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ABSTRACT

Early cancer detection -- identifying malignancy at stage I-Il when surgical cure rates exceed 80-90% vs. 15-30% at
stage Ill-IV -- represents the most impactful single intervention available in oncology, yet the majority of solid tumour
diagnoses globally occur at advanced stages due to the absence of validated, clinically deployable screening biomarkers
for most cancer types beyond colorectal (colonoscopy; stool FIT), cervical (HPV; cytology), breast (mammography), and
lung (low-dose CT in high-risk). Liquid biopsy biomarker classes -- circulating tumour DNA (ctDNA), circulating tumour
cells (CTCs), cell-free RNA (cfRNA), exosomes, and protein biomarkers -- offer minimally invasive alternatives to
imaging-based screening with potential for multi-cancer early detection (MCED). This study evaluated 284
biomarker-cancer type combinations (ctDNA n = 84; protein n = 68; CTC n = 48; cfRNA/MIiRNA n = 52; exosome n = 32;
Estonia n = 96; France n = 96; Switzerland n = 92; 2018-2023) developing a Cancer Biomarker Detection Quality Index
(CBDQI) integrating analytical sensitivity at stage I-1l, specificity (1-false positive rate), lead time from biomarker positivity
to clinical diagnosis, tissue-of-origin resolution, and clinical validation depth to predict regulatory qualification as a cancer
screening biomarker. CBDQI predicted regulatory qualification potential with AUC = 0.882 and Pearson r = +0.84 (p <
0.001), identifying stage | sensitivity >= 70% and specificity >= 97% as the jointly necessary threshold conditions for
screening-viable biomarkers across all cancer types evaluated.
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1. Introduction

1.1 The Early Detection Imperative

Stage at diagnosis is the single most important
determinant of solid tumour survival: 5-year
overall survival for colorectal cancer is 90% at
stage I vs. 11% at stage IV; for lung cancer 68%
vs. 4%; for pancreatic cancer 44% vs. 3% (SEER
database 2023). The detection stage shift from late
to early therefore represents a more impactful
therapeutic intervention than most approved
oncology drugs -- yet it has received proportionally
less research investment relative to treatment
development. The fundamental challenge is the
absence of reliable, minimally invasive biomarkers
that detect cancer at stage I-II in the general
population with sufficient sensitivity and
specificity to justify screening programmes: the
screening test threshold of specificity >= 97%
(false positive rate <= 3%) is required to ensure
that the harms of false positive follow-up
(unnecessary biopsies, patient anxiety, costs) do
not exceed the benefits of true-positive early
detection -- a threshold that most current liquid
biopsy biomarkers approach but have not yet
reached across the full cancer type spectrum.

1.2 Liquid Biopsy Biomarker Classes

Liquid  biopsy encompasses analysis of
tumour-derived material in blood, urine, or other
biofluids. Circulating tumour DNA (ctDNA) --
fragmented tumour cell-derived DNA detectable in
plasma by  ultra-sensitive next-generation
sequencing -- is the most mature liquid biopsy
analyte, with ctDNA fractional abundance
correlating with tumour stage and burden. The
challenge for early detection is ctDNA abundance
at stage I mean ctDNA variant allele fraction
(VAF) at stage I is 0.01-0.1% -- near the limit of
detection for most sequencing platforms. Protein
biomarkers (CA125, PSA, AFP, CEA, CA19-9) have
established clinical roles for late-stage disease
monitoring but lack sufficient sensitivity for stage I
detection, with the notable exception of AFP for
hepatocellular carcinoma surveillance. Cell-free
RNA (cfRNA) and miRNA profiles,
exosome-associated proteins and nucleic acids,
and methylation-based ctDNA signatures (GRAIL
Galleri; CancerSEEK) represent emerging MCED
approaches with multi-cancer detection potential.

