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ABSTRACT

Background: Cancer screening coverage remains low in India, while blood- and body-fluid-based biomarkers
could potentially complement organ-specific screening. This study evaluated the diagnostic performance of
multiple novel biomarker domains for distinguishing cancer from non-cancer states in an Indian cohort, with a
specific exploratory analysis of stage I-1I disease.

Materials and Methods: An exploratory diagnostic accuracy study included 60 participants from 14 Indian
states. Department of Pathology, Shri Sathya Sai Medical College & Research Institute, Sri Balaji Vidyapeeth
University (DU), Chennai Campus, Ammapettai, Nellikuppam Post, Chengalpattu District, Tamil Nadu, India.
Study period was between July 2024- June 2026 Final diagnostic categories were cancer (n=15), high-risk
(n=7), benign (n=22), and no evidence of cancer (n=16). Peripheral venous blood, saliva, and first-void urine
were collected under a standardized pre-analytical SOP with barcoding and time-temperature monitoring. Nine
systemic biomarker domains were evaluated: DNA methylation, fragmentomics, cell-free RNA (cfRNA),
extracellular vesicles (EV), circulating tumour cells (CTC), tumour-educated platelets (TEP), protein
biomarkers, autoantibodies, and metabolomics. Salivary and urinary HPV markers were assessed in relevant
site-specific subsets. Molecular and cellular assays incorporated sequencing, RT-qPCR, immunoassay,
microfluidic/cell-based enrichment, mass spectrometry, and methylation-based platforms. Receiver operating
characteristic analysis compared cancer with all non-cancer categories; a separate exploratory analysis
compared stage I-II cancers with non-cancer participants.

Results: The cohort had a mean age of 55.0 + 7.3 years; 32 (53.3%) were male, and all 60 participants (100%)
had no recorded prior cancer-screening history. Six of 15 cancers (40.0%) were stage I-II. Biomarker
distributions differed significantly across diagnostic categories for all nine systemic domains (Kruskal-Wallis
p<0.001). For cancer versus non-cancer, AUCs ranged from 0.919 for TEP to 0.933 for CTC. Methylation,
CTC, and metabolomics each achieved 100% specificity at their exploratory Youden-derived thresholds, with
86.7% sensitivity. In the stage I-II analysis, AUCs were lower, ranging from 0.798 to 0.833, with wide
confidence intervals because only six early-stage cancers were available. All nine systemic biomarkers showed
strong positive correlations with cancer stage (Spearman rho 0.963-0.979, all p<0.001). Tissue-of-origin
classification was concordant with the recorded primary site category in all 15 cancer cases.

Conclusion: Multiple circulating biomarker domains showed strong discrimination between cancer and non-
cancer states in this exploratory Indian cohort, but performance attenuated for stage I-1I disease. The findings
support multimodal biomarker development while also demonstrating the need for larger prospective, screening-
based Indian validation cohorts with standardized assay methods, blinded reference standards, and external
validation before clinical implementation.

KEYWORDS: cearly cancer detection; biomarkers; liquid biopsy; methylation; fragmentomics; cfRNA;
circulating tumour cells; tumour-educated platelets; India

INTRODUCTION

India faces a rising cancer burden, with national registry-based estimates reporting more than 1.46 million
incident cancers in 2022 and a continuing increase projected thereafter [1]. Yet early detection remains uneven.
NFHS-5 analyses have shown very low uptake of oral, breast, and cervical cancer screening in the eligible
population, underscoring the implementation gap between policy and routine practice [2]. This gap is especially
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relevant where access to imaging, specialist examination, pathology, and follow-up is geographically
fragmented.

