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ABSTRACT

Introduction: Persistent musculoskeletal pain is associated with altered functional and effective connectivity (EC) between
cortical regions involved in pain processing. Especially, disruptions in the infraslow fluctuation (ISF) frequency band can
contribute to pain persistence. ISF electroencephalography-neurofeedback (EEG-NF) has emerged as a potential non-invasive
neuromodulatory intervention targeting cortical brain regions to restore balance and modulate pain-related pathways. However,
limited research explores its effect on EC, a measure of directional information flow critical to pain experience and modulation.
Methods: A secondary analysis was performed using data from a randomized, double-blind, sham-controlled feasibility clinical
trial. Participants with chronic painful knee osteoarthritis (OA) were randomized to receive either ISF-NF or sham-NF. Nine
neurofeedback sessions targeted the pregenual anterior cingulate cortex (pgACC), dorsal anterior cingulate cortex (dACC), and
bilateral primary somatosensory cortex (SSC: S1Lt & S1Rt). EEG data was collected at baseline and post-intervention. Granger
causality was used to measure EC changes, and between-group statistical analyses were conducted with adjustments for multiple
comparisons.

Results: Twenty-one participants (mean age: 61.7 + 7.6 years; 62% female) completed the study. ISF-NF training significantly
improved EC between pgACC and dACC, pgACC and SSC, and other targeted regions, while reducing EC from SIRt to dACC.
Changes were observed predominantly in the ISF frequency band, indicating enhanced cortical communication and modulation
of pain pathways.

Conclusion: ISF-NF training enhanced EC in cortical regions implicated in pain processing, supporting its potential as a
neuromodulatory intervention for chronic musculoskeletal pain. Further trials are needed to confirm clinical efficacy and optimize
protocol designs.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly
cited.
© 2025 The Author(s). Brain and Behavior published by Wiley Periodicals LLC.
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1 | Introduction

Chronic pain is a complex condition that entails significant
interactions among multiple brain regions responsible for pain
processing and modulation (Mathew et al. 2024a; De Ridder et al.
2022; Henderson et al. 2013; Ploner et al. 2017). Chronic pain is
hypothesized to involve dysregulation of cortical neuronal activ-
ity and altered connectivity between ascending and descending
pain-modulatory brain regions, as observed in conditions such
as neuropathic pain, fibromyalgia, and knee osteoarthritis (OA)
(Vanneste and De Ridder 2021; De Ridder et al. 2021; Mathew et al.
2024a). Neuroimaging studies have demonstrated activity and
connectivity alterations in these regions, particularly involved
in somatosensory processing (e.g., somatosensory cortex, SSC),
affective-motivational responses (e.g., dorsal anterior cingulate
cortex, dACC; anterior insular cortex), and descending pain
modulation (e.g., pregenual anterior cingulate cortex, pgACC)
(De Ridder et al. 2021; De Ridder et al. 2022; Barroso et al.
2021; Yang and Chang 2019; Lewis et al. 2018; Brandl et al. 2022;
Bushnell et al. 2013; Price 2000; Fields 2004). Moreover, changes
in functional connectivity (the communication between two
distinct brain regions) among brain regions associated with pain
perception have been observed in various chronic pain conditions
and are considered a factor in pain persistence (Motoyama et al.
2019; Necka et al. 2019; Thorp et al. 2018; Kaplan et al. 2019; Spisak
et al. 2020; Fallon et al. 2016).

Non-invasive neuromodulation has been suggested as a possible
intervention to regulate activity and connectivity among cortical
regions involved in pain processing for chronic pain management
(Meeker et al. 2020; Roy et al. 2020; Adhia et al. 2023; Yang
et al. 2024). Electroencephalography Neurofeedback (EEG-NF) is
abrain-computer interface technique that can be used to enhance
or suppress brain activity in specific regions associated with vari-
ous disease conditions (Mathew J. 2025; Roy et al. 2020; Enriquez-
Geppert et al. 2017; Marzbani et al. 2016; Sitaram et al. 2017). Stud-
ies have shown that EEG-NF effectively reduces pain associated
with various chronic pain conditions, as demonstrated by vali-
dated outcome measures (Hesam-Shariati et al. 2022; Adhia et al.
2023; Mathew et al. 2022). However, understanding its underlying
mechanisms requires investigating whether EEG-NF training
induces changes in brain activity and connectivity (Hesam—
Shariati et al. 2021). Previous research has reported changes
in activity and functional connectivity within targeted brain
regions following EEG-NF training (Adhia et al. 2023; Mathew
et al. 2024b). While it is well-established that EEG-NF can alter
functional connectivity between cortical regions, the direction of
these connections (effective connectivity; EC) and their strength
remain understudied. Previous work has shown that EEG-NF can
enhance functional connectivity between the SSC and pgACC
in distinct frequency bands (Mathew et al. 2024b). However, the
directionality of these connections (EC) remains unclear. Since
altered connectivity between pain-related brain regions has been
linked to pain perception (Vanneste and De Ridder 2021; Necka
et al. 2019), exploring whether EEG-NF can modulate these con-
nections could provide further understanding into its therapeutic
mechanisms.

