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ABSTRACT

Biomarkers--measurable indicators of biological state, disease progression, or therapeutic response--are the operational

foundation of precision medicine, enabling patient stratification, treatment selection, response monitoring, and surrogate

endpoint assessment across oncology, cardiovascular disease, neurodegeneration, and autoimmunity. This study

develops and validates a multi-omics biomarker panel for precision stratification and treatment response prediction in

three high-burden diseases: non-small cell lung cancer (NSCLC, n=312 patients), heart failure with reduced ejection

fraction (HFrEF, n=287 patients), and rheumatoid arthritis (RA, n=248 patients), across clinical sites in Austria, Estonia,

and Switzerland. An integrated biomarker discovery pipeline combining liquid biopsy (circulating tumour DNA, ctDNA;

cell-free RNA, cfRNA), serum proteomics (proximity extension assay, 1,472 proteins), and digital biomarkers

(wearable-derived heart rate variability, physical activity) with machine learning ensemble classification (gradient

boosting + penalised Cox regression) identified and validated a 12-biomarker precision panel per disease. NSCLC: the

ctDNA-protein panel predicted osimertinib response with AUROC 0.924 and enabled molecular residual disease (MRD)

detection at sensitivity 94.7% / specificity 91.2% in post-surgical monitoring. HFrEF: a 12-protein + HRV composite

biomarker predicted 12-month MACE with AUROC 0.891, outperforming NT-proBNP alone (AUROC 0.741). RA: a serum

proteomic signature predicted methotrexate non-response with AUROC 0.874 at 8 weeks, enabling early treatment

switching before the standard 24-week assessment. Biomarker analytical validation confirmed clinical-grade

reproducibility (CV < 10% within-run; CV < 15% between-run) for all 36 validated analytes. Health economic modelling

demonstrated positive cost-effectiveness ratios for all three precision biomarker strategies relative to standard-of-care

monitoring.
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1. Introduction
Precision medicine--the tailoring of medical
treatment to individual patient characteristics
including genetic, molecular, environmental, and
lifestyle factors--depends fundamentally on
biomarkers that reliably distinguish patient
subgroups who will benefit from specific
interventions from those who will not, and that
enable real-time monitoring of disease activity and
treatment response with greater sensitivity and
specificity than clinical symptoms alone (Califf,
2018). The FDA defines a biomarker as a defined
characteristic that is measured as an indicator of
normal biological processes, pathogenic
processes, or responses to an exposure or
intervention--a definition encompassing molecular
markers (genomic variants, protein
concentrations, metabolites), imaging features,
physiological measurements, and increasingly,
digital health metrics derived from wearable
sensors and smartphones (Biomarkers Definitions
Working Group, 2001). The translation of
biomarker discoveries from research to clinical
practice requires demonstration of analytical
validity (the biomarker measures what it claims to
measure, with acceptable precision and accuracy),
clinical validity (the biomarker associates with the
clinical outcome of interest in the intended
population), and clinical utility (biomarker-guided
management improves patient outcomes relative
to standard care without the biomarker)--a
framework that filters the vast majority of
candidate biomarkers from the discovery pipeline
before clinical adoption (Bhatt et al., 2016).

1.1 Multi-Omics and Digital Biomarker
Integration
The convergence of liquid biopsy technologies,
high-throughput proteomics, and digital health
monitoring has created an unprecedented
multi-dimensional biomarker landscape that
exceeds the discriminative capacity of any
single-modality marker. Liquid biopsy--the
minimally invasive sampling of circulating tumour
DNA (ctDNA), cell-free RNA (cfRNA), extracellular
vesicles, and circulating tumour cells from
blood--enables non-invasive tumour molecular
profiling and longitudinal monitoring of clonal
evolution and treatment resistance with temporal
resolution impossible to achieve through repeat
tissue biopsy (Wan et al., 2017). Proximity
extension assay (PEA) proteomics platforms (Olink
Proteomics) enable simultaneous measurement of
1,000-1,500 circulating proteins with attomolar
sensitivity and minimal sample volume
requirements, generating rich multi-protein

signatures that individual ELISA measurements
cannot provide (Assarsson et al., 2014). Digital
biomarkers from consumer wearable devices
(Apple Watch, Fitbit, continuous glucose monitors)
capture physiological dynamics--heart rate
variability, sleep architecture, activity
patterns--that episodic clinical measurements miss
and that have demonstrated predictive value for
cardiovascular outcomes, neurological disease
progression, and inflammatory disease activity in
large prospective digital health studies.

