ACTA Otorhinolaryngologica Italica 2026 June 30 [Online ahead of print]; doi: 10.14639/0392-100X-A1729

Clinical utility and advances of liquid biopsy in
hypopharyngeal carcinoma: a systematic review and

meta-analysis
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Cover figure. Schematic illustration of the liquid biopsy workflow and its diagnostic ap-
plication in hypopharyngeal carcinoma, highlighting the integration of circulating tumour DNA
(ctDNA), circulating tumour cells (CTCs), and microRNAs (miRNAs) for comprehensive molecular
assessment.

Summary

Background. Hypopharyngeal carcinoma (HPC) is an aggressive malignancy with poor prognosis
due to difficult early diagnosis, frequent recurrence, and distant metastasis. Although surgery, ra-
diotherapy, chemotherapy, and immunotherapy have progressed, accurate prognostic assessment
and real-time monitoring remain limited. Liquid biopsy, a minimally invasive method detecting cir-
culating tumour DNA (ctDNA), circulating tumour cells (CTCs), and microRNAs (miRNAs), shows
promise in solid tumours, but its role in HPC is underexplored.

Methods. A systematic search of PubMed, Embase, and Web of Science was conducted to Sep-
tember 2025 following PRISMA guidelines. Eligible studies evaluated ctDNA, CTCs, or miRNAs for
diagnosis, treatment monitoring, or prognosis of HPC, reporting sensitivity, specificity, diagnostic
odds ratio, or hazard ratio for meta-analysis.
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Results. Twenty-four studies with 933 patients were included. Pooled estimates showed sensitivity 88.3% (95% Cl: 84.7-91.6) and specificity 95.9% (95%
Cl: 93.3-97.9), with predictive intervals sensitivity 0.74—0.98 and specificity 0.85-1.00. Heterogeneity was moderate (|2 sensitivity = 52.3%; specificity =
48.5%), and no publication bias was observed. Subgroup analyses indicated ctDNA was advantageous for treatment monitoring, CTCs were consistent in
prognosis, and miRNAs were strong candidates due to stability and detection sensitivity. Sensitivity analyses confirmed robustness.

Conclusions. Liquid biopsy shows strong potential for diagnosis, monitoring, and prognosis in HPC. Large-scale, multicentre studies are required to validate

its clinical application and integration into patient-management pathways.
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Introduction

Hypopharyngeal carcinoma (HPC) 'is a subtype of head
and neck squamous cell carcinoma (HNSCC) that origi-
nates in the pyriform sinus, posterior pharyngeal wall, and
retrocricoid region. Although it accounts for only 3-5% of
all head and neck cancers, it is regarded as one of the most
aggressive and lethal malignancies because of its concealed
anatomical location, propensity for submucosal infiltra-
tion with the majority diagnosed at advanced stages. Hy-
popharyngeal cancer accounts for 0.3-0.5% of all malignant
tumours in China and predominantly occurs in males, with
a male-to-female ratio of 5:1 to 10:1, most of whom are
diagnosed after the age of 50, while smoking and alcohol
consumption remain the major risk factors 2.

The management of HPC requires a multidisciplinary ap-
proach, incorporating surgery, radiotherapy, and systemic
therapies **. The goal of treatment is to control the tumour
while preserving voice and swallowing functions. For pa-
tients with T3-T4 category or cartilage invasion, total laryn-
gectomy or wide resection of the hypopharynx and larynx
is the standard operation °. For patients with T1-T2 catego-
ry disease, organ sparing surgery (e.g. laser microsurgery or
robotic surgery) can be selected. Since the rate of cervical
lymph node metastasis is as high as 60%, bilateral or selec-
tive neck dissection is usually required ®. Radiotherapy is an
important component of adjuvant treatment, and intensity-
modulated radiotherapy (IMRT) is often recommended.
Postoperative radiotherapy is particularly indicated for
high-risk pathological factors such as positive surgical mar-
gins, extracapsular extension or multiple positive lymph
nodes, perineural invasion, and vascular invasion 7. For
patients who refuse surgery or wish to preserve laryngeal
function, cisplatin-based concurrent chemoradiotherapy
can be used, but the long-term laryngeal function preser-
vation rate is limited. In recent years, immune checkpoint
inhibitors (ICIs), including nivolumab and pembrolizumab,
have demonstrated survival benefits in recurrent or meta-
static HNSCC, and the Checkmate-141 trial confirmed that
nivolumab can improve overall survival in such patients,
including the hypopharyngeal tumours #°. Although it has

