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Abstract
Introduction. Chronic pain is a percept due to an imbalance in the activity between sensory-discriminative, motivational-
affective, and descending pain-inhibitory brain regions. Evidence suggests that electroencephalography (EEG) infraslow
fluctuation neurofeedback (ISF-NF) training can improve clinical outcomes. It is unknown whether such training can induce
EEG activity and functional connectivity (FC) changes. A secondary data analysis of a feasibility clinical trial was conducted
to determine whether EEG ISF-NF training can significantly alter EEG activity and FC between the targeted cortical
regions in people with chronic painful knee osteoarthritis (OA). Methods. A parallel, two-arm, double-blind, randomized,
sham-controlled clinical trial was conducted. People with chronic knee pain associated with OA were randomized to
receive sham NF training or source-localized ratio ISF-NF training protocol to down-train ISF bands at the somatosensory
(SSC), dorsal anterior cingulate (dACC), and uptrain pregenual anterior cingulate cortices (pgACC). Resting state EEG
was recorded at baseline and immediate post-training. Results. The source localization mapping demonstrated a reduction
(P= .04) in the ISF band activity at the left dorsolateral prefrontal cortex (LdlPFC) in the active NF group. Region of inter-
est analysis yielded significant differences for ISF (P= .008), slow (P= .007), beta (P= .043), and gamma (P= .012) band
activities at LdlPFC, dACC, and bilateral SSC. The FC between pgACC and left SSC in the delta band was negatively cor-
related with pain bothersomeness in the ISF-NF group. Conclusion. The EEG ISF-NF training can modulate EEG activity and
connectivity in individuals with chronic painful knee osteoarthritis, and the observed EEG changes correlate with clinical
pain measures.
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Introduction

Pain as a unified percept is proposed to be related to an imbal-
ance in pathways in the central nervous system: the lateral
“painfulness” pathway, the medial “suffering” pathway, and
the descending pain “inhibitory” pathway.1–5 The lateral
pathway has the somatosensory cortex (SSC), the medial
pathway has the dorsal anterior cingulate cortex (dACC), and
the descending pain inhibitory pathway has the pregenual ante-
rior cingulate cortex (pgACC) as their main cortical hubs.3,4,6

Whereas pain was initially interpreted as activity changes in
specific brain areas,7 it has become clear that pain may be an
emergent property of pain networks in the brain, characterized
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by altered functional connectivity (FC)3,8,9 or a combination of
activity and FC changes. The FC permits communication
between different brain areas involved in pain-evoking (pain
severity and its associated suffering) and pain-suppressing
(descending inhibition of nociceptive inputs) areas. Thus, a
balance of pain evoking and suppression may determine the
pain perceived.3,4,6 Indeed, the pain has been shown to result
from an imbalance between the activity in the dACC and
SSC (pain evoking) and the pgACC (pain suppres-
sion).3,4,6,10,11 Furthermore, the bigger the imbalance between
pain input and pain suppression, the more intense the pain is
perceived.6 Thus, modulating this imbalance should result in
pain suppression and relief.

Non-invasive neuromodulatory approaches have been pro-
posed as a potential intervention to modulate activity and FC
between pain-processing brain regions with the potential to
improve clinical pain outcomes.12,13 Electroencephalography
(EEG) based brain–computer interface (BCI) training, also
known as EEG neurofeedback (EEG-NF), is a form of interven-
tion developed for augmenting or reducing brain activity patterns
that are linked to disease states.13–15 Source-localized EEG-NF
protocols can be designed to increase or decrease the intracortical
neuronal activity at the targeted cortical networks or predefined
regions of interest (ROIs) at a source level within the brain
rather than only at a sensor level.16,17 A large body of literature
is available from various EEG-NF protocols tested for different
pain conditions, including both RCTs18–26 and non-RCTs.27–37

Those EEG-NF protocols upregulate or downregulate higher fre-
quency oscillations [alpha (8-12 Hz), beta (13-30 Hz), and
gamma (30.5-44 Hz)] at a single or two ROIs. While these
studies were able to improve clinical pain outcomes, a recent sys-
tematic review and meta-analysis demonstrated inconsistencies
across these studies in reporting measures of brain changes.
Most studies failed to show frequency-specific EEG changes in
the trained or other frequencies within the spectrum.38

Alterations in the FC between pain-evoking and
pain-inhibiting regions have been demonstrated in various
chronic pain populations.39–44 It has been proposed that
changes in the FC strength could be an objective marker of
intervention efficacy alongside the changes reported in the sub-
jective clinical measures.41 Thus far, only a few studies have
investigated FC changes in pain following EEG-NF training
and demonstrated FC changes at the sensor level45 and specific
ROIs.46 However, none of the studies thus far have investigated
source-localized region-specific FC changes and their associa-
tion with pain and physical function measures.