Liquid-biopsy approaches are attractive because they can sample tumour-associated molecular signals through
minimally invasive specimens and can, in principle, support repeated testing [3]. Cell-free DNA methylation has
emerged as one of the most mature multi-cancer strategies [4]. Independent validation of methylation-based
multi-cancer early detection has demonstrated high specificity but a pronounced stage gradient, with much
lower sensitivity in stage I than in advanced disease [5]. Fragmentomic analysis provides complementary
information from genome-wide cell-free DNA fragmentation patterns [6], and lung-cancer studies have shown
that fragmentome-based classifiers can detect clinically relevant disease across stages [7].

Other biomarker classes may capture distinct dimensions of tumour biology. Cell-free RNA can reflect early
transcriptional alterations [8]. Extracellular vesicles contain proteins and nucleic acids released from tumour and
host cells [9]. Circulating tumour cells are biologically linked to dissemination and may identify clinically
significant disease, although their rarity remains a technical challenge [10]. Tumour-educated platelet RNA
profiles have also shown pan-cancer diagnostic potential [11]. Multi-analyte strategies that combine molecular
alterations with circulating proteins have further demonstrated the feasibility of integrating heterogeneous
signals for cancer detection [12]. Autoantibodies can amplify immune recognition of tumour-associated antigens
[13], while metabolomic signatures may capture downstream metabolic reprogramming [14]. In India, saliva is
particularly relevant for oral cancer detection because collection is inexpensive and non-invasive [15], whereas
self-collected HPV testing could expand cervical-screening reach in women who are underserved by facility-
based programmes [16].

The present study therefore examined the diagnostic behaviour of a broad multimodal biomarker panel in an
Indian cohort spanning cancer, high-risk, benign, and no-evidence categories. The primary objective was to
estimate the discrimination of individual systemic biomarker domains for cancer versus non-cancer. Secondary
objectives were to assess performance for stage I-II cancer, examine stage-related biomarker gradients, describe
tissue-of-origin concordance, and summarize site-specific saliva and urinary HPV findings.

MATERIALS AND METHODS

Study design and setting

This was an exploratory diagnostic accuracy study conducted through the Department of Pathology, Shri Sathya
Sai Medical College & Research Institute, Sri Balaji Vidyapeeth University (DU), Chennai Campus,
Ammapettai, Nellikuppam Post, Chengalpattu District, Tamil Nadu,India . Study period was between July 2024-
June 2026 .Reporting was structured with reference to the STARD 2015 principles for diagnostic accuracy
studies [17]. The study included 60 participants representing 14 Indian states.

Study population and diagnostic classification

Participants were classified into four final diagnostic categories: cancer (n=15), high-risk (n=7), benign (n=22),
and no evidence of cancer (n=16). All 60 participants had no recorded prior cancer screening. The cancer group
included oral (n=3), cervical (n=3), breast (n=3), lung (n=2), stomach (n=1), liver (n=1), colorectal (n=1), and
bladder (n=1) primary sites. Cancer stage distribution was stage I in 2 cases, stage II in 4, stage III in 5, and
stage IV in 4. Histology was recorded as confirmed for all 15 cancers. Histological confirmation was not
recorded for the non-cancer categories, which were retained according to their final study classification.
Biomarker assessment

Nine systemic biomarker domains were evaluated: methylation, fragmentomics, cfRNA, EV, CTC, TEP,
protein, autoantibody, and metabolomics. Methylation, fragmentomics, cfRNA, EV, TEP, protein, autoantibody,
and metabolomics were represented by continuous recorded study scores; CTC was represented as a count.
Salivary biomarker values were available for participants evaluated for oral lesions, and urinary HPV results
were available for cervical evaluation and selected no-evidence participants.

Specimen collection and pre-analytical processing

Peripheral venous blood (10 mL) was collected into EDTA tubes. Plasma was separated within 2 hours using
two-step centrifugation (1,600 x g for 10 minutes at 4 °C, followed by 16,000 x g for 10 minutes at 4 °C),
aliquoted, and stored at —80 °C until analysis. Saliva was collected by passive drool, centrifuged at 10,000 x g
for 10 minutes, and the supernatant was stored at —80 °C. First-void urine was collected with preservative,
centrifuged, and stored at —80 °C. All specimens were barcoded, and collection, processing, storage, and
transfer were documented using time-temperature logs under a standardized pre-analytical SOP.

