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Summary
Introduction: Chronic Pain (CP) presents a complex and prevalent issue that significantly affects individu‑
als and society. Exploring the complexities of CP involves analyzing Functional Connectivity (FC), a process
that identifies how different brain regions communicate across distances. Magnetoencephalography (MEG)
is particularly effective for FC analysis, offering advantages over Electroencephalography (EEG) and func‑
tional magnetic resonance imaging (fMRI) due to its superior temporal resolution. Most studies on FC in CP
have focused on resting‑state analyses, leaving a gap in research on connectivity responses to noxious stim‑
uli in CP.

Study aim: The overarching goal of my exploring study is to investigate FC differences in response to nox‑
ious stimuli between individualswithCPandHealthyControls (HCs) across different frequencybands, using
MEG. This encompasses the comparison of FC patternswithin pain‑related brain regions between these two
groups, the analysis of their response to a noxious stimulus, and the synthesis of these findings to identify
potential differences in how the two groups respond to noxious stimuli.

Methods: The study involved 17 individuals with CP and 17 HCs, each undergoing MEG sessions within a
conditioned pain modulation (CPM) paradigm. During each CPM block, 22 noxious stimuli were applied
to the right tibial nerve. FC was computed between pain‑processing regions using phase and amplitude‑
based metrics in different frequency bands. Connectivity patterns were compared between the groups us‑
inganon‑parametricpermutation test. Connectivitywasalsoevaluatedona time‑scale toobservepotential
changes in the FC in response to the stimulus. These results were taken together to observe potential dif‑
ferences in the groups in response to the stimulus.

Results: In comparing FC patterns across the entire epoch between the HC and CP groups, there is a pre‑
dominant observation of increased FC in the CP group relative to the HC group. The insula and Dorsolateral
Prefrontal Cortex (DLPFC) emerged as central hubs, and these alterations were most prominent in the beta
(13‑29Hz) and gamma‑lowbands (30‑45Hz). An increase in FC in themean response over all scout pairs and
both groupswas observed immediately following the stimulus, particularly in the theta band (5‑7 Hz). Addi‑
tionally, in investigating the specific hypothesis that there may be distinct FC responses to noxious stimuli
between the HC and CP group, the findings indicate subtle differences rather than clear, pronounced pat‑
terns, with findings in the theta, alpha and gamma‑low bands.

Conclusion: My study explored FC differences in response to noxious stimuli between individuals with CP
and HCs across different frequency bands, using MEG. Higher FC was predominantly observed in the CP
group, suggestingmore interconnectedpain‑processingnetworks. Key regionsdemonstrating this increased
FC included the insula and the DLPFC, suggesting an altered insula‑DLPFC network potentially influenced
by underlying physiological factors of the CP group. Specifically examining differences in FC response to the
noxious stimulus between the HC and the CP group yielded in subtle differences rather than clear, distinct
patterns. This study stands out as the first using MEG to identify FC in CP in response to noxious stimuli.
Future research should focus on refining connectivity as a biomarker for treatment follow‑up and potential
outcome predictor.
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1|Background and rationale
1.1 Chronic pain

Chronic Pain (CP) is increasingly prevalent in our aging societies, posing serious challenges to public health
systems and economies worldwide [1]. Unlike acute pain, which is typically a temporary response to a spe‑
cific injury or event, CP persists beyond the normal healing time. CP is defined as pain lasting for at least
three months, according to the World Health Organization [2]. The growing incidence of CP is a significant
public health and clinical challenge, as evidenced by a comprehensive meta‑analysis in the United King‑
dom [3]. This study stated that between 35% to 51.3% of the adult population is affected by CP, equating
to nearly 28million individuals. CP imposes not only physical and emotional challenges on individuals, but
also places a substantial burden on society [4]. In the United States alone, its economic impact reaches ap‑
proximately $560 billion annually. This includes directmedical expenses, productivity losses, and expenses
related to work disability programs [5, 6]. These substantial costs highlight the significant economic and
societal burden of CP, making it one of the most impactful and cost‑intensive health conditions worldwide
[7, 8].

The subjective nature of (chronic) pain, defined by its variability and personal experience that differs signif‑
icantly among individuals, poses challenges in accurately quantifying and characterizing it. This variability
is not only due to physiological differences but also influenced by emotional, cognitive, and environmental
factors, making it difficult to develop uniform assessment methods or treatment approaches [9–13].

1.2 Brain connectivity

The multifaceted and complex nature of CP underscores the need for a more nuanced understanding of
brain function. CP is not just a simple response to stimuli but involves an intricate interaction of nociceptive
inputs and environmental factors, involving coordination among different brain areas [14]. Research has in‑
dicated that CP is the result of disturbed interactions within these specialized brain networks, and not just
the result of altered activity in a single region [15–20]. Traditional pain research, which has often focused on
specific areas or pathways, has provided valuable insights but remains insufficient to fully unravel the com‑
plexities of CP [21, 22]. This gap in knowledge highlights the importance of exploring ’brain connectivity’ —
the study of communication and coordination between different brain regions.

Brain connectivity canbe classified into threemain types: anatomical, functional, and effective connectivity
[15, 23] (see Figure 1). Anatomical connectivity describes the physical connections between brain regions,
such as neural pathways. In contrast, functional and effective connectivity relate to dynamic interactions,
where the concept of oscillatory synchrony plays a central role [19]. Oscillatory synchrony refers to the coor‑
dination of information flowwithin the brain through themodulation of the strength, pattern, or frequency
of neural oscillations [19]. Functional Connectivity (FC) measures the degree of interaction among spatially
distant brain regions without implying a direct physical connection [21, 24]. These interactions often in‑
volve coordinated oscillatory activity, demonstrating how different areas of the brain can be functionally
connected through synchronized rhythms. Effective Connectivity (EC), on the other hand, is concernedwith
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the time‑lagged cause‑effect relationship between brain signals [21]. It delves deeper into the dynamics of
the oscillatory interactions, aiming to understandhowonebrain region’s activity can influence another over
time.

In my study, FC was chosen for its ability to capture widespread network interactions relevant in pain per‑
ceptionandprocessing. Unlike EC,which requirespredefinedmodels of directional influencebetweenbrain
regions, FC analysis does not presuppose any specific causal relationships, making it an ideal exploratory
tool for investigating the multifaceted nature of CP [25].

Figure 1: Anatomical, functional and effective connectivity. Anatomical connectivity refers to the physi‑
cal neural pathways linking brain regions. Functional connectivity quantifies interactions between distant
brain areas, independent of direct physical links. Effective connectivity analyzes thedirectional cause‑effect
relationships among brain signals
Source: Author’s own creation

1.3 Magnetoencephalography

Magnetoencephalography (MEG) stands out as a particularly effective tool in connectivity analysis, offering
distinct advantages compared to electroencephalography (EEG) and functional magnetic resonance imag‑
ing (fMRI). MEG, a non‑invasive technique, excels in capturing the brain’s electrophysiological activity. MEG
offers insights into neural processes at a millisecond‑level temporal resolution [26]. In contrast to fMRI,
which primarily focuses on the metabolic consequences of neural activity, MEG provides a direct measure
of neuro‑electrical signals. This direct measurement capability of MEG is essential for understanding the
instantaneous electrical interaction within the brain’s network [27]. While fMRI is invaluable for its spatial
resolution and ability to visualize brain structures, MEG’s strength lies in its temporal resolution, which is
critical for exploring high‑frequency brain dynamics [18, 24, 27–29]. Furthermore, advances inMEG technol‑
ogy and signal analysis, such as the ability to reconstruct signals to their source, are continuously improving
their spatial resolution.

EEG also has a high temporal resolution, however, MEG offers superior spatial resolution and is not affected
by signal distortions caused by the varied tissues of the head [28]. Despite its advantages, MEG is less com‑
monly used than EEG due to factors like cost and accessibility [14]. Nevertheless, the information obtained
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from MEG research, including this study, enriches our comprehension of brain connectivity. Such advance‑
ments have the potential to guide improvements in EEG analysis methods, benefit future research and im‑
prove accessibility.

1.4 Brain connectivity in chronic pain

The field of neuroimaging has provided insights into the altered connectivity patterns associated with CP,
primarily through the use of fMRI [14, 15]. These studies have highlighted significant changes in key neural
networks such as the Default Mode Network (DMN), the salience network, and particularly the insula [22,
30–40]. The focus of the majority of these studies has been on connectivity during resting state. My review
of EEG and MEG studies reveals a similar focus, alongside notable variability in reported alterations in CP
[41]. This inconsistency could stem from differences in how resting states are defined andmeasured across
studies. Building on these findings, combined with the reported altered connectivity in resting state [41],
and considering studies demonstrating altered connectivity in response to noxious stimuli in pain‑free in‑
dividuals [42–44], it is reasonable to hypothesize that FC responses to noxious stimuli in CP may differ. A
systematic review andmeta‑analysis by Xu et al. [45] supports this, recommending connectivity analysis in
the pain network in individuals with CP, as they concluded there are subtle yet distinct altered activities in
the pain network in individuals with CP compared to Healthy Controls (HCs).

The limited existing literature of fMRI connectivity in response to a noxious stimulus has varied in approach.
Some studies have employed prolonged tonic pain stimuli without direct comparisons toHCs [4], while oth‑
ers have focused on the exacerbation of CP symptoms [46]. The fMRI study by Ichesco et al. [47] stands
out for its use of an acute noxious stimulus (pressure pain), where increased connectivity in individuals with
CP compared to HCs was observed from the insula to both the Anterior Cingulate Cortex (ACC) and the hip‑
pocampus, alongside increased thalamic connectivity to theprecuneus/PosteriorCingulateCortex (PCC). To
the best of my knowledge, the only study that measured connectivity using either MEG or EEG in response
to a noxious stimulus is Wang et al.’s [48]. Following thermal stimulation, their findings revealed decreased
EEG connectivity between the sensorimotor and parietal cortex in the individuals with CP compared to HCs.
The limited exploration of regions in existing studies, combined with the varied approaches, highlights the
opportunity for further examination, especially using MEG, which has not yet been applied in this context.

1.5 Regions of interest

To better understand the complex interactions within the brain’s pain‑processing network under noxious
stimuli, I selected Regions of Interest (ROIs) based onmy review of EEG andMEG studies focusing on CP con‑
nectivity [41]. This review highlighted cortical regions that were frequently involved in altered connectivity
patterns. These include the anterior and posterior insula, crucial to pain processing: the anterior insula
for the emotional aspects and the posterior insula for the sensory‑discriminative aspects [16, 49, 50]. Fur‑
ther included were the caudal and rostral Anterior Cingulate Cortex (cACC and rACC), which are central to
cognitive modulation and emotional processing of pain [51]; the PCC and isthmus cingulate, integral to the
DMN and implicated in the emotional and contextual aspects of pain [52]; and the primary and secondary
somatosensory cortices (S1 and S2), fundamental in the localization and discrimination of pain [53, 54]. Ad‑

3



ditionally, the Dorsolateral Prefrontal Cortex (DLPFC) is included due to its role in the cognitive modulation
of pain and pain‑related decision making [55].

1.6 Conditioned painmodulation

Conditioned Pain Modulation (CPM) is a phenomenon where two concurrent noxious stimuli are applied to
different pars to the body, resulting in amodulatory effect on pain perception. This process, also described
as ’pain inhibits pain’, is assessedbymeasuring changes in the intensity of pain fromaprimary Test Stimulus
(TS) before, during, and after introducing a secondary noxious Conditioning Stimulus (CS) applied to the
contralateral site of the TS [56]. The efficacy of CPM reflects individual differences in pain perception and
has been linked to the pathophysiology of various CP conditions, underscoring its relevance in CP research
[57]. In this study, I examined the FCduringCPM. This allowedme to examine the FC in response to anoxious
stimulus, the TS, but also to make a distinction in the different CPM states.

1.7 Study aim

(1) The overarching goal of my study, which is exploratory in nature, is to investigate functional connec‑
tivity (FC) differences in response to noxious stimuli between individuals with chronic pain (CP) and
healthy controls (HCs) across different frequency bands, usingmagnetoencephalography (MEG). This
primary aim is multifaceted, encompassing the identification of potential patterns and regions of in‑
terest in FC that could serve as starting points for more detailed research. The following aims guide
my exploration:

(a) Comparison of FC patterns between individuals with CP and HCs: This aim focuses on com‑
paring FC between the two groups. The objective is to identify broad patterns that may be as‑
sociated with CP. This involves examining differences in the pain‑related brain regions between
the groups over the full duration (pre‑ and poststimulus) across different frequency bands, not
just in direct response to a noxious stimulus.

(b) Analysis of FC patterns in response to a noxious stimulus: For this aim, the focus is on the
impact of a noxious stimulus on FC (including both HCs and individuals with CP). The goal is to
determine how the noxious stimulus influences dynamic FC patterns in the pain‑related brain
regions across different frequency bands, regardless of group classification.

(c) Comparison of FC patterns between individuals with CP and HCs in response to a noxious
stimulus: Integrating the insights from the first two aims, this aim examines the differential im‑
pact of the noxious stimulus on FC in individuals with CP versus HCs. The focus is on identifying
specific changes in FCpatterns due to a noxious stimulus andhow these changesmanifest differ‑
ently in individuals with CP compared to HCs across different frequency bands. This will involve
a detailed comparison of FC changes from pre‑ to post‑stimulus across both groups.

(2) Establishing a foundation for future connectivity studies in CP: The secondary aim of my study
is to set a foundation for future FC research within our research group. My goal is to provide initial
suggestions and insights based on this study’s findings.
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The first study aimwill be achieved through analysis of the MEG data, focusing on identifying FC patterns in
individuals with CP and HCs. The process of this study – from literature review to analysis – is how I aim to
achieve my secondary study aim.

1.8 Hypotheses

1.8.1 Study aim 1a

Hypothesis: Pairs and regions

I expect the FC patterns to differ between individuals with CP and HCs across the frequency bands. Pre‑
dicting specific region pairs that will demonstrate these differences, either increased or decreased FC, is
challenging due to mixed findings in the literature [41]. In addition, there are many combinations of the
pairs possible with nine ROIs. Therefore, I will not formulate overly detailed hypotheses for each included
ROI pair. Instead, ROI pairs with altered connectivity in individuals with CP compared to HCs, will be ex‑
plored in the discussion chapter, with reference to relevant literature. However, I do anticipate a significant
role of the insula in the observed FC differences in individuals with CP compared to HCs. The insula consis‑
tently emerges as a key region showing varied connectivity patterns ‑ both increased and decreased FC ‑ in
CP conditions [41]. The insula’s role is further underscored by the comprehensive review of Labrakakis et
al. [16], noting not only connectivity changes but also alterations in activity, cortical thickness, and synap‑
tic and firing properties in CP. Its extensive connectivity with other brain regions, including the thalamus,
somatosensory cortices, prefrontal cortex, and ACC, suggests a multifaceted role in the dynamic process of
pain perception [49, 58]. Taken this together, I expect the insula to be particularly prominent in the ROI
pairs exhibiting altered connectivity. Additionally, I propose that the anterior and posterior insula exhibit
distinct connectivity alterations. Current literature, as described in my review [41], often overlooks the dif‑
ferentiation between these two subregions of the insula. This distinction is critical in pain processing, as the
posterior insula primarily codes pain intensity, while the anterior insula is more involved in the emotional
and cognitive aspects of pain [16].

Hypothesis: Frequency bands

Across all frequency bands ‑ delta, theta, alpha, beta, gamma ‑ studies have reported altered connectivity
patterns in individuals with CP related to the frequency bands. However, results vary, including increased,
decreased, orunchangedFC in individualswithCPcompared toHCsobservedacross thedifferent frequency
bands [41]. Specifically, a reviewof Kimet al. [59] highlighted the significant role of alpha, beta, and gamma
bands in pain perception. Additionally, the theta band is identified as the main change that occurs in brain
rhythm during CP [60]. However, no clear pattern has been established that links changes in FC between
pairs of ROIs to any specific frequency band. I hypothesize that differences in FC, particularly in certain ROI
pairs, are more likely to manifest in specific frequency bands rather than uniformly across all frequency
bands. This hypothesis aligns with the idea that aspects of CP may be frequency‑specific, affecting neural
communication and connectivity in a way that depends on the frequency band [59, 60].

5



Hypothesis: Conditioned Pain Modulation

The focus ofmy study is to explore FC in response to noxious stimuli. However, the differing CPM conditions
afford an opportunity to individually assess these responses. Clinical observations have highlighted a re‑
duced efficiency of CPM in individuals with CP, characterized by a diminished inhibitory effect of the CS on
the TS [61]. Consequently, I expect that differences in connectivity between the individuals with CP and the
HCs are therefore most prominent in the after CPM block in comparison with the before and during block.
Moreover, given the unilateral application of both the TS and CS, hemispheric differences in connectivity
differences between the individuals with CP and HCs. Specifically, I expect that connectivity changes will
predominantlymanifest in the hemisphere contralateral to the TS in the before and after CPM blocks. In the
duringCPMblock, I expect that the introduction of the CS results inmore complex and bilateral connectivity
changes between the individuals with CP and HCs.

1.8.2 Study aim 1b

Hypothesis: General FC patterns in response to the noxious stimulus

Based on prior fMRI and EEG studies, I hypothesize that both the HC and the CP groups will exhibit an in‑
crease in FC to the noxious stimulus relative to the pre‑stimulus period [46–48, 50]. The ROIs involved inmy
study are known to be central to pain processing. Therefore, it is anticipated that therewill be an increase in
FC among these ROIs when the noxious stimulus is applied. This expected increase in FC is likely to reflect
intensified neural communication, indicative of the brain’s active engagement in processing the noxious
stimulus. However, the precise timing of the FC changes remains uncertain due to limited research on FC
timing after a noxious stimulus. The initial post‑stimulus period, in the first second, is expected to show the
most pronounced FC changes compared to the pre‑stimulus period. This is because evoked responses are
typically observed in the range of milliseconds after noxious stimulation [62].

Hypothesis: Event‑related spectral perturbations and FC

Building on Jin et al.’s study [63], which involved the same participant group as my study, I expect spe‑
cific changes in FCwithin the alpha and beta bands related to event‑related spectral perturbations (ERSPs).
While Jin et al.’s [63] findings focused on the sensorimotor cortex and central/posterior MEG sensors, simi‑
lar patterns are seen across a broader range of regions involved in pain processing. Jin et al. [63] reported
event‑related desynchronization (ERD) in the alpha band from 0.32s to 0.76s post‑stimulus. ERD, charac‑
terized by a reduction in oscillation power within a frequency band, typically suggests decreased synchro‑
nization within a brain region [64]. When ERD occurs concurrently in multiple ROIs, it suggests that each
of these areas is experiencing a period of reduced internal synchronization. This widespread decrease in
internal synchronization across various regions could potentially lead to decreased FC, as it may reflect less
coherent or coordinated activity among these regions. However, increased neural activity is often associ‑
atedwith ERD, which could lead to increased amplitude fluctuations. Thismight suggest that the responses
in phase‑based and amplitude‑based connectivity differ, wherewith phase‑based decreased connectivity is
observed andwith amplitude‑based increased connectivity. In the beta band, Jin et al. [63] observed an ini‑
tial ERD between 0.16s and 0.55s, followed by event‑related synchronization (ERS) between 0.61s to 3.68s.
ERS, characterized by an increase in oscillation power [64], suggests a period of enhanced synchronization.
This is also expected to lead to an increased phase‑based connectivity.
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1.8.3 Study aim 1c

I hypothesize that both individuals with CP and HCs will exhibit an increase in FC in response to a noxious
stimulus (study aim 1b). However, the literature presents mixed findings on the differences between indi‑
viduals with CP andHCs in this response. Railton et al. [46] observed amore pronounced increased connec‑
tivity in individuals with CP in response to the stimulus, suggesting that CP may enhance the connectivity
in response to additional noxious stimuli. Conversely, Wang et al. [48] found a greater increase in connec‑
tivity in the HCs, implying that CP might involve a disruption in the processing of acute pain stimuli. These
contrasting observations lead to a complex prediction scenario. On one hand, increased connectivity in CP
individuals could reflect an adaptive mechanism, whereby the brain’s pain‑processing networks become
more interconnected in the context of persistent pain. On the other hand, a more pronounced increase in
FC amongHCs could indicate that theCP conditiondisrupts the normal pain processing pathways,making it
difficult for CP individuals to modulate responses to new noxious stimuli efficiently. Given these divergent
findings, I aim to elucidate whether the observed differences in FC response to noxious stimuli between
individuals with CP and HCs signify an adaptive mechanism to CP or indicate a disruption in normal pain
processing pathways.
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2|Methods
In my analysis, I followed the best practices for MEG and EEG connectivity research recommended by the
Organization for Human Brain Mapping as outlined in the COBIDAS MEEG guidelines [65]. The methods are
further detailed in subsequent sections: data acquisition, study design, data analysis, connectivity analysis,
methodological specifications in connectivity analysis, and comparative analysis.

2.1 Data acquisition

In this study, I relied onMEGdata from two institutes, collected by BartWitjes and Cecile de Vos, researchers
at the ErasmusMedical Center. The datawere acquired at theMontreal Neurological Institute (MNI) atMcGill
University in Canada, and at the Donders Institute of Radboud University in Nijmegen, the Netherlands. At
both institutes, data were acquired using a CTF MEG system with 275 axial gradiometers situated in a mag‑
netically shielded room [66]. The data acquisition sampling rate was 2400 Hz. An anti‑aliasing low‑pass
filter at 600 Hz and CTF third‑order gradient compensation were applied online during the acquisition pro‑
cess to ensure the reliability and integrity of the recorded data. A two‑minute recording was taken in an
empty room, without any participant under the sensor array, to capture and assess environmental noise.
The study received approval from the Institutional ReviewBoard of theMNI and the CommissieMensgebon‑
den Onderzoek (Committee for Human‑Related Research) region Arnhem‑Nijmegen, with all participants
providing their informed written consent.

Figure 2: An overview of the study design: (A) A transcutaneous electrical stimulation applied to the right
ankle’s tibial nerve as a test stimulus and an ice pack on the left arm as a conditioning stimulus; (B) The
interstimulus interval between 6‑10 seconds and the five 1milliseconds electrical pulses separated by 4mil‑
liseconds; (C) Three conditioned pain modulation blocks of approximately 3 minutes separated by breaks
of approximately 2 minutes.
CPM: Conditioned Pain Modulation, MEG: Magnetoencephalography
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2.2 Study design

TheMEG data were derived from a study focused on CPM. The study involved two groups: 17 individuals ex‑
periencing chronic lower body pain (Chronic Pain group, CP group), and 17 pain‑free participants (Healthy
Controls group, HC group). The HC group had no history or current experience of CP. Participant charac‑
teristics can be found in Table 2. Each participant underwent one experimental session with eyes open,
comprising threeCPMblocks. EachCPMblock lasted approximately threeminuteswith roughly two‑minute
breaks in between. Figure 2 provides a complete overview of the study design. In this study, the TS was a
transcutaneous electrical stimulation applied to the right ankle’s tibial nerve, lasting 21 ms. One stimula‑
tion included five 1 ms electrical pulses, separated by 4 ms, perceived by participants as a singular, painful
stimulation. Each CPMblock consisted of 22 stimuli, appliedwith randomized interstimulus intervals of 6 to
10 seconds to minimize predictability and adaptation. In the second block, the CS was administered in the
form of an ice pack, which was applied to the left forearm for the entire duration of the block.

Table 2: Participant characteristics

Individuals with chronic
lower body pain (n = 17)

Healthy controls
(n = 17)

Age (years) 50± 8 51± 10
Gender (male/female) 9/8 10/7
Chronic pain duration* (years) 9.9± 9.4 0± 0
Pain medicine** (taker/nontaker) 11/6 3/14
Non‑pain medicine (taker/nontaker) 12/5 5/12
Pain location
Low back 13 N/A
Right leg 6 N/A
Left leg 12 N/A
Right foot 6 N/A
Left foot 8 N/A
Other (e.g., hands, shoulder, upper back) 6 N/A

Pain condition
Failed Back Surgery Syndrome 15 N/A
Diabetic Neuropathy 3 N/A
Neuropathic pain 1 N/A

Brief Pain Inventory (BPI)
Average Pain Severity* (0‑10) 5.6± 2.1 0± 0
Current Pain Severity* (0‑10) 4.8± 2.2 0± 0

Hospital Anxiety and Depression Scale (HADS)
Anxiety* (0‑21) 8.5± 4.3 1.9± 1.2
Depression* (0‑21) 8.1± 3.7 1.4± 2.4

Pain Catastrophizing Scale (PCS)
PCS total score* (0‑52) 23.0± 10.3 4.2± 4.8

Mean± standard deviation; * p < 0.001; ** Pain medicine includes opioids, antidepressants, anticonvulsants, and NSAIDs
N/A: Not Applicable
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2.3 Data analysis

The data analysis steps included data preprocessing, epoching, source reconstruction, and defining the
scouts, which are discussed in the following subsections. All these steps were performed with Brainstorm
[67], which is documented and freely available under the GNU general public license.

2.3.1 Data preprocessing

MEG data cleaning

InMEG connectivity analysis,minimizing noise is crucial to preventmisleading results [15, 68]. This is partic‑
ularly important as noise artifacts can lead to overestimation of connectivity values. However, the connec‑
tivity analysis is also affected by themethods used to reduce these artifacts [15]. Given this context, careful
consideration is required at each preprocessing step to understand its impact on the connectivity analysis.

While the data used in this study were initially preprocessed by Hannah Jin for a different research objec‑
tive [63], her preprocessing steps were also beneficial for my analysis. Jin initially downsampled the data
to a sampling frequency of 600 Hz to streamline the preprocessing and analysis. The subsequent step in the
preprocessing involved the removal of MEG sensors with poor signal quality (max 14 out of 275 sensors). Af‑
ter that, Jin identified and interpolated the stimulus artifact, which had a maximum duration of 70 ms (see
Appendix A for the stimulus artifact duration per participant). Subsequent steps included applying a band‑
pass filter from 1 to 200 Hz and using a notch filter at 50 Hz or 60 Hz to eliminate power line contamination.
Further artifacts (eye blinks, cardiac activity, movement (1‑7 Hz), and muscle activities (40‑240 Hz)) were
removed through signal‑space projections. Comprehensive considerations regarding these preprocessing
steps have been detailed in Appendix B. I had thoroughly reviewed all files, with any encountered errors
detailed in Appendix D. It is important to note that the data for two participants in the CP group were un‑
available (PC10 and PC18), consequently reducing the total number of participants in the CP group from 17
to 15 for the connectivity analysis.

Anatomy

Anatomical T1‑weighted MRI images, when available, were used for co‑registration of MEG data to individ‑
ual anatomy. This was feasible for 6 out of 32 participants. For the other participants, a standard ICBM152
template anatomywaswarped to fit the individual’s head shape digitized at the time of their MEG visit using
a 3D digitizer system (Polhelmus Fastrak, Colchester, VT), via affine transformations [63]. This template is
recommended by Brainstorm for its compatibility and integration with various features and software envi‑
ronments [69].

2.3.2 Epoching and time‑resolution

I created fixed‑duration epochs from the continuous preprocessed MEG recordings, in line with Brainstorm
tutorials [70]. Epoching is necessary for isolating and analyzing the responses to the noxious stimuli. To
ensure reliable findings, I computed the FC for each epoch to capture dynamic changes following the stim‑
uli. Whereafter, I computed the average of these metrics enhancing the reliability by reducing variability
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and noise inherent to individual epochs. Each epoch spanned from ‑3 seconds (pre‑stimulus) to +7 sec‑
onds (post‑stimulus). For analyzing FC patterns in response to the noxious stimulus (study aim 1b), robust
pre‑ and post‑stimulus periods were essential, particularly given the potential edge effects induced by the
Hilbert transformation. Expected edge effects, detailed in Appendix C, were approximately 1 second for the
theta band and 0.5 second or less for higher bands. I selected a 3‑second pre‑stimulus period, discarding
the first second affected by edge effects. I chose for a post‑stimulus period of 7 seconds, consisting of the
6‑second minimum interstimulus interval and an additional second to discard edge effects. The selection
of this 10‑second duration correlates with the time resolution chosen for the connectivity metric(s).

