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Abstract

:

Simple Summary


Several factors may influence the outcome of a patient with cancer, including oral cancer. Modern diagnostic tools have had a great impact on the success of patient care. However, diagnostic methods, even at the moment of surgery, contributing to the development of personalized oncological treatment are indispensable.




Abstract


In parallel with the increasing number of oncological cases, the need for faster and more efficient diagnostic tools has also appeared. Different diagnostic approaches are available, such as radiological imaging or histological staining methods, but these do not provide adequate information regarding the resection margin, intraoperatively, or are time consuming. The purpose of this review is to summarize the current knowledge on spectrometric diagnostic modalities suitable for intraoperative use, with an emphasis on their relevance in the management of oral cancer. The literature agrees on the sensitivity, specificity, and accuracy of spectrometric diagnostic modalities, but further long-term prospective, multicentric clinical studies are needed, which may standardize the intraoperative assessment of the resection margin and the use of real-time spectroscopic approaches.
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1. Introduction


Every year, approximately 350,000 people worldwide are diagnosed with oropharyngeal cancer [1,2]. Well-known modifiable risk factors, such as smoking and excessive alcohol consumption [3,4,5,6], play an important role, but high-risk human papillomaviruses (HPV) also have a particular impact on the development of oral cancer in younger patients [7,8] (Table 1). Regular screening and knowledge of the risk factors plays an important role in the early diagnosis of oral cancer, while innovation in medicine has contributed to an improvement in the survival rate of patients.



Over the last three decades, significant advancements in diagnostic methods and novelty in complex oncological management, such as targeted therapy and biological therapy, have contributed to the overall 5-year survival rate of patients with oral cancer [9,10,11] (Table 2). Although many factors influence life expectancy (e.g., TNM staging, or comorbidities), the resection margin and depth of invasion are the most important surgical factors that may be compromised to save a specific function or for appearance reasons. The goal of oral cancer surgery is to remove the malignant tissue, while preserving as much healthy tissue and functionality as possible. This requires careful planning and implementation of the surgical procedure, including meticulous identification and removal of the tumor and surrounding margins [12,13].



In general, an adequate resection margin predicts not only the risk of local recurrence, but consequently the survival rate of patients with malignant lesions [14,15,16]. The resection margin is considered negative when it is larger or equal to 5 mm, close to between 1 and 5 mm, or positive when it is less than 1 mm [17,18,19]. Inadequate resection margins lead to higher morbidity and complications, requiring adjuvant treatment, such as radiotherapy, chemoradiation, or re-operation [20].



Several factors can contribute to difficulty in achieving negative resection margins in oral cancer. One of the main problems is the complex and varied anatomy of the oral cavity (e.g., nerves, vessels, or salivary glands), which can influence the extent of the resection, increasing the risk of positive margins. Additionally, inadequate visualization of the tumor or resection margins during surgery can be problematic.



Traditionally, inspection, palpation, and preoperative imaging techniques have been used to determine the resection margin of the tumor, which were supported later by an intraoperative frozen section with the aim of differentiating the tumorous tissue from the healthy tissue. Subsequently, further pathological prognostic factors, such as the “transition zone”, were involved in the comprehensive pathological investigation, where the relationship between the intact and neoplastic cells can be investigated [21,22]. According to “field cancerization theory” within this preneoplastic area, histological and molecular changes may occur, but these changes are not always detectable. Therefore, undetected tumor cells may remain in the operation field [23].



In the present narrative review, the PubMed database was analyzed, including publications published between 1990 and 2023, and the search was conducted between January and October 2023. The terms used in the search included “oral cancer”, “Raman spectroscopy”, “mass spectroscopy”, and “resection margin”. We restricted the search to articles published in English. Because the intraoperative use of different spectroscopic modalities is a relatively new and dynamically developing field in the assessment of the resection margin in oral cancer, we included all types of publications in the search, except case reports. This narrative review presents recent data on the intraoperative assessment of the resection margin in oral cancer and on the potential role of different spectroscopies.