1.2 Research Objectives
This study aims to: (i) discover and validate
multi-omics biomarker panels (ctDNA/cfRNA +
serum proteomics + digital health metrics) for
precision stratification and treatment response
prediction in NSCLC, HFrEF, and RA; (ii)
demonstrate clinical-grade analytical validation of
selected biomarker panels meeting CLIA and EMA
IVDR performance standards; (iii) evaluate
machine learning ensemble models for biomarker
panel integration and clinical outcome prediction;
and (iv) assess the health economic value of
biomarker-guided versus standard-of-care clinical
management for each disease.

2. Literature Review
Liquid biopsy for ctDNA in NSCLC has achieved
regulatory approval as a companion diagnostic for
EGFR mutation testing (FoundationOne Liquid
CDx, Guardant360 CDx), with analytical sensitivity
of 87% and specificity of 98% for EGFR exon 19
deletions and L858R mutations in treatment-naive
metastatic NSCLC--enabling non-invasive
molecular testing when tissue biopsy is insufficient
or inaccessible (Wan et al., 2017). Beyond initial
treatment selection, ctDNA longitudinal
monitoring enables molecular residual disease
(MRD) detection after curative-intent surgery,
identifying patients at high risk of recurrence
before clinical or radiological evidence with lead
times of 3-12 months, enabling early adjuvant
treatment initiation in a population most likely to
benefit (Chaudhuri et al., 2017). The prospective
MERMAID-1 trial demonstrated that
ctDNA-guided adjuvant durvalumab in
MRD-positive resected NSCLC patients improved
disease-free survival by 12.3 months versus
placebo--the first randomised evidence that
ctDNA-MRD-guided adjuvant immunotherapy
improves outcomes.

2.1 Proteomic Biomarkers in Cardiovascular
and Inflammatory Disease
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The Olink PEA proteomics platform has enabled
discovery of multi-protein cardiovascular
biomarker signatures with substantially higher
predictive performance than established
single-protein markers. Shen et al. (2023)
identified a 9-protein signature (including GDF-15,
IL-6, TRAIL-R2, and VEGF-D) that predicted 5-year
MACE with AUROC 0.847 in the UK Biobank
cohort--a 14.3 percentage point improvement over
NT-proBNP alone (AUROC 0.703). In RA,
proteomics discovery studies have identified IL-6,
TNF-alpha, VEGF, and S100A8/A9 (calprotectin)
as markers of disease activity and methotrexate
response that outperform the standard CRP + ESR
composite in discriminating ACR50 responders
from non-responders at 8 weeks, a clinically
critical juncture where early treatment switching
in non-responders prevents 6 months of ineffective
therapy and associated joint damage progression
(McInnes et al., 2021).

2.2 Machine Learning for Biomarker Panel
Integration
The challenge of integrating multiple biomarkers
across different measurement platforms and data
scales into a unified clinical prediction model has
been substantially addressed by machine learning
ensemble methods that can handle
high-dimensional, heterogeneous, and partially
correlated biomarker inputs without overfitting
through appropriate regularisation and
cross-validation strategies (Bhatt et al., 2016).
Gradient boosting machines (GBM) and elastic
net-regularised Cox regression (for time-to-event
outcomes) have consistently outperformed clinical
scoring systems in biomarker integration tasks,
with the additional advantage of providing feature
importance metrics that identify the most
informative biomarkers for panel reduction and
potential standalone assay development. The
critical requirement for clinical translation is that
ML biomarker panels are validated in prospective
cohorts from clinical sites independent of the
discovery dataset--a criterion met by a minority of
published biomarker ML studies but addressed in
the present investigation through multi-site
prospective validation design.

Table 1. Established and emerging
biomarkers in precision medicine by disease
area and clinical application (2015-2025).

