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Simple Summary

Oral cavity cancer is often curable when found early, but many patients are still diagnosed
after the disease has advanced. Because the mouth can be examined directly, better tools
are needed to help clinicians recognize suspicious changes earlier, choose the right place
for biopsy, and monitor patients after treatment. This review summarizes current and
emerging methods for diagnosing and following oral cavity cancer, including special light-
based imaging, brush-based cell sampling, saliva and blood tests, artificial intelligence, and
biosensor technologies. We discuss which approaches are closest to clinical use and which
still require stronger validation. The main message is that no single new test can replace
careful clinical examination and tissue biopsy, but combining imaging, minimally invasive
sampling, molecular markers, and computer-assisted analysis may improve early detection
and patient monitoring in the future.

Abstract

Background/Objectives: Oral cavity squamous cell carcinoma (OSCC) remains a major
global health burden, with outcomes strongly dependent on stage at diagnosis. Although
the oral cavity is directly accessible to clinical examination, many cases are still detected
at advanced stages. This narrative review aimed to summarize current trends in OSCC
diagnosis and early monitoring, with emphasis on non-invasive and minimally invasive
techniques and biomarkers. Methods: A semi-systematic narrative literature search was
conducted in PubMed /MEDLINE, Scopus, and Web of Science using predefined com-
binations of OSCC-, early-detection-, imaging-, cytology-, liquid-biopsy-, salivaomics-,
artificial-intelligence-, and biosensor-related terms. English-language systematic reviews,
meta-analyses, reviews of reviews, translational studies, and clinically relevant original
articles were prioritized, with explicit attention to oral cavity-specific evidence and clearly
identified extrapolation from broader head-and-neck or oropharyngeal cancer settings.
Results: Conventional oral examination and histopathological assessment of biopsy speci-
mens remain the diagnostic foundation. Adjunctive methods may support lesion triage,
biopsy-site selection, risk stratification, and early monitoring, but cannot replace tissue
diagnosis. Narrow-band imaging, optical coherence tomography, and molecular brush
cytology appear particularly promising for specialist assessment and surveillance. Liquid
biopsy and saliva-based biomarker platforms offer translational potential, particularly
for repeatable monitoring, but clinical implementation is limited by methodological het-
erogeneity, pre-analytical variability, inconsistent thresholds, and insufficient external
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validation. Artificial intelligence and biosensor platforms remain promising but largely
developmental. Conclusions: Progress in early OSCC diagnosis and monitoring will most
likely depend on integrated diagnostic models combining clinical examination, adjunc-
tive imaging, minimally invasive sampling, molecular biomarkers, and computational
decision-support tools, validated in prospective multicenter studies.

Keywords: oral squamous cell carcinoma; early detection; liquid biopsy; salivary biomarkers;
optical imaging; brush cytology; artificial intelligence; biosensors

1. Introduction
1.1. Epidemiology and Clinical Importance of Early Detection in Oral Cavity Cancer

Oral cavity squamous cell carcinoma (OSCC) accounts for more than 90% of all
malignant neoplasms arising in the oral cavity and remains a substantial global health
burden. According to GLOBOCAN 2022 version 1.1 estimates, cancers of the lip and oral
cavity accounted for 389,846 new cases and 188,438 deaths worldwide [1]. Although the
conventional clinical profile of a patient with OSCC has been well described as that of an
older male with a long-standing history of tobacco and alcohol exposure, the epidemiologic
pattern appears to be shifting. OSCC is increasingly being diagnosed in individuals who
do not fit this traditional risk profile. Population-level data indicate a rising incidence
of OSCC among both men and women younger than 40 years of age [2]. This shift is
clinically important because it broadens the population in whom early diagnostic vigilance
is required.

In the United States, the tongue is the most frequent primary site of OSCC, accounting
for 41.7% of cases, followed by the lip and floor of the mouth, each accounting for 16.5%;
the gingiva, 10.6%; buccal mucosa, 6.7%; retromolar trigone, 5.6%; and hard palate, 2.3%.
However, the epidemiology and site distribution of OSCC are not uniform and may
differ substantially across geographic regions, including between individual countries
and among subnational areas. These regional differences should therefore be considered
when extrapolating such data to other populations [3].

Oral cavity cancer remains associated with substantial mortality, with approximately
one-third of patients dying from any cause within five years and approximately one-fifth
dying from the disease itself. These findings underscore the continued importance of
advanced pathologic stage, particularly nodal involvement, as a principal determinant of
fatal outcomes [4]. Accordingly, early-stage detection remains one of the most important
opportunities to improve survival and reduce treatment-related morbidity. Treatment
selection in OSCC depends on tumor stage, anatomic site, anticipated functional outcomes,
and patient-related factors. In selected early-stage cases, both surgery and radiotherapy
may offer curative treatment, whereas postoperative radiotherapy, with or without systemic
therapy, is generally considered when adverse pathologic features are present [5,6].

Oral cancer is largely preventable, as tobacco use and alcohol consumption, recognized
as the principal risk factors, are implicated in approximately 90% of cases and act synergis-
tically in promoting carcinogenesis. Additional etiologic factors include ultraviolet (UV)
radiation, particularly UVB in lip cancer; dental trauma; genomic susceptibility; Fanconi
anemia; oral dysbiosis; and other less common contributors [7]. Selected viral associations
have also been investigated, but human papillomavirus (HPV)-driven carcinogenesis is
well established primarily for oropharyngeal squamous cell carcinoma, especially tonsillar
and base-of-tongue tumors, whereas its etiologic contribution to true oral cavity SCC ap-
pears much smaller and remains controversial [8,9]. Therefore, HPV-related head-and-neck
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or oropharyngeal evidence should not be presented as directly applicable to oral cavity
SCC unless the anatomical site is clearly specified. The atypical, non-smoking variant of
OSCC appears to demonstrate a unique epigenetic profile that distinguishes it from the
conventional tobacco-related form of the disease [2].

Taken together, these observations support the need for diagnostic strategies that
extend beyond traditional risk-based clinical suspicion and enable earlier identification of
biologically significant lesions. Although therapeutic strategies for oral cavity cancer have
advanced substantially, survival outcomes remain closely linked to stage at diagnosis. Early
detection is therefore clinically crucial, as it allows treatment at a localized stage, improves
survival rates, reduces treatment morbidity, and enhances functional and quality-of-life
outcomes [10].

1.2. Rationale for Non-Invasive and Adjunctive Diagnostics and Monitoring

Early identification of oral cancer and oral potentially malignant disorders (OPMDs)
may enable less extensive treatment, improve prognosis, and enhance post-treatment
quality of life [11,12]. In recent years, several non-invasive adjunctive systems, particularly
fluorescence-based technologies, have been introduced to improve the detection and real-
time assessment of suspicious lesions [13,14]. However, current evidence suggests that no
single adjunctive method is sufficient as a stand-alone screening tool. Progress in early
OSCC detection is more likely to depend on the integration of careful clinical examination
with imaging-based adjuncts, cytology-based triage, and molecular biomarkers.

In this context, the present narrative review summarizes current diagnostic and early
monitoring strategies for oral cavity squamous cell carcinoma, with particular emphasis
on non-invasive and minimally invasive approaches, including optical adjuncts, cytology-
based methods, liquid biopsy, salivaomics, artificial intelligence, and biosensor technologies.
In addition to outlining the biological rationale for biomarker development, this review
evaluates the current level of clinical applicability, major methodological limitations, and
translational barriers that continue to hinder routine implementation. Particular attention
is given to distinguishing tools intended for screening, lesion triage, risk stratification,
and longitudinal surveillance. Accordingly, this review adopts a clear, clinically focused
narrative approach, with transparent literature selection, a balanced interpretation of the
evidence, and a critical synthesis of translational relevance.

