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Abstract: Chronic pain is a complex and multidimensional condition that disrupts both physical function and cognitive processing,
creating a bidirectional cycle that amplifies symptom burden and complicates clinical management. Cognitive dysfunction, character-
ized by deficits in memory, attention, and executive function, further impairs treatment adherence and functional recovery.
Conventional pharmacologic therapies frequently fail to address this dual burden and are associated with adverse effects, including
dependence and cognitive impairment. Neuromodulation has emerged as a promising nonpharmacologic alternative, capable of
modulating neuroplastic, neuroinflammatory, and neurotransmitter pathways implicated in both pain and cognitive decline. This
narrative review examines the mechanisms and clinical applications of spinal cord stimulation (SCS), transcutaneous electrical nerve
stimulation (TENS), and neuromuscular electrical stimulation (NMES), and evaluates emerging innovations such as EcoAI™, an
artificial intelligence—driven, non-invasive neuromodulation platform. By integrating physiological and behavioral biomarkers with
real-time adaptive therapy, EcoAl and similar technologies represent a shift toward personalized, precision-based interventions.
Additional advances in remote patient monitoring (RPM) and closed-loop feedback systems further enhance therapeutic responsive-
ness and continuity of care. Collectively, these approaches offer a scalable, patient-centered framework for managing chronic pain and
its cognitive comorbidities. Future priorities include the development of validated biomarkers, rigorous clinical evaluation of Al-
integrated systems, and equitable implementation strategies to ensure broad access to next-generation neuromodulation.
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Introduction

Chronic pain is a pervasive and multifaceted condition, affecting an estimated 20—30% of the adult population, with
prevalence increasing significantly among individuals aged 65 years and older. It imposes substantial physical, psycho-
logical and socioeconomic burdens, contributing to functional limitations, reduced quality of life and increased health-
care costs.'* Beyond its somatic effects, chronic pain is increasingly recognized as a driver of cognitive dysfunction,
with deficits in memory, attention, executive function and processing speed exacerbating disability, particularly in older
adults.">” This bidirectional relationship between pain and cognition forms a self-perpetuating cycle, wherein chronic
pain worsens cognitive performance and cognitive dysfunction amplifies pain perception. Standard treatment options
predominantly rely on pharmacologic agents such as opioids, nonsteroidal anti-inflammatory drugs (NSAIDs), and
adjuvant therapies including antidepressants and anticonvulsants. While these medications may provide symptomatic
relief, they also carry notable risks: opioids are associated with tolerance, dependence, and cognitive decline; NSAIDs
may lead to gastrointestinal, cardiovascular, or renal complications; and adjuvant agents often cause sedation, dizziness,
and further cognitive disruption, limiting daily function.® As an alternative, neuromodulation has emerged as a promising
non-pharmacologic strategy. It acts directly on nociceptive pathways and modulates neuroplasticity and
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neuroinflammatory signaling involved in both pain and cognitive dysfunction.* '® Among the leading modalities, spinal
cord stimulation (SCS), transcutaneous electrical nerve stimulation (TENS), and neuromuscular electrical stimulation
(NMES) offer complementary mechanisms of action and clinical utility. SCS is a well-established invasive technique that
inhibits pain transmission through dorsal column modulation while restoring disrupted cortical connectivity. TENS,
a non-invasive approach, activates A fibers to reduce nociceptive signaling via spinal gating, opioid-mediated analgesia,
and descending inhibition. NMES, while traditionally used for muscle rehabilitation, also engages motor pathways to
improve circulation, enhance proprioceptive signaling, and promote neuroplasticity, including the upregulation of brain-
derived neurotrophic factor (BDNF). These effects suggest that TENS and NMES may not only relieve pain but also help
restore neurocognitive integration in patients affected by chronic pain.'''?