The selection of an appropriate time resolution is necessary for accurately tracking changes in FC within
each epoch. Brainstorm offers three methods for setting the time resolution in connectivity analyses: Full,
Windowed, orNone [71]. The Full approach uses each time point individually, whileNone averages across all
time points. TheWindowedmethod segments the data into average or representative time points for each
window. I selected theWindowed option to provide robust FCmetric estimation while allowing assessment
of FC dynamics over time.

The subsequent choice of the window length was determined by three primary factors: the dynamics of FC
changes, the sampling frequency, and the reliability of connectivitymetrics. The selection for themost suit‑
able window length highlights the balance between sensitivity and specificity; as shorter windows provide
a higher sensitivity but may include more false positives, while longer windows may overlook short‑term
connectivity [72, 73]. I chose a 1‑second window with a 50% overlap. Anticipating the most pronounced
FC changes in response to the stimulus to occur within the first second after the stimulus, a shorter win‑
dow length was preferred. However, to avoid overestimation in Phase Locking Value (a FC metric that is
discussed later), and align with Wang et al.’s [74] recommendation, a window larger than 350 samples was
necessary. A 1‑second window at a 600 Hz sampling rate equates to 600 time samples, satisfying this crite‑
rion and Brainstorm’s recommendation of aminimumof 50 samples perwindow [71]. Furthermore, Basti et
al.’s [72] recommendation of 5‑8 cycles for reliable phase connectivity estimates aligns with Ayrolles et al.’s
[75] suggestion of at least 4 cycles for reliable phase‑ and amplitude‑based connectivity. For the theta fre‑
quency band (5‑7 Hz), a 1‑second window adequately captures 5 cycles, meeting these recommendations.
The delta bandwas therefore excluded as the 1‑secondwindowdid not provide a sufficient number of delta
band cycles for robust connectivity estimation.

2.3.3 Source reconstruction

In my study, I applied source reconstruction to provide anatomically grounded interpretations and reduce
ambiguities commonly associated with sensor‑level FC analysis [19, 21, 24, 26, 76]. This method addresses
the confound of magnetic field spread, which can significantly impact the accuracy and interpretation of
MEG results [18, 19, 27, 76, 77]. Field spread canmistakenly imply FC between separate brain regions when,
in reality, single source’s signal is detected by multiple sensors [18, 19, 27, 77]. Additionally, source recon‑
struction allows for a more intuitive interpretation of connectivity by enabling straightforward selection of
brain regions, ensuring an easier comparison to structural and fMRI connectivity studies [76]. The source
reconstruction involved both forward and inverse modeling. Forward modeling was used to simulate how
neuronal currents generate magnetic fields detectable by MEG sensors, while inverse modeling was em‑
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ployed to infer the original brain sources from the observed data [78].

For the forwardmodeling, I opted for the overlapping spheresmethod. This method balances accuracy and
computational demands and is the model recommended for MEG [79–82]. This method models the head’s
magnetic field by placing one sphere under each MEG sensor, leading to a head model [83, 84]. The head
model was limited to the cortex surface and consisted of 15,000 vertices, andwas used to assess the activity
of the cortical sources. After establishing theheadmodel for eachparticipant, I proceededwith inversemod‑
eling to estimate the neuronal sources. I choseMinimumNorm (MN) imaging for source estimation, aligning
with Hincapié et al.’s findings [85] that MN imaging is effective for analyzing connectivity in spatially exten‑
sive brain regions. MN imaging addresses the inverse problem by identifying themost straightforward brain
activity distribution that explains the observed data [86]. In Brainstorm, I used the default current density
map setting for MN imaging, as normalization methods such as dSPM and sLORETA are not fundamental
for connectivity analyses. This approach aligns with Brainstorm guidelines for connectivity analyses using
individual trial data [78]. MN imaging requires a noise covariance matrix, which was provided using the
empty‑room recordings.

For the source estimation, I opted for unconstrained dipole orientations, placing three orthogonal dipoles
(x,y,z) at each grid point. Unconstrained orientations are advantageous when using MRI templates for par‑
ticipants, as this may account for some of the model uncertainties [78]. There is an ongoing debate in the
Brainstorm community regarding constrained versus unconstrained orientations in connectivity analysis
with currently lacking any literature. The decision for unconstrained orientations was made to avoid the
information loss typically associated with constrained orientations and the majority of participants using a
MRI template.

2.3.4 Scouts

Brainstorm enables direct computation of FC between selected ROIs, using the source‑reconstructed files.
Scoutswere employed to denote ROIs within the accessible source space. From this point forward, the term
scout has been used to refer to the ROIs. As outlined in the first chapter, my study included the following
scouts on both hemispheres: anterior insula, cACC, DLPFC, isthmus cingulate, PCC, posterior insula, rACC,
S1 and S2, totaling 18 scouts (see Figure A.3). The scouts for the S1 and S2 were created based on the ob‑
served averaged response in the time domain, displayed on the source map, after the noxious stimuli (see
Appendix E). The additional scouts were selected from the Desikan‑Killiany atlas, which was deemedmost
appropriate for aligning with the ROIs and the dataset [87]. The insula of the Desikan‑Killiany was split into
the anterior and posterior part, and manually customized to ensure adequate fit. The DLPFC was chosen
from the atlas created by Jin et al. [63]. A neurologist of the Erasmus Medical Center verified the accuracy
and appropriateness of all scouts.
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(a) Lateral view of the left hemisphere (b) Medial view of the left hemisphere

Figure 3: An overview of the scouts (i.e., regions of interest) included in the Functional Connectivity (FC)
analysis, presented on the left hemisphere
cACC: caudal Anterior cingulate Cortex, DLPFC: Dorsolateral Prefrontal Cortex, IC: Isthmus Cingulate, PCC: Posterior Cingulate Cor‑
tex, rACC: rostral Anterior Cingulate Cortex, S1: Primary Somatosensory Cortex, S1: Secondary Somatosensory Cortex,

2.4 Connectivity analysis

For the computation of the FC, I employed both phase‑ and amplitude‑basedmetrics. Thesemetrics are be‑
lieved to reflect distinct underlying neural mechanisms in connectivity, thereby providing complementary
insights [27, 88–90]. Amplitude‑based connectivity assesses neurons firing simultaneously across differ‑
ent brain regions, indicating a functional relationship when these regions show concurrent high‑amplitude
signals. Amplitude‑based connectivity often correlates with structural brain connectivity, reflecting linked
neural activity across regions [90]. Phase‑based connectivity focuses on the synchronization of neuronal os‑
cillation phases, emphasizing the timing alignment of neuronal activity between brain regions [59, 89–91].
Within phase‑based connectivity, there are two primary categories: phase clustering and phase lagmetrics.
Phase clustering reduces Type‑II errors but can increase Type‑I errors; potential misinterpretation of field
spread artifacts as genuine connectivity. In contrast, phase lag metrics decreases the likelihood of these
Type‑I errors, but canmiss some results. Using both metrics works as a cross‑validation.

In the field of connectivity analysis, there is no consensus on the recommended connectivity metrics, with
the effectiveness ofmethods varying by their application and underlying assumptions [15, 19, 24, 26, 27, 76,
77]. Nonetheless, combiningmultiplemetrics is recommended to enhance the validity of the results [19, 26,
92]. In this study, I used Phase Locking Value (PLV) for assessing phase clustering, weighted Phase Lag Index
(wPLI) for assessing phase lag, and orthogonalized Amplitude Envelope Correlation (oAEC) for assessing
amplitude‑based connectivity. This choice was based on the suitability for detecting dynamic connectivity
changes and the support of Brainstorm.

2.4.1 Phase Locking Value (PLV)

I employed the PLV to assess phase clustering in FC, as it stands as the only metric for phase clustering
(excluding variations proposed by other researchers). The PLV stands out as an effective metric for quanti‑
fying frequency‑specific synchronization and transient phase‑locking between two neural signals without
the need for signal stationarity [15, 71, 73, 93, 94]. Under the assumption that interconnected regions syn‑
chronize their signal outputs, thismetric quantifies the immediate difference in their phase alignments [91].
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The PLV values can range between 0 and 1, and is expressed as a complex unit‑length vector [15]. A value
approaching 1 indicates strong synchrony, indicative of consistent phase locking between the signals. Con‑
versely, values near 0 highlight significant phase discrepancies between the signals, reflectingminimal syn‑
chrony [95]. The mathematical expression for the PLV, as used in Brainstorm, is detailed below:

PLV =
∣∣∣E [ej(∆ϕ(t))

]∣∣∣
with: ∆ϕ(t) = ϕx(t)− ϕy(t) = arg

(
x̃(t)ỹ∗(t)

|x̃(t)| |ỹ(t)|

) (2.1)

Where:

• E denotes the expected value

• ϕx(t) and ϕy(t) are the instantaneous phases of two MEG signals x and y, that have been band‑pass
filtered to a specific frequency range

• arg is the argument function, giving the relative phase

• x̃(t) and ỹ(t) represent the analytic signals obtained after applying the Hilbert transform to the origi‑
nal MEG series x and y

2.4.2 Weighted Phase Lag Index (wPLI)

I employed the wPLI to examine phase lag [71]. The Phase Lag Index was introduced by Stam et al. in a
study published in 2007 [96]. This metric was developed as a way to overcome the issue of field spread, as
non‑zero phase differences cannot be caused by field spread [19]. The PLI assesses the asymmetry of the
distribution of instantaneous phase differences between two signals [96], and is independent of the ampli‑
tude of the signal [26].

The wPLI, a refined version introduced by Vinck et al. [97] and implemented in Brainstorm, enhances the
original PLI by considering the magnitude of phase lead or lag, offering improved robustness against noise
[98, 99]. The wPLI value can range from 0 to 1, with 0 indicating no connectivity of instantaneous connec‑
tivity due to field spread and 1 indicating true, lagged interaction [97]. The wPLI extends the PLI in that it
weights the contribution of observed phase leads and lags by the magnitude of the imaginary component
of the cross‑spectrum [97]. This means that phase differences that are consistent and non‑zero are given
more importance than those that are near zero. Due to this selective weighting, wPLI values are often dis‑
tributed towards lower values, and high wPLI values, indicating strong connectivity, are less common [98].
The mathematical expression for the wPLI, as used in Brainstorm, is detailed below. The numerator calcu‑
lates the absolute value of the expectation of the imaginary parts of the cross‑spectrum; it quantifies the
consistent phase lead or lag between two signals. The denominator calculates the expectation of the ab‑
solute values of the imaginary parts of the cross‑spectrum; this includes both phase leads and lags without
regard of their direction, providing a normalization factor that accounts for the overall level of phase inter‑
action.

wPLI = |E {imag(Sxy)}|
E {|imag(Sxy)|}

(2.2)

Where:
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• Sxy is the cross‑spectrum of the analytic signals x̃ and ỹ, which are obtained by applying the Hilbert
transform to the original MEG series x and y

• imagSxy extracts the imaginary part of the cross‑spectrum; it signifies whether one signal is leading
or lagging in phase relative to the other

2.4.3 Orthogonalized Amplitude Envelope Correlation (oAEC)

I employed the oAEC to assess amplitude‑based connectivity. Thismetric calculates thePearson correlation
between the amplitude envelopes of two time series [100]. The orthogonalization step in oAEC effectively
addresses spatial leakage issues, enhancing its reliability and reducing susceptibility to field spread [100].
Thismakes oAECa robust tool for brain connectivity assessment, with consistency in findings that alignwith
fMRI‑characterized patterns and task‑related dynamic connectivity [17, 27, 77, 90, 101].

The mathematical expression for the oAEC, as used in Brainstorm, is detailed below. The amplitude en‑
velopes of signals, denoted as

∣∣∣X̃∣∣∣ and ∣∣∣Ỹ ∣∣∣, represent the outer limits of the ”envelope” of the variations in
amplitude of the signals over time. Orthogonalization refers to the process ofmaking one signal, Ỹ , orthog‑
onal to another signal, X̃ . The orthogonalized version of signal Ỹ with respect to X̃ is indicated as Ỹp. This
process ensures that any shared components or information between X̃ and Ỹ are removed from Ỹp, allow‑
ing for the analysis of the contribution of Ỹ ’s amplitude envelope to the connectivity metric, independent
of X̃ .

oAEC =
1

2
(|Corr (|x̃|, |ỹp|)|+ |Corr (|ỹ|, |x̃p|)|) (2.3)

Where:

• Corr stands for the Pearson correlation

• x̃ and ỹ represent the analytic signals obtained after applying the Hilbert transform to the original
MEG series x and y

• x̃p and ỹp represent the orthogonalized signals

2.5 Methodological specifications in connectivity analysis

I computed the FC with each connectivity metric (PLV, wPLI and oAEC) for all epochs per participant. In
addition, I calculated the FC separately with the PLV and wPLI for the individual CPM blocks. This analysis
resulted in nine FC matrices for each participant: three for the overall connectivity for every metric across
all epochs, plus an additional sixmatrices of the three CPMblocks for both the PLV and thewPLI. The dimen‑
sions of thesematrices are 324 x 19 x 5, encompassing 324 FC values (18x18 scouts) across 19 timewindows
and within five frequency bands. An overview for the connectivity analysis is illustrated in Figure 4.
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Figure 4: An overview for estimating connectivity using three metrics (PLV, wPLI and oAEC) across epochs
and CPM blocks. Initially, all epochs from a single participant are compiled, and connectivity computations
for each metric are performed. Additionally, the wPLI and PLV are computed for the epochs from the dif‑
ferent CPM blocks. The scout function (mean) is applied first to aggregate data within a scout, followed by
connectivity analysis across the different direction (x, y, z) per frequency band. Subsequently, the data are
summarized by the maximum to a single connectivity value per frequency band. This results in nine ma‑
trices per participant: four each for PLV and wPLI, covering both the entire epoch set and individual CPM
blocks, and one for oAEC covering the entire epoch set. Matrices dimensions are 324 x 19 x 5, representing
the connectivity values for all scout pairs, time windows, and frequency bands, respectively.
CPM: Conditioned Pain Modulation, oAEC: orthogonalized Amplitude Envelope Correlation, PLV: Phase Locking Value, wPLI:
weighted Phase Lag Index.
Source: Author’s own creation with a figure from Brainstorm Tutorials [71]

2.5.1 Hilbert transform

ThePLV,wPLI and theoAEC relyona time‑frequency representationof theMEGsignals [17]. Morletwavelets,
and the Fourier and Hilbert transform are the methods available to decompose the time series in the time‑
frequency domain [71]. Despite the practical equivalence of Fourier, Hilbert, andWavelet transforms in ana‑
lyzing neuronal signals [102], the Hilbert transform is often preferred for phase‑based connectivity metrics,
especially in narrowband, stationary signals, due to its effectiveness in extracting phase information [17,
71]. Furthermore, a study by Basti et al. [72] examining various aspects of phase‑based connectivity perfor‑
mance within a dynamic FC framework showed that Hilbert‑based methods outperformed Fourier‑based
ones. Considering these insights, I selected the Hilbert transform for the time‑frequency decomposition
in this study. The signals were categorized into theta (5–7 Hz), alpha (8–12 Hz), beta (13–29 Hz), gamma‑
low (30–45Hz), and gamma‑high (65–90Hz), which each frequency band correlating to specific pain aspects
[19, 26]. The frequency ranges belonging to the frequency bands are standard in Brainstorm, and commonly
used in neuroscience [103]. However, the gammabandwas split into lowandhigh to avoid the artifacts from
power line contamination, as detailed in Appendix B.
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2.5.2 Scout function

Determining the optimal approach for data aggregation within the scouts required specifying two impor‑
tant parameters: the scout function and whether this within‑scout aggregation procedure is applied before
or after the computation of the connectivity metrics. I chose to apply the scout function before the connec‑
tivity computation, a decision driven by computational resource limitations. Detailed explanation of this
approach, the alternatives andmy considerations are provided in Appendix F. Regarding the scout function,
the options includedmean, PCA, and all. I selected themean function, which is recommended by the Brain‑
storm authors due to its simplicity and for the understanding of general connectivity patterns. An overview
of these steps is provided within Figure 4.

2.6 Comparative analysis

This section outlines themethodologies employed to address the study aims, which include comparing the
FC patterns between the HC and CP groups (study aim 1a), and analyzing the FC patterns in response to the
noxious stimulus (study aim 1b). The integration of these findings facilitated an understanding of the FC
differences between the HC and the CP group in response to the noxious stimulus (study aim 1c).

2.6.1 Study aim 1a: Comparison of FC patterns between individuals with CP and HCs

For study aim 1a, I compared the FC patterns between the HC and the CP groups over the entire epoch
duration. A non‑parametric permutation test was employed to compare the FC of the three different con‑
nectivity metrics, as recommended for connectivity research [104, 105]. This method is particularly suited
to the data, which do not conform to standard parametric assumptions. The test involves random shuffling
of group labels (HC vs. CP group) across multiple iterations. For each permutation, a test statistic is calcu‑
lated and then compared to the distribution from these permutations. The permutation tests resulted in 45
matrices, revealing either the presence or absence of connectivity differences per scout pair and per time
window between the HC and CP groups. Thesematrices comprised 15matrices from the three connectivity
metrics across five frequency bands, complemented by an additional 30matrices derived from the PLV and
wPLI for the three individual CPM blocks, each across the five frequency bands.

The permutation test’s extensive analysis, involving 2907 t‑tests across 153 connectivity pairs and 19 time
samples, inherently raises the risk of false positives [76]. Typically, Bonferroni and False Discovery Rate
corrections are applied to mitigate this risk by adjusting the significance thresholds. However, these cor‑
rections can sometimes be too stringent, potentially obscuring meaningful patterns in data, especially in
exploratory research like mine where the primary aim is to identify possible trends and hypotheses for fu‑
ture investigation. Consequently, I opted to set a p‑value threshold of 0.05, acknowledging its role in trend
identification rather than definitive proof of differences.

Comparison non‑parametric permutation tests

Firstly, I conducted an in‑depth evaluation of the non‑parametric permutation tests for the PLV, wPLI and
oAEC across each frequency band and time window. This focused on identifying patterns, specifically in
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scout pair connectivity changes and in scouts frequently involved. Following that, I compared the non‑
parametric permutation tests of the PLV and thewPLI to reduce the risk of observing artifacts as field spread
and to reduce the risk of detecting false positives as no correction method for the non‑parametric permu‑
tation test is applied. I also compared both tests with the non‑parametric permutation test of the oAEC.
Although, it is believed that phase‑based and amplitude‑based metrics provide complementary insights,
discovering overlapping altered connectivity in scout pairs across the metrics strengthens the credibility of
the findings. An overview of the comparison of connectivity patterns between the HC and CP group using
the non‑parametric permutation test is given in Figure 5.

In addition, I compared the non‑parametric permutations tests of the three distinct CPM blocks, where I
focused on potential patterns, the occurrence of altered connectivity scout pairs and scouts frequently in‑
volved. Furthermore, I compared the CPM overlapping results (PLV and wPLI) with the overlapping results
of the total dataset (PLV andwPLI). The decision to focus only on overlapping results and not on the individ‑
ual non‑parametric permutation tests for CPM blocks was driven by the goal of strengthening the validity of
the results, given the increased data volume, the smaller amount of epochs and the absence of correction
methods for false positives in non‑parametric permutation tests.

Figure 5: Comparison of the non‑parametric permutation tests of the different connectivity metrics (oAEC,
PLV, wPLI). (1) First individual non‑parametric permutation tests were examined; (2) Non‑parametric per‑
mutation tests were compared between the three different metrics.
oAEC: Orthogonalized Amplitude Envelope Correlation, PLV: Phase Locking Value, wPLI: weighted Phase Lag Index

2.6.2 Study aim 1b: Analysis of FC patterns in relation to a noxious stimulus

For study aim 1b, I analyzed the FC patterns in reponse to the noxious stimulus. To achieve this, I generated
time‑connectivity plots for each connectivity metric to visualize the dynamic changes in FC over time. For
the total cohort, the three connectivity matrices (one for every connectivity metric (PLV, wPLI, oAEC ‑ 324
x 19 x 5)) from each participant were averaged, resulting in a total of 3 average matrices representing the
average connectivity values per scout pair per time window. This was also done for the HC and CP groups
apart, resulting in an additional 6 average matrices. The matrices were then exported to Matlab for data
extraction, facilitating the generation of the time‑connectivity plots. An overview of this specific analysis is
given in Figure 6.
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Figure 6: Analysis of connectivity patterns in relation to a noxious stimulus. Thematrices of each connectiv‑
itymetric are averaged for all participant, and the HC and CP groups. This results in nine plots, representing
the connectivity over the entire epoch duration.
CP: Chronic Pain, HC: Healthy Control, oAEC: Orthogonalized Amplitude Envelope Correlation, PLV: Phase Locking Value, wPLI:
weighted Phase Lag Index

2.6.3 Study aim 1c: Comparison of FC patterns between individuals with CP and HCs in re‑
sponse to a noxious stimulus

Integrating these findings, my aim was to draw a conclusion about potential FC differences in response to
the noxious stimuli. I used the outcomes from the non‑parametric permutation tests to identify any distinct
patterns and scout pairs that emerge after stimulus onset. This approach helped identify scout pairs where
the connectivity altered frompre‑ to post‑stimulus. My analysis primarily focusedon theoverlapping results
from the connectivity metrics, as these intersections offer the highest level of evidence for consistent pat‑
terns. However, I also explored individual non‑parametric permutation tests for each connectivitymetric to
identify any visible patterns. Additionally, I incorporated these findingswith the potential different patterns
between the HC and CP group found in the time‑connectivity plots. An overview of this process is provided
in Figure 7.

Figure 7: Integrated findings of study aim 1a (non‑parametric permutation tests) and study aim 1b (time‑
connectivity plots) to draw a conclusion about the potential Functional Connectivity (FC) differences be‑
tween the HC and CP group in response to the noxious stimulus
CP: Chronic Pain, FC: Functional Connectivity, HC: Healthy control
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3|Results
The results chapter is subdivided into the sections corresponding to the study’s aims: comparison of con‑
nectivity patterns between individuals with CP and HCs (study aim 1a), analysis of connectivity patterns in
response to the stimulus (study aim1b), and identifying differences in FC between theHC and the CP groups
in response to the stimulus (study aim 1c). For illustration purposes, I have included a connectivity matrix
and a non‑parametric permutation test matrix in the Appendix G.

3.1 Study aim 1a: Comparison of FC patterns between individuals with CP
and HCs

In this section, I present the results of the comparative analysis between the HC and CP groups, addressing
study aim 1a. Non‑parametric permutation tests comparing the connectivity of these groups revealed scout
pairs with altered connectivity (p < 0.05) throughout the epoch. The numbers of these scout pairs identified
by each connectivity metric and the numbers of the scout pairs that are identified by comparing the non‑
parametric permutation tests of the different connectivitymetrics are detailed in Table 3. The specific scout
pairs that are identified by comparing the non‑parametric permutation tests of the different connectivity
metrics are listed in Table 4. I excluded the first two and last two time windows in analyzing the results of
the thetabandbecauseofpotential edgeeffects in these segments. For the remaining frequencybands, only
the first and last time windows were excluded. These findings are further elaborated upon in the following
sections.

3.1.1 Theta

In the comparison of the oAEC matrices between the HC and CP groups using a non‑parametric permuta‑
tion test, I identified 105 scout pairs with p‑values < 0.05 across the entire epoch duration (Table 3). Among
these, 56 pairs showed a higher oAEC in the HC group, while 49 pairs showed a higher oAEC in the CP group.
An overview of these scout pairs including their corresponding time windows within the epoch is provided
in Appendix I. Notably, the altered oAEC pairs were distributed seemingly at random throughout the epoch
length, with no scout pair recurring more than twice.

In the comparison of the PLV matrices between the HC and CP groups using a non‑parametric permutation
test, I identified 196 scout pairswithp‑values < 0.05 across the entire epochduration (Table 3). Among these,
8 pairs showed a higher PLV in the HC group and 188 showed a higher PLV in the CP group. An overview of
these scout pairs including their corresponding time windows within the epoch is provided in Appendix H.

In the comparison of thewPLImatrices between the HC and CP groups using a non‑parametric permutation
test, I identified 27 scout pairs with p‑values < 0.05 across the entire epoch duration (Table 3). Among these,
1 pair showedahigherwPLI in theHCgroup and 26pairs showedahigherwPLI in the CP group. An overview
of these scout pairs including their corresponding timewindowswithin the epoch is provided in Appendix J.
Notably, the alteredwPLI pairs were distributed seemingly at random throughout the epoch length, with no
scout pair recurring more than four times.
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Table 3: Number of scout pairs with altered Functional Connectivity (FC) (p < 0.05) identified by non‑
parametric permutation tests across the entire epoch duration, detailed per connectivity metric and the
overlap between the metrics

oAEC [N] PLV [N] wPLI [N] Overlap PLV Overlap oAEC Overlap oAEC Overlap
&wPLI [N] & PLV [N] &wPLI [N] all [N]

Theta (5‑7 Hz)
Total 105 196 27 1 6 0 0
Higher FC in HC 56 8 1 0 0 0 0
Higher FC in CP 49 188 26 1 6 0 0

Alpha (8‑12 Hz)
Total 52 79 31 1 0 1 0
Higher FC in HC 50 70 10 1 0 1 0
Higher FC in CP 2 9 21 0 0 0 0

Beta (13‑29 Hz)
Total 60 240 139 23 6 1 0
Higher FC in HC 27 11 13 0 1 0 0
Higher FC IN CP 33 229 126 23 5 1 0

Gamma‑low
(30‑45 Hz)
Total 114 273 182 13 8 1 0
Higher FC in HC 74 0 29 0 0 0 0
Higher FC in CP 40 273 153 13 8 1 0

Gamma‑high
(65‑90 Hz)
Total 112 68 137 1 4 1 0
Higher FC in HC 62 3 44 0 0 0 0
Higher FC in CP 50 65 93 1 4 1 0

CP: Chronic Pain, FC: Functional Connectivity, HC: Healthy Control, oAEC: orthogonalized Amplitude Envelope Correlation,
PLV: Phase Locking Value, wPLI: weighted Phase Lag Index

Overlapping altered scout pairs

A comparison between the non‑parametric permutation tests of the PLV and wPLI resulted in limited over‑
lap, only one scout pairwas identified. Higher connectivity for the CP groupwas observedbetween the right
S1 and the right anterior insula [‑1.5s to ‑0.5s]. A comparisonbetween thenon‑parametric permutation tests
of the wPLI and the oAEC did not result in any overlap, where the comparison between the non‑parametric
test of the PLV and the oAEC resulted in 6 overlapping scout pairs, mainly including the right anterior insula
(Table 4). There was no overlap between the three connectivity metrics.

3.1.2 Alpha

In the comparison of the oAECmatrices between theHC andCP groups using a non‑parametric permutation
test, I identified 52 scout pairswith a p‑value < 0.05 across the entire epoch duration (Table 3). Among these,
50 pairs showed a higher oAEC in the HC group and 2 showed a higher oAEC in the CP group. An overview of
these scout pairs including their corresponding time windows within the epoch is provided in Appendix L.
Notably, the altered oAEC pairs were distributed seemingly at random throughout the epoch length, with
no scout pair recurring more than three times.