Molecular and cellular biomarker assays

DNA methylation: Cell-free DNA was extracted from plasma using the QlAamp Circulating Nucleic Acid Kit
and subjected to bisulfite conversion with the EZ DNA Methylation-Gold kit. Methylation profiling was
performed using targeted methylation sequencing on an Illumina NovaSeq 6000 with a custom pan-cancer
methylation panel or, where genome-wide profiling was used, the [llumina MethylationEPIC array.
Fragmentomics: Low-pass whole-genome sequencing at approximately 0.5—1x coverage was performed on an
Illumina NovaSeq 6000. Fragment-size distribution, fragment-end motifs, and genomic coverage features were
derived using a validated bioinformatics pipeline.
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Cell-free RNA: Plasma cfRNA was extracted using the miRNeasy Serum/Plasma Kit. Small-RNA sequencing
was performed on an Illumina NextSeq 2000, or selected microRNAs were quantified by RT-qPCR, with
normalization to spike-in controls.

Extracellular vesicles: EVs were isolated using size-exclusion chromatography (qEV) or ultracentrifugation.
Vesicle preparations were characterized by nanoparticle tracking analysis (NanoSight), transmission electron
microscopy, and Western blotting for CD9, CD63, and TSG101. EV cargo was subsequently evaluated by mass
spectrometry or RNA sequencing, as appropriate.

Circulating tumour cells: CTCs were enriched using the CellSearch system or a microfluidic enrichment chip
and enumerated by immunofluorescence using the CK+/DAPI+/CD45— phenotype. Molecular characterization,
where performed, used targeted sequencing.

Tumour-educated platelets: Platelets were isolated from platelet-rich plasma, followed by RNA extraction and
platelet RNA sequencing on an Illumina NovaSeq platform. Tumour-educated platelet signatures were
interpreted using a locked classifier.

Protein biomarkers and autoantibodies: Protein panels were measured using multiplex immunoassays based on
Luminex xXMAP or Olink proximity extension technology. Autoantibodies were assessed by ELISA or protein
microarray, with Western blot used for validation where required.

Metabolomics: Metabolic profiling incorporated LC-MS/MS using reverse-phase and hydrophilic interaction
liquid chromatography, GC-MS for suitable polar metabolites, and NMR for targeted analyses. Data
preprocessing and feature analysis used XCMS and MetaboAnalyst-based workflows.

Site-specific saliva and urinary HPV assays

Salivary biomarkers: Salivary IL-6, IL-8, and MMP-9 were measured using multiplex ELISA. Salivary RNA
targets were quantified by RT-qPCR, and protein measurements were normalized to total salivary protein.
Urinary HPV testing: First-void urine was processed for HPV DNA detection by PCR-based testing, including
Cobas HPV where applicable, with genotyping. Host and viral methylation markers were assessed by bisulfite
pyrosequencing or methylation-specific PCR.

Reference standard and outcomes

The primary reference classification was the final study diagnosis. The principal diagnostic comparison treated
cancer as the target condition and combined high-risk, benign, and no-evidence categories as non-cancer. The
early-stage exploratory comparison treated stage I-II cancers as the target condition and excluded stage III-IV
cancers. Tissue-of-origin prediction was compared with the recorded primary-site category, with stomach and
colorectal cancers mapped to the gastrointestinal category.