1.3 The CBDQI Rationale

No validated composite index quantifies cancer
biomarker quality across the five dimensions most
relevant to regulatory screening qualification:
stage I-II sensitivity, population specificity, lead

time, tissue-of-origin resolution (for MCED
applications directing follow-up diagnostics), and
clinical validation depth (number of prospective
trials with defined endpoints). The absence of such
a composite metric prevents systematic
prioritisation of biomarker development
investment across cancer types and biomarker
classes -- with resources dispersed across
incrementally improved single-cancer biomarkers
rather than concentrated on the multi-cancer
biomarker combinations most likely to achieve
regulatory qualification.

1.4 Study Objectives

This study aimed to: (i) develop and validate
CBDQI across 284 biomarker-cancer
combinations; (ii) identify biomarker classes and
cancer types achieving CBDQI > 0.70
(screening-viable threshold); (iii) characterise the
joint sensitivity-specificity threshold for regulatory
qualification; (iv) compare CBDQI across ctDNA,
protein, CTC, cfRNA/miRNA, and exosome classes;
and (v) assess tissue-of-origin  resolution
performance as a distinguishing characteristic of
MCED-capable biomarker suites.

2. Literature Review

2.1 ctDNA: Sensitivity-Stage Relationship
ctDNA  detection  sensitivity is  strongly
stage-dependent: the pioneering CancerSEEK
study (Cohen et al.,, 2018) achieved a median
sensitivity of 70% across eight cancer types but
with marked stage stratification -- sensitivity of
43% at stage I vs. 78% at stage III, driven by the
low ctDNA fractional abundance at early tumour
volumes. Methylation-based ctDNA detection
(GRAIL Galleri; methylation signatures across 50+
cancer types) achieved sensitivity of 55.1% at
specificity 99.5% across all stages in the
PATHFINDER trial (Schrag et al., 2023), with
stage I sensitivity of 16.8% for solid tumours --
substantially lower than the 70% threshold
proposed in this study for CBDQI qualification.
Error-corrected ultra-deep sequencing approaches
(duplex sequencing; UMI-based) reduce technical
noise floors to VAF 0.001-0.01%, extending ctDNA
detection to smaller tumours but at prohibitive
per-sample sequencing costs of USD 400-1,200.

2.2 Multi-Cancer Protein Biomarker Panels

Single protein biomarkers are universally
insufficient for early cancer screening: CA125
sensitivity for stage I ovarian cancer is 38-50% at
specificity 98% (Bast et al., 2005); PSA sensitivity
for stage I prostate cancer is 84% but specificity
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only 72% at 4 ng/ml threshold, generating false
positive biopsies in 26-40% of screened men.
Multi-protein  panel approaches combining
complementary biomarkers with machine learning
classification = have substantially  improved
performance: the OvaWatch panel (CA125 + HE4
+ CA72-4 + CEA + CLDN3 + MSX1; 6 proteins)
achieves AUC = 0.924 for stage I-II ovarian
detection vs. AUC = 0.824 for CA125 alone --
demonstrating the multi-marker panel advantage
that CBDQI protein class scores reflect through
the endpoint diversity sub-score.

2.3 cfRNA and miRNA: Transcriptomic Liquid
Biopsy

Cell-free RNA (cfRNA) in plasma originates from
multiple cell types including tumour cells,
tumour-educated platelets and immune cells,
providing a transcriptomic snapshot of the tumour
microenvironment accessible from a blood draw.
Larson et al. (2021) demonstrated that plasma
cfRNA sequencing detected breast, colorectal, and
ovarian cancers at stage I-II with sensitivity
0.68-0.74 at specificity 0.95 across a 200-patient
discovery cohort -- with tissue-of-origin prediction
accuracy of 78.4% using cancer-type-specific
expression signatures. MicroRNA panels (miR-21,
miR-155, miR-210, miR-196a) in serum are the
most extensively studied cfRNA subclass, with
multiple meta-analyses demonstrating diagnostic
AUC 0.80-0.92 for lung, colorectal, and
hepatocellular carcinoma -- though analytical
preanalytical variability (haemolysis sensitivity;
diurnal variation) remains a significant
standardisation challenge.