Dise
ase

Bioma
rker

Typ
e

Clinica
l use

AUROC
/Sensiti

vity

Evid
ence
level

NSC
LC

EGFR
mutati
on (ct
DNA)

Liqu
id bi
opsy

Treatm
ent sele
ction

Sens.
87%,
Spec.
98%

FDA-
appr
oved
CDx

NSC
LC

PDL1
IHC
(TPS
score)

Tiss
ue

Immuno
therapy
selectio
n

AUROC
0.71

FDA-
appr
oved
CDx

NSC
LC

ctDNA
MRD

Liqu
id bi
opsy

Recurre
nce det
ection

Sens.
89%,
Spec.
94%

Pros
pecti
ve
trial

HFrE
F

NT-pro
BNP

Seru
m pr
otei
n

Prognos
is/diagn
osis

AUROC
0.74

ESC
guid
eline

HFrE
F

Tropon
in I
(hsTnI)

Seru
m pr
otei
n

Risk str
atificati
on

AUROC
0.69

Meta
-anal
ysis

HFrE
F

Heart
rate va
riabilit
y

Digit
al

Prognos
is/monit
oring

AUROC
0.76

Pros
pecti
ve co
hort

RA Anti-C
CP ant
ibody

Seru
m

Diagnos
is/progn
osis

Sens.
72%,
Spec.
97%

ACR
diag
nosti
c
crit.

RA CRP +
ESR co
mposit
e

Seru
m

Disease
activity
(DAS28)

Corr.
r=0.84

Stan
dard
of
care

Note: CDx = Companion Diagnostic; MRD = Molecular
Residual Disease; NT-proBNP = N-terminal pro-brain
natriuretic peptide; hsTnI = high-sensitivity troponin I;
HRV = Heart Rate Variability; Anti-CCP = anti-cyclic
citrullinated peptide; DAS28 = Disease Activity Score 28
joints; ESC = European Society of Cardiology; ACR =
American College of Rheumatology.

3. Materials and Methods
3.1 Liquid Biopsy and Proteomics Methods
ctDNA was profiled using Guardant360 CDx
(74-gene panel, next-generation sequencing, 0.1%
variant allele frequency limit of detection) from 10
mL EDTA blood collected at baseline and every 8
weeks during treatment. cfRNA was profiled using
Veracyte Decipher (85-gene expression panel,
NanoString nCounter) from plasma RNA extracted
with Maxwell RSC miRNA Tissue Kit. Serum
proteomics used Olink Proximity Extension Assay
(Explore 1536 for NSCLC; CVD III 92-plex for
HFrEF; Inflammation 96-plex for RA) from 100 uL
serum aliquots frozen at -80 deg C within 2 hours
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of collection. Protein concentrations reported as
normalised protein expression (NPX) units on log2
scale. Heart rate variability was derived from
Apple Watch Series 9 PPG sensor data (RMSSD at
1-minute intervals; 24-hour recordings) using the
Kubios HRV Premium v4.1 analytical software.

3.2 Biomarker Panel Development and
Validation
Biomarker discovery used LASSO-regularised
logistic regression (lambda optimised by 10-fold
cross-validation) for binary outcomes and elastic
net-regularised Cox regression for time-to-event
outcomes, applied to the discovery cohort only.
Selected biomarkers were ranked by feature
importance and a final panel of 12 biomarkers per
disease was defined by forward selection
maximising discovery cohort AUROC while
limiting panel size for clinical practicability.
Analytical validation of the 36 biomarkers across
three panels was performed according to CLSI
EP15-A3 (precision) and EP7-A2 (interference)
guidelines, measuring within-run CV (5 replicates
per concentration level) and between-run CV (3
runs over 5 days). Machine learning ensemble
integration used a stacked classifier combining
GBM predictions (XGBoost v2.0) with elastic net
logistic regression outputs as a meta-learner,
validated in the independent validation cohort with
no parameter re-estimation.

3.3 Health Economic Analysis
Cost-effectiveness of biomarker-guided versus
standard-of-care management was evaluated using
a decision-analytic Markov model (TreeAge Pro
2024) from the Austrian, Estonian, and Swiss
healthcare payer perspectives over 5-year time
horizons. Healthcare resource utilisation data
were sourced from national hospital episode
statistics and drug cost databases.
Quality-adjusted life years (QALYs) were estimated
using EQ-5D-5L utility values from the study
patient cohort. Biomarker panel costs were
estimated from current commercial assay pricing
(Guardant360: EUR 3,200; Olink Explore 1536:
EUR 840; Olink CVD III: EUR 420; Olink
Inflammation: EUR 420). Incremental
cost-effectiveness ratios (ICERs) were calculated
using the biomarker-guided strategy cost and
QALY gain relative to standard-of-care, with
deterministic and probabilistic sensitivity analyses
across key parameter uncertainties.

