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Abstract

The paradigm of modern medicine is shifting from reactive treatment to proactive and pre-emptive
intervention, a transition fundamentally enabled by the discovery and clinical application of novel
laboratory biomarkers. This narrative review synthesizes recent advancements from 2015 to 2026 in
the utilization of circulating and genomic biomarkers for early disease detection across key clinical
domains, including oncology, neurodegenerative disorders, cardiovascular diseases, and infectious
diseases. We critically examine the evolution of liquid biopsies, comprising circulating tumor DNA,
circulating tumor cells, and exosomes, which have revolutionized early cancer detection and
minimal residual disease monitoring. In neurodegenerative diseases like Alzheimer’s, we explore
the diagnostic accuracy of blood-based phospho-tau species and neurofilament light chain, which
now approximate the performance of positron emission tomography and cerebrospinal fluid assays.
For cardiovascular risk stratification, the integration of high-sensitivity cardiac troponins, natriuretic
peptides, and novel inflammatory markers into polygenic risk scores is redefining primary
prevention. The review also addresses the systemic challenges of clinical implementation, including
the interpretive complexity of multi-marker panels, standardization across analytical platforms, and
the ethical management of preclinical disease states. By highlighting the convergence of multi-omics
and artificial intelligence, we outline a future where comprehensive biomarker profiling defines a
new taxonomy of human disease, enabling truly personalized and anticipatory healthcare.
Keywords: Liquid Biopsy, Early Cancer Detection, Alzheimer’s Disease Biomarkers, High-
Sensitivity Troponin, Multi-Omics Integration
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1. INTRODUCTION

The relentless pursuit of extending human healthspan hinges on a singular, critical juncture: the ability to detect
disease before its clinical manifestation. For centuries, diagnosis has been a retrospective art, dependent on the
patient’s narrative of symptoms and the physician’s recognition of syndromic patterns. This paradigm, however,
is inherently constrained, often intervening at a point of no return where pathological cascades are entrenched and
tissue damage is irreversible. The 21st century has witnessed a transformative disruption of this model, catalyzed
by the molecular biology revolution and the advent of high-throughput omics technologies (Ashley, 2016). The
modern concept of the laboratory biomarker, once limited to simple biochemical assays like glucose or cholesterol,
has expanded into a universe of dynamic, multi-analyte signatures that reflect the genome, transcriptome,
proteome, and metabolome. These biomarkers are no longer mere correlates of disease; they are powerful
prognosticators and predictive tools that offer a window into the presymptomatic phase of illness, fundamentally
redefining the therapeutic window of opportunity (Karczewski & Snyder, 2018).

This evolution is most palpable in the shift from tissue-dependent diagnostics to minimally invasive liquid
biopsies, a transition that has demolished barriers to serial sampling and population-level screening (Ignatiadis,
Sledge, & Jeffrey, 2021). The detection of circulating tumor DNA (ctDNA) fragments, circulating tumor cells
(CTCs), and extracellular vesicles in a simple blood draw has turned the peripheral blood compartment into a
comprehensive, real-time biopsy of solid tumors and hematological malignancies alike. Parallel to this oncological
revolution, the field of neurology has experienced its own paradigm shift, as blood-based biomarkers for
Alzheimer’s disease (AD) have shattered the long-held dependence on cerebrospinal fluid (CSF) analysis and
costly amyloid positron emission tomography (PET) imaging, promising to democratize access to early and
accurate diagnosis (Hansson et al., 2022). In cardiology, the incremental refinement of biomarkers like high-
sensitivity cardiac troponin (hs-cTn) has allowed for the detection of subclinical myocardial injury in
asymptomatic populations, effectively creating a new category of pre-heart failure risk stratification that
challenges traditional primary prevention algorithms (Zeller et al., 2015). Figure 1 illustrates the integration of
genomic, transcriptomic, proteomic, metabolomic, and microbiome biomarkers through artificial intelligence
enables precision medicine by improving early disease detection, individualized risk prediction, and personalized
therapeutic decision-making.
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Figure 1. Multi-Omics Biomarker Pipeline for Early Disease Detection.

Yet, this flood of biological data presents a formidable paradox: the more we measure, the more complex clinical
interpretation becomes. The integration of thousands of data points per patient necessitates a departure from
univariate analysis to sophisticated machine learning and artificial intelligence (Al) algorithms that can discern
non-linear, multi-dimensional patterns invisible to the human eye (Topol, 2019). This review aims to provide a
synthetic and critical narrative of the clinical applications of laboratory biomarkers for early disease detection
over the past decade (2015-2026). We will traverse the major clinical arenas where these technologies have made
the most significant inroads, analyzing their diagnostic accuracy, clinical utility, and the systemic hurdles that
impede their translation from discovery to standard of care. Finally, we will explore the ethical and
epistemological challenges of identifying disease in the healthy, a paradigm that necessitates a new social contract
between medicine and society.