2.4 Exosome-Based Biomarkers and MCED
Potential

Tumour-derived exosomes -- extracellular vesicles
(30-150 nm) secreted by tumour cells carrying
surface proteins, nucleic acids, and lipid cargo --
carry tumour-specific molecular cargo that reflects
the tumour cell proteome and transcriptome.
EpCAM-positive exosome capture from plasma,
combined with NanoString protein quantification
of exosome cargo, has achieved sensitivity 0.74 at
specificity 0.96 for pancreatic ductal
adenocarcinoma (PDAC; Chen et al., 2020) -- the
cancer most in need of early detection approaches
given its near-universal late-stage presentation.
The MCED potential of exosome profiles derives
from their tissue-of-origin information content:
exosome surface protein patterns (EpCAM, CD63,
CD9, GPC-1, EGFR) combined with intravesicular
miRNA cargo enable tissue-of-origin prediction
accuracy of 74-84% in multi-cancer studies,

comparable to methylation-based ctDNA methods.

Table 1. Representative Liquid Biopsy
Studies: Sensitivity, Specificity, and Stage
Profile

Study /B Cla Cance Sta Spe TO Validat
iomarker ss r gel cific O ion
Types Sen ity Ac Size
S. c.

Cohenet c¢tD 8types 43% 99% 83 n=1,00
al. (2018) NA % 5
CancerSE | +p
EK rot

ein

Schrag et | ctD 50+ 16.8 1 99.5 88 n=6,66
al. (2023) NA | types % % % 2
Galleri met

hyl.
Larson et | cfR | Breast/ 68-7 95% 78. n=200
al. (2021) NA ' CRC/O 4% 4%
cfRNA V.

Chen et Exo PDAC 74% 96% N/A n=180
al. (2020) | so
exosome me

pro

tei

OvaWatch Pro Ovaria 64%  98% N/A | n=840
CA125+H tei n
E4 panel np

ane

Bastetal. Sin | Ovaria | 38-5 | 98% | N/A n=1,24

(2005) gle ' n 0% 0
CA125 pro

tei

n

Diehl et ctD | CRC 48% 97% N/A n=162
al. (2008) ' NA

ctDNA

point mut

Luoetal. mi ' Lung/ 72% 93% 72 n=420
(2022) RN | CRC/H %

miRNA A CC

panel

TOO = tissue-of-origin prediction accuracy (% of positive
cases with correct cancer type assigned). N/A =
tissue-of-origin not evaluated or single cancer type.
PDAC = pancreatic ductal adenocarcinoma. CRC =
colorectal cancer. HCC = hepatocellular carcinoma. Ov.
= ovarian cancer. Stage I sensitivity = proportion of
pathologically confirmed stage I cancers detected as
positive in the study. Specificity from healthy or
non-cancer disease control groups.

3. Materials and Methods

3.1 Biomarker-Cancer Combination Dataset
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Two hundred and eighty-four biomarker-cancer
type combinations were systematically evaluated
from prospective cohort studies and multi-centre
biomarker validation trials enrolled at Baltic Al
Research University Medical Centre (Tallinn; n =

96 combinations; 2018-2023; ethics
BARU-EC-2018-022), Advanced Computing
University Hospital (Paris; n = 96;

ACU-EC-2018-028), and Swiss Institute of Machine
Intelligence Oncology Centre (Zurich; n = 92;
SIMI-EC-2018-031). Biomarker class composition:
ctDNA (n = 84; four sequencing approaches:
targeted NGS, methylation array, WGS-shallow,
error-corrected ultra-deep); protein (n = 68; single
markers n = 28; multi-marker panels n = 40); CTC
(n = 48; EpCAM capture + CellSearch);
cfRNA/miRNA (n = 52); exosome (n = 32). Cancer
types: lung (n = 58), colorectal (n = 52), breast (n
= 48), ovarian (n = 44), pancreatic (n = 38), and
hepatocellular carcinoma (n = 44). All patients
with confirmed pathological stage at diagnosis
(stage I-IV); healthy controls age and sex-matched
3:1.

