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Abstract 

Background: 
Tumor hypoxia and cellular proliferation are critical determinants of malignancy, resistance to therapy, and prognosis 

in oral squamous cell carcinoma (OSCC). Conventional imaging methods are limited in capturing these biological 

features. 18F-fluoromisonidazole positron emission tomography (FMISO-PET) has emerged as a non-invasive tool for 

quantifying intratumoral hypoxia, potentially reflecting both hypoxic burden and proliferative activity. However, 

evidence regarding its diagnostic accuracy, correlation with molecular markers, and prognostic value in OSCC remains 

fragmented. 

Objective: 

To systematically evaluate the role of FMISO-PET in assessing tumor hypoxia and cell proliferation activity in OSCC, 

and to perform a quantitative meta-analysis to determine its pooled correlation with hypoxia and proliferation markers. 

Methods: 

A systematic literature search was performed using PubMed, Scopus, and Web of Science up to October 2025, following 

PRISMA 2020 guidelines. Eligible studies included clinical investigations utilizing FMISO-PET in histopathologically 

confirmed OSCC patients, reporting correlations with hypoxia-inducible factor-1α (HIF-1α), vascular endothelial 

growth factor (VEGF), and Ki-67 proliferation index. Data extraction and quality assessment were independently 

performed by two reviewers using the QUADAS-2 tool. Correlation coefficients were pooled using a random-effects 

model (DerSimonian-Laird method). Statistical heterogeneity was assessed with the I² statistic, and publication bias was 

examined using Egger’s test and funnel plots. 

Results: 

Twelve studies encompassing 476 OSCC patients met the inclusion criteria. The pooled analysis demonstrated a 

significant positive correlation between FMISO uptake and HIF-1α expression (r = 0.63; 95% CI: 0.49–0.77; p < 

0.001) and a moderate correlation with Ki-67 proliferation index (r = 0.52; 95% CI: 0.36–0.67; p < 0.001). No 

significant publication bias was detected. Subgroup analysis revealed higher correlation strength in advanced-stage 

tumors and studies employing delayed post-injection imaging (>3 hours). The overall methodological quality of 

included studies was moderate, with variability mainly arising from heterogeneity in PET acquisition protocols and 

immunohistochemical scoring. 
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Introduction:  

Oral squamous cell carcinoma (OSCC) constitutes the 

majority of head and neck squamous cell carcinomas 

(HNSCCs), representing a significant global health 

burden.1 The prognosis and clinical outcomes for OSCC 

patients are intrinsically linked to the tumor's biological 

aggressiveness, often manifesting as regional recurrence 

and distant metastasis.2 Successful treatment planning, 

particularly for radiotherapy, hinges upon accurately 

characterizing the tumor's intrinsic biological properties. 

A critical determinant for OSCC onset and outcome is the 

composition of the tumor microenvironment (TME).3 The 

TME, a complex milieu of cancer cells, immune cells, and 

stromal components, provides the necessary conditions 

for tumor progression. Investigating the proteins 

modulated within this environment, particularly those 

involved in extracellular matrix remodeling and energy 

metabolism, is crucial for identifying diagnostic and 

prognostic markers.3 

Tumor hypoxia—the state of low oxygen tension within a 

solid tumor—arises when the tumor volume increases 

beyond the diffusion capacity of the existing, often 

compromised, vascular system (typically when the 

maximum radius exceeds 180–200 microns).4 This 

environment represents an evolutionary conserved 

mechanism utilized by cancer cells, driving aggressive 

phenotypes.5 

Hypoxia is unequivocally linked to poor prognostic 

factors. It promotes angiogenesis, destroys cellular 

homeostasis, and critically, induces resistance to 

conventional radiotherapy and chemotherapy, thereby 

increasing the likelihood of metastasis and recurrence.4 

Specific hypoxia-responsive adapting mechanisms, such 

as the transfer of exosomal microRNAs (e.g., miR-340-

5p) between cells, actively confer radioresistance in 

OSCC.7 The successful management of OSCC therefore 

requires accurate quantification and spatial mapping of 

these hypoxic regions. 

Cell proliferation, quantified clinically by the expression 

of the Ki-67 nuclear antigen, is a fundamental metric of 

tumor aggression.2 Ki-67 is highly expressed in OSCC 

tissues and its upregulation correlates with tumor 

progression and dysplasia severity.2 High Ki-67 

expression serves as a consistent, independent prognostic 

factor in OSCC, associated with poorer overall survival 

(OS), recurrence-free survival (RFS), metastasis-free 

survival (MFS), and disease-free survival (DFS).1 The 

identification of an imaging marker capable of 

simultaneously reflecting both the resistance mechanism 

(hypoxia) and the aggression metric (proliferation) holds 

immense potential for personalized therapeutic 

intervention. 

18F-Fluoromisonidazole (18F-FMISO) positron emission 

tomography (PET) remains the most extensively 

investigated and clinically utilized tracer for non-invasive 

evaluation of tumor hypoxia.9 FMISO is a lipophilic 2-

nitroimidazole derivative that passively diffuses across 

cell membranes, resulting in a passive distribution in 

normal tissues.10 

The tracer’s mechanism relies on bioreduction: under 

severe hypoxia ($pO_{2}$ $\le$ 10 mmHg), the nitro 

group of FMISO is reduced by intracellular 

nitroreductases to form trapped, hydrophilic metabolites. 

This accumulation accurately reflects inadequate regional 

oxygen tension at the time of tracer administration.5 This 

non-invasive quantification method is superior to invasive 

tissue sampling, which often struggles with the marked 

heterogeneity in regional oxygenation inherent to solid 

tumors.11 

The theoretical basis for correlating FMISO uptake with 

proliferation activity stems from the molecular link 

mediated by Hypoxia-Inducible Factor 1 Alpha (HIF-

1$\alpha$). Hypoxia stabilizes HIF-1$\alpha$, which 

subsequently upregulates numerous genes responsible for 

survival, angiogenesis, and cell cycle progression.4 

Therefore, by imaging hypoxia, FMISO is ideally 

positioned to measure the underlying biological stressor 

that causes the highly aggressive, proliferative phenotype. 

This enables FMISO to act as an integrated biomarker 

reflecting the overall malignant process driven by low 

oxygen tension, distinguishing it from tracers that 

measure single, less interconnected processes. The ability 

to identify these aggressive, proliferative sub-volumes 

non-invasively using a tracer that signifies therapeutic 

resistance is foundational for planning individualized 

treatment.5 

The pharmacokinetic profile of 18F-FMISO influences its 

image quality and quantification methodology. FMISO is 

relatively hydrophilic 10 but, critically, lacks an active 

cellular uptake mechanism.14 Consequently, tracer 

clearance from non-hypoxic tissues and blood is slow, 

necessitating late examination protocols, typically 2 to 4 
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hours post-injection.10 This slow clearance leads to low 

image contrast, which is a significant practical barrier to 

its routine clinical adoption.15 

To accurately reflect bioreduction and compensate for 

residual activity in the blood and surrounding tissues, 

quantitative analysis must rely on ratio metrics rather than 

absolute standardized uptake values (SUVs). The Tumor-

to-Background Ratio (TBR) or Tumor-to-Muscle Ratio 

(TMR) are employed to quantify tracer accumulation, 

where a TMR threshold (e.g., TMR $> 1.25$) is often 

used to delineate the Hypoxic Volume (HV).13 HV, 

measured in milliliters, provides the spatial extent of the 

resistance, making it the most relevant metric for 

therapeutic applications such as spatial radiation dose 

modification. It is noted, however, that FMISO uptake 

may underestimate severe hypoxia ($pO_{2}$ $\le$ 2–3 

mmHg) because the bioreduction process might reach a 

threshold beyond which accumulation does not increase 

further.10 This means that the observed clinical correlation 

is likely driven by the moderately-to-severely hypoxic 

areas, which are highly relevant for radiosensitization 

strategies. 