2. Contemporary “Imaging Techniques”


Advanced radiological imaging techniques during preoperative planning to achieve a tumor-free tissue resection margin have improved in the last few decades. Standard imaging techniques include magnetic resonance imaging (MRI), computed tomography (CT), panoramic radiography (OPT), positron emission tomography (PET)–CT, and single-photon emission CT (SPECT). These techniques may improve diagnostic or postoperative irradiation accuracy [24,25], but do not provide information about the intraoperative situation.



Different methods (e.g., histological, molecular biological, or spectroscopic modalities) are available to assess the resection margins intraoperatively, but some of them are not possible in real time or applicable in the operating room. Frozen section (FS) diagnosis, as a “gold standard” technique, was used in the early 20th century [26]. Some studies have revealed that FS is unsuitable to determine the resection margin status; as an alternative, a gross examination of the tissue with a 7 mm cut-off should be preferred, which is not a time-consuming or costly method [14,27,28]. Despite the limitations of the FS technique (e.g., suboptimal tissue preparation, cautery artifacts, and/or inadequate sampling, prolonging the operation time) [29], several studies have focused on improving the efficacy of this histological method in the intraoperative assessment of the resection margin (IOARM). In general, specimen-driven (SD) IOARM appeared to be more predictive of the actual margin status than tumor-bed or defect-driven (DD) margins [2,30,31,32,33] and became a standard procedure. Kubik et al. described several reasons (e.g., additional resection at an incorrect location, the incorrect orientation of the additional resection, the incorrect dimensions of the additional resection) for additional resections to be inadequate [34]. In contrast, a study published by Maharaj DD et al. did not reveal a significant difference between SD and DD approaches regarding the sensitivity or specificity of intraoperative FS for resection margin assessment, and similarly for loco-regional recurrence or overall survival [35]. Based on the foregoing, it can be concluded that the sampling protocol, because of cooperation between the surgeon and the pathologist, may lead to significant improvements in the rate of adequate resections, consequently improving the patient outcome and reducing the need for postoperative radiotherapy [33,36,37]. Another recent study focused on deep resection margins and found that there was no significant difference in the recurrence rate between close and clear mucosal margins, while a deep resection margin with residual tumorous tissue was found in 87% of the cases. The most important thing should be to define the optimal depth of the resection margin and to adapt this to the sampling depth of further techniques assessing the resection margin to be developed. Until then, the most prevalent technique remains frozen section analysis [38,39,40]. Although the staged resection technique for skin tumors, Mohs micrographic surgery (MMS), is time consuming and resource intensive for the pathology department, it results in a low recurrence rate in extensive cutaneous oral cancers, but because of the anatomical complexity of this region and the frequent bony involvement, this method cannot be adapted to oro-pharyngeal cancers [41]. Histological assessment informs the surgeon about the margins of the soft tissues, but the intraoperative assessment of bone remains challenging, because it technically cannot be integrated in the limited time frame of the intraoperative margin analysis. Intraoperative cytological assessment of bone resection margins could be a feasible diagnostic tool to verify microscopically the resection margins in bony tissue, showing high sensitivity and specificity in a previous study published by Nieberler et al.; however, the dehydration process can cause altered cell morphologies at the resection margin of the bone [42,43,44]. As published previously, molecular analysis of genetic mutations (e.g., p53) or epigenetic markers (e.g., protein expression or methylation profiles) in surgical margins have a clinical impact, yielding a more sensitive and accurate assessment, and providing insight into their impact on the postoperative prognosis of patients. However, the lack of real-time availability considerably limits their intraoperative use [33,45].




