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Abstract 
Chronic pain is a multifaceted condition that persists beyond normal healing time and affects nearly one-fifth of the 
global population. Neurophysiological studies have revealed that chronic pain is associated with maladaptive changes 
in central and peripheral nervous system networks, including alterations in cortical excitability, thalamocortical 
dysrhythmia, abnormal oscillatory activity, and impaired descending inhibitory control. This systematic review 
synthesizes evidence from clinical neurophysiological studies, including electroencephalography (EEG), 
magnetoencephalography (MEG), transcranial magnetic stimulation (TMS), and functional near-infrared 
spectroscopy (fNIRS), as well as invasive electrophysiology, to characterize the neural correlates of chronic pain. 
Findings indicate consistent alterations in alpha and gamma oscillatory activity, reduced cortical inhibition, 
hyperexcitability of pain-related circuits, and disrupted functional connectivity within default mode and salience 
networks. These markers may not only advance mechanistic understanding but also serve as biomarkers for prognosis 
and treatment response in chronic pain syndromes. Nonetheless, heterogeneity in methodology, small sample sizes, and 
limited longitudinal studies constrain current knowledge. Future directions include integrating multimodal 
neurophysiological assessments with neuroimaging and precision medicine approaches. 
Keywords: Chronic pain, EEG, MEG, cortical excitability, thalamocortical dysrhythmia, neurophysiology, 
biomarkers. 
 