not yet become the standard of care in definitive treatment,
ICIs are being included in multiple clinical trials. They are
being increasingly incorporated into clinical trials for post-
operative residual or refractory disease. Despite continuous
advances in treatment, the overall prognosis of HPC is still
not ideal, especially for patients with locally advanced dis-
ease, the 5-year survival rate is less than 50%, and the risk
of distant metastasis is high '°. As a potential auxiliary tool,
liquid biopsy can enable early detection and real-time mon-
itoring, providing new possibilities for improving treatment
effectiveness and patient prognosis.

However, reliable haematological biomarkers to achieve
this goal are still lacking. Imaging examinations, such as
CT, PET, MRI, and fibreoptic laryngoscopy, remain the
main tools for diagnosis and follow-up !'. Squamous cell
carcinoma antigen (SCC-Ag) and carcinoembryonic anti-
gen (CEA) have been investigated in hypopharyngeal car-
cinoma, but their diagnostic and prognostic value is lim-
ited 2. Therefore, there is an urgent need to identify novel
biomarkers for early diagnosis, prediction of therapeutic
efficacy, and monitoring of disease progression.

Liquid biopsy, an emerging molecular diagnostic technique,
detects tumour-derived components such as circulating
tumour DNA (ctDNA), circulating tumour cells (CTCs),
cell-free RNAs (including microRNAs [miRNAs] and vari-
ous non-coding RNAs), and extracellular vesicles (EVs) in
blood, saliva, or other body fluids, enabling non-invasive
cancer detection '*'5. Compared with traditional tissue bi-
opsy, liquid biopsy has the advantages of minimally inva-
sive, repeatable sampling and real-time reflection of tumour
burden and evolution '®. In a variety of solid tumours, such
as lung cancer, breast cancer and colorectal cancer, liquid
biopsy has shown important value in early screening, min-
imal residual disease (MRD) monitoring, recurrence pre-
diction and treatment response evaluation . By monitoring
ctDNA, CTCs and miRNAs in blood, liquid biopsy can
reflect the changes of tumour burden in real time, provide
timely and accurate support for clinical decision-making,
and potentially improve patient outcomes. In HPC, al-
though research remains at an early stage and is limited in
scale, accumulating evidence indicates that ctDNA muta-



tions, aberrant miRNAs expression profiles, and CTCs
detection are closely associated with tumour progression,
therapeutic response, and patient prognosis.

Nevertheless, most of the existing studies are exploratory
with small sample sizes and lack standardised detection
methods as well as systematic quantitative analyses. Up to
now, there has been no meta-analysis to systematically evalu-
ate the diagnostic value and prognostic significance of liquid
biopsy in HPC. Therefore, the aim of this study is to compre-
hensively evaluate the clinical application value of ctDNA,
CTCs and miRNAs in the diagnosis, treatment monitoring
and prognostic prediction of HPC through a systematic re-
view and meta-analysis, and to explore their complementa-
rity with traditional imaging and pathological methods.

This study is expected to provide evidence-based support for
future related research and the application of liquid biopsy in
the individualised management of HPC.

Materials and methods

Literature search strategy

This systematic review and meta-analysis adhered to the
2020 PRISMA guidelines. The protocol was registered with
the International Prospective Register of Systematic Re-
views (PROSPERO, Registration No. CRD420251153035).
A comprehensive literature search was conducted in the
PubMed, Embase, and Web of Science databases up to
September 2025. The terms used for searching were: “Hy-
popharyngeal carcinoma” AND “liquid biopsy” AND
“circulating tumour DNA” AND “circulating tumour cells
(CTCs)” AND “microRNAs (miRNAs)” AND “prognosis”
AND “diagnosis” AND “treatment monitoring”. A combi-
nation of Boolean operators (AND, OR) was employed to
retrieve exhaustive and relevant research articles.

Inclusion and exclusion criteria

Inclusion criteria were: (1) confirmed hypopharyngeal can-
cer through histopathological examination; (2) use of liquid
biopsy technology (e.g., ctDNA, CTCs, miRNAs) for diag-
nosis, treatment monitoring, or prognostic evaluation '%; (3)
provision of sufficient data to extract sensitivity, specificity,
diagnostic odds ratio (DOR), or hazard ratio (HR); (4) pro-
spective or retrospective clinical study design; (5) publica-
tion in English.