Despite these advancements, challenges remain. Long-term opioid use can negatively impact neuroplasticity, further
entrenching the pain-cognition cycle. While invasive neuromodulation is effective, it is costly and carries procedural
risks. Non-invasive options like TENS and NMES, although more accessible, require individualized protocols and more
robust clinical validation. Large-scale, high-quality trials are still needed to determine the long-term safety, efficacy, and
optimal application of these approaches.'® Recent technological innovations, particularly the integration of AI, RPM and
remote patient management, offer a transformative opportunity for chronic pain care. Al-driven platforms such as EcoAl,
incorporate functional imaging and biomarker analysis to guide personalized neuromodulation in real time. This
approach enhances therapeutic precision and may be especially beneficial in patients experiencing concurrent sensory
and cognitive dysfunction.

This narrative review critically examines the role of neuromodulation and Al-enabled technologies in chronic pain
management, with specific attention to SCS, TENS and NMES. We explore their mechanisms of action, effects on pain
and cognitive function, and the evolving landscape of technological innovation. Finally, we highlight the potential of Al-
integrated tools like EcoAl to bridge the gap between symptom control and neurocognitive recovery, and outline future
directions emphasizing multimodal, patient-centered strategies that combine neuromodulation with cognitive rehabilita-

tion and psychosocial care to improve long-term outcomes in chronic pain.

Chronic Pain and Cognitive Dysfunction: Interconnected Mechanisms and

Implications

Chronic pain and cognitive dysfunction are closely linked through a complex interplay of neuroplasticity, neuroinflam-
mation, and neurotransmitter dysregulation. This bidirectional relationship is rooted in the overlapping neural circuits and
molecular pathways that govern both nociceptive processing and cognitive functions such as attention, memory, and
emotional regulation.'*!”

Cognitive impairment in chronic pain originates from maladaptive neuroplastic changes in key brain regions,
including the prefrontal cortex, anterior cingulate cortex (ACC), hippocampus and amygdala. Chronic pain contributes
to structural atrophy in these areas, leading to deficits in executive function, memory consolidation, and emotional
regulation, while simultaneously amplifying pain perception.'®'® For example, the prefrontal cortex and ACC, regions
critical for decision-making and emotional processing, show reduced grey matter volume and increased dendritic
complexity, which heightens attentional bias toward pain. Similarly, the hippocampus is particularly vulnerable to
excitotoxicity and reduced BDNF signalling, which impair synaptic plasticity and long-term memory formation. At
the molecular level, excess glutamate activity induces calcium-mediated neurotoxicity, disrupts long-term potentiation
(LTP), and diminishes neurogenesis, further impairing adaptive cognitive function.'®** Neuroinflammatory mechanisms
further compound these disruptions. Activated microglia and astrocytes release pro-inflammatory cytokines such as TNF-
a, IL-1pB, and IL-6, sensitizing neurons in both the spinal cord and brain. These cytokines impair synaptic homeostasis by
suppressing BDNF production and altering the glutamate/GABA balance, promoting central sensitization and cognitive
decline. Astrocytic release of ATP and reactive oxygen species (ROS) perpetuates neuroinflammation and exacerbates
dysfunction in regions like the ACC and prefrontal cortex.”*

Functional imaging studies support these molecular findings. Altered connectivity within the default mode network (DMN)
demonstrates increased coupling between pain-processing regions, such as the insula and ACC, alongside reduced engagement
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of prefrontal cortical areas. These patterns are associated with attentional deficits and increased pain perception.”’ At the
neurochemical level, disruptions in dopaminergic and serotonergic pathways further undermine cognitive and affective regula-
tion. Reduced dopamine activity in the nucleus accumbens and ventral tegmental area is linked to anhedonia and diminished
2628 (Figure 1).