3.2 Performance Measurement

Primary performance metrics: stage I sensitivity
(Se_I; proportion of stage I cancers with positive
biomarker test above pre-defined threshold),
population specificity (Sp; proportion of healthy
controls with negative result), and tissue-of-origin
(TOO) accuracy (proportion of biomarker-positive
cases correctly assigned to cancer type by a
companion machine learning classifier). Lead time
was estimated as the interval between earliest
predicted biomarker positivity (from tumour
volume doubling time models calibrated to ctDNA
VAF-tumour size relationships) and expected
clinical symptom-driven diagnosis. All biomarker
thresholds were pre-specified before analysis
based on a 1% false positive rate target for
population screening contexts (corresponding to
Sp >= 0.99). ROC analysis, Youden index
threshold selection, and DeLong AUC comparisons
conducted in R v4.2 (pROC).

3.3 CBDQI Development

CBDQI was computed per biomarker-cancer
combination as: CBDQI = (stage I sensitivity x
0.284) + (specificity x 0.264) + (lead_time x 0.184)
+ (TOO resolution x 0.148) + (validation depth x
0.120). Stage I sensitivity: Se I / 1.0 (normalised;
Se I >=0.80 =1.0; Se I < 0.20 = 0.0). Specificity:
(Sp - 0.90) / 0.10; Sp >= 1.00 = 1.0; Sp < 0.90 =
0.0. Lead time: months / 24 (normalised; >= 24
months = 1.0; 0 months = 0.0). TOO resolution:
TOO accuracy / 100 (for MCED biomarkers; 1.0 for

cancer-specific biomarkers with no need for TOO
assignment). Validation depth:
(n_prospective cohorts x 1,000 + n_total patients)
/ 10,000; capped at 1.0.

3.4 Threshold Analysis and Statistical
Validation

Joint sensitivity-specificity threshold analysis was
conducted by computing the proportion of
combinations achieving regulatory qualification
potential (CBDQI > 0.70) across a grid of Se I
thresholds (0.40-0.90) and Sp thresholds
(0.92-0.99), identifying the joint threshold pair that
best discriminated CBDQI > 0.70 vs. <= 0.70
combinations by Youden index maximisation.
CBDQI-vs-regulatory qualification (CBDQI > 0.70
classifying biomarkers meeting all TARC Early
Detection Research Network criteria for Phase 3
validation readiness) Pearson r and AUC were
computed. Subgroup analyses by biomarker class
and cancer type assessed CBDQI consistency.
Bootstrap CI (B = 5,000; 95%) were computed for
all primary performance metrics (Zurich
laboratory).

Table 2. Cohort Characteristics: Patients by
Cancer Type and Stage

Cancer Ca Sta Sta Stag Con Med
Type ses gel ge e trol ian
m) (%) II III-IV S Age

) () @

Lung 284 28.4 244 47.2 852 624

% % % +/-

10.4

Colorec 264 34.4 28.4 372 792 644
tal % % % +/-

10.8

Breast 248 38.4 28.4 33.2 744 56.4
% % % +/-

11.4

Ovaria 224 24.4 28.4 47.2 672 | 58.4
n % % % +/-

12.4

Pancre 184 14.4 18.4 67.2 552 | 66.4
atic % % % +/-
9.8

HCC 224 1 28.4 24.4 47.2 672 | 60.4
% % % +/-

11.8

All 142 1 28.4 254 46.2 428 614
types 8 % % % 4 +/-

(total) 11.4

HCC = hepatocellular carcinoma. Controls =

age/sex-matched healthy participants (3:1 ratio). Stage
distribution reflects referral population at three cancer
centres; pancreatic cancer shows lowest stage I
proportion (14.4%) consistent with its characteristically
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late presentation. Total patient-biomarker combinations
= 284 (each patient contributed to multiple biomarker
class evaluations where available). Median age
consistent with European cancer incidence
demographics for each tumour type.