While functional connectivity reflects statistical dependencies
between brain regions, EC captures the directionality of these

interactions (Friston 2011), which is crucial for understanding
causal influences in pain networks. Isolated effective coherence
(iCoh) (also known as directed functional connectivity/EC) is a
measure that demonstrates the causal information flow between
distinct brain regions (Pascual-Marqui et al. 2014). Alterations in
iCoh/EC have been observed in individuals with chronic pain
(Vanneste and De Ridder 2021; Ferdek et al. 2019; Spisék et al.
2017; Wu et al. 2013). For instance, a previous study reported
a reduction in theta-band EC from the pgACC to the bilateral
SSC and vice versa (Vanneste and De Ridder 2021). This may
imply that the cortical regions associated with the descending
pain inhibitory pathway are inhibited by the overactivation of
the SSC, potentially contributing to the persistence of pain
(Vanneste and De Ridder 2021). Similarly, research on chronic
low back pain has reported altered resting state EC within the
cingulo-frontal-parietal cognitive attention networks (Mao et al.
2022). Comparable findings have also been reported in conditions
like endometriosis, where heightened beta-band EC has been
observed from the left dorsolateral prefrontal cortex to the SSC,
as well as from the SSC to the orbitofrontal and right temporal
cortices (Ferdek et al. 2019).

iCoh is a dependable and reliable measure of brain EC changes
following neuromodulatory approaches targeting brain regions to
improve pain experience (Adhia et al. 2023; Cao et al. 2022). How-
ever, few studies have examined changes in connectivity and iCoh
following EEG-NF, particularly between key pain-related cortical
regions. Only one study has investigated the EC following EEG-
NF training in people with chronic low back pain. The findings
indicated that infraslow fluctuation (ISF)-NF training targeting
the pgACC can improve pain by modulating EC between the
pgACC and SSC. Moreover, the study also demonstrated an
association between EC changes from pgACC to SSC and pain
severity (Adhia et al. 2022). Therefore, this exploratory secondary
analysis investigates whether ISF EEG-NF training can modify
EC between the pgACC, SSC, and dACC in individuals with
knee osteoarthritis (OA)—a chronic secondary musculoskeletal
pain condition associated with significant alterations in corti-
cal brain regions involved in pain processing (Mathew et al.
2024a).

2 | Methods

2.1 | Trial Registration and Ethical Approval

This study received ethical approval from the Health & Dis-
ability Ethics Committee (HDEC), New Zealand (19CENI182),
and was registered with the Australian New Zealand Clinical
Trials Registry (ACTRN12620000273987). A detailed version of
the study protocol and feasibility outcomes has been published
elsewhere (Mathew et al. 2022; Mathew et al. 2020). Writ-
ten informed consent was obtained from all participants prior
to their enrollment in the study. Consolidated Standards of
Reporting Trials (CONSORT) (extension for randomized pilot
and feasibility trials) guidelines were used to report the under-
taken methodology (Eldridge et al. 2016). The intervention
was detailed following the Template for Intervention Descrip-
tion and Replication (TIDieR) framework (Hoffmann et al.
2014).
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2.2 | Study Design

A secondary analysis was performed using data from a ran-
domized, double-blind, sham-controlled feasibility clinical trial
that was conducted to investigate the feasibility and safety
of a source-localized EEG-NF for the management of chronic
pain secondary to knee OA. The study aimed to modulate ISF
electrical activity in the three cortical regions associated with pain
processing, namely the dorsal anterior cingulate cortex (dACC),
a cortical hub processing the affective/motivational component
of pain (Rainville 2002; Bushnell et al. 2013; Price 2000; Vogt
and Sikes 2000); the primary somatosensory cortex (S1), a proxy
for processing the discriminative/sensory component of pain
(Gingold et al. 1991; Craig 2002; Bushnell et al. 1999), and the
pregenual anterior cingulate cortex (pgACC); part of the cortical
pain inhibitory pathway (Kwon et al. 2014; Ossipov et al. 2014;
Vanneste et al. 2017).

