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ABSTRACT
Introduction: Pain can be regarded as an emergent property of multiple interacting, dynamically changing brain networks and
thus needs a targeted treatment approach. A novel high-definition transcranial infraslow pink-noise stimulation (HD-tIPNS)
technique was developed to modulate the key hubs of the three main nociceptive pathways simultaneously, ie, the pregenual
anterior cingulate cortex (pgACC) (descending inhibitory pathway), the dorsal anterior cingulate cortex (dACC) (medial noci-
ceptive pathway), and both somatosensory cortices (S1) (lateral nociceptive pathway). This study aimed to evaluate safety and
verify whether a single session of HD-tIPNS may disrupt functional and effective connectivity between targeted cortical regions.

Materials and Methods: A pilot double-blind randomized two-arm placebo-controlled parallel trial was conducted. Participants
(N = 30) with chronic low back pain were equally randomized to receive a single session of either sham stimulation or HD-tIPNS
(targeting the pgACC, dACC, and bilateral S1). Primary outcomes included safety and electroencephalographic measures, and
secondary outcomes included pain measures, collected after treatment. A Mann-Whitney U test was used to compare between-
group differences in percentage changes with baseline for each outcome measures. A Wilcoxon signed-rank test was used to
identify difference in effective connectivity measure before and after HD-tIPNS.

Results: No serious adverse events were reported. A significant decrease in instantaneous functional connectivity was noted
between the pgACC and dACC (U = 47.0, Z = −2.72, p = 0.007) and the pgACC and left S1 (U = 41.0, Z = −2.97, p = 0.003) in the
infraslow band after HD-tIPNS when compared with sham stimulation. A significant decrease in instantaneous effective con-
nectivity was noted in the direction of the dACC to the pgACC (Z = −2.10, p = 0.035), in the infraslow band after HD-tIPNS when
compared with baseline. No changes in clinical pain measures were detected.

Conclusions: HD-tIPNS can safely modulate the functional and effective connectivity between targeted pain-related cortical
hubs. Further studies are warranted to evaluate whether repeated exposures to HD-tIPNS can incur clinical benefits through
inducing changes in functional and effective connectivity at targeted cortical regions.

Clinical Trial Registration: The Clinicaltrials.gov registration number for the study is ACTRN12621001438842.
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INTRODUCTION

The human brain is a complex adaptive system.1,2 Over time,
driven by the forces of evolution, it has progressively increased in
complexity, with a primary goal of reducing the inherent uncer-
tainty present in an ever-changing environment.3 To qualify as a
complex adaptive system, a system must fulfil two criteria.4 It needs
to express a small-world topology and must embed noise,4

permitting the system to be adaptive, in contrast to both a rigid
lattice (regular) and random network.5 An intermediate structure
between these extremes (regular vs random) is characterized by a
small-world topology, which permits flexibility and adaptation to
changing environments through variability. All complex adaptive
systems share defining characteristics. One of the fundamental
characteristics of these systems is emergence, meaning that the
whole is more than the sum of its components. Emergence is a
process whereby features, patterns, and regularities arise in a sys-
tem through interactions among the components of the systems,
which themselves do not exhibit such features.6 For example, the
randomly assembled components of a car do not independently
form a vehicle capable of automation. However, when they are
assembled and connected in a precise way, automotion emerges
from the car, as a complex (in this case, nonadaptive) system.
Pain can be regarded as an emergent property of multiple

interacting and dynamically changing brain networks.7 Three major
networks in pain have been described and can be anatomically and
symptomatically dissociated into three distinct but interacting
pathways: a lateral “painfulness” pathway, a medial “suffering”
pathway, and a descending “pain inhibitory” pathway.7–10 The key
cortical structures involved include the primary somatosensory
cortex (S1), dorsal anterior cingulate cortex (dACC), and pregenual
anterior cingulate cortex (pgACC), respectively. Recent evidence
suggests that alterations in functional connectivity patterns
between the pain processing regions (pgACC, dACC, and S1) are
critical for maintaining chronic pain and are associated with its
clinical and psychologic outcomes.11–20