1986



TPM Vol. 32, No. S5, 2025
ISSN: 1972-6325
https://www.tpmap.org/

Open Access

2. The Liquid Biopsy Revolution in Oncology

No field has been as profoundly reshaped by molecular biomarkers as oncology. The traditional diagnostic
pathway, reliant on invasive tissue biopsies, is fraught with limitations including sampling bias due to tumor
heterogeneity, procedural risk, and the impracticality of longitudinal monitoring (Gorgannezhad et al., 2018). The
liquid biopsy has emerged as a transformative solution, offering a non-invasive, serial, and holistic view of tumor
biology. The core analytes—ctDNA, CTCs, and exosomes—each provide a distinct perspective on the tumor’s
identity, burden, and dynamic evolution. An overview of the key circulating biomarkers discussed across clinical
domains, their diagnostic performance metrics, and their current stage of clinical application is provided in Table
1.

Table 1. Key Circulating Biomarkers for Early Disease Detection: Performance and Clinical Application

Biomarker Class Specific Analyte | Primary Key Diagnostic Current Clinical

Disease Focus | Metric / Application Stage
Performance

Liquid Biopsy Methylated Multi-Cancer 99.5% Specificity; Population screening
(ctDNA) ctDNA panel (50+ types) 93% Tissue-of- (clinical trials/non-
Origin Accuracy; FDA cleared); MRD
~38% PPV (Liu et monitoring (FDA
al., 2020; Klein et al., | cleared)
2022)
Liquid Biopsy EpCAM+/CK+ Metastatic >5 cells/7.5mL blood | FDA-cleared for
(CTO) CTCs Breast, — poor PFS (HR prognostic monitoring;

Prostate, 2.5-4.0) (Cristofanilli | therapeutic guidance

Colorectal etal., 2019) (characterization)

Cancer under investigation

Neurodegeneration | Plasma p-tau217 | Alzheimer's AUC ~0.98 for AD Clinical diagnostic

Disease vs. controls; superior | triage; used in
to CSF and plasma therapeutic trial
p-taul81 (Palmqvist | screening (e.g., for
et al., 2020) lecanemab)

Neurodegeneration | Serum Multiple Correlates with MRI | Clinical disease
Neurofilament Sclerosis, lesions in MS monitoring and trial
Light (NfL) ALS, General (r=0.6); strong endpoint (MS);
Neuroaxonal predictor of survival | prognostic counseling
Injury in ALS (HR 2.3) (ALS)
(Kuhle et al., 2019;
Benatar et al., 2023)
Cardiovascular High-sensitivity Preclinical Above limit of Guideline-
Cardiac Troponin | Myocardial detection in 25% of | recommended for
I (hs-cTnl) Injury, Primary | healthy middle-aged | AMI diagnosis;

Prevention adults; independent emerging for primary
predictor of 15-yr prevention risk
CV death (HR 2.1) reclassification
(Jiaetal., 2019)

Cardiovascular NT-proBNP Preclinical Screening + Guideline-

Heart Failure collaborative care recommended for HF
reduced LV systolic | diagnosis; guided
dysfunction by 45% | primary prevention in
(Ledwidge et al., high-risk cohorts
2013)

Cardiovascular Coronary Artery | Coronary High PRS confers 3- | Clinical risk
Disease Artery Disease | fold increased risk, calculators and direct-
Polygenic Risk comparable to FH; to-consumer testing;
Score (PRS) identifies statin integrated into
benefit (Khera et al., | integrative personal
2018) profiles

Note: AUC = Area Under the Curve; PPV = Positive Predictive Value; HR = Hazard Ratio; PFS = Progression-
Free Survival;, FH = Familial Hypercholesterolemia.

2.1 Circulating Tumor DNA: From Minimal Residual Disease to Multi-Cancer Screening

Circulating tumor DNA consists of short DNA fragments shed into the bloodstream through tumor cell apoptosis,
necrosis, and active secretion. Its half-life of less than two hours makes it an exquisitely real-time indicator of
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tumor presence and response to therapy (Wan et al., 2017). The clinical applications of ctDNA analysis are
stratified along the cancer care continuum, but its most profound impact has been in the realms of early detection
and minimal residual disease (MRD) assessment. MRD, defined as the persistence of ctDNA after curative-intent
therapy, often precedes radiographic recurrence by several months, providing a critical window for therapeutic
escalation. In colorectal cancer, the DYNAMIC trial demonstrated that a ctDNA-guided approach to adjuvant
chemotherapy reduced the proportion of patients receiving chemotherapy without compromising recurrence-free
survival, marking a landmark shift toward biomarker-driven precision oncology (Tie et al., 2022). Similarly, in
muscle-invasive bladder cancer, the detection of ctDNA post-cystectomy in the IMvigor010 study identified
patients with a profound survival benefit from adjuvant atezolizumab, while ctDNA -negative patients derived no
benefit, underscoring the predictive power of this biomarker (Powles et al., 2021).