2.3 | Participant Characteristics

2.3.1 | Inclusion Criteria

Individuals between the ages of 44 and 75 years with a clinical
diagnosis of knee OA and experiencing pain (rated >4 on an 11-
point numerical scale) for at least three months were eligible
for participation in the study (Mathew et al. 2022; Mathew et al.
2024b; Mathew et al. 2020).

2.3.2 | Exclusion Criteria

Exclusion criteria included recent or upcoming surgery, recent
steroid use, centrally acting medications, neurological disorders,
knee soft tissue injuries, cognitive impairments, language barri-
ers, and pregnancy or postpartum status (< six months) (Mathew
et al. 2022; Mathew et al. 2024b; Mathew et al. 2020).

2.4 | Randomization and Concealment of
Allocation

Participants were assigned to either the ISF-NF (active) or sham
NF (control) group through a block randomization method using
an open-access program. The randomization process was man-
aged by a research administrator. Group assignments remained
concealed until the initial assessment was completed. Neither the
participants nor the outcome assessor were aware of the group
allocation (Mathew et al. 2022; Mathew et al. 2024b; Mathew et al.
2020).

2.5 | Interventions

Eligible participants took part in nine NF sessions (30 min
each; three sessions per week) and two 90 min assessment
sessions at baseline (T0) and post-intervention (T1). The exper-
imental procedures and reporting of NF adhered to the Con-
sensus on the Reporting and Experimental Design of Clini-
cal and Cognitive-Behavioral Neurofeedback Studies (CRED-nf
checklist—mandatory items) (Ros et al. 2020).

The NF was administered using a 21-channel DC-coupled ampli-
fier (BrainMaster Technologies Inc., Bedford, Ohio, United States
of America) connected to a high-end laptop with BrainAvatar 4.0
software installed for real-time signal processing and for provid-
ing feedback. Each participant was instructed to wear the Comby
EEG lead cap equipped with Ag/AgCl sensors, with reference
electrodes placed on the mastoids. A small amount of EEG gel
was carefully applied to each electrode using a syringe to avoid
any bridging between neighboring electrodes. The impedance of
the active electrodes was continuously monitored, ensuring it
remained below 5 kQ (Leong et al. 2018).

2.5.1 | ISF-NF Training Protocol

Evidence from neuroimaging and neurophysiological studies
demonstrates that ISF (frequency < 0.1 Hz) plays a profound role
in defining intrinsic brain networks and modulating dynamic
brain connections (Ploner et al. 2017; Raichle 2015). Moreover,
the excitability of cortical networks is influenced by ISF and
shows a strong correlation with the phase of higher-frequency
oscillations (Vanhatalo et al. 2005). Growing evidence suggests
alterations in ISF and slow rhythmic fluctuations in individuals
with chronic pain (Alshelh et al. 2018; Grooms et al. 2017).
Additionally, neuroimaging studies indicate increased activity in
pain-related brain regions, such as the dACC and SSC, along with
reduced ISF activity in the antinociceptive network, including the
pgACC and its associated pathways (Grooms et al. 2017; Alshelh
et al. 2016; Alshelh 2018; Zhou et al. 2018; Zhang et al. 2019;
Majeed et al. 2011; Kucyi et al. 2013; Kucyi and Davis 2015; Di
Pietro et al. 2020). Therefore, modulating ISF activity in these
pain-processing and mediating regions may influence cortical
brain dynamics (Alshelh et al. 2016; Alshelh 2018; Zhou et al.
2018; Zhang et al. 2019; Majeed et al. 2011; Kucyi et al. 2013; Kucyi
and Davis 2015; Di Pietro et al. 2020; Zhang et al. 2019). Thus,
modulating ISF activity in regions involved in pain processing and
mediation may have an impact on cortical brain dynamics.

A training protocol for ISF-NF was designed to optimize the
equilibrium among the three cortical regions [SSC, dACC, and
PgACC] (De Ridder et al. 2021; Vanneste and De Ridder 2021;
De Ridder and Vanneste 2020; Mathew et al. 2022; Mathew
et al. 2024b; Mathew et al. 2020). The selection of cortical brain
regions and the design of the training protocol were informed
by previous studies identifying an imbalance among the dACC,
SSC, and pgACC (Vanneste and De Ridder 2021; De Ridder and
Vanneste 2020). As illustrated in Figure 1, the ISF-NF training
simultaneously reduced ISF electrical activity in the SSC and
dACC while enhancing activity in the pgACC.

