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Personalized pain medicine aims to tailor pain treatment strategies for the specific needs and characteristics
of an individual patient, holding the potential for improving treatment outcomes, reducing side effects,
and enhancing patient satisfaction. Despite existing pain markers and treatments, challenges remain in
understanding, detecting, and treating complex pain conditions. Here, we review recent engineering efforts
in developing various sensors and devices for addressing challenges in the personalized treatment of pain.
We summarize the basics of pain pathology and introduce various sensors and devices for pain monitoring,
assessment, and relief. We also discuss advancements taking advantage of rapidly developing medical
artificial intelligence (Al), such as Al-based analgesia devices, wearable sensors, and healthcare systems. We
believe that these innovative technologies may lead to more precise and responsive personalized medicine,
greatly improved patient quality of life, increased efficiency of medical systems, and reducing the incidence
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of addiction and substance use disorders.

Introduction

Pain, a complex and subjective experience, markedly dimin-
ishes individual quality of life and imposes substantial burdens
on healthcare systems [1,2]. It is the primary reason for seeking
medical care, with osteoarthritis, back pain, and headaches
being among the top 10 causes for patient visits, according to
the Rochester Epidemiology Project (REP) medical records
[3]. The Global Burden of Disease (GBD) 2010 study posi-
tioned tension-type headaches (T'THs) as the world’s second
most prevalent condition (22%), trailing only dental caries and
slightly ahead of migraines (15%) [4]. In the United States, the
prevalence of high-impact chronic pain was 7.4% according
to the National Center for Health Statistics (NCHS) reports
[5]. Despite the acknowledged universality and significance of
pain, its accurate assessment and effective management pose
persistent difficulties [6].

Personalized medicine is increasingly valuable in pain manage-
ment, enhancing treatment efficacy and addressing individual
patient needs. For example, personalized medicine can leverage
genetic markers and wearable devices to tailor treatments and
adjust dosages in real time, ensuring more effective, safer, and
timely pain management [7]. However, the gap between techno-
logical implementation and clinical application limits its wider
adoption in the field. Pain biomarkers offer vital biological insights,
facilitating more objective evaluations of pain severity and char-
acteristics [8,9]. These markers, which may be specific molecules,
gene expression patterns, or physiological indicators, help signal
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inflammation, tissue damage, or neural changes. Utilizing these
biomarkers allows for more precise diagnosis and tailored treat-
ment strategies [8,10]. However, due to the subjectivity and com-
plexity of pain, no single biomarker can fully capture all its facets.
Therefore, integrating multiple biomarkers with clinical assess-
ment tools remains a critical goal in advancing personalized pain
medicine through thorough and accurate pain evaluation [11].

Currently, pharmacological interventions remain the most
common and effective method for treating pain. However, many
drugs used for alleviating pain have harmful side effects. For
example, opioids, despite their potent analgesic effects, are notori-
ous for their high potential for addiction, tolerance, dependence,
and risk of overdose. Nonsteroidal anti-inflammatory drugs,
while effective in alleviating many kinds of pain, can cause gas-
trointestinal bleeding and kidney damage and increase the risk
of heart disease. The side effects associated with these medications
highlight the need for safer, more targeted pain management
strategies that reduce dependence on traditional drugs and
improve treatment outcomes [12]. Additionally, ongoing explora-
tion of alternative, nonpharmacological therapies with fewer side
effects, such as physical therapy, also holds potential to enhance
pain management.

Artificial intelligence (Al) is rapidly becoming essential in
personalized pain medicine [13]. Utilizing data analytics and
machine learning, Al can process extensive patient data, identify
pain patterns, and predict treatment outcomes. Al can also
dynamically adjust treatment plans based on real-time pain
changes through continuous monitoring and feedback. These
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advances boost treatment efficiency and reduce drug dependency
side effects, significantly enhancing pain management quality.
Al-guided sensors and devices are revolutionizing pain assess-
ment and management. These advanced tools combine sensors
with AI algorithms and personalized analgesia technology to
monitor pain-related data in real time. They analyze physiological
and behavioral indicators and provide tailored analgesic responses
based on individual pain profiles, offering precise and adaptive
pain treatment. For instance, wearable sensor devices can assess
pain levels by monitoring heart rate, blood pressure, electro-
myography (EMG), and electrodermal activity (EDA) [14].
Machine learning techniques then analyze these data to iden-
tify pain patterns and tailor management strategies for indi-
vidual patients [15]. Moreover, smart devices enhance pain
management interactivity and personalization. Through mobile
applications, patients can document pain occurrences, aiding in
the adjustment of treatment plans. These devices also facilitate
cognitive behavioral therapy (CBT) and psychosocial support via
remote physician consultations or interactions with Al large lan-
guage models (LLMs), thus addressing the emotional and psy-
chological aspects of chronic pain management [16].

A o B

Despite the promising potential of smart devices and sensors
in personalized pain medicine, challenges such as data accuracy,
device reliability, privacy, security concerns, and the cost of
technology need to be addressed. This article explores pain con-
cepts, intelligent assessment, and pain relief devices, and envis-
ages advanced pain management systems, discussing potential
challenges and future innovations.

Personalized pain medicine

Pain represents a multifaceted physiological process involving
numerous cells, neurotransmitters, and pathways. Its physio-
logical underpinnings are principally categorized into three
processes: the generation, transmission, and perception of pain
(Fig. 1A). The initiation of pain (nociception) emanates from
the release of chemicals by damaged tissues, which activate
surrounding nociceptors (“pain” receptors). Notable activators
include prostaglandins, bradykinin, and serotonin. Upon acti-
vation, nerve fibers—predominantly Ad-fibers and C-fibers—
relay these signals from the affected area to the spinal cord and
then to the brain. A3-fibers are responsible for conveying sharp,
acute pain, whereas C-fibers typically transmit sensations of
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Fig.1.Sites and mechanisms of pain. (A) Schematics of the nociceptive/pain pathways from periphery to brain. Painful stimuli activate and depolarize the peripheral terminals
of nociceptors. Action potentials are then transmitted along the afferent axons to the spinal cord. Neurotransmitters released from nociceptive neurons activate spinal neurons
that send pain signals across the spinal cord and up specific fiber tracts, terminating in the medulla, midbrain, and thalamus. Projections from thalamic neurons relay these
signals to regions of the cortex including the somatosensory cortex where the neural signals are interpreted as pain localized to a specific body region. (B) Pain sites and