3. Spectroscopy for the Intraoperative Assessment of the Resection Margin


Considering the limitations of histological techniques, different forms of IOARM are currently utilized to improve the efficacy of the assessment of tumor resection margins, and to reduce the consecutive operation time related to the examination. Systematic reviews published recently have summarized the opportunities to investigate tumor resection margins [33,40]. Aside from pathological techniques, Kain et al. distinguished two major groups of IOARM: wide- and narrow-field analysis. Wide-field imaging (non-/fluorescent dyes, autofluorescence imaging, and narrow-band imaging) provides real time, intraoperative, visual feedback, but its efficacy may be limited by inflammation and non-malignant processes. Although narrow-field analysis (spectroscopy, optical coherence tomography, confocal microscopy, and high-resolution micro-endoscopy) requires special equipment and training for accurate use, it can provide quantifiable results in the operating room. These techniques are less influenced by inflammatory processes, and some of them can also be used to assess bony structures, adding to their versatility and utility [33]. These controversies have led to the investigation of optical and spectroscopic methods and their utilization as a surgical device for intraoperative use [46,47,48] (Table 3). Spectroscopy, a form of narrow-field analysis, may play a significant role in the intraoperative assessment of resection margins in oral cancer. Unlike histological techniques, spectroscopy offers a non-invasive and real-time approach to evaluating margins during oncological surgery.



Spectroscopy is an analytical technique that has transformed our understanding of the world around us. By measuring the interaction between electromagnetic radiation and matter, spectroscopy provides valuable insights into the chemical composition, molecular structure, and physical properties of materials at the atomic level. This technique has diverse applications across various fields, including materials science, biology, and chemistry. Furthermore, spectroscopy has shown great potential in the medical field, particularly in the detection and characterization of disorders, such as malignant tumors [49,50].



There are several types of spectroscopies, each with its own unique way of probing materials. Infrared spectroscopy, for example, uses infrared radiation to penetrate the surface of a material and explore its molecular vibrations. This technique is commonly used in the analysis of organic compounds and is particularly useful in identifying functional groups in a molecule. On the other hand, Raman spectroscopy utilizes laser light to provide insights into molecular vibrations and crystal structures, making it valuable for the analysis of solids and liquids. The application of different spectroscopies has a wide range of uses, such as in materials science, biology, and chemistry, among others. Medical applications of spectroscopy have also been explored, including in the detection and characterization of disorders, such as malignant tumors or the assessment of tumor resection margins [50,51,52].



In conclusion, spectroscopy holds great potential in the intraoperative assessment of resection margins in oral cancer. By utilizing spectroscopy as part of the IOARM, surgeons have more accurate and efficient means to achieve successful surgical outcomes. While current methods for margin assessment can be laborious, subjective, and logistically demanding, spectroscopy offers a potential solution to overcome these limitations [53]. With further research and development, this technique can revolutionize intraoperative evaluations, providing surgeons with more accurate and efficient means to improve margin assessment and to achieve successful surgical outcomes. Advancements in technology can lead to the development of more portable and user-friendly spectroscopic devices, making them more accessible in the operating room. Additionally, the integration of artificial intelligence and deep learning algorithms can improve the accuracy and efficiency of data analysis, allowing for real-time and automated interpretation of spectroscopic results. These developments can further streamline the intraoperative margin assessment process, reducing the reliance on subjective evaluations and increasing the reliability of the results. With ongoing research and innovation, spectroscopy has the potential to become a standard tool in oncological surgery, improving surgical outcomes and patient care.



3.1. Raman Spectroscopy


The first mention of the inelastic scattering of light can be linked to Adolf Smekal in 1923, while it was first observed by Raman in organic liquids and, independently, by Landsberg and Mandelstam in inorganic crystals in 1928. This optical technique provides detailed information about the molecular compounds in the investigated tissue [54,65,66]. Because of the weakness in spontaneous Raman scattering and despite the endeavor to reduce the signal-to-noise ratio, the use of this modality as a diagnostic or intraoperative surgical tool presents some challenges. More than 25 types of Raman spectroscopy (RS) techniques are known, such as spontaneous Raman, hyper-Raman scattering, Fourier transform Raman scattering, Raman-induced Kerr effect spectroscopy, stimulated/coherent Raman scattering, coherent anti-Stokes Raman scattering (CARS), surface-enhanced Raman scattering (SERS), or tip-enhanced Raman scattering (TERS) [67,68].



