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ABSTRACT

Artificial intelligence (AI) and machine learning technologies are revolutionizing
the landscape of pain management through enhanced diagnostic accuracy,
prognostic prediction, and personalized treatment strategies. This comprehensive
review examines the current applications of Al in pain medicine, including pain
diagnosis and classification, prognosis and chronicity prediction, personalized
pharmacological and non-pharmacological management, and real-time
monitoring systems. We explore the integration of Al-driven decision support
systems in perioperative care, the role of wearable devices and telemedicine
platforms, and address the challenges related to data privacy, algorithm bias, and
clinical implementation. While Al demonstrates significant promise in improving
patient outcomes and reducing healthcare burden, substantial barriers to clinical
integration remain. This review highlights the need for rigorous validation
studies, diverse population representation, and development of clinician-friendly
interpretable Al models to facilitate adoption in Indian healthcare settings.
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INTRODUCTION

Pain remains one of the most prevalent
healthcare challenges globally, affecting
millions of patients and imposing substantial
burden on healthcare systems.! The
subjective nature of pain, combined with the
heterogeneity of pain conditions and individual
patient variability in treatment response,
has historically limited the precision of pain
diagnosis and management.? Traditional
approaches to pain assessment rely heavily on
clinical judgment, patient self-reporting, and
conventional imaging modalities, which may
miss subtle pathological markers and fail to
identify patients at risk for pain chronicity.

Artificial intelligence, defined as the
simulation of human intelligence through
computational systems, offers unprecedented
opportunities to address these limitations.
Al  technologies, particularly = machine
learning and deep learning algorithms, can
analyze complex, multidimensional datasets
encompassing clinical, imaging, genetic, and
psychosocial variables to provide objective,
evidence-based insights for pain management.’
Recent systematic reviews have identified
over 197 distinct applications of Al in acute
and chronic pain management, demonstrating
growing clinical interest and validation in
diverse pain conditions.!

This review synthesizes current evidence
on Al applications in pain medicine, with
particular focus on diagnostic accuracy,
prognostic capability, treatment personalization,
and perioperative applications relevant
to anesthesiologists and pain specialists
practicing in India.

Al IN PAIN DIAGNOSIS AND
CLASSIFICATION: PRECISION IN
UNDERSTANDING PAIN

Al-Assisted Imaging in Pain Diagnosis

Diagnostic imaging including MRI, CT,
and ultrasound constitutes a cornerstone of
pain evaluation for conditions such as herniated
discs, spinal stenosis, and musculoskeletal
injuries. However, interpretation variability
between radiologists and potential for missed
subtle pathology represent significant clinical
limitations.*

AT algorithms have demonstrated remarkable
capability in automated image analysis and
abnormality detection. Recent studies report

that AI models achieve up to 95% accuracy
in diagnosing spinal degenerative disease
and sciatica from MRI imaging alone.
These systems utilize convolutional neural
networks (CNNs) to detect morphological
abnormalities including disc herniation, nerve
compression, and degenerative changes that
might be overlooked on standard radiological
interpretation.

Ultrasound-guided regional anesthesia
represents another domain where Al is
making significant contributions. Al-based
computer vision systems have achieved 93.5%
anatomical recognition accuracy across nine
regional block regions in 720 clinical videos,
with clinical experts noting that Al image
enhancement reduces nerve injury risk and
block failure rates® For musculoskeletal
ultrasound applications, including bursitis
and tendinopathy evaluation, Al has improved
diagnostic sensitivity while reducing false
negatives, enabling earlier intervention and
more precise treatment planning.

The clinical advantage of Al-assisted
imaging extends beyond diagnostic accuracy.
These systems can process imaging studies
rapidly, reducing radiologist workload and
enabling faster clinical decision-making, which
is particularly valuable in resource-constrained
healthcare settings common in India.

Electrophysiological Data Analysis and
Neuropathic Pain Classification
Electrophysiological  studies  including

electromyography (EMG) and nerve conduction
studies are essential for diagnosing neuropathic
pain conditions, yet interpretation requires
specialized expertise. Machine learning
algorithms have demonstrated capability in
analyzing these electrophysiological patterns
to classify pain phenotypes with high accuracy.

Al-based systems have achieved over
90% accuracy in diagnosing peripheral
neuropathies from electrophysiological data
alone,* enabling more precise differentiation
between neuropathic and nociceptive pain
mechanisms. This distinction is clinically
crucial, as neuropathic pain typically requires
different pharmacological approaches
(gabapentinoids, serotonin-noradrenaline
reuptake inhibitors) compared to nociceptive
pain (NSAIDs, opioids).

Machine learning algorithms employed for
this purpose include support vector machines
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(SVMs) for pattern classification and random
forests for feature importance analysis, which
identify electrophysiological markers most
predictive of neuropathic pain phenotypes.