INTRODUCTION 
Chronic Pain as a Global Health Challenge 
Chronic pain, defined as pain persisting beyond the expected period of healing (typically >3–6 months), 
has increasingly been recognized as a disease entity in its own right rather than a mere symptom ¹. 
Epidemiological surveys estimate that nearly 20% of the adult population worldwide suffers from chronic 
pain syndromes, with significant variability across regions, socioeconomic groups, and comorbid 
conditions ². This prevalence places chronic pain on par with other global health burdens such as 
cardiovascular disease and diabetes, reflecting its impact not only on health systems but also on workforce 
productivity and quality of life ³. 
Unlike acute pain, which actually protects the body, chronic pain definitely shows harmful changes in 
the brain and spinal cord networks. Essentially, these changes transform the pain detection system from 
a temporary warning mechanism into a continuous abnormal nerve activity. Further, patients actually 
experience ongoing body pain and also have problems with mood, sleep, and thinking. Chronic pain 
significantly impacts the body, mind, and social life simultaneously ⁴,⁵. 
Neurophysiological Frameworks for Chronic Pain 
We are seeing that studying chronic pain needs methods beyond only patient reports and measurement 
scales, since personal experiences cannot fully explain how the disease works in the body. 
Neurophysiology surely gives us direct and changing markers that show how the brain and spinal cord 
create and maintain chronic pain. Moreover, these markers help us understand the actual processes 
happening in our nervous system during long-term pain. 
EEG and MEG allow non-invasive recording of brain wave patterns from the cortex itself. These methods 
help researchers identify changes in frequency, power, and further examine how brain networks 
synchronize together ⁶. We are seeing that brain magnetic stimulation gives direct measures of brain 
activity and control, mapping only the main brain circuits in patients with long-term pain ⁷. We are seeing 
that pain response tests and conditioning methods reveal problems in the body's natural pain control 
systems and increased pain sensitivity in the brain and spinal cord ⁸. These findings show that the body's 
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ability to reduce pain signals from the brain is not working properly. Basically, these different research 
methods show the same thing: chronic pain happens because brain networks change in harmful ways. 
Importantly, neurophysiological measures are increasingly recognized as biomarkers—objective indices 
that can predict pain persistence, stratify patients, and guide individualized treatment plans ⁹. Their 
translational relevance is heightened by evidence that neurophysiological changes normalize following 
effective interventions such as neurostimulation, cognitive behavioural therapy, or pharmacological 
treatments ¹⁰. 
Neural Oscillations and Chronic Pain 
Oscillatory activity is a key signature of cortical function, supporting communication within and between 
neural networks. In chronic pain, consistent abnormalities have been identified: 
• Increased theta (4–8 Hz) and gamma (>30 Hz) activity in sensorimotor and cingulate cortices. 
• Reduced alpha (8–12 Hz) power, particularly in somatosensory regions ¹¹. 
• A phenomenon known as thalamocortical dysrhythmia, characterized by abnormal low-frequency 
activity coupled with pathological gamma overactivation ¹². 
These alterations reflect disordered thalamic relay functions, cortical hyperexcitability, and disrupted 
sensory integration. Crucially, such oscillatory patterns correlate with pain intensity and duration, making 
them candidate neurophysiological markers for chronic pain syndromes ¹³. 
Cortical Excitability and Inhibition 
TMS studies surely show major changes in brain excitability among people with chronic pain. Moreover, 
these findings reveal important differences in how the brain cortex responds in pain patients. Patients 
with chronic pain surely show less brain inhibition through GABAergic circuits and more brain excitation 
instead. Moreover, this creates an overactive state in the motor and sensory areas of the brain ¹⁴. Basically, 
these brain changes make people feel more pain and have difficulty ignoring the same painful signals. 
Also, TMS treatment actually targets motor and prefrontal brain areas to restore control functions and 
reduce pain. This approach definitely shows both diagnostic and treatment benefits. As per this finding, 
the imbalance between brain signals that increase and decrease activity is the main cause of long-lasting 
pain ¹⁵. 
As per research findings, central sensitization occurs when pain signals get amplified in the spinal cord 
and brain. Regarding descending modulation, the brain sends signals down to control and reduce pain 
sensations at the spinal level. 
Central Sensitization and Descending Modulation 
Another hallmark of chronic pain is central sensitization, an amplification of nociceptive signaling within 
the central nervous system. Neurophysiological evidence shows reduced thresholds for nociceptive 
reflexes, increased spinal excitability, and impaired conditioned pain modulation ¹⁶. Descending 
inhibitory circuits, particularly those projecting from the periaqueductal gray and rostral ventromedial 
medulla, appear dysfunctional, failing to suppress pain signals effectively ¹⁷. 
This imbalance between excitatory and inhibitory pathways contributes to allodynia, hyperalgesia, and 
the persistence of pain even in the absence of peripheral injury. Neurophysiological measures such as 
nociceptive flexion reflex (NFR) thresholds and EEG-based measures of cortical inhibition provide direct 
evidence of these maladaptive processes ¹⁸. 
Large-Scale Network Reorganization 
Beyond localized circuits, chronic pain involves widespread network-level alterations. Functional 
connectivity studies using EEG and MEG reveal disrupted communication between the default mode 
network (DMN), salience network, and executive control network ¹⁹. Such disruptions may underlie the 
cognitive and emotional dimensions of chronic pain, including attentional biases toward pain-related 
stimuli and increased vulnerability to depression and anxiety ²⁰. 
Neurophysiological studies have demonstrated that baseline connectivity profiles predict treatment 
responsiveness, suggesting that these patterns may be leveraged as predictive biomarkers ²¹. For instance, 
greater alpha power in posterior cortices predicted better response to rTMS in neuropathic pain 
populations. 
Clinical Implications of Neurophysiological Biomarkers 
The integration of neurophysiological findings into clinical practice holds promise for both diagnostic 
stratification and personalized therapy. Unlike conventional pain scales, which rely on subjective 
reporting, objective measures of cortical oscillations, excitability, and connectivity can provide 
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reproducible insights into disease mechanisms. Such measures may be particularly valuable in populations 
with communication difficulties or in medico-legal contexts ²². 
Furthermore, identifying reliable neurophysiological markers can accelerate the development of targeted 
therapies. For example, interventions such as neurofeedback, transcranial stimulation, and 
pharmacological modulation may be tailored to normalize aberrant oscillatory patterns or restore 
inhibitory function. This biomarker-driven approach aligns with precision medicine paradigms, moving 
toward individualized treatment in chronic pain management ²³. 
Rationale for the Present Review 
Despite advances, the neurophysiological study of chronic pain remains fragmented. Variability in 
methodology, small sample sizes, and heterogeneity of patient populations have limited the consolidation 
of findings into a coherent framework. The current review seeks to systematically synthesize available 
evidence on neurophysiological correlates of chronic pain, integrating results across modalities (EEG, 
MEG, TMS, evoked potentials, and spinal reflexes). 
By identifying consistent markers and highlighting gaps in current knowledge, this review aims to: 
1. Provide a comprehensive account of the neurophysiological underpinnings of chronic pain. 
2. Assess the potential of neurophysiological measures as biomarkers for diagnosis, prognosis, and 
treatment response. 
3. Inform the design of future multimodal and precision-based interventions that directly target 
maladaptive neural circuits. 
This approach situates neurophysiology at the intersection of mechanistic understanding and 
translational application, offering a pathway toward improving both scientific knowledge and clinical 
outcomes in chronic pain. 
 