RS is a promising diagnostic device that can analyze disorders at the molecular level, providing objective, quantifiable information for diagnosis and treatment evaluation in a non-destructive manner. This method is appropriate for tissue and cancer characterization in different regions, such as the central nervous system, the urogenital, or the gastrointestinal tract; however, it is essential that more comprehensive Raman spectral databases and tissue classification methodologies are developed to ameliorate its clinical applicability [69,70,71,72]. In the head and neck region, RS can also be used to differentiate oral squamous cell carcinoma (OSCC) from the surrounding soft and bony tissues with high sensitivity and specificity, optimizing tissue removal and improving patient outcomes [56,66,72,73,74]. Furthermore, Li X et al. published a study on the combination of RS with deep learning algorithms to provide a rapid, non-invasive, and label-free pathological diagnosis of oral cancer and improve the accuracy of the resection margin evaluation [57].



The application of RS to tumor margin delineation has certain limitations because of the infrequency of Raman scattering events, which results in prolonged intraoperative investigation [67]. This limitation led to the development of point spectra via handheld fiber-optic probes, providing diagnostic information at discrete locations [67,75]. Daoust et al. developed a handheld line scanning system with a spatial resolution of 250 μm and spectral resolution of 6 cm−1, allowing Raman imaging to be performed over a field-of-view (FOV) of 95 mm2 [48]. Aaboubout et al. reported on a prototype instrument employing a fiber-optic needle probe based on the Raman spectra. The instrument is driven into the specimen, from the resection surface towards the tumor, and collects data along the insertion path at each 0.5 mm of depth and determines the distance between the resection margin and the tumor border [2]. The SpectroPen developed by Mohs, a handheld device, can detect both in vivo fluorescence (indocyanine green, ICG) and SERS contrast agents (pegylated colloidal gold) with a tissue penetration depth of 5–10 mm [55]. Another study demonstrated a fluorescence-guided Raman spectroscopic probe tracking system enabling tumor margin delineation with both white light and fluorescence image guidance [76]. The Raman spectroscopy-based objective IOARM device uses the high wavenumber part of the Raman spectrum through a thin fiber-optic needle probe. This probe can be inserted into the specimen and can rapidly determine the distance between the resection surface and the tumor border. Aaboubout Y et al. elaborated a promising margin length prediction and tissue classification model for the quick and accurate assessment of resection margins [53].



A recently published systematic review reported on a large number of biomolecules (e.g., lipids, proteins, DNA, b-carotene, and amino acids, such as phenylalanine, tryptophan, and tyrosine), discriminating cancer from healthy tissue in certain circumstances [77,78]. These biomolecules may provide the opportunity to detect oral cancer at an early stage, reveal malignant transformation or recurrence, or evaluate the resection margin [70,79,80,81]. A further clinical investigation demonstrated that the water concentration from inside the tumor toward the surgical margin shows a negative gradient, even in bone infiltration of the head neck region [66,82]. These findings may provide an objective intraoperative method for the assessment of resection margins.




3.2. Mass Spectrometry


Generally, mass spectrometry (MS) can rapidly analyze the molecular composition of tissues and characterize chemical compounds and substances by separating ions by charge and mass. In clinical research and practice, mass spectrometry (MS) is used for biomarker discovery, including proteomics, lipidomics, and metabolomics, to provide a molecular fingerprint for tissues and differentiate healthy tissue from malignant tissue. [16,63,83,84]. The imbalance in tumor suppressing and promoting factors in cancer cells results in changes in the composition of lipids, metabolites, and proteins. By analyzing the molecular profiles of tissues, it is possible to identify positive resection margins and ensure a complete resection. However, preparation and the reliable detection of lipids provide easier feasibility. Most available MS techniques analyze lipid molecules [63]. Clinical studies have revealed discriminatory peaks in the composition of phosphatidic acid (PA), phosphatidylinositol (PI), diacylglycerols (DAGs), and triacylglycerols (TAGs) [16].