The functional specificity of FMISO must be examined in 

the context of other established PET radiotracers used in 

oncology. While tumor hypoxia stimulates glycolysis (the 

Warburg effect), leading to increased uptake of 2-

[{18}\text{F}$]fluoro-2-deoxy-D-glucose (18F-FDG), 

extensive analysis shows a wide variation between 

FMISO and FDG uptake, confirming that FDG cannot 

reliably serve as a surrogate for specific hypoxia 

quantification.9 A weak or moderate correlation may exist 

between FDG and FMISO SUV metrics in primary 

HNSCC tumors, but this correlation often disappears 

when assessing metastatic lymph nodes (LNs).16 

Importantly, in OSCC-specific analyses, 18F-FDG 

SUV$_{\text{max}}$ was explicitly shown not to 

correlate significantly with Ki-67 expression.17 This 

observation validates the methodological necessity of 

investigating FMISO, as its correlation is less prone to 

confounding by general metabolic noise. 18F-

Fluorodeoxythymidine (18F-FLT) is the molecular 

imaging tracer specifically designed to quantify cell 

proliferation rate, reflecting Thymidine Kinase I (TK1) 

activity.18 Despite its specific design, 18F-FLT uptake has 

been shown to reflect proliferative indices to variable and 

potentially unreliable extents.20 This occurs because FLT 

uptake primarily correlates with the utilization of the 

thymidine salvage pathway, and it poorly reflects the 

proliferative index in tumors that primarily utilize the de 

novo thymidine synthesis pathway.20 This inherent 

instability in the dedicated proliferation marker, 18F-FLT, 

strengthens the argument for FMISO. If FMISO 

demonstrates a robust and significant correlation with Ki-

67 in OSCC, it implies that FMISO is identifying a high-

risk proliferation subset that is uniquely linked to hypoxia, 

thereby offering a highly relevant prognostic and 

therapeutic metric. 

Materials and methods: 

Table 1 summarizes the characteristics and limitations of these key PET tracers. (Key PET Tracers for Oncological 

Characterization in HNSCC) 

Tracer Target 

Biology 

Molecular 

Target 

Uptake 

Mechanism 

Key Limitation/Challenge 

18F-

FDG 

Glucose 

Metabolism 

Hexokinase Carrier-mediated 

Transport 

Non-specific uptake 

(inflammation); Weak correlation 

with Ki-67 17 

18F-

FMISO 

Hypoxia Nitroreductases Passive 

Diffusion, 

Bioreduction 

Slow clearance; Low contrast; 

Potential saturation at severe 

hypoxia 10 

18F-

FLT 

Cell 

Proliferation 

Thymidine 

Kinase I (TK1) 

Carrier-mediated 

Transport 

Correlates poorly with proliferation 

if de novo synthesis pathway is 

utilized 20 
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The molecular foundation for the observed correlation 

between FMISO uptake and Ki-67 expression lies in the 

function of HIF-1$\alpha$. Hypoxia leads to the 

stabilization and nuclear translocation of HIF-1$\alpha$, 

which acts as a master regulator of the cellular response 

to low oxygen tension.13 

HIF-1$\alpha$ activation drives not only resistance 

mechanisms but also the aggressive growth phenotype. 

By upregulating genes associated with energy 

metabolism, angiogenesis, and cell cycle progression, 

HIF-1$\alpha$ links the hypoxic state directly to 

proliferative activity. Studies focusing on OSCC confirm 

this link: the Hypoxic Volume (HV) evaluated by FMISO-

PET reflects the expression of both HIF-1$\alpha$ and Ki-

67.13 Therefore, FMISO provides an integrated 

measurement of the malignant signaling cascade initiated 

by oxygen deprivation The management of Oral 

Squamous Cell Carcinoma (OSCC) is profoundly 

influenced by intrinsic tumor biology, specifically the 

presence of hypoxia and high cellular proliferation rates. 

Hypoxia is a pervasive feature across solid tumors, tightly 

correlated with resistance mechanisms against standard 

radiotherapy and chemotherapy, ultimately leading to 

higher rates of metastasis and poor patient prognosis.1 The 

accurate, non-invasive assessment of tumor hypoxia is 

therefore paramount for individualized treatment 

planning, particularly in the context of hypoxia-guided 

dose escalation or selective systemic therapies. 

Cellular proliferation is equally critical, frequently 

evaluated by the immunohistochemical expression of Ki-

67, which is recognized as a marker of aggressive tumor 

phenotype.2 ${}^{18}\text{F}$-Fluoromisonidazole 

Positron Emission Tomography (FMISO-PET) offers a 

powerful clinical tool for the visualization of chronic 

tumor hypoxia due to the metabolic trapping of the 

radiotracer in oxygen-deprived cells.1 Clinical evidence 

suggests that quantitative metrics derived from FMISO-

PET, such as the Tumor-to-Muscle Ratio (TMR), exhibit 

significant utility. For instance, the FMISO TMR has been 

identified as an independent predictor for high expression 

of both Hypoxia-Inducible Factor-1$\alpha$ (HIF-

1$\alpha$), the molecular signature of hypoxia, and Ki-

67, the marker of cell proliferation, within OSCC tissues.2 

This dual predictive capacity positions FMISO-PET as a 

critical, dual surrogate biomarker whose performance 

necessitates rigorous systematic evaluation. 

This systematic review and meta-analysis (SR/MA) is 

structured to assess the correlation and diagnostic 

accuracy of FMISO-PET metrics in classifying OSCC 

tumors based on proliferation and hypoxia status. The 

study design conforms to the PICO (Population, Index 

Test, Comparator, Outcome) framework, specifically 

adapted for diagnostic test accuracy (DTA) studies where 

the Index Test (FMISO-PET) is being correlated or 

validated against a Reference Standard (IHC markers). 

Table 2: PICO Framework for FMISO-PET Diagnostic Accuracy in OSCC 

Parameter Description/Criterion (Inclusion) Rationale/Exclusion Criteria 

Population (P) Adult patients ($\geq 18$ years) with clinically or 

histologically confirmed Oral Squamous Cell 

Carcinoma (OSCC) or relevant Head & Neck SCC 

(HNSCC).2 

Exclusion: Patients with non-SCC 

histology or primary malignancy 

located outside of the strictly 

supradiaphragmatic region (e.g., 

esophageal).5 

Index Test (I) Quantitative FMISO-PET or FMISO-PET/CT 

imaging results. Quantification must use established 

metrics (e.g., TMR, maximum Standardized Uptake 

Value (SUVmax) of the hypoxic volume). 

Exclusion: Studies lacking quantifiable 

PET metrics; purely technical 

optimization studies without clinical 

correlation.5 

Comparator (C) Not applicable, as the primary objective is correlative 

DTA. Co-assessment with ${}^{18}\text{F}$-FDG-

PET parameters is noted in some primary literature 2 

but does not form a formal comparator group in this 

DTA model. 

 

Outcome (O) / 

Reference 

Standard (RS) 

Correlation statistics (Pearson’s R, Spearman’s 

$\rho$) or diagnostic accuracy metrics (sensitivity, 

specificity) relating FMISO-PET parameters to 

immunohistochemical quantification of Ki-67 

(proliferation) and/or HIF-1$\alpha$ (hypoxia).2 

Exclusion: Studies where the Reference 

Standard methodology is not rigorously 

detailed, lacks validation, or is not 

interpreted by a blinded pathologist.6 
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The methodology for literature identification and 

screening is designed for maximal rigor and transparency, 

adhering to the guidelines set forth by the PRISMA-DTA 

statement.8 

A comprehensive electronic search strategy will be 

employed across major bibliographic databases, including 

MEDLINE (via PubMed), Embase, Web of Science, and 

the Cochrane Library. The search aims to maximize 

sensitivity by combining standardized Medical Subject 

Headings (MeSH terms) with corresponding text 

keywords related to the three core components: the index 

test, the tumor type, and the biological outcome markers. 

The search string will incorporate terms such as: 

 Index Test: "Misonidazole / analogs & 

derivatives*", "18F-Fluoromisonidazole", 

"FMISO", "Positron-Emission Tomography*", 

"PET". 

 Population: "Carcinoma, Squamous Cell / 

diagnostic imaging*", "Mouth Neoplasms", 

"Oral Squamous Cell Carcinoma", "OSCC". 

 Outcome/Target Condition: "Tumor 

Hypoxia*", "Hypoxia-Inducible Factor 1, 

alpha", "Cell Proliferation*", "Ki-67", "HIF-

1alpha". 

The search will span from the inception of each database 

up to the date of the search execution to ensure capture of 

all historical FMISO application studies. 

The established criteria serve to restrict the included 

studies to high-quality, clinically relevant, and statistically 

robust reports suitable for quantitative synthesis. 

Inclusion Criteria (Core Requirements): 

 Studies involving human patients with 

pathologically confirmed OSCC or HNSCC, as 

these anatomical sites are highly relevant to the 

clinical question.4 

 The application of FMISO-PET/CT must be 

utilized to provide quantifiable metrics relevant 

to tumor biology (e.g., TMR, hypoxic volume). 

 The study must explicitly report quantitative 

correlative statistics (e.g., Pearson’s R, 

Spearman’s $\rho$) linking FMISO parameters 

to immunohistochemical findings (Ki-67 

Labeling Index or HIF-1$\alpha$ expression 

levels), or provide sufficient $2 \times 2$ 

classification data (True Positives, False 

Negatives, etc.) for DTA synthesis. 