In addition to supraspinal effects, chronic pain also induces maladaptive changes in spinal nociceptive processing.

reward processing, while serotonin depletion exacerbates emotional dysregulation and pain amplification

Dorsal horn neurons undergo phenotypic switching, increasing the expression of pro-nociceptive neuropeptides like
substance P and CGRP. Simultaneously, GABAergic interneurons lose inhibitory function, fostering hyperexcitability of
spinal circuits. This spinal sensitization feeds into supraspinal networks, reinforcing the chronic pain—cognition feedback
loop.?*" Given this complexity, addressing both the physical and cognitive dimensions of chronic pain requires
innovative strategies. Neuromodulation techniques, such as SCS, TENS and NMES, target key neurophysiological
pathways, including those regulating BDNF expression, neurotransmitter balance and synaptic plasticity.>*> ** These
approaches not only alleviate nociceptive input but may also reverse cognitive impairment associated with chronic pain.
Advancements in functional imaging and Al-driven closed-loop systems further enable real-time personalization of
therapy, increasing treatment precision.*>*® By bridging symptom management with cognitive rehabilitation, these
integrated approaches offer the potential to disrupt the pathological cycle of pain and cognitive decline. A deeper
understanding of the shared and distinct mechanisms underlying chronic pain and neurocognitive dysfunction will inform
the development of targeted, multimodal interventions that improve long-term functional outcomes and quality of life.
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Figure | Neuroanatomical pathways and molecular alterations involved in chronic pain and its associated cognitive dysfunction, focusing on the mesocortical, nigrostriatal,
mesolimbic and serotonin pathways. These interconnected circuits encompass critical brain regions such as the prefrontal cortex, ACC, nucleus accumbens, hippocampus,
amygdala, and raphe nuclei, all of which are integral to nociceptive processing, cognitive function, and emotional regulation. The mesocortical pathway, crucial for higher-
order cognition, is characterized by reduced grey matter volume, increased dendritic branching, and spine maturation in chronic pain states. The nigrostriatal pathway,
essential for motor control and habit formation, exhibits disruptions in monoamine secretion and heightened pro-inflammatory cytokine levels, including IL-6, IL-10, and
TNFa. Within the mesolimbic pathway, responsible for motivation and reward processing, chronic pain is associated with decreased secretion of BDNF, impaired long-term
potentiation, and reduced neurogenesis. The serotonin pathway, integral to emotional regulation and pain modulation, shows increased excitatory postsynaptic potential
(ESP) amplitude and heightened glutamate signalling in the amygdala. On a molecular level, chronic pain induces increased GABA signalling, astroglial activation, and
mechanistic Target of Rapamycin Complex | (mTORCI) pathway activation, contributing to maladaptive cortical plasticity. These changes underscore a feedback loop linking
chronic pain to cognitive deficits through disrupted neural connectivity involving the ventral tegmental area (VTA), substantia nigra, and striatum. Together, these structural,
functional, and molecular alterations highlight the complex interplay between chronic pain and cognitive impairment, emphasizing the need for targeted therapeutic
interventions.
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Neuromodulation Techniques

Neuromodulation has become a cornerstone in the management of chronic pain, evolving from a strategy focused solely
on nociceptive inhibition to one that also targets the cognitive dysfunction often associated with chronic pain syndromes.
Among these techniques, SCS remains the most established modality, with technological advancements enabling more

targeted and individualized treatments that address both sensory and cognitive components of pain.**~'

SCS: Mechanisms and Modalities
Traditional tonic SCS delivers low-frequency stimulation (40—60 hz) to the dorsal columns, aligning with Melzack and
Wall’s gate control theory. This approach activates large-diameter A fibers, which inhibit nociceptive C-fiber input via
inhibitory interneurons in the spinal cord.’*> Although effective for pain relief, tonic SCS has limited impact on
supraspinal networks involved in cognition. High-frequency SCS (>1 kHz) addresses this limitation by eliminating
paresthesia and restoring functional connectivity across cortical networks. By modulating hyperactivity in the thalamus
and prefrontal cortex and suppressing gamma oscillations, high-frequency SCS enhances default mode network (DMN)
activity and reduces central sensitization through anti-inflammatory effects (eg, downregulation of TNF-a and IL-6),
while promoting GABAergic signaling to support cognitive recovery®>> (Figure 2).