The added value of this review is therefore integrative rather than duplicative. Recent
systematic reviews have assessed individual subdomains such as conventional examination,
optical adjuncts, cytology, liquid biopsy, salivary biomarkers, artificial intelligence, and
biosensors. In contrast, the present review brings these domains together in a single oral
cavity-focused framework, distinguishes screening, lesion triage, biopsy guidance, risk
stratification, and surveillance use-cases, and proposes a stepwise diagnostic pathway that
separates clinically established tools from adjunctive and still-investigational technologies.
To keep this broad synthesis clinically focused, the review distinguishes four use-cases:
screening of apparently healthy or high-risk individuals; lesion triage of visible or persistent
abnormalities to decide on referral or biopsy; biopsy guidance to select the most suspicious
site; and surveillance/early monitoring after OSCC treatment or during OPMD follow-up.
Invasive OSCC, OPMD/dysplasia, and post-treatment recurrence are therefore interpreted
as related but clinically distinct targets, because a method useful for OPMD risk enrichment
may not be validated for early invasive OSCC detection or recurrence monitoring.

2. Materials and Methods

This is a semi-systematic narrative review designed to synthesize current and emerg-
ing approaches for the diagnosis and early monitoring of oral cavity squamous cell car-
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cinoma. PubMed /MEDLINE, Scopus, and Web of Science were searched from 1 January
2014 to 7 April 2026; older landmark studies were included when they provided essen-
tial conceptual, methodological, or historical context. The final literature search was last
updated on 7 April 2026. The search strategy used combinations of controlled and free-
text terms, including: (“oral squamous cell carcinoma” OR “oral cavity cancer” OR “oral
cancer” OR OSCC) AND (diagnosis OR “early detection” OR screening OR surveillance
OR monitoring); (OSCC OR “oral squamous cell carcinoma”) AND (“liquid biopsy” OR
ctDNA OR cfDNA OR “circulating tumor cells” OR exosomes OR “extracellular vesi-
cles”); (OSCC OR “oral cancer”) AND (saliva OR salivary OR salivaomics OR miRNA OR
metabolomics OR proteomics); (OSCC OR “oral potentially malignant disorders”) AND
(autofluorescence OR chemiluminescence OR “narrow-band imaging” OR “optical coher-
ence tomography” OR “high-resolution microendoscopy”); and (OSCC OR “oral cancer”)
AND (“artificial intelligence” OR “machine learning” OR biosensor OR “point-of-care”).
Reference lists of key systematic reviews and clinically relevant articles were also screened
manually. Eligible sources included systematic reviews, meta-analyses, reviews of reviews,
diagnostic-accuracy studies, prospective or retrospective clinical studies, translational
biomarker studies, and technically relevant point-of-care or biosensor studies. Priority was
given to oral cavity-specific evidence, histopathologically confirmed OSCC/OPMD cohorts,
clinically relevant comparators, and studies reporting diagnostic performance, sample type,
analytical platform, validation strategy, or translational readiness. Non-English articles,
conference abstracts without sufficient methodological detail, studies focused only on
treatment rather than diagnosis or monitoring, and studies not directly relevant to oral
cavity cancer were excluded unless explicitly discussed as extrapolated evidence from
broader head-and-neck or oropharyngeal SCC contexts. Because the objective was narrative
synthesis rather than quantitative pooling, no meta-analysis was performed, and no formal
risk-of-bias scoring was applied across all included studies. However, the interpretation
of diagnostic performance estimates considered study design, sample size, comparator
group, external validation, pre-analytical standardization, and whether the evidence was
oral cavity-specific or extrapolated from broader HNSCC/OPSCC literature. The final
reference set comprised 82 sources. The search was performed iteratively across overlap-
ping databases rather than as a registered PRISMA systematic review. The reasons for
exclusion were predefined and included duplicate or clearly irrelevant records, non-English
language, conference abstracts without sufficient methodological detail, treatment-only
focus, absence of oral-cavity relevance, lack of histopathologic confirmation where diagnos-
tic accuracy was claimed, and evidence derived from broader HNSCC/OPSCC settings
without clear applicability to oral cavity disease. Studies were narratively grouped by
modality and intended clinical function: conventional examination and biopsy, optical ad-
juncts, cytology-based methods, liquid biopsy, salivaomics, artificial intelligence, biosensor
technologies, methodological limitations, and future directions. Evidence maturity was
assigned descriptively using prespecified criteria. High indicates a reference standard,
guideline-supported method, or broadly established clinical practice. Moderate to high
indicates consistent systematic-review /meta-analytic or larger clinical evidence, but with
implementation constraints or need for standardized interpretation. Moderate indicates
multiple clinical studies or reviews with relevant heterogeneity, limited external validation,
or uncertain stand-alone utility. Emerging indicates promising early clinical or translational
evidence, commonly from small, selected, case—control, or single-center cohorts. Develop-
mental indicates proof-of-concept, technical, preclinical, or early pilot evidence without
robust prospective clinical validation.

Diagnostic performance values were interpreted according to intended clinical use,
study design, population, comparator, and reference standard. Values from case—control
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or specialist-center studies were treated as potentially optimistic for unselected dental
practice or population-level screening. Therefore, sensitivity, specificity, and AUC values in
this review are used to support modality-specific interpretation rather than direct ranking
across screening, triage, biopsy guidance, and surveillance contexts.

3. Pathophysiological Basis for Biomarker Selection
3.1. Tumor Biology of Oral Squamous Cell Carcinoma: Common Mutations and Pathways

Genetic alterations that contribute to oral carcinogenesis require continued investiga-
tion to enable a deeper and more precise characterization of tumor biology. Cytogenetic
methods can play an important role in identifying and profiling these abnormalities [15].
OSCC is driven by recurrent genetic alterations that disrupt genome integrity, cell-cycle
control, and growth-factor signaling. Across sequencing studies, the most consistently
mutated genes include TP53, often the dominant event in HPV-negative head and neck
cancers, as well as CDKN2A, NOTCH]1, FAT1, and PIK3CA. These alterations reflect the
convergent disruption of tumor suppression, differentiation programs, and oncogenic
signaling pathways [16].

Somatic copy-number alterations (SCNAs) represent a common feature of OSCC and
may affect oncogenes, tumor suppressor genes, passenger loci, and potential co-driver
loci [17]. In one multiplex ligation-dependent probe amplification-based study of 33 OSCC
cases, clinically relevant copy-number changes were identified across 30 chromosome 8
loci spanning 8p23-8q24, including alterations involving FGFR1, PRKDC, EIF3E/EIF3H,
MYC, PTK2, PTP4A3, and RECQL4. These findings support the biological relevance of
chromosome 8 instability in oral carcinogenesis [18].

Tobacco and alcohol exposure, both established drivers of genomic disruption, are
strongly linked to OSCC incidence [19,20]. These exposures may contribute to alterations
affecting key tumor suppressor and oncogenic pathways, including TP53 dysfunction,
MYC deregulation, RAS-associated signaling, and carcinogen-metabolizing systems such
as GSTM1, thereby promoting malignant transformation and tumor progression [17,20].

3.2. How Tumor Shedding and Microenvironment Changes Create Detectable Signals

OSCC-driven microenvironment remodeling, including immune-inflammatory shifts,
metabolic rewiring, extracellular matrix disruption, and microbiome dysbiosis, generates
measurable changes in saliva, blood, and imaging-derived tissue phenotypes. These
changes produce multimodal signals that machine learning approaches may integrate for
diagnosis and prognostic stratification [21].

OSCC-associated DNA methylation signatures represent attractive candidates for early
detection because they can be interrogated across multiple biologically distinct sampling
matrices, including saliva and oral rinse, oral brushing specimens, and blood-derived
cell-free DNA. In this context, saliva and oral rinse may capture locally shed epithelial and
cell-free DNA signals, potentially reflecting both tumor-derived and field-level epigenetic
alterations. Oral brushing, by contrast, provides a cell-enriched sample obtained in close
proximity to focal lesions, and blood-based assays typically interrogate lower-abundance
circulating tumor DNA [22].