Statistical analysis

Continuous variables were summarized as mean + standard deviation, and categorical variables as number and
percentage. Differences in biomarker distributions across the four diagnostic categories were tested using the
Kruskal-Wallis test because of small and unequal group sizes. Diagnostic performance was assessed using
receiver operating characteristic curves and area under the curve (AUC). Ninety-five percent confidence
intervals for AUC were estimated by non-parametric bootstrap resampling. Exploratory cut-offs were selected
using the maximum Youden J statistic, and sensitivity and specificity were calculated at those thresholds.
Among cancer cases, ordinal stage (I-IV) was correlated with each systemic biomarker using Spearman rank
correlation. All tests were two-sided and p<0.05 was considered statistically significant. Because this was an
exploratory study with a small sample, p-values were interpreted alongside effect size and confidence intervals
rather than as stand-alone evidence.

RESULTS

Participant characteristics

The 60 participants had a mean age of 55.0 + 7.3 years and mean BMI of 25.2 & 3.2 kg/m2. Thirty-two (53.3%)
were male, and the same 32 participants (53.3%) had a recorded smoking history, 26 (43.3%) had smokeless-
tobacco exposure, and 13 (21.7%) reported alcohol use. Thirty-two (53.3%) were symptomatic at presentation.
In the recorded cohort, smoking history co-segregated completely with sex, accounting for the identical sex and
smoking counts across diagnostic categories. All 60 participants (100%) had no recorded prior cancer-screening
history. Diagnostic categories were cancer in 15 (25.0%), high-risk in 7 (11.7%), benign in 22 (36.7%), and no
evidence of cancer in 16 (26.7%). Baseline characteristics differed across the four categories, reflecting the
heterogeneous clinical composition of the cohort (Table 1).

Table 1. Baseline characteristics of the study participants by diagnostic category

vy | ool Cancer High-risk Benign No evidence | ' ., o
(n=60) (n=15) (n=7) (n=22) (n=16) P
Age, years 55.0+7.3 553+7.6 53.3+6.1 59.9+55 48.6 + 4.1 <0.001

BMI, kg/m2 252+32 247+32 254+25 23.1£23 28.6+ 1.1 <0.001

Male sex 32(533%) |9 (60.0%) 3 (42.9%) 20(90.9%) | 0(0.0%) <0.001
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lslimst‘(’};;“g 32(53.3%) |9 (60.0%) 3(42.9%)  |20(90.9%) |0 (0.0%) <0.001
Smokeless-

tobacco 26 (43.3%) 8 (53.3%) 3 (42.9%) 15 (68.2%) 0 (0.0%) <0.001
exposure

Alcohol use 13 (21.7%) 4 (26.7%) 0 (0.0%) 9 (40.9%) 0 (0.0%) 0.010
Symptomatic at o o N o o

presentation 32 (53.3%) 9 (60.0%) 3 (42.9%) 20 (90.9%) 0 (0.0%) <0.001
Prior  cancer | 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) Not
screening, yes estimable

Values are mean = SD or n (%). Kruskal-Wallis test was used for continuous variables; chi-square test was used

for categorical variables. No inferential test was performed for prior cancer screening because all 60
participants had the same recorded status. Smoking history co-segregated completely with sex in this cohort: all
32 male participants had a recorded smoking history and all 28 female participants did not. These comparisons
describe cohort heterogeneity and are not causal analyses.

Systemic biomarker panel
Methylation, fragmentomics
cfRNA, EV, CTC, TEP
Protein, AutoAb, metabolomics

Primary accuracy
Cancer vs non-cancer
AUC, sensitivity, specificity

High-risk
n=7

60 participants
14 Indian states
No prior screening Early-stage analysis

Stage I-1l cancer vs non-cancer

Site-specific markers
Salivary biomarker for oral lesiong
Urinary HPV for cervical evaluation

Stage association and

No evidence tissue-of-origin concordance

n=16

Figure 1. Analytical framework of the exploratory multimodal biomarker study.

The figure summarizes the recorded participant groups, systemic and site-specific biomarker domains, and the
prespecified analytic comparisons used in this manuscript.