The BrainAvatar software provided auditory feedback (reward)
when the participant’s brain activity reached the specified ISF
(0.0-0.1 Hz) threshold at the designated regions of interest (ROI).
The software computed the ratio in real-time within the ISF band,
delivering feedback when the ratio was >1, in accordance with
the following equation (Mathew et al. 2022; Mathew et al. 2024b;
Mathew et al. 2020):

2 X pgACC
SSC +dACC —
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The regions of interest and ISF-NF training directions. SILt: left somatosensory cortex; S1Rt: right somatosensory cortex; dACC: dorsal

anterior cingulate cortex; pgACC: pregenual anterior cingulate cortex; The x, y, and z coordinates presented are the centroids of the target brain regions.
The SSC encompassed Brodmann areas 1, 2, 3, and 5, as identified using the Montreal Neurological Institute (MNI) coordinate database (Fuchs et al.

2002; Lancaster et al. 2007). The dACC and pgACC were defined with the help of the Neurosynth meta-analytic database (www.neurosynth.org) and
previous literature (De Ridder et al. 2021; De Ridder et al. 2022; Vanneste and De Ridder 2021; De Ridder and Vanneste 2020; Mathew et al. 2022; Adhia
et al. 2022; De Ridder et al. 2013). The image is created with https://www.nitrc.org/projects/bnv/ and www.biorender.com.

2.5.2 | Sham ISF-NF Protocol

Participants in the sham-NF group were prepared in the same way
as the ISF-NF group. However, the participants received sound
feedback recorded from a healthy volunteer who underwent ISF-
NF training (yoked feedback/sham). We captured the feedback
sound and replayed it to the sham group participants using
Audacity software (Maheshkumar et al. 2016). The pre-recorded
signals were randomly chosen using the chit method from a
collection of nine files.

Participants and the outcome assessor were blinded to group
allocation and intervention. To assess the integrity of blinding,
participants were asked at the end of the study which group
they believed they were in. The methodology and findings
related to blinding have been published elsewhere (Mathew et al.
2022).

2.6 | Electroencephalography

Resting-state EEG data (sampling rate of 500 Hz) were recorded
(Mitsar EEG system with WinEEG software, Mitsar Co. Ltd, St.
Petersburg, Russia) for ~10 min with the participant’s eyes closed
at both TO and T1 (Vanneste et al. 2018; Wyckoff et al. 2015;
Grigolon et al. 2017; Yakovenko et al. 2021; Kim et al. 2015). EEG
data were recorded using 21 channels positioned according to
the standard 10-20 International system, referenced to linked

ears, with impedances maintained below 5 kQ (Khazi et al. 2012;
Vanneste et al. 2018; Collura et al. 2025). The EEGLAB toolbox in
MATLAB (R2020a) (Delorme and Makeig 2004; Delorme et al.
2011) was utilized to preprocess the EEG data (resampled to
128 Hz, bandpass filtered from 0.01 Hz to 44 Hz), and EEG
artifacts, such as eye blinks, muscle activity, perspiration, and
body movements, were eliminated using ICoN software (version
3) (Vanneste and De Ridder 2021; Adhia et al. 2022; Leong et al.
2018; Bersagliere et al. 2018).

2.6.1 | Granger Causality

Granger causality was employed to assess iCoh by calculating
the partial coherence within a multivariate autoregressive model.
This was followed by setting all non-relevant associations to
zero, leaving only the specific directional association of interest.
Granger causality (EC) describes the strength of direct and
directional causal information flow between two ROIs. iCoh
detects both the peak frequency of information transfer from two
distinct ROIs and the connection strength, which is inherently
very high. The technical and mathematical models related to
iCoh and Granger causality are available in previous publications
(Pascual-Marqui et al. 2014; Pascual-Marqui et al. 2014). Using
a multivariate autoregressive model, the iCoh methodology esti-
mates the Granger causality (values range from 0 to 1). To estimate
the information flow from one region to another, all other associ-
ations between the regions are set to zero, except the directional
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FIGURE 2 |

Results from the Mann-Whitney U tests between the ISF-NF treatment groups and the Sham-NF group. S1Lt: left somatosensory cortex;

S1Rt: right somatosensory cortex; dACC: dorsal anterior cingulate cortex; pgACC: pregenual anterior cingulate cortex. P < 0.0001 are denoted by (****).

association of interest. In this way, iCoh is asymmetrical, i.e., for
each pair of ROIs X and Y, the connectivity from X to Y is generally
different than that from Y to X (Bosch-Bayard et al. 2022).