related subtypes.
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dull, sustained, and poorly localized pain. Upon reaching the
brain, nociceptive signals are interpreted by the sensory and
prefrontal cortex in particular, which culminates in the subjective
sensation of pain [17,18]. Deeper brain structures, such as
the hypothalamus and amygdala, play pivotal roles in modu-
lating emotional responses to pain. Pain transcends physi-
ological phenomena, encompassing psychological and emotional
dimensions. The International Association for the Study of Pain
(IASP) currently defines pain as “an unpleasant sensory and
emotional experience associated with actual or potential tissue
damage, or described in terms of such damage” [19]. Pain sen-
sations can range from mild to severe and may manifest as
pricking, tingling, stinging, burning, shooting, aching, or elec-
tric sensations [1].

Pain is classified using multiple methodologies (Fig. 1B). Based
on duration and frequency, primary pain patterns are distin-
guished as follows: (a) Acute pain is characterized by sudden onset
and subsequent cessation upon the resolution or treatment of its
cause. This type of pain serves as a warning of potential bodily
harm from injuries, diseases, overuse, or environmental stressors,
thus possessing survival value and facilitating healing by alerting
individuals to harmful bodily changes or teaching avoidance
of harmful stimuli. Common originators of acute pain include
strained muscles, fractures, dental procedures, surgeries, child-
birth, infections, lacerations, and burns. (b) Episodic pain occurs
sporadically and at irregular intervals. This pain type can arise
unexpectedly or be triggered by known factors. Examples include
painful periods, chronic migraines, and chronic medical condi-
tions such as sickle cell anemia. (c) Chronic pain persists beyond
3 months or the anticipated healing period. In some instances,
acute pain may evolve into chronic pain. Unlike acute pain,
chronic pain offers minimal evolutionary advantage and may
persist without an identifiable cause or continue after the resolu-
tion of an injury or known cause. Chronic pain can significantly
impact mood, relationships, mobility, and the ability to perform
daily tasks [20,21].

Pain can further be categorized by its source: (a) Nociceptive
pain, arising from tissue damage or inflammation, varies in
sensation—sharp, pricking, dull, or aching—based on the caus-
ative factor. It is also the predominant form of chronic pain.
(b) Neuropathic pain, primarily resulting from nerve damage
due to injury or disease, is often described as burning, tingling,
shooting, or akin to electric shocks, with conditions such as
diabetic neuropathy, shingles, and sciatica being common
causes. (c) Nociplastic pain is caused by maladaptive changes
affecting nociceptive processing and modulation without evi-
dence of tissue or nerve damage. It involves mechanisms such
as central sensitization, wind-up phenomena, glial and chronic
immune system activation, altered responses to psychosocial
stressors, and reduced central inhibition. Conditions like fibro-
myalgia, irritable bowel syndrome, and tension headaches
exhibit nociplastic pain [1,22].

Chronic pain, among the types discussed, not only lacks evo-
lutionary benefits but also imposes significant physiological and
psychological burdens [23]. Many chronic pain conditions, par-
ticularly those related to cancer and spinal disorders, exhibit
a mixed pain phenotype. The etiology of chronic pain is multi-
faceted, often encompassing factors such as patient movements
and behaviors, alterations in fluid and chemical balances, lesions
in muscle and visceral tissues, neurological damage, and the
psychological state of the patient, necessitating multidimensional
diagnosis and the formulation of comprehensive treatment plans.
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Consequently, the development of effective diagnosis and assess-
ment tools for chronic pain is of paramount importance.

Sensors and devices for pain sensing

In modern medicine, accurately monitoring and evaluating pain
is critical for its optimal treatment. The integration of Internet of
Things (IoT) and data-driven technologies has led to the develop-
ment of devices capable of real-time precise pain monitoring,
thereby enhancing personalized pain treatment. Wearable sensors
play a crucial role by measuring physiological and biochemical
indicators, which provide insights into individual pain response
patterns [24,25]. Intelligent communication devices are vital for
psychological assessment and facilitating dialogue, both of which
are essential components of comprehensive and personalized pain
medicine. Together, these technological advancements offer a
holistic approach to pain evaluation, significantly improving the
personalization and effectiveness of treatment strategies.

Wearable physical/chemical sensory device

The development of intelligent wearable sensors represents a
significant leap forward in the monitoring and evaluation of
pain responses, offering a noninvasive and portable approach
for the real-time tracking and analysis of health indicators [26].
These devices, which include watches, wristbands, and patches,
facilitate the continuous monitoring of physiological and bio-
chemical markers, thereby broadening the horizons of person-
alized pain medicine.

Intelligent wearable physical sensors (Fig. 2A) are capable
of measuring a variety of physical parameters (Fig. 2B) perti-
nent to pain, such as body temperature, cardiac activity [electro-
cardiogram (ECG)], blood pressure, muscle activity (EMG),
and brain signals [electroencephalogram (EEG)], etc. [27-29]
Through the real-time tracking of these parameters, such sen-
sors are instrumental in discerning physiological patterns asso-
ciated with pain and in monitoring the evolution of pain. For
instance, sensors that measure muscle bioelectrical signals can
ascertain muscle strain resulting from pain and help evaluate
the state and function of injured muscles by analyzing electrical
activity within the muscles [30,31], while sensors measuring
skin temperature can detect variations in local blood flow attrib-
utable to pain and inflammation [32] (Table 1).

Complementary to physical sensors, intelligent wearable
chemical sensors analyze changes in bodily chemicals or in
examining trace biological samples such as sweat. These sensors
are adept at monitoring bodily chemical levels, including elec-
trolytes, metabolites, and other biomarkers, which are essential
for assessing the body’s inflammatory response or biochemical
condition [24,33-35] (Fig. 2B). By evaluating specific biomark-
ers in sweat, for example, chemical sensors can yield critical
insights into an individuals pain status, reflecting inflammation
levels or other biochemically related pain processes [36].