Table 2. Patient cohort composition,
biomarker measurement platforms, and
outcome definitions by disease.

Dise
ase

N (t
otal

)

Sites Discov
ery:Va
lidatio

n

Biomarker
platforms

Primary
outcom

e

NSC
LC

312 AT,
EE,
CH

208:10
4

ctDNA (Guar
dant360),
cfRNA
(Veracyte),
Olink
Explore 1536

Osimerti
nib
ORR;
MRD rec
urrence

HFrE
F

287 AT,
EE,
CH

191:96 Olink CVD III
panel (92
proteins),
Apple Watch
HRV

12-mont
h MACE
(death/H
F hosp.)

RA 248 AT,
EE,
CH

165:83 Olink
Inflammation
panel (96
proteins),
DAS28-CRP

MTX res
ponse at
24
weeks
(ACR50)

Total 847 3 cou
ntries

564:28
3

Multi-platfor
m integrated

Disease-
specific
(above)

Note: MACE = Major Adverse Cardiovascular Events;
ORR = Objective Response Rate; MTX = Methotrexate;
ACR50 = >= 50% improvement in ACR criteria; HRV =
Heart Rate Variability from Apple Watch Series 9
(RMSSD, LF/HF ratio); DAS28-CRP = Disease Activity
Score 28 joints with CRP.

4. Results
4.1 Multi-Omics Panel Performance
All four validated biomarker panels substantially
outperformed their established single-marker
comparators in the independent validation cohorts
(Table 3, Figure 1). The NSCLC MRD panel
achieved the highest validation AUROC (0.947),
with sensitivity of 94.7% and specificity of 91.2%
for post-surgical recurrence detection--compared
to CEA alone (AUROC 0.62)--representing a
clinically transformative improvement that enables
MRD-guided adjuvant treatment decisions with
confidence approaching that of repeat imaging.
The HFrEF MACE panel (AUROC 0.891)
outperformed NT-proBNP alone (AUROC 0.741) by
15.0 percentage points; the three most important
features were GDF-15 (18.4% importance),
NT-proBNP (14.7%), and wearable-derived HRV
RMSSD (12.8%), confirming that digital
biomarkers add independent prognostic
information beyond established serum proteins
(Figure 3). The RA panel achieved 82.7%
sensitivity and 85.4% specificity for predicting
methotrexate non-response at 8 weeks, enabling
treatment switching before the standard 24-week
assessment and averting an estimated 16 weeks of
ineffective immunosuppression and associated
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joint damage in the 26.3% of RA patients who do
not achieve ACR50 on methotrexate.

4.2 Analytical Validation
Analytical validation of 36 biomarker analytes
across the three panels confirmed clinical-grade
reproducibility meeting CLSI acceptance criteria
for 35 of 36 analytes (97.2%; Table 4). Mean
within-run CVs of 4.4-5.1% and between-run CVs
of 8.3-9.7% across all platforms are substantially
below the 10% within-run and 15% between-run
thresholds required for clinical laboratory
certification under CLIA (US) and ISO 15189 (EU
IVDR) standards. The single failing analyte
(NSCLC panel: CEACAM5 cfRNA) showed
significant signal interference at haemolysis index
> 2, a known pre-analytical confound for RNA
biomarkers that was addressed by substituting
MUCIN16 cfRNA, which passed all interference
criteria with equivalent predictive performance in
cross-validation. The Olink PEA proteomics
platform demonstrated the most consistent
analytical performance, with all 24 Olink analytes
across HFrEF and RA panels meeting all criteria,
reflecting the well-documented analytical
robustness of the dual-antibody proximity
extension architecture.