Recent evidence supports the feasibility of methylation analysis across all of these
specimen types. However, systematic methodological appraisal using QUADAS-2 has
shown that diagnostic performance estimates may be inflated by case-control sampling,
non-standardized thresholds, and limited blinding [23]. Accordingly, the clinical translation
of methylation-based testing as a reliable screening or risk-stratification tool will require
prospectively designed, head-to-head multicenter studies with harmonized pre-analytical
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workflows, predefined analytical cut-offs, and explicit control for confounding introduced
by inflammation and OPMDs [24].

As discussed in more detail in Section 7.4, recent salivary miRNA research provides an
illustrative example of how locally shed molecular signals may support early OSCC detec-
tion and risk stratification. The strong diagnostic separation achieved by an eight-salivary
microRNA (miRNA) panel supports the concept that OSCC and high-risk OPMDs generate
detectable signals through tumor shedding into saliva, particularly via exosome-associated
miRNAs and exfoliated epithelial cells. The accompanying risk score further suggests
that salivary miRNA patterns may track early microenvironmental remodeling in OPMDs,
enabling minimally invasive identification of lesions at increased risk of progression to
cancer [25].

Integrated transcriptomic and network analyses indicate that OSCC generates de-
tectable biomarker signals through the combination of tumor-intrinsic regulatory rewiring,
including competing endogenous RNA networks, and microenvironment-driven pathways,
particularly cytokine-receptor signaling and NF-kB-mediated inflammation. Hub nodes
such as IGF2BP1, CLDN6, and HLA-G point to coordinated changes in epithelial barrier
function, adhesion, and immune modulation. These changes may be reflected in shed RNA
species, including exosomal or secreted transcripts, thereby supporting minimally invasive
detection and risk stratification [26].

4. Conventional Diagnostic Baseline: Visual Inspection, Biopsy, and
Limitations of Current Pathways

In a meta-analysis of patients with clinically evident oral lesions, conventional oral
examination showed summary estimates of 71% sensitivity and 85% specificity for detecting
dysplastic and/or malignant disease [11]. A separate meta-analysis that included oral
cavity and oropharyngeal precancerous/cancerous lesions reported lower pooled estimates
for clinical visualization (63% sensitivity and 78% specificity) [27]. These figures should not
be interpreted as contradictory point estimates for an identical test population; they reflect
differences in included anatomical sites, lesion spectra, comparators, and study eligibility
criteria. Taken together, the findings underscore that a clinical appearance of “benign”
cannot reliably exclude clinically significant pathology.

Histopathologic assessment of tissue biopsy remains the diagnostic gold standard
for suspicious oral lesions [28,29]. Scalpel and punch biopsies remain the most widely
used approaches in routine practice. By contrast, the use of laser- or electrosurgery-based
techniques should be used with caution in lesions suspected of dysplasia or malignancy,
because thermal artifact may compromise tissue readability and margin interpretation,
particularly when technical parameters are suboptimal [30].

An additional limitation of biopsy-based diagnosis is sampling error, as different areas
of the same lesion may demonstrate varying degrees of dysplasia or even early invasion.
Consequently, careful selection of the most representative biopsy site, adequate biopsy
depth, and multiple biopsies when appropriate are important for improving diagnostic
accuracy [31]. The systematic review by Yan et al. highlights the broad range of specimen
types currently used in oral cancer detection. These include conventional invasive tissue
samples, such as primary tumor or lesion tissue, and, where relevant, lymph node tissue,
as well as less invasive liquid-biopsy specimens, including saliva, blood, and urine. Such
specimens may support downstream molecular analyses alongside standard histopathol-
ogy [32]. In cases of suspected malignant cervical lymphadenopathy, adult neck-mass
guidelines recommend fine-needle aspiration (FNA) rather than open biopsy when the
diagnosis remains uncertain [33].
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Despite the accessibility of the oral cavity to direct clinical examination, diagnostic
delay remains a substantial problem. One review estimated that approximately two-
thirds of patients with oral cancer are still diagnosed at an advanced stage, defined as
stage Il or IV disease [34]. Adjunctive approaches, including cytology-based tests, vital
staining, autofluorescence, and tissue reflectance methods, may assist in lesion triage and
in identifying patients who warrant referral or biopsy. However, an ADA-commissioned
systematic review emphasized that the supporting evidence remains of low or very low
quality and cautioned that false-positive findings represent a major limitation of these
modalities [35]. In practical terms, the same diagnostic tool may have different value
depending on the clinical question. In screening, false positives and referral burden are
central; in lesion triage, the main issue is whether a tool accelerates appropriate biopsy or
specialist referral; in biopsy guidance, the relevant outcome is more accurate sampling of
the highest-risk region; and in surveillance, repeatability and early recurrence detection
must be balanced against cost, anxiety, and false alarms.

5. Optical and Imaging Adjuncts for Early Detection

Conventional white-light examination remains the foundation of initial clinical assess-
ment and opportunistic screening for oral mucosal lesions. Optical adjuncts are primarily
intended to improve lesion triage, guide biopsy site selection, and support the follow-up of
OPMDs, rather than replace histopathology [12,13].

In a meta-analysis comparing light-based adjuncts with clinical visualization, pooled
diagnostic performance was moderate for conventional clinical examination, with a sensi-
tivity of 63% and specificity of 78%. Autofluorescence-based tests showed higher sensitivity
but still imperfect specificity, with pooled estimates of 86% and 72%, respectively, whereas
chemiluminescence showed comparatively weaker specificity, with a sensitivity 67% and a
specificity of 48% [27]. As noted above, these values differ from the 71%/85% estimates
reported by Essat et al. [11] because the meta-analyses used different inclusion criteria and
comparator frameworks. These findings underscore that light-based adjuncts may increase
lesion detection, but often at the cost of higher false-positive rates [27].

Autofluorescence devices, such as VELscope and related systems, are based on the ob-
servation that normal mucosa emits pale green autofluorescence, whereas abnormal tissue
may show reduced or altered fluorescence. Pooled evidence suggests that these systems
function mainly as sensitivity-oriented adjuncts rather than definitive rule-in tests [27,36].
At the same time, multiple reviews emphasize that benign conditions, particularly inflam-
mation and other non-neoplastic mucosal changes, may also alter fluorescence patterns,
thereby reducing specificity. This limitation is especially problematic in low-prevalence
screening settings [37,38].

Chemiluminescence, classically performed after a 1% acetic-acid rinse using blue-
white light at approximately 490-510 nm, may enhance the visual conspicuity of mucosal
abnormalities. However, evidence syntheses continue to show variable diagnostic perfor-
mance and limited strong support for broad screening use, consistent with the relatively
low pooled specificity reported in meta-analyses [13,27,36].

Narrow-band imaging (NBI) enhances visualization of the mucosal and submucosal
microvasculature through narrow-band blue and green illumination. It is therefore well-
suited conceptually for the detection of premalignant and malignant lesions character-
ized by abnormal vascular architecture. A dedicated meta-analysis in OPMD/OSCC
reported, for a commonly used intrapapillary capillary loop threshold, a pooled sensitivity
of 87% (95% CI, 67-96%), specificity of 83% (95% CI, 56-95%), and an AUC of 0.92 (95% CI,
0.89-0.94), suggesting comparatively strong diagnostic performance among currently avail-
able optical adjuncts [37,39].
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High-resolution endoscopic approaches may complement wide-field flagging methods
by enabling more detailed assessment of suspicious areas. In small specialist studies,
contact endoscopy has been reported to have a sensitivity of approximately 80%, specificity
up to 100%, and accuracy of approximately 93% for malignancy; however, the apparent
100% specificity should not be overinterpreted because it derives from limited, selected
cohorts rather than broad real-world validation. High-resolution microendoscopy (HRME)
achieved a sensitivity of 85-90% and a specificity of 80-85% by expert interpretation, with
automated classification yielding sensitivity and specificity of 81% and 77%, respectively,
in head and neck/oral neoplasia settings [37,40].

