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Abstract 

Objective: Chronic pain is processed by at least three well-known pathways, two pain provoking 

pathways including a medial ‘suffering’ and lateral ‘painfulness’ pathway. A third descending 

pain pathway modulates pain but is predominantly inhibitory. Chronic pain can be seen as an 

imbalance between the two pain-provoking and the pain inhibitory pathways. If this assumption 

is correct, then the imbalance between pain input and pain suppression should reverse and 

normalize in response to successful, i.e., pain reducing burstDR spinal cord stimulation, one of 

the current treatment options for neuropathic pain.  

Materials and Methods: Fifteen patients, who received spinal cord stimulation for failed back 

surgery were included in this study, using source localized electrical brain activity and 

connectivity recording via EEG to identify the purported imbalance.  

Results: BurstDR spinal cord stimulation induces a significant change in EEG activity in both 

the left and right somatosensory cortex (SSC) for both θ and γ oscillations. In the dorsal anterior 

cingulate cortex (dACC), we observed a significant drop in both α and β oscillations. This 

reduction is accompanied by a change in pain intensity and suffering. BurstDR spinal cord 

stimulation is also associated with a reduction in θ at the pregenual anterior cingulate cortex 

(pgACC). Analyzing effective connectivity indicates that for the θ band, more information is 

sent from the pgACC to the left and right SSC. For α, increased information is sent from the 

pgACC to the dACC and both the left and right SSC. This is associated with a reduced θ-γ 

coupling in the SSC and reduced α-β coupling in dACC.  

Conclusion: This study suggests that chronic pain is indeed an imbalance between the ascending 

and descending pathways in the brain and that burst spinal cord stimulation can normalize this 

imbalance in the brain.  

 

Jo
urn

al 
Pre-

pro
of



3 

 

Introduction 

Over one-third of the world's population suffers from persistent or chronic pain, resulting in 

tremendous burden for the individual[1] and society[2]. The subjective experience of chronic 

pain results from pathological brain network interactions, rather than from persisting 

physiological sensory input via nociceptors[1]. Pain is processed by three well-known 

pathways[3-8]. The two ascending pathways include the anatomically and functionally 

separable medial and lateral pain pathway[3, 9-11]. The medial pain pathway, which involves 

the dorsal anterior cingulate cortex (dACC) and anterior insula as main hubs, encodes the 

unpleasantness and suffering of pain[3, 4, 9-11]. The lateral pathway, which involves the 

somatosensory cortex (SSC) as major hub, processes the discriminatory/sensory components 

of the pain[9-12]. In addition, a descending pain inhibitory pathway[6] involves the rostral and 

pregenual anterior cingulate cortex (pgACC), hypothalamus, and periaquaductal gray (PAG). 

The PAG connects to serotoninergic nucleus raphe magnus (NRM) as well as to thenucleus 

reticularis gigantocellularis-pars alpha and the nucleus paragigantocellularis lateralis of the 

rostral ventromedial medulla oblongata. These two nuclei connect to the noradrenergic nucleus 

reticularis lateralis (NRL). Both the serotoninergic NRM and noradrenergic NRL project to the 

dorsal horn of the spinal cord, modulating somatosensory input[5-7, 10, 11, 13, 14]. This 

descending pathway is responsible for stress-mediated pain inhibition[15], and placebo 

analgesia[7, 13].  

Recent research has theorized chronic pain as an imbalance between brain areas involved in 

ascending and descending pain pathways[16-18]. This imbalance is controlled by different 

brain oscillations that all contribute in routing of information flow between brain areas involved 

in pain input and pain suppression[19]. That is, as proposed by the thalamococrtical 

dysrhythmia model[20], chronic pain is associated with a reduction in resting state alpha power 

and increased θ and γ oscillations in the SSC. The increased γ band activity in the SSC correlates 
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with intensity of chronic pain, similar to what is noted in acute experimental pain[19, 21-23]. 

The dACC accelerates from θ to α and β frequencies, suggesting an increase in pain suffering. 

The descending pain inhibitory system with the pgACC as main hub normally oscillates at rest 

in θ[24]. For chronic pain patients the descending pain inhibitory system accelerates from θ to 

α suggesting that pain suppression is paradoxically increased, possibly as an attempt, albeit 

insufficient, to compensate for the increase in pain input[10].  

An implicit assumption related to the imbalance model posits that pain can improve either 

by reducing pain input and/or increasing pan suppression or a combination of both[10]. Spinal 

cord stimulation is used to treat neuropathic pain, failed back surgery, complex regional pain, 

angina pectoris, metabolic and ischemic limb pain [25-28]. Research has shown that spinal cord 

stimulation induces a reduction in somatosensory evoked potentials, suggesting that spinal cord 

stimulation inhibits cortical somatosensory processing [29, 30]. Furthermore, a review of the 

effects of spinal cord stimulation on spectral features in resting-state electroencephalography 

identified revealed changes in activity in the studied frequency bands, i.e. theta [4-7.5 Hz], 

alpha [8-12.5 Hz], beta [13-30 Hz], and gamma [30+ Hz]) [31]. The eight included EEG studies 