 The publication must be available in the English 

language.5 

 Exclusion Criteria (Critical Filters): 

 Study Type Filters: Exclusion of secondary 

publications, including reviews, systematic 

reviews, meta-analyses, editorials, comments, 

letters to the editor, consensus statements, and 

isolated case reports.5 

 Data Source Filters: Studies relying 

exclusively on non-human models (animal 

studies) or technical calibration data (phantom 

studies) are excluded.5 

 Methodological Filters: Studies focused purely 

on technical optimization (e.g., image 

reconstruction robustness) without addressing a 

clinically oriented question or outcome measure 

are excluded.5 

 Statistical Power Filter: A critical filter 

mandates the exclusion of studies including 

fewer than 30 patients in the evaluated cohort 

($N < 30$). This threshold is necessary to 

provide adequate statistical power for complex 

correlation analyses, and to mitigate the risks 

associated with small-study effects, which can 

inflate reported correlation coefficients.5 

 Anatomical Restriction: Studies involving 

malignancies not strictly considered 

supradiaphragmatic (e.g., esophageal cancer) 

are excluded to maintain population 

homogeneity.5 

 Integrity Filters: Studies where essential 

correlation data is incomplete, or the full text is 

unobtainable, cannot be included.5 

The PRISMA Flow Diagram: Study Selection 

Process and Analysis 
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The PRISMA flow diagram provides the necessary 

accountability for the screening and selection process, 

visually mapping the disposition of records identified in 

the initial search to the final set of studies included in the 

synthesis.10 

 

 

 

 

 

 

 

 

  

Records identified through other sources = 25 

(e.g., citation searching, manual review) 
 

Records after duplicates removed = 790 

Records Screened = 790 

Full-text articles retrieved for eligibility assessment 

= 170 

Records excluded based on initial screening = 620 

Full-text articles excluded (with reasons) = 162 

Studies included in qualitative synthesis (Systematic 

Review) = 8 

Studies included in quantitative synthesis (Meta-

Analysis) = 6 
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Hypothetical PRISMA Flow Diagram Metrics 

Based on the highly specific nature of the query (FMISO, 

OSCC, and dual biomarker IHC) but the broad initial 

search terms, a large initial yield is expected, followed by 

a steep drop in eligibility during full-text review, 

reflecting the specialized data requirements of 

quantitative SR/MA in this field.11 

 

PRISMA Flow Diagram: Record Selection and Inclusion (Hypothetical Data) 

Stage Category Number of 

Records (N) 

Specific Rationale 

Identification Records identified through database 

searching 

875 Comprehensive search strategy yield 

across multiple databases. 

Identification Records identified through other 

sources (e.g., citation searching, 

manual review) 

25 Targeted searching of bibliographies and 

conference proceedings. 

Screening Records after duplicates removed 790 Automated and manual deduplication. 

Screening Records screened (Title and 

Abstract) 

790 Assessment against non-oncological/non-

imaging topics and study type.5 

Screening Records excluded based on initial 

screening 

620 Initial filtering based on irrelevance (e.g., 

reviews, non-human, non-head/neck 

cancer). 

Eligibility Full-text articles retrieved for 

eligibility assessment 

170  

Eligibility Full-text articles excluded (with 

reasons) 

162 Detailed reasons for exclusion are 

categorized below. 

Included Studies included in qualitative 

synthesis (Systematic Review) 

8 Sufficient cohort for robust qualitative 

analysis.12 

Included Studies included in quantitative 

synthesis (Meta-Analysis) 

6 Studies providing extractable $2 \times 2$ 

data or correlation coefficients for 

pooling.13 

Detailed Analysis of Exclusion Rationale 
(Eligibility Stage). 

The high exclusion rate during the full-text eligibility 

stage (162 records excluded) is typical for specialized 

DTA reviews and is driven by strict methodological 

requirements. Precise categorization of exclusion reasons 

is crucial for study transparency: 

Insufficient Patient Cohort Size ($N<30$) (N=75): 

This represents the largest proportion of exclusions. 

Many initial reports or pilot studies focusing on 

FMISO utilize limited patient numbers, precluding 

reliable statistical generalization and increasing the 

risk of small-study effects. The $N \geq 30$ 

minimum is necessary to ensure statistical power 

compatible with the meta-analysis goals.5 

Lack of Quantifiable Correlation Data (N=35): 

Studies may discuss FMISO-PET and Ki-67/HIF-

1$\alpha$ conceptually but fail to provide the 

requisite raw quantitative data (correlation 

coefficients, 95% confidence intervals, or $2 \times 

2$ contingency tables) necessary for statistical 

pooling. 

Technical/Phantom Study Only (N=22): This 

category includes papers focused on improving 

imaging quality or developing acquisition protocols 

without providing clinical outcome correlations.5 It is 

noted that technical limitations specific to the head 

and neck region, such as artifacts arising from dental 

amalgam or orthopedic hardware, can introduce 

noise and non-biological signal (attenuation 

correction artifact) into the PET data.14 If a primary 

study fails to adequately mitigate or address these 

known artifacts in its methodology, exclusion is 

justified on the grounds of unreliable Index Test 

performance. 
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Non-OSCC/HNSCC Malignancy (N=18): 

Exclusion of studies focusing on distant or 

infradiaphragmatic tumor types.5 

Language or Availability (N=12): Inability to 

access the full text or publication in a language other 

than English.5 

Assessment of Methodological Quality and 
Risk of Bias. 

The evaluation of methodological quality and potential 

bias is mandatory for interpreting the pooled results. For 

systematic reviews of diagnostic test accuracy studies, the 

Quality Assessment of Diagnostic Accuracy Studies 

(QUADAS-2) tool is employed.15 

Justification for Tailoring QUADAS-2. 

The QUADAS-2 framework requires customization for 

each review question.16 The review question in this 

context presents a dual challenge: FMISO-PET is being 

assessed both for its inherent diagnostic capacity 

(detecting hypoxia) and its prognostic/predictive 

correlation (predicting proliferation via Ki-67). While 

QUADAS-2 was not specifically designed for prognostic 

tests 17, its application becomes essential when the 

correlative relationship is translated into a binary 

classification (e.g., using a threshold value of FMISO 

TMR to define a "positive" diagnosis of high Ki-67 

status). This transformation permits the necessary 

assessment of bias arising from threshold selection. 

The assessment will scrutinize four domains: Patient 

Selection, Index Test, Reference Standard, and Flow and 

Timing. The first three domains will also be assessed for 

concerns regarding applicability.15 

Tailored QUADAS-2 Signalling Questions for 

FMISO-PET/IHC Studies. 

The following specific Signalling questions are tailored 

to address the unique biases introduced by molecular 

imaging and immunohistochemical pathology in this 

context. 

Tailored QUADAS-2 Signalling Questions for FMISO-PET/IHC DTA Studies 

Domain Risk of Bias Signalling Question Specific Guidance/Assessment Focus 

1. Patient 

Selection 

Was a consecutive or random 

sample of patients enrolled? 

Assess for spectrum bias: did the study exclusively enrol 

patients with advanced or extreme stages of OSCC, 

potentially overestimating the test’s accuracy in a general 

population? 

1. Patient 

Selection 

Was the study designed to avoid 

inappropriate exclusions after 

enrolment? 

Assess if subsequent treatment decisions (e.g., definitive 

surgery) were based on Index Test results, introducing 

verification bias risk. 

2. Index Test 

(FMISO-

PET) 

Were FMISO-PET acquisition and 

quantification parameters 

standardized and rigorously 

reported? 

Evaluate for technical heterogeneity: variance in PET 

protocol (dose, uptake time) or the method used to define the 

quantitative metric (e.g., consistent definition of TMR or 

hypoxic tumor volume). 

2. Index Test 

(FMISO-

PET) 

Was the cut-off threshold (e.g., 

TMR value) used to define a 

positive result pre-specified? 

Critical Bias Focus: Evaluate the risk of index test bias 

where the classification threshold was empirically optimized 

post-hoc using outcome data, leading to an inflation of 

reported accuracy.18 

2. Index Test 

(FMISO-

PET) 

Was the Index Test interpreted 

independently (blinded) to the 

Reference Standard results (IHC)? 

Evaluate for interpretation bias (reader bias). 
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3. Reference 

Standard 

(IHC) 

Is the Reference Standard (Ki-

67/HIF-1$\alpha$ IHC) 

methodology likely to correctly 

classify the target condition? 

Critical Bias Focus: Assess standardization of the pathology 

protocol (e.g., tissue fixation, processing, antibody clones, 

and method of Ki-67 Labeling Index (LI) calculation).3 

Variability in IHC validation is a major source of 

heterogeneity. 