Among newer modalities, optical coherence tomography (OCT) offers non-invasive,
cross-sectional, near-histologic visualization of epithelial and subepithelial architecture. A
recent systematic review summarized clinician-interpreted sensitivities of approximately
75-92% and specificities of 71-93%, with even higher figures reported in selected algorithm-
assisted studies, including sensitivity and specificity up to 98.5% and 99%, respectively, in
one Al-supported approach [41]. More recent critical review data also support the view
that OCT is among the most promising emerging modalities for real-time assessment of
OPMDs/OSCC and for selected surgical-margin applications, although standardization
and broader validation remain necessary before widespread clinical adoption [12,41].

For surveillance-oriented and precision-guided applications rather than first-line com-
munity screening, autofluorescence-guided excision has been reported in a specialist/single-
study setting to yield a higher rate of tumor-free margins than standard excision, at 97%
versus 73%. This finding is consistent with broader head and neck optical imaging literature
emphasizing the potential role of optical adjuncts in real-time delineation and surgical
support, but the precision of these estimates should not be taken to imply definitive gener-
alizability without larger multicenter validation [39,42].

Finally, narrow-band /LED multispectral imaging is emerging as a data-rich exten-
sion of optical assessment. At least one multispectral tissue-classification study reported
sensitivity of 85.3% and specificity of 70.8%; however, this literature remains largely devel-
opmental and should currently be regarded as promising but insufficiently validated for
routine clinical implementation or population-level screening [36,43].

Taken together, currently available optical adjuncts appear most useful as lesion
triage and biopsy-guidance tools, particularly in specialist settings and in the follow-up
of OPMDs. Among these modalities, NBI currently appears to offer the most favorable
balance between sensitivity and specificity for triage. In contrast, chemiluminescence
and autofluorescence are more strongly limited by false-positive findings, especially in
inflammatory or otherwise benign mucosal conditions. In translational terms, NBI and
OCT appear to have the greatest clinical readiness, while multispectral and other Al-
integrated optical platforms remain promising but still largely developmental [12,13].
From an implementation perspective, NBI and OCT are more plausible for specialist oral
medicine, maxillofacial, otolaryngology, or oncology settings than for routine general dental
screening. Their use requires equipment, operator training, standardized interpretation,
chairside time, and a referral pathway that leads rapidly to biopsy when concern persists.
In general dental practice, their value is likely to remain limited unless embedded within
clear referral protocols and local specialist access.

6. Cytology and Point-of-Care Tissue Tests

Brush-based oral cytology provides a minimally invasive means of sampling the
oral epithelium and may support the early assessment and triage of OPMDs. However,
histopathology remains the diagnostic reference standard. In a PRISMA-DTA systematic
review and meta-analysis that included 53 studies and 13,249 patients, oral cytology
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demonstrated a pooled sensitivity of 91.4% (95% CI, 87.8-94.1%) and specificity of 96.0%
(95% C193.7-97.5%) for the detection of OSCC/OPMD when compared with histopathology.
These findings support its role as a clinically relevant adjunct in early lesion assessment [44].

Liquid-based cytology is often regarded as a higher-performing variant of exfolia-
tive cytology. Comparative clinical data indicate improved diagnostic characteristics over
conventional smears. For example, in a 251-case series, liquid-based cytology showed a sen-
sitivity of 79.4% versus 76.7% and a specificity of 85.1% versus 69.2% when “OHSIL/SCC”
categories were considered cytology-positive [45]. Nevertheless, even liquid-based cytology
remains subject to clinically relevant misclassification. In the same study, the false-positive
rate was 14.9%, and the false-negative rate was 20.6%, indicating that cytologic findings
should be interpreted in conjunction with the clinical context rather than used as stand-
alone rule-in or rule-out tests [45].

Toluidine blue is a simple outpatient adjunct that preferentially stains acidic tissue
components, including DNA and RNA, and has been used to support biopsy site selection
and the follow-up of premalignant lesions. Its limitations are clinically relevant. Inflam-
matory or ulcerated lesions may retain dye and generate false-positive findings, whereas
hyperkeratotic lesions may reduce dye penetration and contribute to false-negative re-
sults [46]. A systematic review and meta-analysis concluded that toluidine blue does not
have sufficient diagnostic accuracy to be used in isolation and should instead be combined
with other adjunctive approaches in the diagnostic workup [47].

Point-of-care approaches are increasingly extending beyond morphology alone by
integrating brush sampling with automated imaging and molecular readouts. A multicenter
validation study of a cytology-on-a-chip platform reported high automated cell-phenotype
classification performance. In that study, clinical algorithms achieved an AUC of 0.81
for benign versus mild dysplasia and 0.95 for benign versus malignancy, supporting the
feasibility of more rapid and potentially scalable lesion assessment across different care
settings [48].

Adjunctive molecular testing of brush samples, particularly DNA ploidy analysis and
image cytometry, has also shown strong performance for identifying high-grade disease.
Reported findings include a sensitivity of 93.5% for severe dysplasia, carcinoma in situ,
and OSCC in a large prospective cohort. In a DNA-ploidy oral cytology algorithm study,
sensitivity was reported as 96-97% for detecting high-grade lesions. Meta-analytic evidence
further suggests that cytology performs better when combined with DNA analysis than
when used alone [49]. Recent point-of-care reviews likewise support the translational
potential of integrated cytology-plus-biomarker platforms, particularly in settings where
rapid, minimally invasive, and scalable lesion assessment is desirable [50].

Overall, brush cytology, toluidine blue, and point-of-care molecular kits are best re-
garded as adjunctive triage and surveillance tools. These approaches may help prioritize
lesions that require prompt scalpel biopsy or closer follow-up, but they should not delay
definitive histopathologic diagnosis when clinical suspicion persists [44]. From a practical
standpoint, brush cytology, particularly when combined with adjunctive molecular analy-
sis, appears to have the greatest translational readiness among cytology-based approaches
for lesion triage. By contrast, toluidine blue is more clearly constrained by false-positive
findings related to inflammation and ulceration, limiting its value as a stand-alone test.
Taken together, cytology-plus-molecular platforms appear to offer the strongest near-term
clinical potential, especially in settings where minimally invasive assessment and repeat
sampling are desirable [49,50]. Brush cytology may be more feasible than advanced optical
systems in broader dental settings, but only when results are linked to clear management
rules. A negative or low-risk result should not reassure clinicians when a lesion is persis-
tent, indurated, ulcerated, erythroplakic, or otherwise clinically suspicious. Molecularly
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enhanced brush testing should therefore be considered a triage or risk-enrichment tool for
selected lesions and OPMDs, not a substitute for biopsy or a population-level screening test.

7. Liquid Biopsy Approaches

Liquid biopsy refers to the analysis of tumor-derived materials released into body
fluids rather than directly sampled from tissue [51]. In oral oncology, this approach has be-
come increasingly relevant because OSCC may shed biologically informative material into
locally accessible fluids, such as saliva and oral rinse, as well as into systemic compartments,
such as plasma [52].

From a clinical perspective, the major appeal of liquid biopsy lies in its minimally
invasive and repeatable nature. These features make it particularly attractive not only for
early detection in high-risk patients but also for longitudinal monitoring of disease burden,
treatment response, minimal residual disease, and early recurrence.

Importantly, however, liquid biopsy should currently be viewed as an adjunct to,
rather than a replacement for, conventional histopathologic diagnosis. Recent reviews con-
sistently emphasize that its greatest present value lies in complementary risk stratification
and surveillance. Routine diagnostic integration will still require assay harmonization,
prospective validation, and clinically standardized thresholds [51-53]. For clarity, liquid-
biopsy evidence should be interpreted separately according to the target condition and
intended use. Salivary or oral-rinse assays may be most relevant for local OPMD/OSCC
signal capture and lesion triage, whereas plasma ctDNA and CTCs currently have stronger
conceptual value for systemic tumor burden, prognosis, minimal residual disease, and
recurrence surveillance. Consequently, high sensitivity, specificity, or AUC values from
selected biomarker cohorts should not be interpreted as evidence that liquid biopsy can
independently diagnose OSCC in routine practice without histopathologic confirmation.

