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Abstract: Pain assessment is fundamental in pain medicine, anesthesiology, perioperative care, and clinical trials, yet it remains
difficult to standardize across diseases, populations, and care settings. This review organizes pain assessment into four interrelated
layers: subjective experience, behavioral and functional proxies, mechanistic biosignals, and multimodal integration. Pain character-
istics guide many clinical decisions, but they must be interpreted alongside diagnosis, imaging, laboratory findings, treatment context,
and regulatory expectations for reliable and interpretable trial endpoints. Patient-reported scales remain central when feasible because
they directly capture the experienced dimension of pain; however, in neonates, critically ill patients, and individuals with severe
cognitive or communication impairment, behavioral and functional proxies may become the practical baseline rather than merely
supplementary measures. Recent advances in observational scales, facial-expression analysis, sleep and activity monitoring, wearable
sensing, electroencephalography, neuroimaging, biofluids, autonomic physiology, and artificial intelligence provide complementary
information for phenotyping, monitoring, prediction, and treatment evaluation. These tools should not be treated as interchangeable
measures of the same construct or as simple replacements for self-report. A task-oriented layered framework may help clarify what
each indicator can and cannot answer, while emphasizing feasibility, reproducibility, effect size, external validation, interpretability,
and clinical context.
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Introduction
Pain assessment remains central to pain medicine, anesthesiology, perioperative care, rehabilitation, and clinical trials.
Pain characteristics, including intensity, quality, temporal pattern, distribution, and functional interference, guide many
diagnostic and therapeutic decisions, but they must be interpreted together with the underlying diagnosis, imaging
findings, laboratory results, comorbidities, treatment exposure, and clinical context.! In translational research and clinical
trials, pain endpoints must also be reliable, interpretable, and clinically meaningful rather than merely statistically
significant.” These requirements reinforce the need for assessment strategies that are communicable, reproducible, and
clinically actionable.

Pain is not a simple physiological variable, but a multidimensional experience shaped by nociceptive input, emotion,
cognition, prior experience, sleep, sociocultural context, and disease background.® Therefore, no single instrument can
capture all clinically relevant dimensions of pain across all settings.* This does not diminish the practical value of simple

tools. In acute postoperative pain, emergency care, and routine ward assessment, unidimensional indicators such as the
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numerical rating scale may provide rapid and useful information for immediate clinical decisions.>® However, in chronic
pain, neuropathic pain, nociplastic pain, cancer pain, and communication-limited populations, a single intensity score is
often insufficient to characterize mechanisms, functional burden, longitudinal trajectory, or treatment response.” This
heterogeneity is also reflected in the ICD-11 classification of chronic pain and in the growing recognition of nociplastic
pain and central sensitization as clinically relevant constructs.®'°

Patient-reported scales remain central when self-report is feasible because they directly capture the experienced
dimension of pain and provide a shared language for clinician—patient communication.'' Their dominance, however,
reflects both conceptual and practical factors: self-report is closest to the patient’s lived experience, while currently
available objective measures remain limited by reproducibility, accessibility, standardization, specificity, and
interpretability.'? In neonates, critically ill patients, sedated patients, and individuals with severe cognitive or commu-
nication impairment, subjective scales may be partially or entirely unavailable. In these settings, pain assessment often
depends on behavioral and physiological observation, and validated tools such as neonatal pain scales or the Critical-Care
Pain Observation Tool may become the practical assessment baseline.'* !>

The relationship between subjective experience and objective measurement should therefore not be framed as
a simple opposition between “inferior subjectivity” and “superior objectivity”. Objective and semi-objective methods
already provide value in selected clinical and research contexts. Electrophysiological paradigms can support the study of
nociceptive processing in neonatal, experimental, and neuropathic pain settings.'® Neuroimaging has contributed to the
identification of pain-related brain signatures, central sensitization patterns, and treatment-response phenotypes.'’
Wearable sensing and activity monitoring can capture sleep, movement, and recovery trajectories that are not fully
represented by a single clinic-based pain score.'® Artificial intelligence-based models may further integrate heteroge-
neous signals for risk prediction, phenotyping, treatment monitoring, and decision support.'® The key issue is not whether
an indicator is subjective or objective, but what construct it measures, under what conditions it is valid, and which
clinical decision it can support.?*-?!

In this review, a “robust objective marker” refers to an indicator that is reproducible across relevant settings, has
adequate individual-level performance, shows interpretable thresholds or decision rules, and can support clinical
judgment for a defined task.”> A “gold standard” refers to a benchmark against which other tools are calibrated, whereas
“ground truth” refers here to the patient’s pain experience as the ultimate clinical reference.'? These definitions are used
for clarity within this review and should not be interpreted as universally accepted terminology. We organize pain
assessment into four interrelated and overlapping layers: subjective experience, behavioral and functional proxies,
mechanistic biosignals, and multimodal integration. The purpose of this layered framework is not to claim methodolo-
gical novelty or to replace simpler tools, but to clarify how different indicators can be selected and combined according

to clinical task, feasibility, reproducibility, interpretability, and translational value.**

Literature Search and Inclusion Principles

This review was designed as a clinically oriented narrative review rather than a formal systematic review. Literature was
searched in PubMed, Web of Science, and Embase through April 2026, with priority given to English-language articles,
high-quality reviews, systematic reviews, meta-analyses, consensus or framework statements, and representative original
studies with clear clinical or translational relevance. Search domains included pain definitions and conceptual frame-
works, subjective assessment tools, behavioral and functional proxies, electrophysiology, neuroimaging, biofluids,
autonomic physiology, artificial intelligence—based multimodal integration, pain phenotyping, and barriers to clinical
translation.

