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O I N R e

Abstract

Pain biomarkers have been proposed as potential tools to improve patient stratification,
treatment selection, and individualized therapeutic strategies in chronic pain. However,
despite an increasing volume of research across neuroimaging, electrophysiological, and
molecular domains, their translation into clinical practice remains limited. A central
challenge lies in the conceptual and methodological misalignment between biomarker
discovery and clinical applicability. Many studies labelled as “predictive” rely on mea-
surements obtained during or after intervention, small sample sizes, or lack of external
validation, limiting their ability to inform real-world decision-making. In addition, the
distinction between predictive, monitoring, and mechanistic biomarkers is often blurred,
further complicating interpretation and implementation. This Perspective examines why
many candidate pain biomarkers, although biologically informative, have not yet become
clinically actionable tools for treatment selection. We distinguish between associative, mech-
anistic, monitoring, preventive, and truly predictive biomarkers using clinically relevant
examples from pain research, and we outline the methodological requirements needed
to translate biomarker discovery into precision pain medicine. We argue that the field
requires a more rigorous framework for defining and validating predictive biomarkers, en-
compassing appropriate timing of measurement, robust study design, external validation,
and patient-relevant endpoints. Without this framework, pain biomarker research risks
continuing to generate biologically informative but clinically non-actionable findings that
do not advance individualized therapeutic decision-making.

Keywords: pain biomarkers; chronic pain; predictive biomarkers; precision pain medicine;
biomarker validation; translational research; neuroimaging; machine learning; personalized
medicine; spinal cord stimulation

1. Introduction

Chronic pain is a highly prevalent and heterogeneous condition, affecting multiple
biological, psychological, and social domains [1,2]. Conservative estimates suggest that
chronic pain affects approximately one in five adults globally, although prevalence varies
substantially according to case definition, population, and geographical context [34].
Despite advances in therapeutic options, treatment outcomes remain highly variable, and
the ability to predict individual response to specific interventions is limited. Clinical
decision-making is still largely based on symptom patterns and trial-and-error approaches,
which often result in suboptimal outcomes and prolonged patient suffering [5].
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In this context, biomarkers, broadly defined as measurable indicators of biological pro-
cesses, pathological processes, or responses to an intervention, have been proposed as tools
to improve patient stratification, guide treatment selection, and enable more personalized
approaches to pain management [6,7]. In chronic pain specifically, candidate biomarkers
have been investigated across multiple domains, including neuroimaging, electrophysi-
ology, autonomic physiology, quantitative sensory testing, and molecular profiling, with
the aim of characterizing pain mechanisms, stratifying patients, and predicting treatment
response [8-10].

Advances in neuroimaging and systems neuroscience have provided insights into the
central mechanisms of pain, identifying large-scale brain networks involved in sensory,
affective, and cognitive processing [11-13]. Similarly, molecular and immune markers have
been explored as indicators of neuroinflammatory and systemic processes associated with
chronic pain states [14]. Together, these developments have strengthened interest in the
use of biomarkers to support more mechanism-informed and personalized approaches to
pain management.

The current state of pain biomarker research is therefore heterogeneous rather than
uniformly negative. Candidate biomarkers span multiple domains, including neuroimag-
ing, quantitative sensory testing, electrophysiology, autonomic physiology, inflammatory
and immune markers, metabolomic and proteomic profiles, genetic and epigenetic vari-
ation, and psychosocial or behavioral variables [8-10,15]. Recent work has emphasized
that single-modality biomarkers are unlikely to capture the multidimensional nature of
chronic pain, and that composite or multimodal signatures may be more informative than
isolated biological measures [9,10]. In this regard, large-scale evidence has shown that
biological markers derived from blood immunoassays, brain and bone imaging, and genet-
ics can predict medical conditions associated with chronic pain with moderate accuracy,
although they perform less well for self-reported pain when used alone [16]. Importantly,
predictive performance improves substantially when biological markers are integrated with
psychosocial factors, reinforcing the need for biopsychosocial and multimodal biomarker
models rather than purely biological signatures [16]. Several biomarker domains have
generated recurrent findings in pain research, although their clinical utility remains un-
even. Neuroimaging studies have repeatedly implicated distributed networks involved
in sensory-discriminative, affective, salience, cognitive-control, and default-mode process-
ing, sometimes described as components of the “pain matrix” or broader pain-related
brain networks [11-13,17,18]. However, these patterns are not specific to pain and have
shown stronger performance in controlled experimental pain than in heterogeneous clinical
pain states. Similarly, immune and inflammatory studies have reported alterations in
cytokines and neuroimmune mediators, including IL-6, TNF-«, IL-13, chemokines, and
related inflammatory pathways, across nociceptive, neuropathic, postsurgical, and chronic
widespread pain conditions [8,14,15]. These findings support a mechanistic role for neu-
roimmune activation and sensitization, but their specificity and individual-level predictive
value remain limited. Quantitative sensory testing, endogenous pain modulation, electro-
physiology, and omics-based approaches have also provided important mechanistic and
phenotypic information, although most remain better suited for stratification or mechanistic
characterization than for treatment-guiding prediction [8,10,15,16,19-21]. Representative
biomarker domains, main reported findings, potential clinical uses, and key translational
barriers are summarized in Table 1.
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Table 1. Representative pain biomarker domains, main reported findings, potential clinical uses, and