Although the findings from existing EEG-NF indicate positive
results with pain modulation, increasing evidence implicates the
role of infraslowfluctuations (ISF–frequency<0.1 Hz) inmodulat-
ing dynamic brain connections.47 ISF underlies the excitability of
cortical networks and is robustly correlated with the phase of the
faster frequency oscillations.48 Moreover, higher frequency bands
are nested (phase-locked) on the ISF bands (0.0-0.1 Hz), synchro-
nizing the higher frequency activity of the brain.49–53 Preclinical
and empirical research shows neuropathic pain is associated with

altered ISF within the dorsal horn, extending to the SSC.54,55

Additionally, evidence from neuroimaging studies demonstrates
increased ISF activity within the pain-evoking brain regions,
including dACC, and SSC, and decreased ISF activity within the
antinociceptive network, including pgACC.56–66

Preliminary evidence suggests that training the ISF activity
in pain processing regions can improve clinical outcomes
such as pain and function.65–70 Yet, it remains unclear
whether ISF training can alter activity within the ISF and
higher EEG bands. Furthermore, it is unknown whether such
shifts in EEG activity correlate with changes in clinical out-
comes. An exploratory, secondary analysis was undertaken to
examine the effects of ISF-NF on EEG measures in people
with chronic painful knee osteoarthritis (OA). Therefore, the
primary objective was to determine whether ISF-NF training
can result in measurable changes in brain activity in the full-
band EEG spectrum [ISF (0.01-0.1 Hz), slow (0.2-1.5 Hz),
delta (2-3.5 Hz), theta (4-7.5 Hz), alpha (8-12 Hz), beta
(13-30 Hz), gamma (30.5-44 Hz)]. The secondary objectives
include whether the ratio ISF-NF training protocol can alter the
strength of functional connectivities between the targeted ROIs
and to test whether the changes in EEG measures were correlated
with changes in pain and physical function outcomes.

Methods

Design

This study was designed as a two-arm, parallel-group, double-
blinded (participants and outcome assessor) randomized sham-
controlled feasibility clinical trial.70 Methodological descriptions
of this study followed the Consolidated Standards of Reporting
Trials (CONSORT) extension for randomized pilot and feasibility
trials.71 The description of the study intervention was structured
following the Template for Intervention Description and
Replication (TIDieR) guide.72 This study was approved by the
Health & Disability Ethics Committee (HDEC), New Zealand
(19CEN182), and the trial was registered in the Australian New
Zealand Clinical Trials Registry (ACTRN12620000273987).
The research was conducted in accordance with the Declaration
of Helsinki. A detailed version of the study protocol and the fea-
sibility results were published elsewhere.71,73

Participant Characteristics

Adults aged 44 to 75 years with a clinical diagnosis of knee OA;
with pain (at least≥ 4 on an 11-point numerical rating scale) for
a minimum duration of 3 months were eligible to participate in
the study. Participants were excluded if they had one of the fol-
lowing situations or conditions: (1) underwent surgery or other
invasive procedures in the last six months and any surgical pro-
cedures scheduled within eight weeks after screening; (2)
undertaken any steroid injections to the knee joint in the past
three months or on oral steroids in the previous month; (3)
current intake of centrally acting medications (eg,
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antidepressants, anticonvulsants, and neuropathic pain drugs)
or intention of taking new medications in the next eight
weeks; (4) neurological conditions or diseases (brain, spinal
cord, or peripheral nerve injuries, radiculopathy, and neuropa-
thies); (5) soft tissue injuries of the knee (eg, meniscus,
muscle, tendon, or ligament injury) in the last three months;
(6) cognitive impairments (dementia, posttraumatic stress dis-
orders, and Alzheimer’s disease); (7) difficulty or inability to
read or understand English, or provide informed consent; and
(8) pregnancy or six months postpartum.