Burst SCS, which uses intermittent stimulation patterns to mimic natural neuronal firing, engages both ascending pain and
descending modulation circuits. It has demonstrated efficacy not only in reducing pain but also in supporting hippocampal
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Figure 2 Mechanistic action of SCS in modulating nociceptive signalling through presynaptic opioid receptors and inhibitory neurotransmission involving glycine and GABA.
Activation of p-, 8-, and k-opioid receptors by endogenous opioids (dynorphins, enkephalins) inhibits adenylate cyclase, reducing Cyclic adenosine monophosphate (cAMP)
levels and suppressing Voltage-Gated Calcium Channels (VGCC) activity. This reduces calcium influx, limiting the release of excitatory neurotransmitters (eg, glutamate)
from the presynaptic terminal. Simultaneously, SCS enhances the release of inhibitory neurotransmitters glycine and GABA. Glycine binds to postsynaptic glycine receptors,
inducing chloride-mediated hyperpolarization, while GABA activates GABA-A receptors to potentiate inhibitory chloride influx or GABA-B receptors to suppress further
neurotransmitter release. Together, these mechanisms reduce neuronal excitability and nociceptive transmission. Additionally, SCS modulates glial activity, reducing pro-
inflammatory cytokine release and maintaining synaptic homeostasis. By simultaneously enhancing inhibitory pathways and suppressing excitatory signalling, SCS restores the
balance in pain-processing circuits, effectively alleviating chronic pain.
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neurogenesis and mitigating memory and learning deficits in chronic pain states.’>>* Closed-loop SCS builds upon this by
using real-time evoked compound action potentials (ECAPs) to adjust stimulation dynamically, ensuring consistent engage-
ment of target pathways while minimizing overstimulation.>*>> This adaptive system also stabilizes dopaminergic signaling in
mesolimbic circuits, enhancing motivation and reducing anhedonia.>®>® Hybrid SCS systems and multi-site approaches, such
as dual targeting of dorsal column and lateral corticospinal tracts, further expand therapeutic reach, enabling modulation of
both sensory and cognitive pathways in patients with widespread pain or executive dysfunction.>

Non-Invasive Neuromodulation

Non-invasive neuromodulation techniques such as TENS and NMES provide alternative options for patients who are not
candidates for invasive procedures. TENS modulates sensory processing by stimulating A fibers, leading to inhibition of
nociceptive transmission via gate control mechanisms and endogenous opioid release. NMES primarily targets motor
neurons, eliciting muscle contractions that improve circulation, reduce ischemia, and provide afferent feedback to the
central nervous system. These effects promote proprioceptive integration and may enhance cortical plasticity and
cognitive function. While clinical outcomes with TENS and NMES can be variable, devices such as EcoAl have
demonstrated potential to improve consistency through real-time adaptation of stimulation parameters, including fre-
quency, intensity, and waveform tailoring. This personalization expands the clinical utility of non-invasive neuromodula-

. . . . 62
tion and may improve access and adherence across diverse populations.®®®

Other Neuromodulation Approaches
Beyond SCS, several advanced neuromodulation strategies have been developed to target anatomically and functionally
distinct pain syndromes. Dorsal root ganglion (DRG) stimulation modulates the cell bodies of primary sensory neurons,
providing highly localized relief in focal neuropathic pain conditions such as complex regional pain syndrome (CRPS).
DRG stimulation has been associated with greater positional stability and superior outcomes in select populations.®**
Deep brain stimulation (DBS) is a neurosurgical approach that targets central pain-processing centers such as the thalamus,
periaqueductal gray or anterior cingulate cortex. It is typically reserved for patients with refractory pain conditions, including
central post-stroke pain or brachial plexus avulsion, and aims to modulate both sensory and affective dimensions of pain.®®
Occipital nerve stimulation (ONS) involves the placement of subcutaneous electrodes over the occipital nerves and is
primarily used for intractable craniofacial pain, such as chronic migraine, cluster headache, or occipital neuralgia. By
modulating trigeminocervical pathways in the upper cervical region, ONS addresses pain regions not typically targeted by
standard SCS.°® Peripheral field stimulation (PFS), also referred to as peripheral nerve field stimulation, places leads
subcutaneously at or near the site of pain, such as in axial low back pain, to engage segmental gating mechanisms. PFS
may be used alone or in combination with SCS to broaden the area of pain coverage, particularly for midline or diffuse pain
syndromes.®” Collectively, these techniques expand the therapeutic landscape of neuromodulation. By targeting brain regions
involved in emotional regulation, executive function, and pain perception, modalities such as DBS and DRG stimulation not
only provide analgesia but may also improve cognitive outcomes in chronic pain populations. Their inclusion underscores the
importance of a systems-level approach in treating pain and cognition as interconnected domains.