key translational barriers.

Biomarker Representative Main Reported Findings in Pain Potential Malf‘
P P 8 Translational
Domain Examples Research Clinical Use Barriers
Altered activity and connectivity
have been reported in .
o . Limited
distributed pain-related Pain sI;I:clifeicity
. , includi . A
Functional MRI networks, inc uc'img . phenotyping, variability in
. somatosensory, insular, anterior ; . .
signatures, cineulate. prefrontal. salience mechanism- acquisition and
Neuroimaging resting-state de fiul t—n{cl)pde and se/:nsorimo:cor based preprocessing,
biomarkers connectivity, S . stratification, small samples,

. networks. Experimental pain o .
structural brain sienatures can discriminate prediction of uncertain
changes & ked pain i lled treatment generalizability to

evoked pain in controlle response routine clinical

settings, but generalization to ain

heterogeneous clinical pain p

remains limited.

Chronic pain has been associated

with altered oscillatory activity, Often measured
EEG/MEG spectral cortical excitability, evoked Obiective during or after
features, evoked responses, and functional m o]nitorin intervention,

. . . potentials, spinal or connectivity. In ng limited
Electrophysiological . . . . mechanistic

. cortical signals, neuromodulation, evoked spinal . pretreatment
biomarkers ) characterization, .
ECAP-related signals may reflect therapy thera predictive value,
measures in engagement or stimulation o tirr?iﬁation lack of
neuromodulation effects, but are often measured p standardized
during or after treatment thresholds
exposure.
Impaired conditioned pain
modulation, enhanced temporal .
e . L Ph f
o Conditioned pain ~ summation, and altered sensory Cnotyping o Operator
Quantitative . pain mechanisms, dependence,

- modulation, thresholds have been reported e s
sensory testing 1 1 chroni . stratification in variability across
and endogenous tempora Across severa’ Chronic patn neuropathic pain, protocols, limited

) summation, conditions, supporting central ro S
modulation R . . treatment implementation
sensory thresholds  sensitization or impaired enrichment in routine care

endogenous inhibitory control in
selected patient subgroups.

Molecular and
immune
biomarkers

Cytokines,
inflammatory
mediators,
metabolomic and
proteomic profiles,
neuroimmune
markers

Altered levels of
pro-inflammatory and
anti-inflammatory mediators,
including IL-6, TNF-«, IL-1f3,
chemokines, and neuroimmune
pathways, have been described
in nociceptive, neuropathic,
postsurgical, and chronic
widespread pain states. These
findings support a role for
immune activation and
sensitization, but individual
markers are heterogeneous and
non-specific.

Identification of
biological
pathways, risk
stratification,
therapeutic target
discovery