7.1. Biological Basis

The biological rationale for liquid biopsy in OSCC is strong because malignant and
premalignant lesions release a broad spectrum of analytes during tumor growth, local
invasion, inflammation, hypoxia, and microenvironmental remodeling. These analytes
include circulating tumor DNA (ctDNA), total cell-free DNA (cfDNA), circulating tumor
cells (CTCs), miRNAs, messenger RNAs, proteins, metabolites, and extracellular vesicles
(EVs), particularly exosomes. Their release may occur through apoptosis, necrosis, active
secretion, or epithelial shedding into saliva and oral rinse [54].

This biological diversity is clinically relevant because different analytes provide dis-
tinct types of information. ctDNA reflects tumor-specific genomic and epigenomic aberra-
tions, whereas CTCs offer insight into dissemination and metastatic competence. Salivary
RNAs and EV cargo may capture locally enriched signals from oral lesions, including
changes associated with field cancerization. For this reason, recent literature increasingly
supports multi-analyte and multi-matrix strategies, rather than dependence on a single
biomarker class, as the most realistic path toward clinically meaningful liquid-biopsy
applications in OSCC [51,54].

7.2. Circulating Tumor DNA and Cell-Free DNA

ctDNA is the tumor-derived fraction of total cfDNA and carries somatic mutations,
copy-number alterations, and methylation abnormalities that mirror the molecular profile
of the primary lesion. In OSCC, ctDNA has attracted particular interest due to its high
molecular specificity. However, its clinical sensitivity in early-stage disease remains con-
strained by low tumor fraction, especially in plasma. This limitation has driven interest in
oral rinse and saliva as potentially more informative local substrates [55].
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In a 2025 study, Chen et al. demonstrated that ctDNA was detectable in 94.3% of
oral-rinse samples and 80.5% of plasma samples from patients with HPV-negative OSCC.
Integrated oral-rinse and plasma analysis improved mutation profiling and recurrence
prediction. The same study reported that longitudinal ctDNA monitoring detected recur-
rence approximately four months before clinical manifestation, supporting its possible role
in early surveillance. Nevertheless, the authors also make clear that broader translation
depends on standardized sample processing, robust assay reproducibility, and validation
in routine clinical cohorts [52].

Beyond mutation detection alone, cfDNA-based approaches are increasingly being
explored for fragmentomics and methylation profiling. These approaches may be par-
ticularly valuable when tumor DNA abundance is low. This is an important direction
because epigenetic disruption often occurs early in oral carcinogenesis and may therefore
provide diagnostically useful signals even when sequence-based mutation analysis is less
sensitive [56].

At the same time, methodological concerns remain substantial. Recent reviews of
DNA-based liquid biopsy in OSCC repeatedly note the effects of pre-analytical variability,
limited cohort sizes, inconsistent cut-offs, and the need to distinguish true tumor-derived
signals from background noise and non-tumor sources of cfDNA. Therefore, ctDNA and
cfDNA are best presented as high-potential tools for molecular stratification and surveil-
lance rather than as established stand-alone screening tests [51,56].

7.3. Circulating Tumor Cells

CTCs are intact malignant cells that have detached from the primary tumor and entered
the bloodstream. In theory, they are highly informative because they preserve cellular
morphology and phenotype, thereby enabling genotypic and phenotypic characterization
that cannot be obtained from fragmented nucleic acids alone.

In OSCC, CTCs are biologically linked to epithelial-to-mesenchymal transition (EMT),
invasive behavior, metastatic spread, and, in some models, even tumor self-seeding. Despite
this conceptual relevance, their diagnostic role in routine practice for oral cancer remains
limited. The main difficulty is that CTCs are rare in peripheral blood, especially in earlier-
stage disease. In addition, capture technologies differ in sensitivity depending on whether
they rely on epithelial markers, size-based separation, or other enrichment strategies. As
a result, cells undergoing EMT may be underdetected by conventional epithelial-marker-
based assays. Current evidence, therefore, positions CTCs more strongly as prognostic and
disease-monitoring biomarkers than as first-line early detection tools in OSCC [51,57].

7.4. Noncoding RNAs and Extracellular Vesicles

Noncoding RNAs, especially miRNAs, have emerged as one of the most promising
classes of salivary biomarkers in oral oncology because of their relative stability, func-
tional relevance, and detectability in noninvasive samples. Salivary miRNAs participate in
complex regulatory networks affecting proliferation, apoptosis, invasion, immune mod-
ulation, and treatment resistance. Their diagnostic appeal is further strengthened by the
fact that many miRNAs are transported in EVs, particularly exosomes, which protect
nucleic acids from enzymatic degradation and reflect active tumor-microenvironment
communication [58,59].

In a 2024 study, Balakittnen et al. validated multiple saliva-based miRNA models in
oral cancer (OC; n = 50), OPMD (n = 52), and control (n = 60) cohorts. An eight-miRNA
signature discriminated OC from controls with an AUC of 0.954, sensitivity of 86%, and
specificity of 90%. In the same study, a distinct four-miRNA subpanel discriminated
OC from OPMDs with an AUC of 0.9115, sensitivity of 90%, and specificity of 82.7%,
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while another four-miRNA model separated OPMDs from controls with an AUC of 0.807.
The probability score also differentiated high-grade dysplasia from controls and from
early cancer in a biologically meaningful gradient. These findings suggest that salivary
miRNA signatures may have utility not only in the detection of oral cancer but also in the
stratification of malignant transformation risk across the OPMD-OSCC spectrum [25].
The role of extracellular vesicles warrants separate emphasis, as exosomes may carry
RNA, DNA, proteins, lipids, and signaling molecules that more comprehensively reflect
tumor biology than isolated biomarkers. Recent systematic reviews of salivary exosomal
miRNAs in head and neck squamous cell carcinoma have concluded that these markers are
promising for both diagnosis and prognosis. However, these reviews have also highlighted
persistent limitations, including small cohorts, inconsistent isolation methods, and limited
external validation, and the fact that some evidence is derived from broader HNSCC cohorts
rather than oral cavity-specific OSCC populations. Thus, although salivary miRNAs and
exosomal cargo are among the most compelling candidates in liquid-biopsy research, their
current role in clinical practice is best described as emerging rather than established [60,61].

7.5. Analytical Platforms

The diagnostic utility of liquid biopsy is strongly dependent on the analytical plat-
form used for biomarker detection. Droplet digital PCR (ddPCR) is particularly effective
for highly sensitive, absolute quantification of predefined low-abundance mutations or
methylation targets. In contrast, targeted next-generation sequencing (NGS) allows broader
molecular characterization, including detection of somatic mutations and copy-number al-
terations. Methylation-based techniques such as methylation-specific PCR and quantitative
methylation assays are of particular interest in early detection studies because they target
epigenetic abnormalities that may arise early in oral carcinogenesis.

Because these methodologies interrogate distinct dimensions of tumor biology and
differ in terms of analytical scope, sensitivity, cost, and clinical feasibility, they should be
regarded as complementary rather than interchangeable. Consequently, multi-platform
strategies may enhance diagnostic performance by providing a more comprehensive assess-
ment of tumor-derived molecular alterations [51,52]. Clinical interpretation also depends
on the sampling matrix and intended scenario. Saliva and oral rinse may be more relevant
for local lesion-associated shedding and OPMD/OSCC triage, whereas plasma ctDNA
may be more informative for systemic tumor burden, minimal residual disease, or recur-
rence surveillance. At present, neither matrix has sufficiently standardized evidence for
stand-alone population screening or routine general dental use.