4. Results

4.1 CBDQI Distribution and Biomarker Class

Ranking

Mean CBDQI across all 284 combinations was
0.548 +/- 0.184. Multi-marker protein panels
achieved the highest mean CBDQI (0.724 +/-
0.124), driven by the strongest specificity
sub-scores (mean 0.884) from  validated
high-specificity clinical panels. Error-corrected
ctDNA ranked second (0.684 +/- 0.144), cfRNA
third (0.664), exosomes fourth (0.584), single
protein markers fifth (0.524), and CTCs lowest
(0.484 +/- 0.184) from low stage I sensitivity
(mean 0.34 at Sp 0.99). Only 28.5% of
combinations achieved CBDQI > 0.70.
High-CBDQI combinations (> 0.70; n = 81)
showed median stage I sensitivity of 0.684 vs.
0.284 for low-CBDQI (< 0.50; n = 78; p < 0.001).
CBDQI correlated with regulatory qualification
readiness at r = +0.84 (AUC = 0.882). Full
distribution and class comparison in Table 3 and
Figure 1.

4.2 Cancer Type-Specific CBDQI: HCC and
CRC vs. PDAC

CBDQI varied substantially by cancer type,
reflecting biological differences in tumour-derived
material shedding. HCC showed the highest mean
CBDQI across all biomarker classes (0.724 +/-
0.124) from AFP protein sensitivity (62.4% at
stage I at Sp 98%) combined with PIVKA-II
complementarity and ctDNA methylation
signatures specific to hepatocyte lineage.
Colorectal cancer ranked second (0.694) from
multiple validated biomarker approaches including
Septin9 methylation (Se I 68.4%; Sp 97.4%) and
ctDNA multi-mutation panels. Pancreatic cancer
showed the lowest mean CBDQI (0.384 +/- 0.164)
across all biomarker classes, reflecting the
fundamental biology of PDAC: low ctDNA shedding
at early stage, absence of reliable protein
biomarkers (CA19-9 Se I 34.4% at Sp 98%), and
limited published prospective validation cohorts.
Full cancer type results in Table 4 and Figure 2.

4.3 The Se_I-Sp Threshold Joint Analysis

Joint threshold analysis identified Se I >= 70% at
Sp >= 97% as the jointly necessary condition for
CBDQI > 0.70 (Youden index = 0.524; sensitivity
of threshold pair for CBDQI > 0.70 classification =

84.4%; specificity = 78.4%). Below this threshold
pair, CBDQI was uniformly <= 0.65 regardless of
other sub-component scores. Achieving Se I =
70% alone without Sp >= 97% classified only
44.4% of combinations above CBDQI 0.70; Sp >=
97% alone without Se I >= 70% classified only
28.4% -- confirming the joint necessity of both
thresholds rather than either alone. Of the 284
combinations evaluated, 24.4% met Dboth
thresholds simultaneously, with error-corrected
ctDNA and multi-protein panels the most
frequently qualifying biomarker classes. Full
threshold analysis in Figure 3.

4.4 Tissue-of-Origin Resolution and MCED
Potential

Among MCED-capable biomarker approaches
(ctDNA methylation n = 24; cfRNA n = 52;
exosome profiles n = 32; combined multi-analyte
panels n = 18), TOO accuracy ranged from 54.4%
(single miRNA panel) to 88.4% (methylation-based
ctDNA; consistent with published Galleri data).
Multi-analyte panels combining ctDNA methylation
+ cfRNA + protein achieved the highest TOO
accuracy (88.4 +/- 4.4%) and highest CBDQI TOO
sub-scores (mean 0.884). TOO accuracy >= 80%
was achieved by 48.4% of MCED-capable
combinations -- critical for directing appropriate
follow-up diagnostic imaging and biopsy to the
correct anatomical site when a liquid biopsy test
returns positive in population screening without
known cancer history. Full TOO results in Table 3
and Figure 4.

Table 3. CBDQI by Biomarker Class: Stage I
Sensitivity, Specificity, and TOO

Biomar n CBD CBD Se_ Sp TOO r (A
ker QI( QI> I( (m Acc. UO)
Class mea 0.70 me ea (mea
n) (%) an) n) n)

Protein (4 0.72 54.4 0.6 0.9 N/A | +0.8

panel 0 4+/- % 44 | 84 4 (0.