Low specificity,
influence of
comorbidities and
systemic factors,
limited
replication and
external
validation
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Biomarker Representative Main Reported Findings in Pain Potential Ma11.1
. .. Translational
Domain Examples Research Clinical Use Barriers
Genetic and epigenetic studies
Candidate sene have identified variants and
variants & regulatory mechanisms Susceptibility /risk Small effect sizes,
Genetic and enome:wi de associated with pain assessment, population
epicenetic gssociation sienals susceptibility, chronification, and mechanistic heterogeneity,
P15 . ON SIBNAIS,  treatment response. However, insight, potential ~ unclear
biomarkers epigenetic e e
sionatures most individual effects are small  treatment individual-level
msigcroRN A’ rofiles and likely require integration stratification clinical utility
p with clinical, psychosocial, and
biological variables.
Multimodal approaches suggest
that biological markers perform Risk of
Integrated models  better when integrated with overfitting, need
Multimodal and combining psychosocial, sensory, imaging,  Personalized for large datasets,
computational biological, imaging, and clinical variables. Recent prediction, interpretability,
bionlljarkers electrophysiologi-  machine-learning and decision support, calibration, and
cal, psychosocial, omics-based studies show trial enrichment rospective
psy prosp
and clinical data promise, but many models external
remain exploratory and require validation
external validation.
Altered activity and connectivity
he.ave.been repgrted in Limited
distributed pain-related . P
networks, includin Pain specificity,
Functional MRI ’ . & . phenotyping, variability in
. somatosensory, insular, anterior ; .
signatures, . . mechanism- acquisition and
. . . cingulate, prefrontal, salience, .
Neuroimaging resting-state . based preprocessing,
. L default-mode, and sensorimotor e
biomarkers connectivity, . . stratification, small samples,
. networks. Experimental pain o .
structural brain . o prediction of uncertain
signatures can discriminate o
changes . treatment generalizability to
evoked pain in controlled . .
. o response routine clinical
settings, but generalization to ain
heterogeneous clinical pain p
remains limited.
Chronic pain has been associated
with altered oscillatory activity, Often measured
EEG/MEG spectral cortical excitability, evoked Obiective during or after
features, evoked responses, and functional ) L. intervention,
. . . monitoring, .
. .. . potentials, spinal or connectivity. In . limited
Electrophysiological . . . . mechanistic
biomarkers cortical signals, neuromodulation, evoked spinal characterization,  Pretreatment
ECAP-related signals may reflect therapy thera * predictive value,
measures in engagement or stimulation o tirrlfiZation lack of
neuromodulation effects, but are often measured p standardized
during or after treatment thresholds

exposure.
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. . . s . . Main
Biomarker Representative Main Reported Findings in Pain Potential .
. .. Translational
Domain Examples Research Clinical Use .
Barriers
Impaired conditioned pain
modulation, enhanced temporal .
. . . P Phenotyping of Operator
o Conditioned pain ~ summation, and altered sensory . .
Quantitative . pain mechanisms, dependence,
- modulation, thresholds have been reported e s
sensory testing . . stratification in variability across
temporal across several chronic pain L .
and endogenous . o . neuropathic pain, protocols, limited
. summation, conditions, supporting central : .
modulation R . . treatment implementation
sensory thresholds  sensitization or impaired . . .
enrichment in routine care

endogenous inhibitory control in
selected patient subgroups.

Altered levels of
pro-inflammatory and
anti-inflammatory mediators,
including IL-6, TNF-«, IL-1f3,

Low specificity,

;}g:n:rrxist,or chemokines, and neuroimmune  Identification of influence of
. y pathways, have been described  biological comorbidities and
Molecular and mediators, : . . . . .
. . in nociceptive, neuropathic, pathways, risk systemic factors,
immune metabolomic and ; : A S
. . . postsurgical, and chronic stratification, limited
biomarkers proteomic profiles, . : : o
. widespread pain states. These therapeutic target replication and
neuroimmune s .
findings support a role for discovery external
markers . S N
immune activation and validation
sensitization, but individual
markers are heterogeneous and
non-specific.
Genetic and epigenetic studies
. have identified variants and
Candidate gene . e .
variants regulatory mechanisms Susceptibility /risk Small effect sizes,
. ’o. associated with pain assessment, population
Genetic and genome-wide o L L .
. . e susceptibility, chronification, and mechanistic heterogeneity,
epigenetic association signals, H insich ial 1
biomarkers epigenetic treatment response. However, insight, potentia unclear
sip gatures most individual effects are small  treatment individual-level
sn ¢ . and likely require integration stratification clinical utility
microRNA profiles . - .
with clinical, psychosocial, and
biological variables.
Multimodal approaches suggest
that biological markers perform Risk of
Integrated models  better when integrated with overfitting, need
Multimodal and cc.)mblr‘ung. . psych9s9c1al, sensory, imaging, Persgnghzed for large da.tz'asets,
. biological, imaging, and clinical variables. Recent prediction, interpretability,
computational . . . . L. o
. electrophysiologi-  machine-learning and decision support, calibration, and
biomarkers . ) . X . .
cal, psychosocial, omics-based studies show trial enrichment ~ prospective
and clinical data promise, but many models external
remain exploratory and require validation

external validation.