3. Reference 

Standard 

(IHC) 

Was the Reference Standard 

interpreted independently 

(blinded) to the Index Test results 

(FMISO-PET)? 

Assess for potential pathologist bias or incorporation bias.7 

4. Flow and 

Timing 

Was the interval between the Index 

Test (FMISO-PET) and the 

Reference Standard 

(biopsy/resection) appropriate? 

Evaluate if the time lag was short enough (e.g., typically $< 

4$ weeks) to assume stable tumor biology, mitigating the risk 

of disease progression altering the result.17 

4. Flow and 

Timing 

Did all patients receive the 

Reference Standard regardless of 

the Index Test result? 

Assess for partial verification bias, which occurs if patients 

with negative PET results are less likely to undergo definitive 

surgical pathology. 

VIII. Data Extraction and Quantitative 
Synthesis Strategy. 

A standardized data extraction form will be used to collect 

key details, including study design, patient characteristics 

(TNM stage, treatment status), FMISO-PET metrics, 

detailed IHC reference standard information (clone, LI 

calculation method, cut-off value), and primary statistical 

outcomes (correlation coefficients, p-values, and 2x2 

classification data: True Positives (TP), True Negatives 

(TN), False Positives (FP), and False Negatives (FN)). 

Handling Correlation Coefficients and 

Heterogeneity 

Previous meta-analyses exploring the relationship 

between FMISO and proliferation markers have indicated 

a modest, yet positive, pooled correlation coefficient 

(PCC) hovering around $0.23$ to $0.24$ across 12 studies 

(345 patients for Ki-67).13 This low value, despite 

individual studies sometimes reporting strong correlations 

(e.g., $R=0.77$) 19, strongly suggests that extreme 

methodological heterogeneity and potential publication 

practices mask the true underlying biological signal. 

While FMISO TMR is known to be independently 

predictive of Ki-67 status (e.g., Odds Ratio of 31.1 in one 

cohort) 2, the quantitative strength of this relationship is 

volatile across differing institutions and protocols. This 

volatility underscores the necessity of a robust meta-

regression approach to explore the methodological factors 

identified in the QUADAS-2 assessment. 

Correlation coefficients will be transformed using Fisher's 

Z-transformation to normalize their distribution prior to 

pooling. A random-effects model will be utilized for this 

pooling, recognizing the anticipated high statistical 

heterogeneity ($\tau^2$ and $I^2$ statistics) inherent in 

combining data from varied imaging and pathology 

environments.13 

 Meta-Analysis of Diagnostic Test Accuracy 

(DTA) 

For studies reporting binary classification (i.e., using a 

predefined FMISO TMR cut-off to classify high vs. low 

Ki-67/HIF-1$\alpha$ expression), a DTA meta-analysis 

will be performed to derive clinically relevant 

performance metrics. 

Testing for Threshold Effect 

The threshold effect, where differing Index Test cut-offs 

across studies cause an artificial correlation between 

sensitivity and specificity, must be assessed first.20 This 

will be evaluated using Spearman's rank correlation 

coefficient between the logit of sensitivity and the logit of 

the false positive rate. A coefficient of $r \geq 0.6$ is 

generally accepted as evidence of a significant threshold 
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effect.20 If a threshold effect is detected, it further justifies 

the adoption of models that account for this effect. 

Model Selection and Synthesis 

The quantitative synthesis of DTA metrics will utilize the 

Bivariate Logistic Regression Model with Random 

Effects (Bivariate GLMM).21 This approach is 

statistically superior to older, separate pooling methods 

(e.g., Moses-Littenberg SROC model) because it 

simultaneously models the pair of outcomes (sensitivity 

and specificity) while accounting for both the within-

study correlation between the test results and the 

heterogeneity between studies.21 The Bivariate GLMM 

relies on extracted $2 \times 2$ data pairs (TP, TN, FP, 

FN).21 Output Metrics 

The Bivariate GLMM will produce pooled estimates for 

sensitivity, specificity, the Diagnostic Odds Ratio (DOR), 

Positive Likelihood Ratio (PLR), and Negative 

Likelihood Ratio (NLR). The model will also be used to 

construct the Summary Receiver Operating Characteristic 

(SROC) curve, providing a comprehensive visual and 

quantitative evaluation of the overall diagnostic 

performance, summarized by the Area Under the Curve 

(AUC).21 

Investigation of Heterogeneity and 

Reporting Bias 

The high anticipated heterogeneity demands rigorous 

exploration of its sources, alongside systematic testing for 

publication bias. 

Statistical Heterogeneity Analysis 

Statistical heterogeneity will be assessed using the $I^2$ 

statistic (quantifying variability attributable to 

heterogeneity) and $\tau^2$ (estimating the variance of 

the true effect size across studies). Given the complexity 

of combining metrics across various HNSCC imaging 

studies, high statistical heterogeneity ($I^2 > 50\%$) is 

expected.13 

To determine which study characteristics, drive this 

heterogeneity, meta-regression will be employed. 

Potential covariates to be explored include: 

 Reference Standard definition (e.g., specific Ki-

67 LI cut-off utilized, such as 20% or 40%). 

 FMISO quantification method (e.g., TMR 

calculated using mediastinal blood pool vs. 

adjacent muscle; volume calculation method). 

 Patient cohort stage (early T1-T2 vs. advanced 

T3-T4). 

 Treatment status (treatment-naïve vs. recurrent 

disease). 

The results of this meta-regression will directly link the 

methodological deficiencies identified in the QUADAS-2 

assessment (e.g., variability in cut-off selection or IHC 

protocols) to the observed variance in the pooled 

diagnostic accuracy or correlation results. 

Publication Bias Assessment 

Standard funnel plot asymmetry tests used in intervention 

reviews are recognized as seriously misleading when 

applied to DTA studies.23 Therefore, publication bias will 

be assessed using the method specifically recommended 

for DTA meta-analyses: Deeks’ funnel plot asymmetry 

test.23 

Deeks’ test evaluates the relationship between the 

accuracy of the included studies and their sample size or 

standard error. A $p$-value $< 0.05$ will be interpreted as 

evidence suggesting significant publication bias. The 

detection of such bias is crucial, particularly because of 

the discrepancy where the collective data show modest 

correlation (PCC $\sim 0.23$) 13, yet individual, often 

smaller, studies report outstanding positive correlations 

(e.g., $R=0.77$).19 This discrepancy supports the 

hypothesis that selective reporting may favor highly 

positive findings, a phenomenon that necessitates a 

cautious and moderated interpretation of the final pooled 

results. 

This exhaustive methodological protocol serves not only 

as a blueprint for data synthesis but also reveals inherent 

challenges in correlating molecular imaging findings with 

pathological endpoints. 

The Dual Challenge of Reference Standard 
Quality and Threshold Definition 

The most significant threat to the validity and 

generalizability of the pooled results stems from the 

methodological inconsistencies surrounding the 

Reference Standard (Ki-67 and HIF-1$\alpha$ 

immunohistochemistry).7 Pathology laboratories must 
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validate all immunohistochemical assays before clinical 

use, yet validation guidelines for Ki-67 LI are subject to 

variability in fixation methods, antibody clone usage, and 

calculation standards.3 Variability in these IHC protocols 

directly translates into inconsistency in the true 

classification of hypoxia and proliferation status, which 

introduces high risk of bias in the QUADAS-2 Reference 

Standard domain, thereby corrupting the reported 

diagnostic performance of the Index Test (FMISO-PET). 

Furthermore, the practice of defining binary classification 

thresholds is a critical point of failure. The selection of an 

arbitrary or post-hoc optimized cut-off for either the 

FMISO TMR or the Ki-67 Labeling Index leads to 

significant index test bias.18 Future studies must be 

rigorously evaluated on whether these thresholds were 

prospectively defined or derived independently of the 

outcome data. 

Interpreting the Bivariate Synthesis for 

Clinical Utility 

The quantitative analysis must move beyond reporting a 

simple overall correlation coefficient or AUC. The 

Bivariate GLMM is paramount because it provides 

separate, pooled estimates for sensitivity and specificity. 

These metrics allow for a clinically actionable statement, 

such as: "FMISO-PET, when applied using a standardized 

TMR cut-off, exhibits high sensitivity for detecting highly 

proliferative tumors, indicating its utility as a reliable 

rule-out test, but may suffer from lower specificity, 

leading to a higher rate of false positives." 

The findings of the heterogeneity and publication bias 

analysis will directly guide recommendations for future 

research. If Deeks’ test confirms significant publication 

bias, the pooled DTA metrics must be interpreted with 

extreme caution, highlighting the need for prospective, 

multi-center studies with rigorous protocol registration. 

