, and more tailored and effective treatment 

modalities, all of which are factors for vastly improved patient outcomes and survival rates [30].  

B. Reduction in Subjective Diagnostic Errors 

One of the major challenges to diagnosing oral cancer is the subjectivity of conventional diagnostic tools, which 

too frequently depend significantly on a clinician's visual examination and personal judgment. Such evaluation 
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varies widely as a function of the clinician's experience, training, and exposure to early signs of cancer, resulting 

in inconsistent or inaccurate conclusions. Early oral cancer lesions may look very much like benign conditions 

such as ulcers, leukoplakia, or lichen planus, so much so that even experienced practitioners may miss or 

misinterpret potentially malignant sites. Subjectivity may lead to delayed diagnoses, incorrect referrals, or 

unnecessary biopsies, all of which affect patient outcomes [31]. The use of sophisticated diagnostic equipment 

greatly minimizes these subjective errors by supplying objective, quantifiable information. Technologies-like 

tissue auto fluorescence, chemiluminescence, narrow band imaging (NBI), and artificial intelligence-based 

imaging systems better enable the clinician to differentiate between malignant and benign tissues. These devices 

examine biological alterations in tissue morphology, vascular architecture, and biochemical biomarkers, 

providing a more reproducible and standardized mechanism for assessment. As an example, thousands of 

clinical images can be trained with AI algorithms to identify cancerous patterns with extreme accuracy, thus 

helping less experienced clinicians make more accurate judgments. By reducing personal bias and inter-observer 

variability, such developments go toward more uniform diagnoses and earlier treatment, in the end leading to 

improved prognosis and better management of oral cancer [32]. 

C.  Towards Personalized and Preventive Care 

Oral cancer care is shifting at breakneck speed towards preventive and personalized medicine, a welcome 

departure from the age-old one-size-fits-all method. The new approach targets the provision of diagnosis and 

treatment based on the individual's distinctive genetic, molecular, and lifestyle profile. Thanks to recent research 

on genomics, proteomics, and salivary diagnostics, medical practitioners are now well capable of identifying 

distinctive biomarkers that identify an individual's vulnerability to oral cancers. This specificity allows 

clinicians to risk stratify patients and create individualized treatment and monitoring plans based on each 

patient's biological signature [33]. Instead of waiting for obvious symptoms or late stages of disease, this early 

intervention permits intervention at the pre-cancerous level, ultimately increasing treatment success and 

minimizing the use of harsh therapies.  In preventive medicine, the emphasis is placed on detection and 

elimination of risk factors prior to cancer onset. Smoking, heavy alcohol use, lack of oral hygiene, and HPV 

infection are all established causes of oral cancer. By screening early and educating patients, health 

professionals can intervene in susceptible populations to encourage positive lifestyle changes and decrease 

carcinogen exposure. Technology such as salivary biomarker analysis, non-invasive imaging techniques, and 

routine digital examination of oral tissues can identify microscopic alterations well before they develop into 

cancer. Prevention is not confined to the healthcare establishment it is also linked to community outreach, public 

health education, and patient education, all of which play a crucial role in reducing oral cancer incidence among 

groups [34]. Finally, the trend in oral oncology towards preventive and personalized care is a step towards 

enhanced patient outcomes and lower healthcare costs as well as reduced morbidity from treatment. 

Personalized interventions tend to be less invasive and more effective and reduce unnecessary interventions as 

well as side effects. In addition, patients are likely to participate in and follow through on a treatment regimen if 

it is made specifically for them. This patient-focused strategy also encourages improved communication 

between patient and healthcare provider, promoting trust and long-term collaboration. As these technologies and 

strategies advance further, they will be at the forefront of reshaping oral cancer care from a reactive system to 

one that emphasizes early detection, risk reduction, and tailored treatment [35]. 

Conclusion  

The combination of deep learning methods with Raman spectroscopy represents a robust and disruptive strategy 

for early detection and diagnosis of oral cancer. Oral cancer remains a strong global health burden as it remains 

delayed for decades, particularly in limited-resource populations. Raman spectroscopy provides rapid, non-

invasive, and real-time molecular information, and deep learning provides automated, precise interpretation of 

intricate spectral data. This coordination not only increases diagnostic accuracy but also minimizes dependency 

on subjective clinical assessment and invasive biopsies. In addition, novel advancements in imaging 

technologies, AI-based platforms, and individualized diagnostic approaches are opening doors towards real-

time, preventive, and patient-centric treatment for oral oncology. These advances have the potential to 

significantly enhance early detection rates, optimize clinical workflows, and eventually, improve patient 

outcomes and survival rates in oral cancer treatment. 
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