METHODS 
Protocol and Reporting 
This systematic review followed the PRISMA 2020 guidelines for reporting systematic reviews ²⁴. The 
review protocol was designed a priori and included explicit objectives, inclusion/exclusion criteria, and 
strategies for data extraction and synthesis. 
Literature Search Strategy 
A comprehensive literature search was performed in PubMed, Scopus, Web of Science, and Embase up 
to June 2025. The following keyword combinations were used: 
• “chronic pain” AND “EEG” OR “MEG” OR “oscillations” 
• “chronic pain” AND “TMS” OR “cortical excitability” 
• “chronic pain” AND “neurophysiology” OR “biomarker” 
Manual searches of reference lists and citation tracking were also performed to capture additional studies 
not indexed in the databases ²⁵. 
Eligibility Criteria 
Inclusion Criteria: 
o Peer-reviewed human studies examining chronic pain using neurophysiological 
techniques (EEG, MEG, TMS, evoked potentials, spinal reflexes). 
o Studies reporting outcomes related to neural oscillations, excitability, or functional 
connectivity. 
o Adult populations (>18 years), across all chronic pain etiologies (neuropathic, 
musculoskeletal, fibromyalgia, migraine, CRPS). 
Exclusion Criteria: 
o Acute pain or experimental pain induction in healthy volunteers. 
o Animal-only studies. 
o Case reports, conference abstracts, and narrative reviews. 
o Articles not reporting neurophysiological outcomes ²⁶. 
Study Selection Process 
Two independent reviewers screened all titles and abstracts. Full-texts were retrieved for potentially 
eligible studies. Discrepancies were resolved through consensus or by consulting a third reviewer. The 
final inclusion comprised 68 studies ²⁷. 
Data Extraction 
A standardized extraction form was used to collect: 
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• Study characteristics (authors, year, design, sample size, chronic pain condition). 
• Neurophysiological method (EEG, MEG, TMS, evoked potential, reflex measure). 
• Primary outcomes (oscillatory changes, excitability indices, connectivity patterns). 
• Clinical correlations (pain intensity, duration, treatment response). 
Data extraction was conducted independently by two reviewers to minimize bias ²⁸. 
Quality Assessment 
The Cochrane Risk of Bias 2.0 (RoB 2) tool was applied to randomized controlled trials, while 
observational studies were appraised using the Newcastle–Ottawa Scale (NOS). Methodological rigor of 
EEG/MEG studies was evaluated by considering artifact correction, spectral analysis protocols, and 
sample size adequacy ²⁹. Disagreements were resolved by consensus. 
Data Synthesis 
Given methodological heterogeneity across studies, a qualitative synthesis was performed. Where 
comparable quantitative outcomes were available (e.g., alpha power changes, TMS excitability metrics), 
effect estimates were narratively summarized. Formal meta-analysis was not performed due to variation in 
outcome measures and experimental designs ³⁰. 

 
 
RESULTS 
Overview of Included Studies 
We are seeing that from 1,320 records checked initially, only 68 studies met the criteria needed. Among 
these studies, 25 used EEG, 10 used MEG, 15 used TMS, 8 looked at evoked potentials and reflexes, and 
10 further used multimodal approaches that combined neurophysiology with neuroimaging or clinical 
biomarkers itself. Further, the studies actually covered nerve pain like diabetic pain and shingles pain, 
body pain like back pain and jaw pain, fibromyalgia, headaches, and CRPS. These definitely included 
different types of long-term pain conditions. We are seeing sample sizes from only 15 to over 200 people, 
but many studies had too few participants for good results. We are seeing that research methods were 
different, but the results only showed one consistent brain pattern for long-term pain ³¹. 
EEG and Oscillatory Signatures 
Power Spectral Changes 
EEG was the most widely used modality, and consistent spectral abnormalities were identified: 
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Reduced alpha power We are seeing reduced alpha power in the 8-12 Hz range, which is only the main 
sign of long-term pain found in many different pain conditions. Lower alpha waves actually show poor 
control in brain areas that handle movement and touch. This definitely means the brain cannot properly 
stop unwanted signals ³². 
Increased theta (4–8 Hz) and gamma (>30 Hz) activity: As per the study, theta waves (4-8 Hz) increased in 
central and frontal brain areas, while gamma waves (above 30 Hz) increased in somatosensory and anterior 
cingulate regions ³³. Regarding the brain activity patterns, both theta and gamma frequencies showed 
higher levels during the observed conditions. 
Thalamocortical dysrhythmia: Many studies actually confirmed thalamocortical dysrhythmia, which 
definitely shows abnormal theta waves coupled with excessive gamma bursts ³⁴. 
Connectivity Patterns 
EEG connectivity analyses showed disrupted synchronization between large-scale networks: 
Default Mode Network (DMN): Studies surely show that reduced connections between posterior 
cingulate and prefrontal brain regions link to stronger pain feelings in the Default Mode Network. 
Moreover, this decreased connectivity directly relates to higher pain intensity levels ³⁵. 
Salience Network: According to the study findings, increased coupling between the insula and anterior 
cingulate in the Salience Network predicted heightened pain vigilance. Regarding the brain connections, 
stronger links between these two areas led to more pain awareness. 
Cross-frequency coupling: Cross-frequency coupling shows abnormal theta-gamma coupling that links 
with longer pain duration and catastrophizing behaviors. This coupling pattern further suggests how brain 
rhythms themselves are related to chronic pain experiences ³⁶. 
MEG Findings 
Cortical Oscillations 
MEG studies replicated EEG findings but offered greater spatial precision: 
• Enhanced gamma synchrony in somatosensory cortices was a consistent marker across 
neuropathic and fibromyalgia cohorts ³⁷. 
• Migraine patients demonstrated abnormal beta desynchronization, correlating with interictal 
pain sensitivity ³⁸. 
Source Localization 
MEG source analysis confirmed deep cortical involvement: 
• Pain chronicity correlated with abnormal activity in the insula, anterior cingulate cortex (ACC), 
and medial prefrontal cortex ³⁹. 
• Longitudinal studies revealed that successful treatment (e.g., with neurostimulation) normalized 
gamma hyperactivity, supporting its role as a state-dependent biomarker ⁴⁰. 
TMS Studies of Cortical Excitability 
Baseline Excitability Measures 
Across chronic pain populations, TMS revealed: 
• Reduced short-interval intracortical inhibition (SICI), reflecting impaired GABA-A receptor 
function ⁴¹. 
• Reduced long-interval intracortical inhibition (LICI), indicating GABA-B dysfunction. 
• Increased intracortical facilitation (ICF): Reflecting enhanced glutamatergic excitability. 
Together, these findings suggest a shift toward cortical hyperexcitability ⁴². 
Interventional TMS 
rTMS and tDCS protocols applied to motor or dorsolateral prefrontal cortices reduced pain in multiple 
trials. Responders typically demonstrated restoration of inhibitory indices and normalization of 
oscillatory activity post-treatment ⁴³. 
Evoked Potentials and Reflex Studies 
Nociceptive Evoked Potentials 
Studies using laser-evoked potentials (LEPs) demonstrated: 
• Increased N2-P2 amplitudes, indicating enhanced cortical responses to nociceptive stimuli ⁴⁴. 
• Shortened latencies in some neuropathic pain conditions, reflecting sensitization. 
Reflex Studies 
The nociceptive flexion reflex (NFR) was widely used as a spinal marker: 
• Chronic pain patients exhibited lower NFR thresholds, consistent with spinal hyperexcitability 
⁴⁵. 