Randomization and Allocation Concealment

Participants were randomized into either ISF-NF (active group)
or sham NF (sham group) group using an open-access block
randomization program by the department research administra-
tor not involved in the assessments, allocation, or interventions.
The allocation was concealed until after the initial assessment
was completed. Participants and the outcome assessor were
blinded to the group allocation. The flow of participants
through the study phases is illustrated in Figure 1.70,73

Assessments and Outcome Measures

EEG acquisition: Resting-state EEG (raw data with a sampling
rate of 500 Hz) was obtained in a quiet room by an independent
researcher. EEG was collected using the Mitsar EEG system
with WinEEG software at T0 and T1.74 The EEG was

sampled with 19 Ag/AgCl electrodes (Fp1, Fp2, F7, F3, Fz,
F4, F8, T7, C3, Cz, C4, T8, P7, P3, Pz, P4, P8, O1 O2) in
the standard International 10-20 system placement referenced
to linked ears and impedances was checked to remain below
5 kΩ.75,76 Continuous EEG data was collected for 10 min
with the participant’s eyes closed. The participants’ alertness
was assessed by monitoring both the deceleration of the alpha
rhythm and the emergence of spindles in the EEG stream,
aiming to avoid potential amplification of theta power caused
by drowsiness during recording.66,70,77

Clinical outcomes: The pain and function constructs were
collected using validated questionnaires at T0 and T1. The
multidimensional constructs were chosen based on the biopsy-
chosocial model of pain literature.78 Details, including psycho-
metric properties and implementation method of each measure,
are detailed in the published protocol.71,73 A summary of the
outcome measures is given in Table 1.

EEG-Neurofeedback Protocol

Eligible participants were required to attend nine NF training
sessions (30 min; 3 sessions/week) and two 90-min assessment
sessions at T0 and T1. The experimental methodology and
reporting of NF followed the consensus on the reporting and
experimental design of clinical and cognitive-behavioral neuro-
feedback studies checklist (CRED-nf checklist-mandatory items).88

During each session, participants were asked to sit on a
chair with their backs supported and stay relaxed for 10 min,

Figure 1. The flow of participants through the study phases.
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allowing the trainer to prepare them for the NF training. Both
ISF-NF and sham-NF were administered using a 19-channel
(ie, Fp1, Fp2, F3, F4, C3, C4, P3, P4, O1, O2, F7, F8, T3,
T4, T5, T6, Fz, Cz, and Pz) DC-coupled amplifier produced
by BrainMaster Technologies, Inc.69,70,73,89–91 The impedance
of the active electrodes was monitored and kept below 5 kΩ.67

Participants were instructed to minimize eye movements,
movements of the head and neck, swallowing, and teeth clench-
ing to reduce motion artifacts in the EEG recordings.
Additionally, they were informed that the sound they heard
indicated successful performance.92–97 Details of the interven-
tion methodology and procedures can be found in previous
publications.70,73

Active ISF-NF ratio training protocol: A novel ISF-NF
ratio training protocol was developed to enhance a balance
between the activity of the three cortical areas [SSC, dACC,
and pgACC].3,4,6 Exact low-resolution electromagnetic tomog-
raphy (eLORETA) ISF-NF was delivered using a DC-coupled
amplifier produced by Brainmaster Inc. and the BrainAvatar
software (Version 4.7.5.844). The ISF-NF training protocol
(Figure 2) involved simultaneously downregulating the electrical
activities of SSC (sensory-discriminative function) and dACC
(motivational/affective function) and upregulating the pgACC
(descending nociceptive inhibitory function).4,5,43,61,98–113

eLORETA source localization permits the selection of any
region of the brain for feedback of the current density using
voxels as ROI, which were selected based on the Montreal
Neurological Institute (MNI) coordinate database,114,115 previous
literature3,4,6,69,70,116,117 and based on a Neurosynth meta-analysis
(https://neurosynth.org/) of pain. A complete list of targeted voxels
used for defining each ROI is available from Supplemental
Materials 1 to 3. Figure 2 provides the center voxel coordinate
for each ROI and the details of the ISF-NF training program.

