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ABSTRACT

Biomarkers are often presented as evidence of biological relevance even when the development decision they are
meant to change is unspecified. This creates a recurrent translational error: a statistically associated or
mechanistically plausible measurement is treated as though it already has decision utility. Biomarker usefulness
instead depends on context of use, analytical fitness, biological proximity to the pharmacological question, timing,
population, treatment, dose, and the consequences of an incorrect result. This Perspective argues that biomarker
interpretation should be organized around the decision a measurement is intended to change. Target engagement,
pharmacodynamic response, patient stratification, and dose selection are distinct functions, and evidence
supporting one role should not be silently transferred to another. Examples from circulating tumor DNA, imaging,
target-engagement studies, biosimilar pharmacodynamic programs, and model-informed dose selection show that
useful biomarker evidence is conditional. We propose that translational pharmacology distinguish measurement
validity, biological relevance, action threshold, consequence, and transferability as separate evidentiary
questions. This decision-utility view clarifies when biomarkers are descriptive, when they support
pharmacological inference, and when they are sufficiently qualified to alter development or treatment choices.
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INTRODUCTION

Biomarkers compress complex biological states into measurements that can appear immediately actionable. The
danger is that actionability is often assumed before the intended decision is specified. Regulatory biomarker
science instead treats usefulness as context dependent: the evidence needed for a biomarker depends on what it is
meant to do, in which population, under which intervention, and with what consequence if the result is wrong [1].
A reproducible marker may therefore be valuable for one decision and inadequate for another.

The Biomarkers Consortium has similarly organized biomarker development around explicit need, context of use,
benefit-risk considerations, and evidentiary mapping rather than association alone [2]. This does not mean that
every exploratory marker requires formal qualification. It means that a biomarker cannot be judged independently
of the claim attached to it. The shared context-of-use emphasis in regulatory and consortium scholarship provides
a foundation for a decision-oriented interpretation [1, 2].
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Model-informed drug development offers a parallel lesson: models are judged partly by how they will be used
and the risk attached to the decision they support [3]. Biomarkers should be treated similarly. The central question
is not only whether a marker correlates with exposure, biology, or outcome, but what choice should change
because the marker changed and what evidence is required before that choice is defensible.

Correlation is not decision utility

A Dbiomarker can predict, correlate, discriminate, or track and still fail to improve a decision. Decision-curve
methodology makes this distinction explicit by evaluating whether acting on a model produces net benefit across
plausible thresholds rather than assuming that discrimination or calibration alone determines usefulness [4]. The
broader lesson is that utility requires a specified action and consequence structure.

Circulating tumor DNA illustrates the point. ESMO recommendations distinguish settings in which ctDNA has
established or promising clinical validity from settings in which evidence remains insufficient for routine
treatment-directed use [5]. The same platform can therefore occupy different evidentiary positions depending on
whether the question is mutation detection, disease monitoring, minimal residual disease, treatment selection, or
treatment adaptation.

The PRISM precision-medicine study also shows attrition between molecular information and changed treatment.
Large-panel ctDNA sequencing generated contributive and actionable findings in many patients, yet far fewer
ultimately received matched therapy [6]. Treatment availability, clinical eligibility, access, competing options,
and patient-clinician choice intervene between detection and action. Actionability is therefore a chain, not an
assay property.

Dynamic biomarkers add another category error. Early ctDNA changes during immunotherapy have been
associated with subsequent outcomes [7]. Such findings can justify prospective testing, but they do not
automatically define a treatment-switch rule. A decision tool must establish not only association with outcome
but also when, how, and with what consequence the measurement should change action.

Biomarker context of use

Context of use binds a biomarker to an intended purpose. EMA experience shows how often qualification
problems arise when this binding is incomplete: recurrent shortcomings have involved biomarker properties, assay
validation, and context-of-use definition [8]. Qualification is therefore relational; evidence is judged against a
proposed use rather than against an abstract label of “validated biomarker.”

This is especially important in patient-selection programs. EMA Scientific Advice procedures involving
predictive or prognostic biomarkers repeatedly raised issues of cutoff choice, multiplicity, study design, and data-
driven subgroup selection [9]. Once a marker determines eligibility, uncertainty can alter who is exposed to
treatment, who is excluded, and how treatment effects are interpreted.