Despite these advances, the translation of pain biomarkers into clinical practice re-

mains limited. Few biomarkers have demonstrated sufficient validity, reproducibility, and

clinical utility to support decision-making in routine care [8,21]. As a result, treatment

selection in chronic pain continues to rely largely on clinical judgment rather than objective

biological indicators.
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A central issue lies in the misalignment between biomarker discovery and clinical
applicability. Many studies report associations between biological signals and pain states
or outcomes, yet these findings are often interpreted as predictive without meeting the
methodological requirements necessary for true prediction [22,23]. In particular, the timing
of measurement, lack of external validation, and limited sample sizes constrain the ability
of these biomarkers to inform real-world clinical decisions.

Furthermore, the distinction between predictive, monitoring, and mechanistic
biomarkers is frequently unclear, contributing to conceptual ambiguity and inflated percep-
tions of clinical readiness in pain biomarker research [7].

These challenges are particularly evident in the field of neuromodulation, where
spinal cord stimulation (SCS) has emerged as an established therapy for chronic pain but
continues to show substantial inter-individual variability in treatment response [24,25].
This variability has driven growing interest in identifying biomarkers capable of predicting
therapeutic response. A growing body of literature has explored electrophysiological,
neuroimaging, and molecular markers in this context [26-29]. However, many of these
studies rely on signals obtained during or after stimulation, small exploratory cohorts, or
models lacking external validation, limiting their ability to inform pre-treatment clinical
decision-making [8]. As a result, SCS represents a paradigmatic example of the broader
challenges in pain biomarker research: despite promising signals, few candidate biomarkers
meet the criteria required for clinically actionable prediction.

In this context, the aim of this article is not to provide a comprehensive systematic
review of the field, but rather to offer a critical perspective on the current landscape of pain
biomarker research. Specifically, we seek to examine the methodological and conceptual
limitations that hinder clinical translation and to clarify the requirements that biomarkers
must meet to be considered truly predictive and clinically actionable.

We argue that advancing toward precision pain medicine requires a shift from associa-
tive and exploratory findings to rigorously validated, clinically relevant biomarkers. This
transition depends on clear conceptual definitions, appropriate timing of measurement,
robust study design, and the use of meaningful clinical endpoints capable of supporting
real-world decision-making.

2. Methodological Barriers to Predictive Biomarkers

The limited clinical translation of pain biomarkers is largely driven by a set of recurring
methodological and conceptual challenges that constrain their predictive utility. These
limitations are not specific to individual biomarker domains but reflect broader issues in
study design, interpretation, and classification, which are consistently observed across
neuroimaging, electrophysiological, and molecular research in chronic pain [12].

A first critical barrier concerns the timing of biomarker measurement. For a biomarker
to be clinically predictive, it must be obtained prior to treatment initiation and provide
information that can guide decision-making. However, a substantial proportion of studies
rely on intraoperative or post-intervention measurements, which may reflect biological
response rather than baseline susceptibility [8]. This distinction is particularly relevant
in interventional pain therapies, where physiological signals recorded during stimulation
are often interpreted as predictors of outcome despite being inherently dependent on
treatment exposure. Such signals may provide valuable mechanistic insights into treatment
response. However, because they are obtained during or after intervention, they cannot
inform pre-treatment stratification and therefore do not constitute predictive biomarkers in
a clinically actionable sense.

A second major limitation relates to study design, particularly sample size, model
stability, and validation. Many studies in pain biomarker research are based on small and
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highly selected cohorts, limiting statistical power and increasing the risk of overfitting,
especially when multivariable or machine learning approaches are applied [30,31]. In
this context, performance metrics such as accuracy or area under the curve (AUC) may
appear promising but are often unstable and sensitive to sample composition. The absence
of independent external validation further limits the generalizability of these findings,
making it difficult to translate reported predictive performance into real-world clinical
settings. Established reporting and methodological frameworks, such as the TRIPOD state-
ment, emphasize the need for transparent reporting and adequate validation of prediction
models [32].

A third barrier is the conceptual misclassification of biomarkers. Although the distinc-
tion between predictive, monitoring, and mechanistic biomarkers is well established [7],
these categories are frequently conflated in pain research. Biomarkers reflecting treatment-
induced changes or disease-related biological processes are often described as predictive,
despite lacking the capacity to guide treatment selection. This issue is compounded by the
use of heterogeneous endpoints and inconsistent definitions of response, which further
obscure the intended role of each biomarker type. More broadly, the overinterpretation
of exploratory findings in small or heterogeneous datasets has been widely recognized
as a limitation in biomedical research, contributing to challenges in reproducibility and
translation [33].