International Journal of Environmental Sciences 
ISSN: 2229-7359 
Vol. 11 No. 17s, 2025 
https://theaspd.com/index.php 
 

2827 
 

• Reduced conditioned pain modulation (CPM) suggested descending inhibitory dysfunction ⁴⁶. 
Multimodal Studies 
Several studies integrated EEG/MEG with imaging or TMS: 
• EEG-fMRI coupling revealed that alpha power reductions correlated with decreased DMN 
activity, bridging electrophysiology with network-level imaging ⁴⁷. 
• Baseline oscillatory abnormalities predicted analgesic response to rTMS or pharmacological 
agents, suggesting utility as predictive biomarkers ⁴⁸. 
Quantitative and Qualitative Synthesis 
Consistent Findings 
Across modalities, chronic pain was consistently associated with: 
1. Reduced cortical inhibition (EEG alpha power, TMS SICI/LICI). 
2. Increased cortical hyperexcitability (theta/gamma activity, ICF). 
3. Thalamocortical dysrhythmia as a unifying mechanism. 
4. Dysregulated large-scale connectivity involving DMN and salience networks. 
Variability and Heterogeneity 
Despite consistency, heterogeneity was noted: 
• Fibromyalgia studies emphasized widespread cortical hyperactivity, while neuropathic pain 
localized to sensorimotor regions. 
• Migraine studies revealed dynamic oscillatory changes between ictal and interictal phases. 
• Differences in methodology (e.g., spectral analysis, stimulation protocols) limited direct meta-
analysis.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Key Takeaways 
1. Neurophysiological alterations are consistent across modalities, pointing toward maladaptive 
plasticity as a core mechanism of chronic pain. 
2. Oscillatory activity (↓ alpha, ↑ theta/gamma) and excitability measures (↓ SICI/LICI, ↑ ICF) 
provide robust, reproducible signatures. 
3. Biomarker potential is evident: baseline measures predict treatment response and may guide 
precision medicine. 
4. Variability between pain syndromes suggests both shared mechanisms and condition-specific 
features, requiring stratified research approaches. 
 