identified modulation of of the medial, lateral and descending pain pathways for paresthesia-

free spinal cord stimulation paradigms, and lateral and descending pain pathways fortraditional 

tonic stimulation[31]. Indeed, EEG research shows that tonic spinal cord stimulation mainly 

modulates the lateral and descending pathway, while burstDR spinal cord stimulation 

modulates the medial descending pathway as well[8, 17]. These findings were further 

confirmed using Fluorodeoxyglucose Positron Emission Tomography [33].Moreover, multiple 

of the included studies reported an increased alpha peak frequency, increased alpha power, 

and/or decreased theta power when SCS was compared with baseline, indicating modulation of 

thalamocortical pathways[31]. One form of spinal cord stimulation is burstDR spinal cord 

stimulation, applying small bursts of monophasic pulses charge balanced after the pulses[17, 

Jo
urn

al 
Pre-

pro
of



5 

 

34, 35]. Functional imaging studies in spinal cord stimulation have shown that a decrease in 

perceived pain intensity and pain quality correlates with  changes in the dACC, SSC as well as 

pgACC that are part of the medial, lateral, and descending pathway, respectively[8, 10, 17, 34, 

36, 37]. If the balance model is correct, the signature of the imbalance between pain input and 

pain suppression should reverse and normalize in response to burstDR stimulation.  

A balance, by definition, requires communication between areas that are involved in pain 

input and suppression such as the dACC, SSC, and pgACC. Thus, the lack of communication, 

as demonstrated by decreased functional connectivity between pain input and pain suppression, 

results in a loss of balance between interacting areas[16]. Indeed, functional connectivity 

changes have been identified between dACC, SSC, and pgACC for both the θ and α band[16]. 

This communication deficit is associated with increased θ-γ coupling in the SSC[16], which is 

consistent with the thalamocortical dysrhythmia model of pain that proposes that α-γ nesting is 

a physiological mechanism transmitting sensory information and that slowed down alpha into 

the θ range reflects pathological θ-γ coupling, associated with tinnitus and pain[20, 38, 39].  

Based on a cross-sectional analysis an imbalance between pain input and pain suppression 

in the brain pathways, rather than an isolated increase in pain input, was already suggested as 

the underlying mechanism of chronic pain perception[10, 11, 16]. The goal of this study is to 

further explore the proposed hypothesis that chronic pain is indeed the result of a persisting 

quantifiable and thus measurable imbalance between pain input and pain suppression in the 

brain involving different neuronal oscillations. Based on the thalamocortical dysrhythmia 

model of chronic pain[20, 40-42] and the imbalance model[10, 11, 16], we expect that 

suppression of chronic pain is associated with both activity and connectivity changes. For 

activity we expect a spinal cord stimulation induced increase in α and decrease in θ and γ 

oscillations in the SSC, as well as changes in the θ, α and β frequencies in the dACC and 

pgACC. A balance requires communication, i.e. connectivity, between areas that are involved 

Jo
urn

al 
Pre-

pro
of



6 

 

in pain input and suppression. Consequently, we expect that SCS improves the communication 

and thus connectivity between dACC, SSC, and pgACC, i.e. shows a tendency to normalization.  

 

Methods and Materials  

Participants 

Fifteen patients, 9 men and 6 women, were included in this study. Patients’ ages range 

between 40 and 67 years, with a mean of 53.22 years (Sd = 9.34). The 15 consecutive patients 

presenting at the neuromodulation clinic of the University Hospital Antwerp, Belgium were 

eligible for spinal cord stimulation according to the Belgian requirements for reimbursement 

for spinal cord stimulation, which states that the patient has to be medically intractable to 

opioids and antiepileptic drugs were included. All patients were selected by the neurosurgeon 

Dirk De Ridder, and after multidisciplinary discussion with a specialized pain physician, a 

psychological and psychiatric evaluation was performed to rule out psychogenic pain as well 

as other psychiatric morbidity contraindicating an implant. After authorization by the 

psychologist and psychiatrist, as mandatory by the Belgian health system, an implant was 

offered. The study was in accordance with the ethical standards of the Helsinki declaration 

(1964) and was approved by the institutional ethics committee (UZA OGA85). 

 

Implantation 

The data was collected before 2017. All patients underwent a surgical implantation of a 

Lamitrode 88 (St. Jude Medical neurodivision, Plano, TX, USA) via laminectomy under general 

anesthesia. An initial programming session was performed for one week in tonic mode to define 

which electrodes covered the painful body area, as determined by paresthesia coverage. The 

patients’ internal pulse generator (IPG) was programmed while lying down. The patients were 

discharged on the second postoperative day and were instructed not to change the stimulation 
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parameters during the next week. They were only allowed to use a magnet for forcefully 

stopping stimulation in case of emergency. Reprogramming consisted of first turning off the 

stimulator and when the patient mentioned the pain had recurred to its prestimulation level, the 

new stimulation set was applied. Both the patient, the physician as outcome assessor as well as 

the statistician were blinded to exact parameters (e.g., amplitude, electrode configuration), only 

the programmer was aware of the settings. As the Belgian reimbursement system at the time of 

the study mandated a minimum of 28 days of externalized stimulation, the 3 weeks of burst 

stimulation was performed to find the optimal settings using a non-sterile EON® (SJMedical, 

Plano, TX, USA) IPG via externalized extension wires. After the final implantation of the IPG, 

patients were programmed using the parameters that resulted in maximal pain suppression. 