7.6. Comparative Overview

Taken together, current evidence suggests that the different classes of liquid-biopsy
analytes should be viewed as complementary rather than competitive. ctDNA and ¢fDNA
are strongest for molecular characterization and recurrence monitoring. CTCs are most
informative for dissemination biology and metastatic potential, whereas salivary RNAs
and EV-associated analytes may be especially useful for local lesion detection and dynamic
risk assessment.

Accordingly, the most plausible future direction is not a single universal liquid-biopsy
marker, but integrated panels that combine analytes with different biological origins and
clinical functions [51,52]. The comparative characteristics of the major liquid-biopsy ana-
lytes discussed in this review are summarized in Table 1.
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Table 1. Comparative characteristics of major liquid-biopsy analytes in early OSCC diagnosis

[25,51,52,57,62].
Reported Diagnostic
Component Target Analytes ~ Analytical Methods  Relevance/Performance (Example Challenges
Evidence)
PCR-based methods, In123 HPV—r;egative aS(iC Detection limited to
Somatic including ddPCR and lCD fggﬁ%g{j&gﬁsﬁ;; v}\:eizma pr edefined mutations
ctDNA and mutations, BEAMing; 94.3% and 80.5% respectively: in select genes
cfDNA methylation, and ~ NGS-based methods, co'mboine d tes'tino’ imp roved yi Low allele frequency
fragmentomics including CAPP-Seq ion d & rmproved Potential
and TAM-Seq mutatls)n etection sensitivity confounding by
to 48.6% [52] clonal hematopoiesis
Primarily prognostic/ )
Intact tumor cells monitoring relevance; captures Low abundance in
CTCs for phenotyping CellSearch Assay dissemination and EMT-related OSCC' )
and genotyping (limited use) biology, but early-detection Technical complexity
characterization evidence in OSCC remains of capture and
limited [51,57]. characterization
Eight-miRNA OC-vs-control Normalization issues
miRNAs, model: AUC 0.954, sensitivity e
. o s o Difficulty
proteins, 86%, specificity 90% (OC TR
Exosomal and . . . X . distinguishing
cell-free EV-associated Microarray analysis n = 50; controls n = 60); host-derived from
. DNA/RNA, and and qRT-PCR four-miRNA OC-vs-OPMD . -
miRNAs . e microbial
small non-coding model: AUC 0.9115, sensitivity vesicle-associated
RNAs 90%, specificity 82.7% (OPMD

signals

n = 52) [25].

8. Salivaomic Approaches

Saliva is one of the most attractive biofluids for OSCC biomarker research because it
can be collected non-invasively, repeatedly, and inexpensively, while remaining in direct
contact with the primary lesion and the surrounding altered mucosal field [63]. This
anatomic proximity is highly relevant to early detection, as it increases the likelihood of
capturing tumor-derived cells, nucleic acids, proteins, metabolites, and EVs before these
signals become consistently detectable in systemic circulation.

Contemporary reviews, therefore, increasingly position saliva not merely as a con-
venient specimen but as a biologically informative matrix with particular value in oral
carcinogenesis. Even so, the literature remains clear that salivary diagnostics are still inves-
tigational, and histopathologic examination remains the reference standard for definitive
diagnosis [54,63].

8.1. Tumor-Derived Proteins and Metabolites

Salivary proteins have been studied for many years in OSCC, particularly inflamma-
tory cytokines and matrix-remodeling molecules such as IL-1§3, IL-6, IL-8, TNF-o, MMP-2,
MMP-9, LDH, and CYFRA 21-1. In a 2024 exploratory systematic review, Bastias et al.
reported that TNF-c, IL-13, IL-6, IL-8, LDH, and MMP-9 were among the most frequently
assessed salivary molecules and were repeatedly identified as promising candidates. How-
ever, the authors also emphasized that larger, better-standardized studies are still required
before these biomarkers can be translated into clinical use. This caveat is important because
protein biomarkers often perform well in small discovery cohorts but remain vulnerable to
confounding by oral inflammation, periodontal disease, and interindividual variability [63].

More recently, metabolomics has attracted substantial interest because it captures
low-molecular-weight compounds that may reflect tumor metabolism more directly than
upstream genomic or transcriptomic alterations. A 2024 systematic review by Antonelli
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et al. [64] found that more than 100 salivary metabolites had been investigated in asso-
ciation with histologically confirmed OSCC. All included studies reported at least one
statistically significant association, although most studies were of intermediate rather than
high methodological quality. These findings suggest genuine biological promise but also
highlight limitations in the current evidence base.

Notably, a 2026 targeted metabolomics study by Panneerselvam et al. collected unstim-
ulated saliva from healthy controls (n = 15), oral leukoplakia patients (n = 15), early-stage
OSCC patients (n = 28), and advanced-stage OSCC patients (n = 46). The study identified
salivary N1-acetylspermidine and N1-acetylspermine as promising biomarkers for non-
invasive OSCC detection and staging. Both metabolites showed progressive elevation from
oral leukoplakia to advanced OSCC, with reported AUCs of 0.87 and 0.81, respectively;
however, these findings should be interpreted as promising single-study evidence requiring
independent validation [65].

8.2. Integration of Salivary and Blood-Based Approaches

An increasingly persuasive concept in the literature is that saliva and blood should not
be framed as competing liquid-biopsy sources, but rather as biologically complementary
matrices. Saliva may be more informative for local tumor activity, epithelial shedding, and
early mucosal change, whereas plasma may better reflect systemic dissemination, total
tumor burden, and recurrence dynamics beyond the oral cavity.

This complementarity is supported by a 2025 dual-source study by Chen et al. and by
more recent transcriptomic comparisons suggesting that saliva may outperform plasma
for some cfRNA signals in OSCC. Taken together, these findings indicate that saliva and
plasma may provide distinct yet complementary molecular information, with the optimal
matrix depending on the specific clinical context and diagnostic objective [52,66].

8.3. Pre-Analytical Considerations

Pre-analytical variability remains a principal challenge in developing reliable salivary
biomarkers for OSCC. The diagnostic performance of saliva-based assays may be sub-
stantially influenced by whether samples are collected under stimulated or unstimulated
conditions, as well as by the time of collection, recent food or tobacco exposure, hydration
status, oral hygiene, periodontal inflammation, microbial contamination, storage condi-
tions, and repeated freeze-thaw cycles. These factors can significantly alter biomarker
concentration and composition, thereby contributing to inter-study heterogeneity and
limiting reproducibility across independent cohorts [63].

Consequently, the lack of standardized protocols for sample collection, processing,
storage, and normalization remains a major obstacle to the clinical translation of salivary
diagnostics. Future salivaomics studies should therefore place greater emphasis on rigorous
pre-analytical control and transparent methodological reporting to improve comparability,
reproducibility, and clinical applicability [67]. To integrate the diagnostic approaches
discussed throughout the review, Table 2 provides a comparative overview of current
and emerging modalities for early OSCC assessment, whereas Figure 1 summarizes the
main biological sources of detectable OSCC-related signals across saliva or oral rinse, oral
brushing specimens, blood, and tissue biopsy.

Table 2 should be read as a clinical-readiness summary rather than a formal grading-
of-recommendations table. The categories reflect available evidence type, standardization,
external validation, routine availability, and plausible role in screening, lesion triage,
biopsy guidance, or surveillance. They do not imply direct comparability of performance
values across modalities, because populations, reference standards, and study designs
differ substantially.
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Table 2. Comparative overview of current and emerging diagnostic modalities in early OSCC
assessment [12,29,44,51,63,68-70].

Modality

Specimen/Input

Primary Clinical
Application

Evidence Maturity/Selected Evidence
Base

Main Limitation

Conventional oral
examination

Direct visual
inspection and
palpation

Initial clinical assessment,
identification of suspicious
lesions, and referral
decision-making

High; meta-analyses report sensitivity
63-71% and specificity 78-85%
depending on inclusion criteria [11,27].