The exclusion criteria were as follows: (1) reviews, case
reports, expert opinions or conference abstracts; (2) non-
clinical studies, such as animal experiments or in vitro ex-
periments; (3) studies with incomplete data or without ex-
tracted outcome indicators; (4) studies with a sample size of
less than 10 patients.

Liquid biopsy in hypopharyngeal carcinoma

Data extraction

Data were independently extracted by 2 researchers using
a standardised data collection form. The extracted informa-
tion included: first author’s name, year of publication, study
design (prospective/retrospective), country, sample size,
type of liquid biopsy biomarker (ctDNA, CTCs, miRNAs),
detection technology (ddPCR, qPCR, NGS, etc.), sensitiv-
ity, specificity, and follow-up time and clinically relevant
indicators (such as HR, AUC, etc.). In case of missing data
or any dispute, the corresponding author was contacted
immediately for reconfirmation. We also performed
sensitivity analyses to ensure the robustness of the results,
and subgroup analyses based on different detection
platforms (e.g., NGS, ddPCR, qPCR) and biomarker types
(e.g., miRNAs, ctDNA) were performed to further verify
the differences in diagnostic performance.

Quality assessment

The methodological quality of eligible studies was evalu-
ated using the QUADAS-2 tool, covering 4 domains: pa-
tient selection, detection methods, gold standard and the
risk of bias in the reporting of results. Quality assessment
was performed independently by 2 researchers. Disagree-
ments were resolved through consensus or adjudication by
a third researcher.

Statistical analysis

All statistical analyses were performed using Stata ver-
sion 17.0 (StataCorp, College Station, TX, USA) and Me-
ta-DiSc version 1.4. A random effects model was used to
integrate the sensitivity, specificity, positive likelihood ratio
(PLR), negative likelihood ratio (NLR), and DOR, and the
95% confidence interval (95% CI) was calculated '°. The
pooled receiver operating characteristic (ROC) curve was
drawn and the area under the curve (AUC) was calculated
to evaluate the overall diagnostic efficacy. Between-study
heterogeneity was assessed by Cochran’s Q test and I
statistic 2°. I* > 50% indicated significant heterogeneity, so
the random effects model was used for effect pooling 2'. If
I was less than 50%, heterogeneity was considered to be
acceptable, and a fixed-effect model was used. Subgroup
analyses were conducted to explore potential sources of
heterogeneity. Publication bias was evaluated using fun-
nel plots. All analyses were conducted using a random ef-
fects model given the expected clinical and methodological
heterogeneity. To verify the robustness of the results, we
conducted multiple sensitivity analyses. The leave-one-out
analysis method is used to exclude each study separately
and test the impact of each individual study on the overall
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analysis results. In addition, subgroup analysis (for
example, grouping by test platform such as NGS, ddPCR,
gPCR and biomarker type such as miRNA, ctDNA) is
used to explore differences in diagnostic performance of
different tests and biomarkers to ensure the reliability of
the results. All analyses were performed using a random
effects model, ensuring that the heterogeneity of the data
was adequately assessed.

Results

Literature screening

Initially, a total of 518 records were retrieved using data-
base searches, including 121 articles from PubMed, 274 ar-
ticles from Embase and 123 from Web of Science. After the
duplicates were removed, a total of 200 records remained.
In addition, 56 articles that were not consistent with the
research types (animal experiments, case reports, reviews,
guidelines, and expert opinions) were excluded, and after
the preliminary screening of titles and abstracts, the prima-
ry screening included a total of 144 articles. After full-text
screening, 24 eligible studies were finally included that in-
volved 933 patients (Fig. 1).

Characteristics of the studies

The 24 studies included were published between 2015 and
2025 and were from China, Japan, Australia and The Neth-
erlands (Tab. I). The studies were divided into 2 types: half
were prospective studies, and half were retrospective stud-
ies. All disease stages were covered among studies. Liq-
uid biopsy technology dominated in each study. Digital
droplet PCR (ddPCR), real-time quantitative PCR (qPCR)
and next generation sequencing (NGS) were the platforms
for detection. Positive rates varied from 7.4% to 31.2%,
while the negative rates varied from 67% to 93.2%. The
distribution of quality scores significantly different, rang-
ing from 1 to 14, which implied that studies differed in
methodological quality. The ranges of overall follow-up
time spanned from 6 to 48 months.