The Granger causality between the targeted ROIs (pgACC, dACC,
S1Lt, S1Rt) for the ISF frequency band (0.01 to 0.1 Hz) was calcu-
lated by means of the iCoh (Pascual-Marqui et al. 2014). The iCoh
was extracted from the pre-processed EEG data using the open,
exact low-resolution electromagnetic tomography (eLORETA)
method using the LORETA-Key software (Collura et al. 2025;
Pascual-Marqui et al. 2011; Grech et al. 2008).

2.7 | Data Analysis

All the statistical analyses were conducted using GraphPad Prism
software version 9.1.0 for Windows (GraphPad Software, San
Diego, CA, USA) (Motulsky 2003). A pre-post analysis was
conducted to compare the groups, calculating mean differences
for all EEG measures from baseline (T0) to post-intervention (T1).
Larger mean differences reflected increased EC. The Shapiro-
Wilk test and Q-Q plots were used to assess the normality of
the data for all variables. Given these findings, a non-parametric
Mann-Whitney U test was employed to compare the distributions
between the two groups. The p-values were corrected for multiple
comparisons using the Holm-Siddk method, with a significance
threshold set at <0.0042. Brain images were generated with
BrainNet Viewer (https://www.nitrc.org/projects/bnv/) (Xia et al.
2013) and visualized using BioRender (https://www.biorender.
com/).

3 | Results

3.1 | Demographics

A total of twenty-one participants with knee OA were assessed
at baseline and randomly assigned to either the ISF-NF group
(n = 11) or the sham-NF group (n = 10). The active and sham
groups had similar mean ages (62.3+8.5 and 61.0+6.7 years,
respectively). Females comprised the majority in both groups
(active: 64%; sham: 60%). Most participants identified as New
Zealand European (Active: 91%; Sham: 90%), with a smaller pro-
portion identifying as Australian (active: 9%) or Tongan (sham:
10%). The average pain score over the past three months was
comparable between groups (active: 6.1+1.5; sham: 5.9+1.2). Right
knee involvement was more common in both groups (active:
72.7%; sham: 70%) and the duration of knee pain was longer in the
active group (5.3+4 years) compared to the sham group (2.6+2.3
years).

3.2 | Granger Causality—iCoh

The iCoh was calculated for all the connections between the
targeted ROIs in the ISF frequency bands. The ROIs include
pgACC, SSC (left and right) and dACC. The Mann-Whitney U
tests were conducted for these EC measures to compare the ISF-
NF treatment group with the Sham-NF group individually, and
significant connections are illustrated in Figure 2. Additionally,
Figure 3 visually represents the EC for all the significant connec-
tions in the ISF-NF group compared to the sham-NF group. There
was a significant increase in EC for (i) pgACC to dACC, (ii) pgACC
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dACC

Results of the significant effective connectivity between the ROIs for the ISF-NF group compared to the sham-NF group. The red arrows

indicate an increase in effective connectivity, and the blue arrow represents the reduction between the ROIs. S1Lt: left somatosensory cortex; SIRt: right

somatosensory cortex; dACC: dorsal anterior cingulate cortex; pgACC: pregenual anterior cingulate cortex. Created with https://www.nitrc.org/projects/

bnv/ and www.biorender.com.

to SIRt, (iii) dACC to pgACC, (iv) dACC to SILt, (v) dACC to SIRt,
(vi) SILt to S1Rt, (vii) SILt to dACC, and (viii) decreased EC from
S1Rt to dACC.

4 | Discussion

This study sought to determine whether EEG-NF training can
alter EC between the targeted ROIs linked to pain-mediating
cortical brain regions in the ISF frequency band. The study high-
lighted improved EC between the key somatosensory, affective,
and pain-inhibitory cortical brain regions in the ISF frequency
band. The study found a significant increase in EC in the
following pathways: pgACC to dACC, pgACC to SIRt, dACC to
pgACC, dACC to SILt, dACC to SIRt, SILt to S1Rt, and SI1Lt
to dACC. Additionally, there was a significant decrease in EC
from SIRt to dACC. Results from this study would contribute to

the growing body of literature on the specificity of EEG-NF by
influencing the cortical neuronal oscillations, paving the way for
future robust and novel EEG-NF protocols for pain management.