Study selection and interpretation were guided by clinical interpretability, methodological transparency, reproduci-
bility, and translational relevance. In evaluating the literature, we considered not only statistical significance but also the
magnitude and clinical meaning of reported effects, because effect size is essential for judging whether statistically
detectable findings are likely to be clinically useful in pain research.” The clinical-maturity labels presented in Table 1
and the scenario-based minimal assessment combinations shown in Table 2 represent author-derived synthesis judgments
based on evidence consistency, standardization status, external validation, and implementation feasibility; they should not
be interpreted as formal evidence grades.
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Table 1 Core Content of the Four-Layer Pain Assessment Framework and Current Level of Clinical Maturity

Behavioral and
functional
proxies

Mechanistic
biosignals

Multimodal
integration

CPOT, facial expression, sleep/
activity patterns, wearable
trajectories

EEG/ERP/LEP, fMRI/PET/DTI,
biofluids, HRV

Composite models, Al/ML-based
fusion pipelines

trials

ICU, non-verbal patients,
longitudinal follow-up

Mechanistic subgrouping
and risk-oriented
evaluation

Risk stratification,
trajectory monitoring,
decision support

Functional burden
assessment and trajectory
support

Mechanistic interpretation
and biologically informed
profiling

Cross-layer integration for
task-bounded clinical
support

Layer Representative Tools Typical Clinical Primary Clinical Purpose Key Limitations Current Level
Applications of Clinical
Maturity
Subjective VAS, NRS, VRS, MPQ, BPI Postoperative care, Patient-centered pain and Influenced by cognition, Relatively mature
experience outpatient care, clinical interference assessment emotion, and

communication

Proxy nature and high
confounding burden

Not a one-to-one readout
of pain experience

Label quality,
standardization, and
external validation gaps

Moderate

Suggestive to
moderate

Early-stage

Note: These labels represent narrative judgments of clinical maturity based on consistency, uptake, and external validation trends; they do not constitute formal evidence

grading.

Table 2 Scenario-Based Suggested Minimal Assessment Combinations Across Clinical Settings

Scenario Baseline Tools Trigger Condition Supplemental Primary Clinical Current Interpretive
Tools Purpose Level of Cautions

Clinical

Maturity
ICU non- Observational Persistent elevation or Facial, Detect undertreated Moderate Do not equate proxy
verbal patients | scale (eg, CPOT) behavior-clinical mismatch physiological, and pain and guide changes with direct pain

after sedation adjustment autonomic adjustment truth
indicators

Early NRS/VAS Suboptimal improvement HRY, activity Detect insufficient Moderate Strongly confounded by
postoperative with abnormal activity or recovery metrics, | analgesia and atypical surgery type, medication,
recovery autonomic trajectory targeted PROMs recovery trajectory sleep, and anxiety
Chronic pain BPI/NRS plus Mismatch between score Sleep/activity Track long-term Moderate Integrate with self-report
outpatient function fluctuations and functional monitoring, digital | burden and response context; avoid isolated
follow-up questionnaire recovery phenotyping trajectory inference
Neuropathic Subjective scales Conventional scores EEG/imaging/ Mechanism-informed Suggestive Better for stratification
pain plus neuropathic insufficient to explain biofluid markers stratification and risk than standalone bedside
phenotyping questionnaires symptom heterogeneity profiling judgment

Note: Supplemental tools should be activated by scenario-specific triggers rather than routine use of all modalities in parallel.

A Clinical Layered Framework for Pain Assessment

From the perspective of pain medicine and anesthesiology, pain assessment is best understood as a coordinated set of

tools operating at different levels of measurement rather than as a set of interchangeable indicators. The central value of

a layered perspective is that it clarifies what each type of measure is designed to capture, thereby reducing conceptual

overreach and clinical misinterpretation.”’ This framework is not intended to rank subjective and objective methods

hierarchically, but to match assessment tools with specific clinical tasks, patient populations, and implementation

contexts.”> The overall structure of this task-oriented layered framework is summarized in Figure 1. This distinction is

important because pain-related tools differ not only in objectivity, but also in measured construct, validation maturity, and

workflow feasibility.**

Layer |: Subjective Experience
The subjective experience layer centers on patient self-report and primarily includes the visual analogue scale (VAS),

numerical rating scale (NRS), verbal rating scale (VRS), McGill Pain Questionnaire (MPQ), and Brief Pain Inventory

(BPI)."" The selection of a self-report instrument should consider age, cognitive capacity, communication ability, and

disease context, because measurement properties and usability vary across populations.”>® When self-report is feasible,
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Figure | Four-layer clinical framework for pain assessment. Pain-related indicators can be grouped into four interrelated layers: subjective experience, behavioral and
functional proxies, mechanistic biosignals, and multimodal integration. These layers are related but not interchangeable, and they should not be interpreted as measuring the
same construct. When self-report is feasible, subjective scales remain the clinical baseline; when self-report is unavailable or unreliable, behavioral and functional proxies may
become the practical baseline. Biosignal and integrative approaches provide complementary value for phenotyping, monitoring, prediction, treatment-response evaluation,
and decision support. No single robust objective gold standard for pain assessment has yet emerged.

this layer remains central because it directly captures pain as experienced by the patient and provides an efficient
language for clinical communication, treatment adjustment, and follow-up.” However, its baseline role is context
dependent rather than universal, because self-report may be unreliable or unavailable in neonates, critically ill patients,

sedated patients, or individuals with severe cognitive or communication impairment.'*'*

Layer 2: Behavioral and Functional Proxies

The behavioral and functional proxy layer includes observational pain scales, facial expression, pain-related behavior,
activity monitoring, sleep rhythms, wearable devices, and digital phenotyping. These measures have been evaluated
across ICU, pediatric critical care, general ward, and real-world activity-monitoring settings, supporting their role as
context-specific tools rather than universally interchangeable indicators.”’** Validated observational tools are especially
relevant in critical care and other communication-limited settings, where direct self-report cannot be consistently
obtained.'® Wearable sensing, sleep monitoring, and activity tracking can further capture real-world fluctuations in pain-
related burden, recovery, and daily function that are not fully reflected by a single clinic-based pain score.'® This layer
therefore supplements self-report when subjective scales are available and may become the practical assessment baseline
when patients cannot provide stable self-report.