These methodological concerns are reflected in the broader pain biomarker literature,
where many proposed markers remain associative rather than truly predictive. Neuroimag-
ing “pain signatures,” for example, have demonstrated sensitivity to experimentally evoked
pain but have not consistently translated into robust, generalizable clinical predictors [13].
A critical review has highlighted limitations in specificity and clinical applicability, empha-
sizing the risk of overinterpreting such markers as objective measures of pain [17]. Similarly,
the widely cited Neurologic Pain Signature (NPS) demonstrated strong discrimination
between painful and non-painful stimuli in controlled experimental settings, but its ability
to predict clinical pain or treatment response remains uncertain [18].

At a population level, large-scale studies further illustrate these limitations. Biological
markers alone often show modest predictive performance for chronic pain conditions, with
substantial improvement only when psychosocial variables are incorporated, suggesting
limited independent clinical utility [16]. In parallel, high-dimensional proteomic studies
have identified numerous associations with chronic pain, yet predictive performance
remains moderate and largely confined to observational risk models rather than treatment-
guiding frameworks [20].

Even when stronger predictive signals are reported, they are frequently derived from
controlled experimental models or highly individualized approaches, limiting generaliz-
ability to heterogeneous clinical populations [34,35]. Similarly, in related conditions such as
osteoarthritis, multi-biomarker models typically demonstrate only modest discriminative
performance despite extensive biomarker evaluation [36].

Together, these findings reinforce the notion that, despite substantial scientific ad-
vances, most pain biomarkers remain closer to associative indicators than to clinically
actionable predictive tools.

3. Clinical Consequences

These methodological limitations have direct implications for clinical practice. Despite
extensive research activity, few biomarkers are currently used to guide treatment selection
in chronic pain [8,17,19], and clinical decision-making continues to rely largely on empirical
approaches and clinician judgment [37].
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This gap between research and practice limits the implementation of precision pain
medicine, as patients are often selected for treatments without reliable biological indicators
of response. Consequently, variability in treatment outcomes remains high across both
pharmacological and interventional therapies, including neuromodulation, where response
heterogeneity remains a major clinical challenge [24].

In addition, the overinterpretation of preliminary or methodologically limited find-
ings may contribute to an inflated perception of clinical readiness [33,38,39]. Biomarkers
derived from small or unvalidated studies are sometimes implicitly translated into clinical
expectations, despite lacking reproducibility or generalizability [40]. This not only delays
the identification and validation of robust biomarkers but also risks misdirecting research
efforts and resource allocation.

As a result, the field faces a paradox in which increasing scientific output has not
translated into proportionate clinical impact. Bridging this gap requires not only the
identification of novel biomarkers, but also a more rigorous framework to evaluate their
clinical relevance and applicability.

4. The Way Forward

Preventive strategies and the development of more effective therapies remain major
unmet needs in pain medicine. However, these priorities should not be viewed as compet-
ing with biomarker research. Well-validated biomarkers may contribute to prevention by
identifying individuals at higher risk of pain chronification, refining patient stratification
in clinical trials, clarifying mechanisms relevant to therapeutic development, and enabling
earlier or more targeted intervention. In this sense, predictive biomarkers should be under-
stood not as a substitute for preventive or therapeutic innovation, but as tools that may
help make such strategies more precise, testable, and clinically implementable [8,9,16,41].

4.1. Redefining Predictive Biomarkers

A central step toward improving translational progress in pain biomarker research is
the establishment of clearer and more rigorous definitions of what constitutes a truly predic-
tive biomarker. In many studies, biomarkers associated with pain severity, neurophysiolog-
ical alterations, or treatment-related changes are implicitly interpreted as predictive despite
lacking the capacity to inform therapeutic decision-making before intervention [17,18,42].
This distinction is critical, as predictive biomarkers are intended to identify individuals
who are more likely to benefit from a specific treatment, rather than simply characterize
disease state or biological response [7].

In precision medicine research, predictive biomarkers are typically defined by their
ability to demonstrate a treatment-biomarker interaction capable of influencing therapeutic
selection [43,44]. By contrast, much of the pain biomarker literature remains focused on
association-based findings, often without formal evaluation of predictive performance or
clinical utility [8,42]. As a result, biomarkers are frequently proposed as clinically relevant
despite limited evidence that they improve treatment allocation or patient outcomes.