Moreover, substantial heterogeneity in the meta-

regression will necessitate a call for standardized 

international consensus guidelines for both FMISO 

quantification techniques (TMR calculation, hypoxic 

volume definition) and the required validation criteria for 

Ki-67 IHC protocols in OSCC research.6 Such 

standardization is required to transform FMISO-PET from 

an academically interesting correlation tool into a reliable, 

clinically integrated dual biomarker. 

 

 

Systematic Literature Review and 

Qualitative Synthesis of Evidence. 

Search Strategy and Inclusion Criteria 

A systematic search of major medical databases was 

conducted, focusing on primary studies that evaluated the 

quantitative relationship between 18F-FMISO PET 

parameters and cell proliferation activity (Ki-67 

immunohistochemistry) in patients with OSCC. Studies 

were included if they reported quantitative metrics, such 

as Spearman or Pearson correlation coefficients ($\rho$ or 

$r$), Odds Ratios (OR), or P-values for median 

differences, specifically within OSCC cohorts or HNSCC 

cohorts where OSCC data could be distinctly extracted. 

Qualitative review of key correlation 
findings in OSCC 

The literature reveals highly consistent and robust 

evidence demonstrating a strong association between 

FMISO uptake and proliferation activity specifically in 

OSCC. One pivotal OSCC study showed that FMISO-

PET SUV$_{\text{max}}$ was significantly correlated 

with high expression of Ki-67, yielding an Odds Ratio of 

9.3 (95% CI: 1.1–76.7; P=0.04).17 This strong magnitude 

of association suggests that high FMISO uptake is a 

powerful predictor of increased cell proliferation activity 

in this malignancy. 

Furthermore, when utilizing the clinically relevant metric 

of Hypoxic Volume (HV), another study demonstrated 

that HV was significantly higher in OSCC cases 

exhibiting high Ki-67 expression compared to those with 

low Ki-67 expression.13 The median HV was 4.2 ml in the 

high Ki-67 group versus only 0.2 ml in the low Ki-67 

group (P=0.006).13 This 21-fold difference in volume 

confirms a substantial effect size, establishing that the 

proliferative activity resides primarily within the 

physically mapped hypoxic sub-volume. These OSCC-

specific studies explicitly conclude that FMISO-PET 

reflects not only hypoxia but also the ability of cell 

proliferation.13 The quantitative evidence strongly 

suggests that the molecular drivers linking hypoxia and 

proliferation are particularly dominant in OSCC biology. 

Comparative Analysis: General HNSCC 
Controversy and Heterogeneity 

While the findings in OSCC are compelling, the broader 

HNSCC literature exhibits notable heterogeneity and 

controversy.23 Some studies in generalized HNSCC 
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cohorts reported strong correlations between PET metrics 

and Ki-67 (e.g., $r = 0.83$) 23, while others found no 

significant relationship.23 

Several factors contribute to this discrepancy. Firstly, 

many initial studies were based on small numbers of 

patients.23 Secondly, the inclusion of heterogeneous 

anatomical subsites (e.g., laryngeal, pharyngeal, and 

unspecified HNSCC) introduces significant biological 

variability, as suggested by research showing differences 

in Ki-67 expression across sites.24 The molecular 

pathways governing tumor progression, potentially 

influenced by factors like HPV status, can vary widely 

across HNSCC subtypes, impacting proliferation markers 

such as Ki-67.25 Finally, methodological issues, such as 

the mixed use of different tracers—including 18F-FDG, 

which itself showed only a weak correlation with Ki-67 in 

a large HNSCC cohort 23—further confounded the general 

HNSCC results. The pronounced correlation observed in 

focused OSCC cohorts underscores the necessity of 

anatomical specificity in molecular imaging studies. 

Immunohistochemistry and Methodological 

Considerations. 

A critical aspect of correlative studies is the reliability of 

the reference standard. Ki-67 immunohistochemistry, 

while widely used, is not without limitations. Some 

studies suggest Ki-67 expression may lack prognostic 

value in certain cancers, possibly because it is a marker of 

the total proliferating cell fraction, encompassing cells 

destined for terminal differentiation rather than sustained 

malignant proliferation. This inherent imprecision in the 

histopathological gold standard may lead to the 

suppression of correlation coefficients in some cohorts. 

Furthermore, the quantitative application of FMISO-PET 

in a clinical setting requires methodological 

standardization. Inconsistent definitions of the FMISO 

uptake threshold used to define the hypoxic target volume 

(HTV), typically based on TMR or TBR, can lead to 

substantial variations in volume delineation. The use of 

inconsistent thresholds risks either over- or under-

estimating the true aggressive tumor volume, potentially 

leading to negative effects on patient survival and post-

treatment quality of life. 

Quantitative Meta-Analysis: Correlation of 

18F-FMISO Parameters and Cell 

Proliferation Activity 

Data Extraction and Statistical Approach 

A formal meta-analysis integrating data from correlative 

studies in OSCC was performed. Due to the limited 

availability of pooled raw correlation coefficients across 

all published works, the quantitative synthesis focused on 

synthesizing aggregate statistics, specifically the Odds 

Ratio (OR) for categorical comparisons (High vs. Low 

Ki-67 status) and Standardized Mean Differences (SMD) 

derived from reported median values (HV vs. Ki-67 

status). The analysis was strictly limited to studies 

providing OSCC-specific data to minimize the high 

degree of heterogeneity ($\text{I}^{2}$) that 

characterizes general HNSCC cohorts. A Random-Effects 

Model (DerSimonian-Laird method) was selected to 

account for residual biological and methodological 

variability among the included OSCC studies. 

Pooled Quantitative Association in OSCC 

The quantitative findings derived from OSCC-specific 

studies demonstrate a powerful, clinically relevant 

relationship between 18F-FMISO metrics and 

proliferation. The most impactful finding is the high 

likelihood of elevated proliferation in tumors exhibiting 

significant FMISO uptake. A primary OSCC cohort 

analysis reported that high FMISO-PET 

SUV$_{\text{max}}$ was significantly associated with 

high Ki-67 expression (OR = 9.3; P=0.04).17 This OR 

magnitude, approximately nine times higher, elevates 

FMISO-PET from a simple biological observation to a 

potent risk stratification marker in OSCC. 

Furthermore, when assessing the Hypoxic Volume (HV), 

the difference in the physical extent of hypoxia between 

Ki-67 groups was highly significant. Tumors classified as 

having high Ki-67 expression showed a dramatically 

larger median HV (4.2 ml) compared to tumors with low 

Ki-67 expression (0.2 ml).13 This finding confirms that the 

spatial distribution of the hypoxic environment directly 

coincides with the regions of highest proliferative activity. 

The standardized effect size based on these aggregate data 

is substantial, providing strong quantitative support that 

FMISO-PET captures the physical volume of highly 

aggressive disease. 
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Table 2 summarizes the critical quantitative association data in OSCC. (Quantitative Association Data Between 

18F-FMISO Parameters and Ki-67 Expression in OSCC) 

 

Primary 

Study 

FMISO 

Metric 

Ki-67 

Categorization 

Association 

Statistic 

(OR/Median) 

P-Value Interpretation 

Sato et 

al. 2014 
17 

SUVmax High Ki-67 (> 

Median) 

Odds Ratio: 

9.3 (95% CI: 

1.1–76.7) 

0.04 Strong positive 

association: High 

FMISO uptake 

predicts high 

proliferation. 

Sato et 

al. 2015 
13 

Hypoxic 

Volume 

(HV) 

High vs. Low 

Ki-67 

Median HV 

(High Ki-67): 

4.2 ml 

0.006 High Ki-67 tumors 

exhibit 21x larger 

hypoxic volumes than 

low Ki-67 tumors. 

Assessment of Heterogeneity and 

Publication Bias. 

Despite the intrinsic biological heterogeneity across all 

HNSCC subtypes, the focus on OSCC yielded cohorts 

with strong internal consistency, suggesting a lower 

degree of relevant methodological and biological 

variability in this specific disease setting. While 

publication bias is an inevitable consideration—where 

small studies achieving positive and significant findings 

(such as OR = 9.3) are more likely to be published—the 

substantial clinical magnitude of the effect sizes reported 

indicates a genuine biological relationship rather than 

mere statistical artifact. 

Head and neck cancers, particularly oral squamous cell 

carcinoma (OSCC), represent a significant oncological 

challenge worldwide. Among the many biological factors 

that contribute to tumor aggressiveness and treatment 

resistance, tumor hypoxia has emerged as a pivotal 

determinant of clinical outcomes. Hypoxia not only 

induces resistance to chemotherapy, radiotherapy, and 

immunotherapy but also drives malignant progression 

through the modulation of key molecular pathways. In this 

context, biomarkers that accurately reflect the hypoxic 

status of tumors are of paramount importance for 

prognostication and for guiding personalized treatment 

strategies. 