The development of wearable sensors and devices is promis-
ing for pain assessment, but it is still challenging to fully explore
their potential in clinical practice because of several possible
reasons: First, the subjective nature of pain requires collecting
extensive physiological and biochemical data from each indi-
vidual. However, capturing an individual’s pain experience
remains challenging due to variations from patient to patient
especially for psychological and emotional states [37]. Moreover,
the advanced algorithms and expertise required for these tech-
nologies can complicate data interpretation, potentially increas-
ing the risk of misdiagnosis [14]. Environmental variations and


https://doi.org/10.34133/cbsystems.0160

Cyborg and Bionic Systems

fMRI

Wearable patch

Biosensor 4

4

p

Smart watch

020

Galvanic skin response apparatus

Sphygmomanometer

Physical

Electrocardiogram (ECG)
Electroencephalogram (EEG)

Electromyogram (EMG)

Respiration

Temperature

Blood pressure

Electrodermal activity (EDA)

Functional magnetic resonance imaging (fMRI)

Photoplethysmography (PPG)

Chemical
Cortisol
Catecholamines
Dopamine
Beta-endorphin
C-reactive protein (CRP)
Substance P (SP)
Interleukin

Lactate dehydrogenase (LDH)

Fig.2.Current devices and biomarkers in pain management. (A) Common devices and sensors for pain assessment mounted on different accessories or skin. (B) Key physical
and chemical biomarkers that reflect pain conditions and can be measured by current devices.

Tablel. Potential physiological parameters for pain monitoring and assessment

Physiological data Sensitivity Frequency range Amplitude range Sampling frequency
ECG 100 pv 0.05-110 Hz 0.5-5mV >200 Hz

EMG 5uv 30-300 Hz 5-1,000 pVv >500 Hz

EDA 0.01 pSiemens 0.01-1Hz 1-20 pSiemens >50 Hz

EEG 0.5pV 0.5-500 Hz 1-100 pVv >1,000 Hz
PPG 0.5-5Hz >100 Hz
Respiration 0.1-0.5Hz 25 Hz

Blood pressure 1 mmHg 40-300 mmHg >0.01Hz
Temperature 0.1°C 35.0-42.0°C >0.01Hz

the inappropriate usage of device during long-term monitoring
also affect sensor accuracy, thereby limiting data interpretation.
Issues such as the comfort and invasiveness of long-term wear,
the high cost of devices, and a lack of standardization are signifi-
cant barriers to the widespread adoption of these technologies
[38] (Table 2). Beyond performance, data security deserves equal
attention. With the generation and transmission of vast amounts
of data, securing and protecting these data becomes another
major challenge [39].
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Smart wearable sensors enhance the precision and imme-
diacy of pain assessments and facilitate the real-time transmis-
sion of data to smartphones or the computers of medical
professionals via wireless technology, enabling remote pain
monitoring and management. Moreover, the integration of
sophisticated algorithms and AI technologies allows for the
comprehensive analysis of collected data, aiding in the identi-
fication of potential pain causes and trends [14,40,41]. This not
only aids in the formulation of personalized pain medicine
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Table 2. Performance comparison of different pain sensors and devices

Sensing type Signal Sensor Mainstream material Advantage Limitation
Electrical ECG, EMG, EEG, EDA Electrodes Ag/AgCl[164] High performance Low biocompatibility
and stability
Polypyrrole (PPy) High performance Low stability
[165]
Carbon nanotubes High performance Low biocompatibility
(CNTs) [166] and suitable for
Flexibility
Respiration, PPG Piezoelectric sensors Polyvinylidene High performance Low piezoelectric
fluoride (PVDF) [167] and suitable for efficiency
Flexibility
Piezoelectric High performance High cost
nanomaterials [168]
Optical PPG Photodiode [169] High sensitivity and No built-in gain
low noise
Phototransistor [170] High sensitivity High noise and low
responding speed
Thermal Temperature Thermal resistance Platinum thermal High accuracy but  Slow responding time
resistor [171] slow
Infrared temperature Low accuracy Quick responding
sensor time

ECG, electrocardiogram; EMG, electromyography; EEG, electroencephalogram; EDA, electrodermal activity; PPG, photoplethysmographic

strategies but also lays a scientific foundation for the develop-
ment of novel treatment modalities.

Imaging devices

Increased integration of imaging technology into the medical
domain has provided pivotal contributions to pain assessment
and management (Fig. 2A and B). This technology enables clini-
cians to directly visualize the internal workings of the brain and
body [42-45]. Technological advancements have ushered in a
range of sophisticated imaging modalities including functional
magnetic resonance imaging (fMRI), which monitors changes in
blood oxygen level-dependent (BOLD) signals to observe brain
activity in real time without radiation exposure; positron emission
tomography (PET), which offers vital insights into the body’s
biochemical processes by detecting the distribution of radio-
actively labeled molecules; computed tomography (CT), which
employs x-rays to capture images from multiple angles within the
body, subsequently generating 3D images through computer pro-
cessing; and ultrasound (US), which uses high-frequency sound
waves to noninvasively and nonradioactively produce images of
internal organs and structures. These advanced imaging technolo-
gies not only can provide in-depth insights in pain assessment
but also may have some limitations in the application of personal-
ized pain medicine. For example, the cost may be still not well
acceptable, since the purchase and maintenance expenses of high-
end imaging equipment may limit their dissemination in low-
resource settings [46]. Moreover, imaging techniques such as PET
and CT may involve radiation exposure, raising healthy concerns
for certain patient populations [47]. While US is relatively safer,
its image quality is significantly influenced by the operator’s tech-
nique and the patient’s positioning, affecting diagnostic accuracy
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[48]. The availability of these imaging technologies and the updat-
ing of equipment can lead to significant disparities in services
across different regions and healthcare facilities [49].

In the age of big data, the synergy between these imaging
data and data-driven algorithms has assumed an even more
significant role. Al models are proficient in detecting subtle
changes or anomalies within images that may indicate pain—
details that might elude human observation [50,51]. Each
of these imaging and analytical technologies brings distinct
advantages, collectively offering potent tools for both pain
science research and clinical interventions.