Neurofilament light chain in amyotrophic lateral sclerosis provides a useful example of use-specific qualification
thinking [10]. Evidence assembled for one biomarker role should not be assumed to support every other role. This
Perspective therefore treats “fit for this decision in this context” as more informative than the unqualified label
“validated.”

Target engagement

Target engagement often spans several distinct states: systemic exposure, delivery to the relevant tissue, local
target access, binding or functional perturbation, and downstream response. Tumor pharmacology makes this
separation visible because adequate plasma exposure can coexist with heterogeneous intratumoral penetration,
and target expression does not itself prove drug-target interaction [11]. A target-engagement biomarker must
therefore identify which state it measures.

For the CXCR7 antagonist ACT-1004-1239, plasma CXCL12 increased with exposure in a pattern consistent with
CXCRY7 antagonism, whereas CXCL11 did not show the same response [12]. This strengthens a target-linked
interpretation without converting an indirect systemic biomarker into direct receptor-occupancy evidence.
Interpretation still depends on mechanistic specificity, dose-response behavior, and compartment.

Population pharmacokinetic and target-engagement modeling of tozorakimab similarly linked regimen and
systemic engagement of the IL-33 pathway [13]. Such models can inform regimen evaluation while remaining
conditional on model structure and transfer from systemic engagement to disease-relevant tissue. Across access,
indirect engagement biomarkers, and PK/target-engagement models, different evidence layers answer different
questions [11-13].
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Imaging can move measurement closer to the tissue of interest. In a pilot study of [18F]FluorThanatrace PET in
ovarian cancer, on-treatment change in tracer uptake was more informative for response-related interpretation
than baseline uptake alone [14]. Timing therefore forms part of context of use.
MAPTRx in mild Alzheimer disease provides the complementary boundary. Dose-related reductions in
cerebrospinal-fluid tau demonstrated biological activity consistent with the intended molecular intervention, but
not clinical efficacy [15]. Target engagement and target-proximal pharmacodynamics can reduce mechanistic
uncertainty while leaving patient benefit unresolved.
The target-engagement evidence is therefore better represented as sequential inference bottlenecks than as a binary
“engaged/not engaged” claim. Table 1 identifies where each readout permits a development statement and where

transfer remains unproven.

Table 1. Target-engagement evidence as sequential inference bottlenecks rather than a binary biomarker claim
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Note: This table is an original synthesis of the preceding target-engagement distinctions. The row sequence is proposed as a reasoning aid,
not a universal mandatory development pathway.

Pharmacodynamic response

Pharmacodynamic biomarkers sit downstream of exposure and can provide sensitive evidence that a drug
perturbed a biological system. Their utility nevertheless depends on the question. In biosimilar clinical
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pharmacology, appropriately selected pharmacodynamic endpoints can sometimes detect product-related
differences more sensitively than conventional clinical endpoints [16]. Their value comes from alignment with a
narrow comparative purpose, not from intrinsic superiority over clinical outcomes.

Randomized studies of PCSK9 inhibitors, interferon beta-1a products, and IL-5 antagonists show that candidate
pharmacodynamic biomarkers differ in dose-response behavior, baseline variability, dynamic range, and practical
sensitivity [17-19]. The common lesson is that pharmacodynamic performance should be characterized
empirically before a marker carries a development decision [17-19]. Mechanistic plausibility narrows the
candidate set; it does not replace measurement characterization.

The distance from a pharmacodynamic readout to the patient-level outcome also matters. A proximal marker may
be excellent for showing pathway perturbation while remaining insufficient to show that the magnitude or duration
of change will produce benefit. Translational interpretation must therefore state which uncertainty the marker is
meant to reduce: exposure, mechanism, biological activity, comparative product performance, or clinical
response.

Patient stratification

Patient stratification creates a stronger decision claim because a biomarker influences who receives or is
prioritized for treatment. In KEYNOTE-042, tissue tumor mutational burden was evaluated in the context of
pembrolizumab versus chemotherapy and showed treatment-context-dependent associations with outcome [20].
Such evidence is more informative for treatment selection than a purely prognostic association, but it remains
bounded by tumor type, assay, treatment setting, and the exploratory biomarker analysis.