Beyond MRD, the most ambitious application of ctDNA technology is in multi-cancer early detection (MCED).
These tests utilize targeted methylation sequencing, fragmentomic patterns, and mutational signatures to
simultaneously detect dozens of cancer types from a single blood sample and, critically, predict the tissue of
origin. The Circulating Cell-free Genome Atlas (CCGA) study demonstrated the feasibility of this approach, with
a highly specific methylation-based assay achieving a false-positive rate of less than 1% and accurate tissue-of-
origin prediction in 93% of true-positive cases (Liu et al., 2020). A large-scale prospective interventional study,
the PATHFINDER trial, further validated this concept in a real-world population, finding that 1.4% of participants
had a cancer signal detected, with a positive predictive value of 38%, which increased to over 98% when a cancer
signal was confirmed to originate from a specific tissue (Klein et al., 2022). These results have ignited intense
hope for population-scale screening, particularly for high-mortality cancers like pancreatic, ovarian, and liver
cancers that lack conventional screening modalities. However, significant challenges remain, including the
detection of early-stage (stage 1) tumors, the biological origin of signals that resolve without a clinical cancer
diagnosis, and the economic and psychological burden of false-positive results (Beer et al., 2021).

2.2 Circulating Tumor Cells and Exosomes: Complementary Windows into Metastasis

While ctDNA reflects tumor genomic architecture, CTCs provide a unique window into the metastatic cascade.
As intact, viable cells that have invaded the vasculature, CTCs can be enumerated and characterized for their
proteomic, transcriptomic, and secretory profiles (Alix-Panabiéres & Pantel, 2021). The CellSearch system, which
remains the only FDA-cleared CTC enumeration platform, has established the prognostic value of CTC counts in
metastatic breast, prostate, and colorectal cancers, with a baseline count of >5 cells per 7.5 mL of blood
consistently correlating with worse progression-free and overall survival (Cristofanilli et al., 2019). However, the
next frontier is CTC characterization. Single-cell sequencing of CTCs has revealed significant heterogeneity in
actionable mutations, such as those in the androgen receptor in prostate cancer or in ESR1 in breast cancer, which
may not be captured by a single-site tissue biopsy. This capability allows for the identification of emergent drug
resistance mechanisms in real-time, guiding treatment adaptation (Miyamoto et al., 2015).

Extracellular vesicles, particularly exosomes (30-150 nm diameter), represent a third pillar of the liquid biopsy.
These lipid bilayer-delimited particles carry a cargo of nucleic acids (mRNA, miRNA, IncRNA), proteins, and
lipids that mirror the metabolic and signaling state of their parent cells. Their phospholipid membrane provides a
protected microenvironment, making their cargo remarkably stable in circulation, an advantage over free-
circulating nucleic acids (Kalluri & LeBleu, 2020). In pancreatic ductal adenocarcinoma (PDAC), a disease
notorious for late diagnosis, a signature combining exosomal glypican-1 (GPC1) and specific miRNAs has shown
promise in distinguishing early-stage PDAC from benign pancreatic diseases and healthy controls, a critical unmet
need given the asymptomatic nature of resectable disease (Melo et al., 2015). Exosomal PD-L1 has also emerged
as a potential predictive biomarker for immunotherapy, as tumor-derived exosomes carrying PD-L1 on their
surface can suppress T-cell function systemically, and a reduction in exosomal PD-L1 levels during anti-PD-1
therapy may predict a clinical response before radiographic changes are evident (Chen et al., 2018). The clinical
utility of exosomes, however, is currently limited by a lack of standardization in isolation and purification
techniques, which vary from ultracentrifugation to size-exclusion chromatography and immunocapture, leading
to heterogeneous results across studies (Théry et al., 2018). Figure 2 summarizes the clinical workflow illustrating
liquid biopsy applications in oncology. Circulating tumor DNA (ctDNA), circulating tumor cells (CTCs), and
exosomes obtained from peripheral blood are analyzed using advanced molecular techniques to support early
cancer detection, minimal residual disease monitoring, mutation profiling, and personalized treatment selection.
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Figure 2. Clinical Workflow of Liquid Biopsy in Precision Oncology