21



Table 4: Overlapping scout pairs identifiedwith altered Functional Connectivity (FC) (p <0.05) by comparing
multiple non‑parametric permutation tests of different connectivity metrics across the entire epoch dura‑
tion (number of time windows with altered connectivity for each scout pair indicated in brackets)

Overlap PLV &wPLI Overlap oAEC & PLV Overlap oAEC &wPLI

Theta (5‑7 Hz)
Higher FC in HC No overlap No overlap No overlap
Higher FC in CP aINS R ‑ S1 R (1) aINS R ‑ cACC L (1) No overlap

aINS R ‑ cACC R (1)
aINS R ‑ DLPFC R (1)
aINS R ‑ aINS L (1)
pINS R ‑ aINS L (1)
S2 R ‑ rACC R (1)

Alpha (8‑12 Hz)
Higher FC in HC pINS L ‑ S2 R (1) No overlap pINS L ‑ S2 R (1)
Higher FC in CP No overlap No overlap No overlap

Beta (13‑29 Hz)
Higher FC in HC No overlap S2 L ‑ PCC L (1) No overlap
Higher FC in CP aINS R ‑ DLPFC R (5) pINS L ‑ DLPFC R (2) pINS L ‑ PCC R (1)

aINS R ‑ PCC L (5) PCC L ‑ DLPFC R (2)
aINS R ‑ PCC R (2) S2 R ‑ DLPFC R (1)
pINS L ‑ DLPFC R (2)
pINS R ‑ DLPFC R (1)
IC R ‑ DLPFC R (1)
PCC L ‑ DLPFC R (2)
S1 L ‑ DLPFC R (3)
S1 L ‑ S2 R (2)

Gamma‑low (30‑45 Hz)
Higher FC in HC No overlap No overlap No overlap
Higher FC in CP DLPFC R – cACC L (1) DLPFC L – cACC R (2) aINS L ‑ IC L (1)

aINS L – DLPFC L (2) aINS L – DLPFC L (1)
aINS L ‑ S2 L (2) aINS R – DLPFC R (2)
aINS R – rACC R (1) pINS R – DLPFC R (1)
pINS L – DLPFC R (1) pINS R – S1 L (1)
pINS R – DLPFC L (2)
pINS R – DLPFC R (1)
S2 L – DLPFC L (1)
S2 R – DLPFC L (1)

Gamma‑high (65‑90 Hz)
Higher FC in HC No overlap No overlap No overlap
Higher FC in CP pINS R ‑ DLPFC L (1) aINS L – DLPFC L (1) IC L ‑ DLPFC L (1)

aINS L – S1 L (1) pINS L – DLPFC L (1)
IC L – DLPFC L (1)

Note: Overlapping scout pairs between the three metrics are not included due to their absence
Note: Scout pairs were considered overlapping within the same time window
aINS: Anterior Insula, cACC: Caudal Anterior Cingulate Cortex, CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex,
FC: Functional Connectivity, HC: Healthy Control, IC: Isthmus Cingulate Cortex, oAEC: orthogonalized Amplitude Envelope
Correlation, PCC: Posterior Cingulate Cortex, pINS: Posterior Insula, PLV: Phase Locking Value, rACC: Rostral Anterior Cingulate
Cortex, S1: Primary Somatosensory Cortex, S2: Secondary Somatosensory Cortex, wPLI: weighted Phase Lag Index
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In the comparison of the PLV matrices between the HC and CP groups using a non‑parametric permutation
test, I identified 79 scout pairs with p‑values < 0.05 across the entire epoch duration (Table 3). Among these,
9 pairs demonstrated a higher PLV in the HC group and 70 showed a higher PLV in the CP group. An overview
of these scout pairs including their corresponding timewindowswithin the epoch is provided in Appendix K.

In the comparison of thewPLImatrices between the HC and CP groups using a non‑parametric permutation
test, I identified 31 scout pairs with p‑values < 0.05 across the entire epoch duration (Table 3). Among these,
10 pairs demonstrated a higher wPLI in the HC group and 21 pairs showed a higher wPLI in the CP group. An
overview of these scout pairs including their corresponding time windows within the epoch is provided in
Appendix J.

Overlapping altered scout pairs

A comparison between the non‑parametric permutation tests of the PLV and wPLI resulted in limited over‑
lap, only one scout pairwas identified (Table 4). Higher connectivity for theHCgroupwasobservedbetween
the right S2 and the left posterior insula [‑0.5s to 0.5s]. A comparison between the non‑parametric permu‑
tation tests of the wPLI and the oAEC found also higher connectivity for the HC group between the right S2
and the left posterior insula, however in a different time window [1.0s to 2.0s]. There was no overlap found
between the PLV and the oAEC, and between all three connectivity metrics.

3.1.3 Beta

In the comparison of the oAEC matrices between the HC and CP groups using a non‑parametric permuta‑
tion test, I identified 60 scout pairs with a p‑value < 0.05 across the entire epoch duration (Table 3). Among
these, 27 pairs showed a a higher oAEC in the HC group and 33 showed a a higher oAEC in the CP group. An
overview of these scout pairs including their corresponding time windows within the epoch is provided in
Appendix O. Notably, the altered oAEC pairs were distributed seemingly at random throughout the epoch
length, with no scout pair recurring more than three times.

In the comparison of the PLV matrices between the HC and CP groups using a non‑parametric permuta‑
tion test, I identified 240 scout pairs with p‑values < 0.05 across the entire epoch duration (Table 3). Among
these, 11 pairs demonstrated a higher PLV in the HC group and 229 showed a higher PLV in the CP group. An
overview of these scout pairs including their corresponding time windows within the epoch is provided in
Appendix N.

In the comparison of thewPLImatrices between the HC and CP groups using a non‑parametric permutation
test, I identified 139 scout pairswithp‑values < 0.05 across the entire epochduration (Table 3). Among these,
13 pairs demonstrated a higher wPLI in the HC group and 126 pairs showed a higher wPLI in the CP group.
An overview of these scout pairs including their corresponding time windows within the epoch is provided
in Appendix P.
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Overlapping altered scout pairs

The comparison of the non‑parametric permutation tests of the PLV and the wPLI resulted in 23 scout pairs
showing all higher connectivity in the CP group (Table 4). These scout pairs are detailed with the corre‑
sponding time windows in Table 5. The comparison between the oAEC and PLV resulted in 6 scout pairs,
with one scout pair showing higher connectivity for the HC group and 5 scout pairs higher connectivity for
the CP group, mainly involving the DLPFC R (Table 4). The comparison between the oAEC andwPLI resulted
in 1 scout pair (pINS L ‑ PCC R) showing higher connectivity for the CP group (Table 4). There was no overlap
between all three connectivity metrics.

Table 5: Comparison results of non‑parametric permutation tests of PhaseLockingValue (PLV) andWeighted
Phase Lag Index (wPLI) in the beta band (13‑29 Hz) over the entire epoch duration: identified scout pairs
showing higher connectivity in the chronic pain (CP) group compared to the healthy control (HC) group

Window time* [s] Scout pairs (higher connectivity in the CP group for all scout pairs)

‑2.5 to ‑1.5 S2 R S1 L
‑2.0 to ‑1.0 Posterior cingulate L DLPFC R

Posterior cingulate L Insula anterior R
Posterior cingulate R Insula anterior R
S1 L DLPFC R

‑1.5 to ‑0.5 Insula anterior R DLPFC R
Insula posterior L DLPFC R
S1 L DLPFC R
Posterior cingulate L Insula anterior R

‑0.5 to 0.5 Insula anterior R DLPFC R
S2 R S1 L

2.5 to 3 Posterior cingulate R Insula anterior R
3 to 4 Insula anterior R DLPFC R
3.5 to 4.5 Insula anterior R DLPFC R
4 to 5 Insula anterior R DLPFC R

Insula posterior L DLPFC R
Posterior cingulate L Insula anterior R

4.5 to 5.5 Insula posterior R DLPFC R
Posterior cingulate L DLPFC R
Posterior cingulate L Insula anterior R

5.5 to 6.6 Isthmus cingulate R DLPFC R
Posterior cingulate L Insula anterior R
S1 L DLPFC R

*The noxious electrical stimulus is applied to the right tibial nerve at 0 seconds. Time windows without any overlapping scout pairs
are not included in the table.
CP: Chronic Pain, DLPFC: Dorsal Lateral Prefrontal Cortex, HC: Healthy Control, oAEC: Orthogonalized Amplitude Envelope
Correlation, S1: Primary Somatosensory Cortex, S2: Secondary Somatosensory Cortex

3.1.4 Gamma‑low

In the comparison of the oAEC matrices between the HC and CP groups using a non‑parametric permuta‑
tion test, I identified 114 scout pairs with a p‑value < 0.05 across the entire epoch duration (Table 3). Among
these, 74 pairs showed a higher oAEC in the HC group and 40 showed a higher oAEC in the CP group. An
overview of these scout pairs including their corresponding time windows within the epoch is provided in
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Appendix R. The occurrence of the scout pairs are distributed randomly across the entire epoch duration,
with no single pair demonstrating altered oAECmore than twice.

In the comparison of the PLV matrices between the HC and CP groups using a non‑parametric permutation
test, I identified 273 scout pairswithp‑values < 0.05 across the entire epochduration (Table 3). Among these,
all 273 scout pairs demonstrated a higher PLV in the CP group. An overview of these scout pairs including
their corresponding time windows within the epoch is provided in Appendix Q.

In the comparison of thewPLImatrices between the HC and CP groups using a non‑parametric permutation
test, I identified 182 scout pairswithp‑values < 0.05 across the entire epochduration (Table 3). Among these,
29 pairs demonstrated a higher wPLI in the HC group and 153 pairs showed a higher wPLI in the CP group.
An overview of these scout pairs including their corresponding time windows within the epoch is provided
in Appendix S.

Overlapping altered scout pairs

The comparison of the non‑parametric permutation tests of the PLV and the wPLI resulted in 13 scout pairs,
showing all higher connectivity in the CP group Table 6. Higher connectivity in the CP group was observed
multiple times between both the right insula posterior and the left insula anterior with the left DLPFC and
between the left S1with the left insula anterior. The comparison between the oAEC and the PLV resulted in 8
scout pairs exhibiting higher connectivity for the CP group, involvingmainly the insula andDLPFC ((Table 4).
For the oAEC and wPLI 1 scout pair (aINS L ‑ Isthmus cingulate L) showing higher connectivity for the CP
group was found.

Table 6: Comparison results of non‑parametric permutation tests of PhaseLockingValue (PLV) andWeighted
Phase Lag Index (wPLI) in the gamma‑low band (30‑45 Hz) over the entire epoch duration: identified scout
pairs showinghigher connectivity in the chronic pain (CP) group compared to the healthy control (HC) group

Window time* [s] Scout pairs (higher connectivity in the CP group for all scout pairs)

‑2.5 to ‑1.5 DLPFC R Caudal anterior cingulate L
S2 L DLPFC L
S2 R DLPFC L
Rostral anterior cingulate R Insula anterior R

0 to 1.0 Insula posterior R DLPFC L
1.0 to 2.0 Insula anterior L DLPFC L
1.5 to 2.5 S1 L Insula anterior L
3.5 to 4.5 Insula posterior R DLPFC L
4.0 to 5.0 Insula anterior L DLPFC L
4.5 to 5.5 S1 L Insula anterior L
5.0 to 6.0 Insula anterior L DLPFC R

Insula posterior L DLPFC R
Insula posterior R DLPFC R

*The noxious electrical stimulus is applied to the right tibial nerve at 0 seconds. Time windows without any overlapping scout pairs
are not included in the table.
CP: Chronic Pain, DLPFC: Dorsal Lateral Prefrontal Cortex, HC: Healthy Control, oAEC: Orthogonalized Amplitude Envelope
Correlation, S1: Primary Somatosensory Cortex, S2: Secondary Somatosensory Cortex
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3.1.5 Gamma‑high

In the comparison of the oAEC matrices between the HC and CP groups using a non‑parametric permuta‑
tion test, I identified 112 scout pairs with a p‑value < 0.05 across the entire epoch duration (Table 3). Among
these, 62 pairs showed a higher oAEC in the HC group and 50 showed a higher oAEC in the CP group. An
overview of these scout pairs including their corresponding time windows within the epoch is provided in
Appendix U. Notably, the altered oAEC pairs were distributed seemingly at random throughout the epoch
length, with no scout pair recurring more than twice.

In the comparison of the PLV matrices between the HC and CP groups using a non‑parametric permutation
test, I identified 68 scout pairs with p‑values < 0.05 across the entire epoch duration (Table 3). Among these,
3 pairs demonstrated a higher PLV in the HC group and 65 showed a higher PLV in the CP group. An overview
of these scout pairs including their corresponding timewindowswithin the epoch is provided in Appendix T.

In the comparison of thewPLImatrices between the HC and CP groups using a non‑parametric permutation
test, I identified 137 scout pairswithp‑values < 0.05 across the entire epochduration (Table 3). Among these,
44 pairs demonstrated a higher wPLI in the HC group and 99 pairs showed a higher wPLI in the CP group. An
overview of these scout pairs including their corresponding time windows within the epoch is provided in
Appendix V.

Overlapping altered scout pairs

A comparison between the non‑parametric permutation tests of the PLV and wPLI resulted in limited over‑
lap, only one scout pairwas identified (Table 4). Higher connectivity for theCPgroupwas observedbetween
the right posterior insula and the left DLPFC [‑1s to 0s]. A comparison between the oAEC and the PLV re‑
sulted in an overlap of 4 scouts pairs, showing higher connectivity for the CP group, mainly including the
left DLPFC. The comparison between the oAEC and the wPLI resulted in 1 scout pair (Isthmus cingulate L ‑
DLPFC L) showing higher connectivity for the CP. Therewas no overlap found between all three connectivity
metrics.

3.1.6 Phase‑based connectivity comparison across CPM blocks

The comparison of the non‑parametric permutation of the PLV and the wPLI per CPM block resulted in a
number of scouts identified, which are presented in Table 7. The scout pairs identified are detailed in Ap‑
pendix W. There was no predominant of altered connectivity in the right hemisphere in the before and after
CPM block in comparison with the during CPM block in any of the frequency bands. The overlap between
the specific individual CPMblocks and the total is detailed in Table 8. No overlapwas observed for the alpha
and gamma‑high band. In the other frequency bands, no pattern of specific scout pairs with a certain block
were identified.
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Table 7: Number of scout pairs with altered Functional Connectivity (FC) (p < 0.05) identified by the com‑
parison of non‑parametric permutation tests of the Phase Locking Value (PLV) and the weighted Phase Lag
Index (wPLI) across the entire epoch duration per conditioned pain modulation (CPM) block

Number of scout pairs identified with Number of scout pairs identified with
higher FC for the CP group higher FC for the HC group

Theta (5‑7 Hz)
All 1 0
CPM1 16 0
CPM2 17 0
CPM3 10 0

Alpha (8‑12 Hz)
All 0 1
CPM1 3 0
CPM2 7 0
CPM3 1 4

Beta (13‑29 Hz)
All 23 0
CPM1 24 0
CPM2 14 0
CPM3 5 0

Gamma‑low
(30‑45 Hz)
All 13 0
CPM1 20 0
CPM2 21 0
CPM3 8 0

Gamma‑high
(65‑90 Hz)
All 1 0
CPM1 4 0
CPM2 2 0
CPM3 3 0

CP: Chronic Pain, CPM: Conditioned Pain Modulation, FC: Functional Connectivity, HC: Healthy Control
CPM1: before CPM, CPM2: during CPM, CPM3: after CPM
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Table 8: Comparison of Functional Connectivity (FC) alterations across different CPM conditions (before,
during, after) by time window and scout pair

CPM blocks Scout pairs Timewindow* [s]

Theta
CPM1 ‑ CPM2 rACC L Insula anterior R ‑1.0 to 0

Beta
All ‑ CPM1 PCC R Insula anterior R ‑1.5 to ‑0.5
All ‑ CPM1 Isthmus cingulate R DLPFC R 5.5 to 6.5
All ‑ CPM1 PCC R Insula anterior R 5.5 to 6.5
All ‑ CPM1 ‑ CPM3 Insula anterior R DLPFC R ‑1.5 to ‑0.5
All ‑ CPM2 Insula posterior R DLPFC R 4.5 to 5.5
CPM2 ‑ CPM3 Insula anterior R DLPFC R ‑2.0 to 1.0

Gamma‑low
All ‑ CPM2 ‑ CPM3 Insula anterior L DLPFC L 1.0 to 2.0
All ‑ CPM2 Insula anterior L DLPFC L 4.0 to 5.0
All ‑ CPM2 Insula posterior R DLPFC R 5.0 to 6.0
CPM2 ‑ CPM3 Insula anterior L DLPFC L 1.5 to 2.5

*The noxious electrical stimulus is applied to the right tibial nerve at 0 seconds
CPM: Conditioned Pain Modulation, DLPFC: Dorsolateral Prefrontal Cortex, PCC: Posterior Cingulate Cortex, rACC: Rostral Anterior
Cingulate Cortex
CPM1: before CPM, CPM2: during CPM, CPM3: after CPM

3.2 Study aim 1b: Analysis of FC patterns in response to a noxious stimulus

Figure 8 presents the time connectivity plots for the three connectivitymetrics, representing themean of all
scout pairs. This approach was selected based on preliminary findings that revealed clear and consistent
trends across the connectivity metrics. Detailed plots for each frequency band, with individual scout pairs
distinctly represented, are available in Appendix X. In this analysis, the focus was on examining the gen‑
eral connectivity response to the noxious stimulus, encompassing both the HC and CP groups combined.
However, for clarity in the visual presentation and to overcome repetitive figures, the HC and CP groups are
plotted separately in the figures. The combined group analysis, which revealed similar average trends and
patternsbetween the twogroups, is detailed inAppendix Y. Theobservedvalues for the connectivitymetrics
trend lower in the higher frequency bands, reflecting the diminished power characteristic of these ranges.
To ensure a comprehensive understanding, the patterns described below have been assessed within their
respective frequency bands.
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(a) Phase locking value (PLV) (b) Weighted phase lag index (wPLI)

(c) Amplitude envelope correlation (oAEC) (d) Legend

Figure 8: Time connectivity plots of three different connectivity metrics (PLV, wPLI, oAEC) with the overall
mean (all CPM conditions, and all scout pairs) for every frequency band for both the Healthy Control (HC)
group and the Chronic Pain (CP) group.
Note: Connectivity values for each timewindow are plotted at their midpoint; e.g., values for the ‑0.5 to 0.5‑secondwindow are shown
at 0 seconds.
CP: Chronic Pain, CPM: Conditioned PainModulation, HC: Healthy Control, oAEC: Orthogonalized Amplitude Envelope Correlation, PLV:
Phase Locking Value, wPLI: Weighted Phase lag Index

3.2.1 Phase locking value (PLV)

In examining the PLV across different frequency bands, I observed distinct patterns of connectivity changes
in response to the noxious stimulus. Initially, an increase in PLV within the theta band was notable during
the stimulus (‑0.5s to 0.5s and 0s to 1s) for both theHC andCP groups. Conversely, the alpha band displayed
a decrease in PLV in thewindows: ‑1s to 0s, ‑0.5s to 0.5s, 0s to 1s, and 0.5s to 1.5s. The beta band displayed a
decrease inPLV in thewindows: ‑0.5s to0.5s and0s to1s, followedbyan increaseextendinguntil thewindow
(2.5s to 3.5s). The gamma‑low band showed a slight increase in PLV exclusively in the CP group during the
0s to 1s window. Lastly, the gamma‑high bandmaintained relative stability in PLV throughout the epoch for
both groups.

3.2.2 Weighted phase lag index (wPLI)

The analysis of the wPLI revealed a pattern of increased connectivity within both the HC and CP groups
in the theta and alpha bands in the windows: ‑0.5s to 0.5s and 0s to 1s. In the alpha band, both groups
exhibited a decrease in connectivity in the 0.5s to 1.5s window, relative to the baseline period. Additionally,
a decrease in connectivitywithin the theta bandwas observed in theHCgroupbetween 1s to 2s. An increase
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in the beta band connectivity was also identified during the initial windows (‑0.5s to 0.5s and 0s to 1s) for
the HC group. Across the epoch, connectivity metrics in the gamma‑low and gamma‑high bands remained
relatively stable. Scout pairs in these higher frequency bands exhibited more variable patterns, displaying
less consistency compared to the lower frequency bands.

3.2.3 Orthogonalized amplitude envelope correlation (oAEC)

The oAEC analysis highlighted a trend mirroring that observed in the wPLI, with an increase in connec‑
tivity noted across both the HC and CP groups. This increase was observed in the theta, alpha and beta
bands during the post‑stimulus windows of ‑0.5s to 0.5s and 0s to 1s. Across the duration of the epoch,
the gamma‑low and gamma‑high bands demonstrated consistent connectivity levels. Scout pairs in these
higher frequencybandsexhibitedmore variablepatterns, displaying less consistency compared to the lower
frequency bands.

3.3 Study aim 1c: Comparison of FC patterns between individuals with CP
and HCs in response to a noxious stimulus

In summarizing the findings from the analyses conducted, the following observations weremade regarding
the FC differences in response to the noxious stimuli between the HC and CP groups:

• Theta:

– In the CP group, both pre‑ and post‑stimulus periods showed increased PLV between the right
anterior insula and the left cACC, which was absent around the noxious stimulus (‑0.5s to 0.5s;
0s to 1s; 0.5s to 1.5s) (Appendix H).

– A higher increase in PLV is observed for the CP group compared to the HC group in the stimulus
window (‑0.5 to 0.5) (Figure 8).

• Alpha:

– Higher connectivity (overlap results of PLV andwPLI) for theHC group compared to the CP group
between the right S2 with the left posterior insula is observed in the stimulus window (‑0.5s to
0.5s).

– In thewPLI analysis of the alphaband, noaltered connectivity patternswere founduntil stimulus
onset (‑0.5s to 0.5s) (Appendix M).

– TheHC group exhibited a lower PLV than the CP group after the stimulus in thewindow from0.5s
to 1.5s (Figure 8).

• Gamma‑low:

– Increased connectivity, as indicated by overlapping results from PLV and wPLI, was observed in
the CP group compared to the HC group post‑stimulus, specifically between the right posterior
insula and the left DLPFC, and between the left S1 and the left anterior insula. This pattern was
not present in the pre‑stimulus period (Table 6).
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4|Discussion
In this study, I investigated FC differences in response to noxious stimuli between individuals with CP and
HCs across different frequency bands, usingMEG.My analysis focused on both phase‑based and amplitude‑
based FC in source space. My study stands out by being the first to use MEG for investigating FC in CP in re‑
sponse to noxious stimuli. In comparing FCpatterns across the entire epoch between theHC andCP groups,
there is a predominant observation of increased FC in the CP group relative to the HC group. The insula and
DLPFC emerged as central hubs, and these alterations were most prominent in the beta and gamma‑low
bands. An increase in FC in the mean response over all scout pairs and both groups was observed imme‑
diately following the stimulus, particularly in the theta band. Additionally, the PLV analysis suggests align‑
ment with observed ERSPs. In investigating the specific hypothesis that theremay be distinct FC responses
to noxious stimuli between the HC and CP group, the findings indicate subtle differences rather than clear,
pronounced patterns, with findings in the theta, alpha and gamma‑low bands. Finding FC alterations in CP
promises to advance the understanding of the neural basis of CP by highlighting specific brain regions and
networks implicated in CP. Moreover, these FC alterations could serve as promising biomarkers for moni‑
toring treatment progress, and potentially predicting individual responses to specific treatments.

4.1 Study aim 1a: Comparison of FC patterns between individuals with CP
and HCs

In addressing study aim 1a,my analysis focused on comparing FC patterns between individuals with CP and
HC over the entire duration of the epochs. It is important to note that these findings represent overarch‑
ing trends observed across the entire epoch duration, without indicating specific changes in connectivity
patterns triggered during or after the noxious stimulus. Most results consistently point towards higher con‑
nectivity in CP, which could reflect an adaptive mechanism, whereby the brain’s pain‑processing networks
becomemore interconnected in the context of persistent pain.

4.1.1 Scout pairs and brain regions

Inmy study, increasedFCwasobserved in theCPgroup compared toHCs across the entire epochduration in
different scout pairs, with the insula and DLPFC being central in these changes. Consistent with existing lit‑
erature, the DLPFC and insula emerge as key nodes within networks engaged in nociceptive processing and
pain modulation in both acute and chronic pain [16, 49, 50, 55, 106, 107]. The overlapping results between
thephase‑basedmetrics andbetween thePLVand theoAECpredominantly reveal increasedFCbetween the
right anterior insula and the right DLPFC, with additional observations of increased FC between the other
subdivisions and the DLPFC (aINS L‑DLPFC L/R, pINS L/R ‑ DLPFC L/R). This suggests a potential reorgani‑
zation in the insula‑DLPFC network in CP. The DLPFC plays a role in cognitive control, conflict adaptation,
and attentionmodulation [108]. Although there are no studies directly linking altered connectivity between
the insula and the DLPFC in CP, Fu et al. [109] and Yuan et al. [110] have highlighted their connectivity in
context of depression. Fu et al. [109] observed higher FC between the insula and the DLPFC in depression
patients during resting‑state. Yuan et al. [110] observed that higher connectivity between the right anterior
insula and left DLPFC predicted the chance of earlier improvement after treatment with anti‑depressants.
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This suggest that the observed increased FC, reinforced by the significantly higher scores on the HADS (Hos‑
pital Anxiety and Depression Scale) within the CP group, may reflect underlying physiological factors, such
as depression and anxiety.

Furthermore, the observation of increased FC between the left posterior insula and the right S2 (overlap
PLV and wPLI; overlap oAEC and wPLI) in the HC group, compared to the CP group, within the alpha band is
intriguing. This stands in contrast to the trend of higher FC in the CP group observed across other frequency
bands. The involvementof theposterior insula inprocessing thesensoryaspectsofpain iswidely recognized
[16]. This includes its role indiscerning the intensity andquality of pain [16, 111]. The increased connectivity
between the posterior insula and S2 in the HC group suggests that there is an efficient andwell‑coordinated
neural mechanism for pain processing in the HC group, which may be compromised in CP conditions.

4.1.2 Frequency bands

Therewas anotably higher number of altered scout pairs (overlapPLV andwPLI) in the beta andgamma‑low
bands compared to the other frequency bands. These altered scout pairs showed increased FC for the CP
group compared to the HC group. This finding contrasts with the connectivity patterns identified in resting‑
state studies of CP, where increased connectivity in these bands is less commonly reported [41]. Although
some studies have noted increased connectivity, the majority have found decreased connectivity or no sig‑
nificant differencesbetween individualswithCPandHCs in thebeta andgammabands, as highlighted inmy
review [41]. One of the studies that found increased connectivity was González‑Villar et al. [112]. They ob‑
served increased connectivity in the beta band in individuals with CP, suggesting abnormal synchronization
in long‑distance networks. Even so, a comprehensive review by Kim et al. [59] emphasized the significance
of the beta and gamma bands in (chronic) pain processing. This may suggest that the beta band, known
for its involvement in movement anticipation and adjustment, is in a more pronounced preparatory neural
state in anticipation of the stimuli within the CP group [59]. This observation could potentially explain not
only the absence of higher connectivity in CP resting‑state studies [41], but also the lack of altered scout
pairs (overlap PLV and wPLI) during and directly after the stimulus in the CP group. In addition, the gamma
band is stated to be involved in the subjective experience of pain, potentially could explain the increased
gamma‑low FC as a specific pattern associated with the experience of pain [59].