Layer 3: Mechanistic Biosignals

The mechanistic and biosignal layer encompasses electroencephalography (EEG), event-related potentials (ERP), laser-
evoked potentials (LEP), functional magnetic resonance imaging (fMRI), positron emission tomography (PET), diffusion
tensor imaging (DTI), inflammatory markers, endocrine measures, microRNAs, omics-based signatures, and heart rate
variability (HRV), among others. These methods differ substantially in biological proximity to pain, ranging from
stimulus-evoked neural responses and brain-network organization to immune, endocrine, molecular, and autonomic
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regulation.”” ! Neurophysiological paradigms can help characterize nociceptive processing and distinguish specific
components of pain-related neural responses in selected experimental and clinical settings.'® Neuroimaging and bio-
marker studies can also support mechanistic interpretation, phenotyping, risk prediction, and treatment-response
evaluation.'’?? The value of this layer lies mainly in explaining pain-related processing, disease context, systemic

state, and interindividual heterogeneity rather than in producing a single biological substitute for subjective experience.

Layer 4: Multimodal Integration

The multimodal integration layer combines information from subjective scales, behavioral and functional proxies,
mechanistic biosignals, and clinical context for clearly defined clinical tasks. These tasks may include patient stratifica-
tion, risk identification, treatment monitoring, recovery assessment, phenotype recognition, and decision support.'’
Remote wearable neuroimaging and digital monitoring approaches may further extend multimodal assessment beyond
specialized laboratory settings, although their clinical maturity remains variable.** The value of this layer is not only to
prevent indicators from different sources from being treated as equivalent measures of the same construct,”® but also to
identify latent or non-intuitive patterns that may not be apparent from any single modality alone.** Broader reviews of
artificial intelligence in pain medicine further support its potential for task-specific applications beyond simple data
fusion.**

In practice, the four layers should be selected according to the clinical question rather than applied uniformly to every
patient. Subjective scales are most useful when rapid communication and treatment adjustment are required.'' Behavioral
and functional proxies are particularly important when self-report is unavailable or when real-world recovery needs to be
monitored.'*'® Mechanistic biosignals are more relevant for phenotyping, mechanistic interpretation, prognostic evalua-
tion, and treatment-response prediction.”> Multimodal integration becomes most useful when the target is risk prediction,
subtype recognition, trajectory monitoring, or decision support.'® This task-specific logic is consistent with contemporary
chronic pain care, in which lifestyle, rehabilitation, phenotyping, and monitoring are often combined rather than treated
as isolated domains.**~°

Several dimensions should be considered when judging whether a pain indicator is clinically useful: feasibility in
routine workflows;* specificity and sensitivity in distinguishing pain-related variation from confounding factors such as
sleep disturbance, anxiety, depression, fatigue, medication exposure, inflammatory activity, or disease severity;’ repro-
ducibility and standardization of acquisition protocols, thresholds, algorithms, and cross-center performance;*® and
interpretability and translational utility for stratification, monitoring, prediction, or treatment adjustment.'” Many emer-
ging indicators remain confined to research not because they lack signal, but because these requirements are difficult to
satisfy simultaneously.

Pain heterogeneity further supports a layered and task-oriented approach. Acute postoperative pain places a premium
on speed, simplicity, and bedside usability, and a single intensity score may be sufficient for many immediate analgesic
decisions.” Chronic and nociplastic pain require broader coverage of functional interference, sleep, mood, central
sensitization, and quality of life.*” Neuropathic pain places greater emphasis on mechanistic and phenotypic information,
whereas inflammatory pain and cancer pain are often intertwined with systemic disease activity, treatment exposure, and
complications.*® Because pain syndromes differ in mechanisms, trajectories, and decision priorities, indicators should be
evaluated according to the clinical task, patient population, measurement context, and expected decision value.

Finally, clinical usefulness should be judged not only by statistical significance, but also by the magnitude and clinical
meaning of observed effects. A statistically significant correlation does not necessarily imply clinical utility, particularly
when effects are small, context dependent, or insufficiently reproducible. Current recommendations in pain research
emphasize that effect size should be considered alongside statistical significance when interpreting findings and planning
studies.” Incorporating effect size can help determine whether an observed association is clinically meaningful, whether
a model is likely to improve decision-making, and whether a candidate indicator is suitable for translation beyond the
research setting.
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Subjective Indicators

The Foundational Role of Subjective Scales

Subjective scales remain central to pain assessment because pain is ultimately experienced by the patient and cannot be
fully inferred from external observation or machine-derived signals alone.” Instruments such as the VAS, NRS, and VRS
provide a simple, low-cost, and interpretable language for describing pain intensity.'" Their value is especially apparent
in acute postoperative care, emergency settings, and routine ward assessment, where rapid and repeated evaluation is
often required to guide analgesic adjustment.’ Similar self-report approaches have also been evaluated in dermatologic
surgery, labor pain, and breastfeeding-related nipple pain, illustrating their practicality across diverse clinical
contexts.>® !

The importance of subjective scales does not mean that they are universally sufficient. Their widespread use reflects
both their proximity to the patient’s experience and the current limitations of alternative objective measures in
accessibility, reproducibility, standardization, and interpretability.'> Multidimensional tools such as the MPQ and the
BPI extend assessment beyond intensity by incorporating pain quality, emotional burden, functional interference, and
impact on daily life." This broader coverage is particularly important in chronic pain, where clinical burden is often
inadequately represented by a single intensity score. Disease- or condition-specific patient-reported tools further show
that subjective assessment can be adapted to particular symptom profiles rather than limited to generic intensity
scoring.*?

Patient-reported measures are also closely aligned with outcomes that matter to patients and clinicians: pain severity,
functional limitation, and perceived improvement after treatment. For this reason, they remain essential in pain studies
and analgesic trials, even as neuroimaging, molecular biomarkers, wearable sensing, and artificial intelligence-based
models continue to develop.”* The appropriate conclusion is therefore not that subjective scales are superior to all other
indicators, but that they measure a clinically central dimension that other tools should complement rather than simply
replace.