3. Neurodegenerative Diseases: The Age of Blood-Based Brain Biomarkers

For decades, the definitive diagnosis of Alzheimer’s disease (AD) was a post-mortem histopathological exercise.
The advent of CSF biomarkers (Ap42, total tau, phospho-tau) and amyloid PET imaging allowed for in vivo
diagnosis, but these modalities are hampered by invasiveness, high cost, and limited availability, restricting their
use primarily to specialist centers and clinical trials (Jack Jr et al., 2018). The last half-decade has witnessed a
seismic breakthrough: the development of ultrasensitive blood-based assays that can accurately reflect cerebral
amyloid and tau pathology. This transformation is driven by technological innovations such as single-molecule
array (Simoa), immunoprecipitation-mass spectrometry (IP-MS), and high-sensitivity immunoassays that can
detect brain-derived proteins in the femtomolar concentration range in the presence of a vast excess of peripheral
proteins (Zetterberg & Blennow, 2021).

3.1 Phospho-Tau as a Diagnostic and Prognostic Cornerstone

The microtubule-associated protein tau undergoes hyperphosphorylation at multiple residues in AD, leading to its
aggregation into neurofibrillary tangles. The measurement of specific phospho-tau (p-tau) species in blood has
emerged as the most transformative biomarker for AD. P-tau217, in particular, has demonstrated exceptional
diagnostic accuracy, rivaling that of CSF and PET biomarkers. In the Arizona APOE Cohort Study, plasma p-
tau217 distinguished neuropathologically defined AD from non-AD dementias with an area under the curve
(AUC) of 0.98, a performance far superior to plasma p-taul81 and neurofilament light chain (NfL) (Palmqvist et
al., 2020). Remarkably, plasma p-tau217 levels begin to increase before tau-PET signal is detectable, suggesting
that changes in tau phosphorylation and secretion are very early, possibly reversible, events in the AD cascade
(Janelidze et al., 2020). This temporal profile positions plasma p-tau217 as a critical biomarker for staging
preclinical AD and identifying candidates for disease-modifying therapies, such as anti-amyloid monoclonal
antibodies, before substantial neurodegeneration has occurred. The recent clinical approval of lecanemab and
donanemab, therapies that require confirmation of amyloid pathology, has catapulted blood-based p-tau217 assays
from a research curiosity to a central pillar of diagnostic triage, drastically reducing the need for confirmatory
PET scans (Cummings et al., 2023).

P-taul81, while slightly less specific to AD than p-tau217, also provides significant clinical utility. Longitudinal
aging studies have shown that plasma p-taul81 can predict future tau-PET positivity and cognitive decline up to
eight years before symptom onset, marking a trajectory from normal cognition to mild cognitive impairment
(Karikari et al., 2020). The A4 (Anti-Amyloid Treatment in Asymptomatic Alzheimer’s) trial demonstrated that
in cognitively unimpaired individuals with elevated brain amyloid, baseline plasma p-taul81 levels were
predictive of neocortical tau pathology and subsequent cognitive decline, underscoring its prognostic value in the
preclinical stage (Sperling et al., 2020). The differential kinetics of p-tau217 and p-taul81—with p-tau217
appearing earlier and more closely mapping to amyloid plaque accumulation—suggest a future diagnostic
workflow where a highly sensitive p-tau217 test acts as a first-line screening tool, followed by more specific
confirmatory assays if needed.
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3.2 Neurofilament Light and Glial Fibrillary Acidic Protein: Markers of Neurodegeneration and
Neuroinflammation

Neurofilament light chain (NfL) is a cytoplasmic protein highly expressed in large-caliber myelinated axons. Its
release into the CSF and blood is a generic yet highly sensitive marker of neuroaxonal injury, irrespective of the
cause. Unlike p-tau, which is disease-specific, plasma NfL is elevated across a spectrum of neurological
conditions, including multiple sclerosis (MS), amyotrophic lateral sclerosis (ALS), frontotemporal dementia, and
traumatic brain injury (Bridel et al., 2019). This lack of specificity precludes its use as a standalone diagnostic for
AD, but makes it an invaluable tool for prognosis, disease monitoring, and treatment response assessment in
neurology at large. In MS, serum NfL levels correlate with the number of new T2 and gadolinium-enhancing
lesions on MRI and predict future brain volume loss. Consequently, it has been proposed as a sensitive, blood-
based endpoint in phase II clinical trials to screen the efficacy of novel disease-modifying therapies before
committing to larger phase III studies with MRI endpoints (Kuhle et al., 2019). In ALS, elevated baseline serum
NfL is a strong independent predictor of shorter survival and faster functional decline, aiding in patient
stratification for clinical trials and empowering neurologists to provide more accurate prognostic counseling
(Benatar et al., 2023).