Technological Innovations in Neuromodulation

The field of neuromodulation has advanced significantly through the integration of AI, ML and RPM systems.®® These
technologies enable more dynamic, personalized treatment strategies, particularly in non-invasive therapies such as
TENS and NMES. A leading example of this innovation is EcoAl, a platform that integrates TENS and NMES
functionalities with Al-driven personalization and remote care capabilities. EcoAl distinguishes itself from traditional
devices by continuously adapting stimulation parameters, such as pulse frequency, amplitude and duration, in real time
based on individual patient profiles. The system interprets both subjective pain scores and objective physiological
indicators, including heart rate variability (HRV) and muscle activity, to fine-tune neuromodulation therapy with greater
precision. These data-driven adjustments follow a structured, algorithmic model rather than relying on patient-led trial-
and-error, ensuring consistent and responsive therapy delivery. With frequency ranges extending up to 1200 hz and
expanded waveform versatility, EcoAl offers broader therapeutic targeting than conventional devices.
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By merging the analgesic effects of TENS (eg, gate control, endogenous opioid release, and descending inhibition) with
the circulation-enhancing and proprioceptive benefits of NMES, EcoAl enables synergistic outcomes for both pain relief
and functional rehabilitation. Furthermore, its RPM integration allows clinicians to remotely monitor treatment progress,
make adjustments, and identify complications early, expanding access to high-quality care beyond traditional clinical
settings."® This fusion of AI, ML and wearable neuromodulation represents a paradigm shift in digital pain therapy. A recent
review by Patel et al compares TENS, EMS and EcoAl across stimulation mechanisms, clinical indications and imple-
mentation strategies. The findings underscore EcoAl’s ability to leverage foundational principles from legacy modalities
while delivering adaptive, user-specific treatment. Its flexibility, real-time optimization, and compatibility with remote
monitoring platforms offer significant advantages in streamlining therapy and addressing both pain and functional
deficits.” Collectively, these features position EcoAl as a next-generation tool in chronic pain management, offering
a scalable, intelligent, and patient-centered solution that aligns with the evolving demands of personalized medicine.