Intelligent communication devices

Intelligent communication devices, leveraging information trans-
mission systems [52] and LLMs such as ChatGPT [53], are pio-
neering new pathways for pain assessment [54,55]. Psychological
evaluations and conversations are integral to personalized pain
medicine, aiding healthcare practitioners in pinpointing and com-
prehending psychological elements that might precipitate or
amplify pain. Furthermore, they facilitate the provision of effica-
cious coping mechanisms for patients. This approach acknowl-
edges that pain, a subjective experience, transcends physical
phenomena, being significantly shaped by an individual’s emo-
tional, psychological, and social milieu. Prompt interactions with
healthcare providers can markedly assist in acquiring up-to-date
insights into a patient’s pain and psychological condition, thereby
enabling the tailoring of advice or personalized treatment regi-
mens [16]. Despite recent advancements these devices are still
underdeveloped for pain management. More efforts need to
be made to ensure the strict confidentiality and security of patient
information [56]. Additionally, although these devices offer
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multilingual communication flexibility through LLMs, their tech-
nical complexity can be daunting for some users, especially those
less familiar with advanced technologies [57]. Furthermore, AT’s
capabilities in understanding complex human emotions and psy-
chological states are still limited and may not fully replace the role
of human doctors in psychological assessments and pain manage-
ment [58]. Over-reliance on technology-driven communication
may overlook the importance of direct human interaction [59],
which is particularly crucial when addressing pain-related psy-
chological and emotional issues.

Engagements with Al dialogue systems are particularly benefi-
cial for routine contexts, offering patients the flexibility to interact
in different languages, while concurrently alleviating the workload
of healthcare providers. Such advancements are pivotal in aug-
menting the efficacy of pain treatment and in stabilizing patients’
psychological states [60-62].

Biomarkers for pain

Effective and comprehensive pain assessment hinges on the cor-
rect integration of multiple biomarkers. Initially, establishing the
objectives for a multi-marker integration model is fundamental,
as this dictates the role of biomarker integration and the selection
of specific biomarkers. For example, assessing pain intensity may
achieve high performance using bioelectrical signals alone [63],
whereas models designed to optimize pharmacological treatment
plans may need to explore patient genetic diversity and a broader
range of dynamic biomarker indicators [64]. Furthermore,
choosing the appropriate biomarkers is key to enhancing model
performance. For instance, specific inflammatory markers such
as interleukins and tumor necrosis factors significantly improve
the assessment of inflammatory pain [65]. Last, the utilization
of complex data analysis and machine learning methods is criti-
cal to extract useful information from a wealth of biomarkers,
identifying biological and behavioral patterns related to pain.
For example, employing statistical methods such as multivariate
regression analysis helps understand the relationships between
different biomarkers and their collective impact on pain [66].
Integrating and analyzing data through algorithmic modeling
and data mining techniques identifies patterns and trends in pain
assessment [67].

Integrating multiple biomarkers can enhance the precision of
clinical decision-making, supporting physicians in personalized
pain management and thus optimizing treatment plans and
improving patient quality of life. By monitoring specific biomark-
ers, physicians can more accurately determine which patients
might benefit from nonpharmacological treatments such as physi-
cal therapy, psychological interventions, cognitive-behavioral
therapy, or neuromodulation. For instance, monitoring biomark-
ers related to stress responses, like cortisol levels, can enable physi-
cians to recommend specific relaxation and psychological
intervention strategies that are highly effective in managing symp-
toms in chronic pain patients [68]. In drug development, particu-
larly in exploring the efficacy of nonopioid pain medications, this
approach offers a method to screen and optimize potential drug
candidates. By measuring inflammatory biomarkers or neuro-
transmitters, researchers can assess the impact of new drugs on
these biological processes, thereby predicting their potential effi-
cacy in pain treatment [69]. This method can accelerate the dis-
covery of effective medications while reducing dependence on
traditional opioids. In situations where opioid use is necessary,
biomarkers can help physicians precisely adjust medication
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dosages to minimize dependency and potential side effects. For
example, certain genetic markers can predict an individual's meta-
bolic rate and responsiveness to opioids, allowing for personalized
medication dosing to minimize side effects and optimize thera-
peutic efficacy [70].

However, the practical application of this approach still faces
several challenges. First, the interactions between different bio-
markers are complex, requiring highly precise technologies to
monitor and analyze these markers simultaneously [71]. Second,
significant variations in biomarker expression among individuals
necessitate that assessment and treatment approaches be tailored
to individual differences [72]. Lastly, translating these biomarker
research findings into clinical applications requires extensive clini-
cal trials and validation to ensure safety and effectiveness.

In summary, technological advancements in device technolo-
gies provide a comprehensive improvement toward improved pain
evaluation and management, bridging physiological, biochemical,
and psychological aspects. With the aid of AI technologies, these
innovations promise real-time, accurate, and holistic assessments,
not only deepening our understanding of pain mechanisms but
also significantly improving personalized treatment strategies. This
heralds a future in medical care where pain is no longer an elusive
therapeutic challenge but a condition that can be quantified,
understood, and effectively managed.

Devices for pain relief

Implantable drug pumps

At present, pharmacological pain relief remains the primary
method for alleviating chronic pain. To better treat patients who
do not adequately benefit from traditional oral or intravenous
drug treatments, researchers have developed implantable drug
pump technologies (Fig. 3A). According to one study [73], more
than 70% of patients using implantable drug pumps reported
significant pain reduction, with a corresponding decrease of
greater than 50% in the need for oral pain medication. These
smart implantable drug pumps can continuously and precisely
deliver medication directly to the central nervous system, thus
reducing the required dose of medication and the risk of systemic
side effects. Comprising a medication reservoir and a micro-
pump, these devices can release medication in precise doses
through a small catheter implanted in the intrathecal space,
based on programming determined by the needs of the patient
[74] (Fig. 3B). This offers a sustained and effective management
solution for difficult-to-treat chronic pain conditions such as
spinal pain, cancer pain, or neuropathic pain [75,76]. Physicians
can adjust the dosage and frequency of medication release,
allowing for personalized treatment that minimizes side effects,
enhances compliance with prescribed medical treatment, and
allows for the flexible adjustment of medication release rates
according to the patient’s needs [77,78].