One can attempt to disrupt abnormal functional connectivity
patterns through neuromodulation, including noninvasive trans-
cranial electrical stimulation and implantable devices.21–23 Recently,
we have proposed that one way of breaking connectivity may be
through applying pink-noise stimulation,24,25 which mimics the
temporal structure of brain function (because of its structure).26,27

Resting-state connectivity in the brain is most commonly studied
with functional magnetic resonance imaging (fMRI); this is also true
in pain research.28–31 The fMRI blood oxygen level–dependent
signal correlates with infraslow electroencephalography (EEG) sig-
nals32,33 and may represent astrocytic calcium waves, essential in
synchronizing neural activity.34–37 Thus, it can be envisaged that
combining infraslow and pink noise in one stimulation design may
benefit people with chronic pain by disrupting pathological func-
tional and effective connectivity. A first step in the translation of
this concept is to verify whether this basic assumption is correct, in
that this stimulation design can disrupt pathological connectivity in
people with chronic pain.
On the basis of network science, used to study complex adaptive

systems, it has become clear that random attacks on brain
.neuromodulationjournal.org © 2022 International Neuromodulation
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networks cannot disrupt a network38 and consequently the emer-
gent properties of the network22—in this case, pain. Therefore, a
targeted attack38 on the main hubs of the three networks involved
in pain is more likely to disrupt pathological connectivity and exert
a beneficial effect.22 This agrees with a meta-analysis on deep brain
stimulation for pain that shows that multitarget implants yield
better outcomes than single target stimulation, especially if both
lateral and descending pain inhibitory pathways are jointly
targeted.39

Consequently, a targeted, high-definition transcranial stimulation
technique was developed to modulate the key hubs of the three
main pain pathways simultaneously, ie, the pgACC (descending
pain inhibitory pathway), the dACC (medial pain pathway), and
bilateral S1 (lateral pain pathway), using pink noise embedded in
an infraslow component. This study aimed to evaluate safety and
verify whether a single session of this novel approach may disrupt
functional and effective connectivity between the targeted cortical
regions.

MATERIALS AND METHODS
Registration and Ethical Approval

This study was prospectively registered in the Australian and
New Zealand Clinical Trials Registry (https://www.anzctr.org.au/
Trial/Registration/TrialReview.aspx?id=382818; registration num-
ber: ACTRN12621001438842; date of registration: October 25,
2021). This pilot study was conducted according to the 1964
Declaration of Helsinki ethical standards. Ethical approval was
obtained from the New Zealand Health and Disability Ethics
Committee (Ethical approval number: 20/NTB/67). All participants
provided written informed consent before study enrolment.

Study Design
This was a pilot double-blind randomized placebo-controlled

parallel trial with two intervention arms, with the outcome mea-
sures collected at baseline and immediately after intervention.

Randomization
A research administrator, not involved in treatment or assess-

ment procedures, randomized eligible volunteers using an open-
access randomization software program, to one of the two inter-
vention arms (on a 1:1 basis):

• Group 1: High-definition transcranial infraslow pink-noise stim-
ulation (HD-tIPNS)

• Group 2: Sham stimulation

The randomization schedule was concealed in sequentially
numbered, sealed opaque envelopes and provided to participants
at their baseline measurement.

Blinding
The participants and the outcome assessor were blinded to

group allocation. The success of blinding was assessed after the
completion of the intervention. The participant and the outcome
assessor were asked, “What type of treatment do you believe that
Society. Published by Elsevier Inc.
served.
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you/the participant received?” and were required to choose
between three options: active, sham, or do not know. The confi-
dence in their judgment was also assessed on an 11-point numeric
rating scale (NRS; 0 = not at all confident to 10 = extremely confi-
dent), with the reason for their judgment being noted and whether
the intervention was revealed to them. Unblinding was permissible
only in the case of an adverse event or any unexpected event.

Study Setting
This study was conducted in the Department of Surgical Sciences

laboratory, Dunedin School of Medicine, Dunedin Hospital, New
Zealand.

Participants and Eligibility Criteria
An experienced researcher with a musculoskeletal physiotherapy

background screened all the volunteers for eligibility.