4.1.3 Conditioned Pain Modulation

The exploration of FC in the individual CPM blocks showed a higher number of altered scouts (overlap PLV
andwPLI) compared to the theFCanalysis of the combined threeCPMblocks. This observation couldbedue
to the smaller number of epochs in each block, potentially amplifying the statistical significance of subtle
connectivity variations and reflecting the different states. Alternatively, this variation could be noise that
becomes less apparent when averaging the connectivity across the CPM blocks [71]. Given the high variety
and minimal overlap in the altered scout pairs between individual blocks and the total, I will not delve into
the specific scouts involved. No distinct scout pair consistently correlatedwith any CPMblock. Additionally,
the lack of evident hemispheric differences suggests a potentially bilateral response in connectivity across
all CPM blocks. However, a noteworthy pattern emerged: the third CPM block showed a notable reduction
in altered scout pairs, especially in the theta, beta, and gamma‑low bands, when compared to the first two
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blocks. Ameta‑analysis byNuwailati et al. [61] indicated that individualswithCPoftenexhibit a less efficient
CPMresponse, typicallymaintaininga similar pain scoreafter theCS.However,my results suggest adifferent
perspective when focusing solely on FC. The reduced differences in FC in the third CPM block imply that the
long‑lasting CPM effect on FCmight actually be more similar for both CP and HC groups.

4.2 Study aim 1b: Analysis of FC patterns in response to a noxious stimulus

4.2.1 General FC patterns in response to the noxious stimulus

Consistent with my hypothesis, an increase in overall FC in response to the stimulus was observed in the
theta, alpha and beta band, aligning with previous findings in both fMRI and EEG studies [46–48, 50]. How‑
ever, this was not observed in the alpha and beta band with the PLV. The effect was most prominent in the
theta frequency band, as evidenced by its presence in all three connectivity metrics, suggesting that theta
oscillations play a significant role in responding to noxious stimuli. This observation is in line with animal
studieswhere increases in thetaactivityhavebeennoted in response toacutenoxious stimuli, althoughsuch
clear evidence in humans is lacking [59]. Wang et al. [48] reported increased connectivity in anticipation of
and in response to noxious stimuli in the theta, alpha and beta band, reaffirmingmy findings. Furthermore,
the most substantial changes in the three metrics occurred directly in the initial post‑stimulus windows.
These changes align with the expected temporal dynamics of neural activity in response to noxious stimuli,
indicating rapid adjustments in FC immediately following the stimulus, followed by rapid stabilization. This
highlights the role of the selected ROIs in the direct and immediate processing of pain signals.

Theabsenceof anobserved increase inFCwithin the lowandhighgammabands in response to the stimulus,
unlike the changes noted in other frequency bands, is noteworthy. The scout pairs of the gamma bands
presented a more randomly distributed pattern across the epoch compared to the other frequency bands.
This suggests that increased FC in specific scout pairs might be occurring but not readily observable in the
general response I examined. Due to time constraints, conducting an in‑depth analysis of each individual
scout pair was unfortunately not feasible.

4.2.2 Event‑related spectral perturbations and FC

My exploration of FC with the PLV in the context of ERSPs provides insights that align and build on the find‑
ings of Jin et al. [63]. In both the beta and alpha bands, the initial decrease in PLV following the stimulus
aligns with Jin et al.’s [63] findings of ERD, indicating reduced synchronization within brain regions. This
observation, consistent across both frequency bands, supports the hypothesis that ERD, leads to decreased
FC across multiple regions. The subsequent increase in beta connectivity aligns with the ERS phase noted
by Jin et al., [63] reflecting increased synchronization. Building on these observations, it is plausible that
ERD and ERS are related to changes in FC. The absence of similar patterns in wPLI, in contrast to PLV, may
highlight the differential sensitivities of PLV and wPLI to the types of synchronization changes in ERD and
ERS. Additionally, as hypothesized different patterns were observed in the oAEC. The period of ERD show
higher oAEC, potentially indicating that ERDmay indeed result in increase connectivity as reflectedby oAEC.
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4.3 Study aim 1c: Comparison of FC patterns between individuals with CP
and HCs in response to a noxious stimulus

In exploring thehypothesis that theremaybedistinct connectivity responses tonoxious stimuli between the
HC and CP group, the findings indicate subtle differences rather than clear, pronounced patterns. Specifi‑
cally, these variations were observed in only one connectivity metric and within a single observation win‑
dow, showing no consistent pattern across multiple metrics or time frames. When considering the gamma‑
low band findings, although results were observed across twometrics andmultiple timewindows, their oc‑
currences were sporadic and did not follow a predictable pattern. These observations are further discussed
in detail below.

4.3.1 Theta

In the CP group, in both pre‑ and post‑stimulus periods increased PLV between the right anterior insula and
the left cACC in the theta band was observed. The increased PLV in the CP group was absent around the
noxious stimulus (‑0.5s to 0.5s; 0s to 1s; 0.5s to 1.5s). This might imply an increased focus on potential pain
in the CP group, as these regions have a role inmaintaining task‑level control and attention [113]. However,
it should be kept in mind that this is only observed in the non‑parametric permutation test of the PLV and
not in the oAEC and wPLI.

4.3.2 Alpha

The results (overlap PLV and wPLI), indicating increased FC for the HC group between the left posterior in‑
sula and the right S2 during the stimulus window (‑0.5s to 0.5s), could suggest a distinct processing noxious
stimuli. Kim et al. [114] highlight higher connectivity between the bilateral posterior insula and the so‑
matosensory regions in resting‑state in individuals with CP, implying a baseline observation (as the time
window starts before the stimulus). However, the posterior insula is also known for its role in processing so‑
matosensory stimuli [16, 115]. This would rather indicate that the higher FC might be a specific, functional
response to the noxious stimulus; a response potentially compromised in individuals with CP.

The lack of altered connectivity patterns between the HC and CP groups in thewPLI non‑parametric permu‑
tation test until stimulus onset suggests that the FC differences are primarily driven by how the respond to
external stimuli, rather than inherent differences in their resting state. However, it should be kept in mind
that this is only seen in the wPLI non‑parametric permutation test and not in the PLV or the oAEC.

4.3.3 Gamma‑low

In the gamma‑low band, potential differences in response to the stimulus between the HC and CP groups
were observed. Specifically, higher FC (overlap between PLV and wPLI) was observed in the CP group post‑
stimulus between specific scout pairs, as these alterations were not observed in the pre‑stimulus period.
These included the left DLPFCwith both the left anterior insula and the right posterior insula. This suggests
an altered neural response to noxious stimulation in the CP group, potentially reflecting changes in the way
these brain regions communicate and process pain‑related information. These findings align with the dis‑
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cussions on the implications of insula‑DLPFC connectivity presented in subsection 4.1.1.

In addition, increased FC was observed between the left S1 and the left anterior insula for the CP group
compared to the HC group. Although the posterior insula is typically associated with S1 connectivity during
noxious stimulation [50],my findings suggest amore pronounced role for the anterior insula in CP. Given the
anterior insula’s involvement in emotional processing and interoception [16], and S1’s role in processing
tactile and nociceptive inputs. This increased connectivity might reflect an enhanced processing of pain
signals in CP, encompassing both physical and emotional dimensions. However, these observed changes
in connectivity patterns in the gamma‑low band were dispersed across multiple time windows following
the stimulus, rather than occurring in immediate succession. This distribution suggests an unexpected, yet
potentially significant, pattern of response to the stimulus.

4.4 Limitations

This section delves into the challenges and complexities inherent in connectivity research, underscoring
both the universal limitations and the specific limitations of my study. It also proposes directions for future
research that aim to enhance our understanding of connectivity, particularly in the context of CP.

4.4.1 Window length

The choice of window length in connectivity analysis is pivotal, directly influencing the average connectivity
values obtained. As outlined in mymethod chapter, the selection of the window length was determined by
the dynamics of FC changes, the sampling frequency, and the reliability of the connectivity metrics. How‑
ever, Liuzzi et al. [73] investigated the sensitivity of PLI, PLV, and AEC metrics against synthetic data with
known ground truths and revealed that allmetrics struggled to identify fast‑changing states (mean duration
125ms ‑ with windows ranging from 0 to 4 seconds), with only moderate improvements achieved through
increased SNR. My study’s findings may therefore not fully capture the rapid, transient connectivity alter‑
ations that occur in response to the noxious stimuli. This limitationmeans thatmy results could potentially
underestimate the complexity of brain network dynamics. Given the unknown brain’s network fluctuating
timescale in CP, future studies might benefit from exploring different window lengths [103]. Alternatively,
one could maintain a consistent window length but initiate the analysis at varying starting points within
the epoch, shifting the window in increments, such as every 100ms, to capture different segments of the
data. This approach could revealmore detailed temporal patterns butwould also increase the data volume,
necessitating automated, possibly machine learning‑based, data analysis techniques. Given the notable
changes observed in the first second post‑stimulus, focusing this ”walking window” analysis on this initial
second could streamline the process and make it more manageable. Consequently, I recommend this ap‑
proach for future research as it could yield insights into the immediate connectivity responses to noxious
stimuli. However, it should be kept in mind that fast‑changing states may not be detectable, and further
investigation in suitable FC computation is required [73].
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4.4.2 Impact of the stimulus (artifact)

It is important to consider the potential impact of the stimulus artifact and subsequent linear interpolation,
particularly in the windows of ‑0.5s to 0.5s and 0s to 1s. These periods, immediately following the stimulus,
could be subject to the effect of the artifact correction. This is underscored by the observed increase in
connectivity in these windows post‑stimulus. To further investigate, a time‑connectivity analysis using the
PLV was conducted over different windows: from ‑0.9 to 0.1 seconds, ‑0.4 to 0.6 seconds, and 0.1 to 1.1
seconds. This analysis produced apattern consistentwith the original observations, as detailed in Appendix
(AppendixZ). Notably,within the ‑0.9 to0.1 secondswindow,where the impactof the stimulusartifactwould
presumably bemost evident, there was no observable increase in PLV, suggesting that the stimulus artifact
had aminimal effect onmy findings.

4.4.3 Scout function

In this study, I employed the scout function before the FC analysis due to computational limitations. This
involved averaging scout data prior to connectivity computations, a method that might oversimplify anal‑
ysis by potentially masking the differences within brain regions that contain functionally heterogeneous
areas. However, currently there is no compromise on when the before method is accepted, as a compre‑
hensive comparison between the before and aftermethods is lacking. such a comparisonwould serve as an
interesting starting point, especially since the beforemethod would be preferable due to computational ef‑
ficiency if it proves to be sufficiently accurate, thereby offering a pragmatic balance between computational
demands and analytical precision

4.4.4 Regions of interest

A limitation of my study is the a priori selection of ROIs. This approach, while necessary given the study’s
design and constraints, introduces certain challenges in interpreting the results. There is always the risk of
missing important regions or connections that are outside these predefined areas [21]. Additionally, the se‑
lection of ROIs often involves researchermanual selection, which could introduce subjectivity [21]. This also
applies to my study, where it was necessary to manually adjust certain regions of the atlas (splitting the in‑
sula). Additionally, deeper brain structures known to be involved in pain processing, such as the thalamus,
were not incorporated. Although Brainstorm supports forward modeling for cortical and deeper surfaces,
creating a mixed model for FC analysis is complex. However, a recent Brainstorm update (November 2023)
has streamlined the process of computing connectivity, making it easier to compute connectivity between
both cortical anddeeper regions [71]. As Pahapill et al. [13] stated, larger studieswithmore datawould ben‑
efit from data‑driven analysis, such as graph theory, which can provide a more comprehensive evaluation
of connectivity patterns. Such approaches could validate, expand or challenge the hypotheses proposed in
this study.

4.4.5 Common input problem

One limitation in the field of FC analysis is the challenge posed by the common input problem. This issue
ariseswhenobservedconnectivitypatternsbetween twobrain regionsmayactuallybe influencedbya third,
unmeasured source [19, 76]. In the context of my study, an interesting consideration is the potential role of
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the thalamus. The thalamus plays a role in pain processing, particularly in modulating and gating sensory
information, which could influence FC patterns in CP conditions [116]. In addition, the majority of the ROIs
includedare known to receivedirect projections fromthe thalamus [50]. Given the influenceof the thalamus
on the brain regions involved in this study, it presents itself as an interesting region for future FC research.

4.4.6 Multiple comparisons

In this study, I chose not to correct formultiple comparisons, because of the exploratory nature ofmy study.
However, this led to potential false positives results from the non‑parametric permutation tests. Therefore,
I compared the results across the different connectivity metrics to enhance the robustness of the results,
assuming that the diverse methodologies are less likely to yield similar false positives. This comparative
approach aimed to enhance the robustness of the results, although it is important to acknowledge that it
does not replace the need for statistical corrections in connectivity analysis [19, 76, 117]. Specifically, in
the analysis using oAEC, no scout pair consistently appeared more than three times, suggesting potential
randomness in the results. This observationmight partly stem from the lack ofmultiple comparison correc‑
tions, enhancing the chance that some connectivity changesmight be false positives. Moreover, the oAEC’s
time‑connectivity plot showminimal differences in themean response between the HC and CP groups, fur‑
therhintingat the riskof falsepositives in thenon‑parametricpermutation test of oAEC. Future studies could
focus on a narrower set of comparisons, thereby reducing the burden of multiple comparison corrections
[76]. Furthermore, studies such as those of Pourmotahari et al. [118] and Meskaldji et al. [117] provide in‑
novative approaches for statistical methodologies in FC comparison, which could be interesting for future
research.

4.4.7 Individual variability in functional connectivity analysis

A limitation ofmy study is the lack of consideration for individual participant variations and individual scout
variations. The computation of standard deviations for each FC metric, scout pair, time window, and fre‑
quency band led to an overwhelming volume of data. This hindered the ability to draw clear and definitive
conclusions about the variability of connectivity in the HC and CP groups. Additionally, I was unable to in‑
vestigate the connectivity over time for the individual scout pairs. Although I developed a custom Matlab
script to aid in this analysis, a comprehensive examination of individual differences and scout‑specific vari‑
ations was beyond the scope of this study, primarily due to time constraints. In future research, addressing
this limitation is essential to enable a more nuanced understanding of connectivity variations in HC and CP
groups.

4.4.8 Causality ‑ longitudinal

A significant limitation of studies in CP is their cross‑sectional design. This approach limits the ability to
infer causal relationships between observed FC changes and CP conditions. As highlighted by multiple au‑
thors [119, 120], longitudinal studies are needed to confirm the findings of altered connectivity in CP. This
approach will help determine if and how these connectivity changes contribute to CP pathology and their
potential for modulation. However, there is a gap in understanding how connectivity patterns evolve over
time [60]. Instability in thesemeasurements over time could question the efficacy of FC analyses in longitu‑
dinal CP studies, and should therefore first be determined.
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4.4.9 Standardization

The field of connectivity analysis is marked by diverse methods and lacking consensus [76]. As also high‑
lighted in my review, I observed a notable diversity in methodologies [41]. This variability in approach,
which ranges from the ROIs included to themethodological specifications, posed significant challenges for
direct comparison between studies. There is a need for a more standardized approach in future research.
Tools like Brainstorm play a pivotal role in addressing this issue by offering a standardized framework for
electrophysiological connectivity analysis. While Brainstormmight not encompass every connectivity met‑
ric, its standardized approach significantly simplifies the analysis process. This simplification is essential
for ensuringmethodological consistency, enhancing the comparability and reliability of studies. Therefore,
adopting standardized tools such as Brainstorm is highly recommended for future research in this domain.

4.5 Future recommendations

This exploratory study, while not yielding a singular, definitive hypothesis for future research, has brought
several aspects worth further exploration. The results appear to reveal broader, more generalized findings
rather than specific findings related solely to the noxious stimulus. Consequently, it would be interesting
to employ a different study paradigm to ascertain the presence of these observations in a different context
(i.e., a painless stimulus).

For research aimed at identifying biomarkers, simpler bivariate FC analysis, like those in my study, may
be sufficient. In this context, the application of machine learning applications emerges as a promising ap‑
proach [60]. These applications have already been shown to be successful in using connectivity patterns to
distinguish other diseases, such as schizophrenia [121]. In the context of CP, machine learning using con‑
nectivity has shown potential but also room for improvement. Ta Dinh et al. [89] have employed machine
learning algorithms to differentiate individuals with CP from healthy controls (HCs), achieving an accuracy
just above chance (57%), primarily based on frontal connectivity. This implies that further exploration is
needed. One area worth exploring, based on the results of my study, is the potential role of the insula and
the DLPFC network as biomarker, with a focus on the right DLPFC in the beta band and the left DLPFC in the
gamma‑low band.

When the focus would be more on deepen or understanding of CP through bivariate connectivity analysis,
researchers must engage thoroughly with themethodological variables. This includes exploring the effects
of varying window lengths, correction methods for multiple comparisons, scout aggregation, different pa‑
rameters and preprocessingmethods. Such a comprehensive approach ensures that themeasurements ac‑
curately reflect the phenomenaunder study. To this end, I would recommendusing syntheticMEGdatawith
artificially constructed connectivity. This approach allows rigorous testing and optimization of methodolo‑
gies before applying them to MEG data [103]. Such an approach facilitates the calculation of false positives
and negatives based on artificial connectivity [74], and could help improve the choice ofmethodologies and
parameters [26]. However, it is important to note that such an approach remains challenging as generating
synthetic MEG data may not fully capture the complexity and nuances present in real MEG data. More so‑
phisticated methods, like graph theory, could be interesting when the aim is to deepen our understanding
[15, 26]. Graph‑theoretical methods reduces the high‑dimensional data to a few network measures, char‑
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acterizing the organization of the whole brain network. By applying a threshold to the connectivity matrix,
it is possible to isolate the strongest connections [89]. However, the challenge with graph theory is its com‑
plexity in setup, and currently, tools like Brainstorm do not offer this functionality.

Despite the importance of advancing our understanding of CP, I argue that the current priority should be
on biomarker research. Identifying reliable biomarkers could potentially play a role in predicting the effi‑
cacy of treatments, such as neurostimulators, before their implantation. This ability to foresee treatment
outcomes can prevent unnecessary procedures and enhance the treatments’ perceived value, including the
recognition by insurance providers. Several studies in other diseases (including depression, traumatic brain
injury) have already highlight the potential to use FC as a predictive biomarker for treatment success or pre‑
dicting outcome [122–124]. Additionally, an fMRI study by Ceko et al. [125] observed altered connectivity
patterns in the bilateral insula and the left DLPFC, which were restored post‑treatment in chronic low back
pain patients. While advancing our understanding of CP could pave the way for new, potentially invasive
treatments in the future, the immediate benefits of a biomarker in terms of patient care are higher. This
emphasis is particularly relevant due to the limited evidence for currently available invasive treatments for
CP.
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5|Conclusion
In conclusion,my study explored Functional Connectivity (FC) differences in response to noxious stimuli be‑
tween individualswithChronic Pain (CP) andHealthyControls (HCs) across different frequencybands, using
magnetoencephalography (MEG). Higher FCwas predominantly observed in the CP group, suggestingmore
interconnected pain‑processing networks. Key regions demonstrating this increased FC included the insula
and the Dorsolateral Prefrontal Cortex (DLPFC), suggesting an altered insula‑DLPFC network potentially in‑
fluencedbyunderlying physiological factors of theCPgroup. Altered FCpatternswere particularly observed
in the beta (13‑29 Hz) and the gamma‑low (30‑45 Hz) bands, emphasizing their role in CP. Increased aver‑
aged FC in the first second post‑stimulus relative to pre‑stimulus was observed predominantly in the theta
band, highlighting the role of theta oscillations in pain processing and the rapid synchronization of the pain‑
relatedbrain regions. Specifically examiningdifferences in FC response to thenoxious stimulus between the
HC and the CP group yielded in subtle differences rather than clear, distinct patterns. This study stands out
as the first using MEG to identify FC in CP in response to noxious stimuli. Future research should focus on
refining connectivity as a biomarker for treatment follow‑up and potential outcome predictor.
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A|Duration stimulus artifact per participant
Table A.1: Duration stimulus artifact

Participant # Duration stimulus artifact [ms]

HC07 40
HC08 30
HC10 40
HC11
CPM1 absent
CPM2 absent
CPM3 20

HC14 40
HC15 30
HC16
CPM1 48
CPM2 48
CPM3 55

HC17 30
HC18 33
HC19
CPM1 30
CPM2 absent
CPM3 25

HC20 33
HCN02 35
HCN05 35
HCN06 40‑45
HCN07 33
HCN08 32
HCN10 35
PC08 absent
PC10 53
PC11 50
PC13 25
PC14 25
PC15
CPM1 30
CPM2 35
CPM3 35

PC16
CPM1 35
CPM2 35
CPM3 30

PC17 60
PC18 50
PC19 50‑60
PC21 70
PCN02
CPM1 35
CPM2 40
CPM3 20

PCN03 35
PCN04 40
PCN05 30
PCN06 33
PilotN2 33
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B|Preprocessing steps
B.1 Bad channel removal

Jin removed MEG sensors with poor signal quality, with a maximum of 14 out of the 275 MEG sensors being
removed for an individual subject [63]. This step is also crucial for my connectivity analysis, as poor signal
quality can ultimately distort the results.

B.2 Stimulus artifact and linear interpolation

The initial step in preprocessing involved identifying and removing the stimuli artifacts, which were then
addressed by filling the resultant gaps using linear interpolation. These artifacts persisted for up to 70 ms
following the stimulus onset. A complete overview of the stimulation artifact durations can be found in
Appendix A. Tomy knowledge, the effect of linear interpolation on connectivity analysis seems to be not in‑
vestigated yet. However, interpolating segments might potentially lead to inaccurate estimations of phase
synchronization between signals, as these segments could introduce shifts or distortions in the phase. Nev‑
ertheless, opting for an appropriate correction method is essential, as the stimulus artifact itself can also
distort phase estimates. In interpreting my results, I took into account the potential for an incorrect as‑
sumption of connectivity surrounding the stimulus artifact.

B.3 Band‑pass filter

Jin applied a band‑pass filter from 1 to 200 Hz, which is a conventional step in the preprocessing of MEG
[63]. The high‑pass filter component mitigates the DC offset and slow drifts inherent in MEG sensors, while
the low‑pass filter removes high‑frequency noise. One challenge in this process is managing edge effects –
transient distortions at the start and end of filtered data, particularly pronounced in shorter epoched data.

As illustrated in Figure A.1, I considered two primary approaches for filtering:

• Option 1: Applying a conventional band‑pass filter followed by another band‑pass filter specific to the
frequency band of interest prior to the connectivity analysis;

• Option 2: Performing a band‑pass filter directly in the desired frequency band before further data
preprocessing and analysis. Thismethod aims to reduce edge effects on epoched data by filtering the
continuous data directly.

Option 1 is preferred as it is less time consuming and ensures consistent preprocessing across all frequency
bands. However, the edge effect must be sufficiently small to still allow for effective epoching of the data.
Brainstorm software tools have been integrated to assess and estimate these transient effects [126]. The
computation methodology for transient effects is detailed in Appendix C.
The Brainstorm developers recommend discarding the entire transient window in analyses. However, for
the delta and theta frequency bands, this duration is extensive. Therefore, I decided to discard the transient
window (99% energy) instead of the full transient window. This choice serves as a balanced compromise
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Figure A.1: Two possible processes for the application of the band‑pass filter

between ensuring data integrity andmaximizing the usable data for analysis. Given the current uncertainty
surrounding the exact timewindows in which connectivity effects take place. This approach diminishes the
potential risk of unintentionally discarding critical and informative portions of the data. Consequently, I
proceeded with option 1 where the raw continuous data is band‑pass filtered from 1 to 200 Hz. However, a
concern arose regarding the potential impact of this initial pipeline on the outcomes.

B.4 Notch filter

A zero‑phase lag, second‑order IIR notch filter was applied to remove power line contamination (i.e., 50 Hz,
100Hz, 150Hzand200Hz for recordings at theDonders Institute, and60Hz, 120Hzand180Hz for recordings
at the MNI). However, investigating connectivity in the gamma band can be problematic as the 50 Hz and 60
Hz are not fully eliminated by the notch filters [15]. To tackle this issue, I focused on the low gamma range
(30‑45 Hz) and the high gamma range (65‑90 Hz).

B.5 Artifact removal and signal space projections

TheMEGdatawas contaminatedwithartifacts fromeyeblinks, cardiac activity,movement (1‑7Hz) andmus‑
cle activities (40‑240HZ). Jin applied signal‑space projections (SSP) to remove these artifacts [63]. However,
while SSP is a useful tool for mitigating these artifacts, its influence on connectivity analysis is not fully un‑
derstood [26]. Although, Gross et al. [76] stated that the removal of spatial components may confound the
interpretation of subsequent connectivity results. On the other hand, not addressing and removing these
artifacts can also lead tomisidentification of connectivity, making artifact removal a necessary step. In con‑
clusion, while artifact removal is vital to ensure accurate data analysis, caution must be exercised when
interpreting the results due to the complexities introduced by the SSPmethod.
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C|Edge effects
The transient effect (i.e., edge effect) can be computed by the transient formula. Given a filter order N of
2174 and the transient formulaM = N

2 samples:

M =
2174

2
= 1087 samples (C.1)

This means that 1087 samples are affected by the transient effect at the beginning and a similar number at
the end due to zero‑phase filtering.

Given the sampling frequency fs of 600 Hz, the time duration for one sample is approximately:

Tsample =
1

600
≈ 0.00167 seconds (C.2)

The duration of the transient effect in seconds is:

Ttransient = M × Tsample (C.3)

Ttransient = 1087× 0.00167 ≈ 1.812 seconds. (C.4)

Brainstorm:

1. In Process1, select the raw continuous data file

2. Select the process ”band‑pass filter”

3. Enter the frequency band of interest

4. Click filter response

The results of the estimation of the edge effects are depicted in Table A.2.

Table A.2: Estimation of edge effect

Frequency band Transient (full) [s] Transient (99% energy*) [s]

Delta [2‑4 Hz] 3.623 1.012
Theta [5‑7 Hz] 3.623 1.010
Alpha [8‑12 Hz] 1.812 0.505
Beta [15‑29 HZ] 1.812 0.300
Gamma‑low [30‑45 Hz] 1.812 0.285
Gamma‑high [65‑90 Hz] 1.812 0.213
* 99% energy: this duration corresponds to the duration needed to obtain 99% of the total energy in the impulse response
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D|Errors encountered in preprocessed data

Table A.3: Errors in preprocessed data

Participant # Errors Action taken

HC07 No errors N/A
HC08 No errors N/A
HC10 No errors N/A
HC11 No errors N/A
HC14 No errors N/A
HC15 No errors N/A
HC16 No errors N/A
HC17 No errors N/A
HC18 No errors N/A
HC19 No errors N/A
HC20 CPM3 trial 14 not readable Trial 14marked as bad; excluded from further analysis
HCN02 No errors N/A
HCN05 No errors N/A
HCN06 No errors N/A
HCN07 No errors N/A
HCN08 No errors N/A
HCN10 No errors N/A
PC08 No errors N/A
PC10 Preprocessed files missing Excluded PC10 from further analysis
PC11 CPM1 preprocessed file is empty Excluded PC11 CPM1 from further analysis
PC13 No errors N/A
PC14 No errors N/A
PC15 No errors N/A
PC16 No errors N/A
PC17 No errors N/A
PC18 Preprocessed files missing Excluded PC18 from further analysis
PC19 No errors N/A
PC21 No errors N/A
PCN02 No errors N/A
PCN03 No errors N/A
PCN04 No errors N/A
PCN05 No errors N/A
PCN06 No errors N/A
PilotN2 No errors N/A
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E|Cortical response in time domain

(a) Superior view (b) Lateral view

Figure A.2: Sourcemapwith the cortical response in the time domain approximately 60ms after tibial nerve
stimulation for the primary somatosensory cortex (S1). The response is averaged over all subjects and con‑
ditioned pain modulation blocks.

(a) Superior view (b) Lateral view

Figure A.3: Sourcemapwith the cortical response in the time domain approximately 80ms after tibial nerve
stimulation for the secondary somatosensory cortex (S2). The response is averaged over all subjects and
conditioned pain modulation blocks.
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F|Scout function elaborated
In this chapter, I detail the different scout functions and elaborate on the two different approaches of ap‑
plying the within‑scout aggregation procedure: before or after the computation of the connectivity metric.