Patients came back six months after the IPG implantation for final assessment. 

The burst mode was programmed using a custom-made software and programming device. 

Typically, burst stimulation is characterized by a lower amplitude, but larger pulse width, 

resulting in a similar energy delivery per pulse[35]. In burst mode the amplitude was increased 

up to the moment that paresthesias were elicited. Subsequently the amplitude was decreased to 

a level below paresthesia threshold.  

The cumulative charge of the five 1 ms spikes is balanced during 5 ms following the 

monophasic spikes, and charge balancing is not performed after each individual spike, as this 

mimics intermittent tonic firing, rather than true burst firing[43-45]. This differentiates burst 

mode from intermittent high frequency stimulation[43].  

 

Assessments 

Primary outcome measures were the pain Visual Analogue Scale (VAS) consisting of a 100-

mm line for general pain. General pain is defined as a global pain score experienced during the 

past week, not specifying axial or limb pain. The secondary outcome measure was pain 
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catastrophizing scale (PCS). The PCS indicates the catastrophizing impact of pain experienced 

by the patient. It consists of 13 statements concerning pain experiences on a 5-point scale[46]. 

Both outcome measures were collected via written assessments before implantation and after 

the third week of burstDR stimulation where all settings were stable for at least one week. 

 

Electroencephalogram (EEG) 

1. Recordings 

Electroencephalography (EEG) data (Neuroscan, http://compumedicsneuroscan.com/) were 

obtained in a quiet room while each participant was sitting upright on a comfortable chair. The 

scalp was cleaned with alcohol wipes before the baseline EEG recording. The EEG was 

sampled with 19 electrodes in the standard 10–20 International placement and impedances were 

checked to remain below 5 kΩ. Data were collected eyes-closed (sampling rate = 1 kHz, band 

passed DC–200 Hz) and lasted approximately 5 min. The midline reference was located at the 

vertex and the ground electrode was located at AFZ. Participants were instructed not to drink 

alcohol 24 hours prior to EEG recording or caffeinated beverages one hour before recording to 

avoid alcohol- or caffeine-induced changes in the EEG stream [47-49]. The alertness of 

participants was checked by monitoring both slowing of the alpha rhythm and appearance of 

spindles in the EEG stream to prevent possible enhancement of the theta power due to 

drowsiness during recording[50]. The EEGs are performed before and the end of at least week 

of burst stimulation. While recording the EEG, the IPG was switched-off to avoid artefacts in 

the EEG. The IPG was switched-off immediately before EEG recording, while pain reduction 

was maintained due to residual inhibition for a longer time than the EEG recording. Off-line 

data were resampled to 128 Hz, band-pass filtered in the range 2–44 Hz and subsequently 

transposed into Eureka! software[51], plotted and carefully inspected for manual artifact-
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rejection. All episodic artifacts including eye blinks, eye movements, teeth clenching, body 

movement, or ECG artifacts were removed from the stream of the EEG.  

A careful inspection of artifacts was performed and all episodic artifacts suggestive of eye 

blinks, eye movements, jaw tension, teeth clenching, or body movement were manually 

removed from the EEG stream. An artifact was defined as an EEG characteristic that differs 

from signals generated by activity in the brain [42]. 1) Some artifacts are known to be in a 

limited frequency range, e.g., above some frequency. These were removed by frequency 

filtering. 2) Some artifacts consist of discrete frequencies such as 50 Hz or its harmonics. These 

were removed by notch filtering. 3) Some artifacts are limited to a certain time range, e.g., in 

the case of eye blinks. These artifacts were recognized by visual inspection and these time 

intervals were discarded. 4) Some artifacts originate from one or a few distinct sources or a 

limited volume of space so that the artifact topography is a superposition of characteristic 

topographies (equivalently, the artifact is limited to a subspace of the signal space). We 

removed these artifacts by determining the characteristic topographies (equivalently, the artifact 

subspace) so that the remaining signals do not contain anything from the artifact subspace. 5) 

Artifacts and true brain signals that can be assumed to be sufficiently independent can be 

removed by independent component analysis. 6) Some artifacts are characterized by a temporal 

pattern such as exponential decay. We removed these artifacts by modeling the artifact and 

fitting its parameters to the data and then removing the artifact. The average length of the EEG 

after artefact rejection was 4.23 minutes with a minimum of 3.91 minutes. 