Common Scales and Their Clinical Applicability

Subjective assessment tools serve different clinical purposes. The VAS, NRS, and VRS are particularly useful for rapidly
identifying current pain intensity and short-term change, making them suitable for repeated assessment after surgery, in
emergency care, or during routine ward rounds.” Their main strengths are speed, simplicity, familiarity, and direct
relevance to immediate treatment decisions. Similar considerations have been reported in adult emergency medicine and
other procedure- or condition-specific pain settings, where scale selection depends on clinical urgency, patient compre-
hension, and the dimension of pain being measured.® However, these tools provide limited information about pain
quality, mechanism, emotional meaning, or functional consequences.

By contrast, the MPQ emphasizes sensory and affective descriptors and is better suited to characterizing qualitative
features of pain, especially in complex chronic pain states.' The BPI combines pain severity with pain-related
interference, making it more closely aligned with chronic disease management, longitudinal follow-up, and patient-
reported outcomes in clinical trials." Condition- or context-specific assessments for labor pain, breastfeeding-related
nipple pain, and movement-disorder-related pain further illustrate that subjective tools should be selected according to the
clinical setting rather than treated as interchangeable scales.**™ In practice, the key issue is whether the selected
instrument matches the clinical question, patient population, and assessment setting.

Limitations of Subjective Scales and the Need for Complementation

The limitations of subjective scales define their boundaries rather than diminish their importance. In special populations,
scale selection can substantially influence assessment quality. Older adults may face visual, auditory, memory, and
comprehension burdens, making overly complex tools less usable in routine care.** In neonates, verbal self-report is
impossible, and assessment depends on behavioral and physiological observation; updated neonatal pain reviews further
emphasize that scale choice should account for developmental stage, clinical context, and the limitations of observational
items.'** In critically ill, mechanically ventilated, sedated, or communication-limited patients, self-report may also be
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unavailable or unreliable, and validated observational scales such as the Critical-Care Pain Observation Tool are often
required."?

Subjective ratings are also influenced by clinically meaningful but methodologically challenging factors, including
anxiety, catastrophizing, sleep disturbance, prior experience, cultural background, language, and clinician—patient
interaction.”> Condition- and culture-adapted self-report instruments further show that subjective assessment may require
contextual validation rather than direct transfer across populations.*® In chronic pain, reliance on a single intensity score
may underestimate broader burdens involving sleep, activity, mood, social participation, and quality of life.” Subjective
scales should therefore be regarded as a necessary starting point when self-report is feasible, but not as a complete
endpoint for all clinical and research questions.

A layered approach preserves the strengths of subjective scales while allowing complementary information from
behavioral, functional, physiological, imaging, and molecular indicators. These tools may help identify pain when self-
report is unavailable, characterize mechanisms, monitor recovery trajectories, and support phenotyping or risk prediction.
The aim is not to replace subjective scales, but to compensate for their blind spots through task-specific and context-
sensitive assessment.

Objective and Semi-Objective Indicators

Behavioral and Functional Proxy Measures

Behavioral and functional proxy measures are particularly important when patients cannot provide stable self-report or
when continuous monitoring is needed. In critically ill, mechanically ventilated, sedated, delirious, cognitively impaired,
very young, or older patients, direct pain report may be unavailable, unreliable, or difficult to interpret.** In these
contexts, tools such as the Critical-Care Pain Observation Tool (CPOT), behavioral pain scales, facial-expression
analysis, actigraphy, sleep assessment, gait and activity monitoring, wearable devices, and digital phenotyping can
provide information not captured by a single subjective rating.'**’

The clearest application is assessment in patients who cannot communicate pain reliably. In adult ICU patients, CPOT
has shown clinically relevant diagnostic value and is widely used for nonverbal or mechanically ventilated patients.'?
Similar behavioral frameworks have been evaluated in pediatric critical care and general ward settings, suggesting that
observational pain assessment is not confined to a single environment.””-** In these situations, the aim is not to infer an
exact numeric pain intensity, but to reduce the risk of unrecognized suffering, guide analgesic or sedative adjustment, and
monitor whether pain-related behaviors improve with clinical status.

Facial expression, pain-related behavior, activity, and movement-based measures extend assessment from verbal
report to observable function. Artificial intelligence-based facial-expression analysis may help standardize visible pain-
cue detection, although performance remains dependent on population, context, image quality, and training data.*®
Actigraphy and movement monitoring can capture reduced mobility, avoidance behavior, gait changes, and recovery
trajectories that may be missed during short clinical encounters.*’ Smartphone and wearable technologies have also been
applied after total knee arthroplasty and in rehabilitation settings, where activity volume, movement patterns, and
adherence may help contextualize pain recovery.’® In musculoskeletal and rheumatologic populations, physical activity
data may further help distinguish pain-related functional limitation from broader disability, fatigue, or disease activity.’'

Sleep and circadian measures are particularly relevant in chronic pain and perioperative recovery. Pain can disturb
sleep, while poor sleep may amplify pain sensitivity, emotional distress, and fatigue, creating a reciprocal cycle not
captured by a single daytime score.’” Wearable and machine-learning approaches can characterize sleep—pain reciprocity
and daily fluctuations in treatment response.'® Studies in temporomandibular disorders, rheumatoid arthritis, and Behget’s
syndrome further illustrate that sleep, fatigue, circadian rhythms, and pain-related burden are often interwoven across
chronic inflammatory and musculoskeletal conditions.>> In postoperative and home-based recovery, wearable or
smartphone-assisted monitoring may help identify delayed recovery, reduced activity, poor adherence, or persistent
functional limitation after orthopedic procedures and exercise-based interventions.”*>%>’

The main limitation of behavioral and functional proxies is limited specificity. Facial expression may be altered by
sedation, fatigue, anxiety, cultural display rules, or social context; reduced activity may reflect depression, frailty,
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osteoarthritic degeneration, cardiopulmonary limitation, environmental restriction, or fear avoidance; and sleep fragmen-
tation may be driven by insomnia, respiratory disturbance, medication exposure, inflammatory activity, or emotional
distress.*”> Thus, these indicators improve continuity and ecological validity but do not automatically improve
specificity. Their most mature role is to identify possible pain when self-report is unavailable, characterize functional
burden, and track recovery trajectories during postoperative care, chronic pain management, and rehabilitation.