Inclusion Criteria
The inclusion criteria were as follows: capable of understanding

and signing an informed consent form, age from 18 to 75 years on
the day of the consent, pain in the lower back (the region between
the 12th rib and gluteal fold) that occurs every day for ≥3 months, a
score of >4 on an 11-point numeric pain rating scale40 (NPRS, 0 =
no pain to 10 = worst pain imaginable) in the past four weeks
before enrolment, and a disability score of ≥5 on the Roland-Morris
Disability Questionnaire.41,42 These cutoff scores are used as an
indication that chronic low back pain (CLBP) significantly affects
daily functioning, are by the International Association of Study of
Pain guidelines, and are in line with optimal Delphi definitions of
low back pain prevalence.41–45

Exclusion Criteria
Participants with the following self-reported health conditions

were excluded: inflammatory arthritis, undergoing any therapy
from a health professional (eg, physiotherapist or chiropractor),
recent soft tissue injuries of the back in the last three months,
history of surgery to the back region, current intake of any centrally
acting medications or intention of taking new medications on the
treatment day, steroid injections to the back in the last six months,
radicular pain and radiculopathy, history of neurologic diseases,
unstable medical or psychiatric conditions, history of epilepsy or
seizures, peripheral neuropathy, vascular disorders, substance
abuse, dyslipidemia, cognitive impairments [dementia, post-
traumatic stress disorders, Alzheimer disease; assessed as a score of
<24 on the mini-mental status examination], history of uncon-
trolled/untreated hypertension, presence of any pacemaker or
defibrillator or electronic/metal body implants (around the head/
neck region), and recent or current pregnancy.

Recruitment and Study Enrolment
A total of 30 participants (n = 15/group) were recruited from the

community, primarily through broadcasting in the public media
(eg, newspapers and social media). Advertisement fliers were
placed around a tertiary hospital, regional health care practices,
and supermarkets. A recruitment email was sent to the local tertiary
educational university/polytechnic staff and students to recruit a
representative sample.
All volunteers completed an online screening questionnaire.

Potential participants were contacted by a researcher with a health
professional background (trained musculoskeletal physiotherapist)
www.neuromodulationjournal.org © 2022 International Neuromodulation
All rights re
to undergo more screening over the phone to confirm eligibility
before study enrolment. The study information sheet was emailed
to eligible participants. Written informed consent was obtained
before baseline testing. All participants completed questionnaires
to capture demographics, clinical characteristics of CLBP, including
presence of central sensitivity (Central Sensitization Inventory),46,47

neuropathic pain quality (PainDETECT),48 and psychologic mea-
sures (Depression, Anxiety, and Stress Scale,49 Pain Catastrophizing
Scale,50,51 and Pain Vigilance and Awareness Questionnaire52).
Intervention Procedures
The intervention was administered for a single session of 30

minutes by a researcher experienced in noninvasive neuro-
modulation techniques. A battery-driven, wireless high-definition
transcranial electrical stimulator (Starstim32, Neuroelectrics, Barce-
lona, Spain) with 32 independent current sources, permitting per-
formance of multitarget stimulation,53 was used to deliver
stimulation while participants were comfortably and quietly seated. A
total of 35 small electrodes (~4 cm2) were placed on a standardized
neoprene head cap, following the International 10–10 EEG electrode
placement system to simultaneously target the pgACC, dACC, and
S1. Care was taken to observe the principles of Tikanga Māori (cor-
rect protocols for Māori) when interacting with Māori participants,
acknowledging that for Māori, the head is tapu (sacred).

For the active stimulation (group 1), the HD-tIPNS was delivered
at a current strength of a maximum of 2 mA for 30 minutes, with
60-second ramp up and ramp down at the beginning and end of
the stimulation session, with continuous stimulation in between.
The pink-noise stimulation at a maximum current strength of 1 mA
was superimposed on the infraslow (0.1 Hz sinusoidal) waveform of
a current intensity of 1 mA (Fig. 1). The current strength at each
electrode never exceeded the maximum safety limit of 2 mA
(Fig. 1). The intervention dosage was based on the previous
transcranial electrical stimulation studies54–64 and followed safety
guidelines.65–67

For the sham stimulation (group 2), the Actisham protocol
created by Neuroelectrics was used to create an identical skin
sensation to active stimulation.68 The current was applied for 60-
second ramp up and 60-second ramp down at the beginning
and at the end, without any current for the remainder of the ses-
sion. The duration of the sham session was like HD-tIPNS session, to
blind the procedure appropriately. Participants in both groups were
informed that they might or might not perceive any sensations
during the stimulation treatment.