 

2. Region of interest analysis 

Exact low-resolution brain electromagnetic tomography (eLORETA, available at 

https://www.uzh.ch/keyinst/) is a functional imaging method yielding standardized current 

density with zero localization error based on certain electrophysiological and neuroanatomical 
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constraints[52]. eLORETA was utilized to estimate the intracerebral sources generating the 

scalp-recorded electrical activity in each of the following five frequency bands: θ (4–7.5 Hz), 

α (8–12 Hz), β (13–30 Hz), and γ (30.5–44 Hz)[53]. The sLORETA algorithm solves the inverse 

problem—the computation of images of electric neuronal activity based on extracranial 

measurements—by assuming related orientations and strengths of neighboring neuronal 

sources that are represented by adjacent voxels. The solution space used in this study and 

associated lead field matrix are those implemented in the LORETA-Key software. This 

software implements revisited realistic electrode coordinates[54] and the lead field[55] by 

applying the boundary element method on the MNI-152 (Montreal Neurological Institute, 

Canada). The eLORETA-key anatomical template divides and labels the neocortical (including 

the hippocampus) MNI-152 volume in 6,239 voxels with a size of 5×5×5 mm, based on 

probabilities returned by the Daemon Atlas (Lancaster et al. 2000). The co-registration makes 

use of the correct translation from the MNI-152 space into the Talairach and Tournoux space. 

Anatomical labeling of significant clusters was done using sLORETA’s built-in toolbox.  

The log-transformed electric current density was averaged across all voxels belonging to the 

regions of interest (ROIs) for the different frequency bands: δ (2–3.5 Hz), θ (4–7.5 Hz), α (8–

12 Hz), β (13–30 Hz), and γ (30.5–44 Hz). The ROIs in the present study are the left and right 

somatosensory cortex (SSC), the dorsal anterior cingulate cortex (dACC), and pregenual 

anterior cingulate cortex (pgACC). For the dACC and the pgACC, we do not differentiate 

between left and right due to their proximity to the midline, as due to volume conduction, 

laterality is harder to differentiate for areas close to the midline.  

 

3. Lagged phase coherence 

Coherence and phase synchronization between time series corresponding to different spatial 

locations are usually interpreted as indicators of “connectivity.” However, any measure of 

Jo
urn

al 
Pre-

pro
of



11 

 

dependence is highly contaminated with instantaneous, non-physiological contributions due to 

volume conduction[56]. However, Pascual-Marqui[57] introduced new measures of coherence 

and phase synchronization taking into account only non-instantaneous (lagged) connectivity, 

effectively removing the confounding factor of volume conduction. Such “lagged phase 

coherence” between two sources can be interpreted as the amount of cross-talk or 

communication between the regions contributing to the source activity[58]. Since the two 

components oscillate coherently with a phase lag, crosstalk can be interpreted as information 

sharing by axonal transmission. More precisely, the discrete Fourier transform decomposes the 

signal in a finite series of cosine and sine waves at the Fourier frequencies [59]. The lag of the 

cosine waves with respect to their sine counterparts is inversely proportional to their frequency 

and amounts to a quarter of the period. For example, the period of a sinusoidal wave at 10 Hz 

is 100 ms; the sine is shifted a quarter of a cycle (25 ms) with the respect to the cosine; then, 

the lagged phase coherence at 10 Hz indicates coherent oscillations with a 25 ms delay, while 

at 20 Hz the delay is 12.5 ms, etc. 

 

4. Granger causality 

We calculated Granger causality using eLORETA. Granger causality reflects the strength of 

the information transfer, i.e. effective connectivity (i.e. causal interactions, extract activity of 

one are of causal influences of one neural element over another) from one region to another by 

quantifying how much the signal in the seed region is able to predict the signal in the target 

region[60, 61]. In other words, effective connectivity can be considered as directional 

functional connectivity. Granger causality is defined as the log-ratio between the error variance 

of a reduced model, which predicts one time series based only on its own past values, and that 

of the full model, which in addition includes the past values of another time series. It is 

important to note that Granger causality does not imply anatomical connectivity between 
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regions but directional functional connectivity between two sources. In this study, we look at 

the effective connectivity between the pgACC, dACC, and the left and right SSC. 

 

5. Cross-frequency coupling 

Theta-beta, theta-gamma, and alpha-gamma coupling (e.g., by nesting) are proposed to be 

effective means of communication between cortically distant areas[62]. To verify whether this 

nesting is present, nesting was calculated for the pgACC, dACC, and the left and right SSC. 

We computed cross-frequency coupling using eLORETA. Phase–amplitude was chosen over 

power–power cross-frequency coupling as the former has been shown to reflect a physiological 

mechanism for effective communication in the human brain[62]. The time-series for each ROI 

was obtained. Next, these were filtered in the θ (4-7.5 Hz), α (8–12 Hz), β (12.5-30 Hz), and γ 

(30.5-44 Hz) frequency band-pass regions. The Hilbert transform was then computed on the 

beta or gamma component and the signal envelope retained. Finally, the Pearson correlation 

between the theta/alpha component and the envelope of the beta/gamma envelope was 

computed.  

 

Statistical analysis 

For statistical analysis a repeated measures ANOVA for the region of interest, the granger 

causality, and the cross-frequency analysis with a p < .05 significance threshold is used. As the 

study is characterized by a relatively small sample size (n =15) with a single within-subjects 

factor, a potential danger is a Type I error. The data are normally distributed as determined by 

a one-sample Kolmogorov-Smirnov test, and a Mauchly's sphericity test indicated that the 

variances of the differences between all possible pairs of within-subject conditions are equal.  