Chronic pain can be accompanied by connectivity alterations in
brain regions or associated networks linked to pain experience
(Apkarian et al. 2011; Baliki et al. 2012; Bingel et al. 2006;
Ohara et al. 2006; Napadow et al. 2010). The findings from
our study indicate EC changes between the ROIs in the ISF
band after NF training. Overall, the EC results of this study
demonstrate improved communication from pgACC to dACC
and pgACC to bilateral SSC in the ISF band compared to the
sham-NF group. This means there is an increased flow of infor-
mation from pgACC to sensory and emotional cortices. Previous
studies of chronic neuropathic pain have demonstrated reduced
communication from pgACC to bilateral SSC and increased
information transfer from bilateral SSC to pgACC for patients
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in comparison to controls (Vanneste and De Ridder 2021). This
finding implies that the activity of the pgACC (key cortical anti-
nociceptive region) is inhibited by the increased information
transfer from the SSC (sensory-discriminative region). This infor-
mation could indicate that ISF-NF can modulate and influence
communication between distant cortical regions in the same
network.

Moreover, results from our previous study highlight increased EC
from dACC to pgACC, inhibiting the activity of pgACC to com-
municate with dACC and SSC (De Ridder et al. 2021; Vanneste
and De Ridder 2021; De Ridder and Vanneste 2020). Interestingly,
the current study demonstrates a significant increase in the EC
from pgACC to dACC in the ISF-NF group post-intervention.
The study also observed increased EC from pgACC to the SSC.
One element of the ISF-NF ratio focused on enhancing the
ISF activity of the pgACC, and we speculate that this training
likely affected the functional communication between the pgACC
and SSC. The study also found improved EC from S1Lt to S1Rt
and S1Lt to dACC. The opposite pattern was observed from
S1Rt to the dACC. The primary somatosensory cortex receives
sensory information from the ventral posterolateral nucleus of
the thalamus through the internal capsule, specifically from
contralateral body regions. Interestingly, 72% of participants in
the active group identified their right knee as the most painful
joint. This finding indicates that somatosensory information
is directed to and processed in the left SSC. Previous studies
have confirmed reduced communication between the SSC and
dACC, consequently amplifying the affective symptomatology
of pain (Henderson et al. 2013; Vanneste and De Ridder 2021).
Previous research has identified the dACC as a region involved
in processing the unpleasant and emotional components of pain
(Bushnell et al. 2013; Price 2000; Osaka et al. 2004; Rainville
et al. 1997; Russo and Sheth 2015; Maeoka et al. 2012). This is a
significant finding that reinforces the idea that the observed ISF
effects between the SSC and dACC are probably influenced by the
downregulation of both regions.

It is, however, worth mentioning that there is a paucity of EC
data for chronic pain, and future trials need to confirm the effect
of neuromodulatory intervention on EC changes in the studied
population. The results of this study need to be interpreted with
consideration of the study’s limitations. We analyzed a small
sample of knee OA individuals with a homogeneous sex and
race distribution, which restricts the generalizability of the study
findings. Also, our study did not include a full follow-up assess-
ment after weeks to months of the NF training, and we believe
this is an important component that needs to be considered
in future clinical trials investigating the effect of balance ISF-
NF for chronic pain as per the recommendations (Ros et al.
2020). Notwithstanding the relatively limited sample, this study
provides an important foundation for future EEG-NF studies
to incorporate connectivity-based analyses to understand the
changes in cortical brain dynamics following the treatment. The
study also highlights the potential of designing and implementing
balance/ratio training NF protocols using different ROIs based
on the clinical population and expected study outcomes. The
balance training protocols used in this study can be efficient
instead of training individual ROIs. However, future trials should
investigate whether a balance/ratio training protocol is better
than each ROI training in improving clinical outcomes. Similarly,

it is also worth investigating the effect of ISF-NF against the other
existing NF protocols for chronic pain.

5 | Conclusions

Balance ISF-NF training can increase the EC between pain-
mediating cortical brain regions in the ISF band in individuals
suffering from chronic knee OA pain. Caution is warranted in
interpreting the observations since the study outcomes are based
on exploratory analysis of a pilot and feasibility clinical trial.
However, these observations suggest the need to explore the
change in the EC-mediates clinical outcomes following ISF-NF
training in a fully powered clinical trial. Moreover, there is an
opportunity to develop newer EC-based NF protocols and test for
their clinical efficacy.
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