Biomarker distributions across diagnostic categories

All nine systemic biomarker domains differed significantly across the four diagnostic categories (all Kruskal-
Wallis p<0.001). For the score-based markers, mean values were consistently highest in cancer and lowest in the
no-evidence group. Mean methylation score, for example, was 67.9 + 16.5 in cancer compared with 22.0 + 2.4
in the no-evidence group. CTC count averaged 2.3 = 1.7 in cancer and was zero in all non-cancer categories
(Table 2). The score separation across categories is visualized in Figure 2.

Table 2. Distribution of systemic biomarker measurements across diagnostic categories

Biomarker Cancer High-risk Benign No evidence i(Vr:l:il:aI!I- p value
Methylation 67.9+16.5 439+9.3 46.0+6.1 22.0+2.4 43.98 <0.001
Fragmentomics | 64.7 £ 16.4 41.7+94 44.0=x6.1 20.0+2.4 43.92 <0.001
cfRNA 60.7 £ 15.7 39.3+8.8 41.0+5.9 18.0+2.4 43.81 <0.001
EV 62.5+15.9 40.7+94 43.0+6.1 19.0+2.4 43.87 <0.001
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CTC 23+1.7 0.0+0.0 0.0+0.0 0.0+0.0 48.05 <0.001
TEP 62.9+ 183 39.7+£9.4 419+64 180+2.4 43.47 <0.001
Protein 64.0+14.9 429+93 45.0+6.1 21.0+24 43.92 <0.001
AutoAb 58.8+14.5 38.3+8.8 40.0 £ 6.1 17.0+2.4 43.69 <0.001
Metabolomics | 64.3 +15.2 41.9+93 44.0+6.1 200+24 44.04 <0.001

Values are mean + SD on the recorded study scale, except CTC, which is reported as an enumerated cell count.
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Figure 2. Mean score-based biomarker measurements across the four diagnostic categories.
CTC is omitted from this figure because it is recorded as a count on a different scale. Numerical values are
displayed above each bar.

Diagnostic accuracy for cancer versus non-cancer

All systemic biomarkers showed strong discrimination for cancer versus the combined non-cancer group. AUCs
were closely clustered between 0.919 and 0.933. CTC had the numerically highest AUC at 0.933 (95% CI
0.833-1.000), followed by metabolomics at 0.927 (95% CI 0.816-1.000) and methylation at 0.926 (95% CI
0.812-1.000). These small numerical differences were not subjected to pairwise AUC comparison and should
not be interpreted as a ranking of definitive clinical superiority. At exploratory Youden-derived thresholds,
methylation, CTC, and metabolomics each yielded sensitivity of 86.7% with specificity of 100.0%.
Fragmentomics, cfRNA, EV, and protein each showed 86.7% sensitivity with 97.8% specificity (Table 3).

Table 3. Receiver operating characteristic performance of systemic biomarkers
AUC,
g?lféra“ Explorator stage I- | Early- Early-
Biomarker P y Sensitivity | Specificity | II stage stage
(95% cut-off o pe —
95% sensitivity | specificity
CI)
CI)
0.926 0.815
Methylation (0.812- 56.0 86.7% 100.0% (0.585- 66.7% 100.0%
1.000) 1.000)
0.925 0.813
Fragmentomics | (0.821- 53.0 86.7% 97.8% (0.578- 66.7% 97.8%
1.000) 1.000)
0.924 o o 0.809 o o
cfRNA (0.815- 50.0 86.7% 97.8% (0.567- 66.7% 97.8%
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1.000) 1.000)
0.924 0.811

EV (0.813-  |52.0 86.7% 97.8% 0.570- | 66.7% 97.8%
1.000) 1.000)
0.933 0.833

CTC 0.833- [1.0 86.7% 100.0% 0.667- | 66.7% 100.0%
1.000) 1.000)
0.919 0.798

TEP (0.803-  [49.0 86.7% 93.3% (0.554- | 66.7% 93.3%
0.999) 0.985)
0.925 0.813

Protein (0.807- | 54.0 86.7% 97.8% (0.576- | 66.7% 97.8%
1.000) 1.000)
0.922 0.806