Desorption electrospray ionization (DESI) is a combination of electrospray (ESI) and desorption ionization (DI) methods, where electrosprayed, charged droplets and ions in the solvent are directed onto the surface to be analyzed, producing gaseous ions of the material on the surface. The gas-phase ions are transferred into the MS, and the mass-to-charge ratios of the ions and their abundance are measured [85,86]. DESI can be applied to resected tissue, frozen sections, and fresh tissue smears, and depending on the type of solvent, different molecules can be analyzed [63,86]. Several clinical studies have demonstrated its enormous potential in the intraoperative assessment of surgical margins in gastric, pancreatic, brain, or breast cancer, showing excellent histological specificity and tissue classification [63,86,87,88,89]. Regarding oral cancer, various clinical trials have shown that DESI can accurately (>90%) determine the mucosal margin of OSCC, although further clinical studies are required to evaluate the deep margin and characteristic lipid molecules to predict prognosis [90,91]. Furthermore, not only does the resection margin state have a diagnostic value, but also saliva containing OSCC metabolite signatures [92]. Remarkable enhancements can be observed in the MS technique, leading to the development of handheld devices and, consequently, the opportunity for fast and easy application in clinical practice.



Rapid evaporative ionization mass spectrometry (REIMS) applies standard electrosurgical methods (rapid thermal evaporation) to yield gaseous molecular ions of the tissue components in vivo or ex vivo, so it does not require tissue preparation and uses a spectral library and principal component analysis [93,94]. The aerosol, a rich source of biological information, released during electrosurgical dissection is characterized by REIMS in near real time. The first application, mentioned as iKnife, was described in a previous publication, followed by data collection from gastric, colonic, hepatic, breast, lung, and brain tissue, and the development of a spectral reference library, revealing 100% accuracy [95]. Interestingly, differences were detected between the environments of metastatic and primary tumors (altered membrane lipid composition of histologically healthy cells around the primary tumor), which also supports field cancerization theory [47,95,96,97]. Following the determination of the accuracy of REIMS for intraoperative margin assessment in prospective multicenter clinical studies, it may lead to individualized oncological management of patients [47,59,60,63,98].



The picosecond infrared laser (PIRL) can rapidly extract tissue molecular content expanding in the atmosphere in the gas phase via a desorptive mechanism, without significant thermal damage [99]. The capture and analysis, using mass spectrometry, of these gaseous molecular ions are possible with coupling to an appropriate post-desorption ionization source for MS imaging applications [99]. PIRL is feasible not only to analyze phospholipids, but also the protein content of tissues under unaltered conditions, with preserved enzymatic activities [100,101]. Recently, tissue-specific MS profiles were obtained within 5–10 s after tissue ablation with a handheld PIRL device, demonstrating the opportunity for intraoperative use and real-time analysis [63,99,102]. Regarding head and neck surgery, a preliminary study revealed the superiority of PIRL ablation in cutting precision, with less collateral tissue damage to soft and bony tissues. However, further clinical investigations are required [61,103].



The MasSpec Pen is a pen-sized handheld device that allows time- and volume-controlled molecular sampling from tissues in vivo and ex vivo, using a discrete water droplet and transporting it to the MS [104]. Several studies have demonstrated its high sensitivity, specificity, and accuracy for the diagnosis of different types of cancer [58,104]. The probe, providing localized molecular information, may facilitate intraoperative use and be a useful tool to guide surgery [62,105].



SpiderMass, an MS-based mobile approach, uses water-assisted laser desorption and ionization. This analytical method is feasible to analyze in vivo and in real time the lipido-metabolic molecular profiles on the surface of biological tissues, such as OSCC [16,64,106,107]. The system can be used intra- and postoperatively, and as retrospective analysis in pathology [108]. As well as the handheld probe mentioned above, SpiderMass is also appropriate for precisely defining the resection margin during the excision [107,108].



Gas chromatography–mass spectrometry (GC/MS), a combination of gas chromatography and mass spectrometry, can identify different substances within a wide range of test samples. Yang et al. developed a panel of metabolites based on the GC/MS technique to evaluate negative and dysplastic margins. Their study revealed that specific enzyme activity in dysplastic surgical margins may be a predictor of tumor recurrence for OSCC patients [109].