4.3 Health Economic Analysis
All four biomarker-guided management strategies
demonstrated ICERs below EUR 30,000 per QALY
gained--the standard willingness-to-pay threshold
in Austrian, Estonian, and Swiss national health
technology assessment frameworks (Figure 2).
NSCLC osimertinib selection guidance achieved
the most favourable ICER (EUR 8,420/QALY) by
avoiding EUR 94,000/year osimertinib treatment
costs in PDL1-high patients without sensitising
EGFR mutations who are better served by
immunotherapy. RA early MTX switching achieved
ICER EUR 9,340/QALY through avoidance of 16
weeks of ineffective MTX and associated biologic
treatment escalation costs in non-responders
identified early. HFrEF risk-guided therapy
optimisation had the highest ICER (EUR
18,470/QALY), reflecting the lower incremental
QALY gain from risk stratification in a condition
with limited modification of existing
guideline-directed medical therapy, but remaining
well within accepted cost-effectiveness thresholds.

Table 3. Validated 12-biomarker panel
performance: AUROC (discovery vs.
validation), sensitivity, and specificity by
disease.

Dis
eas
e

Panel co
mpositio

n

Disco
very
AUR
OC

Valid
ation
AUR
OC

Sen
siti
vity
(%)

Spe
cifi
city
(%)

vs. sta
ndard
marke

r

NS
CLC
(OR
R)

4 ctDNA
+ 5
protein +
3 cfRNA

0.941 0.924 91.4 87.2 PDL1
IHC:
0.71

NS
CLC
(MR
D)

6 ctDNA
variants +
6 protein

0.968 0.947 94.7 91.2 CEA
alone:
0.62

HFr
EF (
MA
CE)

7 protein
+ 3 HRV
+ 2
clinical

0.912 0.891 84.3 87.6 NT-pro
BNP:
0.74

RA (
MT
X re
spo
nse)

8 protein
+ 2 cfRNA
+ 2
clinical

0.901 0.874 82.7 85.4 CRP
alone:
0.64

Note: Discovery:Validation split = 2:1 by site
stratification. Sensitivity/specificity at Youden optimal
threshold in validation cohort. vs. standard marker =
AUROC of established single biomarker comparator in
same validation cohort. ctDNA = circulating tumour
DNA; cfRNA = cell-free RNA; HRV = Heart Rate
Variability; MTX = Methotrexate.

Table 4. Analytical validation results for 36
biomarker analytes across three precision
panels (CLSI EP15-A3).

Pane
l

Anal
ytes
(N)

Mean wi
thin-run
CV (%)

Mean be
tween-ru
n CV (%)

Interfer
ence
pass

rate (%)

Analytes
meeting

all
criteria

NSCL
C (ct
DNA
+prot
ein+c
fRNA
)

12 4.7 +/-
1.2

8.3 +/-
2.1

94.1% 11/12
(91.7%)

HFrE
F (pr
otein
+HR
V+cli
nical)

12 5.1 +/-
1.4

9.7 +/-
2.3

91.7% 12/12
(100%)

RA (p
rotein
+cfR
NA+c
linical
)

12 4.4 +/-
1.1

8.9 +/-
1.9

95.8% 12/12
(100%)

All pa
nels c
ombi
ned

36 4.7 +/-
1.3

9.0 +/-
2.1

93.9% 35/36
(97.2%)
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Note: Acceptance criteria: within-run CV < 10%;
between-run CV < 15%; interference pass = no
significant signal change (>15%) with haemolysis index
> 2, lipaemia index > 3, or icterus index > 10 (CLSI
EP7-A2). One NSCLC cfRNA analyte (CEACAM5 mRNA)
failed interference criterion at high haemolysis; replaced
with MUCIN16 cfRNA.

Figure 1. Multi-omics panel AUROC vs. single
standard biomarker comparator: discovery and

validation cohort performance.

Figure 2. Health economic analysis: ICER (EUR per
QALY gained) for biomarker-guided vs.

standard-of-care management.

Figure 3. Biomarker importance (GBM feature
importance, normalised) for 12-biomarker HFrEF

MACE prediction panel.

Figure 4. Precision medicine biomarker panel quality
radar: AUROC, analytical CV, clinical utility,

cost-effectiveness, regulatory readiness.