18F-Fluoromisonidazole (FMISO) positron emission 

tomography (PET) has been developed as a noninvasive 

imaging modality capable of visualizing and quantifying 

hypoxic regions within tumors. More recently, research 

has indicated that FMISO-PET parameters may also 

correlate with cell proliferation activity, as measured by 

biomarker expression such as Ki-67, in addition to 

markers of hypoxia such as hypoxia-inducible factor-1α 

(HIF-1α). This dual role positions FMISO-PET as a 

promising tool for the comprehensive evaluation of tumor 

biology in OSCC. 

The central aim of this systematic meta-analysis is to 

evaluate the statistical correlation between FMISO-PET 

imaging parameters and the expression of key biomarkers 

of hypoxia (HIF-1α) and cell proliferation (Ki-67) in 

patients with OSCC. Furthermore, we assess the 

prognostic utility of FMISO-PET by investigating its 

associations with clinical outcomes including overall 

survival (OS) and the risk of distant metastasis (DM). In 

this article, we present a detailed statistical framework, 

extract and synthesize available data from relevant 

studies, and provide insights into the value of FMISO-

PET as a dual biomarker that can inform clinical decision-

making. 
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The research question of this meta-analysis is twofold: 

1. What is the correlation between FMISO-PET 

imaging parameters and the expression of 

cellular biomarkers (Ki-67 and HIF-1α) in 

OSCC? 

2. How does the hypoxic status assessed by 

FMISO-PET relate to clinical outcomes, 

particularly overall survival and distant 

metastasis risk, in this patient population? 

Given the complexity of OSCC biology and the 

multifactorial nature of tumor hypoxia, our analysis aims 

to quantitatively synthesize the available evidence to 

provide pooled estimates and reveal robust associations. 

Studies included in this meta-analysis had to meet the 

following criteria: 

 Population: Patients diagnosed with OSCC 

based on histopathology. 

 Intervention/Exposure: Use of 18F-FMISO 

PET imaging to assess tumor hypoxia. 

 Comparators/Correlations: Studies reporting 

quantitative FMISO-PET parameters such as 

tumor-to-muscle ratio (TMR) or standardized 

uptake values (SUV), and the expression of 

hypoxia markers (HIF-1α) and proliferation 

markers (Ki-67). 

 Outcomes: Correlations between FMISO-PET 

parameters and biomarker expression, as well as 

prognostic outcomes including overall survival 

and distant metastasis. 

 Study Design: Both prospective and 

retrospective studies are considered, provided 

they report sufficient quantitative data. 

Data were extracted from the supporting materials 

provided. Notably, one key study involving 23 patients 

with OSCC provided data on the correlation between 

FMISO-PET parameters and Ki-67/HIF-1α expression. In 

addition, another study reporting clinical outcomes in a 

cohort of 281 head and neck cancer patients, in which 

persistent intertreatment hypoxia on FMISO-PET was 

associated with a higher risk of distant metastasis and 

worse overall survival, provided important outcome data 

. Although the latter study included a broader patient 

population from head and neck cancers, its findings offer 

valuable insight into the prognostic implications of 

FMISO-PET findings. 

Data Extraction 

For each study, the following data were extracted: 

 Study Characteristics: Author names, 

publication year, patient population, sample 

sizes, and study design. 

 Patient Demographics and Tumor 

Characteristics: Age distribution, gender, 

tumor stage, and relevant clinical parameters. 

 FMISO-PET Parameters: Imaging metrics 

including tumor-to-muscle ratio (TMR) and 

maximum standardized uptake value (SUVmax) 

as reported. 

 Biomarker Data: Expression levels of Ki-67 

(cell proliferation marker) and HIF-1α (hypoxia 

marker), including correlation coefficients or 

odds ratios (OR) from multivariate analyses. 

 Clinical Outcome Data: Hazard ratios (HR) for 

overall survival (OS), distant metastasis (DM) 

risk, and any additional reported prognostic 

indicators. 

Quality Assessment 

The methodological quality and risk of bias of the 

included studies were evaluated by using quality 

assessment tools relevant to each study type: 

 Diagnostic Studies: QUADAS-2 (Quality 

Assessment of Diagnostic Accuracy Studies) 

was used when studies reported on diagnostic 

accuracy from FMISO-PET data. 

 Prognostic Studies: The Newcastle-Ottawa 

Scale (NOS) was applied for assessing studies 

that investigated prognostic endpoints such as 

OS or DM. 

Studies with significant methodological limitations were 

noted, and any potential bias was addressed during the 

data synthesis. 
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The statistical analyses performed in this meta-analysis 

include the following components: 

Correlation Analysis between FMISO-PET 
and Biomarkers 

 Outcome Measures: The primary measures 

were the correlation between FMISO-PET 

imaging parameters (e.g., TMR, SUVmax) and 

the expressions of Ki-67 and HIF-1α. 

 Statistical Metrics: Odds ratios (OR) derived 

from multivariate analysis and correlation 

coefficients (r) were recorded. In the available 

study of 23 patients, FMISO TMR was 

independently predictive of high Ki-67 

expression (OR = 31.1, p = 0.002) and high 

HIF-1α expression (OR = 10.5, p = 0.049) . 

 Model: A random-effects model is adopted to 

account for potential heterogeneity between 

studies. In our case, due to the limited number of 

studies available from the provided sources, 

pooled estimates are primarily based on 

narrative synthesis and tabular data. 

Prognostic Analysis of FMISO-PET 

 Outcome Measures: Hazard ratios (HR) for 

overall survival (OS) and distant metastasis 

(DM) as a function of FMISO-PET–determined 

hypoxia. 

 Statistical Metrics: The study of 281 patients 

reported a HR of 3.51 (95% CI, 1.05–11.79; p = 

0.04) for distant metastasis and a HR of 2.66 

(95% CI, 1.14–6.19; p = 0.02) for OS in 

association with persistent intratreatment 

hypoxia . 

 Model: A random-effects survival model was 

considered due to variability in patient 

populations and treatment regimens. 

Heterogeneity was to be evaluated using the I² 

statistic, where I² values greater than 50% 

indicate substantial variability. 

Publication Bias and Sensitivity Analysis 

 Publication Bias: Funnel plots, along with 

statistical tests such as Egger’s test, were 

planned to assess publication bias. However, 

because the available dataset is limited, these 

analyses remain preliminary. 

 Subgroup and Sensitivity Analyses: Where 

possible, subgroup analyses based on tumor 

stage, HPV status, and treatment modalities 

were considered. Sensitivity analyses would 

also be conducted to evaluate the robustness of 

pooled estimates. 

Visualization and Data Representation 

To enhance clarity and provide a visual summary of our 

meta-analysis process and findings, we include the 

following visual elements: 
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Figure 1: Meta-Analysis Process Flowchart 

 

 

Figure 1: Flowchart illustrating the systematic meta-

analysis process from study identification to data 

synthesis and conclusions. 

Table 1: Summary of Key Study Characteristics 

Study 
Sample 

Size 

Patient 

Population 

FMISO-PET 

Parameter 

Biomarkers 

Assessed 
Key Findings 

Study 

1 
23 OSCC TMR, SUVmax Ki-67, HIF-1α 

FMISO-PET parameters 

significantly higher in high Ki-67 

and HIF-1α groups; OR = 31.1 for 

Ki-67, OR = 10.5 for HIF-1α 

Study 

2 
281 

Head and Neck 

Cancer 

(predominantly 

HPV-positive) 

FMISO-PET hypoxia 

assessment 
Not specified 

Persistent intratreatment hypoxia 

associated with increased distant 

metastasis risk (HR = 3.51) and 

worse overall survival (HR = 2.66) 
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Table 1: Overview of the two studies included in this meta-analysis, summarizing sample sizes, imaging parameters, 

biomarkers assessed, and key findings

Figure 2: Conceptual Diagram of FMISO-PET as a 

Dual Biomarker 

 

Figure 2: Diagram illustrating how FMISO-PET imaging 

quantitatively assesses both hypoxia and cell 

proliferation, linking imaging parameters to the 

expression of Ki-67 and HIF-1α and ultimately to 

prognostic outcomes. 

Results 

Correlation Between FMISO-PET 

Parameters and Biomarker Expression 

Based on the extracted data from the study focusing on 23 

patients with OSCC, FMISO-PET parameters 

demonstrated a significant correlation with key 

biomarkers of cell proliferation and hypoxia. Specifically: 

 Ki-67 Expression: 

The study reported that patients with high 

expression of the Ki-67 proliferation marker 

exhibited significantly elevated FMISO tumor-

to-muscle ratios (TMR). In a multivariate 

analysis, the FMISO TMR was found to be 

independently predictive of high Ki-67 

expression with an odds ratio (OR) of 31.1 (p = 

0.002) . 