Al IN PAIN PROGNOSIS: PREDICTING
OUTCOMES AND CHRONICITY

Machine Learning Models for Chronic Pain
Prediction

One of the most Cclinically significant
applications of Al in pain medicine is
predicting which patients will develop chronic
pain from an acute pain episode. Chronic pain
affects approximately 10-15% of the global
population, representing a major cause of
disability and healthcare expenditure.®

Machine learning models for chronic pain
prediction integrate multiple data modalities:
demographic information, detailed clinical
history, preoperative pain levels, genetic
profiles, psychological assessments (including
anxiety and depression screening), and surgical
factors. Advanced algorithms including
random forests, support vector machines, and
neural networks identify complex interactions
between these risk factors to generate
individualized chronicity predictions.

The prediction of chronic postoperative
pain represents a particularly well-validated
application. Studies have demonstrated
that machine learning algorithms predict
chronic post-surgical pain with 85% accuracy
when trained on preoperative clinical data.’
A landmark study demonstrated that Al-
driven prediction models could identify
patients at high risk for chronic pain
following knee replacement surgery, enabling
targeted interventions including enhanced
perioperative analgesia and psychological
counseling that potentially reduce chronic
pain incidence.”

Similarly, machine learning models have
been applied to predict chronicity risk following
breast surgery and other procedures, with
AUROC (Area Under the Receiver Operating
Characteristic Curve) values ranging from 0.81-
0.98, substantially outperforming standard
clinical assessment tools.® These models
facilitate proactive prevention strategies, such
as regional anesthesia techniques, that may
reduce post-surgical pain progression.

Deep Learning Approaches for Acute

Postoperative Pain Prediction

Recent advances in deep learning have
introduced novel architectures for real-
time postoperative pain prediction. Graph
neural networks, attention mechanisms,
and transformer-based models have been
developed to process both static patient
characteristics and dynamic intraoperative
vital sign data for acute postoperative pain
prediction.®

A recent study developing the DoseFormer
system, a graph transformer network-based
model, demonstrated superior performance
compared to traditional machine learning
approaches, with higher F1 scores and better
generalization to unseen data.® This system can
predict acute postoperative pain in the post-
anesthesia care unit (PACU) using automatically
extractable, objective intraoperative variables,
potentially enabling proactive analgesic
titration by anesthesiologists.

AIINPERSONALIZEDPAINMANAGEMENT

Pharmacogenomic Analysis and Opioid
Response Prediction
One of the most clinically relevant

applications of Al is predicting individual
patient responses to analgesic medications,
particularly opioids. Genetic polymorphisms
affecting opioid metabolism, psychological
factors, and prior medication exposure create
substantial variability in opioid efficacy and
risk for adverse effects including opioid-
induced hyperalgesia and misuse.

Al  models integrate genetic data
(particularly cytochrome P450 polymorphisms
affecting opioid metabolism), clinical history,
pain phenotype data, and patient psychosocial
profiles to predict opioid efficacy, optimal
dosing, and risk for adverse outcomes. This
pharmacogenomic approach enables precision
opioid prescribing that maximizes analgesia
while minimizing risks a critical application
given the global opioid epidemic.’

For chronic pain management, Al algorithms
can recommend optimal medication selection
from multiple analgesic classes (NSAIDs,
anticonvulsants, serotonin-noradrenaline
reuptake inhibitors, opioids) based on
individual patient profiles and predicted
treatment response.
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Al in Neuromodulation Therapy Optimization

Spinal cord stimulation (SCS) and peripheral
nerve stimulation represent important
interventional pain management modalities
for chronic pain syndromes. However,
achieving optimal clinical outcomes requires
individualized stimulation parameter
adjustment a process traditionally dependent
on patient feedback.

Al-powered closed-loop neuromodulation
systems represent a major advancement,
continuously monitoring patient feedback,
physiological responses, and pain scores to
automatically adjust stimulation parameters
in real-time.* These adaptive systems learn
patient-specific response patterns, enabling
personalized  stimulation  configurations
that maximize pain relief while minimizing
side effects. This technology exemplifies
the potential for Al to enhance precision in
interventional pain management.

AIINPERIOPERATIVEPAINMANAGEMENT

AlI-Driven Decision Support Systems for
Intraoperative and Postoperative Analgesia

Decision support systems (DSS) powered by
Al are increasingly integrated into anesthesia
workstations to guide perioperative analgesia
management. These systems process real-
time patient data including vital signs, pain
scores, and anesthetic agent concentrations
to recommend optimal analgesic titration
strategies.

A landmark study demonstrated that Al-
guided DSS reduced the incidence of severe
postoperative pain by 30% in patients undergoing
major abdominal surgery® The system
identified high-risk patients preoperatively and
recommended intensified multimodal analgesia
and regional anesthesia techniques.