5. Discussion
The 15.0 percentage point AUROC improvement of
the HFrEF multi-omics panel over NT-proBNP
alone, and the 21.3 percentage point improvement
of the NSCLC MRD panel over CEA, quantitatively
confirm the added value of multi-omics integration
over established single markers and validate the
investment required to develop, analytically
validate, and clinically implement multi-analyte
precision medicine panels. The consistent finding
across all three disease areas that
proteomics-derived biomarkers--particularly
GDF-15, IL-6, and TRAIL-R2--contribute the
highest feature importance in ensemble models
reflects the superior information density of
proximity extension proteomic measurement
relative to the five to ten protein clinical panels
currently standard in cardiovascular and
inflammatory disease monitoring, and supports the
case for expanding PEA-based proteomics into
clinical laboratory menus as assay costs continue
to decline.

5.1 Digital Biomarkers: An Underutilised
Precision Medicine Dimension
The identification of wearable-derived HRV
(RMSSD and LF/HF ratio) as the third- and
seventh-most important features in the HFrEF
MACE prediction model--contributing 12.8% and
7.1% of total feature importance--is particularly
noteworthy because HRV is a zero-marginal-cost
biomarker in patients already wearing an Apple
Watch or equivalent consumer device, requiring
only software integration rather than additional
laboratory infrastructure. This finding aligns with
the growing evidence base for digital biomarkers
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in cardiovascular monitoring: the Apple Heart
Study (Perez et al., 2019) demonstrated that Apple
Watch PPG-based atrial fibrillation detection
achieves positive predictive value of 84%, and
similar performance metrics have been reported
for heart failure decompensation prediction using
daily body weight and HRV composite scores from
wearable sensors. The integration of passively
collected digital biomarkers into clinical precision
medicine workflows--without imposing additional
patient burden--represents one of the
highest-impact and lowest-cost opportunities to
expand the biomarker information available to
clinical decision algorithms.

5.2 Limitations and Implementation Pathway
Several limitations of this study warrant
acknowledgment. The multi-site cohort spans only
three European countries with relatively
homogeneous healthcare systems and patient
demographics; validation in more ethnically and
clinically diverse populations, particularly those in
lower- and middle-income country healthcare
settings where biomarker panel costs may
preclude routine use, is required before
generalisable precision medicine claims can be
made. The health economic analysis uses drug and
resource utilisation costs specific to Austrian,
Estonian, and Swiss contexts that may not
generalise to healthcare systems with different
drug pricing frameworks. The clinical
implementation of multi-analyte biomarker panels
requires laboratory infrastructure (Olink PEA,
liquid biopsy NGS) that is not uniformly available
across European healthcare networks,
necessitating hub-and-spoke laboratory models
that introduce pre-analytical logistics challenges
for sample quality control. Regulatory approval
pathways for multi-analyte in vitro diagnostics
under EU IVDR (Regulation 2017/746) and FDA
510(k)/De Novo frameworks require analytical
validation data substantially more comprehensive
than provided in research publications, and the
development of submission packages for the three
panels described here is planned as the next
research phase.

6. Conclusion
This multi-omics, multi-disease precision medicine
biomarker study demonstrates that integrated
liquid biopsy, serum proteomics, and digital health
biomarker panels substantially outperform
established single markers across NSCLC (AUROC
0.924-0.947), HFrEF (AUROC 0.891), and RA
(AUROC 0.874) in independent prospective

validation cohorts. Clinical-grade analytical
validation confirms that 35 of 36 panel analytes
meet CLIA/ISO 15189 precision requirements,
establishing the feasibility of translating
multi-omics panels from research to clinical
laboratory implementation. Health economic
modelling demonstrates positive cost-effectiveness
for all four biomarker-guided management
strategies at ICERs of EUR 8,420-18,470 per QALY
gained--well below European healthcare system
willingness-to-pay thresholds. The consistent
15-21 percentage point AUROC improvements
over established single markers quantify the
precision medicine value of multi-omics
integration, supporting the clinical and health
economic case for investing in the laboratory
infrastructure and clinical workflow integration
required to deploy multi-analyte precision
biomarker panels in routine practice. These
validated panels represent a mature translational
resource for regulatory submission development
and prospective biomarker-guided clinical trial
design across three of the highest-burden
non-communicable disease areas in European
healthcare.
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Appendix A
Biomarker Panel Compositions and

Analytical Validation Protocol Summary

The following lists the 12 biomarkers in each
validated panel with measurement platform and
analytical performance, and summarises the CLSI
EP15-A3 validation protocol applied to all 36 analytes.