EEG and Neurophysiological Indicators

EEG, ERP, and LEP are among the most developed neurophysiological approaches for studying pain because they
provide millisecond-level temporal resolution and can capture neural responses close to nociceptive processing.>’
Unlike behavioral proxies, these methods primarily characterize how nociceptive input is encoded, transmitted,
attended to, and modulated within the nervous system. Their strongest value is mechanistic: they can help distinguish
stimulus-evoked neural activity, attentional processing, affective salience, and longer-term alterations in brain rhythms
or connectivity.

Different neurophysiological paradigms answer different questions. LEP is relatively close to nociceptive afferent
activation and cortical processing after selective noxious stimulation, making it useful in painful radiculopathy and
other neuropathic pain states.”® ERP paradigms can capture sensory, attentional, and affective-evaluative components
of pain, which is particularly relevant in neonatal and experimental settings where verbal report is unavailable or
limited.>® Resting-state EEG and MEG, by contrast, are more often used to examine chronic pain—related changes in
oscillatory power, connectivity, vigilance, and network state rather than immediate pain intensity.° Similar oscillatory
and connectivity abnormalities have been reported in chronic low back pain with comorbid insomnia, supporting the
view that resting neurophysiological signals may reflect pain-related network state, vigilance, and sleep-related
modulation.®!

Current evidence supports several task-specific applications. In neonates, noxious stimulus-evoked EEG or ERP
responses may provide complementary physiological endpoints for analgesic efficacy, although further validation of
reliability, interpretability, and clinical meaning is still required.'® In neuropathic and musculoskeletal pain, resting-state
EEG findings, brain and spinal cord adaptations, and spinal cord injury-related EEG signatures suggest a role in
mechanism-oriented phenotyping rather than routine diagnosis.®* ®* Experimental work on nociceptive-evoked gamma-
band oscillations and neurophysiological studies of analgesic interventions, such as transcutaneous electrical nerve
stimulation, further indicate that these signals can be useful for probing pain modulation mechanisms and treatment-
related neural responses.®>%°

The limitation of EEG, ERP, and LEP is therefore not that they are unrelated to pain, but that their interpretation
depends strongly on the paradigm, population, timing of assessment, and targeted outcome. A LEP abnormality may
indicate altered nociceptive pathway function; an ERP change may reflect salience, attention, or affective processing; and
resting EEG alterations may reflect chronic network reorganization, sleep disturbance, medication effects, or comorbid-
ity. Routine clinical translation is further limited by heterogeneous stimulus parameters, electrode montages, preproces-
sing pipelines, artifact correction, frequency-band definitions, and source-localization methods.®” Even when group-level
differences are statistically significant, individual-level thresholds and cross-center reproducibility often remain insuffi-
cient for bedside decision-making. In conditions such as fibromyalgia, neuromodulation studies suggest that neurophy-
siological and network-level measures may help evaluate treatment-related modulation, but they remain adjunctive rather
than diagnostic tools.®®

Neuroimaging Indicators

Neuroimaging has continued to attract attention in pain research because it can localize pain-related processing across
brain networks, connectivity patterns, white-matter pathways, and neurotransmitter systems. fMRI, resting-state func-
tional connectivity, PET, and diffusion-based MRI have shown abnormalities involving the default mode network,
salience network, sensorimotor regions, limbic circuits, and descending modulatory pathways across different chronic
pain conditions.'”*” These findings support the view that chronic pain is not only a peripheral sensory problem, but also
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a state involving central network reorganization, altered affective-salience processing, and impaired endogenous
modulation.”®

A key contribution of neuroimaging is that it moves pain research beyond single-region explanations. Resting-state
fMRI meta-analyses have identified common neural correlates across chronic pain conditions, whereas neuropathic pain
studies emphasize both regional and interregional abnormalities.”’”’* PET studies extend this framework by examining
neurotransmitter systems, neuroinflammation, and disease-specific tissue activity.”>"’* PET-based approaches may also
provide disease-context information in aging-related muscle disorders, myositis, pain states, and peripheral
neuropathies.”> Other imaging approaches have been applied in musculoskeletal pain, osteoarthritis, post-traumatic
headache, and migraine, illustrating that imaging findings are shaped by pain subtype, comorbidity, tissue pathology,
and intervention context rather than by a uniform pain signature.”® "’

It is important not to overstate the separation between neuroimaging and pain intensity. Although single imaging
features rarely provide a one-to-one readout of subjective pain, multivariate predictive models and pain signatures have
demonstrated meaningful associations with experimentally evoked or patient-reported pain.*® Placebo-imaging work
further shows that brain signatures can be modulated by expectation, treatment context, and analgesic response,
indicating that neuroimaging may capture clinically relevant components of pain modulation.®' The limitation is there-
fore not that neuroimaging is unrelated to pain, but that its meaning depends on task design, disease context, model
construction, and the level of prediction being claimed. This context dependence is also evident in depression-related
pain, where functional neuroimaging findings may reflect interactions among pain processing, affective state, and broader
psychopathology.*?

Neuroimaging is increasingly relevant to personalized medicine and treatment-response research. Functional con-
nectivity and brain-network studies have been used to explore response heterogeneity after interventions such as brain
stimulation, acupuncture, motor-control exercise, and rehabilitation.®*®> Changes in periaqueductal gray connectivity in
knee osteoarthritis pain, altered connectivity after motor-control exercise in chronic low back pain, static and dynamic
connectivity abnormalities, and resilience-related neural features in juvenile fibromyalgia all suggest that imaging may
help identify mechanistic targets and response phenotypes.*>*® These applications are more clinically plausible than
using neuroimaging as a universal diagnostic substitute.