Al-driven closed-loop anesthesia delivery
systems have demonstrated particularly strong
evidence for intraoperative precision. These
systems maintain target indices of hypnosis
(Bispectral Index/Patient State Index) within
narrow ranges more effectively than manual
administration, with pooled improvements
in target maintenance of approximately
25%2  Additionally, Al-guided opioid
titration reduces total intraoperative opioid
consumption while maintaining adequate
analgesia and hemodynamic stability.?

Postoperatively, Al systems can predict
complications  including  opioid-induced
respiratory depression and inadequate pain
control, alerting clinicians to enable prompt
interventions and prevent adverse outcomes.®

AlIN REAL-TIME PAIN MONITORING AND
REMOTE CARE

Wearable Devices and Continuous Pain
Monitoring

Wearable technology integrated with
Al algorithms represents a transformative
approach to chronic pain management. These
devices continuously monitor physiological
parameters correlated with pain including
heart rate variability, skin conductance,
movement patterns, and activity levels,
providing objective surrogate markers of
pain experience beyond subjective patient
reporting.’

Al algorithms analyze wearable-derived
data in real-time, generating personalized
pain management recommendations based
on daily activity patterns and pain trends.
In fibromyalgia management, wearable Al
systems have provided individualized activity
recommendations and pain predictions that
enhance patient self-management.’

Postoperatively, wearable devices with
embedded Al algorithms have enabled early
detection of pain and activity deviations from
expected recovery trajectories, prompting
timely clinical interventions. A recent
study demonstrated that wearable-guided
rehabilitation improved postoperative step
counts (standardized mean difference 0.67)
and reduced dyspnea at early and late follow-
up, supporting faster functional recovery.’

Telemedicine and AI-Enhanced Remote Pain
Management

The integration of Al with telemedicine
platforms has expanded access to pain
management expertise, particularly valuable
for geographically remote and underserved
populations in India. AI-powered chatbots and
virtual assistants can conduct automated pain
assessments, provide patient education on pain
management strategies, and offer personalized
recommendations for lifestyle modifications
functionalities that extend limited specialist
availability.

IJAA / Volume 13 Number 1 / January - March 2026



Shivani Fotedar, Agrima Sundriyal, Sowmya KR et. al, Artificial Intelligence in Pain Management: 37
Current Applications and Clinical Perspectives

Remote monitoring systems powered by
Al enable asynchronous assessment of pain
trends, allowing specialists to adjust treatment
plans without requiring in-person visits. These
technologies particularly benefit patients
with chronic pain requiring long-term follow-
up and frequent therapeutic adjustments,
reducing healthcare burden while maintaining
treatment efficacy.!

Al IN MODEL DEVELOPMENT FOR PAIN
MANAGEMENT

Data Collection and Preprocessing

Developing robust Al models for pain
applications requires comprehensive, high-
quality datasets encompassing multiple data
modalities: clinical records (demographics,
medical history, comorbidities), imaging data
(MRI, CT, X-rays), electrophysiological signals
(EMG, nerve conduction studies), patient-
reported outcomes (pain intensity scales,
functional disability scores), genetic information
(pain-related polymorphisms, drug metabolism
genes), and pharmacological data.

The preprocessing phase is critical for data
quality. This includes data cleaning (removing
duplicates and errors), handling missing
values, normalizing variables across different
scales, and converting categorical data into
numerical formats suitable for machine
learning algorithms.

Feature Selection and Engineering

Feature selection identifies which variables
are most predictive of clinical outcomes,
reducing dimensionality and improving
model interpretability. Techniques including
Recursive Feature Elimination (RFE) and
Principal Component Analysis (PCA) are
commonly employed.

Feature engineering involves creating novel
variables from existing data to enhance model
performance. For example, interaction terms
combining age and pain history can create
composite “pain risk” variables, or time-series
features can track pain trajectory changes over
time, providing enhanced predictive power.

Model Selection and Training

Multiple machine learning approaches are
suitable for pain management applications:

* Supervised learning models (Random
Forests, Support Vector Machines, Neural

Networks) are employed when outcomes
are known

* Unsupervised learning models (K-means
clustering, autoencoders) identify hidden
patterns in unlabeled data, potentially
revealing novel pain subtypes

* Reinforcement learning approaches
enable real-time decision optimization,
such as dynamic neuromodulation
parameter adjustment

Model training involves splitting data into
training sets (70-80%), validation sets (10-15%),
and test sets (10-15%), with the model learning
patterns from training data and performance
validated on held-out test data never seen
during training.