In pain biomarker research, these categories can be illustrated by different clinical
scenarios. Associative biomarkers identify biological differences linked to pain presence,
severity, or phenotype, such as altered brain connectivity, sensory profiles, or inflammatory
mediator levels in patients with chronic pain [8,10,15]. Mechanistic biomarkers provide
insight into biological pathways involved in nociception, sensitization, neuroimmune acti-
vation, or central plasticity, but do not necessarily guide clinical decisions [12-14]. Monitor-
ing or pharmacodynamic biomarkers reflect treatment engagement or biological response
after therapy has begun, such as stimulation-evoked neurophysiological signals during
neuromodulation or longitudinal changes in inflammatory or sensory measures [27,29,42].
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Preventive biomarkers aim to identify patients at increased risk of pain chronification, for
example after surgery, trauma, or nerve injury [41]. Truly predictive biomarkers, in contrast,
should help determine before a relevant therapeutic decision whether an individual patient
is more likely to benefit from one treatment strategy than another [43,45,46]. Distinguish-
ing these categories is essential because each requires different validation standards and
supports different types of clinical decisions [7].

A more rigorous framework for predictive biomarker development in pain medicine
should therefore incorporate several key principles: for biomarkers intended to guide initial
treatment selection, measurement should occur before treatment initiation; for repeated
or sequential treatments, early-response or post-intervention biomarkers may inform
subsequent therapeutic decisions; candidate markers should be validated in independent
and clinically heterogeneous populations; and endpoints should be clinically meaningful
and relevant to patient-centered outcomes [32,45]. Importantly, predictive performance
should be assessed not only through statistical association but also through reproducibility,
calibration, and potential impact on clinical decision-making.

An additional conceptual shift may be required to move the field beyond biomarker
discovery toward biomarker actionability. In pain medicine, the central question should
not be whether a biological signal differs between patients with and without pain, or
between responders and non-responders, but whether that signal can be positioned within
a concrete clinical decision pathway. A biomarker becomes clinically meaningful only
when it provides information that is unavailable from standard clinical assessment and can
plausibly change management before the clinical decision it is intended to inform [7,43].
This implies that candidate biomarkers should be evaluated not only by statistical associa-
tion or discrimination, but also by their incremental value over routine clinical variables,
their timing relative to the therapeutic decision, and their potential to influence treatment
allocation. Decision-analytic approaches, such as decision curve analysis, may be useful
in this context because they explicitly assess whether predictive information provides net
clinical benefit across clinically relevant decision thresholds [46].

From this perspective, pain biomarkers may be viewed along a translational matu-
rity continuum. At one end are mechanistic or state biomarkers that improve biological
understanding but do not directly guide care. At an intermediate level are monitoring or
pharmacodynamic biomarkers that reflect treatment engagement or biological response
after therapy has begun. At the highest level are clinically actionable predictive biomarkers,
which identify, before treatment initiation, whether a patient is more likely to benefit from
one therapeutic strategy than from another. This distinction is particularly important in
interventional pain medicine and neuromodulation, where signals obtained during or
after stimulation may be valuable for optimizing therapy but should not be conflated with
pretreatment predictors of response.

Accordingly, future biomarker studies in pain should be designed around explicit
clinical use-cases: for example, whether a biomarker helps select candidates for neuromod-
ulation, choose between pharmacological and interventional strategies, identify patients
unlikely to benefit from invasive treatment, or personalize stimulation parameters after im-
plantation. Framing biomarker research around such decision points may help distinguish
biologically interesting observations from tools with genuine potential to support precision
pain medicine.

Ultimately, redefining predictive biomarkers in this way may help distinguish ex-
ploratory biological observations from clinically actionable tools, thereby facilitating a more
realistic and translationally meaningful pathway toward precision pain medicine.

https://doi.org/10.3390/jpm16070374
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4.2. Minimum Requirements for Clinical Translation

Current evidence suggests that the transition from exploratory biomarker research to
clinically actionable tools will require substantially more rigorous translational standards
than those currently applied in much of the pain literature [8,39]. Although methodological
heterogeneity is expected in an evolving field, several minimum requirements appear
necessary to support meaningful clinical implementation.

First, predictive biomarkers should be evaluated in prospective and clinically represen-
tative populations rather than highly selected or narrowly defined cohorts. Chronic pain
syndromes are intrinsically heterogeneous, encompassing biological, psychological, and
social dimensions that may substantially influence treatment response [16,47]. Biomarkers
developed in restricted experimental settings may therefore fail to generalize to routine
clinical populations.

Second, external validation should be considered essential rather than optional. Predic-
tion models developed within a single cohort frequently demonstrate reduced performance
when applied to independent datasets, reflecting both overfitting and population-specific
effects [22,31]. Despite this, external validation remains uncommon in pain biomarker
studies, limiting confidence in reported predictive performance. Accordingly, biomarkers
should be regarded as candidate biomarkers until they have demonstrated generalizability
across independent populations and clinically meaningful applicability within the decision
context for which they are proposed [8,40].