At present, the strongest role of neuroimaging is mechanistic stratification, phenotype refinement, treatment-response
research, and selected prediction tasks. Its routine use as a bedside pain measure remains limited by cost, workflow
complexity, accessibility, protocol heterogeneity, motion and medication effects, and variable individual-level perfor-
mance. Predictive models also face risks of overfitting, sampling bias, and limited external validation, especially when
developed in small or single-center datasets.'” Neuroimaging should therefore be interpreted as a powerful mechanistic
and predictive component within a multimodal assessment framework rather than as a stand-alone replacement for
patient self-report.

Blood and Fluid Biomarkers
Blood and fluid biomarkers are attractive in pain research because they are relatively accessible and can reflect
inflammatory, endocrine, neuroimmune, metabolic, and omics-level changes that are not captured by symptom ratings
alone.>® Cytokines, chemokines, cortisol, neuropeptides, metabolites, microRNAs, exosomes, proteomic profiles, and
metabolomic signatures have all been investigated as candidates for explaining pain mechanisms, identifying disease
subtypes, or predicting pain persistence. Chemokine pathways such as CXCL13/CXCRS further support the relevance of
immune-signaling biomarkers in mechanism-oriented pain research.®® Their value is particularly apparent when pain is
closely linked to systemic inflammation, immune activation, endocrine disturbance, or tissue pathology, as illustrated by
immuno-inflammatory mechanisms of pain chronification and disease-specific examples such as frozen shoulder.”*"!
The main limitation of a single blood or fluid marker is limited specificity. Inflammatory and endocrine mediators in
endometriosis or arthritis may reflect disease activity, immune background, hormonal regulation, or tissue injury rather
than pain intensity itself.”>** Cortisol-related findings in fibromyalgia similarly point to stress-system dysregulation but
cannot be interpreted as a direct measure of momentary pain severity.”” Thus, the weakness of fluid biomarkers is not the
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absence of biological signal, but the difficulty of assigning that signal specifically to pain rather than to comorbidity,
medication exposure, systemic stress, or underlying disease activity.

Recent work has therefore shifted from single-marker interpretation toward multi-marker panels and systems-based
approaches. Epigenetic and microRNA studies suggest that chronic pain states may involve broader regulatory changes
rather than isolated molecular abnormalities.”® Exosome-mediated miRNA signaling, omics-based biomarker research,
chronic gastrointestinal miRNA mechanisms, calcium-channel biology, and aging-related molecular findings in neuro-
pathic pain further illustrate how molecular profiles may inform mechanisms, risk prediction, and treatment development
across selected pain contexts.?*?" 1%

Clinically, fluid biomarkers are most useful when interpreted within disease-specific and task-specific contexts. In
inflammatory pain, they may help distinguish inflammatory activity from non-inflammatory pain amplification; in
neuropathic pain, they may support mechanism-oriented stratification or identify pathways relevant to chronification;
and in chronic widespread, nociplastic, or aging-related pain, they may help characterize neuroimmune, stress-related, or
comorbidity-linked phenotypes.”*>*!°! The absence of a single robust biomarker does not preclude the objectivisation of
pain, because many clinical conditions are diagnosed and monitored using combinations of clinical features, laboratory
findings, imaging results, and treatment response. However, translation requires standardized sampling, validated assay
platforms, defined decision rules, adequate effect-size interpretation, and external validation across disease groups and
clinical settings.?*** Blood and fluid biomarkers are therefore best positioned as mechanistic and stratification tools that
add biological context to pain assessment.

Autonomic and Physiological Signals

Autonomic and physiological signals, including HRV, skin conductance, pupillary responses, respiratory patterns,
microcirculatory indices, and near-infrared spectroscopy, have been increasingly used in pain research because they
can be acquired continuously and are compatible with bedside monitoring and wearable devices.’! Unlike single
questionnaire-based assessments, these signals can capture short-term fluctuations in arousal, autonomic regulation,
stress response, and recovery state. Their relevance is particularly evident in perioperative monitoring, chronic muscu-
loskeletal pain, neuromodulation research, and real-world rehabilitation, where pain interacts with sleep, activity,
emotional state, and physiological regulation.'%*'*?

HRYV is the most frequently studied signal in this layer. Systematic reviews suggest that chronic musculoskeletal pain
and low back pain are often associated with altered autonomic regulation, although the direction and magnitude of HRV
changes vary across populations, protocols, and analytic methods.'**'%® Exercise, rehabilitation, neuromodulation, and
mind-body interventions may also influence HRV, suggesting that autonomic measures are better suited to characterizing
regulatory capacity and treatment-related physiological change than to quantifying pain intensity alone.'’®'"” Near-
infrared spectroscopy and other physiological monitoring approaches may likewise provide complementary information
about pain-related cortical or systemic responses, but their interpretation remains task- and context-dependent.'®®

The clinical strength of this layer lies in dynamic monitoring rather than disease-specific diagnosis. In postoperative
or chronic pain settings, persistent autonomic activation, reduced HRYV, or sustained hyperarousal may suggest inadequate
analgesia, impaired recovery, anxiety, sleep disruption, medication effects, or altered physiological regulation. Wearable
HRV pipelines and autonomic measures in stress-related or visceral pain conditions illustrate that these signals can
support risk identification and state monitoring when embedded in an appropriate clinical model.'%''°

However, autonomic signals are strongly influenced by age, physical fitness, sleep, fatigue, medication, psychiatric
comorbidity, inflammation, respiratory pattern, cardiovascular disease, and measurement conditions. HRV findings in
psychiatric and substance-use populations further show that autonomic dysregulation may reflect broader stress-
regulation or comorbidity states rather than pain-specific physiology.''" Therefore, autonomic and physiological signals
should be interpreted as supportive indicators within continuous-monitoring and multimodal assessment frameworks.
Their value is to improve temporal resolution, identify dysregulated recovery patterns, and provide physiological context
for pain-related burden. Appropriate study design, repeated measurement, mathematical modeling, and integration with
subjective, behavioral, and clinical data may improve diagnostic and predictive utility.''> Evidence from pediatric,
adolescent, and cancer-related HRV biofeedback also suggests that autonomic measures may be useful as regulatory or
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intervention-related endpoints when matched to developmental context, disease state, and clinical task.!1*!'* These
signals should not be used as independent gold standards, but they may strengthen assessment when the clinical question
concerns trajectory, regulation, treatment response, or risk rather than a one-time estimate of pain intensity.