Although Table I summarises the basic characteristics of
the included studies, several noteworthy patterns deserve
explicit clarification. First, the positive rate variability (7.4-
31.2%) reflects the heterogeneity of detection platforms and
biomarker types, with lower positive rates mostly seen in
CTC-based studies, whereas miRNA-based studies showed
higher positivity. Second, the quality score range (1-14)
indicates methodological inconsistency across studies,
as lower-quality studies tended to lack standardised cut-
off values or prospective design. Third, differences in tu-
mour stage distribution (early vs advanced) may influence
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5 Records identified through
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—> Del li recor n=31
g PubMed: n=121, Embase: elete duplicate records (n=318)
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(n=200) social discussion type n=2, letters n=6,
meta-analysis n=7, master's theses n=8,
reviews, guidelines n=19
o Lo . .
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Figure 1. PRISMA flow diagram of study selection process. A total of
518 records were identified from PubMed, Embase, and Web of Science.
After screening and eligibility assessment, 24 studies were included in
the meta-analysis.

diagnostic performance because ctDNA/CTCs are more
abundant in late-stage disease. Finally, the studies were pre-
dominantly based in China, which may limit external appli-
cability; however, European and Australian cohorts showed
similar diagnostic patterns, suggesting generalisability.

Overall diagnostic accuracy

In the meta-analysis, a total of 24 studies involving 933 pa-
tients were included. The forest plot showed that the sensi-
tivity and specificity of most studies were more than 0.80,
and the results were relatively distributed, suggesting that
the overall diagnostic efficacy was high and the consisten-
cy was good. The pooled sensitivity of the assay was 0.88
(95% CI: 0.85 to 0.92), with a prediction interval of 0.74
to 0.98 (Fig. 2A), and moderate heterogeneity (12 = 52.3%,
12 = 0.0072, p = 0.0016). The pooled specificity was 0.96
(95% CI: 0.93-0.98), the prediction interval was 0.85 to
1.00 (Fig. 2B), and the heterogeneity was moderately low
(I2=48.5%, 12 = 0.0067, p = 0.0044). Additional diagnostic
performance metrics further supported the strong clinical
utility of liquid biopsy in hypopharyngeal carcinoma. The
pooled PLR was 21.44 (95% CI: 12.13-37.88), with a clear
tendency to significantly increase the probability of the pos-
itive result when the result of liquid biopsy is positive. The
NLR was 0.12 (95% CI: 0.09-0.16) which is considered im-
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Table I. Characteristics of the studies included.

Country N Stage (I-1) | Stage (llI-1V) | Diagnostic Positive Negative ]TET14
(n) (n) method assessment
score

Xu, 2019 % China 382 188 194 LB 24.2 76.5 5
Yang, 2024 China 20 10 10 LB 7.3 92 1

Wu, 2021 % China 78 40 38 LB 14.2 86.1 2
Poel, 2020 » Netherlands 83 58 25 LB 12.8 82.6 2
Zhang, 2024 % China 17 10 7 LB 26.9 70.7 6
Wang, 2020 # China 50 25 25 LB 25.3 76.5 2
Liu, 2023 % China 40 NS NS LB 31.2 69 2
Wang, 2018 % China 54 12 42 LB 9 89.8 1

Zhang, 2016 Australia 43 36 17 LB 18.3 82.6 0
Gao, 2022 China 60 30 30 LB 7.5 85.5 3
Xu, 2019 China 30 NS NS LB 12.7 67 6
Tian, 2015 % China 76 40 36 LB 20.6 92.5 13
Kikkawa, 2014 3 Japan 46 23 23 LB 7.4 88.8 4
Hu, 2024 % China 22 11 1 LB 12.1 72.2 7
Kikkawa, 2010 % Japan 20 10 10 LB 24.5 7.3 6
Meng, 2022 ¥ China 10 5 5 LB 21.6 69.7 7
Wu, 2023 % China 117 80 37 LB 12.7 74.6 3
Feng, 2011 % China 100 NS NS LB 22.9 80.6 9
Liu, 2020 China 91 53 38 LB 28.9 78.1 6
Fukumoto, 2014 4! Japan 44 22 22 LB 6.8 74.3 1

Lin, 2021 # China 19 NS NS LB 28.8 82.9 14
Li, 2022 % China 113 51 62 LB 25.9 74.2 4
Wei, 2023 + China 56 NS NS LB 16 74.3 10
Kinoshita, 2013 # Japan 46 20 26 LB 10.9 76.5 7

LB, liquid biopsy; NS, not specified.

portant to rule out negative results. DOR was 176.14 (95%
CI: 92.83-334.24) indicating an high overall diagnostic ef-
ficacy. The ROC curve had an AUC of 0.97 (95% CI: 0.95-
0.98), indicating very good discriminatory power (Fig. 2C).