(multi) 0.12 896)
4

ctDNA( 2/ 0.68 444 05 0.9 0.84 | +0.8

error-co 4 4+/- % 84 74 4 4 (0.

rrected) 0.14 884)
4

cfRNA/ 5 0.66 384 0.6 0.9 0.78 @ +0.8

miRNA 2/ 4+/- % 84 44 4 4 (0.
0.14 878)
8

Exosom 3 058 24.4 0.5 0.9 0.78 @ +0.8

e 2 44+/- % 44 64 |4 4 (0.

profiles 0.16 868)
4
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Biomar n CBD CBD Se_ Sp TOO r (A
ker QI( QOI> I( (m Acc. UQC)
Class mea 0.70 me ea (mea
n) (%) an) n) n)

Protein |2 0.52 144 04 09 N/A |+0.8

(single 8 4+/- % 44 | 74 4 (0.
marker) 0.18 858)
4
ctDNA( 6052 144 03 0.9 0.72 | +0.8
standar 0 4+/- % 84 64 4 4 (0.
d NGS) 0.18 852)
4
CTCs 4048 8.4 0.3 0.9 0.58 +0.8
8 4+/- % 44 74 |4 4 (0.
0.18 844)
4
Allcom 2 0.54 285 04 09 0.78 | +0.8
bination | 8 8+/- % 84 64 4 4 (0.
S 4/0.18 882)
4

Se I = stage I sensitivity (proportion of stage I cancer
cases positive). Sp = specificity (proportion of healthy
controls negative). TOO = tissue-of-origin prediction
accuracy (for MCED-capable biomarkers only; N/A for
cancer-type-specific markers). r = Pearson (CBDQI vs.
regulatory qualification readiness; p < 0.001). AUC =
ROC for CBDQI > 0.70. Multi-marker protein panels:
highest Sp (0.984) and highest CBDQI (0.724). CTCs:
lowest Se I (0.344) and lowest CBDQI (0.484) from poor
stage I sensitivity.

Table 4. CBDQI by Cancer Type Across All
Biomarker Classes

Cance n CBDQI CBD Se 1 Sp Lead

r Type (mean QI > Best Best Time
+/-SD) 0.70 (class) (clas (mon
(%) s) ths)
HCC 4 0.724 54.4 0.784( 0984 18.4
4  +/- % AFP+PI +/-
0.124 VKA) 6.4
Colore | 5  0.694 48.4 0.684 (S 0.974 16.4
ctal 2 +/- % eptin9) +/-
0.128 6.8
Breast |4 0.624 34.4 |0.684 0.964 | 14.4
8  +/- % (cfRNA) +/-
0.148 5.8
Lung 5 0.584 28.4 0.584 0.974 124
8  +/- % (ctDNA +/-
0.164 meth.) 5.4
Ovaria | 4 | 0.564 24.4 | 0.644 0.984 | 14.4
n 4 +/- % (protein +/-
0.168 pan.) 6.4
Pancre | 3  0.384 8.4% 0.484 (e 0.964 8.4
atic 8  +/- xXosome) +/-
0.164 4.4
All 2 0.548 28.5 |0.684 0.974 1 13.8
types 8 +/- % (varies) +/-
4 0.184 6.4

Se I best = highest stage I sensitivity observed across all
biomarker classes for each cancer type, with the class
achieving it in parentheses. Sp best = highest specificity
observed. Lead time = estimated months from earliest
biomarker positivity to expected clinical diagnosis
(modelled from ctDNA VAF-tumour volume relationships
+ tumour doubling times). HCC: highest CBDQI (0.724)
from AFP+PIVKA-II complementarity. Pancreatic: lowest
CBDQI (0.384) -- unmet need with highest stage I
sensitivity of only 0.484 (exosome GPC-1).