Prognostic and predictive roles are methodologically distinct. A prognostic marker carries information about
outcome, whereas a predictive marker in the treatment-selection sense carries information about differential
treatment response [21]. A marker can therefore be strongly prognostic yet useless for choosing between therapies
if relative treatment effects do not vary across marker states.

Dynamic response adds a temporal dimension. In ALK-positive non-small-cell lung cancer, early ctDNA
molecular response during lorlatinib therapy was associated with subsequent progression-free survival, and the
relationship was treatment dependent [22]. This does not create a universal treatment-switch rule. It shows that
context of use must include decision timepoint: a baseline marker may select treatment, whereas an on-treatment
marker may monitor response or support adaptation.

Dose selection

Dose selection is where biomarker reasoning fails most easily if a pharmacodynamic signal is mistaken for the
decision itself. A dose that maximizes target engagement or a proximal biomarker is not necessarily the dose that
optimizes benefit-risk. In first-in-human development of roblitinib, dose selection integrated pharmacokinetics,
pharmacodynamics, safety, and emerging efficacy rather than assigning decision authority to one signal [23].
The PRMTS5 inhibitor PF-06939999 illustrates competing constraints. Pharmacodynamic information related to
PRMTS5 inhibition was modeled together with platelet effects to support selection of an expansion dose [24]. The
biomarker was useful precisely because it was interpreted alongside what it did not capture: safety. Maximizing
pharmacodynamic effect alone would have produced an incomplete dose objective.

The same logic extends into later development. Model-informed dose selection for datopotamab deruxtecan
integrated population pharmacokinetics and exposure-response relationships for efficacy and safety [25].
Contemporary oncology dose-optimization recommendations likewise emphasize totality of evidence rather than
a maximume-tolerated-dose paradigm alone [26]. Biomarkers are most useful when they help define where
pharmacology begins, where response approaches a useful range, or where mechanistic benefit separates from
increasing toxicity.

Route and formulation changes add another transfer boundary. Development of subcutaneous nivolumab used
model-based exposure bridging to select a regimen for further evaluation relative to established intravenous
experience [27]. Exposure similarity can support a dosing bridge but does not prove superior efficacy or complete
equivalence of every clinically relevant property.

Finally, statistical significance does not automatically create a dosing action. Population pharmacokinetic and
exposure-response analyses of risankizumab in ulcerative colitis supported induction and maintenance regimens
without converting every statistically detected covariate relationship into a clinically meaningful dose adjustment
[28]. A biomarker or covariate becomes dose relevant only when its effect is sufficiently reliable and
consequential to change the choice.
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Figure 1 therefore treats dose selection as a convergence problem rather than a biomarker-maximization problem.
It marks where exposure, access, engagement, pharmacodynamic response, safety, and efficacy can inform the
same regimen while retaining the boundaries that prevent one evidence stream from substituting for another.
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Figure 1. Dose information becomes decision-worthy only where exposure, engagement, pharmacodynamic
response, and consequence converge

Predictive and prognostic roles

Calling a biomarker “predictive” should describe the decision it can inform, not simply the strength of its
association with outcome. A prognostic biomarker provides information about likely outcome irrespective of a
treatment contrast, whereas a predictive biomarker, in the treatment-selection sense, contains information about
differential response between therapeutic options [21]. Confusing these roles can make an apparently strong
biomarker clinically decorative: it identifies higher-risk patients without establishing which treatment should
change that risk.

Treatment context is therefore indispensable. In KEYNOTE-042, tissue tumor mutational burden was evaluated
within a randomized comparison of pembrolizumab and chemotherapy, allowing its relationship with outcome to
be interpreted against a treatment contrast [20]. Even there, the result remains bounded by the trial population,
assay, disease state, treatment alternatives, and exploratory nature of the biomarker analysis. A treatment-
associated signal in one setting should not acquire a universal “predictive” label merely because the same
molecular feature is measurable elsewhere.