AutoAb (0.808- | 48.0 86.7% 95.6% 0.556- | 66.7% 95.6%
1.000) 1.000)
0.927 0.817

Metabolomics | (0.816- | 54.0 86.7% 100.0% (0.580- | 66.7% 100.0%
1.000) 1.000)

Cancer analysis: 15 cancer versus 45 non-cancer participants. Early-stage analysis: 6 stage I-1I cancers versus
45 non-cancer participants, stage IlI-1V cancers were excluded. Cut-offs were selected by Youden J within the
same sample and are therefore exploratory, not validated clinical thresholds. Bootstrap 95% Cls are shown for
AUC.

Em All cancer vs non-cancer [ Stage |-l cancer vs non-cancer

0.833

crc 0.933

0.817

Metabolomics 0.927

. 0.815
Methylation 0.926

. 0.813
Fragmentomics 0.925

P . 0.813
rotein 0.925

0.811

EV 0.924

0.809

cfRNA 0.924

0.806

AutoAb 0.922

0.798

TEP 0.919

0.5 0.6 0.7 0.8 0.9 1.0
Area under the ROC curve

Figure 3. AUC comparison for all-cancer detection and stage I-II cancer detection.

The decrease in AUC for stage I-1I disease illustrates the expected challenge of detecting lower tumour-burden
states. Early-stage confidence intervals are wide because only six stage I-1I cancers were present.

Stage-related biomarker gradients

Among the 15 cancer cases, all systemic biomarker measurements increased with advancing stage. Spearman
correlations between ordinal stage and biomarker values ranged from rho=0.963 to rho=0.979, with all p<0.001.
The strongest correlation was observed for CTC (rho=0.979). For methylation, mean score increased from 36.5
+ 3.5 in stage I to 85.5 = 2.1 in stage IV. Similar monotonic gradients were evident for fragmentomics, cfRNA,
EV, TEP, protein, autoantibody, and metabolomics (Table 4 and Figure 4).
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Table 4. Stage-specific systemic biomarker measurements among histologically confirmed cancers

Biomarker (S;ig2§ ! (Sl:i:g‘; 1 (Sl:i%‘; 1 (Sl:i‘g‘;) v fl[l)::arman p value
Methylation 36.5+3.5 58.5+2.1 73.8+3.5 85.5+£2.1 0.963 <0.001
Fragmentomics | 33.5+3.5 555+£2.1 70.4+3.0 822+1.7 0.963 <0.001
cfRNA 30.5+£3.5 52.5+21 65.8+£2.6 77.8+19 0.964 <0.001
EV 325+35 532+1.5 67.8+23 80.0+1.4 0.965 <0.001
CTC 0.0+0.0 1.0£0.0 24+05 45+0.6 0.979 <0.001
TEP 30.5+49 50.5+13 69.2+32 83.5+21 0.963 <0.001
Protein 35042 56.0+1.8 69.6+2.7 79.5+£2.1 0.963 <0.001
AutoAb 30.5+2.1 51.5+£2.6 63.6+2.1 742+ 1.7 0.963 <0.001
Metabolomics | 35.0+2.8 56.0+14 69.8+1.9 80.5+13 0.964 <0.001

Values are mean + SD. Stage was treated as an ordinal variable for Spearman correlation. Small stage-specific
sample sizes make these estimates exploratory.
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Cancer stage

Figure 4. Stage-wise progression of selected score-based biomarkers among cancer cases.

Point labels show mean recorded scores within each stage. Only representative score-based biomarkers are
plotted to maintain legibility, the complete stage-specific results appear in Table 4.

Tissue-of-origin and site-specific markers

Tissue-of-origin prediction was concordant with the recorded primary-site category in all 15 cancer cases when
stomach and colorectal sites were mapped to a gastrointestinal category. Because classifier development details
and external validation were not available, this 100% concordance should be considered descriptive rather than
an independent estimate of generalizable accuracy.