Glial fibrillary acidic protein (GFAP), an intermediate filament protein of astrocytes, reflects a distinct
pathological process: neuroinflammation and reactive astrogliosis. Plasma GFAP has been shown to be an early
marker of emerging amyloid-p pathology, potentially preceding significant tau aggregation and even p-taul81
changes. In the Wisconsin Registry for Alzheimer’s Prevention, plasma GFAP levels were elevated in individuals
with preclinical AD and were associated with abnormal amyloid PET scans, independent of tau pathology
(Benedet et al., 2021). This finding suggests that astrocytic activation is an early response to amyloid deposition,
positioning plasma GFAP as a complementary biomarker to p-tau, potentially delineating an inflammatory stage
of early AD that is distinct from the neurodegenerative phase tracked by NfL. The integration of these “A/T/N”
(Amyloid, Tau, Neurodegeneration) biomarkers in blood promises to provide a comprehensive, low-cost, and
scalable staging system for AD, analogous to the TNM staging in oncology.

4. Cardiovascular and Metabolic Risk Reclassification

Cardiovascular disease (CVD) remains the leading cause of global mortality, a statistic that underscores the
inadequacy of current primary prevention strategies. The reliance on traditional risk factors, such as the
Framingham Risk Score or the Pooled Cohort Equations, generates probabilistic assessments that fail to capture
individual biological susceptibility. The integration of circulating and genomic biomarkers is creating a new
paradigm of precision cardiology, moving beyond risk prediction to risk reclassification and the identification of
preclinical disease states that demand intervention (Nayor et al., 2021).

4.1 High-Sensitivity Cardiac Troponins: Redefining Myocardial Injury

The development of high-sensitivity cardiac troponin (hs-cTn) assays has been one of the most consequential
advances in cardiovascular diagnostics, directly translating into improved patient outcomes through faster rule-
out protocols for acute myocardial infarction (AMI) in emergency departments (Neumann et al., 2019). However,
its application in the primary prevention setting among asymptomatic individuals may prove even more far-
reaching. Chronic, low-level myocardial injury, detectable only with hs-cTn assays, is remarkably common in the
general population and is independently associated with structural heart disease, incident heart failure, and
cardiovascular death (Welsh et al., 2018). In the Atherosclerosis Risk in Communities (ARIC) study, elevated hs-
cTnl levels were detected in nearly a quarter of middle-aged adults and were predictive of incident coronary heart
disease, heart failure hospitalization, and all-cause mortality over a 15-year follow-up, independent of traditional
risk factors (Jia et al., 2019).

The clinical actionability of this information is now being tested. The recently concluded WESTCOR -Primary
prevention trial demonstrated that incorporating hs-cTnl into a screening algorithm, alongside coronary artery
calcium (CAC) scoring, significantly improved the reclassification of individuals into risk categories that would
modify lipid-lowering therapy eligibility (Tang et al., 2021). An individual with an intermediate risk score but an
elevated hs-cTnl level is effectively reclassified as high-risk, a status that warrants aggressive LDL-cholesterol
lowering that would not typically be indicated based on population-derived risk calculators alone. Moreover, a
dynamic concept of cardiovascular health is emerging, where changes in hs-cTn over time, rather than a single
baseline measurement, provide a more nuanced risk assessment. A rise in serial hs-cTn measurements predicts
adverse outcomes even if levels remain within the conventional "normal" range, reflecting a trajectory of active,
ongoing myocardial stress (Berry et al., 2021).

4.2 Natriuretic Peptides and Polygenic Risk Scores

The natriuretic peptide system, specifically B-type natriuretic peptide (BNP) and its N-terminal fragment (NT-
proBNP), is a critical counter-regulatory mechanism against cardiac wall stress and volume overload. While
central to the diagnosis of heart failure in symptomatic patients, their role in presymptomatic screening is gaining
momentum. The STOP-HF trial demonstrated that screening asymptomatic adults at risk for heart failure with
NT-proBNP, followed by collaborative care with a cardiologist-supervised natriuretic peptide-guided
management protocol, reduced the prevalence of left ventricular systolic dysfunction and symptomatic heart
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failure (Ledwidge et al., 2013). Building on this, the PONTIAC study and the more robust PARADIGM-HF sub-
analyses have consolidated the concept that pharmacological modulation of the natriuretic peptide system, using
sacubitril/valsartan, is most beneficial in patients with elevated baseline NT-proBNP, providing a predictive
biomarker framework for targeted therapy (Januzzi et al., 2019). This biology-first approach, guided by a
circulating marker of hemodynamic stress, is a template for preventing heart failure before the onset of irreversible
remodeling.