1. Flattening the unconstrained sources: This method transforms the 3D maps into flat maps, each
with a single orientation for each source location. Consequently, connectivity computation follows a
constrainedmodel.

2. Aggregation before connectivity computation: In this approach, the scout function is first applied
to the elementary source time series for each orientation within a scout, as depicted in Figure A.4a.
Subsequently, these aggregated time series are used to compute connectivity measures. The results
are then further aggregated across the x, y, and z dimensions, producing a singular connectivity mea‑
sure for every scout pair.

3. Aggregationafterconnectivity computation: Connectivity is initiallydetermined for eachpair of the
elementary sources from two scouts, resulting in nine connectivity spectra, illustrated in Figure A.4b.
These spectra are then aggregated across orientations, yielding a single connectivity spectrum for
each pair of elementary sources within the scouts. Ultimately, the scout function is applied to these
spectra, producing a connectivity spectrum for each pair of scouts.

Flattening the unconstrained sources compromises the data quality and results in the loss of interactions
[127]. Due to these drawbacks, I did not consider this option.

A key difference to note is that by applying the scout function before the connectivity analysis, the source
time series within the scout are averaged beforehand. This can lead to reduced sensitivity, particularly at
higher frequencies, as higher frequency signals are typically more variable and less correlated across dif‑
ferent sources within a scout. On the contrary, opting to apply the scout function after connectivity esti‑
mation requires substantial computational resources, as it computes the connectivity between the number
of sources in each scout times the threeorientations. This requires a computerwithmore than40GBorRAM.

Given my limitations in accessing a computer with sufficient RAM capacity, I opted for the beforemethod. I
explore the consequences of this decision further in the discussion section.

The method chosen necessitates a subsequent decision: selecting the type of scout function. The options
available are Principal Component Analysis (PCA),mean, or all [71, 128]. These functions determine how sig‑
nals within a scout are represented and consolidated.

The mean function averages all the signals, providing an assessment of the scout’s central tendency. In
contrast, the PCA function derives its representation from the first mode of the PCA decomposition of the
signals, focusing on capturing themost salient patterns while eliminating potential noise or less significant
variations. However, PCA can be more complex to interpret, and there is the risk of overlooking relevant
connectivity patterns not captured by the primary component. Meanwhile, themean function might inad‑
vertently simplify the scout’s activity, especially if the scout’s sources have varied activity patterns. The all
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function stands distinct, as it does not manipulate the scout signals in anymanner, opting instead to return
all of them.

Given these considerations, I have opted for themean approach. Its straightforward nature ensures ease of
interpretation and provides a comprehensive overview, making it an ideal starting point for understanding
general connectivity trends. The mean function strikes a balance between the complexity of the PCA and
the overwhelming detail of the all function.

A9



(a) Before: Scout function before connectivity computation

(b) After: Scout function after connectivity computation

Figure A.4: Processing steps of the within‑scout aggregation procedure, both before and after [71]
NOTE: in this example, the coherence is used as connectivity metric.
MSC: Magnitude Squared Coherence
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G|Connectivity matrix and non‑parametric permuta‑
tion test matrix

Figure A.5: Phase Locking Value (PLV)matrix for the alpha band (8‑12 Hz) in the timewindow from ‑0.5 to 0.5
seconds

Figure A.6: Non‑parametric permutation test matrix for the alpha band (8‑12 Hz) in the time window from
‑0.5 to 0.5 seconds
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H|Theta band PLV alterations
Table A.5: Scout Pairs exhibiting significant PLV alterations in the theta band during total epoch duration (P
< 0.05)

Timewindow* [s] Scout pair PLV higher in HC or CP

‑2.0 to ‑1.0 DLPFC R DLPFC L CP group
Insula anterior L DLPFC L CP group
Insula anterior L DLPFC R CP group
Insula anterior R Caudal anterior cingulate L CP group
Insula anterior R Caudal anterior cingulate R CP group
Insula anterior R Insula anterior L CP group
Insula posterior R DLPFC R CP group
Isthmus cingulate R DLPFC R CP group
Posterior cingulate R Posterior cingulate L CP group
Rostral anterior cingulate L Insula posterior R CP group
S2 R Posterior cingulate R CP group

‑1.5 to ‑0.5 DLPFC R DLPFC L CP group
Insula anterior L DLPFC L CP group
Insula anterior L DLPFC R CP group
Insula anterior R Caudal anterior cingulate L CP group
Insula anterior R Caudal anterior cingulate R CP group
Insula anterior R DLPFC R CP group
Insula anterior R Insula anterior L CP group
Insula posterior R Insula anterior R CP group
Insula posterior R Caudal anterior cingulate L CP group
Insula posterior R Caudal anterior cingulate R CP group
Isthmus cingulate R DLPFC R CP group
S1 R Insula anterior L CP group
S1 R Insula anterior R CP group
S1 R Insula posterior R CP group

‑1.0 to 0 Insula anterior L DLPFC L CP group
Insula anterior R DLPFC R CP group
Insula posterior L DLPFC L CP group
Insula posterior L Insula anterior R CP group
Isthmus cingulate R Insula anterior L CP group
Posterior cingulate R Posterior cingulate L CP group
Rostral anterior cingulate R Insula anterior R CP group
S1 R Insula anterior R CP group
S2 R Rostral anterior cingulate R CP group

‑0.5 to 0.5 DLPFC R DLPFC L CP group
Insula anterior R DLPFC R CP group
Isthmus cingulate R DLPFC R CP group
Isthmus cingulate R Insula anterior R CP group
Rostral anterior cingulate R Insula anterior R CP group
Rostral anterior cigulate R Insula posterior L CP group
Rostral anterior cingulate R Insula posterior R CP group
S1 L Posterior cingulate R HC group
S1 R Posterior cingulate L HC group
S2 L Insula posterior L HC group

0 to 1.0 Insula anterior L DLPFC R CP group
Insula posterior L Insula anterior R CP group
Insula posterior R Caudal anterior cingulate R CP group
Isthmus cingulate R DLPFC R CP group
Isthmus cingulate R Insula anterior R CP group
Rostral anterior cingulate L Insula posterior R CP group
Rostral anterior cingulate R Insula anterior R CP group
Rostral anterior cingulate R Insula posterior L CP group
Rostral anterior cingulate R Insula posterior R CP group
S1 L Posterior cingulate R HC group

Continued on next page
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Timewindow* [s] Scout pair PLV higher in HC or CP

0.5 to 1.5 Insula anterior L DLPFC R CP group
Insula anterior R Caudal anterior cingulate R CP group
Insula anterior R DLPFC R CP group
Insula posterior L DLPFC R CP group
Insula posterior R Caudal anterior cingulate L CP group
Insula posterior R Caudal anterior cingulate R CP group
Insula posterior R DLPFC R CP group
Isthmus cingulate L DLPFC R CP group
Isthmus cingulate R DLPFC R CP group
Isthmus cingulate R Insula anterior R CP group
Posterior cingulate L Insula anterior R CP group
Posterior cingulate R DLPFC R CP group
Posterior cingulate R Insula anterior R CP group
Rostral anterior cingulate L DLPFC R CP group
Rostral anterior cingulate L Insula posterior R CP group
Rostral anterior cingulate R DLPFC R CP group
Rostral anterior cingulate R Insula posterior R CP group
S1 R DLPFC R CP group

1.0 to 2.0 Insula anterior R Caudal anterior cingulate L CP group
Insula anterior R Caudal anterior cingulate R CP group
Insula anterior R DLPFC R CP group
Insula posterior L DLPFC R CP group
Insula posterior R Caudal anterior cingulate R CP group
Posterior cingulate L Insula anterior R CP group
Posterior cingulate L Isthmus cingulate R HC group
Rostral anterior cingulate R DLPFC R CP group
S1 L Isthmus cingulate R HC group
S1 R Caudal anterior cingulate R CP group
S2 R DLPFC R CP group
S2 R S1 L CP group

1.5 to 2.5 Insula anterior R Caudal anterior cingulate L CP group
Insula anterior R Caudal anterior cingulate R CP group
Insula anterior R DLPFC R CP group
Insula anterior R Insula anterior L CP group
Insula posterior L DLPFC R CP group
Isthmus cingulate R DLPFC R CP group
Rostral anterior cingulate L Insula posterior R CP group
Rostral anterior cingulate R DLPFC R CP group
Rostral anterior cingulate R Insula posterior R CP group
S1 L DLPFC R CP group
S1 R Insula anterior R CP group

2.0 to 3.0 Insula anterior L DLPFC R CP group
Insula anterior R Caudal anterior cingulate L CP group
Insula anterior R Caudal anterior cingulate R CP group
Insula anterior R DLPFC R CP group
Insula posterior L Caudal anterior cingulate R CP group
Insula posterior L DLPFC R CP group
Insula posterior R Insula anterior R CP group
Isthmus cingulate R DLPFC R CP group
Posterior cingulate L DLPFC R CP group
Posterior cingulate L Insula anterior R CP group
Posterior cingulate R DLPFC R CP group
Posterior cingulate R Posterior cingulate L CP group
Rostral anterior cingulate R Insula posterior R CP group
S2 L Insula anterior L CP group

Continued on next page
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Timewindow* [s] Scout pair PLV higher in HC or CP

2.5 to 3.5 Insula anterior L DLPFC L CP group
Insula anterior L DLPFC R CP group
Insula anterior R Caudal anterior cingulate L CP group
Insula anterior R Caudal anterior cingulate R CP group
Insula anterior R DLPFC R CP group
Insula anterior R Insula anterior L CP group
Insula posterior L Caudal anterior cingulate R CP group
Insula posterior L DLPFC L CP group
Insula posterior R DLPFC R CP group
Insula posterior R Insula anterior L CP group
Isthmus cingulate R DLPFC R CP group
Isthmus cingulate R Insula posterior L CP group
Posterior cingulate L DLPFC R CP group
Posterior cingulate R DLPFC R CP group
S2 R Insula posterior L CP group

3.0 to 4.0 DLPFC R Caudal anterior cingulate R CP group
Insula anterior R Caudal anterior cingulate L CP group
Insula anterior R Caudal anterior cingulate R CP group
Insula anterior R DLPFC R CP group
Insula anterior R Insula anterior L CP group
Insula posterior R DLPFC R CP group
Insula posterior R Insula anterior R CP group
Isthmus cingulate R Insula posterior L CP group
Posterior cingulate L DLPFC R CP group
Rostral anterior cingulate L Insula posterior R CP group
Rostral anterior cingulate R DLPFC R CP group
Rostral anterior cingulate R Insula anterior R CP group
Rostral anterior cingulate R Insula posterior R CP group
S1 L Caudal anterior cingulate R CP group
S1 R Insula anterior L CP group
S1 R Rostral anterior cingulate L CP group
S2 R Insula posterior L CP group

3.5 to 4.5 Insula anterior L DLPFC R CP group
Insula anterior R Caudal anterior cingulate L CP group
Insula anterior R Caudal anterior cingulate R CP group
Insula anterior R Insula anterior L CP group
Insula posterior L DLPFC R CP group
Insula posterior R DLPFC R CP group
Posterior cingulate L Insula anterior R CP group
Posterior cingulate R DLPFC R CP group
Posterior cingulate R Posterior cingulate L CP group
Rostral anterior cingulate L Insula anterior R CP group
Rostral anterior cingulate L Insula posterior R CP group
Rostral anterior cingulate R Insula anterior R CP group
Rostral anterior cingulate R Insula posterior R CP group
Rostral anterior cingulate R Posterior cingulate L CP group
S1 R Insula posterior L HC group
S1 R Rostral anterior cingulate L CP group
S1 R Rostral anterior cingulate R CP group

4.0 to 5.0 Insula anterior R Caudal anterior cingulate L CP group
Insula anterior R DLPFC R CP group
Insula anterior R Insula anterior L CP group
Insula posterior L Insula anterior L CP group
Insula posterior R Caudal anterior cingulate L CP group
Insula posterior R Caudal anterior cingulate R CP group
Posterior cingulate L Insula anterior R CP group
Rostral anterior cingulate L Insula posterior R CP group
Rostral anterior cingulate R Insula anterior R CP group
Rostral anterior cingulate R Insula posterior R CP group
S1 L Isthmus cingulate R HC group
S1 R Insula anterior R CP group
S1 R Rostral anterior cingulate L CP group

Continued on next page
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Timewindow* [s] Scout pair PLV higher in HC or CP

4.5 to 5.5 Insula anterior L Caudal anterior cingulate R CP group
Insula anterior R Caudal anterior cingulate L CP group
Insula anterior R DLPFC R CP group
Insula anterior R Insula anterior L CP group
Insula posterior L Insula anterior L CP group
Insula posterior R Caudal anterior cingulate L CP group
Insula posterior R Insula anterior R CP group
Isthmus cingulate R Insula anterior R CP group
Posterior cingulate L Insula anterior R CP group
Posterior cingulate R DLPFC R CP group
Rostral anterior cingulate L Insula posterior R CP group
Rostral anterior cingulate L Insula posterior R CP group
Rostral anterior cingulate R Insula anterior R CP group
S1 R Insula anterior R CP group
S2 R DLPFC R CP group

5.0 to 6.0 Caudal anterior cingulate R Caudal anterior cingulate L CP group
Insula anterior R Caudal anterior cingulate L CP group
Insula anterior R DLPFC R CP group
Insula posterior L Insula anterior R CP group
Isthmus cingulate R DLPFC R CP group
Posterior cingulate R Posterior cingulate L CP group
Rostral anterior cingulate R Insula anterior R CP group
Rostral anterior cingulate R Insula posterior R CP group
S2 R DLPFC R CP group
S2 R Rostral anterior cingulate R CP group

*The electrical stimulus to the right tibial nerve is given at 0 seconds
CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex, HC: Healthy Control, PLV: Phase Locking Value,
S1: Primary Somatosensory Cortex, S2: Secondary Somatosensory Cortex
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I|Theta band oAEC alterations

Table A.6: Scout Pairs exhibiting significant oAEC alterations in the theta band during total epoch duration
(P < 0.05)

Timewindow* [s] Scout pair oAEC higher in HC or CP

‑2.0 to ‑1.0 Isthmus cingulate R Insula anterior R CP group
Posterior cingulate R Isthmus cingulate R HC group
Rostral anterior cingulate L DLPFC L HC group
Rostral anterior cingulate L Isthmus cingulate L HC group
Rostral anterior cingulate L Posterior cingulate R HC group
Rostral anterior cingulate R Posterior cingulate R HC group
S1 R DLPFC L HC group
S2 R S1 L CP group

‑1.5 to ‑0.5 Caudal anterior cingulate R Caudal anterior cingulate L HC group
Insula anterior R Insula anterior L CP group
Insula posterior L Insula anterior L HC group
Posterior cingulate L Caudal anterior cingulate R HC group
Posterior cingulate L Insula posterior L HC group
S1 R Insula posterior L HC group
S2 R Insula posterior L HC group

‑1.0 to 0.0 Insula posterior R Insula anterior R CP group
Posterior cingulate L Insula anterior R CP group
Rostral anterior cingulate L Insula posterior L CP group
Rostral anterior cingulate L Insula posterior R CP group
Rostral anterior cingulate R Rostral anterior cingulate L CP group
S1 L Caudal anterior cingulate L CP group
S2 L Insula anterior R CP group
S2 L S1 L CP group
S2 R Posterior cingulate L CP group
S2 R Posterior cingulate R CP group
S2 R Rostral anterior cingulate R CP group

‑0.5 to 0.5 Insula anterior R DLPFC L CP group
Insula posterior L DLPFC R CP group
Insula posterior R Insula posterior L HC group
Isthmus cingulate R DLPFC L CP group
Rostral anterior cingulate L Posterior cingulate L CP group
Rostral anterior cingulate R DLPFC L CP group

0.0 to 1.0 S1 R Rostral anterior cingulate L CP group
S2 R Insula posterior L HC group

0.5 to 1.5 Insula anterior R Caudal anterior cingulate R CP group
Posterior cingulate L Insula posterior L CP group
Rostral anterior cingulate R Rostral anterior cingulate L HC group
S1 R Caudal anterior cingulate L CP group
S1 R Caudal anterior cingulate R CP group
S2 L Caudal anterior cingulate L CP group
S2 R Caudal anterior cingulate L CP group

1.0 to 2.0 Caudal anterior cingulate R Caudal anterior cingulate L HC group
DLPFC L Caudal anterior cingulate R CP group
Insula anterior L Caudal anterior cingulate R CP group
Posterior cingulate L Caudal anterior cingulate R CP group
Posterior cingulate L Insula posterior R HC group
Posterior cingulate R Caudal anterior cingulate R CP group
Rostral anterior cingulate L Caudal anterior cingulate L CP group
S1 R Posterior cingulate L CP group
S2 L Posterior cingulate L CP group
S2 L Rostral anterior cingulate L CP group

Continued on next page
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Timewindow* [s] Scout pair oAEC higher in HC or CP

1.5 to 2.5 Isthmus cingulate L Caudal anterior cingulate R CP group
Isthmus cingulate L Insula anterior R CP group
Isthmus cingulate R Caudal anterior cingulate L CP group
Isthmus cingulate R Isthmus cingulate L HC group
S1 L Caudal anterior cingulate L HC group
S2 L Insula posterior R HC group

2.0 to 3.0 Insula posterior L Caudal anterior cingulate L HC group
Isthmus cingulate R Isthmus cingulate L HC group
Rostral anterior cingulate R Posterior cingulate L CP group
S1 L Caudal anterior cingulate L HC group
S1 L Rostral anterior cingulate R HC group
S2 L S1 L HC group
S2 R Rostral anterior cingulate R HC group

2.5 to 3.5 Insula posterior R Insula anterior L CP group
Isthmus cingulate R Insula posterior R CP group
Rostral anterior cingulate L Insula posterior R CP group
Rostral anterior cingulate L Posterior cingulate L HC group
Rostral anterior cingulate R Rostral anterior cingulate L HC group
S1 L DLPFC L HC group
S1 L Insula posterior R HC group
S1 L Posterior cingulate R HC group
S1 R DLPFC R HC group
S1 R Posterior cingulate L CP group

3.0 to 4.0 Insula anterior R DLPFC R CP group
Posterior cingulate L DLPFC R HC group
Posterior cingulate L Insula posterior R HC group
Posterior cingulate R Insula anterior L CP group
S2 L Insula posterior L CP group
S2 L Posterior cingulate R CP group

3.5 to 4.5 Isthmus cingulate R Insula anterior R HC group
Isthmus cingulate R Insula posterior R HC group
S1 L Insula posterior R HC group
S1 R Isthmus cingulate R HC group
S2 L Insula anterior L CP group
S2 L Isthmus cingulate R HC group
S2 R Rostral anterior cingulate R CP group

4.0 to 5.0 Insula anterior R Caudal anterior cingulate L CP group
Insula anterior R Caudal anterior cingulate R CP group
Isthmus cingulate L DLPFC L HC group
Posterior cingulate R Caudal anterior cingulate L HC group

4.5 to 5.5 Insula anterior L DLPFC L HC group
Isthmus cingulate R DLPFC R HC group
Isthmus cingulate R Insula anterior L CP group
Posterior cingulate L Isthmus cingulate L CP group
Posterior cingulate R Insula posterior R CP group
Rostral anterior cingulate R Rostral anterior cingulate L HC group
S1 L DLFPC L HC group
S1 L Insula anterior R CP group
S2 R S1 L HC group

5.0 to 6.0 Isthmus cingulate L Caudal anterior cingulate L HC group
Isthmus cingulate L Caudal anterior cingulate R HC group
Isthmus cingulate L Insula posterior L HC group
Posterior cingulate L DLPFC R CP group
Posterior cingulate R DLPFC R CP group

*The electrical stimulus to the right tibial nerve is given at 0 seconds
CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex, HC: Healthy Control, oAEC: orthogonalized Amplitude Envelope Correlation
S1: Primary Somatosensory Cortex, S2: Secondary Somatosensory Cortex
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J|Theta bandwPLI alterations

Table A.7: Scout Pairs exhibiting significant wPLI alterations in the theta band during total epoch duration
(P < 0.05)

Timewindow* [s] Scout pair wPLI higher in HC or CP

‑2.0 to ‑1.0 Rostral anterior cingulate R Insula anterior R CP group
‑1.5 to ‑0.5 Posterior cingulate L DLPFC R CP group

S1 R Insula anterior R CP group
‑1.0 to 0 DLPFC R Caudal anterior cingulate R CP group

Insula posterior R Insula posterior L CP group
‑0.5 to 0.5 Insula anterior R Insula anterior L CP group

S1 R Posterior cingulate R CP group
S1 R Rostral anterior cingulate L CP group

0 to 1.0 Insula anterior R Insula anterior L CP group
Rostral anterior cingulate L Insula posterior R HC group
S1 R Posterior cingulate R CP group

0.5 to 1.5 S1 R Posterior cingulate R CP group
S2 R DLPFC R CP group

1.0 to 2.0 Insula posterior R Insula anterior R CP group
S2 R DLPFC R CP group

1.5 to 2.5 DLPFC R Caudal anterior cingulate R CP group
Isthmus cingulate L Insula posterior R CP group
S2 R Caudal anterior cingulate R CP group
S2 R Isthmus cingulate L CP group
S2 R Isthmus cingulate R CP group
S2 R Posterior cingulate L CP group
S2 R Posterior cingulate R CP group
S2 R S1 R CP group

2.0 to 3.0 Insula posterior R Caudal anterior cingulate R CP group
2.5 to 3.5 S1 R DLPFC R CP group
3.0 to 4.0 ‑ ‑ CP group
3.5 to 4.5 S1 R Posterior cingulate R CP group
4.0 to 5.0 ‑ ‑ CP group
4.5 to 5.5 DLPFC R Caudal anterior cingulate L CP group
5.0 to 6.0 ‑ ‑ CP group
*The electrical stimulus to the right tibial nerve is given at 0 seconds
CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex, HC: Healthy Control, S1: Primary Somatosensory Cortex,
S2: Secondary Somatosensory Cortex, wPLI: weighted Phase Lag Index
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K|Alpha band PLV alterations
Table A.8: Scout Pairs exhibiting significant PLV alterations in the alpha band during total epoch duration (P
< 0.05)

Timewindow* [s] Scout pair PLV higher in HC or CP

‑2.5 to ‑1.5 Insula anterior R DLPFC R CP group
Rostral anterior cingulate L DLPFC R CP group
Rostral anterior cingulate L Insula posterior R CP group
Rostral anterior cingulate R Caudal anterior cingulate R CP group
Rostral anterior cingulate R DLPFC R CP group
S1 R Rostral anterior cingulate L CP group
S1 R Rostral anterior cingulate R CP group
S2 R Rostral anterior cingulate L CP group

‑2.0 to ‑1.0 Rostral anterior cingulate L DLPFC R CP group
‑1.5 to ‑0.5 ‑ ‑ CP group
‑1.0 to 0 Insula posterior R Insula anterior L CP group

Rostral anterior cingulate L Insula posterior R CP group
‑0.5 to 0.5 Insula anterior L DLPFC R CP group

Insula anterior R DLPFC R CP group
Rostral anterior cingulate L DLPFC R CP group
S1 L Insula posterior R HC group
S2 R Insula posterior L HC group

0 to 1.0 Insula anterior L DLPFC R CP group
Insula anterior R DLPFC R CP group
Insula posterior L DLPFC R CP group
Isthmus cingulate R DLPFC R CP group
Rostral anterior cingulate L DLPFC R CP group
Rostral anterior cingulate L Insula posterior R CP group
S1 L Insula anterior R HC group
S1 L Insula posterior R HC group

0.5 to 1.5 Insula anterior L DLPFC R CP group
Insula posterior L DLPFC R CP group
Isthmus cingulate L DLPFC R CP group
Isthmus cingulate R DLPFC R CP group
Rostral anterior cingulate L Insula posterior R CP group
Rostral anterior cingulate R Insula posterior L CP group

1.0 to 2.0 Insula posterior L DLPFC R CP group
Isthmus cingulate L Insula posterior R CP group
Rostral anterior cingulate L Insula posterior R CP group
S2 L DLPFC R CP group

1.5 to 2.5 Insula posterior L DLPFC R CP group
Isthmus cingulate L Insula posterior R HC group
Rostral anterior cingulate L DLPFC R CP group
Rostral anterior cingulate L Insula posterior R CP group
Rostral anterior cingulate L Posterior cingulate R CP group
Rostral anterior cingulate R Caudal anterior cingulate L CP group
Rostral anterior cingulate R Caudal anterior cingulate R CP group
Rostral anterior cingulate R Insula posterior R CP group
S2 L Posterior cingulate R HC group
S2 R Rostral anterior cingulate L CP group
S2 R Rostral anterior cingulate R CP group

2.0 to 3.0 Insula posterior L DLPFC R CP group
Insula posterior R Insula anterior L CP group
Rostral anterior cingulate L DLPFC R CP group
Rostral anterior cingulate L Insula posterior R CP group
Rostral anterior cingulate R Caudal anterior cingulate L CP group
Rostral anterior cingulate R Caudal anterior cingulate R CP group
S2 L Posterior cingulate R HC group

Continued on next page
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Timewindow* [s] Scout pair PLV higher in HC or CP

2.5 to 3.5 Insula posterior L DLPFC R CP group
Posterior cingulate L Isthmus cingulate R CP group
Rostral anterior cingulate L DLPFC R CP group
Rostral anterior cingulate L Insula posterior R CP group

3.0 to 4.0 Insula posterior L DLPFC R CP group
Rostral anterior cingulate L DLPFC R CP group
Rostral anterior cingulate L Insula posterior R CP group
Rostral anterior cingulate R Caudal anterior cingulate L CP group
S2 R Rostral anterior cingulate R CP group

3.5 to 4.5 Insula posterior L DLPFC R CP group
Rostral anterior cingulate L Insula posterior R CP group

4.0 to 5.0 Insula anterior L DLPFC R CP group
Insula posterior L DLPFC R CP group
Rostral anterior cingulate L Insula posterior R CP group

4.5 to 5.5 Rostral anterior cingulate L Insula posterior R CP group
Rostral anterior cingulate L Posterior cingulate R CP group

5.0 to 6.0 Insula posterior L DLPFC R CP group
Rostral anterior cingulate L DLPFC R CP group
Rostral anterior cingulate L Insula posterior R CP group
Rostral anterior cingulate R Caudal anterior cingulate L CP group
Rostral anterior cingulate R Insula posterior R CP group
S1 R Posterior cingulate R HC group

5.5 to 6.5 Rostral anterior cingulate L Insula posterior R CP group
Rostral anterior cingulate R Caudal anterior cingulate L CP group
Rostral anterior cingulate R Insula posterior R CP group
S1 R Posterior cingulate R HC group

*The electrical stimulus to the right tibial nerve is given at 0 seconds
CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex, HC: Healthy Control, PLV: Phase Locking Value,
S1: Primary Somatosensory Cortex, S2: Secondary Somatosensory Cortex
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L|Alpha band oAEC alterations
Table A.9: Scout Pairs exhibiting significant oAEC alterations in the alpha band during total epoch duration
(P < 0.05)

Timewindow* [s] Scout pair oAEC higher in HC or CP

‑2.0 to ‑1.0 Insula anterior R Caudal anterior cingulate L HC group
Insula posterior R DLPFC R HC group
Rostral anterior cingulate L Isthmus cingulate L HC group
Rostral anterior cingulate R DLPFC L CP group
Rostral anterior cingulate R Isthmus cingulate L HC group
S2 R Insula anterior L HC group
S2 R Rostral anterior cingulate R HC group

‑1.5 to ‑0.5 Rostral anterior cingulate R Caudal anterior cingulate L HC group
Rostral anterior cingulate R Caudal anterior cingulate R HC group
S1 L DLPFC R HC group
S2 R Caudal anterior cingulate L HC group