Recent research provided empirical evidence that a repeated measures ANOVA with a 

correction for the degrees of freedom (i.e., Greenhouse–Geisser correction) can be applied 
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under the conditions of normality and equal variances. When combined with a single within-

subjects factor this controls Type I error rates [63]. Planned comparison tests (i.e., simple 

contrast analysis) and not a post-hoc analysis was performed, as this method is preferable when 

specific predefined scientific questions have been determined. 

 

1. Region of interest 

We performed a repeated measure ANOVA with the pre- and post-stimulation log-

transformed current density for respectively the pgACC, dACC and the left and right SSC as 

within variables, respectively. These areas and frequency bands were selected based on the a 

priori hypothesis (see introduction).  

Pearson correlations were calculated between the region of interest and the pain score as 

measured with the VAS for the frequency bands at the left and right SCC, as well as the pgACC. 

This analysis was corrected for pairwise comparisons using a Bonferroni correction. Pearson 

correlations were calculated for log-transformed current density of pgACC and PCS. 

 

2. Lagged phase coherence or functional connectivity 

The threshold of significance for a given lagged phase coherence value according to 

asymptotic results can be found as described by Pascual-Marqui [52, 56, 57], where the 

definition of lagged phase coherence can be found as well. As such, this measure of dependence 

can be applied to any number of brain areas jointly, i.e., distributed cortical networks, whose 

activity can be estimated with sLORETA. Measures of linear dependence (coherence) between 

the multivariate time series are defined. The measures are non-negative and take the value zero 

only when there is independence and are defined in the frequency domain. Based on this 

principle lagged linear connectivity was calculated. Time-series of current density were 

extracted for different regions of interest using sLORETA. Power in all 6,239 voxels was 
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normalized to a power of 1 and log transformed at each time point. Region-of-interest values 

thus reflect the log transformed fraction of total power across all voxels, separately for specific 

frequencies. The regions of interest selected were the pgACC, dACC, and left and right SSC. 

Lagged phase synchronization/coherence or functional connectivity contrast maps were 

calculated for the frequency bands: theta (4–7.5 Hz) and alpha (8–12 Hz), based on previous 

findings. The significance threshold was based on a permutation test with 5000 permutations 

using threshold t-value at .05. This methodology corrects for multiple testing (i.e., for the 

collection of tests performed for all voxels, and for all frequency bands).  

 

3. Granger causality 

We applied Granger causality analysis to look at the direction of functional connectivity (i.e., 

effective connectivity). For the theta frequency, we performed a repeated ANOVA including 

the Granger causality for the effective connectivity pre- and post-stimulation (pgACC→left 

SSC and left SSC→pgACC; pgACC→right SSC and right SSC→pgACC) as within-subjects 

variables, respectively.  

For the alpha frequency, we performed a repeated including the effective connectivity 

(pgACC→left SSC, left SSC→pgACC, pgACC→right SSC, right SSC→pgACC, 

pgACC→dACC, dACC→pgACC) and the pre- and post-stimulation within-subjects variables, 

respectively. These areas and frequency bands were selected based on the a priori hypothesis 

(see introduction). 

 

4. Cross-frequency coupling 

We performed a repeated measures ANOVA for both the theta-gamma and alpha-gamma 

phase-amplitude coupling pre- and post-stimulation, and this for both the left and right SSC and 
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alpha-beta coupling for the dACC as within-subjects variables. Based on the outcome, simple 

contrast analyses were conducted to look at specific effects.  

 

Results 

Effect on Pain 

Patients had a score on the VAS of 7.55 (Sd = .77) before treatment and 4.85 after treatment 

(Sd = 1.02) showing a significant decrease in pain (F = 161.15, p <.001). For PCS, after 

stimulation the PCS dropped from 36.33 (Sd = 10.17) to 14.60 (Sd = 11.49) (F = 9.63, p = .008). 

 

Region of interest analysis 

For the pgACC, a significant decrease was revealed for the θ frequency band (F = 14.49, p 

= .002), but not for α frequency band (F = .61, p = .45)(see figure 1a). Pre-stimulation, a 

correlation analysis further showed that theta and alpha in the pgACC correlated negatively (r 

= -.68, p = .005), indicated the higher the log-transformed current density for θ, the lower the 

log-transformed current density for α, or vice versa. This correlation for the pgACC between 

the log-transformed current density for θ and α was not obtained post-stimulation (r = -.09, p = 

.74; see figure 1b). Pre-stimulation, a positive significant correlation was obtained between the 

VAS pain (pre) and log-transformed current density for θ (r = .65, p = .009), but not for the log-

transformed current density for α (r = -.34, p = .22) (see figure 1c). Post-stimulation, no 

significant correlation was obtained between the VAS pain (post) and log-transformed current 

density for θ (r = .19, p = .50) or α (r = .07, p = .81) respectively (see figure 1d). 