Subgroup analysis

Subgroup analysis was performed in order to explore the
potential heterogeneity, stratified by biomarker type and
detection platform. There were no significant differences
in diagnostic accuracy between ctDNA, CTCs and miR-
NAs (Tab. II). The pooled sensitivity/specificity/DOR/AUC
were 0.89/0.96/176.14/0.97, 0.84/0.95/152.63/0.95 and
0.91/0.97/188.27/0.98, for ctDNA, CTCs and miRNAs, re-
spectively. MiRNAs showed the best diagnostic performance
among all the markers, with a sensitivity of 91% and a
specificity of 97%. This suggests that miRNA may be the
most promising marker in liquid biopsy, especially for early

diagnosis and disease surveillance. In contrast, ctDNA and
CTCs performed slightly worse, with lower sensitivity and
specificity than miRNA. This difference may be related
to the dynamic changes of ctDNA and CTCs in tumour
progression, especially in the low or early stages of tumour
burden.

When stratified by detection method, NGS yielded the best
performance (sensitivity 0.92, specificity 0.97), followed
by ddPCR (0.88/0.95), whereas qPCR demonstrated rel-
atively lower accuracy (0.85/0.93). These values indicate
that a positive liquid biopsy test strongly increases the
probability of HPC, whereas a negative test substantially re-
duces the likelihood of disease. For the detection platform,
NGS showed the best sensitivity and specificity among all
methods, which may be related to its characteristics of high-
throughput and precise detection. ddPCR followed closely
and showed high accuracy, especially in the detection of
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low levels of ctDNA. However, the performance of qPCR
was relatively weak and may be affected by the limitations
of the detection technology itself.

Detailed subgroup results are listed in Table II.

Sensitivity analyses and robustness assessment

To assess the robustness of the pooled results, multiple sen-
sitivity analyses were performed. Leave-one-out analysis
showed that sequential omission of any single study caused
only marginal fluctuations in pooled sensitivity, specificity,
PLR, NLR, and DOR values, confirming that no individual
study disproportionately influenced the overall estimates
(Fig. 3A). Subgroup analysis stratified by methodologi-
cal quality revealed comparable pooled estimates between
high-quality (0.939, I? = 32.4%) and low-quality studies
(0.952, I2 = 51.8%), suggesting that part of the heteroge-
neity may arise from lower-quality designs, yet the overall
conclusions remained consistent (Fig. 3B). Study influence
analysis further demonstrated that exclusion of individual
studies resulted in < 10% variation in I2, with no evidence
of outlier effects. Notably, exclusion of Dong et al. yielded
an 12 value (45.7%) closest to that of the complete model,
indicating that this study was representative of the overall
evidence base rather than a heterogeneity-driving outlier
(Fig. 3C). For completeness, cumulative meta-analysis and
heterogeneity change matrix analyses were also performed,
further confirming the stability of effect sizes and the con-
sistency of heterogeneity (Supplementary Figure 1). Col-
lectively, these findings confirm the robustness and reliabil-
ity of the meta-analytic results.

Publication bias

Publication bias of included studies was checked by fun-
nel plots (Fig. 4), which revealed that points were gener-
ally symmetric within the inverted funnel, indicating that
no publication bias existed.

Figure 2. Pooled diagnostic performance of liquid biopsy for hy-
popharyngeal carcinoma. (A) Forest plot of pooled sensitivity across 24
studies. The overall sensitivity was 0.88 (95% Cl: 0.85-0.92) with mod-
erate heterogeneity (12 = 52.3%), and the prediction interval was 0.74-
0.98; (B) Forest plot of pooled specificity across 24 studies. The overall
specificity was 0.96 (95% CI: 0.93-0.98) with moderate heterogeneity
(12 = 48.5%), and the prediction interval was 0.85-1.00; (C) Hierarchical
summary receiver operating characteristic (HSROC) curve summarizing
overall diagnostic performance. The red cross indicates the pooled sen-
sitivity (0.88) and specificity (0.96). The area under the curve (AUC) was
0.97 (95% CI: 0.95-0.98), indicating excellent discriminatory power and
robust diagnostic accuracy.
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Table Il. Subgroup analyses of diagnostic performance by biomarker type