Multimodal Integration and Artificial Intelligence

Clinical Value of Multimodal Integration

The appeal of multimodal integration lies in bringing subjective scales, behavioral features, physiological signals,
neuroimaging, and fluid biomarkers into a task-oriented clinical framework. Artificial intelligence and machine-
learning approaches have accelerated this direction because they can extract joint patterns from multisource, weakly
correlated, and high-dimensional data, making them attractive for risk prediction, subtype identification, and longitudinal
trajectory analysis.'® Beyond simple data fusion, these models may also reveal latent or non-intuitive pain patterns that
are difficult to identify through conventional single-modality interpretation.*?

However, multimodal integration does not automatically overcome the limitations of its component modalities. Model
labels are often derived from subjective ratings or broad clinical categories, meaning that label bias may be inherited
rather than eliminated.''> Poorly standardized input signals may lead models to learn platform-specific noise rather than
clinically meaningful structure, and models trained within a single center, disease category, or device environment may
perform less well during external validation. Fairness is also a concern, because models trained on underrepresented or
unbalanced populations may perform unevenly across age, sex, ethnicity, socioeconomic background, or disease
subgroups.''® In addition, insufficient interpretability can limit incorporation into real-world clinical decision-making.

Current evidence suggests that multimodal models are most promising when used for specific clinical tasks rather
than for generating a universal pain score. Potential applications include identifying patients at high risk of chronification,
predicting response to particular treatments, tracking recovery trajectories, characterizing phenotypes, and flagging
abnormal patterns that warrant further assessment.''” These advantages are clearest in settings where single indicators
are insufficient: non-verbal ICU patients, where behavioral tools may help identify otherwise missed pain;*’ early
postoperative recovery, where sleep, activity, and wearable-derived indicators may contextualize serial pain scores;'®
and chronic or neuropathic pain, where multimodal profiles may support phenotypic stratification and individualized
assessment.''® These examples illustrate that multimodal integration is most useful when a single intensity scale provides
limited explanatory value.

Current Limitations and Translational Preconditions

Although artificial intelligence has been increasingly applied to pain assessment and pain management, its discovery
potential does not by itself guarantee clinical usefulness.”® Machine-learning and deep-learning models may identify
latent phenotypes, nonlinear interactions, and non-intuitive patterns,'® but the central question is whether these patterns
are reproducible, interpretable, fair, and linked to decisions that matter in clinical care.

Several recurrent limitations remain. Model labels are often derived from subjective ratings, diagnostic categories, or
short-term clinical outcomes, allowing label noise and conceptual ambiguity to be inherited by the model.''> Dataset shift
is common when models trained in one center, device environment, disease category, or demographic group are applied
elsewhere. Fairness risks arise when underrepresented subgroups are insufficiently included in training and validation
datasets.''® Model complexity may also improve predictive accuracy while reducing interpretability, creating a trade-off
that is especially important when outputs are intended to guide analgesic adjustment, risk stratification, or treatment
planning.

For practical translation, at least four preconditions should be met. The target task should be specific, such as risk
prediction, treatment-response estimation, recovery monitoring, or subtype recognition, rather than the construction of
a context-free universal pain score.''” Training labels should be clinically meaningful and, where possible, longitudinal
or multidimensional rather than based only on a single pain rating at one time point. Data acquisition and preprocessing
should be sufficiently standardized to permit external validation across centers and devices. Model outputs should also be

interpretable enough to support clinician judgment and patient communication rather than replace them.''
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Accordingly, Al-based multimodal models should be evaluated as clinical decision-support tools, not as independent
arbiters of pain. Their success depends less on algorithmic novelty alone than on task definition, label quality, external
validation, bias control, workflow compatibility, and evidence that the output improves decisions in real clinical settings.
Without these conditions, increasingly complex models may simply repackage existing uncertainty into outputs that
appear precise but remain clinically fragile.

Discussion
Why a Universal Robust Objective Marker is Still Absent

The long-standing absence of a unified, stable, and reproducible objective marker for pain should not be interpreted as
the failure of a single technology. Rather, it reflects the interaction of conceptual, biological, methodological, and
implementation barriers. Pain is an emergent experience arising from nociceptive input, central processing, affective
appraisal, autonomic regulation, prior experience, disease context, and social meaning.®> Subjective report, behavioral
expression, neural activity, inflammatory or endocrine changes, and autonomic signals are therefore related, but they
operate at different levels of measurement. This makes it difficult for any single indicator to function as a universal
substitute for the patient’s pain experience.?!