For dACC, for both the α frequency band (F = 9.41, p = .008) and the β frequency band (F 

= 14.81, p = .002), a decrease in log-transformed current density post-stimulation in comparison 

to pre-stimulation (see figure 2a) was identified. Pre-stimulation, a positive significant 

correlation was obtained between the PCS (pre) and log-transformed current density for α (r = 
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.63, p = .012) and for β (r = .74, p = .002) in the dACC, respectively (see figure 2b). Post-

stimulation, no significant correlation was obtained between the PCS (post) and log-

transformed current density for α (r = .07, p = .81) or β (r = -.26, p = .34), respectively (see 

figure 2c). 

For the left and right SSC, a significant decrease was revealed for the θ frequency band (left: 

F = 34.84, p < .001; right: F = 27.68, p < .001) and the γ frequency band (left: F = 38.55, p < 

.001; right: F = 27.71, p < .001) for post-stimulation in comparison to pre-stimulation (see 

figure 3a-b). For the left SSC, pre-stimulation a positive significant correlation was found 

between the VAS pain (pre) and log-transformed current density for the γ frequency band (r = 

.78, p < .001), but not for the log-transformed current density for θ frequency band (r = -.18, p 

= .53)(see figure 3c). Post-stimulation, no significant correlation was obtained between the 

VAS pain (post) and log-transformed current density for θ (r = -.11, p = .70) or γ (r = .39, p = 

.15), respectively (see figure 3e). For the right SSC, pre-stimulation a positive significant 

correlation was identified between the VAS pain (pre) and log-transformed current density for 

γ frequency band (r = .61, p = .015), but not for the log-transformed current density for the θ 

frequency band (r = -.07, p = .80) (see figure 3d). Post-stimulation, no significant correlation 

was obtained between the VAS pain (post) and log-transformed current density for θ (r = -.002, 

p = .99) or γ (r = .48, p = .07) respectively (see figure 3f). 

 

Functional connectivity 

Functional connectivity post-treatment for α is increased in comparison to pre-treatment (t 

= 3.95, p < .05).  Increased connectivity was identified between the pgACC and SSC, and the 

dACC and SSC, as well pgACC and dACC (see figure 4). For θ no significant effect was 

obtained between pre- and post-stimulation (t = .96, p = .74). 
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Effective connectivity 

 For the θ frequency band, a repeated measures ANOVA revealed communication changes 

between the left SSC and the pgACC (F = 7.58, p = .007) (see figure 5a). For the left 

SSC→pgACC a significant reduction was shown post-stimulation in comparison to pre-

stimulation (F = 6.91, p = .020). An opposite effect was obtained for the communication 

between pgACC→left SSC showing a significant increase in communication post-stimulation 

in comparison to pre-stimulation (F = 4.96, p = .043). A similar analysis was applied for 

communication between right SSC and the pgACC for the θ frequency band, revealing also a 

significant effect (F = 4.15, p = .040) (see figure 5b). For the right SSC→pgACC a significant 

reduction was shown post-stimulation in comparison to pre-stimulation (F = 5.85, p = .030). 

The communication between pgACC→right SSC showing a significant increase in 

communication post-stimulation in comparison to pre-stimulation (F = 6.16, p = .026). See 

figure 5c for an overview. 

For the α frequency band, a repeated measures ANOVA revealed a significant effect for the 

communication between left SSC and the pgACC (F = 5.57, p = .018), between right SSC and 

the pgACC (F = 4.34, p = .036), and between dACC and the pgACC (F = 3.92, p = .043)(see 

figure 6a-c). For the pgACC→left SSC a significant increase was shown post-stimulation in 

comparison to pre-stimulation (F = 11.74 p = .004), while no significant effect was 

demonstrated for left SSC →pgACC (F = 1.08, p = .32) when comparing pre- versus post-

stimulation. Also, for the communication from pgACC→right SSC a significant increase was 

shown post-stimulation in comparison to pre-stimulation (F = 9.35 p = .009), while no 

significant effect was demonstrated for right SSC →pgACC (F = .55, p = .474). For the 

communication between dACC and pgACC a significant effect was obtained for pgACC 

→dACC shown post-stimulation in comparison to pre-stimulation (F = 8.04 p = .013), while 
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no significant effect was demonstrated for left SSC →pgACC (F = .08, p = .78). See figure 6d 

for an overview. 

 

Cross-frequency coupling 

A significant reduction for θ-γ coupling was obtained for SSC (F = 10.83, p = .002)(see 

figure 7a). A closer look showed that for both left SSC (F = 11.11, p = .005) and right SSC (F 

= 6.97, p = .019) a significant decrease in coupling was obtained post-stimulation. Furthermore, 

a significant reduction in α-β coupling was revealed post-stimulation in comparison to pre-

stimulation for dACC (F = 5.94, p = .029) (see figure 7b). 

 

Discussion 

This study suggests that chronic pain is indeed an imbalance between the ascending and 

descending pathways in the brain and that burst spinal cord stimulation reduces this brain 

imbalance, associated with a reduction in pain and suffering. 