‑1.0 to 0.0 Insula anterior L Caudal anterior cingulate L HC group
Insula anterior L Caudal anterior cingulate R HC group

‑0.5 to 0.5 Rostral anterior cingulate R Caudal anterior cingulate R HC group
Rostral anterior cingulate R Posterior cingulate L HC group

0.0 to 1.0 S2 R Isthmus cingulate L HC group
S2 R S1 R HC group
S2 R S2 L HC group

0.5 to 1.5 S1 R DLPFC L CP group
S1 R Rostral anterior cingulate L HC group

1.0 to 2.0 Insula posterior R Insula anterior L HC group
Posterior cingulate L Insula posterior R HC group
Posterior cingulate R Insula posterior L HC group
S2 R Insula posterior R HC group
S2 R Rostral anterior cingulate L HC group

1.5 to 2.5 Rostral anterior cingulate L DLPFC L HC group
2.0 to 3.0 S1 L Insula anterior L HC group
2.5 to 3.5 Insula anterior L Caudal anterior cingulate L HC group

Isthmus cingulate L Insula anterior R HC group
S1 L Isthmus cingulate L HC group
S1 L Isthmus cingulate R HC group
S1 R Caudal anterior cingulate L HC group
S1 R Rostral anterior cingulate R HC group
S2 R Insula posterior R HC group

3.0 to 4.0 DLPFC R Caudal anterior cingulate L HC group
DLPFC R Caudal anterior cingulate R HC group
Insula posterior R Insula anterior R HC group
Isthmus cingulate R Insula posterior L HC group
S2 R DLPFC R HC group

3.5 to 4.5 Insula anterior R DLPFC R HC group
Insula posterior L Insula anterior R HC group
Insula posterior R Insula anterior R HC group
Rostral anterior cingulate R Insula posterior R HC group
S1 L Insula posterior L HC group
S2 R Insula anterior R HC group
S2 R Insula posterior R HC group
S2 R Rostral anterior cingulate L HC group
S2 R Rostral anterior cingulate R HC group

4.0 to 5.0
4.5 to 5.5 ‑
5.0 to 6.0 Insula posterior R DLPFC R HC group

Rostral anterior cingulate R Isthmus cingulate L HC group
S1 R Rostral anterior cingulate R HC group
S2 R Rostral anterior cingulate L HC group

*The electrical stimulus to the right tibial nerve is given at 0 seconds
CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex, HC: Healthy Control, oAEC: orthogonalized Amplitude Envelope Correlation
S1: Primary Somatosensory Cortex, S2: Secondary Somatosensory CortexA23



M|Alpha bandwPLI alterations

Table A.10: Scout Pairs exhibiting significant wPLI alterations in the alpha band during total epoch duration
(P < 0.05)

Timewindow* [s] Scout pair wPLI higher in HC or CP

‑2.5 to ‑1.5 ‑ ‑ CP group
‑2.0 to ‑1.0 ‑ ‑ CP group
‑1.5 to ‑0.5 ‑ ‑ CP group
‑1.0 to 0 ‑ ‑ CP group
‑0.5 to 0.5 S2 R Insula posterior L HC group

S2 R Isthmus cingulate R HC group
S2 R Rostral anterior cingulate L HC group

0 to 1.0 S1 L DLPFC L CP group
S1 R DLPFC R CP group

0.5 to 1.5 DLPFC R Caudal anterior cingulate R CP group
Insula posterior R Caudal anterior cingulate L CP group
Insula posterior R Caudal anterior cingulate R CP group
Posterior cingulate R Insula posterior R CP group
S1 L Rostral anterior cingulate L HC group
S2 L S1 R HC group

1.0 to 2.0 DLPFC R Caudal anterior cingulate L CP group
DLPFC R Caudal anterior cingulate R CP group
Rostral anterior cingulate R Rostral anterior cingulate L CP group
S2 R Insula posterior L HC group

1.5 to 2.5 DLPFC R Caudal anterior cingulate L CP group
DLPFC R DLPFC L CP group
Posterior cingulate L DLPFC L CP group
Rostral anterior cingulate R Posterior cingulate L CP group
Rostral anterior cingulate R Posterior cingulate R CP group
S2 R DLPFC L HC group
S2 R Insula posterior L HC group

2.0 to 3.0 ‑ ‑ CP group
2.5 to 3.5 S2 R Isthmus cingulate L HC group
3.0 to 4.0 Rostral anterior cingulate R Rostral anterior cingulate L CP group
3.5 to 4.5 Posterior cingulate L DLPFC R CP group

Posterior cingulate R DLPFC R CP group
4.0 to 5.0 Isthmus cingulate L DLPFC R CP group
4.5 to 5.5 ‑ ‑ CP group
5.0 to 6.0 S2 R Insula posterior L HC group
5.5 to 6.5 Posterior cingulate L DLPFC R CP group

S1 L Rostral anterior cingulate L CP group
S1 L Rostral anterior cingulate R CP group

*The electrical stimulus to the right tibial nerve is given at 0 seconds
CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex, HC: Healthy Control, S1: Primary Somatosensory Cortex,
S2: Secondary Somatosensory Cortex, wPLI: weighted Phase Lag Index
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N|Beta band PLV alterations
Table A.11: Scout Pairs exhibiting significant PLV alterations in the beta band during total epoch duration (P
< 0.05)

Timewindow* [s] Scout pair PLV higher in HC or CP

‑2.5 to ‑1.5 Insula anterior L DLPFC L CP group
Insula anterior L DLPFC R CP group
Insula anterior R DLPFC R CP group
Insula posterior L DLPFC R CP group
Insula posterior L Insula anterior R CP group
Insula posterior R DLPFC R CP group
Isthmus cingulate L DLPFC R CP group
Isthmus cingulate R DLPFC R CP group
Posterior cingulate L DLPFC R CP group
Posterior cingulate R Insula anterior R CP group
S1 L Insula anterior R CP group
S2 L Posterior cingulate L HC group
S2 L S1 L HC group
S2 R DLPFC R CP group
S2 R S1 L CP group

‑2.0 to ‑1.0 DLPFC R DLPFC L CP group
Insula anterior L DLPFC L CP group
Insula anterior L DLPFC R CP group
Insula anterior R DLPFC R CP group
Insula posterior L DLPFC R CP group
Isthmus cingulate L DLPFC R CP group
Isthmus cingulate R DLPFC R CP group
Posterior cingulate L DLPFC R CP group
Posterior cingulate L Insula anterior L CP group
Posterior cingulate L Insula anterior R CP group
Posterior cingulate R Insula anterior R CP group
Rostral anterior cingulate L Insula anterior R CP group
S1 L DLPFC R CP group
S2 L Posterior cingulate L HC group
S2 R DLPFC R CP group
S2 R S1 L CP group

‑1.5 to ‑0.5 DLPFC R Caudal anterior cingulate L CP group
Insula anterior L DLPFC L CP group
Insula anterior L DLPFC R CP group
Insula anterior R DLPFC R CP group
Insula posterior L DLPFC R CP group
Isthmus cingulate L DLPFC R CP group
Isthmus cingulate R DLPFC R CP group
Posterior cingulate L DLPFC R CP group
Posterior cingulate L Insula anterior L CP group
Posterior cingulate L Insula anterior R CP group
Posterior cingulate R Insula anterior R CP group
Rostral anterior cingulate L DLPFC R CP group
S1 L DLPFC R CP group
S1 L Insula anterior R CP group
S2 L Posterior cingulate L HC group
S2 R S1 L CP group

‑1.0 to 0 DLPFC R Caudal anterior cingulate L CP group
Insula anterior L DLPFC L CP group
Insula anterior L DLPFC R CP group
Insula anterior R DLPFC R CP group
Insula posterior L DLPFC R CP group
Insula posterior L Insula anterior R CP group
Isthmus cingulate L DLPFC R CP group
Isthmus cingulate R DLPFC R CP group
Posterior cingulate L DLPFC R CP group
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Timewindow* [s] Scout pair PLV higher in HC or CP

‑1.0 to 0 Posterior cingulate L Insula anterior L CP group
Posterior cingulate L Insula anterior R CP group
Posterior cingulate R Insula anterior R CP group
Rostral anterior cingulate L DLPFC R CP group
S1 L DLPFC R CP group
S1 L Insula anterior R CP group
S2 L Posterior cingulate L HC group
S2 R S1 L CP group

‑0.5 to 0.5 DLPFC R Caudal anterior cingulate L CP group
DLPFC R DLPFC L CP group
Insula anterior L DLPFC L CP group
Insula anterior R DLPFC R CP group
Insula posterior L DLPFC R CP group
Insula posterior R DLPFC L CP group
Isthmus cingulate L Insula anterior R CP group
Isthmus cingulate R DLPFC R CP group
Isthmus cingulate R Isthmus cingulate L HC group
Posterior cingulate L DLPFC R CP group
Posterior cingulate L Insula anterior L CP group
Posterior cingulate R Insula anterior L CP group
Posterior cingulate R Insula anterior R CP group
Rostral anterior cingulate R Insula anterior R CP group
S1 L Insula anterior R CP group
S1 L Isthmus cingulate R HC group
S2 L Posterior cingulate L HC group

0 to 1.0 DLPFC R DLPFC L CP group
Insula anterior L DLPFC L CP group
Insula anterior L DLPFC R CP group
Insula anterior R DLPFC L CP group
Insula anterior R DLPFC R CP group
Insula posterior L DLPFC R CP group
Insula posterior R DLPFC L CP group
Isthmus cingulate L DLPFC R CP group
Posterior cingulate L DLPFC L CP group
Posterior cingulate L Insula anterior L CP group
Posterior cingulate R Insula anterior R CP group
Rostral anterior cingulate R Insula anterior R CP group
S1 L Insula anterior R CP group
S2 L Posterior cingulate L HC group
S2 L S1 L HC group

0.5 to 1.5 Insula anterior L DLPFC L CP group
Insula anterior R DLPFC R CP group
Insula posterior L DLPFC R CP group
Isthmus cingulate R DLPFC R CP group
Posterior cingulate R Insula anterior R CP group
Rostral anterior cingulate R Insula anterior R CP group
S1 L DLPFC R CP group
S2 L Posterior cingulate L HC group
S2 L S1 L HC group

1.0 to 2.0 Insula anterior L DLPFC L CP group
Insula anterior R DLPFC R CP group
Insula posterior L DLPFC L CP group
Insula posterior L DLPFC R CP group
Insula posterior R DLPFC R CP group
Isthmus cingulate R DLPFC R CP group
Posterior cingulate L Insula anterior L CP group
Posterior cingulate L Insula anterior R CP group
Posterior cingulate R Insula anterior R CP group
S1 L DLPFC R CP group
S2 L S1 L HC group
S2 R S1 L CP group
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Timewindow* [s] Scout pair PLV higher in HC or CP

1.5 to 2.5 Insula anterior L DLPFC L CP group
Insula anterior R DLPFC R CP group
Insula posterior L DLPFC L CP group
Insula posterior L DLPFC R CP group
Isthmus cingulate R DLPFC R CP group
Posterior cingulate L Insula anterior L CP group
Posterior cingulate L Insula anterior R CP group
Posterior cingulate R Insula anterior R CP group
Rostral anterior cingulate L DLPFC R CP group
Rostral anterior cingulate R Insula anterior R CP group
S2 L S1 L HC group

2.0 to 3.0 Insula anterior L DLPFC L CP group
Insula anterior R DLPFC R CP group
Insula posterior L DLPFC R CP group
Isthmus cingulate R DLPFC R CP group
Isthmus cingulate R Insula anterior R CP group
Posterior cingulate R Insula anterior R CP group
Rostral anterior cingulate R Insula anterior R CP group
S2 L Posterior cingulate L HC group
S2 R S1 L CP group

2.5 to 3.5 Insula anterior L DLPFC L CP group
Insula anterior L DLPFC R CP group
Insula anterior R DLPFC R CP group
Insula posterior L DLPFC R CP group
Insula posterior L Insula anterior R CP group
Insula posterior R DLPFC L CP group
Isthmus cingulate R Insula anterior R CP group
Posterior cingulate L Insula anterior L CP group
Posterior cingulate R Insula anterior R CP group
Rostral anterior cingulate R Insula anterior R CP group
S2 L Posterior cingulate L HC group
S2 R S1 L CP group

3.0 to 4.0 Insula anterior L DLPFC L CP group
Insula anterior R DLPFC R CP group
Insula posterior L DLPFC R CP group
Insula posterior L Insula anterior R CP group
Insula posterior R Insula anterior R CP group
Isthmus cingulate R DLPFC R CP group
Isthmus cingulate R Insula anterior R CP group
Posterior cingulate L DLPFC R CP group
Posterior cingulate L Insula anterior L CP group
Posterior cingulate L Insula anterior R CP group
Posterior cingulate R Insula anterior R CP group
Rostral anterior cingulate R Insula anterior R CP group

3.5 to 4.5 DLPFC R DLPFC L CP group
Insula anterior L DLPFC L CP group
Insula anterior R DLPFC R CP group
Insula posterior L DLPFC R CP group
Insula posterior R DLPFC L CP group
Isthmus cingulate L DLPFC R CP group
Isthmus cingulate R DLPFC R CP group
Posterior cingulate L DLPFC R CP group
Posterior cingulate L Insula anterior L CP group
Posterior cingulate L Insula anterior R CP group
Posterior cingulate R DLPFC R CP group
Posterior cingulate R Insula anterior R CP group
Rostral anterior cingulate R Insula anterior R CP group
S1 L Rostral anterior cingulate L CP group
S1 L Rostral anterior cingulate R CP group
S2 R DLPFC R CP group
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Timewindow* [s] Scout pair PLV higher in HC or CP

4.0 to 5.0 Insula anterior L DLPFC L CP group
Insula anterior L DLPFC R CP group
Insula anterior R DLPFC R CP group
Insula posterior L DLPFC R CP group
Insula posterior L Insula anterior R CP group
Insula posterior R DLPFC L CP group
Posterior cingulate L DLPFC R CP group
Posterior cingulate L Insula anterior L CP group
Posterior cingulate L Insula anterior R CP group
Posterior cingulate R DLPFC R CP group
Posterior cingulate R Insula anterior R CP group
Rostral anterior cingulate R Insula anterior R CP group
S1 L Rostral anterior cingulate L CP group
S1 L Rostral anterior cingulate R CP group
S2 R DLPFC R CP group
S2 R S1 L CP group

4.5 to 5.5 Insula anterior L DLPFC L CP group
Insula anterior L DLPFC R CP group
Insula anterior R DLPFC R CP group
Insula posterior L DLPFC R CP group
Insula posterior L Insula anterior R CP group
Insula posterior R DLPFC L CP group
Isthmus cingulate R DLPFC R CP group
Posterior cingulate L DLPFC R CP group
Posterior cingulate L Insula anterior L CP group
Posterior cingulate L Insula anterior R CP group
Posterior cingulate R DLPFC L CP group
Posterior cingulate R DLPFC R CP group
Posterior cingulate R Insula anterior R CP group
Rostral anterior cingulate R Insula anterior R CP group
S1 L DLPFC R CP group
S2 L Posterior cingulate L HC group
S2 R S1 L CP group

5.0 to 6.0 DLPFC R DLPFC L CP group
Insula anterior L DLPFC L CP group
Insula anterior L DLPFC R CP group
Insula anterior R DLPFC R CP group
Insula posterior L DLPFC R CP group
Insula posterior L Insula anterior R CP group
Insula posterior R DLPFC L CP group
Isthmus cingulate L DLPFC R CP group
Isthmus cingulate R DLPFC R CP group
Posterior cingulate L DLPFC R CP group
Posterior cingulate L Insula anterior L CP group
Posterior cingulate L Insula anterior R CP group
Posterior cingulate R DLPFC R CP group
Posterior cingulate R Insula anterior L CP group
Posterior cingulate R Insula anterior R CP group
Rostral anterior cingulate R Insula anterior R CP group
S1 L DLPFC R CP group
S1 L Insula anterior R CP group

5.5 to 6.5 DLPFC R Caudal anterior cingulate L CP group
DLPFC R DLPFC L CP group
Insula anterior L DLPFC L CP group
Insula anterior R DLPFC R CP group
Insula posterior L DLPFC R CP group
Insula posterior L Insula anterior R CP group
Isthmus cingulate R DLPFC R CP group
Posterior cingulate L Insula anterior L CP group
Posterior cingulate L Insula anterior R CP group
Posterior cingulate R Insula anterior R CP group
S1 L DLPFC R CP group
S2 R DLPFC R CP group

*The electrical stimulus to the right tibial nerve is given at 0 seconds
CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex, HC: Healthy Control, PLV: Phase Locking Value,
S1: Primary Somatosensory Cortex, S2: Secondary Somatosensory Cortex
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O|Beta band oAEC alterations

Timewindow* [s] Scout pair oAEC higher in HC or CP

5.0 to 6.0 DLPFC L Caudal anterior cingulate R CP group
DLFPC R Caudal anterior cingulate L CP group
Insula posterior L DLPFC R CP group
Insula posterior R Insula anterior L HC group
Isthmus cingulate L Insula posterior L HC group
Posterior cingulate L DLPFC R CP group
Rostral anterior cingulate R Insula posterior R HC group
S1 L Insula anterior L HC group
S2 L Isthmus cingulate L HC group
S2 L Isthmus cingulate R HC group
S2 R Insula anterior L HC group

5.5 to 6.5 Insula posterior L DLFPC R CP group
Isthmus cingulate L Caudal anterior cingulate R CP group
Posterior cingulate L DLPFC L CP group
Posterior cingulate R Insula posterior R CP group
Rostral anterior cingulate L Isthmus cingulate R HC group
S2 R DLPFC R CP group

*The electrical stimulus to the right tibial nerve is given at 0 seconds
CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex, HC: Healthy Control, oAEC: orthogonalized Amplitude Envelope Correlation
S1: Primary Somatosensory Cortex, S2: Secondary Somatosensory Cortex
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P|Beta bandwPLI alterations
Table A.12: Scout Pairs exhibiting significant wPLI alterations in the beta band during total epoch duration
(P < 0.05)

Timewindow* [s] Scout pair wPLI higher in HC or CP

‑2.5 to ‑1.5 Caudal anterior cingulate R Caudal anterior cingulate L HC group
Isthmus cingulate R Caudal anterior cingulate L HC group
Posterior cingulate R DLPFC R CP group
S1 L Posterior cingulate L CP group
S1 L Posterior cingulate R CP group
S2 L Insula posterior L HC group
S2 R Posterior cingulate L CP group
S2 R S1 L CP group

‑2.0 to ‑1.0 Posterior cingulate L DLPFC R CP group
Posterior cingulate L Insula anterior R CP group
Posterior cingulate L Isthmus cingulate L CP group
Posterior cingulate R Insula anterior R CP group
S1 L Caudal anterior cingulate L CP group
S1 L DLPFC R CP group
S1 L Posterior cingulate L CP group
S1 L Posterior cingulate R CP group
S2 L DLPFC R CP group
S2 R Caudal anterior cingulate R HC group

‑1.5 to ‑0.5 Insula anterior L Caudal anterior cingulate R CP group
Insula anterior R DLPFC R CP group
Insula posterior R DLPFC R CP group
Isthmus cingulate R Insula posterior L CP group
Posterior cingulate L Insula anterior R CP group
Posterior cingulate L Isthmus cingulate L CP group
Posterior cingulate L Isthmus cingulate R CP group
Posterior cingulate R Isthmus cingulate R CP group
Rostral anterior cingulate L Posterior cingulate R CP group
Rostral anterior cingulate R Posterior cingulate R CP group
S1 L DLPFC R CP group
S1 L Posterior cingulate L CP group
S1 L Posterior cingulate R CP group
S1 R Insula posterior R CP group
S1 R S1 L CP group
S2 L Insula posterior R CP group
S2 L Isthmus cingulate R CP group
S2 L Posterior cingulate L CP group

‑1.0 to 0 Insula anterior R DLPFC R CP group
Insula posterior L Caudal anterior cingulate L CP group
Posterior cingulate L Insula posterior L CP group
Posterior cingulate R Insula posterior L CP group
Posterior cingulate R Posterior cingulate L CP group
S1 L Posterior cingulate L CP group
S1 L Posterior cingulate R CP group
S1 R Insula anterior L CP group
S1 R Insula posterior L CP group
S1 R Insula posterior R CP group
S1 R Rostral anterior cingulate L CP group
S1 R S1 L CP group
S2 L Insula anterior L HC group
S2 L Posterior cingulate L CP group
S2 R Insula posterior L HC group
S2 R S1 L CP group

‑0.5 to 0.5 Rostral anterior cingulate R Posterior cingulate R CP group
S1 L DLPFC R CP group
S2 L Isthmus cingulate R CP group
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Timewindow* [s] Scout pair wPLI higher in HC or CP

0 to 1.0 S2 L DLPFC R HC group
S2 L Insula anterior R HC group
S2 L Insula posterior R HC group
S2 R Rostral anterior cingulate L HC group

0.5 to 1.5 Posterior cingulate L DLPFC R CP group
Posterior cingulate L Insula anterior L CP group
S1 L Posterior cingulate L CP group
S1 L Posterior cingulate R CP group

1.0 to 2.0 Insula posterior L Insula anterior L CP group
Posterior cingulate L Caudal anterior cingulate R CP group
Posterior cingulate L Insula anterior L CP group
Posterior cingulate L Insula anterior R CP group
Posterior cingulate R Insula anterior L CP group
S1 L Insula anterior L CP group
S1 L Posterior cingulate L CP group
S1 L Posterior cingulate R CP group
S1 L Rostral anterior cingulate R CP group
S2 R Insula posterior R HC group

1.5 to 2.5 Insula posterior L Caudal anterior cingulate L CP group
Insula posterior L Caudal anterior cingulate R CP group
Isthmus cingulate R Insula anterior R CP group
Posterior cingulate L Caudal anterior cingulate R CP group
S1 L Isthmus cingulate R CP group
S1 L Posterior cingulate R CP group
S1 R Posterior cingulate R CP group

2.0 to 3.0 S1 R Posterior cingulate L CP group
S1 R Posterior cingulate R CP group
S2 L Caudal anterior cingulate L HC group
S2 L Caudal anterior cingulate R HC group

2.5 to 3.5 DLPFC R DLPFC L CP group
Posterior cingulate R Insula anterior R CP group
S1 R Posterior cingulate L CP group
S1 R Posterior cingulate R CP group

3.0 to 4.0 Insula anterior R DLPFC R CP group
Posterior cingulate L Isthmus cingulate R CP group
Posterior cingulate R Insula posterior L CP group
S1 R Insula anterior R CP group

3.5 to 4.5 Insula anterior L Caudal anterior cingulate L CP group
Insula anterior R DLPFC R CP group
S2 L DLPFC L CP group
S2 L Isthmus cingulate L CP group

4.0 to 5.0 DLPFC R Caudal anterior cingulate R CP group
Insula anterior R DLPFC R CP group
Insula posterior R DLPFC R CP group
Posterior cingulate L Insula anterior L CP group
Posterior cingulate L Insula anterior R CP group
Posterior cingulate R Posterior cingulate L CP group
S1 L Posterior cingulate L CP group
S1 R Insula posterior L CP group
S1 R Posterior cingulate L CP group

4.5 to 5.5 Insula posterior R DLPFC R CP group
Posterior cingulate L DLPFC R CP group
Posterior cingulate L Insula anterior R CP group
S1 L Insula posterior R CP group
S1 L Posterior cingulate L CP group
S1 L Posterior cingulate R CP group
S1 R Caudal anterior cingulate R CP group
S1 R Insula anterior L CP group
S2 R Insula anterior L CP group
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Timewindow* [s] Scout pair wPLI higher in HC or CP

5.0 to 6.0 Insula posterior R Caudal anterior cingulate R CP group
S1 L Posterior cingulate L CP group
S2 R Insula anterior L CP group

5.5 to 6.5 DLPFC R Caudal anterior cingulate R CP group
Insula anterior R Caudal anterior cingulate L CP group
Insula anterior R Caudal anterior cingulate R CP group
Insula posterior L Caudal anterior cingulate R CP group
Isthmus cingulate L DLPFC R CP group
Isthmus cingulate R DLPFC R CP group
Posterior cingulate L DLPFC R CP group
Posterior cingulate L Insula anterior R CP group
Posterior cingulate L Isthmus cingulate L CP group
Posterior cingulate R DLPFC R CP group
Posterior cingulate R Insula anterior L CP group
Posterior cingulate R Insula anterior R CP group
Posterior cingulate R Isthmus cingulate L CP group
Posterior cingulate R Posterior cingulate L CP group
Rostral anterior cingulate R Posterior cingulate L CP group
S1 L DLPFC R CP group
S1 L Insula anterior R CP group
S1 L Posterior cingulate L CP group
S1 L Posterior cingulate R CP group
S1 L Rostral anterior cingulate L CP group
S1 L Rostral anterior cingulate R CP group
S2 L Rostral anterior cingulate R CP group

*The electrical stimulus to the right tibial nerve is given at 0 seconds
CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex, HC: Healthy Control, S1: Primary Somatosensory Cortex,
S2: Secondary Somatosensory Cortex, wPLI: weighted Phase Lag Index
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Q|Gamma‑low band PLV alterations

Table A.13: Scout Pair exhibiting significant PLV alterations in the gamma‑low band during total epoch du‑
ration (P < 0.05)

Timewindow* [s] Scout pair PLV higher in HC or CP

‑2.5 to ‑1.5 DLPFC L Caudal anterior cingulate L CP group
DLPFC L Caudal anterior cingulate R CP group
DLPFC R Caudal anterior cingulate L CP group
DLPFC R Caudal anterior cingulate R CP group
DLPFC R DLPFC L CP group
Insula anterior L DLPFC L CP group
Insula anterior L DLPFC R CP group
Insula anterior R DLPFC R CP group
Insula posterior L DLPFC L CP group
Insula posterior L DLPFC R CP group
Insula posterior R DLPFC R CP group
Insula posterior R Insula anterior R CP group
Isthmu cingulate L DLPFC R CP group
Isthmu cingulate R DLPFC R CP group
Rostral anterior cingulate L Insula posterior R CP group
Rostral anterior cingulate R Insula anterior R CP group
S1 L Insula anterior R CP group
S2 L DLPFC L CP group
S2 L Insula anterior L CP group
S2 L Insula anterior R CP group
S2 R DLPFC L CP group
S2 R DLPFC R CP group
S2 R Insula anterior L CP group

‑2.0 to ‑1.0 DLPFC L Caudal anterior cingulate L CP group
DLPFC R Caudal anterior cingulate R CP group
Insula anterior L DLPFC L CP group
Insula anterior L DLPFC R CP group
Insula anterior R DLPFC R CP group
Insula posterior L DLPFC L CP group
Insula posterior L DLPFC R CP group
Insula posterior R DLPFC R CP group
Rostral anterior cingulate R Insula anterior R CP group
S1 L Insula anterior R CP group
S1 R DLPFC L CP group
S2 L Insula anterior R CP group
S2 R Insula anterior L CP group

‑1.5 to ‑0.5 DLPFC L Caudal anterior cingulate L CP group
Insula anterior L DLPFC L CP group
Insula anterior L DLPFC R CP group
Insula anterior R DLPFC R CP group
Insula posterior L DLPFC L CP group
Posterior cingulate L DLPFC L CP group
Rostral anterior cingulate R Insula anterior R CP group
S1 L Rostral anterior cingulate L CP group
S1 R Insula anterior R CP group
S2 L Insula anterior R CP group
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R|Gamma‑low band oAEC alterations
Table A.14: Scout Pairs exhibiting significant oAEC alterations in the gamma‑low band during total epoch
duration (P < 0.05)