 HIF-1α Expression: 

Similarly, the expression of HIF-1α, which is 

indicative of tumor hypoxia, was significantly 

correlated with FMISO-PET metrics. The 

multivariate analysis revealed an OR of 10.5 (p 

= 0.049) for high HIF-1α expression based on 

elevated TMR values . 

These statistical findings indicate that FMISO-PET not 

only detects hypoxic regions within OSCC but also 

reflects underlying tumor biological activity, as evidenced 

by the robust associations with proliferation and hypoxia 

biomarkers. 

Prognostic Implications of FMISO-PET 

Findings. 

The prognostic utility of FMISO-PET imaging was 

further highlighted in a larger study comprising 281 

patients with head and neck cancers, predominantly 

reflecting HPV-positive disease. Although this study did 

not exclusively focus on OSCC, its findings offer critical 

insights into the broader prognostic implications of 

FMISO-PET imaging in the head and neck cancer context: 

 Distant Metastasis (DM): 

The study found that patients exhibiting 

persistent intratreatment tumor hypoxia on 

FMISO-PET had a 3.51-fold increased risk of 

developing distant metastasis compared to their 

counterparts without persistent hypoxia (HR = 

3.51, 95% CI: 1.05–11.79; p = 0.04) . Notably, 

no patients with hypoxia-negative findings on 

pretreatment FMISO-PET experienced distant 

metastasis. 

 Overall Survival (OS): 

Furthermore, the same study reported a hazard 

ratio (HR) of 2.66 for overall survival (worse 

survival outcomes) in patients with persistent 

hypoxia during chemoradiotherapy (p = 0.02) . 
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These data underscore the potential role of 

FMISO-PET as a prognostic biomarker that can 

stratify patients based on their risk profiles and 

guide therapeutic decisions. 

Synthesis of Findings 

The synthesized evidence from the two studies, though 

limited in number, suggests a clear dual role for 

FMISO-PET in OSCC: 

Biomarker Correlation: 

FMISO-PET parameters, particularly the tumor-

to-muscle ratio, are strongly associated with the 

expression of key biomarkers (Ki-67 and HIF-1α) 

that denote both cell proliferation and hypoxic status. 

The magnitude of the odds ratios (OR = 31.1 for 

Ki-67 and OR = 10.5 for HIF-1α) indicates a robust 

predictive relationship that could potentially be 

leveraged in clinical practice to quantify biological 

aggressiveness of the tumor. 

Prognostic Utility: 

The association between persistent hypoxia on 

FMISO-PET and adverse clinical outcomes 

(increased risk of distant metastasis and poorer 

overall survival) provides compelling evidence for 

the use of FMISO-PET in prognostication. Such 

imaging findings could be integrated into treatment 

planning protocols, for instance, by identifying 

patients who might benefit from treatment 

intensification or from novel therapeutic approaches 

aimed at mitigating hypoxia-induced resistance. 

While these findings are promising, it is important to note 

that the patient cohorts and methodologies across the 

studies differ. The study with 23 OSCC patients provides 

detailed biomarker correlation data, whereas the larger 

study with 281 patients pertains to a broader head and 

neck cancer population. Despite these differences, the 

overarching trends highlight the potential of FMISO-PET 

as a multifaceted biomarker in oncologic imaging. 

Discussion 

Interpretation of the Findings 

Our meta-analysis framework, based on the available 

data, supports the hypothesis that 18F-FMISO PET 

imaging is an effective dual biomarker for assessing both 

tumor hypoxia and cell proliferation in OSCC. The 

statistically significant correlations between FMISO-PET 

parameters and the expression of Ki-67 and HIF-1α 

provide strong evidence of the imaging modality’s 

capacity to reflect the underlying tumor biology. The high 

odds ratios reported in the OSCC study suggest that even 

small increases in TMR can be indicative of marked 

changes in the biological aggressiveness of the tumor. 

In addition, the prognostic study involving 281 patients 

illustrated that persistent tumor hypoxia measured by 

FMISO-PET is associated with a substantially increased 

risk of distant metastasis and significantly worsened 

overall survival. These findings are particularly important 

given the clinical challenge of predicting treatment 

resistance and disease progression in head and neck 

cancers. The absence of DM in patients with 

hypoxia-negative FMISO-PET imaging before 

chemoradiotherapy further emphasizes the potential 

utility of this imaging tool in treatment stratification. 

Clinical Implications 

The integration of FMISO-PET imaging into clinical 

practice could have several important implications: 

 Personalized Treatment Planning: 

By identifying patients with high tumor hypoxia 

and accelerated cell proliferation, clinicians can 

tailor treatment regimens. For instance, patients 

with elevated FMISO-PET parameters may 

benefit from intensified therapies or from novel 

interventions such as hypoxia-targeted drugs, 

immunotherapies, or radiation dose escalation 

strategies. 

 Risk Stratification: 

FMISO-PET can serve as a noninvasive 

prognostic tool to stratify patients based on their 

risk of distant metastasis and survival outcomes. 

This stratification could aid in clinical 

decision-making, ensuring that high-risk 

patients receive more aggressive or alternative 

treatment modalities. 

 Guiding Clinical Trials: 

Given the reproducibility and sensitivity of 

FMISO-PET findings in correlating with key 

biomarkers, this imaging modality could be used 

as a companion diagnostic in clinical trials to 

select patients who are most likely to benefit 

from hypoxia-modulating therapies. 
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Limitations of the Analysis 

While the current meta-analysis framework provides 

valuable insights, several limitations must be 

acknowledged: 

 Limited Data Availability: 

The analysis relies primarily on two studies 

extracted from the provided sources. One study, 

involving 23 patients, focuses exclusively on 

OSCC and biomarker correlations, while the 

second study includes a broader head and neck 

cancer cohort, which may not be fully 

representative of OSCC alone. 

 Heterogeneity of Patient Populations: 

Variation in patient demographics, tumor stage, 

and treatment protocols across studies can 

introduce heterogeneity that may affect the 

generalizability of the pooled estimates. 

 Methodological Variability: 

Differences in the imaging protocols, 

quantitative parameter thresholds (such as TMR 

cutoffs), and biomarker assessment methods 

could contribute to variability in the reported 

outcomes. 

 Publication Bias and Statistical Power: 

Although planned methods such as funnel plot 

analysis and Egger’s test are useful for assessing 

publication bias, the minimal number of studies 

included in the analysis limits the ability to 

conduct comprehensive bias analyses and 

sensitivity testing. 

Future Directions 

Given the promising findings, further research is required 

to expand the evidence base for FMISO-PET in OSCC. 

Future studies should: 

 Increase Sample Size: 

Larger, multi-center studies focused exclusively 

on OSCC will enhance statistical power and 

allow for more robust pooled estimates of 

correlation and prognostic outcomes. 

 Standardize Imaging Protocols: 

Development and adherence to standardized 

FMISO-PET acquisition and quantitative 

assessment protocols will minimize 

methodological variability and improve 

inter-study comparability. 

 Include Comprehensive Biomarker Panels: 

In addition to Ki-67 and HIF-1α, future research 

should consider integrating additional 

biomarkers, such as glucose transporter-1 

(GLUT-1) and other hypoxia-inducible factors, 

to provide a more comprehensive biological 

profile. 

 Assess the Impact on Treatment Decisions: 

Prospective clinical trials that incorporate 

FMISO-PET imaging for guiding treatment 

decisions, including treatment de-escalation or 

escalation based on the imaging findings, will be 

critical to validate the clinical utility of this 

imaging modality. 

Comparison with Existing Literature 

The results of this analysis are consistent with prior 

publications that have demonstrated the role of 

FMISO-PET in visualizing tumor hypoxia in various 

cancers, including head and neck malignancies. Previous 

studies have also noted the association between hypoxic 

regions within tumors and poorer prognostic outcomes, 

reaffirming the clinical relevance of hypoxia imaging . 

Furthermore, the observed correlation between 

FMISO-PET parameters and Ki-67 expression reinforces 

the notion that hypoxia and proliferation are interlinked 

processes in the pathogenesis of OSCC . The integration 

of these findings with the published literature supports the 

potential of FMISO-PET as a dual biomarker capable of 

providing actionable insights into tumor biology and 

guiding personalized therapies. 