In parallel, the proliferation of genome-wide association studies (GWAS) has crystallized the genetic architecture
of complex cardiovascular traits into polygenic risk scores (PRS). A PRS aggregates the effects of millions of
common genetic variants into a single, normally distributed risk score. For coronary artery disease (CAD), a PRS
has been shown to predict risk with an effect size comparable to traditional risk factors and, crucially, to identify
individuals who derive the greatest relative and absolute benefit from statin therapy (Khera et al., 2018). In a
seminal analysis from the UK Biobank, individuals with a high CAD PRS had a lifetime risk equivalent to that of
familial hypercholesterolemia mutation carriers, yet most were undiagnosed and untreated under standard care.
The integration of high PRS with elevated hs-cTn or BNP identifies a particularly vulnerable cohort, where
multiple biological pathways converge on a high-risk state. This multi-modal biomarker strategy—combining a
stable genetic scaffold (PRS) with dynamic circulating markers of subclinical injury (hs-cTn) and stress (NT-
proBNP)—represents the pinnacle of precision prevention, creating a comprehensive and lifelong risk profile
from a single blood sample (Mosley et al., 2020).

5. The Challenge of Clinical Implementation and Interpretation

The scientific breakthroughs in biomarker discovery have outpaced the healthcare system's ability to implement
them rationally and equitably. The translation of a biomarker from analytical validity to clinical utility is a steep
and often brutal gauntlet, littered with discarded discoveries. The key bottlenecks are no longer in the wet lab;
they reside in the domains of biostatistics, regulation, economics, and ethics. The principal systemic challenges
that impede this translation, along with their consequences and proposed mitigation strategies, are systematically

summarized in Table 2.

Table 2. Key Systemic Challenges and Ethical Considerations in Biomarker Implementation

pre-analytical

across assay platforms
(e.g., different p-tau
immunoassays); absence
of certified reference
materials.

Challenge Specific Challenge Consequence for Clinical | Proposed Mitigation Strategy
Domain Implementation & Key References
Analytical & | Lack of standardization Non-interchangeable Develop harmonized reference

results; invalid meta-
analyses; inability to
establish universal clinical
cut-offs.

methods and materials
(JCTLM); enforce strict pre-
analytical protocols (Verberk et
al., 2020; Dayon et al., 2022).

intervention exists, or
leads to diagnosis of
indolent pathology.

Interpretive "Black box" machine Physician mistrust; Develop explainable Al (XAI)

Complexity learning algorithms for regulatory hurdles; failure | for transparent logic; rigorous
multi-omics and MCED to generalize to real-world | external validation in diverse
tests; overfitting to populations. biobanks before clinical use
training datasets. (Arrieta et al., 2020).

Clinical Biomarker detects disease | Overdiagnosis and Couple detection biomarkers

Utility for which no effective overtreatment (e.g., with prognostic biomarkers of

indolent cancer signal of
unknown primary);
psychological harm to
"worried well."

aggression; pragmatic RCTs
measuring hard outcomes
(disease-specific mortality)
(Welch & Black, 2010).

Ethical and

Psychological burden of

Anxiety, altered self-

Mandate pre-/post-test

profiling and complex
downstream diagnostic
cascades.

Psychosocial | preclinical disease perception, insurability counseling; modernize anti-
labeling; genetic/privacy concerns (life, long-term discrimination laws (GINA) to
discrimination risk. care); widening health cover non-health insurance;

disparities. ensure equitable, affordable
access (Largent et al., 2021;
Rothstein, 2021).
Economic High cost of multi-omics Limited to affluent Value-based pricing models;

populations; fails to prove
cost-effectiveness against
standard care.

health technology assessments
measuring cost per quality-
adjusted life year (QALY)
gained from early vs. late-stage
intervention.