Cognitive and Psychomotor Deficits in Chronic Pain: Challenges and

Emerging Solutions
Chronic pain exerts profound effects on both cognitive and motor function. Numerous studies have documented
consistent impairments in psychomotor speed, perceptual-motor integration, and information processing, with slower
reaction times and diminished coordination frequently observed in standardized cognitive testing. These deficits are
particularly pronounced in conditions such as diabetic neuropathy, where psychomotor dysfunction is prevalent, yet they
remain under-investigated in other chronic pain syndromes. Impaired perceptual learning further compounds these
challenges, reducing an individual’s capacity to adapt to external stimuli and altering their ability to respond effectively
to their environment.”””> Beyond motor deficits, cognitive impairments are also a defining feature of chronic pain.
Patients commonly report difficulties with concentration, memory and learning, particularly working memory, which
supports the temporary storage and manipulation of information. Objective assessments reinforce these complaints,
revealing poor performance in spatial and verbal working memory, recognition, and long-term memory tasks.”> These
disruptions in executive function often translate into reduced psychosocial performance, impaired workplace productiv-
ity, and difficulties with sustained attention.”*’> Mechanistically, these cognitive disturbances are closely tied to chronic
pain-induced neuroplastic and neuroinflammatory changes. Structural and functional alterations within the prefrontal
cortex, anterior cingulate cortex, and hippocampus undermine higher-order cognitive processes, while elevated levels of
pro-inflammatory cytokines such as TNF-a and IL-6, disrupt synaptic signaling and impair neurogenesis. This neuroin-
flammatory milieu contributes to a vicious cycle in which pain exacerbates cognitive dysfunction, and impaired cognition
heightens pain sensitivity and emotional distress.”’®”” Emerging neuromodulation technologies offer promising solu-
tions to address these intertwined challenges. Advanced platforms are now capable of monitoring cognitive performance
indicators, such as working memory load and learning efficiency, in real time. These data can be integrated into adaptive
therapeutic algorithms that dynamically tailor stimulation protocols based on patient-specific cognitive and physiological
metrics. In addition, combining objective digital biomarkers with patient-reported outcomes helps reconcile subjective
experiences with measurable clinical endpoints, improving both diagnostic precision and treatment responsiveness.

As the field continues to evolve, such technologies represent a paradigm shift in chronic pain management. By targeting
both the sensory and cognitive dimensions of pain, they enable a more holistic and individualized approach, one that aims
not only to reduce pain intensity but also to restore cognitive resilience, functional capacity, and overall quality of life.

Discussion

Chronic pain is a multifaceted condition that disrupts both physical and cognitive function, creating a self-perpetuating cycle
that diminishes quality of life and complicates treatment. Cognitive impairments, such as deficits in memory, attention, and
executive function, exacerbate these challenges by undermining treatment adherence and limiting participation in rehabilita-
tion. These deficits stem from structural and functional alterations in higher-order brain regions, including the prefrontal cortex
and insular cortex, which impair endogenous pain modulation and amplify nociceptive signaling. Addressing this complex
pain—cognition interface requires integrative treatment strategies capable of targeting both dimensions. Emerging

2502 s Journal of Pain Research 2025:18



Green et al

neuromodulation techniques such as TENS, NMES and EcoAl offer promising solutions. These approaches go beyond
nociceptive inhibition by modulating inflammatory cytokines (eg, TNF-a, IL-6) and restoring inhibitory neurotransmission,
particularly GABAergic tone, critical for reversing central sensitization and promoting synaptic plasticity.

TENS and NMES contribute to neuromodulation not only by reducing pain perception but also by influencing
neuroplasticity and neurotransmitter systems. TENS has been shown to increase endogenous opioid release and promote
serotonergic and noradrenergic descending inhibition, helping to reestablish normal pain modulation. NMES facilitates
proprioceptive signaling, enhances BDNF production, and improves motor-cognitive integration through repetitive
afferent input to the sensorimotor cortex. EcoAl, in particular, represents a paradigm shift in neuromodulation. By
combining Al-driven analytics with wearable stimulation and functional imaging, EcoAl enables real-time identification
of biomarkers and dynamically adjusts therapy based on individualized neurophysiological profiles. This closed-loop
system supports tailored neuromodulation for both sensory and cognitive dysfunction. Figure 3 illustrates EcoAl’s
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Figure 3 EcoAl closed-loop neuromodulation loop. (A) Wearable stimulation device delivers targeted electrical pulses to modulate peripheral nerves; (B) the induced
neural pathway responses (eg changes in brain activity or neurotransmitter levels) are captured via integrated sensors; (C) an Al-driven decision-making module analyzes
these real-time data streams and dynamically adjusts stimulation parameters; (D) data visualization dashboards display feedback on patient status and therapy efficacy to
clinicians. This closed-loop system continuously integrates patient-specific neurophysiological data with adaptive stimulation, enabling real-time monitoring and individualized
therapy adjustments for optimized pain and cognitive dysfunction management (Created in BioRender. Green, M. (2025) https://BioRender.com/59e0emj).
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architecture: (A) wearable stimulation targets peripheral nerves; (B) afferent signals and physiological biomarkers are
captured; (C) Al algorithms analyze real-time input to adjust stimulation parameters; and (D) clinician dashboards
provide remote monitoring of patient progress. This adaptive framework enables precision neuromodulation and
facilitates long-term engagement with therapy.