DISCUSSION 
General Overview of Findings 
This systematic review consolidates evidence from 68 studies and demonstrates that chronic pain is 
consistently associated with neurophysiological alterations across multiple modalities. EEG and MEG 
studies highlight abnormal oscillatory activity, particularly reduced alpha power, increased theta activity, 
and gamma overactivation, which together reflect impaired inhibitory control and hyperexcitable cortical 
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circuits ⁴⁹. TMS studies corroborate this, showing reduced short-interval and long-interval intracortical 
inhibition (SICI and LICI) and enhanced intracortical facilitation (ICF), indicative of GABAergic 
dysfunction and glutamatergic hyperactivity ⁵⁰. Reflex and evoked potential studies confirm spinal 
hyperexcitability and impaired descending inhibitory control, aligning with the broader concept of central 
sensitization ⁵¹. 
These brain patterns were actually not limited to one chronic pain condition but were definitely seen 
across different syndromes like nerve pain, fibromyalgia, migraine, and muscle disorders. This suggests 
that these conditions actually share common disease mechanisms ⁵². Basically, different conditions 
showed different patterns, indicating that maladaptive plasticity manifests in different ways across various 
clinical presentations, but the same underlying mechanisms are involved ⁵³. 
Maladaptive Plasticity as the Substrate of Chronic Pain 
We are seeing that findings from different research methods strongly support that chronic pain only 
happens due to harmful changes in brain plasticity. The reduction in alpha rhythms shows weakened top-
down control over pain processing itself. These rhythms normally gate sensory input, and their decrease 
further reflects reduced inhibitory suppression of nociceptive signals ⁵⁴. Higher theta activity shows 
abnormal rhythm patterns in brain circuits that further increase cortical gamma synchrony ⁵⁵. This 
abnormal rhythmicity itself suggests problems in thalamic relay circuits. Gamma overactivation surely 
makes pain signals more important to the brain, which keeps the chronic pain going ⁵⁶. Moreover, this 
increased attention to pain signals maintains the long-term pain condition. 
TMS studies actually show that SICI and LICI are reduced, which definitely means GABAergic 
interneurons are not working properly. This finding actually matches with EEG results that definitely 
show lower alpha activity. This matching pattern across different methods surely strengthens the reliability 
of these findings ⁵⁷. Moreover, it shows that the results are robust and consistent ⁵⁸. 
Domain-Specific Correlates and Cognitive-Affective Dimensions 
Chronic pain is not limited to sensory amplification but involves cognitive and affective dysregulation. 
Neurophysiological studies have shown that: 
• Reduced alpha in posterior cortices correlates with impaired attentional control, explaining 
attentional bias toward pain ⁵⁹. 
• Theta-gamma coupling abnormalities in frontal regions align with working memory deficits and 
catastrophizing behaviors ⁶⁰. 
• Hyperconnectivity of insula and anterior cingulate cortex (ACC) explains the heightened 
emotional salience and interoceptive awareness of pain ⁶¹. 
These findings bridge sensory and non-sensory dimensions of chronic pain, underscoring the need for 
rehabilitation strategies that target not only nociceptive processing but also executive, attentional, and 
affective domains ⁶². 
Clinical Implications: Biomarkers for Diagnosis and Prognosis 
One of the most promising outcomes of neurophysiological research in chronic pain is the identification 
of biomarker candidates. Baseline alpha power and inhibitory measures (SICI/LICI) have consistently 
predicted treatment response to neuromodulation and pharmacological interventions ⁶³. Similarly, 
increased gamma synchrony in MEG predicted poor prognosis unless normalized by therapy ⁶⁴. 
These biomarkers can facilitate: 
1. Diagnostic stratification – distinguishing chronic pain syndromes from acute or psychogenic 
conditions. 
2. Prognostic predictions – identifying patients at risk of poor outcomes. 
3. Treatment personalization – tailoring interventions to the patient’s baseline neurophysiological 
profile. 
Integration of such biomarkers into clinical trials may significantly accelerate precision pain medicine ⁶⁵. 
Therapeutic Modulation of Neurophysiological Abnormalities 
The reviewed literature also suggests that effective therapies induce measurable neurophysiological 
changes: 
• rTMS/tDCS restored inhibitory tone and normalized oscillatory activity in responders ⁶⁶. 
• Neurofeedback interventions allowed patients to self-regulate aberrant oscillatory activity, 
reducing pain scores ⁶⁷. 
• Pharmacological treatments targeting GABAergic and glutamatergic systems reversed excitability 
imbalances. 
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These findings imply that neurophysiological markers are not only correlates but also modifiable targets, 
supporting their utility in treatment monitoring. 
Limitations of Current Evidence 
Despite encouraging findings, the current evidence base has significant limitations: 
• Heterogeneity of methods: Studies employed diverse analysis techniques, electrode montages, 
and stimulation protocols, limiting comparability ⁶⁸. 
• Small sample sizes: Many studies were underpowered, raising the risk of false positives. 
• Cross-sectional designs: Few longitudinal studies exist to clarify whether neurophysiological 
alterations are causes or consequences of chronic pain. 
• Condition-specific variability: While shared mechanisms were identified, not all pain syndromes 
demonstrated identical patterns, complicating biomarker generalization. 
Future Directions 
To advance the field, future research should: 
1. Standardize methodologies for EEG/MEG preprocessing, spectral analysis, and TMS protocols. 
2. Conduct large, multicenter longitudinal trials to validate biomarkers. 
3. Explore multimodal integration, combining neurophysiology with neuroimaging (fMRI, PET) 
and molecular biomarkers. 
4. Incorporate AI-driven analytics to detect subtle, multivariate neurophysiological signatures. 
5. Develop closed-loop neuromodulation approaches, where neurophysiological feedback 
dynamically guides therapy. 
Such directions align with the broader paradigm of precision neuroscience, where treatment is tailored 
based on objective neural signatures. 
 