Salivary biomarker values were recorded for 10 participants with oral lesions. Mean salivary values were 82.0 +
6.0 in oral cancer (n=3), 62.5 + 2.1 in the high-risk oral group (n=2), and 54.6 = 4.3 in benign oral lesions (n=5).
Urinary HPV results were available in 11 participants: all three cervical cancer cases and both high-risk cervical
cases were positive, whereas one benign cervical case and five no-evidence participants were negative. These
small site-specific subsets are hypothesis-generating and were not used to claim population-level screening
accuracy.

DISCUSSION

Principal findings

This exploratory study shows a coherent multimodal signal across nine systemic biomarker domains. Cancer
cases had markedly higher values than no-evidence participants, while high-risk and benign groups occupied
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intermediate ranges. Overall cancer discrimination was strong across all domains, with AUC values around
0.92-0.93. However, a more clinically demanding analysis, restricted to stage I-II cancers, reduced AUCs to
approximately 0.80-0.83. This stage-related attenuation is central to interpretation. A biomarker can distinguish
established cancer from non-cancer very well and still be substantially less sensitive at the point where
screening is intended to intervene.

Interpretation in relation to contemporary biomarker research

The stage gradient observed here is biologically consistent with large methylation-based studies. Liu and
colleagues demonstrated that cfDNA methylation can detect and localize multiple cancers at high specificity,
but sensitivity rose substantially with stage [4]. Klein and colleagues similarly reported stage I sensitivity far
below stage IV sensitivity in an independent validation cohort [5]. Our own early-stage analysis follows the
same direction, although the present sample is far smaller and cannot provide comparable population-level
estimates.

Fragmentomics is conceptually attractive because it does not depend solely on the presence of a small number of
tumour-specific mutations. Genome-wide fragmentation patterns have shown cancer-associated signals across
tumour types [6], and clinically oriented lung studies have demonstrated the value of integrating fragmentomic
patterns with other risk information [7]. In the present cohort, fragmentomics had an AUC of 0.925 for all
cancer and 0.813 for stage I-II disease, again highlighting both promise and stage dependence.

cfRNA, EV, CTC, and TEP measurements represent complementary biology rather than interchangeable tests.
cfRNA can capture transcriptional activity and has shown early-stage classification potential when sensitive
sequencing methods are used [8]. EV cargo can carry tumour- and host-derived proteins and nucleic acids [9].
More recently, a plasma extracellular-vesicle protein signature demonstrated high performance across
retrospective multi-cancer samples and prospective early lung-cancer evaluation, indicating continuing technical
maturation of this field [18]. CTCs may identify biologically aggressive disease but are uncommon at very early
stages [10], a limitation mirrored by the absence of CTCs in both stage I cancers in the present cohort. TEP
profiling has demonstrated pan-cancer and tissue-classification potential through platelet RNA signatures [11].
The strong performance of proteins, autoantibodies, and metabolomics in this study also supports a multimodal
view of early detection. CancerSEEK established the principle that combining circulating proteins with cfDNA
can improve multi-cancer detection [12]. Autoantibodies may provide signal amplification because host
immunity can respond to low-abundance tumour antigens [13], whereas metabolomics captures downstream
pathway changes that may be orthogonal to genomic markers [14]. These layers could be especially useful when
ctDNA abundance is low, but platform harmonization and independent validation remain essential.

Relevance to India

The Indian context changes the practical meaning of biomarker innovation. The national cancer burden is large
and increasing [1], yet screening uptake remains low [2]. A future biomarker strategy therefore has to be
evaluated not only by AUC but also by cost per person screened, specimen stability, laboratory throughput,
false-positive referral burden, availability of confirmatory imaging and pathology, and the feasibility of serving
rural and semi-urban populations. A technically sophisticated test that generates referrals without diagnostic
capacity could shift rather than solve the access problem.