This study confirms that chronic pain is associated with increased θ and γ oscillations in the 

left and right SSC, and that γ oscillations correlate with pain intensity, as previously shown[42]. 

This is in contrast to a recent systematic review that failed to find gamma changes in chronic 

neuropathic pain [64]. Furthermore, these findings are also in agreement with the 

thalamocortical dysrhythmia model[20, 40, 42, 65-70]. The thalamocortical dysrhythmia 

hypothesis suggests that somatosensory deafferentation leads to a thalamocortical column-

specific decrease in information processing, which permits slowing down of resting-state 

thalamocortical activity from normal α to the θ frequency range[20, 42, 71]. Decreased input 

also results in a reduction of GABAA-mediated lateral inhibition, inducing γ band activity 

surrounding the deafferented thalamocortical columns[71]. This γ band activity surrounding θ 

activity is known as the edge effect[20, 71]. An abnormal increase of θ oscillations in chronic 
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pain patients has been identified[40, 64, 72]. In addition, the θ-γ coupling that was observed in 

the SSC, might represent pain-related γ activity[21-23] nested on θ as a carrier wave[73], 

analogous to what has been proposed for cognitive processing[62].  

The dACC, as main hub of the medial ‘suffering’ pathway, accelerates from θ to α and β 

frequencies. Both the θ to α and β correlate positively with the suffering component of the pain 

as measured by the pain catastrophizing scale. The descending pain inhibitory system with the 

pgACC as main hub, which normally oscillates at rest in θ is reduced in chronic pain[24]. The 

descending pain inhibitory system accelerates from θ to α suggesting that pain suppression is 

paradoxically increased, possibly as an attempt, albeit insufficient, to compensate for the 

increase in pain input[10] as indicated by a negative correlation between the θ and α 

oscillations[16].  

BurstDR spinal cord stimulation induces a significant change in localized brain activity. In 

both the left and right SSC as well the dACC we identified a significant drop in both θ and γ 

oscillations for the SSC and in both α and β oscillations for the dACC. This reduction correlates 

with diminished pain intensity and pain suffering for the SSC and dACC, respectively. This 

suggests that burst spinal cord stimulation modulates both the lateral and medial pathway. 

BurstDR stimulation also induces a reduction in θ for the pgACC, but no changes were observed 

for the α frequency band. However, we do observe a disconnection between the θ and α 

oscillations post burstDR spinal cord stimulation. 

A balance, by definition, requires communication between pain input and suppression 

between the dACC, SSC, and pgACC. BurstDR stimulation seems to increase communication 

between brain areas involved in pain processing, as demonstrated by increased functional 

connectivity between pain input and pain suppression. Indeed, the results of this study indicate 

increased functional connectivity changes between dACC, SSC, and pgACC for the α band, but 

not for the θ band. A closer look at the data by analyzing effective connectivity however 
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indicates that for the θ band, more information is sent from the pgACC to the left and right SSC. 

This is likely associated with a suppression of the pain and fits with the idea that the imbalance 

results from reduced pain suppression. For α, increased information is sent from the pgACC to 

the dACC and both the left and right SSC. These latter findings could suggest that the pgACC 

is inhibiting activity in both dACC and SSC. This is further confirmed by a reduced θ-γ coupling 

in the SSC and reduced α-β coupling in dACC. For the SCC areas this is consistent with the 

thalamocortical dysrhythmia model of pain that proposes that the amount of pathological θ-γ 

coupling is associated with increasing chronic pain[42] and that a reduction in θ-γ coupling 

correlates with a decrease in pain due to the γ oscillations that are nested to a lesser extent on 

the θ [20, 38].  

Although chronic pain is one of the most important medical problems facing society, there 

has been limited progress in finding an objective measure for this fundamentally subjective 

state. The reason is that a conceptually new way of defining pain from an electrophysiological 

point of view is still lacking, which could potentially permit an objective quantification of a 

subjective pain state, purely and entirely based on measuring brain activity. Chronic pain 

remains difficult to diagnose and manage due to our limited understanding of the underlying 

mechanisms. Investing in biomarker research has the potential to impact care at multiple stages, 

including susceptibility screening, diagnosis, prognosis, and more[74]. With accumulating 

evidence for substantial changes in brain structure and function observed in chronic pain, 

noninvasive, brain-based measures can likely significantly contribute to the development of 

pain biomarkers. Because of its scalability, low cost and ease of use in clinical settings, 

EEG holds great potential as pain biomarker[74]. These new insights of this standard study that 

define chronic pain as the result of a persisting measurable imbalance between pain input and 

pain suppression in the brain can help to develop such a biomarker.   
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Although this study revealed some interesting findings that will help to better understand 

neuropathic pain, this study has some limitations. First is the low sample size. Research by 

other groups to cross-validate our findings is warranted. This study was exploratory in nature, 

aiming to identify potential patterns or relationships in the data. Although our findings confirm 

the balance model, these findings are a starting point for further investigation. Correction 

methods for multiple comparisons reduce the probability of making a Type I error but at the 

cost of decreased statistical power. Because of the unique dataset applying correction methods 

might result in an overly conservative approach, impeding the identification of potentially 

important effects. In our cases, a balance between statistical rigor and context-specific 

considerations is crucial. Furthermore, generalization of the findings of this study require 

confirmation by other spinal cord stimulation designs such as tonic stimulation, high frequency 

stimulation, high density stimulation or differential target multiplexed spinal cord stimulation. 