Third, clinically meaningful endpoints are required. Many biomarker studies rely on
surrogate neurophysiological or imaging outcomes without demonstrating a clear relation-
ship with patient-centered measures such as pain relief, functional improvement, quality of
life, or reduction in disability. From a translational perspective, statistical association alone
is insufficient if biomarkers do not ultimately improve clinically relevant decision-making
or therapeutic outcomes [5].

Finally, reproducibility and transparency in analytical methods are critical, particularly
in studies involving machine learning or high-dimensional biological data. Standardized
reporting frameworks and transparent methodological practices are necessary to reduce
bias and improve comparability across studies [32].

Taken together, these principles suggest that the future success of pain biomarkers
will depend less on the identification of increasingly complex biological signals and more
on the methodological robustness with which these signals are validated and translated
into clinically meaningful applications.

Without rigorous validation standards, the field risks continuing to generate biologi-
cally interesting but clinically non-actionable findings. These minimum requirements are
summarized in Table 2. Although several of these requirements are shared with biomarker
research in other fields, they are particularly relevant in pain medicine because pain out-
comes are subjective, multidimensional, context-dependent, and strongly influenced by
psychological, behavioral, and social factors. This makes external validation, incremen-
tal value over clinical assessment, feasibility, and patient-centered endpoints especially
important for pain biomarker translation.

Together, these requirements emphasize that biomarker development should be judged
not only by biological plausibility or statistical association, but by whether the candidate
biomarker improves clinically relevant decisions in a feasible, generalizable, and patient-
centered manner.

https://doi.org/10.3390/jpm16070374
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Table 2. Minimum requirements for clinically actionable pain biomarker studies.

Requirement

Rationale

Practical Implication

Clearly defined clinical
use-case

A biomarker cannot be evaluated without
knowing the decision it is intended
to inform

Define whether the biomarker is intended
for diagnosis, risk prediction, treatment
selection, monitoring, safety prediction, or
therapy optimization

Appropriate timing of
measurement

Timing determines whether a biomarker
can support initial treatment selection,
monitoring, or sequential decision-making

Pretreatment markers are needed for initial
treatment selection; post-intervention or
early-response markers may inform
repeated or sequential therapies

Incremental value over
existing clinical models

A biomarker is useful only if it adds
information beyond routine clinical
assessment

Report whether the biomarker improves
discrimination, calibration, net benefit, or
clinical decision-making beyond standard
clinical predictors

Clinically meaningful
endpoint

Biomarkers should be linked to
patient-relevant outcomes rather than
surrogate changes alone

Use outcomes such as pain relief, function,
quality of life, disability, adverse effects,
complications, or treatment discontinuation

External validation and

Predictive performance within a single
cohort may not translate to broader clinical

Validate in independent, clinically
heterogeneous cohorts and report

generalizability . calibration and performance across relevant
populations
subgroups
s Biomarker testing should be justified by the Biomarkers may be more valuable before
Feasibility and . o . . 1 .
. . risk, cost, burden, and reversibility of the invasive, costly, or high-risk interventions
proportionality

clinical decision than before low-risk empirical treatments

Candidate status until
clinical validation

Use the term “candidate biomarker” until
generalizability, clinical applicability, and
decision impact have been demonstrated

Biological plausibility or association alone
does not establish clinical utility

4.3. Beyond Single-Modality Biomarkers

Another important challenge in pain biomarker research is the reliance on isolated bi-
ological signals to explain or predict highly multidimensional clinical phenomena. Chronic
pain is shaped by complex interactions among sensory, emotional, cognitive, autonomic,
and social factors, making it unlikely that a single biomarker modality will provide suffi-
cient predictive accuracy across heterogeneous patient populations [48,49].

At present, no single pain biomarker explains a large proportion of variance in clini-
cally relevant outcomes across heterogeneous patient populations [16,49]. The situation
resembles other complex biological traits, where multiple biological, psychological, and
contextual factors each contribute modestly and variably across individuals. For this reason,
candidate biomarkers should not be evaluated in isolation, but according to their incremen-
tal value when added to existing clinical prediction models [32,46]. Demonstrating that a
biomarker is statistically associated with an outcome is insufficient; studies should show
whether its inclusion improves model performance, calibration, clinical utility, or patient
stratification beyond information already available from standard clinical assessment.