Timing can also change the biomarker's role. Early circulating tumor DNA response in ALK-positive non-small-
cell lung cancer was associated with progression-free survival during lorlatinib treatment [22]. That evidence
addresses an on-treatment response state rather than the same decision addressed by a pretreatment selection
biomarker. Similarly, early ctDNA Kinetics during immunotherapy can carry outcome information without
establishing a validated treatment-adaptation rule [7]. The molecule being measured may be unchanged, while its
context of use changes from selection to monitoring.

This distinction becomes particularly important when clinically valid assays are moved into intervention
strategies. ctDNA can identify molecular alterations or residual disease with substantial analytical and clinical
relevance while evidence that treatment should be changed because of a specific result remains incomplete in
some contexts [5]. The evidentiary question is therefore not “Is ctDNA useful?” but “Which ctDNA measurement,
at which time, in which disease and treatment context, changes which decision with demonstrated benefit?”
Narrative terminology alone is poorly suited to separating these overlapping biomarker states. The comparison in
Table 2 therefore distinguishes what is observed from what may legitimately be inferred and identifies the
additional evidence needed before a biomarker state can direct treatment.
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Table 2. Distinguishing biomarker observations from treatment-selection claims when prognostic and predictive
roles overlap

Decision
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Note: The distinctions and decision tests in this table are a proposed synthesis. They are intended to prevent prognostic, predictive, monitoring,
and treatment-directing claims from being treated as interchangeable.
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Decision thresholds and consequences of error

Even a well-characterized biomarker cannot change a decision until an action threshold is specified. The relevant
threshold is not necessarily the analytical limit of detection, the population median, or the point that maximizes
sensitivity and specificity. Stakeholder-informed decision analysis shows that positivity thresholds depend on the
relative consequences of false-positive and false-negative classifications [29].

This matters because biomarker errors are rarely symmetric. A false-positive target-engagement signal may
encourage continued development of an inadequately active regimen. A false-negative pharmacodynamic result
may terminate an effective program. A false-positive predictive marker may expose a patient to ineffective
treatment, whereas a false-negative result may exclude a patient who could benefit. Decision-curve methodology
makes the same general point: model value depends on the benefit and harm attached to actions at a particular
threshold, not only on discrimination [4].

Cutoff derivation becomes still more consequential when a biomarker defines trial eligibility. Regulatory
Scientific Advice experience has repeatedly highlighted cutoff choice, multiplicity, and data-driven subgroup
identification as methodological concerns [9]. Exploratory thresholds can generate hypotheses, but using the same
data to discover a cutoff and then treating that cutoff as a confirmed treatment-selection rule risks converting
sampling variation into an apparently mechanistic boundary.

A translational threshold should therefore be described by three linked properties: the measurement boundary, the
action that follows crossing it, and the consequence of being wrong. Where those consequences are large,
prospective confirmation should be correspondingly stronger. This Perspective does not propose a universal
numerical loss function; the relative cost of errors depends on disease severity, treatment toxicity, reversibility of
the decision, alternatives, clinical stage, and whether the biomarker is being used for development or direct patient
care.

A biomarker decision-utility framework

We propose a biomarker decision-utility framework that begins with the decision rather than the measurement.
The framework is deliberately relational: no biomarker is inherently “decision useful” outside a defined context.
Emerging precision-dosing approaches based on drug-response phenotypes reinforce the potential value of
connecting measurements to patient-specific actions while also highlighting requirements for reliable,
representative, longitudinal data [30].

The first element is decision specification. The intended action must be stated before the biomarker evidence is
interpreted. Examples include continuing a candidate dose, escalating exposure, selecting a patient subgroup,
comparing products, adapting treatment, or terminating development. This follows the established context-of-use
principle that biomarker evidence is evaluated against an intended purpose [1].

The second element is measurement fitness. Analytical performance must be adequate for the distinctions the
decision requires. Reproducibility alone is insufficient if the assay cannot discriminate the biological states that
alter action. Conversely, a highly sensitive assay can create more detected states without making those states
clinically meaningful.

The third element is pharmacological relevance. A marker should be located explicitly relative to exposure, tissue
access, target engagement, pharmacodynamic change, disease biology, and patient outcome. The more distal the
marker is from the intended mechanism, the greater the number of alternative explanations that generally remain.
Mechanistic proximity improves interpretability but does not abolish confounding or guarantee clinical
consequence.