Research involving pharmacological treatments with NSAIDs, opioids or antiepileptics can also 

be used to verify the pain imbalance hypothesis. 

Traditionally, pain is considered the result of noxious input to the brain via the spinal cord 

or brainstem, with modification by a descending pain inhibitory pathway in specific situations. 

This study provides evidence that successful spinal cord stimulation for chronic pain rebalances 

ascending and descending pain pathways. This means that pain can result from increased 

noxious input, as in nociceptive pain, with deficient pain suppression, but also from a deficient 

suppression without increased input, or theoretically even from decreased pain input, if 

suppression is decreased even more[10]. Furthermore, increased noxious input doesn’t 

necessarily lead to pain, as long as pain suppression equals input.  

In summary, this study demonstrates that non-pharmacological treatment using burstDR 

spinal cord stimulation improves this pain imbalance. This fundamentally new concept of 

seeing pain as an imbalance disorder in the brain has large implications, not only as a basis for 
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finding an objective measure for a subjective pain state, but also for developing better pain 

medication, novel neurostimulation designs, and subtyping pain. Furthermore, in view of the 

analogy of the underlying pathophysiology of pain, tinnitus, depression, Parkinson’s 

disease[42], and slow wave epilepsy[20], there is no reason to believe this concept could not be 

extended to these other subjective states. 
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Figure legends 

Figure 1. (a) A comparison between pre and post burstDR spinal cord stimulation identified a 

significant difference in current density for the θ frequency band in the pgACC after 

stimulation. No significant difference was found for the α-band. (b) A correlation was shown 

between the current density for the θ and α frequency band pre-stimulation, but not post-

stimulation. (c) an association was identified for the θ frequency band between the current 

density in pgACC and the pain intensity as measured by a VAS, pre-stimulation. This 

association was not  found for the α-band. (d) No association was shown for the θ and α 

frequency band between the current density in pgACC and the pain intensity as measured by 

a VAS, post-stimulation. 

Figure 2. (a) A comparison between pre and post burstDR spinal cord stimulation identified a 

significant difference for both the α and β frequency band current density in the dACC after 

stimulation. (b-c) The current density for both the θ and α frequency band for dACC 

correlates with the PCS pre-stimulation, but not after stimulation. 

Figure 3. (a-b) A comparison between pre and post burstDR spinal cord  identified a significant 

difference for both the θ and γ frequency band current density in the left and right SSC after 

stimulation in comparison to before stimulation. (c-d) Pre-stimulation a significant positive 

correlation was found between the current density at γ for the left and right SSC and the pain 

intensity as measured by VAS.  For the θ frequency band no significant correlation was 

found between left and right SSC and the pain intensity. (e-f) post-stimulation, no significant 

correlation was obtained between current density for θ and γ frequency for left and right SSC 

and the pain intensity as measured by VAS. 

Figure 4. Functional connectivity post-treatment for α in comparison to pre-treatment revealing 

increased connectivity between the pgAAC and SSC, and the dACC and SSC, as well 

pgACC and dACC.  
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Figure 5. (a-b) A comparison between pre and post burstDR spinal cord stimulation for 

effective connectivity from left SSC→pgACC and pgACC→left SSC, as well as the right 

SSC→pgACC and pgACC→right SSC for the θ frequency band. This revealed for a 

significant reduction in effective connectivity for both the left SSC→pgACC and the right 

SSC→pgACC and increased effective connectivity for the pgACC→left SSC and right 

SSC→pgACC post-stimulation in comparison to pre-stimulation. (c) A summary figure of 

the results obtained for the θ frequency band. 

Figure 6. (a-c) A comparison between pre and post burstDR spinal cord stimulation for 

effective connectivity from left SSC→pgACC and pgACC→left SSC, the right 

SSC→pgACC and pgACC→right SSC as well as the dACC→pgACC and pgACC→dACC 

for the α frequency band. The analysis identified a significant increase in effective 

connectivity from pgACC→left SSC, pgACC→right SSC, and the pgACC→dACC post-

stimulation in comparison to pre-stimulation. (d) A summary figure of the results obtained 

for the α frequency band. 

Figure 7. (a-b) A significant reduction for θ-γ coupling was identified for the left and right SSC 

and α-β coupling for dACC post-stimulation in comparison to pre-stimulation. 
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• This study suggests that chronic pain is the result of an imbalance between the ascending 

and descending pain pathways in the brain.  

• BurstDR spinal cord stimulation reduces this imbalance, associated with improvement 

in painfulness and suffering,  

• Electrophysiological measurements including theta-gamma cross-frequency coupling 

and effective connectivity measures correlate with pain intensity and suffering and are 

thus potentially usable as objective biomarkers for a subjective pain state. 
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