The BrainMaster Technologies Software118 delivered sound
feedback (reward) when the participant’s brain activity met the
desired ISF (0.0-0.1 Hz) threshold at the targeted ROIs via the
laptop speakers. We utilized manual thresholding to adjust indi-
vidual participant brain activity to meet the predetermined
threshold if needed. This approach was selected based on
insights from our prior study and the clinical experience of
the authors.67 Moreover, previous studies have reported better
EEG learning with manual thresholding than with automated
thresholding.93,95,119,120 The software calculated the ratio in
real-time in the ISF band, and the feedback was given when
the ratio was ≥ 1 based on satisfying the following equation:

2 × pgACC

SSC+ dACC
≥ 1

Sham ISF-NF protocol: Conditions for the sham-NF group
were the same as the ISF-NF group, except the participants
received sound feedback recorded from someone else’s prere-
corded session. To ensure this, we have trained one healthy par-
ticipant with the ISF-NF program for nine sessions. We
captured the feedback sound using Audacity software,121–123

a free and open-source digital audio editor and recording appli-
cation. Participants in the sham-NF group were prepared in the
same manner as those in the ISF-NF group, and they were pro-
vided with identical prerecorded feedback sounds. These prere-
corded signals were randomly selected using the chit method
from a pool of nine files.

Data Analysis

The EEG data were preprocessed using MATLAB (R2020a)
with the EEGLAB toolbox124,125 before the data were analyzed
by eLORETA software. Each file was resampled to 128 Hz,

Table 1. Summary of the Clinical Outcome Measures.

Questionnaires/measures Components/dimensions/items Scoring criteria/interpretation

Brief pain inventory (BPI)79,80 24 h and 4 weeks pain severity items (worst pain,
average pain, least pain, and current pain)

0—“No pain” to 10—“pain as bad as you can
imagine”

Mean pain severity subscore Composite item taking the mean of the four 24-hour
severity items

Seven interference items (how pain interferes with
activity, mood, relations with others, walking ability,
work, enjoyment of life, and sleep)

0—“does not interfere” to 10—“completely
interferes”

VAS-unpleasantness scale81–83 Pain unpleasantness in the last 24 hours 0—being “not at all pleasant” and 15—being “most
unpleasant imaginable”

Pain bothersomeness84,85 Pain bothersomeness in the last week Five possible responses: “not at all,” “slightly,”
“moderately,” “very much,” and “extremely.”
Scored 0 (not at all) to 4 (extremely)

Knee injury and osteoarthritis
outcome score (KOOS)86,87

42-item self-reported questionnaire.
Five reported dimensions: pain (9 items), other
symptoms (7 items), function in daily living (17
items), function in sport and recreation (5 items),
and knee-related quality of life (4 items)

5-point Likert scale, with anchors of zero
(no problems) to 4 (extreme problems). Scores
are transformed to a 0- to 100 scale, with zero
representing extreme knee problems and 100
representing no knee problems

Note: T0 = baseline; T1 = 2 days post-intervention.
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bandpass filtered from 0.01 to 44 Hz, and EEG artifacts (eye
blinks, muscle artifacts, perspiration, and body movements)
were removed using IcoN Software Version 3.6,67,69,126

The EEG data were analyzed using the open eLORETA
method using LORETA-Key software to estimate the current
density of intracerebral electrical sources that generate
scalp-recorded electrical activity in each of the following
seven frequency bands: ISF (0.01-0.1 Hz), slow (0.2-1.5 Hz),
delta (2-3.5 Hz), theta (4-7.5 Hz), alpha (8-12 Hz), beta
(13-30 Hz), and gamma (30.5-44 Hz).127–129 We employed an
average reference montage for localization.130 eLORETA is
one of the most robust methods for EEG source localization
and can estimate current density over a grid of plausible cortical
locations based on an inverse problem calculation.4,127,131–133

eLORETA statistical contrast maps67,134: eLORETA
was used to generate voxel-based brain contrast maps of the
cortical brain sources and frequency bands that are signifi-
cantly different between the two groups using the highest
threshold (Thresh) with P < .05. It is based on estimating,

via randomization, the empirical probability distribution for
the max statistic under the null hypothesis comparisons.
The regions that demonstrated significant changes in the
eLORETA mapping were also included for the ROI and the
FC analysis in addition to the “a priori” ROIs (pgACC,
dACC, S1Lt, and S1Rt).