3.3. Further Spectral Imaging Techniques


Fluorescence spectra are collected superficially, which are influenced by the excitation wavelength, investigated oral site (e.g., degree of keratinization), biochemical composition, and tissue architecture. Fluorescence spectroscopy is a non-invasive optical visualization method, which involves a beam of light that excites the electrons in molecules and causes them to emit light. This imaging technique has shown certain accuracy in the diagnosis and evaluation of cellular changes and can be supplemented with contrast agents (e.g., indocyanine green) or antibodies (e.g., epidermal growth factor receptor) to increase the accuracy of this modality [110,111,112,113,114]. Near-infrared (NIR) fluorescence imaging facilitates real-time margin assessment and guides surgical resection [113,115]. NIR fluorescence imaging has been used successfully in several research studies and clinical procedures for intraoperative image-guided tumor resection, and improved negative margins were observed [113,116].



Optical coherence tomography (OCT) is a high-resolution microstructural imaging technique that also uses NIR light to obtain micrometer-level depth resolution. The transverse scanning of the light beam can produce two- and three-dimensional images from light reflected from within the investigated samples [117,118]. Hamdoon Z et al. investigated OSCC tissue ex vivo and found overall high sensitivity (81.5%), specificity (87%), and accuracy (88%) [117]. OCT can identify architectural changes in the tumor margin, as well as field cancerization [117,118]. The first intraoperative application was published by Sunny SP, and OCT significantly differentiated OSCC from dysplastic lesions or healthy tissue, visualizing the microarchitecture of the resected tissues without any changes in the specimen integrity or clinical workflow [118,119]. Furthermore, the automatic identification algorithm for OCT images based on deep learning may provide decision support for the screening and diagnosis of oral cancer [120].



Confocal laser endomicroscopy (CLE) is an endoscopic-assisted, non-invasive imaging technique that can obtain histopathological diagnoses in real time [121]. CLE can also be used in combination with contrast to visualize cellular and architectural characteristics of tissue, with high resolution. The low-intensity laser light emitted by the scanner probe is focused at an adjustable focus depth. CLE allows for the in vivo visualization of cellular and subcellular structures on the epithelial and subepithelial surface of the anterior human oropharyngeal region with high resolution and frame rates, using acriflavine topically and fluorescein intravenously [122]. Several studies have demonstrated promising results, including a scoring system to classify benign and malignant tissue in the oral cavity, and an exceptionally high sensitivity and specificity [123,124,125]. Another study suggested that CLE may supplant or reduce the need for physical tissue biopsy in the management of oral cancer [126]. Horgan CC et al. developed and applied a novel hybrid fiber-optic confocal Raman endomicroscopy system for morpho-chemical tissue imaging and analysis, demonstrating real-time microscopic visualization and simultaneous pointwise label-free biomolecular characterization [127].



Laser-induced breakdown spectroscopy (LIBS), an atomic emission spectroscopy, has been studied as a potential method for detecting oral cancer. The excitation source of the technique is a highly energetic laser pulse with a certain threshold for optical breakdown focusing to form a plasma, which atomizes and excites samples depending on the environment and the target materials. The method provides direct measurement with real-time examination of a minimal tissue sample, and it can distinguish tumorous and healthy tissue. Winnand P et al. investigated the microscopic tumor spread of oral cancer in bone with LIBS and found that this method may provide a possibility to define the resection margin status in bone-invasive oral cancer, which is a quintessential problem in oncologic surgery because of the lack of rapid bone analysis methods [128]. Winnand P et al. demonstrated robust real-time detection of bone involvement with LIBS. However, further studies are required to evaluate its applicability and safety during oncological surgery [128].





4. Artificial Intelligence and Spectroscopy in the Intraoperative Assessment of Tumor Resection


Radiological or histological imaging play an essential role in the diagnosis, staging, and further management of oral cancer. However, as mentioned above, spectroscopic imaging methods have the potential to contribute to oncological management [129]. One of the greatest achievements of the 21st century is artificial intelligence (AI) and its involvement in the analysis of diagnostics data. There have been numerous studies published, where AI has been utilized in interpreting spectroscopic data. These methods have demonstrated high accuracy in identifying malignant lesions, while requiring minimal sample preparation and short working time. By leveraging AI algorithms, spectroscopic methods can provide clinicians with valuable insights into the cellular and subcellular structures and functions associated with cancerous tissues. These findings suggest the possibility of influencing the decision-making process in real time with the ultimate aim of improving oncological patient care. The integration of spectroscopic imaging methods with AI has the potential to revolutionize the field of oncological management, particularly in the context of oral cancer [130,131,132,133,134].