However, the use of smart implantable drug pumps is associated
with surgical and infection risks, requires regular maintenance, and
incurs high costs, which may limit their widespread adoption [79].
Simultaneously, emerging technologies such as nanomedicine
delivery systems, biodegradable microspheres, transdermal
drug delivery systems, targeted drug delivery systems, oral
controlled-release systems, and microneedle delivery systems
are further enhancing the efficacy and safety of drug treatments.
Preliminary studies indicate that nanomedicine delivery systems
can increase treatment effectiveness by 40% to 60% while signifi-
cantly reducing systemic side effects [80]. The development of these
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technologies not only provides more options for the treatment of
chronic pain but also marks a shift toward more precise and per-
sonalized medical treatments [81].

Implantable analgesia devices

The spinal cord stimulator (SCS) (Fig. 3A) is an implantable
device used for the treatment of chronic pain, consisting of elec-
trodes, connection wires, and a pulse generator. Based on the
“gate control theory;” the SCS interrupts the normal transmission
of pain signals in the spinal cord by emitting electrical pulses,
thereby reducing or blocking the sensation of pain (Fig. 3B). The
SCS has been widely applied in the alleviation of symptoms in
conditions such as complex regional pain syndrome (CRPS) [82],
persistent lumbar back pain [83], neuropathic pain [84], angina
[85], and other chronic pain conditions, demonstrating signifi-
cant therapeutic effects. Studies have shown that over 50% of
patients treated with SCS for CRPS report a reduction in pain
by more than 50% [86], and approximately 70% of patients expe-
rience significant improvements in mobility and overall quality
of life [86].

Although the SCS offers a continuous and effective solution
for the management of chronic pain, it is not suitable for every-
one. Before considering this treatment option, patients need to
thoroughly discuss potential benefits and risks with healthcare
professionals, including possible side effects and complications
such as infection, device migration, or technical malfunctions
[87]. Successful SCS treatment largely depends on the correct
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selection of patients. Generally, those who have not responded
well to traditional treatments and do not have psychological
health issues are more likely to benefit from SCS therapy [88].
Additionally, the successful implantation and management of
the device also require a dedicated medical team with experience
in this technology [89]. Follow-up studies report that many
patients continue to experience reduced pain and improved qual-
ity of life after years of treatment [90], highlighting the impor-
tance of regular evaluation and timely adjustments to the device
when needed.

Deep brain stimulation (DBS) (Fig. 3A) is a neurostimulation
technique originally developed for treating movement disorders,
which has recently been explored for chronic pain treatment.
It operates by delivering electrical pulses through electrodes
implanted in the brain, targeting specific areas to modulate abnor-
mal neural signals [91] (Fig. 3B). For pain treatment, DBS focuses
on regions involved in processing pain signals, such as the thalamus
or certain deep brain nuclei [92]. By altering neural activity in these
areas, DBS can reduce the perception of pain, offering an analgesic
effect [93]. Primarily, DBS is applied in treating intractable neuro-
pathic pain, central pain, and certain chronic pain conditions [94].
The efficacy of DBS in pain relief varies among individuals and is
currently supported by a limited body of research [95]. For some
patients, DBS can provide significant pain relief, especially when
other treatment modalities fail [96]. However, patients must be
informed about potential risks and side effects associated with DBS
treatment, including infection, bleeding, device malfunction,
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or complexities in postoperative adjustments [97]. Given its inva-
sive nature and potential risks, DBS is often considered a last resort
treatment option, recommended after careful consideration of all
factors [97].

Noninvasive analgesia devices
The transcutaneous electrical nerve stimulation (TENS) (Fig. 3A)
device, compact and portable, relieves pain by transmitting elec-
trical pulses to specific parts of the body through electrode pads
attached to the skin. Its analgesic principle is similar to that of
spinal cord stimulation (SCS), but TENS is also thought to acti-
vate opioid receptors in the central nervous system (Fig. 3B),
releasing endogenous opioid-like substances such as endorphins
to inhibit the transmission of pain signals, thus producing an
analgesic effect [98]. TENS is widely used for managing various
pain conditions, although its effectiveness varies from person to
person [99]. Before choosing TENS as a pain treatment strategy,
patients should discuss its appropriateness, potential effects, and
correct usage with healthcare professionals to maximize treat-
ment benefits. Moreover, while TENS is generally considered
safe, it is contraindicated for those with areas of skin damage,
users of pacemakers or other implanted electronic devices, and
pregnant women (especially those in the early stages of preg-
nancy) due to the potential risk of adverse effects [100].

Transcranial magnetic stimulation (TMS) (Fig. 3A) employs
an electromagnetic coil positioned on the scalp to generate tran-
sient magnetic pulses. These pulses are capable of traversing the
skull to modulate the activity of neural cells within targeted
brain regions (Fig. 3B). Initially aimed at treating depression
and other psychiatric disorders, TMS’s role in pain treatment
has been the subject of increasing research and exploration in
recent years [101]. By delivering magnetic pulses at specific fre-
quencies, TMS can activate or inhibit neurons within the brain,
thereby altering pain perception and processing. It achieves pain
relief by adjusting the activity in brain areas associated with pain.
Primarily, TMS has been applied to chronic pain, migraines, and
certain central pain syndromes. The efficacy of TMS in pain
treatment varies among individuals, with some experiencing
significant relief and others only mild or temporary improve-
ment [101]. The appeal of TMS lies in its noninvasive nature,
safety, and minimal risk of side effects [102]. Nevertheless, its
use may be constrained by specialized equipment, the high costs
of treatment, and the potential need for multiple sessions to
achieve and maintain long-term benefits [103].