5.1 The Multi-Marker Conundrum and Algorithmic Diagnosis
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Single-biomarker diagnostics are giving way to complex multi-analyte panels, a transition that brings immense
promise but profound interpretive challenges. The sheer dimensionality of modern omics data, where thousands
of variables are measured across hundreds of patients, creates a high-dimensional statistical space that is highly
prone to overfitting and false discovery unless rigorous methodologies are applied (Broadhurst et al., 2018).
Machine learning models, particularly deep learning architectures, are increasingly employed to parse these
complex datasets, identifying patterns that serve as composite diagnostic signatures. For example, in the
development of MCED tests, a methylation-based classifier is trained on tens of thousands of cancer and non-
cancer samples to learn a signature that distinguishes malignant and healthy cell-free DNA patterns, a task that is
computationally irreducible to human logic (Liu et al., 2020). While powerful, these ‘black box’ algorithms create
a challenge for physician trust and regulatory oversight. The clinician is asked to act on a probability score derived
from a model whose internal logic is opaque, transforming the practice of medicine from an interpretive to a
probabilistic exercise. The emerging field of explainable Al (XAI) seeks to bridge this gap by generating post-
hoc explanations for model predictions, such as highlighting which specific biomarkers most heavily influenced
a positive cancer signal call, thereby providing a pathway for clinical validation (Arrieta et al., 2020).

5.2 Standardization and Real-World Performance

The translation of a biomarker assay from a single high-performing research laboratory to a globally distributed,
scalable clinical test is a monumental challenge. Analytical preconditions such as pre-analytical sample handling,
tube type, centrifugation protocols, and freeze-thaw stability dramatically affect the measurement of fragile
analytes like extracellular vesicles and phospho-tau proteins (Verberk et al., 2020). The lack of international
reference standards and certified reference materials for the vast majority of novel protein biomarkers means that
results from different immunoassay platforms are often not interchangeable, generating divergent absolute values
and clinical cut-offs for the same biomarker (Dayon et al., 2022). This analytical chaos undermines the evidence
base, as meta-analyses of diagnostic accuracy collapse studies with incompatible measurement units. Efforts like
the Joint Committee for Traceability in Laboratory Medicine (JCTLM) are beginning to address this for high-
priority markers, but the pace of standardization lags far behind the pace of discovery. Consequently, the ‘real-
world’ performance of a biomarker test deployed in a community hospital can be significantly inferior to its
performance in the expert academic center where it was originally developed, a phenomenon that dampens clinical
enthusiasm and dilutes the public health impact (Hrudey et al., 2022).

6. Multi-Omics and the Taxonomy of Pre-Disease

The future of early disease detection lies not in the refinement of individual biomarkers, but in the holistic
integration of multiple layers of biological information—a true multi-omics synthesis. The human body is a
complex system of interacting networks, and the transition from health to disease is a state change that likely
involves coordinated, simultaneous perturbations in the genome, transcriptome, proteome, metabolome, and
microbiome (Chen et al., 2012). A seminal proof-of-concept study demonstrated that deep longitudinal profiling
of an individual, combining genomics, plasma proteomics, metabolomics, and gut microbiome data, could identify
personalized disease triggers and detect the onset of type 2 diabetes, viral infection, and myocardial stress weeks
or months before standard clinical diagnosis (Schiissler-Fiorenza Rose et al., 2019). This “personal dense,
dynamic data cloud” generates a far more sensitive and specific signal than any single marker alone.

This vision has been scaled to large population cohorts. Multi-omics phenotyping of healthy blood donors has
uncovered that a substantial fraction of the “healthy” population carries molecular signatures of preclinical
disease. For instance, deep proteomic analysis can identify individuals with subtle organ-specific aging
trajectories, where a person’s kidney proteome might look decades older than their chronological age, correlating
with subsequent development of hypertension and kidney disease (Oh et al., 2023). The concept of an “immune
health score,” derived from deep immune phenotyping and cell-free DNA methylation, is being explored to
identify individuals at high risk for severe infections or sub-optimal vaccine responses before exposure, a concept
that gained immense urgency during the COVID-19 pandemic (Ahern et al., 2022). This transition from reactive
diagnosis to proactive “health surveillance” will fundamentally change the patient-clinician interaction. The
annual wellness visit may be transformed into a data-driven review of a multi-omic dashboard, where deviations
from an individual’s baseline—their personal cloud of molecular normalcy—trigger investigation, rather than
population-based thresholds.

This future, however, is contingent on a massive overhaul of clinical trial design. Demonstrating that a multi-
omics-guided pre-emptive intervention improves life expectancy or reduces the incidence of advanced disease
requires large, decade-spanning, adaptive platform trials. The economic viability, too, requires proof that the cost
of broad profiling and early intervention is offset by the downstream avoidance of catastrophic care costs for end-
stage disease. The convergence of technologies is thus not a concluding chapter, but a prologue to a new scientific
discipline of anticipatory medicine. Figure 3 shows the integrated clinical decision pathway demonstrating how
laboratory biomarkers from oncology, neurology, cardiovascular medicine, and infectious diseases are combined
with artificial intelligence to guide early diagnosis, risk stratification, disease monitoring, and personalized
therapeutic interventions, supporting precision healthcare.
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Figure 3. Biomarker-Guided Clinical Decision Pathway for Precision Healthcare