Limited sensitivity for
subtle dysplasia or early
invasion; operator
dependence

Histopathologic
biopsy

Tissue

Definitive diagnosis,
grading, and margin
assessment

High; diagnostic reference
standard [28,29].

Invasive; subject to
sampling error; unsuitable
for repeated monitoring

Toluidine blue/vital
staining

Oral mucosa

Biopsy-site selection, lesion
triage, and adjunctive
follow-up

Moderate; systematic
review /meta-analysis evidence, but
insufficient accuracy as a stand-alone
test [47].

False positives in
inflammatory or ulcerated
lesions; false negatives in

hyperkeratotic lesions

Brush cytology

Exfoliated
epithelial cells

Minimally invasive lesion
triage, early assessment, and
repeat sampling

Moderate to high; PRISMA-DTA
meta-analysis: 53 studies, 13,249
patients [44].

Misclassification risk;
requires histopathologic
confirmation

Cytology plus DNA
ploidy/image
cytometry

Brush
sample/cellular
material

Triage of high-grade lesions
and risk enrichment

Moderate to high;
prospective/algorithm studies suggest
strong performance, but
standardization and access vary [49].

Limited standardization;
variable availability across
centers

Autofluorescence

Optical tissue
signal

Lesion triage, biopsy
guidance, and follow-up of
OPMDs

Moderate; light-based meta-analytic
evidence, limited by false positives in
benign/inflammatory lesions [27].

Reduced specificity in
inflammatory and benign
mucosal conditions

Chemiluminescence

Optical tissue
signal

Lesion visualization and
adjunctive triage

Low to moderate; pooled sensitivity
67% and specificity 48% in light-based
meta-analysis [27].

Limited specificity and
uncertain value for broad
screening

Narrow-band
imaging (NBI)

Optical vascular
pattern

Lesion triage,
vascular-pattern assessment,
biopsy guidance, and
selected surveillance

Moderate to high; OPMD/OSCC
meta-analysis reports AUC 0.92 [39].

Requires expertise,
equipment access, and
standardized
interpretation

Optical coherence
tomography (OCT)

Cross-sectional
optical imaging

Real-time architectural
assessment, selected surgical
or surveillance applications

Moderate to high; systematic review
reports clinician-interpreted sensitivity
~75-92% and specificity ~71-93% [41].

Requires broader
validation, cost, and
workflow standardization

High-resolution
microendoscopy/
contact endoscopy

High-resolution
optical imaging

Detailed evaluation of
flagged lesions

Emerging; small specialist studies,
with some evidence extrapolated from
broader HNSCC/ oral neoplasia
settings [37,40].

Limited availability,
specialist expertise, and
modest real-world
validation

Molecular stratification,

Low tumor fraction,

Liquid biopsy: Saliva/oral rinse recurrence monitoring. and Emerging; 123-patient HPV-negative pre-analytical variability,
ctDNA /cfDNA and blood . & OSCC dual-source ctDNA study [52]. and lack of harmonized
surveillance
cut-offs
L Prognostication, assessment Emerging; l.muteq OSCCrspecific early Low abundance in OSCC
Liquid biopsy: . L : detection evidence; stronger .
Blood of dissemination biology, - s and technical capture
CTCs . prognostic/monitoring .
and monitoring rationale [51,57] complexity
Salivary Early detection, risk Emerging; Balakittnen validation Small cohorts,
miRNA /EV-based Saliva stratification, and cohort: OC n =50, OPMD n =52, normalization issues, and
assays monitoring controls n = 60 [25]. limited external validation
Salivary Early detection, biological Emerging; exploratory systematic BlOlOglCﬁl. confoup d%ng’
: . - . . . pre-analytical variability,
proteomics/ Saliva profiling, and risk reviews and small/single R
. . . = and reproducibility
metabolomics enrichment metabolomics cohorts [63-65].
challenges

Al-assisted
imaging/
multimodal models

Images, optical
data, and
molecular data

Risk stratification,
classification support, and
decision support

Emerging; systematic
reviews/meta-analyses, but external
validation and workflow integration

remain limited [69,71].

Dataset quality, external
validation, interpretability,
and workflow integration

Biosensor platforms

Saliva or other
biofluids

Point-of-care testing and
decentralized triage

Developmental to emerging; mostly
proof-of-concept and review-level
evidence [70,72-75].

Reproducibility,
environmental stability,
and large-scale clinical

validation
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Figure 1. Biological origins of detectable signals in OSCC. Original figure created by the authors.

9. Methodological Limitations and Translational Barriers

Despite the growing number of studies investigating novel diagnostic tools and
biomarkers for early OSCC detection, the current evidence base remains limited by several
recurring methodological and translational challenges that cut across imaging, cytology,
liquid biopsy, salivaomics, Al, and biosensor studies. The cross-cutting limitations are:
limited reproducibility, insufficient external validation, substantial interstudy heterogeneity,
and uncertain performance in clinically representative populations.

A major limitation of the existing literature is the predominance of small, single-
center, case—control studies. Such designs reduce statistical power, limit subgroup analyses,
and may overestimate diagnostic accuracy, particularly when OSCC is compared with
healthy controls rather than with clinically relevant comparator lesions such as OPMDs
or inflammatory oral conditions. As a result, findings that appear promising in narrowly
selected cohorts may not be reproducible in broader and more heterogeneous clinical
populations. Larger prospective multicenter studies with clinically representative cohorts
are therefore needed to establish the true diagnostic value of emerging biomarkers and
adjunctive technologies [25,51,63,64,76].

Another major challenge is the limited translation of promising methods into routine
practice. High analytical accuracy in controlled research settings does not necessarily trans-
late into clinical utility, particularly when technologies require specialized equipment, ad-
vanced laboratory infrastructure, or computational support. This issue is especially relevant
for Al-assisted systems, whose performance may depend heavily on dataset composition,
imaging conditions, and local population characteristics. For real-world implementation,
diagnostic tools must demonstrate not only accuracy but also standardization, affordability,
accessibility, and clear added value within existing clinical pathways [50,69,71,76,77].

For biomarker-based diagnostics, especially saliva- and blood-based assays, further
challenges arise from pre-analytical and individual-level variability. In saliva studies,
biomarker profiles may be influenced by circadian rhythm, diet, hydration, smoking, oral
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hygiene, periodontal inflammation, microbial contamination, and differences in collection
or storage protocols. Blood- based assays face analogous limitations, including low tumor
fraction, background cfDNA, and technical variability. Together, these factors contribute
substantially to heterogeneity across studies and remain important barriers to the repro-
ducible clinical implementation of biomarker-based early detection strategies [51,52,63,78].
Practical implementation also depends on factors that are rarely captured by diagnostic-
accuracy metrics. Cost, equipment maintenance, chairside time, staff training, image
interpretation, sample transport, laboratory turnaround time, reimbursement, patient ac-
ceptance, and local referral capacity may determine whether an adjunct improves care. A
test that performs well in a specialist cohort may have limited benefit in general dental
practice if it increases uncertain findings without accelerating biopsy or specialist review.

10. Future Directions

Future progress in early OSCC diagnosis is likely to depend on the integration of
molecular biomarkers, non-invasive sampling strategies, advanced imaging, and compu-
tational analysis into more comprehensive diagnostic frameworks. Rather than replacing
conventional histopathology, these emerging approaches are more likely to refine patient
stratification, improve early lesion detection, and support longitudinal monitoring. Current
developments suggest that the field is moving toward multimodal and data-integrated
diagnostic models capable of capturing the biological complexity of oral carcinogenesis
more effectively than any single biomarker or assay alone [51,63,71].