This limitation has led to growing interest in multimodal approaches that integrate
neuroimaging, electrophysiological, molecular, autonomic, and psychosocial data within
unified analytical frameworks. In other areas of precision medicine, combining heteroge-
neous data sources has improved classification and prognostic performance compared with
single-domain models alone [50-52]. A similar strategy may be necessary in pain medicine,
where biological signals often capture only one dimension of a broader clinical phenotype.
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Importantly, psychosocial and behavioral factors should not be viewed as confounders
to be excluded, but rather as integral components of pain-related predictive models. Large-
scale population studies have shown that the predictive performance of biological markers
frequently improves when psychosocial variables are incorporated, reinforcing the multidi-
mensional nature of chronic pain [16].

However, increasing model complexity also introduces important methodological
challenges, including dimensionality reduction, reproducibility, interpretability, and risk
of overfitting. As multimodal biomarker models become more sophisticated, transparent
validation strategies and clinically interpretable outputs will become increasingly important
to ensure meaningful translation into practice.

Ultimately, the future of precision pain medicine will likely depend not on the identifi-
cation of a single “ideal” biomarker, but on the integration of complementary biological
and clinical signals capable of supporting individualized therapeutic decisions.

4.4. Toward Clinically Actionable Precision Pain Medicine

Ultimately, the primary goal of pain biomarker research should not be limited to
improving biological characterization of chronic pain, but rather to supporting clinically
meaningful decision-making. A biomarker becomes clinically valuable only when it con-
tributes to treatment selection, improves outcome prediction, or meaningfully changes
patient management beyond existing clinical assessment alone [44].

Importantly, the clinical value of biomarkers in pain medicine should not be restricted
to predicting analgesic efficacy. Biomarkers may also be useful for predicting adverse
effects, complications, tolerability, or treatment discontinuation [7,40]. In some contexts,
safety-related outcomes such as nausea, sedation, infection, neurological adverse events,
or poor tolerability may be more biologically tractable than the multidimensional experi-
ence of pain itself. Expanding biomarker research to include both benefit and harm may
therefore provide a more realistic and clinically useful framework for personalized pain
management [46].

The threshold for biomarker usefulness should also depend on the burden, risk,
reversibility, and cost of the intervention being considered [40,46]. Biomarker-guided pre-
diction may be most valuable when the therapeutic decision involves invasive procedures,
high costs, delayed reversibility, substantial adverse-effect risk, or limited opportunities
for empirical trial-and-error. By contrast, for low-risk, inexpensive, rapidly reversible
treatments, the burden and cost of biomarker testing may outweigh its practical value
unless it provides substantial incremental benefit over routine clinical assessment.

In this context, precision pain medicine should be understood not as the pursuit
of increasingly complex biological signatures, but as the development of practical and
reproducible tools capable of informing individualized therapeutic strategies. This distinc-
tion is particularly important in chronic pain, where treatment response is influenced by
multidimensional factors that extend beyond isolated neurobiological mechanisms.

Accordingly, future translational efforts should prioritize clinically interpretable mod-
els, prospective validation in heterogeneous populations, and integration with real-world
clinical workflows. Rather than focusing exclusively on biomarker discovery, the field may
benefit from greater emphasis on implementation-oriented research aimed at determin-
ing whether biomarker-guided approaches improve patient outcomes, reduce therapeutic
uncertainty, or optimize resource utilization.

Such a shift would help align biomarker research with the broader objectives of
precision medicine, moving from descriptive biological associations toward actionable
clinical tools capable of supporting personalized pain management.
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5. Conclusions

Pain biomarker research has generated substantial scientific interest across neuroimag-
ing, electrophysiological, molecular, and computational domains. However, despite signifi-
cant advances in biomarker discovery, translation into clinically actionable tools remains
limited. Many proposed biomarkers continue to rely on associative findings, small ex-
ploratory cohorts, or insufficient validation, reducing their capacity to support individual-
ized therapeutic decision-making.

Advancing toward precision pain medicine will require a shift from descriptive biologi-
cal associations to rigorously validated predictive frameworks grounded in methodological
robustness, clinical relevance, and translational applicability. In this context, the future
value of pain biomarkers will depend not only on technological innovation, but also on the
ability to integrate biological and clinical information into reproducible tools capable of
meaningfully improving patient care.

Rather than diminishing the relevance of pain biomarkers, this Perspective argues
for a more precise and clinically grounded framework in which biomarker discovery,
prevention, therapeutic development, and treatment selection are aligned toward patient-
relevant outcomes.

The challenge is no longer simply discovering biomarkers but determining which
biomarkers can meaningfully change clinical decisions and improve patient outcomes.
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