7. Ethical and Societal Dimensions of Early Detection

The power to detect a disease before it manifests is a double-edged sword, carrying weighty ethical implications
that transcend the technicalities of assay performance. Identifying a latent pathology in an asymptomatic
individual transforms their identity from a healthy person into a patient-in-waiting, a state often described as the
"worried well" (Banda, 2015). This label imposes a psychological burden of anxiety, hypervigilance, and a
changed self-perception, even in the absence of any physical suffering. For conditions like Alzheimer’s disease,
where disease-modifying therapies have only recently shown modest clinical efficacy and are restricted to specific
stages, the knowledge of one’s preclinical amyloid or tau positivity carries a profound emotional weight. Studies
on the disclosure of AD biomarker status in cognitively normal individuals reveal a nuanced landscape, where
most participants do not experience long-term psychological harm, but a subset of those who test positive report
significant distress and a heightened focus on memory lapses (Largent et al., 2021). This necessitates robust pre-
and post-test counseling infrastructure, a resource that is wholly absent from most primary care settings.

The ethical challenge is amplified in the domain of MCED testing. A positive MCED result activates a cascade
of whole-body diagnostic imaging, often including PET-CT, to locate an occult primary tumor. This leads to two
problematic scenarios. The first is the management of a positive cancer signal for which no anatomical tumor can
be found, a state of indefinite surveillance with significant psychological morbidity and radiation exposure. The
second, and more fundamental, is the problem of overdiagnosis: the detection of a biologically indolent cancer
that would never have caused symptoms or death within the patient’s natural lifetime (Welch & Black, 2010). The
prostate-specific antigen (PSA) screening saga serves as a cautionary tale, where the biomarker’s adoption without
a clear framework for discriminating lethal from indolent disease led to extensive overtreatment and harm. To
avoid this fate, MCED tests must be accompanied by orthogonal second-generation biomarkers—such as ctDNA
fragmentomic patterns or tumor microenvironment proteomics—that can predict biological aggression and not
just anatomical presence.

Finally, the genomic privacy and data governance challenges are monumental. A comprehensive multi-omic
profile is the ultimate personally identifiable information, a molecular diary that reveals current health, future
disease trajectories, behavioral traits, and even ancestral and familial secrets. Insurance discrimination, despite
legislative safeguards like the Genetic Information Nondiscrimination Act (GINA) in the United States, remains
a potent concern for patients, particularly as these laws do not cover long-term care or life insurance (Rothstein,
2021). Ensuring equitable access to these transformative technologies is a moral imperative. If the benefits of
early detection, from MCED to Alzheimer’s screening, accrue only to affluent populations with comprehensive
health insurance, the result will be a widening of health disparities, creating a biological underclass whose diseases
are detected only when symptomatic, late, and at great cost to systems and dignity.

8. CONCLUSION

This period has been an era of unprecedented advances in the discovery and clinical translation of laboratory
biomarkers, definitively ending an era of therapeutic nihilism about early disease detection. We have moved from
measuring a few static biochemical indices to decoding the dynamic, multi-dimensional molecular language of
presymptomatic pathology. Liquid biopsies have provided a non-invasive portal into solid tumor biology, enabling
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a future where cancer screening and monitoring are as routine as a cholesterol check. Blood-based phospho-tau
assays have promised to dismantle the diagnostic bottleneck in Alzheimer’s disease, democratizing access to a
precision diagnosis that was once the preserve of academic memory clinics. High-sensitivity cardiovascular
markers are rewriting the calculus of primary prevention, identifying subclinical injury and stress years before
heart failure or infarction become clinically apparent.

Yet, these triumphs of discovery are shadowed by the immense complexity of their integration into a humane and
effective healthcare delivery model. The promise of multi-omics and Al-driven diagnostics risks creating a
labyrinthine, expensive, and anxiety-generating system that benefits the worried well while failing to reach the
underserved. The ultimate bottleneck is not technological but cognitive and systemic. The future success of this
revolution will not be measured by the sensitivity of a p-tau217 assay or the methylation pattern of a ctDNA
fragment, but by our collective ability to weave these data threads into a new narrative—one of anticipatory health.
This requires a concerted effort to standardize assays, design pragmatic clinical trials that demonstrate patient-
centered outcomes, develop an ethical framework for managing pre-disease, and reimagine the physician’s role
as an interpreter of a continuous biometric stream. The biomarker age is not merely providing new tests; it is
demanding a new philosophy of medicine, one that defines health not as the absence of diagnosed disease, but as
the successful, lifelong management of a unique and dynamic molecular ecosystem.
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