The absence of a universal marker does not mean that objective or semi-objective indicators are unrelated to pain. In
acute nociceptive pain, perioperative settings, and controlled experimental paradigms, physiological responses, evoked
neurophysiological signals, and multivariate neuroimaging patterns may correlate meaningfully with pain intensity or
pain-related processing.>*® The limitation is that these associations are usually context dependent. A signal that performs
reasonably well under controlled stimulation may lose specificity in chronic pain, mixed pain states, sedation, sleep
disturbance, psychiatric comorbidity, medication exposure, inflammation, or advanced disease. Refractory visceral pain
and complex regional pain syndrome further illustrate how peripheral pathology, central sensitization, autonomic
regulation, inflammatory activity, motor changes, psychological factors, and treatment response may overlap in ways
that complicate single-marker interpretation.'?*'?' This problem is shared across indicator classes. Behavioral tools such
as CPOT are clinically useful in nonverbal or critically ill patients, but they primarily measure observable pain-related
behavior.!*> EEG, ERP, and LEP can identify nociceptive processing, attentional salience, and altered neural oscillations,
but their interpretation depends on stimulus paradigm, analytic pipeline, and patient state.”” Neuroimaging has demon-
strated pain-related signatures, network reorganization, and treatment-response phenotypes, yet individual-level predic-
tion remains limited by heterogeneity, cost, protocol variation, and external validation challenges.'” Biofluid, endocrine,
and omics-based markers may reveal inflammation, stress biology, neuroimmune activation, or risk of persistence, but
they remain strongly influenced by disease activity, comorbidity, and assay platform.*® Thus, the central limitation is not
the absence of pain-related signals, but the instability of signal meaning across patients, mechanisms, and clinical
contexts.

Robust translation is also constrained by effect size and implementation. Many associations in pain research are small
to moderate in magnitude, and even statistically reliable effects may not provide sufficient individual-level discrimination
for bedside decisions.> A group-level difference, a correlation with pain intensity, or a high internal cross-validation score
does not automatically establish a clinically actionable marker. Effect size, calibration, reproducibility, external valida-
tion, workflow compatibility, and decision impact must be considered together.>> Multimodal artificial intelligence may
help integrate weak-to-moderate signals and discover latent phenotypes, but it also inherits label noise, dataset shift,
fairness risks, and interpretability challenges.'® Recent circuit-level evidence that chronic pain may involve bidirectional
spino-brain-spinal cord loops further supports the view that pain should be interpreted as a systems-level phenomenon
rather than as a single peripheral, central, or molecular signal.'** A realistic path forward is therefore not the search for
one definitive pain meter, but the development of task-specific combinations of indicators for communication, detection,

phenotyping, monitoring, risk stratification, and decision support.
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A Task-Oriented Layered Pathway for Clinical Practice

The layered framework should be understood as a practical organization of existing assessment approaches rather than as
a new diagnostic technology. Its purpose is to help clinicians and researchers decide which type of information is needed
for a specific task, including rapid symptom scoring, detection of pain in nonverbal patients, monitoring of recovery,
mechanistic phenotyping, prediction of treatment response, and multimodal decision support.* In acute postoperative
care, emergency settings, or routine ward rounds, a unidimensional pain intensity score may remain the most efficient and
clinically appropriate option.’

A task-oriented pathway can be built around baseline assessment and selective augmentation. When patients can
communicate reliably, subjective scales should usually remain the starting point because they directly capture the
experienced dimension of pain and guide clinician—patient communication."' When self-report is unavailable or unreli-
able, as in nonverbal ICU patients, neonates, sedated patients, or individuals with severe cognitive impairment,
behavioral and functional proxies may become the practical baseline.*” When the question shifts from current pain
severity to persistence, heterogeneity, treatment resistance, or prognosis, neurophysiological, imaging, autonomic, and
molecular indicators may add mechanistic or predictive value.”> Recent circuit-level evidence also supports this
escalation logic by suggesting that chronic pain may involve distributed spino-brain-spinal cord loops rather than
a single peripheral or central signal.'*

This logic differs across clinical scenarios. In ICU care, the priority is to avoid unrecognized suffering and guide
analgesic or sedative adjustment, making validated behavioral tools and physiological context more useful than complex
mechanistic biomarkers.*’ In early postoperative recovery, repeated pain scores remain important, but activity, sleep, and
wearable-derived trajectories may help identify delayed recovery or poor mobilization.'"® Orthopedic perioperative
pathways, such as total knee arthroplasty, further illustrate the value of interpreting pain alongside multimodal analgesia,
rehabilitation progress, and functional recovery.>® In chronic, nociplastic, or neuropathic pain, assessment often expands
from intensity to functional interference, mood, sleep, central sensitization, sensory profiles, imaging markers, or
molecular pathways.”*®

Implementation burden should determine how many layers are added in practice. Cost, time, equipment availability,
staff training, patient acceptability, data-management burden, and interpretability may limit routine use of multilayered
assessment.''> For many routine decisions, additional measurements may increase complexity without improving care.
Conversely, in patients with communication barriers, unexplained pain persistence, poor treatment response, or high risk
of chronification, additional layers may provide information that a single score cannot capture. The clinical value of this
framework therefore lies in selective escalation: beginning with the simplest valid tool for the context, adding behavioral
or functional measures when communication or recovery monitoring is the priority, incorporating mechanistic biosignals
when phenotyping or treatment selection is needed, and reserving multimodal artificial intelligence models for clearly
defined prediction or decision-support tasks."®

Conclusion

Pain assessment is not a choice between subjective scales and objective technologies, but a layered clinical problem that
requires task-oriented selection of tools. In routine settings such as acute postoperative care, emergency assessment, and
ward-based follow-up, simple unidimensional scales may remain the most efficient and clinically appropriate option. In
more complex contexts, including nonverbal patients, chronic or neuropathic pain, treatment-resistant pain, and research-
oriented phenotyping, behavioral, functional, neurophysiological, imaging, molecular, autonomic, or artificial intelli-
gence—based approaches may provide additional information that a single pain score cannot capture.

The value of a layered framework lies in selective escalation rather than comprehensive measurement for all patients.
Cost, technological availability, staff workload, patient acceptability, data-management burden, and interpretability
should determine whether additional assessment layers are justified. Standardization and validation remain essential,
but their application is constrained by patient heterogeneity, disease context, psychosocial factors, cultural background,
and clinical setting. Future pain assessment models should therefore be judged not only by statistical significance or
prediction accuracy, but also by effect size, reproducibility, external validation, clinical usefulness, and decision impact.”
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Advanced tools may improve precision and contextual interpretation, but they should support rather than replace clinical
judgment.
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