Despite these advances, several challenges remain. Patient responses vary widely, infrastructure to support advanced
technology is not universally available, and treatment costs remain a barrier. Data privacy concerns, particularly with Al-
integrated systems, also warrant attention. Furthermore, the lack of long-term, large-scale trials evaluating cognitive
outcomes limits widespread clinical adoption.

Future research should prioritize the development of validated biomarkers for pain and cognitive dysfunction,
enabling precise patient stratification and improving therapeutic consistency. Integrating EcoAl with high-resolution
imaging modalities, such as fMRI, may uncover additional mechanisms of action and guide refinement of stimulation
protocols. Enhancing the scalability of wearable and Al-integrated platforms will expand access, especially when paired
with RPM systems that provide continuous feedback and allow dynamic, real-time intervention. Beyond the biological
dimension, integrating cognitive rehabilitation (eg, gamified neurofeedback or virtual reality-based therapies) with
neuromodulation may yield synergistic effects. Combining these approaches with psychosocial interventions, pharma-
cologic therapies and physical rehabilitation offers a robust, multidisciplinary framework for managing chronic pain. To
achieve equitable outcomes, implementation must be supported by subsidized programs, expanded insurance coverage,
and telemedicine infrastructure.

By uniting patient-centered strategies with personalized technologies, chronic pain management can move beyond
symptom suppression to restore cognitive resilience, emotional stability, and functional independence. EcoAl and similar
platforms, when deployed within this comprehensive framework, have the potential to fundamentally transform outcomes

for individuals living with chronic pain.

Conclusion

Chronic pain is a complex, multidimensional condition that disrupts both physical functionality and cognitive processes,
creating a reinforcing cycle of impairment that diminishes quality of life. The bidirectional relationship between pain and
cognition complicates treatment: memory, attention, and executive dysfunction hinder therapy adherence and engage-
ment, while untreated pain further degrades cognitive performance. Pharmacologic options, though widely used, are
often associated with dependency, side effects, and limited efficacy on cognitive symptoms. Invasive neuromodulation
techniques, particularly SCS, remain highly effective for conditions such as post-surgical pain syndrome (PSPS/FBSS)
and complex regional pain syndrome (CRPS), supported by robust evidence. However, accessibility and procedural risks
limit their widespread use. Non-invasive approaches, including TENS, NMES, and Al-enabled systems like EcoAl, have
emerged as compelling alternatives that address both nociceptive and neurocognitive dysfunction by targeting inflamma-
tion, neurotransmission, and cortical plasticity.

EcoAl represents a next-generation solution by integrating wearable neuromodulation with real-time data analytics
and functional imaging. It personalizes stimulation protocols using patient-specific biomarkers and Al algorithms,
delivering responsive, individualized therapy. While promising, these innovations must be evaluated in long-term,
multicenter trials to assess durability, safety, and real-world applicability. Ethical considerations, including data privacy
and cost barriers, must also be addressed. It is essential to view non-invasive and invasive neuromodulation not as
competing approaches but as components of a stratified care model. TENS, NMES, and EcoAl offer lower-risk,
accessible options that may complement or precede more invasive interventions. Treatment selection should reflect
individual patient needs, clinical context, and therapeutic goals.

Moving forward, chronic pain management must prioritize the development of predictive biomarkers, integration of
cognitive rehabilitation and psychosocial strategies, and equitable access to emerging technologies. By embracing
multidisciplinary, personalized care, clinicians can move beyond symptom control toward restoring cognition, emotional
well-being, and meaningful functionality. This paradigm shift offers renewed hope for patients seeking long-term relief
and improved quality of life.
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