5. Conclusion and Future Directions


Surgical excision will remain the gold standard method for tumors in the head and neck region, and an adequate resection margin is the key to survival and the local recurrence rate. Although FS is a widely used method to determine the resection margin, it is also a time-consuming and resource-intensive procedure that cannot guide the surgeon in the real-time assessment of tissue resection. However, the emergence of real-time visualization spectroscopic techniques in the operating room is innovative and foreshadows significant progress. These spectroscopic techniques have the potential to guide the surgery and assist in determining the tumor-free resection margin. Although several different spectroscopic approaches are currently available; unfortunately, they have been studied with inhomogeneous methodologies. There is currently no available publication comparing the efficacy of these methods, or the specificity of the investigated parameters, in oral cancer. Therefore, long-term prospective, multicentric clinical studies are still needed to standardize the intraoperative assessment of the resection margin and establish the optimal use of spectroscopic approaches. The combination of spectroscopic imaging methods and AI may represent a significant advancement in oncological management, specifically for oral cancer. The integration of these technologies has the potential to enhance diagnostic accuracy, streamline treatment planning, and ultimately improve the care and survival of patients. Continued research and development are vital to fully harness the power of this novel approach and integrate it effectively into clinical practice.
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Table 1. Risk factors of oral cancer.






Table 1. Risk factors of oral cancer.









	Modifiable Risk Factors
	Non-Modifiable Risk Factors





	
	
Smoking and smokeless tobacco (e.g., betel quid or snuff)



	
Alcohol



	
Sun exposure



	
Poor oral hygiene



	
Chronic oral inflammation





	
	
Gender



	
Age



	
Pre-/malignant lesions (e.g., leukoplakia)



	
Immunosuppressive conditions and genetic comorbidities (e.g., HIV, Plummer–Vinson syndrome, Li–Fraumeni syndrome, Fanconi anemia, dyskeratosis congenita)



	
Human papillomavirus















 





Table 2. Prognostic factors impacting the 5-year survival rate in oral cancer.
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	Main Factors
	Further Influencing Factors





	
	
Age



	
Tumor TNM stage, sites



	
Histological grading





	
	
Time between disease and perception



	
Related treatment



	
Access to healthcare services



	
Educational level and occupation of the patient



	
Behavioral/cultural factors



	
Exposure to modifiable and non-modifiable risk factors















 





Table 3. Currently available intraoperative spectrometric devices for head and neck oncological surgery.
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Methods and Devices

	
Examined Tissues

	
Tested Ex Vivo or In Vivo

	
Diagnostic or Surgical Tools






	
Raman spectroscopy

	
Line scanning system [48]

	
Porcine tissue

	
Ex vivo

	
Diagnostic




	
Fiber-optic needle probe [48,54]

	
Human tongue, mandible

	
Ex vivo

	
Diagnostic




	
SpectroPen [55,56,57]

	
Murine mammary cancer tissue, human skin squamous cell carcinoma

	
Ex vivo and in vivo

	
Diagnostic




	
Mass spectroscopy

	
DESI [58]

	
Human gastric, pancreatic, brain, breast cancer, and oral cancer

	
Ex vivo

	
Diagnostic




	
iKnife [47,59,60]

	
Human brain, colorectal, breast, gastric, colonic, hepatic, and lung

	
In vivo

	
Diagnostic and surgical




	
PIRL [61]

	
Porcine laryngeal tissue, human brain, and breast cancer

	
Ex vivo

	
Diagnostic and potentially surgical




	
MasSpec Pen [58,62,63]

	
Human thyroid, parathyroid, lymph node, breast, pancreatic, and bile duct malignant tissues

	
Ex vivo

	
Diagnostic




	
SpiderMass [16,64]

	
Dog sarcoma tissue

	
Ex vivo and in vivo

	
Diagnostic
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