Region of interest analysis: The log-transformed current
density was extracted for all the ROIs (including the ones iden-
tified from the eLORETA statistical contrast maps) for the
seven frequency bands (infraslow 0.01-0.1 Hz; slow
0.2-1.5 Hz; delta 2-3.5 Hz; theta 4-7.5 Hz; alpha 8-12 Hz;
beta 12.5-30 Hz; and gamma 30.5-44 Hz) bands at T0 and T1
using the “LORETA to ROI” function in the eLORETA. To
be consistent with the coordinates selected for the ISF-NF train-
ing and to minimize the source localization errors, all voxels
within a radius of 5 mm were selected (a function in
LORETA for defining the ROI) while extracting the current
density for each ROI. The current density values were then
imported to a customized Microsoft Excel sheet, and

Figure 2. Regions of interest and ISF-NF training directions.
Abbreviations: ISF-NF, infraslow fluctuation neurofeedback SSC, somatosensory cortex; S1Lt, left somatosensory cortex; S1Rt, right
somatosensory cortex; dACC, dorsal anterior cingulate cortex; pgACC, pregenual anterior cingulate cortex; MNI, montreal neurological
institute. Note: The brain images were created with the BrainNet viewer (https://www.nitrc.org/projects/bnv/)172 and illustrated using
BioRender (https://www.biorender.com/).
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percentage change compared to baseline (relative current
density) was calculated for both groups as follows:

Percent change to baseline = T1− T0

T0
× 100

ISF ratio computation: This study also computed the ISF
band ratios between the NF-targeted ROIs using the following
equation:

Left cortex:
2 × pgACC

dACC+ S1Lt

Right cortex:
2 × pgACC

dACC+ S1Rt

The final derived change scores were then exported to
GraphPad Prism for statistical analysis. After conducting
normality testing with the Shapiro–Wilk test and Q–Q plots,
variances in relative current density among the groups across
all ROIs and frequency bands were analyzed using the
Mann-Whitney U test. We have included the regions that dem-
onstrated significant changes in the source localized mapping
for ROI and FC analysis, along with the NF-targeted ROIs.

Functional connectivity analysis: FC is a statistical
measure of coherence, that is, co-varying activity or phase syn-
chronization between two areas in the brain.4,6,116,135–138 FC
consists of a combination of instantaneous and lagged phase
synchronization. However, instantaneous phase synchroniza-
tion is highly contaminated by the volume conduction of
the electrical activity in the scalp.4,106 The log-transformed
lagged linear connectivity was derived for all the possible
connections and frequency bands between the ROIs using
the “connectivity” function in the eLORETA,134 exported to
a customized Microsoft Excel, and relative percentage change
was computed following similar steps used in ROI analysis.
A between-group analysis was performed using Mann-
Whitney U test. The lagged phase synchronization between
ROIs reflects the communication between those areas.115

Correlation between pain, physical function, and EEG
measures: Based on the normality test (Shapiro–Wilk test and
Q–Q plots), we performed a nonparametric Spearman correlation
testing the statistical correlation between the change scores of
pain (intensity, unpleasantness, bothersomeness, and interfer-
ence), physical function, and EEG measures (ROI and FC).

Statistical Approach

The data processing and pooling for this study were done using
either MATLAB 2020a124,125 and/or Microsoft Excel
(2020).139 All the graphs and statistical analysis were derived
using GraphPad Prism software version 9.1.0 for Windows
(GraphPad Software, San Diego, CA, USA).140 The normality
of the data distribution for all the variables was confirmed using

the Shapiro–Wilk test and Q–Q plots. Based on the outcome,
nonparametric Mann-Whitney U test was used to compare the
distribution of the two groups. The P-values were adjusted
and stringently controlled for multiple comparisons using the
Holm-Šídák test. The Holm-Šídák test is a powerful method
for performing many comparisons using independent nonpara-
metric statistics.141,142 A P-value of 5% was used to accept stat-
istically significant differences between the two groups. The
GraphPad P-value reporting style was used, which reports
four digits after the decimal point with a leading zero
(0.1234). P values < .0001 are shown as “< .0001.” P values
< .001 are summarized with three asterisks, and P values <
.0001 are summarized with four asterisks.143 Additionally,
Cohen’s d-effect size was calculated for significant
between-group analyses.

Due to multiple ROIs and frequency bands in the analysis, a
“Volcano plot” was created demonstrating the statistical
summary for both ROI and FC analysis with Mann-Whitney
mean rank difference on the X-axis and −log10(P-value) on
the Y-axis. GraphPad Prism software automatically creates a
volcano plot while performing multiple comparisons.144

Volcano plot is a scatterplot used to demonstrate the statistical
significance (P-value) versus the magnitude of change. The plot
provides a quick visual understanding of the results based on
the performed statistics.