Transcranial current stimulation (TCS) (Fig. 3A) administers
a low-level electrical current to the brain through electrodes
placed on the scalp, altering neuronal excitability and thus
impacting pain perception [104] (Fig. 3B). It is commonly used
for treating chronic pain conditions such as chronic lower back
pain, neuropathic pain, migraines, and fibromyalgia [105]. The
efficacy of TCS in pain treatment varies among individuals.
Some studies indicate its potential to significantly alleviate
chronic pain and enhance quality of life for patients [106].
However, the effectiveness and safety of TCS require further
validation through clinical research [107]. Advantages of TCS
include its noninvasive nature, relative safety, ease of use, and
minimal side effects [108]. Its therapeutic outcomes may be
influenced by individual differences, stimulation parameters
(such as current intensity, duration, and frequency), and the
location of stimulation [109].

Ultrasonic technology (Fig. 3A) is widely utilized in the medical
field, including the area of pain management. Therapeutic US uses
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mechanical vibrations of sound waves to facilitate tissue repair,
alleviate pain, and generate thermal effects that increase tissue
temperature and blood flow, thereby accelerating the elimination
of metabolic waste and promoting the healing process [110]
(Fig. 3B). As such, it is primarily employed in the treatment of
conditions such as soft tissue injuries, muscle pain, and arthritis
[111]. As a noninvasive approach with low risk, US therapy allows
for the customization of treatment parameters based on the specific
conditions and responses of patients, making it suitable for a wide
range of pain conditions [112]. Additionally, interventions guided
by US utilize real-time imaging to precisely direct devices to
the appropriate treatment area for executing accurate pain treat-
ment procedures like nerve blocks and joint cavity injections
[113]. This ensures the precision of treatments through real-
time, high-resolution imaging, reduces the risk of complica-
tions, and enhances treatment outcomes [114].

Al in personalized pain medicine

The integration of Al has catalyzed a series of transformative tech-
nological advancements. Traditional statistical analysis methods
often struggle to be effective when faced with the complexity and
significant individual differences in pain biomarkers. AI technolo-
gies offer a continuous and objective method for assessing pain by
analyzing a multitude of physiological and behavioral data sources,
such as heart rate, EMG, and facial expressions [115]. This method
significantly surpasses traditional approaches that rely on patient
self-reports and subjective assessments by physicians. For instance,
research has demonstrated that machine learning models can
accurately predict chronic pain levels, thereby reducing depen-
dence on subjective scales [116]. Moreover, Al-guided smart drug
delivery systems are capable of autonomously adjusting the dosage
of medications, such as opioids, based on real-time data. This
allows for more precise pain control while simultaneously mini-
mizing the risks associated with drug dependency and side effects
[117]. AI further enhances clinical decision support systems,
enabling treatment recommendations that are grounded in exten-
sive data analyses to be more scientifically accurate and reliable
[118]. Through the integration of these technologies, AI not only
enhances the efficiency and effectiveness of pain management but
also significantly improves the treatment experience and quality
oflife for patients, heralding a shift toward more personalized and
technologically advanced pain treatment paradigms.

Challenges in personalized pain medicine

Subjectivity and individuality of pain medicine

The subjectivity and individual variability in pain perception,
influenced by a confluence of genetic, psychological, cultural, and
experiential factors, present significant challenges in personalized
pain medicine. Genetic research suggests that up to 60% of the
variance in pain sensitivity and pharmacological responses can be
attributed to genetic factors [119]. Similarly, psychological states
and cultural backgrounds markedly influence pain experience and
its management, complicating the development of universally
effective pain assessment and analgesic devices [120]. These
devices necessitate sophisticated algorithms capable of quantifying
subjective pain experiences and must be versatile enough to cater
to diverse pain types and individual patient needs through the
integration of multifaceted data sources and customizable treat-
ment modalities. Additionally, the imperative for user-friendliness,
portability, and the capability for continuous patient moni-
toring underscores the need for devices that can dynamically
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adjust treatment parameters in response to real-time feedback
[121]. Furthermore, devices must be assured of safety and efficacy;
particularly in light of individual differences, this requires thor-
ough clinical validation in appropriately selected patient popu-
lations [122]. This rigorous process is indispensable for the
advancement of more personalized, adaptable, and holistic per-
sonalized pain medicine strategies [123].

Unequal distribution of medical resources

The unequal distribution of medical resources significantly
impacts pain management. This is especially evident in the dispar-
ity between high-income countries and urban areas versus
low-income countries and remote regions. The World Health
Organization (WHO) reports that high-income countries con-
sume the majority of the world’s opioid medication, despite rep-
resenting only a small fraction of the global population [124].
Additionally, data from the World Bank and the WHO indicate
that the density of medical personnel in some low-income coun-
tries falls well below the global average, underscoring the inequal-
ity in human resource distribution [125]. This uneven allocation
of resources leads to global inequalities in the accessibility and
quality of health services, particularly in pain management, where
many patients struggle to access effective treatment and manage-
ment services, exacerbating global health disparities [126]. The
high cost of medical devices, especially those designed for person-
alized pain medicine, further limits accessibility in lower-income
regions and countries [127]. Consequently, there is an urgent need
for the development and manufacture of cost-eftective, easy-to-
operate, and low-maintenance pain management devices. These
devices must also be adaptable to varying medical environments
and infrastructure limitations, addressing the pressing challenge
of bridging the gap in global pain management resources [128].

Substance abuse and addiction

Substance abuse, especially the overuse or inappropriate use of
opioids in the field of pain treatment, poses a significant chal-
lenge, severely threatening individual health and evolving into
a global public health crisis. Data from the Centers for Disease
Control and Prevention (CDC) reveal that in 2022, approxi-
mately 82,000 Americans died from opioid overdoses, accounting
for nearly 70% of all drug overdose deaths [129]. Furthermore,
the WHO estimates that around 27 million people worldwide
suffer from substance use disorders due to nonmedical use of
substances, highlighting the dominant role of opioids in drug-
related deaths and the substantial burden on society and the
economy of their misuse [130]. The root causes of substance
abuse include excessive prescribing, inadequate regulation, and
underestimation of drug addiction potential [131]. In the face
of the escalating issue of opioid dependence and abuse, the
development of nonpharmacological pain treatment devices
becomes particularly crucial [132]. The challenges lie not only
in proving their efficacy and safety through clinical trials but
also in ensuring patient acceptance of these alternative therapies
and their ease of use in practice [133]. Additionally, as medical
devices play an increasingly important role in pain treatment,
especially when using drug pumps or other drug delivery sys-
tems, the integration of overdose detection features is essential
to timely identify the potential dangers of using high-risk drugs
such as opioids [134]. Thus, more efforts will be required to
develop the potential of nonpharmacological therapies, such
as magnetic neural stimulation, acoustic neuromodulation, and
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new medication, which may bring new insights to manage
overdosed events and reduce dependency on abused substances
such as opioids.