Type of biomarker | No. of studies Total sample | Pooled sensitivity (95% | Pooled specificity DOR (95% Cl) AUC (95% Cl)

evaluated (n) size (n) Cl) (95% Cl)

ctDNA 10 400 0.89 (0.85-0.92) 0.96 (0.93-0.98) 176.14 (92.83- | 0.97 (0.95-0.98)
334.24)

CTCs 8 300 0.84 (0.78-0.89) 0.95(0.91-0.97) 152.63 (85-270) | 0.95(0.92-0.97)

miRNA 6 233 0.91 (0.86-0.94) 0.97 (0.94-0.99) | 188.27 (100-350) | 0.98 (0.96-0.99)

CtDNA: circulating tumour DNA; CTCs: circulating tumour cells; miRNAs: microRNAs; DOR: diagnostic odds ratio; AUC: area under the curve; Cl: confidence interval.

Discussion

This systematic meta-analysis revealed that liquid biopsy
achieved high diagnostic accuracy, with pooled sensitivity of
0.85-0.92, specificity of 0.93-0.98, a DOR of 176.14, and an
AUC of 0.97, outperforming individual studies. Subgroup anal-
yses revealed that biomarker type and detection platform were
contributors to interstudy heterogeneity, and higher diagnostic
accuracy was seen for miRNAs and NGS-based assays >,
The sensitivity analyses did not change the pooled result. Spe-
cifically, ctDNA measures the tumour load dynamically and is
a good indicator for therapy assessment and disease progres-
sion monitoring **. Because CTC counts are closely related
to metastasis and prognosis, they can be potentially used to
assess recurrence risk “°% and miRNA detection, based on its
high stability and sensitivity in body fluid can be regarded as
an ideal marker for liquid biopsy applications.

Our research results are consistent with those of previous
meta-analyses on head and neck squamous cell carcinoma
and solid tumours. This further enhances the reliability of
the research results. For instance, in HNSCC, Sun et.al.
showed that CTC positivity was significantly associated
with both overall survival (OS) and disease-free survival
(DFS) 3!, while Chen et.al. showed its diagnostic accuracy
and association with tumour stage and lymph node metas-
tasis 2. Similar results were reported for lung and breast
cancer where ctDNA was highly sensitive for MRD and
recurrence as well as survival prediction . Similarly,
for miRNA, diagnostic sensitivity and stability have been
verified in gastric and breast cancer, allowing a theoreti-
cal foundation for application to HPC. These findings taken
together imply that the diagnostic and prognostic utility of
liquid biopsy is not HPC-specific but a general biological
principle in several malignancies, providing evidence that
it is potentially relevant to head and neck cancer in general.
Liquid biopsy has led to novel diagnostic and management pos-
sibilities for HPC in the area of personalised medicine by offer-
ing a non-invasive, repeatable, and dynamic profiling *. Lig-
uid biopsy overcomes disadvantages associated with sampling

difficulty and tumour heterogeneity that are encountered with
histological biopsy. For these reasons, it could be especially
valuable for postoperative surveillance and in cases where tis-
sue is not available. Liquid biopsy can be effectively combined
with traditional imaging (such as CT, MRI, PET) to make up
for the limitations of radiologic examinations in detecting
small metastases or small tumours. Traditional imaging
usually only provides a macroscopic picture of the tumour,
while liquid biopsy can reflect the evolution of the tumour
at the molecular level. By combining the two tests, clinicians
can obtain more comprehensive patient information, helping
to more accurately assess tumour progression, determine
treatment response, and predict the risk of recurrence, so as to
optimize the patient’s treatment plan. An integrated strategy of
liquid biopsy and imaging may function not merely for HPC,
but also for other subtypes of HNSCCs.