Results

Demographics

Twenty-one participants with knee OA underwent baseline
assessment and were randomly assigned to receive either
ISF-NF (n= 11) or sham-NF (n= 10) group. Participants
were middle-aged (61.7± 7.6 years), New Zealand European
(90.5%), and females (62%) with an average knee pain dura-
tion of 4.0± 3.4 years. The socio-demographic and clinical
characteristics of the participants in both groups and the
results of tests comparing averages and proportions for the
two groups at baseline are summarized in Table 2.
Between-group comparisons revealed that both groups were
comparable in age and sex, and no significant differences
were found between groups.

Electroencephalography Measures

eLORETA statistical contrast mapping analysis: The source
localized mapping comparing both groups (independent group
test) demonstrated a significant (P= .04, Thresh=−4.65,
Cohen’s d= 0.5) reduction in ISF band activity over the left
dorsolateral prefrontal cortex (LdlPFC) in the ISF-NF group
when compared to Sham-NF group (Figure 3).

We have included LdlPC as an ROI along with the “a priori”
regions for further analyses (ROI and FC). The “a priori” ROIs
in the present study are SSC left (S1Lt) (MNI coordinates
[MNIxyz]= 18, −40, 68), SSC right (S1Rt) (MNIxyz=−18,
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−40, 68), pgACC (MNIxyz= 0, 36, 2), and dACC (MNIxyz= 0,
16, 32). Due to the midline proximity of dACC and pgACC,
and considering the influence of volume conduction, a laterality
differentiation for these areas was not done.6

ROI analysis: The Mann-Whitney U test yielded a signifi-
cant difference for the ISF band activity in the LdlPFC (P=
.008, Cohen’s d= 1.2), slow band in the dACC (P= .0079,
Cohen’s d= 0.83), gamma band in S1Lt (P= .0127,
Cohen’s d= 0.77) and S1Rt (P= .0242, Cohen’s d= 0.82),
and beta in S1Lt (P= .0430, Cohen’s d= 0.57). Figure 4A
to H demonstrates the graphical summary of the analysis.
No other significant differences were found for ROIs and fre-
quency bands.

The study found no significant change in the ISF ratio for
both the right and left cortical regions over the NF-targeted
regions (Figure 5).

Functional Connectivity (Lagged Phase Synchronization)

The lagged linear connectivity analysis between groups revealed
significant functional connectivity changes (Figure 6) in the
slow band (S1Lt-LdlPFC, P= .042, Cohen’s d= 0.93), delta
(pgACC-S1Lt, P= .029, Cohen’s d= 0.65; dACC-S1Lt, P=
.042, Cohen’s d= 0.57), theta (S1Rt-LdlPFC, P= .015,
Cohen’s d= 1.03; dACC-LdlPFC, P= .029, Cohen’s d=
0.70), and beta (pgACC-LdlPFC, P= .0036, Cohen’s d= 1.4;

Figure 3. eLORETA statistical contrast maps: this figure is generated by the eLORETA after performing statistical non-parametric mapping on
brain sources. The analysis demonstrates decreased activity in the ISF band in the LdlPFC (MNIxyz=−35, 40, 40).
Abbreviations: eLORETA, exact low-resolution electromagnetic tomography; ISF, infraslow fluctuation; LdlPFC, left dorsolateral prefrontal cortex.

Table 2. Demographic and Clinical Characteristics of the Participants.

Characteristics
Active group

(n= 11)
Sham group
(n= 10) P-value

Age, years, M± SD 62.3± 8.5 61.0± 6.7 .67
Sex, n (%) female 7 (64%) 6 (60%) —

Race, n (%) —

New Zealand European 10 (91%) 9 (90%) —

Australian 1 (9%) 0 —

Tongan 0 1 (10%) —

Body Mass Index, kg/m2, M± SD 32.4± 9.5 30.4± 8.8 .63
Dominance, n (%) right 11 (100%) 10 (100%) —

Average pain in the last 3 months (on NPRS) 6.1± 1.5 5.9± 1.2 .75
Affected knee, n (%) —

Right 8 (72.7%) 7 (70%) —

Left 3 (27.3%) 3 (30%) —

Knee pain duration—years (M, SD) 5.3± 4 2.6± 2.3 .075
Current medication/treatment status —