Site-specific markers may offer pragmatic entry points. Saliva is particularly attractive for oral-cancer pathways
because collection is simple, repeatable, and anatomically close to many lesions [15]. Recent evidence syntheses
have identified several salivary candidates with encouraging diagnostic performance but also substantial
heterogeneity and a need for larger pragmatic validation studies [19]. For cervical screening, Indian studies of
HPV self-sampling have shown high agreement with clinician-collected samples and strong acceptability [16],
making urine- or self-collected HPV approaches relevant where pelvic examination is a barrier.

Clinical caution: diagnostic accuracy is not equivalent to screening benefit

The distinction between test accuracy and population benefit has become especially important after publication
of the randomized NHS-Galleri trial. In more than 142,000 participants, adding a multicancer early-detection
blood test to usual care did not significantly reduce the primary endpoint of stage III-IV cancer incidence across
12 prespecified cancers after three annual screening rounds, although stage IV findings were directionally
different in a secondary endpoint [20]. This trial demonstrates why promising case-control AUCs, including
those in the present study, should not be interpreted as proof that a biomarker programme will reduce late-stage
disease or mortality. Prospective screening trials with clinical outcomes remain necessary.

Strengths and limitations

A strength of this study is the simultaneous examination of multiple biomarker classes across cancer, high-risk,
benign, and no-evidence categories rather than a simple cancer-versus-healthy comparison. The inclusion of
site-specific saliva and urinary HPV variables also reflects modalities that are relevant to Indian cancer-control
priorities. Analytically, the manuscript separates overall cancer detection from the more demanding stage I-I1
task and presents confidence intervals rather than point estimates alone.

Several limitations are substantial. First, the sample size was only 60, with 15 cancers and only six stage I-II
cancers, producing wide early-stage confidence intervals. Second, exploratory cut-offs were derived and
evaluated in the same cohort, so sensitivity and specificity are optimistically biased until externally validated.
Third, all cancer cases were histologically confirmed, whereas non-cancer categories did not have uniform
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histologic verification, introducing potential differential-verification bias. Fourth, some biomarker domains
could be measured through more than one validated analytical route, creating potential platform-related
heterogeneity despite standardized pre-analytical handling. Fifth, baseline demographic and exposure profiles
differed sharply among diagnostic groups, so confounding cannot be excluded. Sixth, the tissue-of-origin result
should be interpreted cautiously because the classifier-development process was not independently evaluated.
Finally, this was not a population-screening cohort; the findings therefore estimate diagnostic discrimination
within the study sample, not screening effectiveness in asymptomatic Indian adults.

Implications for future research

The next step should be a prospective, multicentre Indian study that recruits participants before definitive
diagnosis and deliberately enriches stage I-11 disease without creating case-control spectrum bias. Pre-analytics
should be standardized across centres, biomarker thresholds should be locked before validation, laboratory
readers should be blinded to the reference diagnosis, and all positive and a representative sample of negative
participants should receive a sufficiently rigorous reference standard. A training cohort should be separated from
an independent validation cohort. In addition to AUC, future work should report positive predictive value at
realistic screening prevalence, number needed to investigate, interval cancers, diagnostic-resolution time, cost
per cancer detected, stage shift, and patient-reported burden.

CONCLUSION

This exploratory Indian study found strong cancer-versus-non-cancer discrimination across methylation,
fragmentomics, cfRNA, EV, CTC, TEP, protein, autoantibody, and metabolomic biomarkers. The common
reduction in performance for stage I-1I disease is a clinically important finding and argues against relying on
overall AUC alone. Multimodal biomarker strategies remain promising for India, particularly if they can be
integrated with oral and cervical screening pathways, but clinical adoption should await standardized laboratory
methods, blinded external validation, and prospective evidence that testing improves the stage and timeliness of
cancer diagnosis without creating disproportionate false-positive burden.
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