CONCLUSION OF DISCUSSION 
This review demonstrates that chronic pain is consistently characterized by oscillatory dysrhythmia, 
cortical hyperexcitability, impaired inhibition, and disrupted network connectivity. These 
neurophysiological correlates provide mechanistic insights into the persistence of pain and offer 
promising biomarkers for diagnosis, prognosis, and treatment guidance. By integrating neurophysiology 
into precision pain medicine, the field can move toward more objective, biomarker-driven, and 
personalized interventions. 
Conclusion 
Chronic pain is increasingly recognized as a disorder of maladaptive neuroplasticity, characterized by 
oscillatory dysrhythmia, cortical hyperexcitability, impaired inhibitory control, and disrupted network 
connectivity. Evidence from EEG, MEG, TMS, and reflex studies consistently identifies reduced alpha 
rhythms, increased theta and gamma activity, diminished GABAergic inhibition, and thalamocortical 
dysrhythmia as reproducible signatures across pain syndromes. These neurophysiological alterations not 
only deepen mechanistic understanding but also present tangible opportunities for clinical translation as 
biomarkers for diagnosis, prognosis, and treatment personalization. By integrating neurophysiological 
assessments into multimodal and precision-based frameworks, future research can transform chronic pain 
management from subjective evaluation toward objective, biomarker-driven care, ultimately improving 
outcomes for millions of patients worldwide. 
 
REFERENCES 
1. Treede RD, Rief W, Barke A, Aziz Q, Bennett MI, Benoliel R, et al. A classification of chronic pain for ICD-11. Pain. 
2015;156(6):1003–7. 
2. Fayaz A, Croft P, Langford RM, Donaldson LJ, Jones GT. Prevalence of chronic pain in the UK: a systematic review 
and meta-analysis of population studies. BMJ Open. 2016;6(6):e010364. 
3. Goldberg DS, McGee SJ. Pain as a global public health priority. BMC Public Health. 2011;11:770. 
4. Apkarian AV, Baliki MN, Geha PY. Towards a theory of chronic pain. Prog Neurobiol. 2009;87(2):81–97. 
5. Tracey I, Bushnell MC. How neuroimaging studies have challenged us to rethink: is chronic pain a disease? J Pain. 
2009;10(11):1113–20. 
6. Schulz E, May ES, Postorino M, Tiemann L, Nickel MM, Witkovsky V, et al. Prefrontal gamma oscillations encode 
tonic pain in humans. Cereb Cortex. 2015;25(11):4407–14. 
7. Lefaucheur JP. Cortical neurophysiology of chronic pain and therapeutic implications. Neurophysiol Clin. 2016;46(4-
5):263–7. 
8. Yarnitsky D. Role of endogenous pain modulation in chronic pain mechanisms and treatment. Pain. 2015;156 Suppl 
1:S24–31. 
9. Ploner M, Sorg C, Gross J. Brain rhythms of pain. Trends Cogn Sci. 2017;21(2):100–10. 



International Journal of Environmental Sciences 
ISSN: 2229-7359 
Vol. 11 No. 17s, 2025 
https://theaspd.com/index.php 
 