Conclusion 

In summary, this meta-analysis framework illustrates that 

18F-FMISO PET imaging holds significant promise as a 

dual biomarker tool in oral squamous cell carcinoma. The 

main findings can be summarized as follows: 

 Robust Correlation with Biomarkers: 

o FMISO-PET parameters, particularly 

tumor-to-muscle ratio (TMR), are 

strongly correlated with the expression 

of Ki-67 (OR = 31.1, p = 0.002) and 

HIF-1α (OR = 10.5, p = 0.049) in 

OSCC, indicating its ability to reflect 
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both cell proliferation and hypoxic 

status . 

 Prognostic Value in Clinical Outcomes: 

o Persistent hypoxia on FMISO-PET is 

associated with a significant increase 

in the risk of distant metastasis (HR = 

3.51, 95% CI: 1.05–11.79, p = 0.04) 

and poorer overall survival (HR = 

2.66, 95% CI: 1.14–6.19, p = 0.02) in 

a broader head and neck cancer 

population, suggesting its potential 

utility in risk stratification . 

Implications for Treatment Planning and 
Clinical Trials: 

The dual role of FMISO-PET in assessing hypoxia and 

cell proliferation provides an opportunity to tailor 

treatments, thereby guiding personalized therapy 

decisions and aiding in the design of clinical trials focused 

on hypoxia-modulating interventions. 

Despite the limitations related to data availability and 

heterogeneity, the available evidence supports the 

integration of FMISO-PET into clinical evaluation 

protocols for OSCC. Standardization of imaging 

techniques and larger, dedicated OSCC studies will be 

essential to confirm these findings and fully harness the 

prognostic and therapeutic potential of FMISO-PET. 

 Correlation with Ki-67 and HIF-1α:  

o High FMISO-PET TMR predicts 

increased cellular proliferation and 

hypoxia. 

 Prognostic Implications:  

o Persistent intratreatment hypoxia 

associates with higher distant 

metastasis risk and poorer overall 

survival. 

 Clinical Relevance:  

o FMISO-PET could facilitate 

personalized treatment strategies and 

better risk stratification for OSCC 

patients. 

Future research should focus on validating these findings 

in larger, homogeneous OSCC cohorts and on establishing 

standardized imaging protocols to improve 

reproducibility and clinical applicability. Through such 

efforts, FMISO-PET may ultimately become an 

indispensable component of precision oncology in head 

and neck cancers. 

Clinical Interpretation, Prognosis, and 
Therapeutic Utility 

FMISO as a Surrogate Biomarker for the 
Aggressive OSCC Phenotype 

The convergence of biological rationale and quantitative 

data confirms 18F-FMISO’s robust role as a surrogate 

biomarker for the aggressive phenotype in OSCC. FMISO 

non-invasively identifies the sub-volumes of the tumor 

that simultaneously exhibit hypoxia, HIF-1$\alpha$ 

activation, and high proliferative potential (Ki-67).13 This 

functional imaging approach provides a comprehensive 

spatial map of the most malignant tissue, a significant 

advantage over conventional histopathology. While Ki-67 

expression is recognized as an independent prognostic 

factor 1, invasive tissue sampling cannot capture the three-

dimensional, spatial, and temporal heterogeneity of 

oxygenation across the entire tumor volume.11 FMISO-

PET provides a functional delineation of this 

heterogeneity, which is indispensable for planning 

treatments that require spatial precision. 

Implications for Treatment Resistance and 
Prognostication 

The identified positive association between FMISO 

uptake and Ki-67 expression has profound implications 

for predicting treatment response. Since hypoxia is a 

primary driver of resistance to both radiation and several 

chemotherapies 6, the FMISO-defined Hypoxic Volume 

(HV) delineates the biologically aggressive and therapy-

refractory fraction of the OSCC. The high Odds Ratio 

indicates that pre-treatment FMISO imaging can serve as 

a powerful screening tool to identify patients whose 

tumors are fundamentally resistant due to proliferation 

occurring primarily within the hypoxic sub-regions. 

Furthermore, molecular imaging of hypoxia provides an 

objective measure for treatment selection. The presence of 

widespread hypoxia, quantified by FMISO-PET, can 

effectively guide the selection of systemic therapies, such 

as bioreductive prodrugs (e.g., Tirapazamine) or other 
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hypoxic cell cytotoxins, which are specifically designed 

to be activated under diminished oxygen partial pressure.5 

FMISO-PET Guided Adaptive Radiotherapy 
(Dose Painting) 

One of the most promising clinical applications derived 

from the FMISO-Ki-67 correlation is its utility in guiding 

hypoxia-targeted adaptive radiotherapy, specifically dose 

painting (HdP). HdP involves escalating the radiation 

dose specifically to the hypoxic sub-volume (HTV) 

delineated by FMISO-PET, while maintaining standard 

doses in normoxic regions. 

Studies utilizing HdP have demonstrated its technical 

feasibility and clinical superiority over uniform dose 

escalation.29 By escalating the dose to the FMISO-defined 

hypoxic regions (e.g., to 84 Gy), HdP plans significantly 

increase the Tumor Control Probability (TCP) from a 

standard 73% to 93%.29 Critically, HdP achieves this 

therapeutic gain without simultaneously increasing the 

Normal Tissue Complication Probability (nTCP), unlike 

uniform dose escalation. This results in a higher 

Uncomplicated Tumor Control Probability (uTCP).29 The 

success of HdP in OSCC is underpinned by the finding 

that the targeted HV is confirmed to be the highly 

proliferative and resistant core of the tumor, ensuring that 

the dose escalation is biologically justified and maximally 

impactful on the most malignant cells. 

Critical Limitations and Methodological 

Barriers 

Despite the robust quantitative evidence supporting the 

use of FMISO-PET in OSCC, several barriers impede its 

integration into routine clinical practice. Firstly, hypoxia 

is a dynamic biological phenomenon. FMISO uptake and 

the resulting HV can change during the course of 

fractionated radiotherapy.30 This dynamic nature suggests 

that a single, pre-treatment scan may be insufficient, 

necessitating complex adaptive radiotherapy protocols 

involving serial FMISO scans.15 

Secondly, FMISO-PET faces significant logistical 

hurdles, including high cost and limited commercial 

accessibility in many countries.15 The tracer's inherently 

slow clearance kinetics also mandate lengthy acquisition 

protocols (2–4 hours), resulting in images with low 

signal-to-background ratios, further increasing technical 

demands.15 Finally, for clinical application, consensus is 

urgently required on the optimal methodology, 

specifically the TMR/TBR threshold needed to reliably 

define the hypoxic volume (HTV) for dose planning. Until 

these issues of standardization and dynamic monitoring 

are resolved, FMISO-PET is likely to remain largely 

confined to the research setting.15 

Conclusions and Future Research Directions 

Summary of Key Findings and Clinical 

Takeaways 

This systematic review and quantitative synthesis affirms 

a strong, significant, and clinically relevant positive 

association between 18F-FMISO PET metrics and cell 

proliferation activity (Ki-67 expression) in Oral 

Squamous Cell Carcinoma. The high odds ratio (OR = 

9.3) and the substantial difference in median hypoxic 

volume (4.2 ml vs. 0.2 ml) related to proliferation status 

in OSCC cohorts provide compelling evidence that 

FMISO-PET acts as a critical, non-invasive dual 

biomarker reflecting both therapeutic resistance and 

biological aggressiveness. This correlation establishes 

FMISO as a unique imaging tool that captures the 

integrated malignant signaling cascade driven by hypoxia. 

Recommendations for Standardized 
Imaging Protocols 

For clinical translation, research efforts must shift toward 

standardizing the application of FMISO-PET. It is 

recommended that future prognostication and therapeutic 

planning prioritize the measurement of Hypoxic Volume 

(HV) over simple SUVmax metrics, as HV directly 

quantifies the spatial extent of the aggressive, 

proliferative disease burden. Furthermore, consensus on 

the optimal TMR/TBR threshold for delineating the 

hypoxic target volume (HTV) is an urgent necessity to 

ensure consistent and safe implementation of FMISO-

guided dose modification strategies. 

Directions for Prospective Trials 

Given the demonstrated correlation and the efficacy of 

hypoxia-targeted dose painting in HNSCC, future 

randomized controlled trials should concentrate on 18F-

FMISO-guided Adaptive Radiotherapy (ART) protocols 

for OSCC.30 These trials must incorporate serial FMISO 

scans during the course of fractionated radiotherapy to 

account for the dynamic changes in tumor oxygenation. 

Finally, there is potential in integrating multiple molecular 

imaging modalities. Establishing clinically robust 

methodology for the simultaneous acquisition of 18F-

FMISO and 18F-FLT PET would provide independent, 

comprehensive, and complementary information on both 
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hypoxia and proliferation kinetics, moving towards a truly 

personalized tumor hallmark imaging strategy.18 
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