Timewindow* [s] Scout pair oAEC higher in HC or CP

‑2.5 tot ‑1.5 Insula anterior L Caudal anterior cingulate L CP group
Insula anterior L Caudal anterior cingulate R CP group
Insula posterior L Insula anterior R CP group
S1 L Caudal anterior cingulate R HC group
S1 L Insula anterior L HC group
S2 L Isthmus cingulate R HC group
S2 R S1 L CP group

‑2.0 tot ‑1.0 Isthmus cingulate L DLPFC R HC group
S1 L Insula anterior R HC group
S1 R Insula posterior L CP group

‑1.5 tot ‑0.5 Isthmus cingulate L Caudal anterior cingulate R CP group
Isthmus cingulate L DLPFC L CP group
Posterior cingulate L Caudal anterior cingulate L CP group
Posterior cingulate L Caudal anterior cingulate R CP group

‑1.0 tot 0.0 DLPFC R DLPFC L CP group
Insula posterior L Caudal anterior cingulate L HC group
Rostral anterior cingulate L Caudal anterior cingulate R HC group
S1 L Isthmus cingulate R CP group

‑0.5 tot 0.5 DLPFC R DLPFC L CP group
Insula posterior R DLPFC R CP group
Insula posterior R Insula anterior L CP group
Isthmus cingulate L Insula anterior L HC group
Isthmus cingulate L Insula posterior L CP group
Posterior cingulate L Isthmus cingulate L CP group
S1 L DLPFC L HC group
S1 L Insula anterior R CP group
S2 L Insula posterior L CP group
S2 L Isthmus cingulate L CP group
S2 L Rostral anterior cingulate L HC group
S2 L S1 L CP group

0.0 tot 1.0 Insula anterior L DLPFC R CP group
Insula posterior R Insula anterior R HC group
Isthmus cingulate L Insula posterior L CP group
S1 L Insula posterior L HC group
S1 L Insula posterior R CP group
S1 R Rostral anterior cingulate R CP group
S2 L Rostral anterior cingulate R HC group

0.5 tot 1.5 Isthmus cingulate L Caudal anterior cingulate L CP group
Isthmus cingulate R Isthmus cingulate L CP group
S1 L Insula posterior L CP group
S1 L Insula posterior R CP group

1.0 tot 2.0 Insula anterior R Caudal anterior cingulate R HC group
Isthmus cingulate L Caudal anterior cingulate L CP group
Isthmus cingulate L Insula anterior L CP group
Isthmus cingulate L Insula posterior L CP group
Posterior cingulate R Isthmus cingulate L CP group
Rostral anterior cingulate L Insula anterior R CP group
Rostral anterior cingulate R Insula anterior R CP group

1.5 tot 2.5 Posterior cingulate L Caudal anterior cingulate L CP group
Posterior cingulate L Isthmus cingulate R CP group
Rostral anterior cingulate R Caudal anterior cingulate L HC group
S1 L Insula anterior R HC group
S1 R DLPFC R CP group
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Timewindow* [s] Scout pair oAEC higher in HC or CP

2.0 tot 3.0 Insula anterior L Caudal anterior cingulate L HC group
Insula anterior L DLPFC L CP group
Isthmus cingulate L Insula posterior L CP group
Posterior cingulate L Insula anterior L CP group
Rostral anterior cingulate R Insula anterior R HC group
Rostral anterior cingulate R Isthmus cingulate L HC group
S1 R Insula anterior L CP group
S2 L Insula anterior R HC group

2.5 tot 3.5 Insula posterior R Insula posterior L HC group
Isthmus cingulate L Insula anterior L CP group
Posterior cingulate L Isthmus cingulate L HC group
Posterior cingulate R Insula anterior L CP group
S1 L Isthmus cingulate L CP group
S1 L Rostral anterior cingulate L CP group
S1 L Rostral anterior cingulate R CP group
S1 R Caudal anterior cingulate L CP group
S1 R S1 L CP group
S2 R Isthmus cingulate L CP group
S2 R Rostral anterior cingulate L HC group

3.0 tot 4.0 DLPFC L Caudal anterior cingulate R CP group
Insula anterior R DLPFC R CP group
Insula anterior R Insula anterior L HC group
Insula posterior L Insula anterior R HC group
Posterior cingulate R Insula anterior R CP group
Rostral anterior cingulate L Isthmus cingulate R CP group
S1 L Insula posterior R CP group
S1 R Insula anterior L HC group
S1 R Isthmus cingulate R CP group

3.5 tot 4.5 DLPFC L Caudal anterior cingulate R CP group
Insula posterior R DLPFC R CP group
Isthmus cingulate R DLPFC L HC group
Posterior cingulate R Caudal anterior cingulate L HC group
Rostral anterior cingulate L Insula anterior R CP group
Rostral anterior cingulate R Insula posterior R CP group
S1 R Insula anterior R HC group
S2 L Rostral anterior cingulate L CP group
S2 L S1 R HC group

4.0 tot 5.0 Insula posterior R DLPFC L CP group
Isthmus cingulate L Insula anterior L CP group
Rostral anterior cingulate L Insula posterior R CP group
S1 R Posterior cingulate L CP group
S2 L Insula posterior R HC group
S2 L S1 R HC group
S2 R Rostral anterior cingulate L CP group

4.5 tot 5.5 Insula anterior R Caudal anterior cingulate L HC group
Insula posterior R DLPFC R HC group
S1 L Rostral anterior cingulate R HC group

5.0 tot 6.0 Isthmus cingulate L Caudal anterior cingulate R CP group
Rostral anterior cingulate L Insula anterior R HC group
S1 L DLPFC R HC group
S1 L Rostral anterior cingulate R HC group
S2 L Caudal anterior cingulate L CP group
S2 R Posterior cingulate R HC group

5.5 tot 6.5 Insula anterior R Caudal anterior cingulate R CP group
Insula anterior R DLPFC R CP group
Insula posterior R DLPFC L CP group
Rostral anterior cingulate R Isthmus cingulate L CP group
Rostral anterior cingulate R Posterior cingulate R CP group
S1 R Caudal anterior cingulate L CP group
S1 R DLPFC R HC group
S2 R Rostral anterior cingulate R CP group

*The electrical stimulus to the right tibial nerve is given at 0 seconds
CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex, HC: Healthy Control, oAEC: orthogonalized Amplitude Envelope Correlation
S1: Primary Somatosensory Cortex, S2: Secondary Somatosensory CortexA37



S|Gamma‑low bandwPLI alterations

Table A.15: Scout Pairs exhibiting significant wPLI alterations in the gamma‑low band during total epoch
duration (P < 0.05)

Timewindow* [s] Scout pair wPLI higher in HC or CP

‑2.5 to ‑1.5 DLPFC R Caudal anterior cingulate L CP group
Insula anterior R Caudal anterior cingulate L CP group
Insula posterior R Insula posterior L CP group
Isthmus cingulate L Insula posterior R CP group
Isthmus cingulate R Caudal anterior cingulate L CP group
Rostral anterior cingulate L Caudal anterior cingulate L CP group
Rostral anterior cingulate L Caudal anterior cingulate R CP group
Rostral anterior cingulate L Insula posterior L CP group
Rostral anterior cingulate L Isthmus cingulate R CP group
Rostral anterior cingulate R Isthmus cingulate L CP group
Rostral anterior cingulate R Isthmus cingulate R CP group
S1 R Insula anterior R HC group
S2 L Caudal anterior cingulate L CP group
S2 L DLPFC L CP group
S2 L S1 L CP group
S2 R DLPFC L CP group

‑2.0 to ‑1.0 DLPFC R Caudal anterior cingulate L CP group
Insula anterior L Caudal anterior cingulate R CP group
Insula anterior R Caudal anterior cingulate L CP group
Insula anterior R Caudal anterior cingulate R CP group
Insula anterior R Insula anterior L CP group
Insula posterior L Insula anterior R CP group
Insula posterior R Insula anterior L CP group
Insula posterior R Insula anterior R CP group
Isthmus cingulate L Insula anterior L CP group
Isthmus cingulate R Insula anterior R CP group
Posterior cingulate L Insula anterior L CP group
Posterior cingulate R Insula anterior L CP group
Rostral anterior cingulate L Caudal anterior cingulate L CP group
Rostral anterior cingulate L Caudal anterior cingulate R CP group
Rostral anterior cingulate L Insula anterior R CP group
Rostral anterior cingulate L Isthmus cingulate R CP group
Rostral anterior cingulate L Posterior cingulate L CP group
Rostral anterior cingulate L Posterior cingulate R CP group
Rostral anterior cingulate R Caudal anterior cingulate L CP group
Rostral anterior cingulate R Caudal anterior cingulate R CP group
Rostral anterior cingulate R Insula anterior R CP group
Rostral anterior cingulate R Isthmus cingulate R CP group
Rostral anterior cingulate R Posterior cingulate L CP group
S1 L Caudal anterior cingulate R HC group

‑1.5 to ‑0.5 Insula posterior L Insula anterior R CP group
Insula posterior R Caudal anterior cingulate L CP group
Insula posterior R Caudal anterior cingulate R CP group
Insula posterior R Insula anterior R CP group
Isthmus cingulate R Insula posterior R CP group
Rostral anterior cingulate L Insula posterior R CP group
Rostral anterior cingulate R Insula posterior R CP group
S1 L DLPFC L CP group
S2 L Insula posterior L CP group
S2 L Rostral anterior cingulate L CP group
S2 L Rostral anterior cingulate R CP group

Continued on next page

A38



Timewindow* [s] Scout pair wPLI higher in HC or CP

‑1.0 to 0 Isthmus cingulate L DLPFC R CP group
Posterior cingulate R Posterior cingulate L HC group
Rostral anterior cingulate L Isthmus cingulate L CP group
Rostral anterior cingulate L Isthmus cingulate R CP group
S2 L Insula posterior L CP group
S2 L Isthmus cingulate R HC group
S2 R Posterior cingulate L HC group
S2 R Posterior cingulate R HC group

‑0.5 to 0.5 Insula anterior R DLPFC L CP group
Insula posterior R DLPFC L CP group
Rostral anterior cingulate L Insula posterior L HC group
Rostral anterior cingulate R Insula posterior R HC group
S1 L Caudal anterior cingulate L HC group
S2 R Insula anterior L CP group
S2 R Rostral anterior cingulate R CP group

0 to 1 Insula anterior R DLPFC L CP group
Insula posterior R Insula anterior R CP group
Isthmus cingulate L DLPFC R CP group
S1 L Insula anterior R CP group
S1 R Caudal anterior cingulate R HC group
S2 R DLPFC L CP group

0.5 to 1.5 Insula anterior R Caudal anterior cingulate L CP group
Insula anterior R Caudal anterior cingulate R CP group
Insula posterior L Caudal anterior cingulate L CP group
Insula posterior L Caudal anterior cingulate R CP group
Insula posterior L DLPFC R CP group
Insula posterior R Caudal anterior cingulate L CP group
Insula posterior R Caudal anterior cingulate R CP group
Isthmus cingulate L DLPFC L CP group
Isthmus cingulate R Insula anterior R HC group
Isthmus cingulate R Insula posterior L CP group
Rostral anterior cingulate L Caudal anterior cingulate L CP group
Rostral anterior cingulate L Posterior cingulate L CP group
Rostral anterior cingulate L Posterior cingulate R CP group
Rostral anterior cingulate R Caudal anterior cingulate R CP group
Rostral anterior cingulate R Insula posterior L CP group
Rostral anterior cingulate R Posterior cingulate R CP group
S1 L DLPFC L CP group
S1 L Rostral anterior cingulate L CP group
S1 L Rostral anterior cingulate R CP group
S2 R S1 L HC group

1.0 to 2.0 DLPFC R DLPFC L CP group
Insula anterior L DLPFC L CP group
Insula anterior R Caudal anterior cingulate L CP group
Insula anterior R Caudal anterior cingulate R CP group
Insula posterior R Caudal anterior cingulate R CP group
Isthmus cingulate L Insula anterior L CP group
Isthmus cingulate R Insula anterior L CP group
Isthmus cingulate R Insula posterior L CP group
Posterior cingulate R Isthmus cingulate L HC group
Posterior cingulate R Isthmus cingulate R HC group
S1 L Insula posterior L CP group
S1 L Rostral anterior cingulate L CP group
S2 R Insula posterior L CP group
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Timewindow* [s] Scout pair wPLI higher in HC or CP

1.5 to 2.5 DLPFC R DLPFC L CP group
Insula anterior L DLPFC R CP group
Insula posterior R Insula anterior R CP group
Isthmus cingulate R Insula anterior L CP group
Rostral anterior cingulate L Isthmus cingulate L CP group
Rostral anterior cingulate L Isthmus cingulate R CP group
Rostral anterior cingulate R Insula anterior L CP group
Rostral anterior cingulate R Isthmus cingulate L CP group
Rostral anterior cingulate R Isthmus cingulate R CP group
Rostral anterior cingulate R Posterior cingulate R CP group
S1 L Insula anterior L CP group
S2 R Caudal anterior cingulate L CP group
S2 R Caudal anterior cingulate R CP group

2.0 to 3.0 Isthmus cingulate L Caudal anterior cingulate R CP group
Posterior cingulate L Caudal anterior cingulate R CP group
Posterior cingulate L Insula posterior R HC group
Posterior cingulate R Insula anterior L CP group
Rostral anterior cingulate L DLPFC L CP group
Rostral anterior cingulate R DLPFC L CP group
S1 R Caudal anterior cingulate L HC group
S2 L Insula anterior L CP group
S2 L Rostral anterior cingulate L CP group
S2 L Rostral anterior cingulate R CP group
S2 R Isthmus cingulate R HC group
S2 R Posterior cingulate L HC group
S2 R Posterior cingulate R HC group

2.5 to 3.5 Caudal anterior cingulate R Caudal anterior cingulate L CP group
Isthmus cingulate L Insula posterior R CP group
Isthmus cingulate R Isthmus cingulate L CP group
Rostral anterior cingulate R DLPFC L CP group

3.0 to 4.0 Isthmus cingulate L DLPFC L CP group
Posterior cingulate L Isthmus cingulate R CP group
Posterior cingulate R Insula anterior L CP group
Posterior cingulate R Isthmus cingulate R CP group
Rostral anterior cingulate L Caudal anterior cingulate L CP group
S1 L Rostral anterior cingulate R CP group
S2 L DLPFC R HC group
S2 R Isthmus cingulate L CP group

3.5 to 4.5 Insula posterior R DLPFC L CP group
S1 R Caudal anterior cingulate R CP group

4.0 to 5.0 DLPFC R Caudal anterior cingulate L CP group
Insula anterior L DLPFC L CP group
Insula posterior L Caudal anterior cingulate R CP group
Insula posterior R Caudal anterior cingulate R CP group
Insula posterior R DLPFC L CP group
Rostral anterior cingulate L Insula posterior R CP group
Rostral anterior cingulate R Insula posterior R CP group
S1 L Isthmus cingulate R HC group
S1 R Insula posterior L HC group
S1 R Isthmus cingulate L HC group
S2 L DLPFC L CP group
S2 L Rostral anterior cingulate L CP group
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Timewindow* [s] Scout pair wPLI higher in HC or CP

4.5 to 5.5 Insula anterior R DLPFC L CP group
Insula posterior R DLPFC L CP group
Isthmus cingulate L Insula anterior L CP group
Posterior cingulate L Insula posterior R HC group
Posterior cingulate R Insula posterior R HC group
Rostral anterior cingulate L Insula posterior R CP group
Rostral anterior cingulate R Insula posterior L CP group
Rostral anterior cingulate R Insula posterior R CP group
S1 L Insula anterior L CP group
S1 R Insula posterior R HC group
S2 L DLPFC L CP group
S2 L S1 L CP group
S2 R Insula anterior R HC group

5.0 to 6.0 Insula anterior L DLPFC R CP group
Insula posterior L DLPFC R CP group
Insula posterior R DLPFC R CP group
Isthmus cingulate L Insula posterior R HC group
S1 R DLPFC L CP group
S2 L Caudal anterior cingulate L CP group

5.5 to 6.5 Insula anterior R Insula anterior L CP group
Insula posterior R Insula anterior R CP group
Rostral anterior cingulate L Caudal anterior cingulate L CP group
Rostral anterior cingulate L Caudal anterior cingulate R CP group
Rostral anterior cingulate R Insula posterior R CP group
S1 R Posterior cingulate L HC group

*The electrical stimulus to the right tibial nerve is given at 0 seconds
CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex, HC: Healthy Control, S1: Primary Somatosensory Cortex,
S2: Secondary Somatosensory Cortex, wPLI: weighted Phase Lag Index
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T|Gamma‑high band PLV alterations
Table A.16: Scout Pairs exhibiting significant PLV alterations in the gamma‑high band during total epoch
duration (P < 0.05)

Timewindow* [s] Scout pair PLV higher in HC or CP

‑2.5 to ‑1.5 Insula anterior L DLPFC L CP group
Insula posterior L DLPFC L CP group
S1 L Insula anterior L CP group
S2 L DLPFC L CP group
S2 R S1 R HC group
S2 R S2 L CP group

‑2.0 to ‑1.0 Insula anterior L DLPFC L CP group
Insula anterior R DLPFC L CP group
S1 L Insula anterior L CP group
S2 L Insula anterior R CP group
S2 R DLPFC L CP group
S2 R S1 R HC group

‑1.5 to ‑0.5 Insula anterior L DLPFC L CP group
Insula anterior R DLPFC L CP group
S1 L Insula anterior L CP group
S1 R Insula anterior R CP group
S2 L Insula anterior R CP group
S2 R DLPFC L CP group

‑1.0 to 0 Insula anterior L DLPFC L CP group
Insula anterior R DLPFC L CP group
Insula posterior R DLPFC L CP group
S1 L Insula anterior L CP group
S2 L DLPFC L CP group

‑0.5 to 0.5 Insula anterior L DLPFC L CP group
Insula anterior R DLPFC L CP group
Insula posterior R DLPFC L CP group
S2 R DLPFC L CP group

0 to 1.0 Insula anterior L DLPFC L CP group
Insula anterior R DLPFC L CP group
Insula posterior L DLPFC L CP group
Insula posterior R DLPFC L CP group

0.5 to 1.5 Insula anterior L DLPFC L CP group
Insula posterior L DLPFC L CP group
S2 L DLPFC L CP group

1.0 to 2.0 Insula anterior L DLPFC L CP group
S2 L DLPFC L CP group
S2 L Insula anterior R CP group
S2 R DLPFC L CP group

1.5 to 2.5 Insula anterior L DLPFC L CP group
Insula anterior R DLPFC R CP group
S2 L DLPFC L CP group

2.0 to 3.0 Insula anterior L DLPFC L CP group
Isthmus cingulate L DLPFC L CP group

2.5 to 3.5 Insula anterior L DLPFC L CP group
S2 R DLPFC L CP group

3.0 to 4.0 Insula posterior L DLPFC L CP group
Insula posterior R DLPFC L CP group
S1 L Insula anterior L CP group
S1 L Rostral anterior cingulate R CP group

3.5 to 4.5 Insula anterior L DLPFC L CP group
Insula posterior L DLPFC L CP group
Posterior cingulate L Insula anterior L CP group
S1 L Insula anterior L CP group
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U|Gamma‑high band oAEC alterations
Table A.17: Scout Pairs exhibiting significant oAEC alterations in the gamma‑high band during total epoch
duration (P < 0.05)

Timewindow* [s] Scout pair oAEC higher in HC or CP

‑2.5 tot ‑1.5 Insula anterior R Insula anterior L CP group
Rostral anterior cingulate L DLPFC L CP group
S1 L Caudal anterior cingulate L CP group

‑2.0 tot ‑1.0 Insula anterior L Caudal anterior cingulate L HC group
Isthmus cingulate L DLPFC L HC group
Rostral anterior cingulate L Insula posterior L CP group
Rostral anterior cingulate L Isthmus cingulate L HC group
Rostral anterior cingulate R Isthmus cingulate L HC group
Rostral anterior cingulate R Isthmus cingulate R HC group
S1 L Insula anterior L CP group
S1 R Isthmus cingulate R HC group

‑1.5 tot ‑0.5 Insula posterior L DLPFC L HC group
Rostral anterior cingulate L Isthmus cingulate L HC group
Rostral anterior cingulate L Isthmus cingulate R HC group
Rostral anterior cingulate R Isthmus cingulate L HC group
S1 L Rostral anterior cingulate L HC group
S1 L Rostral anterior cingulate R HC group
S2 L Insula anterior R HC group
S2 L Posterior cingulate L CP group
S2 R Posterior cingulate R CP group

‑1.0 tot 0.0 Isthmus cingulate R Caudal anterior cingulate R CP group
Rostral anterior cingulate R Caudal anterior cingulate L CP group
S1 L DLPFC R CP group
S1 L Insula posterior L CP group
S1 R Posterior cingulate L HC group
S2 R Posterior cingulate L HC group

‑0.5 tot 0.5 Insula posterior R Insula posterior L CP group
Isthmus cingulate L Insula anterior L CP group
Isthmus cingulate R Insula anterior L CP group
Posterior cingulate L DLPFC L HC group
Posterior cingulate L Insula posterior L CP group
S1 R Insula posterior R HC group
S1 R Isthmus cingulate R CP group
S2 L Isthmus cingulate L HC group
S2 R Isthmus cingulate L HC group

0.0 tot 1.0 Insula posterior L Caudal anterior cingulate L CP group
Isthmus cingulate R Caudal anterior cingulate L CP group
Isthmus cingulate R Isthmus cingulate L CP group
Posterior cingulate L Caudal anterior cingulate L CP group
Posterior cingulate L DLPFC R CP group
Posterior cingulate L Isthmus cingulate R CP group
Posterior cingulate R Insula anterior L HC group

0.5 tot 1.5 Insula anterior R Caudal anterior cingulate L HC group
Insula posterior R Caudal anterior cingulate L HC group
Isthmus cingulate R Insula anterior L HC group
Posterior cingulate L Insula posterior L HC group
Posterior cingulate R Caudal anterior cingulate R HC group
S1 R Posterior cingulate L CP group

1.0 tot 2.0 Insula posterior R Caudal anterior cingulate R CP group
Insula posterior R Insula anterior L CP group
S2 L Isthmus cingulate L HC group
S2 L Rostral anterior cingulate R HC group
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Timewindow* [s] Scout pair oAEC higher in HC or CP

1.5 tot 2.5 DLPFC L Caudal anterior cingulate L CP group
Isthmus cingulate L Caudal anterior cingulate L HC group
Isthmus cingulate L DLPFC L CP group
Posterior cingulate L Caudal anterior cingulate R CP group
Posterior cingulate R Insula anterior R HC group
S1 L Insula posterior L CP group
S1 R S1 L CP group
S2 L Isthmus cingulate R HC group
S2 L Rostral anterior cingulate R HC group

2.0 tot 3.0 Insula anterior R Caudal anterior cingulate R CP group
Insula posterior R DLPFC R CP group
Isthmus cingulate L DLPFC L CP group
Posterior cingulate L Isthmus cingulate R CP group
Rostral anterior cingulate L Caudal anterior cingulate R HC group
S1 L Isthmus cingulate L CP group
S2 L Posterior cingulate L CP group

2.5 tot 3.5 Insula anterior L DLPFC R CP group
Isthmus cingulate L DLPFC R HC group
Isthmus cingulate L Insula posterior R CP group
Isthmus cingulate R DLPFC R HC group
Rostral anterior cingulate R DLPFC R CP group
S2 L Rostral anterior cingulate R CP group
S2 R S1 L CP group

3.0 tot 4.0 Posterior cingulate L Caudal anterior cingulate R CP group
Rostral anterior cingulate L Caudal anterior cingulate R CP group
S2 R Insula posterior L HC group

3.5 tot 4.5 Insula posterior L DLPFC L CP group
Insula posterior R Insula anterior R HC group
S1 R Insula posterior R CP group
S2 L Insula anterior R HC group
S2 R Caudal anterior cingulate R HC group
S2 R Isthmus cingulate L HC group

4.0 tot 5.0 Insula anterior L DLPFC L CP group
Posterior cingulate L Caudal anterior cingulate R HC group
Posterior cingulate L Insula anterior L HC group
Posterior cingulate L Isthmus cingulate L HC group
Posterior cingulate R Caudal anterior cingulate R HC group
Posterior cingulate R Posterior cingulate L HC group
Rostral anterior cingulate L Isthmus cingulate R CP group
S1 L Insula anterior L CP group
S2 L Insula posterior L CP group

4.5 tot 5.5 Insula posterior R DLPFC R CP group
Posterior cingulate L Isthmus cingulate R CP group
Posterior cingulate R DLPFC L HC group
Rostral anterior cingulate L Insula anterior R CP group
S1 R Posterior cingulate L CP group
S2 R Insula anterior R HC group

5.0 tot 6.0 Insula anterior L DLPFC R HC group
Insula anterior R Caudal anterior cingulate L CP group
Insula anterior R DLPFC R HC group
Posterior cingulate R DLPFC L HC group
S1 L Posterior cingulate L CP group
S1 R Isthmus cingulate L CP group
S1 R Isthmus cingulate R CP group
S2 L Caudal anterior cingulate R CP group

5.5 tot 6.5 Insula anterior L DLPFC R HC group
Posterior cingulate L Caudal anterior cingulate L CP group
S1 L Insula anterior L CP group
S1 R DLPFC R CP group
S1 R Insula anterior L CP group

*The electrical stimulus to the right tibial nerve is given at 0 seconds
CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex, HC: Healthy Control, oAEC: orthogonalized Amplitude Envelope Correlation
S1: Primary Somatosensory Cortex, S2: Secondary Somatosensory Cortex

A44



V|Gamma‑high bandwPLI alterations

Table A.18: Scout Pairs exhibiting significant wPLI alterations in the gamma‑high band during total epoch
duration (P < 0.05)

Timewindow* [s] Scout pair wPLI higher in HC or CP

‑2.5 to ‑1.5 Posterior cingulate L DLPFC L CP group
Posterior cingulate R Insula anterior L CP group
Rostral anterior cingulate L DLPFC R CP group
S2 L DLPFC R CP group
S2 R Posterior cingulate R HC group

‑2.0 to ‑1.0 Posterior cingulate L Insula posterior R HC group
S1 L Insula anterior R HC group
S1 L Isthmus cingulate R HC group
S2 L Caudal anterior cingulate L CP group
S2 L Rostral anterior cingulate L CP group
S2 L Rostral anterior cingulate R CP group
S2 R Insula anterior L CP group

‑1.5 to ‑0.5 Rostral anterior cingulate L Caudal anterior cingulate L CP group
Rostral anterior cingulate L Caudal anterior cingulate R CP group
Rostral anterior cingulate R Caudal anterior cingulate L CP group
Rostral anterior cingulate R Caudal anterior cingulate R CP group
S1 L Insula posterior R CP group
S2 L Caudal anterior cingulate L CP group
S2 L Caudal anterior cingulate R CP group

‑1.0 to 0 Insula posterior R Caudal anterior cingulate L HC group
Insula posterior R DLPFC L CP group
Isthmus cingulate L Caudal anterior cingulate L CP group
Isthmus cingulate L Insula posterior L CP group
Isthmus cingulate R Caudal anterior cingulate L CP group
Isthmus cingulate R Insula posterior L CP group
Posterior cingulate L Insula posterior L CP group
Posterior cingulate L Isthmus cingulate L CP group
Posterior cingulate L Isthmus cingulate R CP group
S1 L Isthmus cingulate L CP group
S1 L Isthmus cingulate R CP group
S1 L Posterior cingulate R CP group
S1 R S1 L CP group