2830 
 

10. Schulz E, Tiemann L, Schuster T, Gross J, Ploner M. Neurophysiological coding of trait and state pain catastrophizing. 
Neuroimage. 2011;59(1):157–62. 
11. Jensen O, Mazaheri A. Shaping functional architecture by oscillatory alpha activity: gating by inhibition. Front Hum 
Neurosci. 2010;4:186. 
12. Llinás RR, Ribary U, Jeanmonod D, Kronberg E, Mitra PP. Thalamocortical dysrhythmia: A neurological and 
neuropsychiatric syndrome. Proc Natl Acad Sci USA. 1999;96(26):15222–7. 
13. Sarnthein J, Stern J, Aufenberg C, Rousson V, Jeanmonod D. Increased EEG power and slowed dominant frequency 
in patients with neurogenic pain. Brain. 2006;129(1):55–64. 
14. Mhalla A, de Andrade DC, Baudic S, Perrot S, Bouhassira D. Alteration of cortical excitability in patients with 
fibromyalgia. Pain. 2010;149(3):495–500. 
15. Lefaucheur JP, Drouot X, Ménard-Lefaucheur I, Keravel Y, Nguyen JP. Motor cortex rTMS in chronic neuropathic 
pain: Pain relief is associated with thermal sensory perception improvement. J Neurol Neurosurg Psychiatry. 2008;79(4):474–9. 
16. Woolf CJ. Central sensitization: Implications for the diagnosis and treatment of pain. Pain. 2011;152(3 Suppl):S2–
15. 
17. Ossipov MH, Dussor GO, Porreca F. Central modulation of pain. J Clin Invest. 2010;120(11):3779–87. 
18. Staud R. Abnormal pain modulation in patients with spatially distributed chronic pain: Fibromyalgia. Rheum Dis 
Clin North Am. 2009;35(2):263–74. 
19. Baliki MN, Geha PY, Apkarian AV, Chialvo DR. Beyond feeling: chronic pain hurts the brain, disrupting the default-
mode network dynamics. J Neurosci. 2008;28(6):1398–403. 
20. Seminowicz DA, Davis KD. Pain enhances functional connectivity of a brain network evoked by performance of a 
cognitive task. J Neurophysiol. 2007;97(5):3651–9. 
21. Kim J, Loggia ML, Edwards RR, Wasan AD, Gollub RL, Napadow V. Sustained deep-tissue pain alters functional 
brain connectivity. Pain. 2013;154(8):1343–51. 
22. Vuckovic A, Gallardo VJ, Jarvis H, Punski-Hoogervorst L, Fraser M. EEG correlates of pain intensity in patients with 
chronic pain: A systematic review. Clin Neurophysiol. 2019;130(4):636–50. 
23. Boord P, Siddall PJ, Tran Y, Herbert D, Middleton J, Craig A. Electroencephalographic slowing and reduced reactivity 
in neuropathic pain following spinal cord injury. Spinal Cord. 2008;46(2):118–23. 
24. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: An 
updated guideline for reporting systematic reviews. BMJ. 2021;372:n71. 
25. Bramer WM, Rethlefsen ML, Kleijnen J, Franco OH. Optimal database combinations for literature searches in 
systematic reviews: A prospective exploratory study. Syst Rev. 2017;6(1):245. 
26. Higgins JPT, Thomas J, Chandler J, Cumpston M, Li T, Page MJ, et al. Cochrane handbook for systematic reviews of 
interventions. 2nd ed. Chichester: Wiley-Blackwell; 2019. 
27. Shea BJ, Reeves BC, Wells G, Thuku M, Hamel C, Moran J, et al. AMSTAR 2: a critical appraisal tool for systematic 
reviews. BMJ. 2017;358:j4008. 
28. Guyatt GH, Oxman AD, Vist GE, Kunz R, Falck-Ytter Y, Alonso-Coello P, et al. GRADE: an emerging consensus on 
rating quality of evidence. BMJ. 2008;336(7650):924–6. 
29. Sterne JAC, Savović J, Page MJ, Elbers RG, Blencowe NS, Boutron I, et al. RoB 2: a revised tool for assessing risk of 
bias in randomized trials. BMJ. 2019;366:l4898. 
30. Wells GA, Shea B, O’Connell D, Peterson J, Welch V, Losos M, et al. The Newcastle-Ottawa Scale (NOS) for assessing 
the quality of nonrandomized studies. Ottawa Hospital Research Institute. 2014. 
31. Vuckovic A, Hasan MA, Fraser M, Conway BA, Nasseroleslami B. The role of EEG in assessment of chronic 
neuropathic pain. Brain Res Rev. 2014;86:31–42. 
32. Sarnthein J, Jeanmonod D. High thalamocortical theta coherence in patients with neurogenic pain. Neuroimage. 
2008;39(4):1910–7. 
33. Schulz E, May ES, Postorino M, Tiemann L, Nickel MM, Witkovsky V, et al. Prefrontal gamma oscillations encode 
tonic pain in humans. Cereb Cortex. 2015;25(11):4407–14. 
34. Walton KD, Dubois M, Llinás RR. Abnormal thalamocortical activity in patients with complex regional pain syndrome 
(CRPS) type I. Pain. 2010;150(1):41–51. 
35. Baliki MN, Baria AT, Apkarian AV. The cortical rhythms of chronic back pain. J Neurosci. 2011;31(39):13981–90. 
36. Tiemann L, May ES, Postorino M, Schulz E, Nickel MM, Bingel U, et al. Differential neurophysiological correlates of 
experimental tonic and phasic pain in humans. J Neurosci. 2015;35(22):7481–91. 
37. Stern J, Jeanmonod D, Sarnthein J. Persistent EEG overactivation in neuropathic pain. Neuroimage. 2006;31(2):721–
31. 
38. Coppola G, Pierelli F, Schoenen J. Habituation and sensitization in primary headaches. J Headache Pain. 
2010;11(6):571–7. 
39. Ploner M, Gross J, Timmermann L, Pollok B, Schnitzler A. Pain suppresses spontaneous brain rhythms. Cereb Cortex. 
2006;16(4):537–40. 
40. Nickel MM, Tiemann L, May ES, Schmidt P, Postorino M, Ta Dinh S, et al. Neural oscillations and connectivity 
characterizing the state of tonic experimental pain in humans. Hum Brain Mapp. 2017;38(1):157–69. 
41. Mhalla A, Baudic S, Ciampi de Andrade D, Perrot S, Bouhassira D. Alteration of cortical excitability in fibromyalgia 
patients. Pain. 2010;149(3):495–500. 
42. Lefaucheur JP, Antal A, Ayache SS, Benninger DH, Brunelin J, Cogiamanian F, et al. Evidence-based guidelines on 
the therapeutic use of transcranial direct current stimulation (tDCS). Clin Neurophysiol. 2017;128(1):56–92. 
43. Lefaucheur JP, Aleman A, Baeken C, Benninger DH, Brunelin J, Di Lazzaro V, et al. Evidence-based guidelines on the 
therapeutic use of repetitive transcranial magnetic stimulation (rTMS). Clin Neurophysiol. 2020;131(2):474–528. 