Analgesics 4 (36.4%) 6 (60%) —

Physiotherapy 1 (9.1%) 1 (10%) —

Analgesics and physiotherapy 2 (18.2%) 0 —

No-treatment 4 (36.4%) 3 (30%) —
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Figure 4. Displays the outcomes of the region of interest (ROI) analysis conducted with the Mann-Whitney U test: (A-G) Demonstrates the
average current density of the percentage change to baseline (means with 95% CI) for each ROI and frequency band for both groups. (H)
Provides a statistical summary of the ROI analysis based on the mean rank difference and P values. Variables with lesser P-values (higher
significance) appear on the top upper panel (blue color). Data points below the center X-bar (at P= .05) are nonsignificant changes.
Abbreviations: S1Lt, left somatosensory cortex; S1Rt, right somatosensory cortex; dACC, dorsal anterior cingulate cortex; pgACC, pregenual
anterior cingulate cortex; LdlPFC, left dorsolateral prefrontal cortex.
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pgACC-dACC, P= .0196, Cohen’s d= 1.2) more pronounced
in the sham-NF group. No significant changes were found for
other frequencies and connections.

Correlation Between Pain, Physical Function, and EEG
Measures

The Spearman correlation yielded a moderate positive correla-
tion between ISF band activity in the LdlPFC and pain unpleas-
antness (ρ = 0.6698, P= .028) in the active group. Also, the FC
between pgACC and S1Lt in the delta band demonstrated a
moderate negative correlation (ρ = −0.626, P= .04) with pain
bothersomeness in the active group.

No other significant correlations were found for other mea-
sures in both groups.

Discussion

Principal Findings

This study sought to determine whether the ISF-NF ratio training
can result in measurable brain activity and FC changes in individ-
uals suffering from chronic knee OA pain. The between-group
source localization mapping demonstrated that the ISF-NF
training significantly decreased activity at the left dlPFC com-
pared to the sham group. ROI analysis also revealed a significant
reduction of the ISF current density in the LdlPFC in the active
group compared to the control group. Moreover, the decreased
ISF power in the LdlPFC in the active group was positively
correlated with the pain unpleasantness measure. FC changes
were observed in the slow, delta, theta, and beta bands between
various ROIs in both groups. Notably, the FC between pgACC
and S1Lt in the delta band was negatively correlated with the
pain bothersomeness change score in the ISF-NF group.

eLORETA Statistical Contrast Maps and Region of
Interest Analysis

The eLORETA statistical contrast mapping method makes no
“a priori” assumption about the brain regions. Instead, it per-
forms a source-localized statistical parametric mapping to iden-
tify brain regions with significant changes compared to a
control group.145,146 In our study, LdlPFC is the only region
that demonstrated a significant change in the mapping with
decreased ISF activity of the region in the active group.
Additionally, the ROI analysis also showed a significant reduc-
tion of the ISF activity in the LdlPFC in the active group. The
dlPFC is an important heterogeneous cortical region that medi-
ates the antinociceptive, cognitive, and affective processing of
pain.147–149 Importantly, dlPFC is a key node of several brain
networks primarily implicated in the cognitive-affective and
sensory processing of pain experience.147,148,150,151 Moreover,
the dlPFC is functionally connected and positively correlated
with the activity of the dACC, another important cortical hub
modulating the affective dimensions of the pain experi-
ence.3,116,152,153 Previous studies have reported reduced func-
tional and structural activity of the PFC in various chronic
pain populations154–158 and have reported successful noninva-
sive stimulation of the PFC for treating chronic pain.45,159,160

In this study, we found no significant change in ISF neural
activity over the targeted regions in both eLORETA brain
mapping and ROI analysis. However, the training impacted
the regions that are functionally connected with the targeted
regions. The ratio ISF training down-regulated dACC may
have resulted in the reduced ISF activity of the dlPFC in the
active group. This evidence suggests an indirect effect of
ISF-NF on other regions involved in the same functional
network. This is of no surprise considering the profound role
of ISF in modulating and synchronizing various cortical net-
works of the brain.50–53 In addition, the ISF activity of the
LdlPFC was positively correlated with the unpleasantness of
pain in the active group. Previous studies have described
dACC and dlPFC as a region mediating unpleasant and affec-
tive aspects of pain.1,5,103,153,161,162 This is an important
finding and supports the claim that the displayed ISF effects
in the dlPFC are likely to be modulated by the downregulation
of the dACC, thus improving clinical symptomatology linked
to the regions.