The fourth element is an action threshold. An association becomes actionable only when a marker state changes
a named choice. Decision analysis provides a formal rationale for incorporating the consequences of alternative
actions rather than relying solely on statistical accuracy [4]. The PRISM experience illustrates why this element
cannot be reduced to molecular “actionability”: a potentially targetable finding must still pass through
recommendation, feasibility, and treatment delivery before it changes care [6].

The fifth element is evidence convergence. Biomarker evidence should be interpreted alongside the other
information necessary for the decision. Integrated first-in-human dose selection demonstrates that
pharmacokinetics, pharmacodynamics, safety, and emerging efficacy can each constrain the selected regimen
[23]. The framework therefore assigns biomarkers decision weight rather than decision sovereignty.

The sixth element is consequence and transferability. Before acting, investigators should ask what happens if the
biomarker is wrong and whether evidence transfers across population, disease stage, assay, tissue, timing,
treatment, formulation, or route. Threshold methodology shows why error costs are context specific [29]. A
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biomarker may therefore remain useful even when not transferable: its valid scope simply needs to be stated rather
than silently expanded.

Together, these elements create a proposed sequence of questions: What decision is being made? Is the
measurement fit for that purpose? Which biological or pharmacological state does it actually represent? What
action changes at the relevant marker state? What other evidence must converge before acting? What are the
consequences of error, and where does the evidence stop transferring? The value of this sequence is not that every
program must follow an identical regulatory path, but that each biomarker claim becomes falsifiable and decision
specific.

Qualification strategy

Qualification should follow the intended decision rather than precede it as an abstract certification exercise.
Digital health technology-derived endpoints illustrate this clearly: regulatory pathways depend on the particular
endpoint, technology, validation evidence, and context of use [31]. The availability of a measurement technology
does not itself make its output acceptable for every trial or development purpose.

Experience with EMA biomarker qualification similarly shows that assay validation, biomarker characterization,
and context-of-use definition frequently determine whether an evidentiary package is mature enough for
qualification [8]. Analytical validation is therefore necessary but not terminal. The question after “Can this be
measured reliably?” remains “What does the result justify us doing?”

Evidence transfer should be treated explicitly. The neurofilament light-chain experience in amyotrophic lateral
sclerosis illustrates qualification tied to a specified use rather than to the analyte in every conceivable neurological
setting [10]. When the population, disease stage, specimen, platform, intervention, decision, or consequence
changes materially, the evidentiary argument should be revisited. We propose this as a scientific transfer rule, not
as a claim that every change legally requires a new formal qualification procedure.

Qualification intensity should also be proportional to decision risk. Model-informed development already
emphasizes credibility relative to the intended application [3]. Biomarker qualification can use the same logic. An
exploratory marker used to prioritize a mechanistic experiment does not require the same evidentiary burden as a
marker that excludes patients from effective therapy or determines a pivotal dose. Where the consequences of
incorrect classification are substantial, decision-analysis principles favor stronger validation of both the biomarker
and the action it triggers [4].

The practical endpoint of qualification is therefore not a decorative label of validation. It is a defensible statement
with boundaries: in this population, using this measurement method, at this time, under this treatment or
development context, this biomarker result is sufficiently reliable and informative to support this specified
decision. Evidence outside that statement may remain scientifically valuable, but it should not inherit the same
decision authority automatically.

CONCLUSION

Biomarkers should be judged by the decisions they are capable of supporting, not by the visual persuasiveness of
a correlation, the novelty of an assay, or mechanistic plausibility alone. Context of use determines what must be
measured, target engagement identifies only one level of pharmacological evidence, pharmacodynamic response
does not automatically establish patient benefit, and predictive interpretation requires treatment-specific evidence
rather than prognosis alone.

The proposed decision-utility framework therefore separates decision specification, measurement fitness,
pharmacological relevance, action thresholds, evidence convergence, consequences of error, and transferability.
Its purpose is not to impose a universal qualification pathway. It is to prevent evidence from silently crossing
boundaries it has not actually resolved.

A biomarker becomes translationally consequential when its result changes a named decision and when the
evidence supporting that change is appropriate to the cost of being wrong. Until then, even an elegant and
reproducible correlate should be described for what it is: informative evidence whose decision authority remains
to be established.
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