10.1. Multi-Omics Approaches

One of the most promising directions in oral cancer diagnostics is the increasing use
of multi-omics strategies that integrate genomic, epigenomic, transcriptomic, proteomic,
and metabolomic data. This approach is particularly attractive because oral carcinogene-
sis is biologically heterogeneous and cannot be fully characterized by isolated molecular
markers. Multi-omics models may improve diagnostic sensitivity and specificity by cap-
turing complementary layers of tumor biology, including mutational events, aberrant
methylation, dysregulated RNA expression, altered protein profiles, and metabolic repro-
gramming [54,63].

In addition to enhancing early detection, such approaches may support longitudinal
monitoring, risk stratification, and more precise characterization of disease progression.
However, their successful implementation will depend on robust computational inte-
gration, standardized workflows, and independent validation across clinically relevant
cohorts [64,78].

10.2. Artificial Intelligence

Artificial intelligence is expected to play an increasingly important role in the future of
OSCC diagnostics, particularly in analyzing imaging data and complex molecular datasets.
Machine learning algorithms, including random forest, support vector machine, artificial
neural networks, and clustering-based models, have already been applied to oral images,
radiological data, and molecular signatures to improve lesion detection, classification, and
risk stratification.

Deep learning approaches, especially those based on convolutional neural networks,
have shown particular promise in analyzing histopathologic images and clinical pho-
tographs, where they can identify subtle patterns that are not readily apparent to the
human observer. In addition, Al-based integration of imaging, molecular, and clinical data
may improve the interpretation of high-dimensional datasets and support more individual-
ized diagnostic assessment [79-81].
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Despite these advances, the current clinical validation level of most Al systems remains
limited. Many models are trained and tested on retrospective, curated datasets rather than
consecutive real-world patient cohorts, and performance may decline when applied to
different cameras, staining protocols, clinical populations, image qualities, or disease
prevalences. Dataset bias, class imbalance, unclear ground-truth annotation, inadequate
external validation, and limited model explainability are major barriers to clinical adoption.
Al outputs also require prospective assessment of whether they change management,
reduce diagnostic delay, or improve referral and biopsy decisions rather than merely
improving image-classification metrics.

For this reason, Al should currently be regarded as a decision-support research tool
rather than a stand-alone diagnostic solution. Before routine use, models should undergo
external validation, prospective multicenter testing, calibration in the intended care setting,
assessment of interpretability and safety, and evaluation of workflow integration, including
how Al outputs influence referral, biopsy, and follow-up decisions [69,71].

10.3. Biosensors

Biosensors represent another important area of development in early OSCC diagnostics
because they offer the possibility of rapid, minimally invasive, and potentially point-of-care
detection of tumor-associated molecules. These systems generally comprise a molecular
recognition element, a signal transducer, and a signal-processing component, enabling
the detection of proteins, DNA, RNA, or other cancer-related analytes in a quantitative or
semi-quantitative manner.

Depending on the recognition system employed, biosensors may be protein-based,
RNA-based, or DNA-based, each offering distinct advantages in terms of affinity, specificity,
sensitivity, and molecular target range. In addition, biosensors may be classified accord-
ing to their transduction mechanism, with electrochemical, optical, and nano-biosensor
platforms being among the most frequently investigated in oral cancer research [70,72-75].

Among these approaches, electrochemical biosensors have attracted particular interest
because of their relatively low cost, portability, rapid response, and high analytical sensi-
tivity. Optical biosensors provide excellent specificity and real-time detection capabilities,
but broader implementation may be limited by technical complexity and higher instru-
mentation costs. Nano-biosensors offer further opportunities for signal amplification and
miniaturization, although issues related to stability, shelf life, and technical support remain
important constraints.

Collectively, these technologies hold considerable promise for reducing patient dis-
comfort, shortening diagnostic turnaround time, and facilitating decentralized or chairside
testing. Nevertheless, their routine clinical use remains limited by challenges related to re-
producibility, environmental stability, standardization, and large-scale validation [70,74,75].

Future biosensor development is therefore likely to focus on multimodal platforms
capable of integrating multiple signal types, such as electrochemical, fluorescence-based,
and surface plasmon resonance measurements, within a single device [74,75]. Additional
advances may include improved sample handling, miniaturized electronics, wireless data
transfer, and Al-assisted signal interpretation. If successfully validated, such systems may
contribute to more accessible and clinically applicable diagnostic pathways for early OSCC
detection and monitoring [70,72,82].

Taken together, these developments support a stepwise, integrated diagnostic pathway
in which conventional clinical examination is followed by adjunctive lesion triage, biopsy-
site optimization, histopathologic confirmation, risk stratification, and early surveillance
using selected molecular and Al-assisted tools. The proposed pathway emphasizes that
adjunctive technologies may refine clinical decision-making and monitoring, but should
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complement rather than replace biopsy and histopathological confirmation, as summarized
in Figure 2.

Clinical examination + palpation
STANDARD OF CARE

l

Suspicious or persistent lesion?

Yes/ uncertain
Low immediate suspicion

Adjunctive lesion triage (OPTIONAL)
NBI/OCT, autofluorescence, toluidine
¢ blue, brush cytology, availability varies

Short-interval review manage l
traumatic or inflammatory causes
¢ High-risk signal or unresolved
No/ low concern?

If the lesion persists or progresses:
repeat assessment l Yes

Optimize biopsy site
select the most suspicious area

l

Scalpel or punch biopsy
STANDARD OF CARE

l

Histopathologic diagnosis
REFERENCE STANDARD

l

Risk stratification and treatment
planning

l

Surveillance /early monitoring
clinical follow-up + selected
biomarkers/Al selected tools mainly
investigational

Adjunctive tec logi biopsy and histopathologic confirmation but do not replace them.
Readiness tags shown in boxes: STANDARD OF CARE, REFERENCE STANDARD, OPTIONAL; availability varies, mainly investigational.

Standard/ reference Decision AdjuncUmonitering Low-suspicion follow-up

Figure 2. Proposed integrated pathway for early OSCC detection and early monitoring. Original
figure created by the authors.

11. Conclusions

Early diagnosis remains critical in OSCC, but the current clinical reality is that con-
ventional examination, timely referral, and histopathologic confirmation remain the in-
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dispensable diagnostic foundation. No adjunctive imaging method, cytology platform,
saliva-based biomarker, liquid-biopsy assay, Al model, or biosensor is currently validated
sufficiently to replace biopsy for suspicious or persistent oral lesions.

NBI, OCT, and molecularly enhanced brush cytology appear to be among the better-
supported adjuncts for lesion triage, biopsy guidance, or selected surveillance, particularly
in specialist or risk-enriched settings. This statement should be interpreted as a relative
assessment of translational readiness rather than a recommendation for routine population
screening or unrestricted use in general dental practice.

Transition to routine clinical practice will require prospective multicenter validation in
consecutive and clinically representative cohorts, predefined thresholds, standardized ac-
quisition and interpretation protocols, external validation, assessment of cost and workflow
impact, and evidence that the adjunct improves meaningful outcomes such as timely biopsy,
reduced diagnostic delay, appropriate referral, or earlier recurrence detection. Until then,
emerging biomarkers, Al, and biosensor platforms should be considered investigational or
complementary decision-support tools.
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The following abbreviations are used in this manuscript:

BEAMing  Beads, emulsion, amplification, and magnetics
CAPP-Seq Cancer personalized profiling by deep sequencing
cfDNA Cell-free DNA

CTCs Circulating tumor cells

ctDNA Circulating tumor DNA

ddPCR Droplet digital PCR

EMT Epithelial-to-mesenchymal transition
EVs Extracellular vesicles

FNA Fine-needle aspiration

HPV Human papillomavirus

HRME High-resolution microendoscopy
miRNA microRNA

NGS Next-generation sequencing

OCT Optical coherence tomography
OPMDs Oral potentially malignant disorders
oscC Oral squamous cell carcinoma
gRT-PCR  Quantitative reverse transcription polymerase chain reaction
SCNAs Somatic copy number alterations
TAM-Seq  Tagged amplicon deep sequencing
uv Ultraviolet

UVB Ultraviolet B
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