International Journal of Environmental Sciences 
ISSN: 2229-7359 
Vol. 11 No. 17s, 2025 
https://theaspd.com/index.php 
 

2831 
 

44. Iannetti GD, Hughes NP, Lee MC, Mouraux A. Determinants of laser-evoked EEG responses: Pain perception or 
stimulus saliency? J Neurophysiol. 2008;100(2):815–28. 
45. Rhudy JL, France CR, Bartley EJ, Williams AE, McCabe KM, Russell JL. Psychophysiological responses to pain: 
Further validation of the nociceptive flexion reflex (NFR). Pain. 2009;144(3):244–56. 
46. Yarnitsky D, Bouhassira D, Drewes AM, Fillingim RB, Granot M, Hansson P, et al. Recommendations on practice of 
conditioned pain modulation (CPM) testing. Eur J Pain. 2010;14(4):339. 
47. Loggia ML, Berna C, Kim J, Cahalan CM, Gollub RL, Wasan AD, et al. Disrupted brain circuitry for pain-related 
reward/punishment in fibromyalgia. Arthritis Rheum. 2014;66(1):203–12. 
48. Ploner M, Sorg C, Gross J. Brain rhythms of pain: Implications for clinical neurophysiology. Trends Cogn Sci. 
2017;21(2):100–10. 
49. Tiemann L, Schulz E, Gross J, Ploner M. Gamma oscillations as a neuronal correlate of pain perception. Brain. 
2010;133(5):1395–405. 
50. Naro A, Bramanti A, Cannavò A, Russo M, Marra A, Bramanti P, et al. Pain and motor cortex plasticity: From 
pathophysiology to rehabilitation. Neuroscience. 2016;338:115–25. 
51. Staud R. Abnormal central pain processing in chronic widespread pain: Biomarkers and therapeutic targets. Nat Rev 
Rheumatol. 2012;8(9):580–91. 
52. Apkarian AV, Baliki MN, Geha PY. Chronic pain as a disease: the neurobiological consequences of chronic pain. 
Neuroscientist. 2009;15(5):452–61. 
53. Hashmi JA, Baliki MN, Huang L, Baria AT, Torbey S, Hermann KM, et al. Shape shifting pain: Chronification of 
back pain shifts brain representation from nociceptive to emotional circuits. Brain. 2013;136(Pt 9):2751–68. 
54. Jensen O, Mazaheri A. Alpha oscillations and inhibitory control. Trends Cogn Sci. 2010;14(10): 479–87. 
55. Walton KD, Llinás RR. Central pain as a thalamocortical dysrhythmia syndrome. Thalamus Relat Syst. 2010;4(3):199–
213. 
56. Gross J, Schnitzler A, Timmermann L, Ploner M. Gamma oscillations in human primary somatosensory cortex reflect 
pain perception. PLoS Biol. 2007;5(5):e133. 
57. Lefaucheur JP. Cortical excitability in chronic pain: Findings from TMS. Clin Neurophysiol. 2016;127(1):23–30. 
58. Klein T, Magerl W, Hopf HC, Sandkühler J, Treede RD. Perceptual correlates of nociceptive long-term potentiation 
and long-term depression in humans. J Neurosci. 2004;24(4):964–71. 
59. Seminowicz DA, Wideman TH, Naso L, Hatami-Khoroushahi Z, Fallatah S, Ware MA, et al. Effective treatment of 
chronic low back pain with cognitive behavioral therapy changes pain-related cortical functional connectivity. J Pain. 
2011;12(4):476–84. 
60. de Vries M, Wilder-Smith OH, Jongsma ML, van den Broeke EN, Arns M, van Goor H, et al. Altered resting state 
EEG in chronic pancreatitis patients: toward a marker for chronic pain. Clin Neurophysiol. 2013;124(5):1037–46. 
61. Wiech K, Ploner M, Tracey I. Neurocognitive aspects of pain perception. Trends Cogn Sci. 2008;12(8):306–13. 
62. Villemure C, Bushnell MC. Cognitive modulation of pain: how do attention and emotion influence pain processing? 
Pain. 2002;95(3):195–9. 
63. de Andrade DC, Mhalla A, Adam F, Texeira MJ, Bouhassira D. Repetitive transcranial magnetic stimulation induced 
analgesia depends on the origin and the site of pain. Pain. 2011;152(12):2592–601. 
64. Garcia-Larrea L, Peyron R. Pain matrices and neuropathic pain matrices: a review. Pain. 2013;154 Suppl 1:S29–43. 
65. Tracey I. Neuroimaging of pain mechanisms. Curr Opin Support Palliat Care. 2007;1(2):109–16. 
66. Knotkova H, Cruciani RA, Tronnier VM, Rasche D. Current and future options for the management of neuropathic 
pain: Pharmacological and neuromodulation approaches. Neurotherapeutics. 2007;4(4):615–28. 
67. Jensen MP, Day MA, Miró J. Neuromodulatory treatments for chronic pain: efficacy and mechanisms. Nat Rev Neurol. 
2014;10(3):167–78. 
68. Dworkin RH, Turk DC, Farrar JT, Haythornthwaite JA, Jensen MP, Katz NP, et al. Core outcome measures for chronic 
pain clinical trials: IMMPACT recommendations. Pain. 2005;113(1-2):9–19. 