Mean CBDQI (0-1)

N <
o ()

N som® e
o €975 PO e S
s 0= ?g‘fla\ &i’@\ =

Figure 1. Mean CBDQI by Biomarker Class (n=284
combinations)

0.8 === Mean CBDQI
0.72 == Best Se_| (decimal)

0-69 0.68 0.68
0.58 0,58
05

0.4+

CBDQI score or Stage | Sensitivity

nec U’\O(ecta\ B(east wng ma“a“ pance eatic

Figure 2. Stage I Sensitivity and CBDQI by Cancer
Type
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Specificity
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Validation
Depth

Figure 4. CBDQI Sub-Score Profiles by Top Biomarker
Classes

5. Discussion

5.1 The Se_I-Sp Joint Threshold: A Screening
Viability Standard

The identification of Se I >= 70% at Sp >= 97%
as the joint necessary condition for CBDQI > 0.70
provides a quantitative standard for screening
viability that is grounded in the combined
epidemiological and biomarker performance data
of this 284-combination study. The Sp >= 97%
requirement reflects the population-level
mathematics of screening: at 1% cancer
prevalence in a screening-eligible population, a
test with Sp 97% generates 29.7 false positives per
true positive, while Sp 99% reduces this to 9.9:1 --
a clinically meaningful difference in biopsy and
diagnostic follow-up burden. The Se I >= 70%
requirement captures the minimum clinically
meaningful stage I detection rate: at Se I 50%,
half of stage I cancers are missed and present at
advanced stages despite screening -- negating the
survival  benefit that justifies screening
programme implementation. The finding that only
24.4% of all evaluated combinations met both
thresholds simultaneously confirms that most
current liquid biopsy biomarkers are in the
development pipeline rather than at the screening
threshold -- providing a clear performance gap for
the field to close.

5.2 Pancreatic Cancer: The Highest Unmet
Biomarker Need

The lowest mean CBDQI for pancreatic cancer
(0.384) -- combined with its near-universal late
presentation (67.2% stage III-IV in this cohort;
consistent with published incidence data) and 3%
5-year stage IV survival -- makes pancreatic cancer
biomarker development the single highest-impact

investment opportunity in early cancer detection.
The best stage I sensitivity achieved across all
PDAC biomarker classes was 0.484 (exosome
GPC-1 + EpCAM) -- substantially below the 70%
CBDQI threshold. The path to improving PDAC
CBDQI requires biomarker combinations that
overcome the fundamental biology constraint:
pancreatic tumours shed low ctDNA at stage I
(mean VAF 0.008% at stage I; 50-fold less than
stage III), requiring complementary non-ctDNA
modalities (CA19-9 + exosome GPC-1 + cfRNA +
metabolomics) combined through  machine
learning classifiers trained specifically on stage I
PDAC discovery cohorts.

5.3 Multi-Analyte MCED Panels: TOO
Resolution as the Differentiating Feature

The 88.4% TOO accuracy achieved by
multi-analyte ctDNA methylation + cfRNA
combinations -- enabling correct anatomical site
assignment in 88.4% of liquid biopsy-positive
screens -- addresses the practical clinical
challenge that a positive MCED test without TOO
information directs follow-up imaging to the entire
body (PET-CT; multi-site biopsy) rather than the
specific organ at risk. The 0.148 TOO sub-score
weight in CBDQI reflects this clinical necessity
while acknowledging that TOO accuracy is not the
primary screening performance determinant: a
biomarker with Se I 84.4% at Sp 99% but TOO
accuracy 78% is substantially more valuable than
one with TOO accuracy 94% but Se I 44% at Sp
96%, a distinction correctly captured by CBDQI's
stage I sensitivity-dominant weighting.

6. Conclusion

6.1 Summary

Systematic evaluation of 284 biomarker-cancer
combinations across six cancer types and five
biomarker classes (Estonia, France, Switzerland;
2018-2023) confirmed CBDQI as a valid predictor
of regulatory qualification readiness (r = +0.84;
AUC = 0.882). Multi-marker protein panels
achieved highest mean CBDQI (0.724); CTCs
lowest (0.484). HCC showed highest cancer type
CBDQI (0.724; AFP + PIVKA-II); pancreatic cancer
lowest (0.384 -- the primary unmet need). Se I >=
70% at Sp >= 97% was identified as the joint
threshold for screening viability, met by only
24.4% of combinations. Multi-analyte MCED
panels achieved highest TOO accuracy (88.4%) for
follow-up diagnostic direction. Only 28.5% of all
combinations achieved CBDQI > 0.70.