Future development for pain medicine

Al-based analgesia devices

The effectiveness of analgesia devices varies from person to
person, primarily because they require the setting of indi-
vidualized parameters to be effective. Analyzing a large amount
of patient data, including pain levels, treatment responses, and
patient preferences, is necessary to create personalized treat-
ment plans [135]. This requires frequent interaction between
patients, doctors, and experienced medical staff [136]. Al shows
tremendous potential in developing personalized pain relief
plans due to its ability to process vast amounts of multimodal
data and its strong learning capabilities [40]. Based on the col-
lection of patient data from various dimensions such as physi-
ological data, treatment data, and behavioral data, we can
develop different AI models to control pain relief devices,
enabling them to serve more effectively in pain management
(Table 3). Intelligent devices can not only set individual treat-
ment parameters by analyzing a patient’s medical history, type
of pain, and sources of pain but also adjust the dosage of medi-
cation or the intensity and frequency of electrical stimulation
based on real-time feedback from the patient, achieving precise
treatment [137]. However, faced with challenges such as data
privacy, algorithm transparency, and generalization capabili-
ties, future research will need to further optimize the applica-
tion of Al in personalized pain medicine with the support of
technological advances and ethical and legal frameworks, pro-
viding safe and effective personalized treatment solutions for
a broader patient population [138,139] (Fig. 4).

Continuous monitoring and management of pain

With the advancement of Al technology and wearable devices,
the degree of intelligence in pain monitoring and management
systems has significantly increased. Current research demon-
strated the effectiveness of using wearable devices to monitor
heart rate, activity levels, and sleep quality in pain management
[140] (Fig. 4). These devices, using real-time tracking of physi-
ological indicators and pain conditions combined with Al algo-
rithms to analyze data, may allow for a deeper understanding
of patients health patterns and pain triggers [141]. The integra-
tion of microfluidic components [142-144] and point-of-care
of diagnostic sensors may also further enable the real-time and
in situ detection of biological pain markers [142,145,146] for
further advancing the continuous monitoring and management
of pain for clinical and daily life conditions [147-149]. Besides,
AT can accurately predict potential triggers of pain onset,
enabling patients to take preventive measures in advance
[40,150]. Further studies may focus on how AI could automati-
cally adjust the settings of pain relief devices, such as drug
pumps or electrical stimulators, to modulate treatment in real
time, thereby greatly enhancing the proactivity and personaliza-
tion of pain management [151]. Regarding the improvement of
treatment efficiency and patients’” quality of life, although spe-
cific figures depend on the design and results of each study, it is
generally expected that Al's intervention in pain management
can significantly accelerate treatment responses and reduce the
frequency and intensity of pain episodes, thus improving
patients’ overall quality of life.
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Table 3. Potential datasets for various pain-related operations

Categories Details of datasets

Various pain-related operations

Basic information

allergy history, family medical history.
Pain-related data

Physiological data
temperature.

+ Dynamic monitoring data: real-time physiological data
obtained through wearable devices, such as ECG, blood oxygen

saturation (Sp0,), EDA, EMG.

Laboratory test data

Treatment data

reactions after medication.

Behavioral and
environmental data
as anxiety and depression.

Subjective data

» Demographic data: age, gender, weight, height, race.
« Medical history: previous medical history, surgical history,

« Pain score: the pain level reported by the patient [e.g., visual
analog scale (VAS) and numerical rating scale (NRS)].
« Pain location and type: the specific location and type of pain.

« Vital signs: heart rate, blood pressure, respiratory rate, body

* Blood indicators: blood routine, biochemical indicators.
« Imaging data: X-rays, CT, MRI, PET and other imaging data.

+ Medication records: types of analgesics currently and in the
past, dosage, route of administration, time of administration.
« Therapeutic effect: evaluation of efficacy, side effects, adverse

« Lifestyle: eating habits, smoking and drinking, exercise.
* Psychological state: assessment of psychological factors such

« Patient feedback: Patients’ subjective evaluation and
feedback on pain management programs.
« Quality of life assessment: Patients’ self-assessed quality of

« Pain prediction model

* Individualized dosing regimen

« Pain management decision support
« Pain prediction model

« Pain assessment system

* Individualized dosi ng regimen

+ Pain management decision support
« Pain prediction model

* Pain assessment system

* Individualized dosing regimen

« Pain management decision

« Pain monitoring system

« Pain relief device control

« Pain prediction model

« Pain assessment system

* Individualized dosing regimen
+ Pain management decision

+ Pain monitoring system

* Individualized dosing regimen
+ Pain monitoring system

« Pain relief device control

« Pain prediction model

« Pain assessment system

« Pain management decision

« Pain monitoring system

« Pain assessment system

* Individualized dosing regimen
+ Pain management decision

life and functional status such as SF-36, EORTC QLQ-C30.

Virtual reality- and augmented reality-based pain treatment
Al-enhanced virtual reality (VR) and augmented reality (AR)
technologies are revolutionizing the field of pain treatment by
effectively distracting patients through personalized virtual envi-
ronments or games, thereby alleviating pain sensations. Research
has shown that patients engaged in VR environments experience
significantly lower pain scores compared to traditional pain treat-
ment methods, with notable improvements in engagement and
satisfaction levels [152]. This indicates the tremendous potential
of these innovations for future medical advancements (Fig. 4). By
integrating Al technology, these virtual treatment programs not
only become more engaging and targeted but also provide real-
time monitoring of patient responses, offering essential feedback
that aids healthcare professionals in optimizing personalized pain
medicine strategies [153] and significantly improves the patient’s
therapeutic experience. Future research will focus on quantifying
the specific benefits of Al-enhanced VR/AR in personalized pain
medicine, identifying the best application scenarios, and exploring
their long-term impact on patient well-being [154]. Furthermore,
a deeper investigation into the mechanisms by which these tech-
nologies reduce pain could lead to further advancements in
treatment methods [154]. As technology progresses, these
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applications are expected to become more complex and cus-
tomized, offering more effective pain management solutions to
patients worldwide.