‑0.5 to 0.5 DLPFC R Caudal anterior cingulate L HC group
DLPFC R Caudal anterior cingulate R HC group
Insula posterior L Caudal anterior cingulate L CP group
Insula posterior L Caudal anterior cingulate R CP group
Isthmus cingulate R DLPFC L CP group
Posterior cingulate L DLPFC L CP group
S1 L DLPFC L CP group
S1 R Isthmus cingulate R HC group
S1 R Posterior cingulate L HC group
S1 R Posterior cingulate R HC group
S2 L Insula anterior R CP group
S2 R Caudal anterior cingulate L HC group
S2 R Caudal anterior cingulate R HC group
S2 R Posterior cingulate R HC group
S2 R Rostral anterior cingulate L HC group
S2 R S1 R HC group
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Timewindow* [s] Scout pair wPLI higher in HC or CP

0 to 1.0 S1 L DLPFC L CP group
S1 R Caudal anterior cingulate L CP group
S1 R Caudal anterior cingulate R CP group
S1 R Insula anterior R HC group
S2 L Rostral anterior cingulate L CP group
S2 R DLPFC L CP group
S2 R Insula posterior R HC group

0.5 to 1.5 Insula posterior R Insula anterior L HC group
S1 L Posterior cingulate L CP group
S2 R Insula posterior R HC group

1.0 to 2.0 Insula posterior L Caudal anterior cingulate R CP group
Insula posterior L DLPFC L CP group
Posterior cingulate R Insula anterior R HC group
Rostral anterior cingulate L DLPFC L CP group

1.5 to 2.5 Isthmus cingulate L DLPFC L CP group
Isthmus cingulate R DLPFC L CP group
Posterior cingulate L DLPFC L CP group
Posterior cingulate R DLPFC L CP group
Rostral anterior cingulate L Insula posterior L CP group
Rostral anterior cingulate L Isthmus cingulate L CP group
Rostral anterior cingulate L Isthmus cingulate R CP group
Rostral anterior cingulate R Insula posterior L CP group
Rostral anterior cingulate R Isthmus cingulate L CP group
S1 L DLPFC L CP group
S1 L Rostral anterior cingulate L CP group
S1 R DLPFC L CP group
S1 R Insula posterior R HC group
S2 L Insula anterior R HC group

2.0 to 3.0 Insula posterior L Caudal anterior cingulate R CP group
Rostral anterior cingulate L Insula posterior L CP group
Rostral anterior cingulate R Insula posterior L CP group
S1 L DLPFC L CP group
S1 L Posterior cingulate L CP group
S2 R Isthmus cingulate R HC group
S2 R S1 L CP group

2.5 to 3.5 Posterior cingulate L DLPFC L CP group
S1 L DLPFC L CP group
S1 L Rostral anterior cingulate L CP group
S2 L DLPFC L CP group
S2 R Posterior cingulate R HC group

3.0 to 4.0 DLPFC L Caudal anterior cingulate R CP group
Posterior cingulate L Insula posterior L CP group
Posterior cingulate R Insula posterior L CP group
S1 R DLPFC R HC group
S1 R Isthmus cingulate L HC group
S2 L DLPFC L CP group
S2 L Posterior cingulate L CP group
S2 L Posterior cingulate R CP group

3.5 to 4.5 Caudal anterior cingulate R Caudal anterior cingulate L HC group
Isthmus cingulate R Caudal anterior cingulate L CP group
Rostral anterior cingulate L DLPFC L CP group
Rostral anterior cingulate Posterior cingulate R HC group
S1 R DLPFC R HC group
S1 R Insula posterior R HC group
S2 L Insula posterior R HC group
S2 R Rostral anterior cingulate R HC group
S2 R S1 R HC group

Continued on next page
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Timewindow* [s] Scout pair wPLI higher in HC or CP

4.0 to 5.0 DLPFC R Caudal anterior cingulate L CP group
DLPFC R Caudal anterior cingulate R CP group
Posterior cingulate L Caudal anterior cingulate L CP group
Rostral anterior cingulate L DLPFC L CP group
S2 R Caudal anterior cingulate L HC group
S2 R Caudal anterior cingulate R HC group
S2 R Insula posterior R HC group
S2 R Isthmus cingulate R HC group
S2 R Posterior cingulate R HC group
S2 R Rostral anterior cingulate R HC group

4.5 to 5.5 S2 L Caudal anterior cingulate L CP group
S2 L Caudal anterior cingulate R CP group
S2 L Insula posterior R CP group
S2 R Isthmus cingulate L HC group
S2 R Isthmus cingulate R HC group
S2 R Rostral anterior cingulate L HC group
S2 R Rostral anterior cingulate R HC group

5.0 to 6.0 Isthmus cingulate L Insula anterior L CP group
Posterior cingulate L Insula anterior L CP group
Posterior cingulate L Insula posterior L CP group
S1 L Insula anterior L CP group
S2 L Insula posterior L CP group
S2 L Isthmus cingulate L CP group
S2 L Isthmus cingulate R CP group

5.5 to 6.5 Rostral anterior cingulate L Insula anterior L CP group
Rostral anterior cingulate L Isthmus cingulate L CP group
Rostral anterior cingulate R Insula anterior L CP group
Rostral anterior cingulate R Isthmus cingulate L CP group
S2 L DLPFC L CP group
S2 L Insula posterior L CP group
S2 L Posterior cingulate L CP group
S2 R Insula anterior L HC group

*The electrical stimulus to the right tibial nerve is given at 0 seconds
CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex, HC: Healthy Control, S1: Primary Somatosensory Cortex,
S2: Secondary Somatosensory Cortex, wPLI: weighted Phase Lag Index
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W|Scouts identified in the conditioned pain modula‑
tion (CPM) blocks

Table A.19: Scout Pairs exhibiting significant CPM1 alterations in the theta band during total epoch duration
(P < 0.05)

Timewindow* [s] Scout pair CPM1 higher in HC or CP

‑2.0s to ‑1.0s Rostral anterior cingulate L Insula posterior R CP
Rostral anterior cingulate R Insula posterior R CP

‑1.5s to ‑0.5s Insula anterior R DLPFC L CP
‑1.0s to 0.0s Isthmus cingulate R Insula anterior L CP

Rostral anterior cingulate L Insula anterior R (CPM2) CP
‑0.5s to 0.5s DLPFC R DLPFC L CP

S2 R Rostral anterior cingulate L CP
S2 R Rostral anterior cingulate R CP

0.0s to 1.0s Insula anterior R Insula anterior L CP
0.5s to 1.5s Insula anterior L DLPFC R CP

Insula anterior R Insula anterior L CP
Insula posterior L Insula anterior R CP

1.5s to 2.5s S2 R Isthmus cingulate R CP
2.0s to 3.0s Insula anterior R Caudal anterior cingulate L CP
4.5s to 5.5s S1 R Rostral anterior cingulate R CP
5.0s to 6.0s S1 R Insula anterior CP
*The electrical stimulus to the right tibial nerve is given at 0 seconds
CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex, HC: Healthy Control, S1: Primary Somatosensory Cortex,
S2: Secondary Somatosensory Cortex, wPLI: weighted Phase Lag Index

Table A.20: Scout Pairs exhibiting significant CPM2 alterations in the theta band during total epoch duration
(P < 0.05)

Timewindow* [s] Scout pair CPM2 higher in HC or CP

‑2.0s to ‑1.0s Insula anterior R Caudal anterior cingulate L CP
Insula anterior R Caudal anterior cingulate R CP

‑1.5s to ‑0.5s Rostral anterior cingulate L Insula anterior R CP
‑1.0s to 0.0s Rostral anterior cingulate L Insula anterior CP

S2 R Rostral anterior cingulate L CP
S2 R Rostral anterior cingulate R CP

0.0s to 1.0s S2 L Caudal anterior cingulate L HC
1.0s to 2.0s S2 R Insula posterior L CP
2.0s to 3.0s DLPFC R Caudal anterior cingulate L CP

DLPFC R Caudal anterior cingulate R CP
Insula anterior R DLPFC R CP
Insula posterior L Caudal anterior cingulate R CP
Insula posterior R Caudal anterior cingulate R CP

2.5s to 3.5s Insula anterior R DLPFC R CP
Insula posterior L Caudal anterior cingulate L CP
S2 R Insula posterior R CP

5.0s to 6.0s DLPFC R Caudal anterior cingulate R CP
*The electrical stimulus to the right tibial nerve is given at 0 seconds
CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex, HC: Healthy Control, S1: Primary Somatosensory Cortex,
S2: Secondary Somatosensory Cortex, wPLI: weighted Phase Lag Index
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Table A.21: Scout Pairs exhibiting significant CPM3 alterations in the theta band during total epoch duration
(P < 0.05)

Timewindow* [s] Scout pair CPM3 higher in HC or CP

‑1.5s to ‑0.5s Rostral anterior cingulate R DLPFC R CP
‑1.0s to 0.0s S1 R Insula posterior R CP
0.0s to 1.0s Posterior cingulate L DLPFC L CP
1.0s to 2.0s DLPFC R Caudal anterior cingulate R CP
2.5s to 3.5s S2 L Insula anterior L HC
3.0s to 4.0s Posterior cingulate L DLPFC R CP

Posterior cingulate R DLPFC R CP
3.5s to 4.5s Posterior cingulate R DLPFC R CP
4.5s to 5.5s Insula anterior R DLPFC R CP
5.0s to 6.0s S1 L DLPFC R CP
*The electrical stimulus to the right tibial nerve is given at 0 seconds
CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex, HC: Healthy Control, S1: Primary Somatosensory Cortex,
S2: Secondary Somatosensory Cortex, wPLI: weighted Phase Lag Index

Table A.22: Scout Pairs exhibiting significant CPM1 alterations in the alpha bandduring total epoch duration
(P < 0.05)

Timewindow* [s] Scout pair CPM1 higher in HC or CP

2.0s to 3.0s S1 R Insula anterior L CP
3.5s to 4.5s Posterior cingulate R DLPFC R CP
5.5s to 6.5s Rostral anterior cingulate R Insula posterior R CP
*The electrical stimulus to the right tibial nerve is given at 0 seconds
CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex, HC: Healthy Control, S1: Primary Somatosensory Cortex,
S2: Secondary Somatosensory Cortex, wPLI: weighted Phase Lag Index

Table A.23: Scout Pairs exhibiting significant CPM2 alterations in the alpha bandduring total epoch duration
(P < 0.05)

Timewindow* [s] Scout pair CPM2 higher in HC or CP

‑2.5s to ‑1.5s Rostral anterior cingulate R Insula anterior R CP
S2 R Rostral anterior cingulate L CP
S2 R Rostral anterior cingulate R CP

1.5s to 2.5s DLPFC L Caudal anterior cingulate L CP
Posterior cingulate L DLPFC L CP
Rostral anterior cingulate L DLPFC R CP

5.5s to 6.5s Insula posterior L DLPFC R CP
*The electrical stimulus to the right tibial nerve is given at 0 seconds
CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex, HC: Healthy Control, S1: Primary Somatosensory Cortex,
S2: Secondary Somatosensory Cortex, wPLI: weighted Phase Lag Index
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Table A.24: Scout Pairs exhibiting significant CPM3 alterations in the alpha bandduring total epoch duration
(P < 0.05)

Timewindow* [s] Scout pair CPM3 higher in HC or CP

0.0s to 1.0s S1 L Insula posterior R HC
1.0s to 2.0s S1 L DLPFC R CP

Isthmus cingulate R Isthmus cingulate L HC
2.5s to 3.5s Isthmus cingulate R Isthmus cingulate L HC

S1 R Insula posterior R HC
*The electrical stimulus to the right tibial nerve is given at 0 seconds
CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex, HC: Healthy Control, S1: Primary Somatosensory Cortex,
S2: Secondary Somatosensory Cortex, wPLI: weighted Phase Lag Index

Table A.25: Scout Pairs exhibiting significant CPM1 alterations in the beta band during total epoch duration
(P < 0.05)

Timewindow* [s] Scout pair CPM1 higher in HC or CP

‑2.0s to ‑1.0s Posterior cingulate L Insula anterior R CP
S1 R Insula anterior R CP

‑1.5s to ‑0.5s Insula anterior R DLPFC R CP
Posterior cingulate R Insula anterior R CP

‑1.0s to 0.0s Isthmus cingulate R DLPFC R CP
Isthmus cingulate R Insula anterior R CP
S2 R S1 L CP

‑0.5s to 0.5s Isthmus cingulate L Insula anterior R CP
0.5s to 1.5s Isthmus cingulate L DLPFC R CP

Isthmus cingulate R DLPFC R CP
Posterior cingulate R DLPFC R CP
Isthmus cingulate R Insula anterior R CP

2.0s to 3.0s Insula posterior L Insula anterior R CP
Posterior cingulate R Insula anterior R CP
S1 L Insula anterior R CP

3.5s to 4.5s Insula anterior L DLPFC L HC
4.5s to 5.5s Insula anterior R Caudal anterior cingulate L CP

Insula anterior R Caudal anterior cingulate R CP
5.0s to 6.0s Insula anterior R DLPFC R CP
5.5s to 6.5s Isthmus cingulate L DLPFC R CP

Isthmus cingulate R DLPFC R CP
Posterior cingulate L Insula anterior L CP
Posterior cingulate R Insula anterior L CP
Isthmus cingulate L Insula anterior R CP

*The electrical stimulus to the right tibial nerve is given at 0 seconds
CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex, HC: Healthy Control, S1: Primary Somatosensory Cortex,
S2: Secondary Somatosensory Cortex, wPLI: weighted Phase Lag Index

A50



Table A.26: Scout Pairs exhibiting significant CPM2 alterations in the beta band during total epoch duration
(P < 0.05)

Timewindow* [s] Scout pair CPM2 higher in HC or CP

‑2.5s to ‑1.5s Insula anterior R DLPFC R CP
‑2.0s to ‑1.0s Insula anterior R DLPFC R CP
‑0.5s to 0.5s Isthmus cingulate L DLPFC R CP
0.0s to 1.0s DLFPC R Caudal anterior cingulate R CP

Insula anterior R DLPFC L CP
Rostral anterior cingulate L DLPFC R CP
Rostral anterior cingulate R DLPFC R CP

1.0s to 2.0s Posterior cingulate R Insula anterior R CP
2.0s to 3.0s Insula posterior L DLPFC R CP
2.5s to 3.5s S1 R Insula anterior R CP
3.5s to 4.5s Isthmus cingulate R Insula anterior R CP
4.5s to 5.5s Insula posterior R DLPFC R CP
5.5s to 6.5s Posterior cingulate R Insula anterior R CP
*The electrical stimulus to the right tibial nerve is given at 0 seconds
CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex, HC: Healthy Control, S1: Primary Somatosensory Cortex,
S2: Secondary Somatosensory Cortex, wPLI: weighted Phase Lag Index

Table A.27: Scout Pairs exhibiting significant CPM3 alterations in the beta band during total epoch duration
(P < 0.05)

Timewindow* [s] Scout pair CPM3 higher in HC or CP

‑2.5s to ‑1.5s Insula posterior R DLPFC R CP
‑2.0s to ‑1.0s Insula anterior R DLPFC R CP
‑1.5s to ‑0.5s Insula anterior R DLPFC R CP
2.0s to 3.0s Posterior cingulate R DLPFC R CP
5.5s to 6.5s Posterior cingulate L DLPFC R CP
*The electrical stimulus to the right tibial nerve is given at 0 seconds
CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex, HC: Healthy Control, S1: Primary Somatosensory Cortex,
S2: Secondary Somatosensory Cortex, wPLI: weighted Phase Lag Index
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Table A.28: Scout Pairs exhibiting significant CPM1 alterations in the gamma low band during total epoch
duration (P < 0.05)

Timewindow* [s] Scout pair CPM1 higher in HC or CP

‑2.5s to ‑1.5s Insula posterior R DLPFC R CP
‑2.0s to ‑1.0s Isthmus cingulate L DLPFC R CP
‑1.0s to 0.0s DLPFC L Caudal anterior cingulate L CP

Isthmus cingulate L DLPFC R CP
Isthmus cingulate L DLPFC R CP
S2 L Insula anterior L (PLV Blauw,

wPLI Rood)
CP

‑0.5s to 0.5s Insula anterior R DLPFC L CP
Insula posterior R DLPFC L CP
Isthmus cingulate L DLPFC L CP
Isthmus cingulate R DLPFC L CP
Rostral anterior cingulate L Isthmus cingulate L CP
Rostral anterior cingulate R Isthmus cingulate L CP

0.0s to 1.0s Insula posterior R Insula anterior R CP
0.5s to 1.5s Insula anterior L DLPFC L CP

Insula posterior R Insula anterior R CP
1.0s to 2.0s Isthmus cingulate L Insula anterior L CP

Posterior cingulate L Insula anterior L CP
Posterior cingulate R Insula anterior L CP
Rostral anterior cingulate R Insula posterior R CP
Rostral anterior cingulate R Posterior cingulate L CP

4.5s to 5.5s Insula anterior R DLPFC R CP
*The electrical stimulus to the right tibial nerve is given at 0 seconds
CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex, HC: Healthy Control, S1: Primary Somatosensory Cortex,
S2: Secondary Somatosensory Cortex, wPLI: weighted Phase Lag Index

Table A.29: Scout Pairs exhibiting significant CPM2 alterations in the gamma low band during total epoch
duration (P < 0.05)

Timewindow* [s] Scout pair CPM2 higher in HC or CP

‑1.5s to ‑0.5s S1 R DLPFC L CP
0.0s to 1.0s Insula anterior L DLPFC L CP
0.5s to 1.5s DLPFC L Caudal anterior cingulate L CP

Isthmus cingulate L DLPFC L CP
Posterior cingulate L DLPFC L CP
Posterior cingulate R DLPFC L CP
S1 L Rostral anterior cingulate L CP
S1 L Rostral anterior cingulate R CP

1.0s to 2.0s Insula anterior L DLPFC L CP
1.5s to 2.5s Insula anterior L DLPFC L CP
3.5s to 4.5s Insula anterior L DLPFC L CP

Isthmus cingulate R DLPFC L CP
Posterior cingulate L DLPFC L CP

4.0s to 5.0s Insula anterior L DLPFC L CP
S2 L Rostral anterior cingulate L CP

5.0s to 6.0s Insula anterior R DLPFC R CP
Insula posterior R DLPFC R CP
S2 L DLPFC R CP

5.5s to 6.5s DLPFC R Caudal anterior cingulate R CP
Rostral anterior cingulate L Insula anterior R CP
Rostral anterior cingulate R Insula anterior R CP

*The electrical stimulus to the right tibial nerve is given at 0 seconds
CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex, HC: Healthy Control, S1: Primary Somatosensory Cortex,
S2: Secondary Somatosensory Cortex, wPLI: weighted Phase Lag Index
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Table A.30: Scout Pairs exhibiting significant CPM3 alterations in the gamma low band during total epoch
duration (P < 0.05)

Timewindow* [s] Scout pair CPM3 higher in HC or CP

‑2.0s to ‑1.0s Insula anterior L DLPFC L CP
‑1.0s to 0.0s Insula anterior R DLPFC R CP
0.0s to 1.0s S2 L Insula anterior L CP
1.0s to 2.0s Insula anterior L DLPFC L CP

Insula posterior L DLPFC L CP
1.5s to 2.5s Insula anterior L DLPFC L CP
3.0s to 4.0s DLPFC L Caudal anterior cingulate R CP
4.5s to 5.5s DLPFC L Caudal anterior cingulate L CP
*The electrical stimulus to the right tibial nerve is given at 0 seconds
CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex, HC: Healthy Control, S1: Primary Somatosensory Cortex,
S2: Secondary Somatosensory Cortex, wPLI: weighted Phase Lag Index

Table A.31: Scout Pairs exhibiting significant CPM1 alterations in the gamma high band during total epoch
duration (P < 0.05)

Timewindow* [s] Scout pair CPM1 higher in HC or CP

2.0s to 3.0s Posterior cingulate R DLPFC L CP
2.5s to 3.5s Isthmus cingulate L DLPFC L CP

Posterior cingulate R DLPFC L CP
4.5s to 5.5s S1 L Insula anterior L CP
*The electrical stimulus to the right tibial nerve is given at 0 seconds
CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex, HC: Healthy Control, S1: Primary Somatosensory Cortex,
S2: Secondary Somatosensory Cortex, wPLI: weighted Phase Lag Index

Table A.32: Scout Pairs exhibiting significant CPM2 alterations in the gamma high band during total epoch
duration (P < 0.05)

Timewindow* [s] Scout pair CPM2 higher in HC or CP

2.5s to 3.5s S1 L Rostral anterior cingulate L CP
S1 L Rostral anterior cingulate R CP

*The electrical stimulus to the right tibial nerve is given at 0 seconds
CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex, HC: Healthy Control, S1: Primary Somatosensory Cortex,
S2: Secondary Somatosensory Cortex, wPLI: weighted Phase Lag Index

Table A.33: Scout Pairs exhibiting significant CPM3 alterations in the gamma high band during total epoch
duration (P < 0.05)

Timewindow* [s] Scout pair CPM3 higher in HC or CP

‑2.5s to ‑1.5s Insula posterior R DLPFC R CP
0.5s to 1.5s S2 R S2 L HC
3.0s to 4.0s S2 L DLPFC L CP
5.0s to 6.0s Insula anterior R DLPFC R CP
*The electrical stimulus to the right tibial nerve is given at 0 seconds
CP: Chronic Pain, DLPFC: Dorsolateral Prefrontal Cortex, HC: Healthy Control, S1: Primary Somatosensory Cortex,
S2: Secondary Somatosensory Cortex, wPLI: weighted Phase Lag Index
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X|Time‑connectivity plots

(a) oAEC of theta band over time in the CP group (b) oAEC of theta band over time in the HC group

(c) PLV of theta band over time in the CP group (d) PLV of theta band over time in the HC group

(e) wPLI of theta band over time in the CP group (f) wPLI of theta band over time in the HC group

Figure A.7: Theta Band Time‑Connectivity plots for Chronic Pain (CP) and Healthy Control (HC) Groups.
These plots depict the connectivity metrics for oAEC, PLV, andwPLI. Each individual line represents a differ‑
ent scout pair. The vertical line at 0 seconds indicates the administration of the noxious stimulus. The solid
black line represent the average connectivity metric across all scout pairs for each group.
Note: Data points represent the midpoint of corresponding time windows; for instance, the data points at 0 seconds represents the
window from ‑0.5 to 0.5 seconds.
CP: Chronic Pain, HC: Healthy Control, oAEC: Orthogonalized Amplitude Envelope Correlation, PLV: Phase Locking Value, wPLI:
weighted Phase Lag Index
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(a) oAEC of alpha band over time in the CP group (b) oAEC of alpha band over time in the HC group

(c) PLV of alpha band over time in the CP group (d) PLV of alpha band over time in the HC group

(e) wPLI of alpha band over time in the CP group (f) wPLI of alpha band over time in the HC group

Figure A.8: Alpha Band Time‑Connectivity plots for Chronic Pain (CP) and Healthy Control (HC) Groups.
These plots depict the connectivity metrics for oAEC, PLV, andwPLI. Each individual line represents a differ‑
ent scout pair. The vertical line at 0 seconds indicates the administration of the noxious stimulus. The solid
black line represent the average connectivity metric across all scout pairs for each group.
Note: Data points represent the midpoint of corresponding time windows; for instance, the data points at 0 seconds represents the
window from ‑0.5 to 0.5 seconds.
CP: Chronic Pain, HC: Healthy Control, oAEC: Orthogonalized Amplitude Envelope Correlation, PLV: Phase Locking Value, wPLI:
weighted Phase Lag Index
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(a) oAEC of beta band over time in the CP group (b) oAEC of beta band over time in the HC group

(c) PLV of beta band over time in the CP group (d) PLV of beta band over time in the HC group

(e) wPLI of beta band over time in the CP group (f) wPLI of beta band over time in the HC group

Figure A.9: Beta BandTime‑Connectivity plots for Chronic Pain (CP) andHealthy Control (HC) Groups. These
plots depict the connectivity metrics for oAEC, PLV, and wPLI. Each individual line represents a different
scout pair. The vertical line at 0 seconds indicates the administration of the noxious stimulus. The solid
black line represent the average connectivity metric across all scout pairs for each group.
Note: Data points represent the midpoint of corresponding time windows; for instance, the data points at 0 seconds represents the
window from ‑0.5 to 0.5 seconds.
CP: Chronic Pain, HC: Healthy Control, oAEC: Orthogonalized Amplitude Envelope Correlation, PLV: Phase Locking Value, wPLI:
weighted Phase Lag Index
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(a) oAEC of gamma‑low band over time in the CP
group

(b) oAEC of gamma‑low band over time in the HC
group

(c) PLV of gamma‑lowband over time in the CP group (d) PLVof gamma‑lowbandover time in theHCgroup

(e) wPLI of gamma‑low band over time in the CP
group

(f) wPLI of gamma‑low band over time in the HC
group

Figure A.10: Gamma‑low Band Time‑Connectivity plots for Chronic Pain (CP) and Healthy Control (HC)
Groups. These plots depict the connectivitymetrics for oAEC, PLV, andwPLI. Each individual line represents
a different scout pair. The vertical line at 0 seconds indicates the administration of the noxious stimulus.
The solid black line represent the average connectivity metric across all scout pairs for each group.
Note: Data points represent the midpoint of corresponding time windows; for instance, the data points at 0 seconds represents the
window from ‑0.5 to 0.5 seconds.
CP: Chronic Pain, HC: Healthy Control, oAEC: Orthogonalized Amplitude Envelope Correlation, PLV: Phase Locking Value, wPLI:
weighted Phase Lag Index
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(a) oAEC of gamma‑high band over time in the CP
group

(b) oAEC of gamma‑high band over time in the HC
group

(c)PLVof gamma‑highbandover time in theCPgroup
(d) PLV of gamma‑high band over time in the HC
group

(e) wPLI of gamma‑high band over time in the CP
group

(f) wPLI of gamma‑high band over time in the HC
group

Figure A.11: Gamma‑high Band Time‑Connectivity plots for Chronic Pain (CP) and Healthy Control (HC)
Groups. These plots depict the connectivitymetrics for oAEC, PLV, andwPLI. Each individual line represents
a different scout pair. The vertical line at 0 seconds indicates the administration of the noxious stimulus.
The solid black line represent the average connectivity metric across all scout pairs for each group.
Note: Data points represent the midpoint of corresponding time windows; for instance, the data points at 0 seconds represents the
window from ‑0.5 to 0.5 seconds.
CP: Chronic Pain, HC: Healthy Control, oAEC: Orthogonalized Amplitude Envelope Correlation, PLV: Phase Locking Value, wPLI:
weighted Phase Lag Index
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Y|Time connectivity plots mean all participants

(a) PLV over time in all participants

(b) wPLI over time in all participants

(c) oAEC over time in all participants

Figure A.12: Time‑Connectivity plots for all participants taken together. These plots depict the mean (all
scout pairs and all conditioned pain modulations blocks) connectivity metrics for oAEC, PLV, and wPLI. The
vertical line at 0 seconds indicates the administration of the noxious stimulus.
Note: Data points represent the midpoint of corresponding time windows; for instance, the data points at 0 seconds represents the
window from ‑0.5 to 0.5 seconds.
oAEC: Orthogonalized Amplitude Envelope Correlation, PLV: Phase Locking Value, wPLI: weighted Phase Lag Index
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Z|Time connectivity plot PLV different windows
In Figure A.13, I adjusted the starting time for the window to ‑2.9 instead of ‑3.0. This resulted in varying
windows compared with the conventional approach during the stimulus: from ‑0.9 to 0.1 seconds, ‑0.4 to
0.6 seconds, and 0.1 to 1.1 seconds.

Figure A.13: Time‑Connectivity plots for all participants taken together. These plots depict the mean (all
scout pairs and all conditioned pain modulations blocks) connectivity metrics for PLV. The vertical line at 0
seconds indicates the administration of the noxious stimulus.
Note: Data points represent the midpoint of corresponding time windows; for instance, the data points at 0 seconds represents the
window from ‑0.9 to 0.1 seconds.
PLV: Phase Locking Value
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