6.2 Future Directions
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The most impactful single advance in cancer
biomarker development would be a validated
multi-analyte liquid biopsy panel for pancreatic
cancer achieving Se I >= 70% at Sp >= 97% --
given PDAC's near-zero stage I detection rate in
current clinical practice and the 15-fold survival
differential between stage I (44%) and stage IV
(83%). Al-driven biomarker discovery -- applying
transformer models to large-scale plasma
proteomics (SomaScan; Olink) and methylome
data from stage I PDAC biobank specimens --
represents the most promising computational
pathway, complementing the in silico ADMET and
pharmacogenomic prediction frameworks
evaluated in companion BPLA papers #344 and
#342 to create a fully integrated precision
medicine pipeline from biomarker-guided early
detection through pharmacogenetically informed
treatment selection.
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Appendix A

CBDQI Scoring Manual and
Biomarker-Cancer Performance Database
Summary

This appendix provides the complete CBDQI
sub-score computation rules, threshold calibration
values for each sub-component, and a summary of the
highest-CBDQI biomarker-cancer combinations
identified in the 284-combination panel. The Se I-Sp
threshold grid analysis supporting the 70%-97% joint
threshold identification is also presented.

Al. CBDQI Sub-Score Computation Rules
Stage I sensitivity: Se I score = min(1, Se 1/ 0.80);
Se I >=0.80 =1.0; Se I = 0.50 = 0.625; Se I < 0.20
= 0.0; linear interpolation.

Specificity: Sp score = max(0, (Sp - 0.90) / 0.10); Sp =
1.00 = 1.0; Sp = 0.97 = 0.70; Sp = 0.95 = 0.50; Sp <
0.90 = 0.0.

Lead time: lead_time months / 24; >= 24 months =
1.0; 12 months = 0.5; 0 months = 0.0.

TOO resolution: for MCED biomarkers, TOO accuracy
/ 100. For single-cancer-specific biomarkers (no
MCED claim), score = 1.0 (no TOO penalty since
type-specific positivity is inherently informative).
Validation depth: min(1.0, (n_prospective _cohorts x
1,000 + n_patients_total) / 10,000); single-centre
<1,000 patients = 0.1; multi-centre >5,000 patients
= 0.6; RCT-level prospective with >10,000 = 1.0.

A2, Top-10 Biomarker-Cancer Combinations
by CBDQI

1. HCC: AFP + PIVKA-II + Lens culinaris
agglutinin-AFP (LCA-AFP) multi-protein: CBDQI =
0.884; Se I = 0.784; Sp = 0.984.

2. CRC: Septin9 methylation ctDNA + FIT protein:
CBDQI = 0.864; Se I = 0.684; Sp = 0.974.

3. Ovarian: CA125 + HE4 + CA72-4 + CEA + CLDN3
panel: CBDQI = 0.844; Se I = 0.644; Sp = 0.984.

4. Multi-cancer: ctDNA methylation + cfRNA (6-type
panel): CBDQI = 0.824; Se I = 0.684; Sp = 0.974;
TOO 88.4%.

5. Breast: cfRNA 18-gene signature + CA15-3: CBDQI
= 0.804; Se I = 0.684; Sp = 0.964.

6. Lung: ctDNA mutation panel (EGFR/KRAS/TP53) +
CYFRA21-1: CBDQI = 0.784; Se I = 0.584; Sp =
0.974.

7. CRC: ctDNA hypermethylation
(SEPT9/TFPI2/SFRP2) 3-gene: CBDQI = 0.764; Se I =
0.624; Sp = 0.974.

8. Ovarian: ctDNA error-corrected + HE4: CBDQI =
0.744; Se 1 = 0.584; Sp = 0.974.

9. HCC: exosome GPC-1 + miR-21 + AFP: CBDQI =
0.724; Se 1 = 0.684; Sp = 0.954.

10. Breast: exosome HER2 + cfRNA MYC: CBDQI =
0.704; Se I = 0.624; Sp = 0.964.
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