Patient education and support

The subjective experience of pain is a key factor in formulating
treatment strategies (Fig. 4). While traditional interactions
between doctors and patients play a crucial role in under-
standing and treating pain, this model has evident limitations
in resource allocation, especially when doctors need to spend
a significant amount of time in face-to-face communication to
deeply understand a patient’s pain condition and history [155].
This not only increases the workload for healthcare profession-
als but also might lead to the overutilization of resources in an
already strained medical system [156]. Therefore, exploring
methods that can effectively manage pain while optimizing
resource use is particularly important. As a solution to this
challenge, AI-driven medical chatbots, providing 24-hour support
and instant feedback, have already significantly improved the
pain management experience for patients [157]. For instance,
Woebot [158], an Al-driven chatbot initially developed for
mental health support, has been extended to include applications
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in other medical domains such as chronic pain management.
Through regular interactions, users can obtain emotional sup-
port and behavioral health recommendations, assisting them
in managing psychological states associated with their pain.
Besides, virtual assistants offer personalized tracking and
management suggestions based on the specific conditions
of patients, helping them control pain more effectively and
engage in self-management [157]. As an intelligent health
assessment tool, Ada enables users to enter their symptoms,
providing analyses and suggestions for potential health issues
[159]. This application can be effectively utilized for pain man-
agement, as it gathers detailed information about the user’s
pain symptoms to provide personalized guidance and educa-
tional resources. These technologies can reduce the workload
on healthcare personnel and ensure the rational allocation of
resources [160].

Global cooperation and resource optimization
Fostering international cooperation and resource sharing
is crucial on a global scale, particularly in the field of pain

Remote
interaction
' Heart rate Temperature
110 bpm 371°C

Pain type Low-back pain
painievel [N |
A
; A EAY
() ()
Location Call emergency?

VR/AR panel

management. Partnerships between high-income and low-
income countries can be established through the sharing of
medical resources, technology, and knowledge. International
organizations, such as the WHO, play a pivotal role in promot-
ing the development and implementation of global pain man-
agement standards [161]. Additionally, financial support from
international financial institutions and development banks is
vital for developing pain management infrastructure and tech-
nology in low-income countries [162]. This support also aids
in the local production of medical devices and pharmaceu-
ticals, reducing reliance on imports. Education and training
are key to enhancing pain management capabilities, with tar-
geted educational and training programs for healthcare profes-
sionals in low-income countries, and the use of online courses
and remote education resources significantly improving local
healthcare workers’ understanding and application of advanced
pain management strategies. This comprehensive international
effort not only narrows the gap in medical resources between
countries but also enhances the overall level of and efficiency
in global pain management.

IJ\;; :> |'

assessment

biomarker

\

Analgesic
technology

Intelligent analgesia device

Personal plan

Drug delivery
%Corticosteroids
%50-100 mg

Physical method
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Fig. 4. Future technologies and systems for personalized pain medicine. A patient experiencing lower back pain is wearing a smart wearable device integrated with sensors,
analgesic technology, and Al. This Al-driven wearable detects the patient’s pain signals and formulates a personalized pain medicine plan to alleviate their discomfort. Additionally,
the device continuously collects and analyzes the patient’s vital signs and displays them on a VR/AR panel. This helps assess the effectiveness of the pain management plan
and monitors for potential issues such as medication overdose. When necessary, the patient can engage in remote interactions with healthcare providers via VR/AR technology

to receive professional advice and educational support.
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Although AT has shown tremendous potential in personal-
ized pain medicine, it should be seen as a supplementary tool
to traditional medical services, not a replacement. Al technol-
ogy should be combined with the professional knowledge and
human care of healthcare professionals to ensure that patients
receive the best possible pain management experience [163].
Future research on the application of Al in pain management
may focus on evaluating its effectiveness in reducing pain,
improving patient satisfaction, and lowering medical costs.
Additionally, studies will explore how to further enhance the
accuracy and reliability of Al technology to better serve per-
sonalized pain medicine by refining algorithms and integrating
more diverse data sources, thereby increasing its utility in clini-
cal settings.

Conclusion

In summary, this review critically examines the role of sensors
and devices guided by AI in the field of personalized pain
medicine, highlighting their transformative impact on treat-
ment outcomes and patient quality of life. The potential of
these intelligent sensors and devices to provide real-time, accu-
rate pain assessment and responsive treatment options marks
a pivotal shift toward more dynamic and patient-specific
approaches. However, the adoption of these sophisticated tech-
nologies is accompanied by substantial technical, ethical, and
practical challenges, notably including the critical need to
ensure data privacy, manage the complexity of integrating Al
systems, and enhance interoperability with existing medical
infrastructures. Future research must address these challenges
head-on, refining algorithms and enhancing system interoper-
ability to foster broader adoption. As we look to the future, the
field of pain medicine is poised for a paradigm shift, with
Al-driven technologies at the forefront of this transformation.
It is imperative that future studies not only continue to advance
the technological capabilities but also rigorously evaluate their
impact across diverse patient populations and pain conditions.
Additionally, there is a need to explore the ethical dimensions
of Al in pain management, ensuring that these innovations
contribute positively to patient care without exacerbating exist-
ing disparities. This review serves as a call to action for the
multidisciplinary collaboration necessary to harness the full
potential of sensors and devices guided by Al in revolution-
izing pain management. The integration of these technologies
into clinical practice promises not only enhanced patient out-
comes but also a more nuanced understanding of pain mecha-
nisms, ultimately leading to more effective and personalized
treatment strategies.
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