However, it is worth mentioning that the training protocol was
designed to increase the ISF activity of pgACC and simultane-
ously downregulate dACC and SSC (S1Lt and S1Rt). An unex-
pected but important finding was that we did not observe any
activity changes in the targeted regions in the direction of training
for the ISF bands. Previous studies in EEG-NF have also reported
similar observations in tinnitus-related distress and cognitive NF
training.76,163 The authors speculate that this could be due to the
training of a relatively smaller cortical region to influence pain-
related networks, where several cortical and subcortical circuits
operate to modulate pain experience.62 This could also explain
why we could not find any significant changes in the ISF ratio.

Figure 5. ISF ratio analysis: the box and whiskers plot demonstrates
(means with 95% CI) that the ISF ratio changes for both groups.
Abbreviations: S1Lt, left somatosensory cortex; S1Rt, right
somatosensory cortex; dACC, dorsal anterior cingulate cortex;
pgACC, pregenual anterior cingulate cortex.
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Figure 6. The results of functional connectivity analysis using the Mann-Whitney U test: (A-G) demonstrate functional connectivity strength
between regions of interest (ROIs) for the seven frequency bands of interest. (H) Provides a statistical summary of the FC analysis based on the
mean rank difference and P values. Variables with lesser P-values (higher significance) appear on the top upper panel (blue). Data points below
the center X-bar (at P= .05) are nonsignificant changes.
Abbreviations: S1Lt, left somatosensory cortex; S1Rt, right somatosensory cortex; dACC, dorsal anterior cingulate cortex; pgACC, pregenual
anterior cingulate cortex; LdlPFC, left dorsolateral prefrontal cortex.
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Additionally, the spatial specificity in localizing the targeted
region using a 19-electrode head cap can be influenced by the
activity of the nearby regions close to the targeted region,
which could also have influenced the results.163,164 However,
this needs to be investigated with an extended protocol influenc-
ing multiple brain regions using high-resolution EEG with more
number of electrodes.165 In summary, even though a ratio of activ-
ity (current density)was trained, only changes inFCare found and
not limited to the trained frequency band.

Functional Connectivity Changes and Potential Clinical
Benefits of Ratio ISF-NF Training

In chronic pain, decreased communication (ie, FC) has been
demonstrated between pgACC and SSC.6 Moreover, FC alter-
ations are observed in chronic pain in the regions or associated
networks tested in this investigation.166–170 Supporting the
literature, the study demonstrated FC changes between
ROIs in the slow band (S1Lt-LdlPFC), delta (pgACC-S1Lt;
dACC-S1Lt), theta (S1Rt-LdlPFC; dACC-LdlPFC), and beta
(pgACC-LdlPFC; pgACC-dACC). Most of these changes
were also observed in the sham group. However, the FC
changes exhibited a negative correlation between the FC of
pgACC and S1Lt in the delta band, with pain bothersomeness
only in the active group. One of the ISF-NF ratio components
was to uptrain the ISF activity of the pgACC. We believe the
training must have influenced the functional communication
frompgACC toSSC, thus influencing the clinical pain outcomes.

Limitations and Future Research Recommendations

Given that this is the first ISF-NF ratio study, all the analyses
performed were explorative, informing the importance of a
full clinical trial. We recruited a small sample of individuals
with knee OA with a homogeneous sex and race distribution,
which restricts the generalizability of the study findings.
Furthermore, all correlation analyses conducted in the study
were exploratory. Consequently, the study refrained from
applying corrections to the p values for multiple bivariate cor-
relations. However, it is important to acknowledge that employ-
ing the Bonferroni correction method might enhance the risk of
type II errors, potentially overlooking real relationships.171

Despite the limitations, this study provides an essential founda-
tion for designing and implementing future clinical trials inves-
tigating ISF-NF protocols.

Ratio training protocols are more functional and reduce the
hassle of separately training individual ROIs. However,
further investigations are required to determine the efficiency
of the ratio training protocol against the training of cortical
areas separately on EEG measures at prespecified ROI and
network-level changes. Similarly, it is also worth investigating
whether NF training of higher EEG bands can influence the ISF
band and comparing the effectiveness of ISF-NF against higher
band NF training protocols on clinical outcomes in people with
chronic pain.

Conclusions

The ratio ISF-NF training can result in measurable changes in
brain activity and functional connectivity in individuals suffer-
ing from chronic knee OA pain. However, ISF-NF training did
not change the EEG activity of the regions exposed to training;
instead, it exerted its effect on a functional network level.
Caution is warranted in interpreting these findings since it is
explorative analyses on an unpowered sample, and the observa-
tions could be due to chance.
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