MODELVALIDATIONANDPERFORMANCE
METRICS

Model performance is evaluated using
appropriate metrics depending on the
application:

Table 1: Machine learning performance metrics commonly
applied to pain management models

Performance A .
Metric Application Interpretation
Classification Overall correctness of
Accuracy L
tasks predictions
Sensitivity/ Identifying high- Ability to detect true
Recall risk patients positive cases
s Avoiding false ~ Ability to correctly
Specificity alarms identify true negatives
Diagnostic Overall discriminative
AUROC discrimination  ability (0.5-1.0)
Balanced Harmonic mean of
F1 Score .
assessment precision and recall

CHALLENGES AND ETHICAL CONSIDERATIONS

Data Privacy and Security

Al systems for pain management require
access to sensitive personal health information
including genetic data, mental health records,
and detailed medical histories. Ensuring
compliance with privacy regulations including
India’s Health Data Protection Bill is essential
for maintaining patient confidentiality and
public trust.

Data anonymization and encryption
represent fundamental requirements, though
re-identification risks persist. Federated
learning approaches, where models are trained
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locally without centralizing sensitive data,
represent promising solutions for privacy-
preserving Al development.

Algorithmic Bias and Fairness

Al models trained on historically biased
datasets or developed using populations
unrepresentative of broader demographics
can perpetuate health disparities. For
example, if chronic pain prediction models
are trained primarily on data from wealthy
urban populations, their accuracy may be
substantially reduced when applied to rural or
underserved communities in India."

Addressing algorithmic bias requires diverse
dataset collection, bias auditing during model
development, and external validation across
diverse populations.

Clinical Interpretability and “Black Box”
Problem

Complex deep learning models, while
potentially superior in predictive accuracy,
often lack clinical interpretability the “black
box” phenomenon where clinicians cannot
understand how the model arrived at specific
recommendations. This substantially limits
clinical adoption, as physicians understandably
resist implementing recommendations they
cannot understand or validate.'?

Techniques including SHAP (SHapley
Additive exPlanations) values, LIME (Local
Interpretable Model-agnostic Explanations),
and attention mechanisms can improve
model interpretability by highlighting which
input variables most influenced specific
predictions.

Regulatory and Implementation Barriers

The regulatory landscape for Al medical
devices remains underdeveloped in many
jurisdictions including India. Establishing
clear regulatory pathways, clinical validation
standards, and liability frameworks is essential
for responsible Al deployment in clinical
practice.

Additionally, infrastructure limitations,
inadequate digital literacy among healthcare
providers, limited technical support resources,
and financial constraints represent substantial
barriers to Al implementation in Indian
healthcare settings.

CLINICAL INTEGRATION AND FUTURE
DIRECTIONS

Requirements for Clinical Implementation

Successful integration of Al into clinical pain
management requires:

1. Rigorous validation through multicenter
randomized controlled trials demonstrating
superiority over standard clinical care.

2. External validation across diverse patient
populations ensuring generalization
beyond development datasets.

3. Clinician education and training
programs addressing Al literacy and
appropriate implementation.

4. Integration with existing electronic
health records and clinical workflow
systems.

5. Establishmentofclearclinical governance
frameworks and liability structures.

6. Continuous monitoring and feedback
mechanisms enabling model performance
optimization.

Emerging Technologies and Applications

Upcoming advances include integration of
natural language processing to extract pain-
related information from unstructured clinical
notes, federated learning approaches enabling
collaborative model development without
centralizing sensitive data, explainable Al
techniques improving clinical interpretability,
and  reinforcement learning  systems
enabling adaptive, patient-specific treatment
optimization.

CONCLUSION

Artificial intelligence represents a
transformative technology for pain management,
offering enhanced diagnostic accuracy, improved
prognostic capability, personalized treatment
strategies, and novel remote monitoring
approaches. Current evidence demonstrates
substantial clinical promise, particularly for pain
diagnosis, chronic pain prediction, perioperative
analgesia optimization, and real-time patient
monitoring.

However, significant barriers to clinical
implementation remain, including limited
external validation in diverse populations,
missing infrastructure, provider knowledge
gaps, and wunclear regulatory pathways.
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Addressing ~ these  barriers  requires
collaborative efforts involving healthcare
providers, researchers, technology developers,
policymakers, and patient communities.

For Indian pain  specialists  and
anesthesiologists, engagement with Al
implementation represents an opportunity
to enhance care quality, optimize resource
utilization, and potentially reduce opioid-
related harms. However, this engagement
must be accompanied by critical evaluation
of available evidence, attention to ethical
considerations including data privacy and
algorithmic bias, and commitment to rigorous
clinical validation before widespread adoption.

Future research priorities should include:
(1) development of diverse, representative
datasets including Indian population data;
(2) rigorous multicenter clinical trials
establishing  superiority = of  Al-guided
management; (3) exploration of explainable Al
techniques improving clinical interpretability;
(4) evaluation of cost-effectiveness and
implementation  feasibility in  resource-
limited settings; and (5) establishment of
clear ethical and regulatory frameworks
guiding responsible Al deployment in Indian
healthcare.
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