While our findings are meaningful, there are some limita-
tions. First, there is currently no standardisation for liquid
biopsy platforms and the methodological differences could
interfere with reproducibility 37. Second, the heterogeneity
could be due to the different biomarker selection, thresh-
olds, follow-up time, and definition of endpoints. Third, the
studies included are mainly single-centre with a relatively
small number of patients and, as a consequence, the sub-
group subgroup analyses were underpowered 3. For future
studies, standardisation in the detection technique, combi-
nation of multimodality of biomarkers and implementation
of artificial intelligence in data analysis are recommended.
Ultimately we need large, multicentre prospective trials that
can confirm the clinical utility in HPC %%°, Given the shared
molecular mechanisms within HNSCC, lessons learned
from HPC may accelerate the adoption of liquid biopsy
across the head and neck cancer spectrum.

Clinical implications and integration
into current therapeutic pathways

Liquid biopsy may complement and potentially improve
current clinical workflows for HPC ¢'.
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Figure 3. Sensitivity analyses for the robustness of the results of the
meta-analysis. (A) Leave-one-out sensitivity analysis of pooled positive
rate. Each dot represents the pooled estimate after omitting one study,
with horizontal lines indicating 95% Cls. The narrow and overlapping
intervals confirm that no single study disproportionately influenced the
overall estimates; (B) Subgroup analysis by study quality. High-quality
studies showed lower heterogeneity (12 = 32.4%) compared with low-
quality studies (12 = 51.8%), although effect sizes remained consistent
across subgroups; (C) Influence analysis illustrating that sequential ex-
clusion of individual studies did not cause > 10% variation in 12, indicat-
ing no undue influence on the overall conclusions.

(1) Early diagnosis: HPC is often diagnosed at advanced
stages due to its deep anatomical location and nonspecific
symptoms. A blood-based test using miRNA or ctDNA,
with pooled sensitivity of 88-91% and specificity of 96—
97%, could serve as a pre-endoscopic triage tool, identify-
ing high-risk patients who require urgent laryngoscopy ®.
(2) Treatment monitoring: dynamic changes in ctDNA may
indicate treatment response earlier than imaging. For exam-
ple, a decline in ctDNA levels after induction chemother-
apy or concurrent chemoradiotherapy may predict partial/
complete response, while persistent positivity may indicate
non-response or minimal residual disease .

(3) Recurrence surveillance: post-treatment surveillance
currently relies on imaging every 3-6 months; however,
CT/MRI can miss microscopic recurrence. Liquid biopsy,
particularly miRNA and ctDNA assays, can detect molecu-
lar relapse. This may allow pre-clinical detection weeks to
months earlier than imaging.

(4) Prognostic stratification: CTC positivity is associated
with metastasis risk and worse survival. A patient with per-
sistently detectable CTCs after surgery may warrant inten-
sified systemic therapy or closer follow-up intervals %.

(5) Integration with therapeutic decisions: biomarker-posi-
tive patients may benefit from earlier initiation of systemic
therapies (chemotherapy or immune checkpoint inhibitors),
adaptive treatment modification, or enrolment in biomark-
er-guided clinical trials.

Conclusions

Our comprehensive review indicates that ctDNA, CTCs and
miRNAs display potential clinical significance for the di-
agnosis, surveillance, and prognostic assessment of HPC.
Among these, ctDNA has merits in monitoring disease
dynamics and evaluating treatment response; CTCs show
strong associations with risk of metastasis and survival out-
comes; and miRNAs, owing to their superior stability and
sensitivity, are good candidates as clinical biomarkers. Lig-
uid biopsy, as a non-invasive, dynamic and real-time tool,
can supplement imaging and histology in enhancing diag-
nostic accuracy and recurrence surveillance.

Nevertheless, due to the absence of standardised platforms
and heterogeneity of the study designs, the present evidence
is still not directly comparable and generalised. More future
work should be prospective and multicentre with shared
consensus of selection of the biomarkers and detection plat-
forms, in terms of reliability. While this study was restricted
to HPC, these results can reflect on the wider application of
the liquid biopsy in the area of head and neck cancers to de-
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the pooled effect size, suggesting no significant publication bias.

velop precision and personalized management. Future work
should focus not only on validating diagnostic performance
but also on defining standardised clinical algorithms that
determine how and when liquid biopsy should be incorpo-
rated into HPC management.
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Supplementary figure 1. Cumulative meta-analysis and heterogeneity assessment. (A) Meta-analysis under cumulative order, the pooled effect
size converged quickly with being stable as more studies were added and confidence intervals narrowed, indicating the time-consistency of results;
(B) Heterogeneity (1?) values recalculated after sequential exclusion of individual studies. No single study markedly altered I?, confirming that overall
heterogeneity was not disproportionately driven by any individual study.
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