Montage optimizations for the active stimulation and the Acti-
sham (Fig. 2) were performed using the Stimweaver algorithm by
Neuroelectrics. The Stimweaver algorithm optimizes the En
component of the E-field (ie, component of the E-field normal to
the cortical surface), using the assumption of the lambda-E model
for the interaction of the E-field with the neurons.53,69,70 The
algorithm finds the best montage for targeting regions by trying to
minimize the least squares difference between the weighted target
En-map and the weighted En-field distribution produced by the
montage. For the purposes of this study, the parameters for the
problem used to find the best montage were stimulation type,
target (S1, pgACC, and dACC), electric field in target area (0.25 V/m
excitatory), electrode type (PITRODE PISTIM, π cm2 area, Ag/AgCl/
gel electrode), maximum current any electrode (1.0 mA), maximum
number of electrodes (n = 8), and other (10–10 standard head cap,
39 positions available). The standard safety constraint applied was
Society. Published by Elsevier Inc.
served.
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Figure 1. Infraslow pink-noise waveform details. Power spectral density profile of the (a) pink-noise component and the 1/f structure (ie, pink-noise power spectral
density decreases with 1/f). Pink noise was nested on the infraslow (0.1 Hz) sinusoidal wave component for (b and c) the active treatment group and (d and e) the
sham treatment group, respectively. For both groups, the waveforms were identical. The infraslow component lasts for 10 seconds (ie, 0.1 Hz), after which the phase is
inverted. The pink-noise component has a maximum of 1 mA and follows a 1/f power-to-frequency structure. freq, frequency; psd, power spectral density. [Color
figure can be viewed at www.neuromodulationjournal.org]
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Figure 2. Montage optimization for the high-definition transcranial infraslow pink-noise stimulation and the Actisham intervention. This figure presents the
optimization that was created using the Stimweaver software by Neuroelectrics for targeting the activity of the pgACC, dACC, and S1.70 The S1 and pgACC targets
were identified with the Neuroelectrics online target editor. The dACC was targeted through its connections with the DLPFC (center points with MNI coordinates: [32,
46, 30] and [−28, 42, 34]). The ROI for the DLPFC was selected through Neurosynth’s (https://neurosynth.org/) functional connectivity calculation. Electrical currents at
the targeted areas and the final montage used are presented for active treatment group (a: front view; b: top view; c: sagittal view) and the sham group (d: front view;
e: top view; f: sagittal view), respectively. From left to right: Normal component of the E-field En (V/m), target E-field (V/m), target weight, and ERNI (mV2/m2) for gray
matter. For the active group, the electrical current is delivered through eight of the 32 channels in a fractionated way, to optimize the current at the three targets in
the brain, based on a computer simulation on a standard head model. The currents for each electrode are detailed in montage section (right column) for the active
treatment group and the Actisham group, respectively. (g) The comparison of the E-field between groups shows an En of the active treatment group to be 121 times
more than in the Actisham group. [Color figure can be viewed at www.neuromodulationjournal.org]
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that the maximal total injected current into the brain at any given
time was <3.8 mA. The last condition is imposed using a genetic
algorithm that searches in electrode space for the constrained
solution that better approximates the optimization objective
function.53

The pgACC and S1 areas were directly created with the Neuro-
electrics online target editor. The network of areas correlated with
the dACC (Montreal Neurological Institute [MNI] coordinates [−4, 8,
www.neuromodulationjournal.org © 2022 International Neuromodulation
All rights re
36]) was obtained with Neurosynth initially and then limited to the
dorsolateral prefrontal cortex (DLPFC) (10-mm radius circular areas
centered in [32, 46, 30] and [−28, 42, 34] mm). The weights were set
to the maximum value in all areas. The target En-field was set to
0.25 V/m. The rest of the cortex was set to a no-stimulation con-
dition (En

Target = 0 V/m) with minimum weight. Optimizations were
run for this target map up to a maximum of 12 electrodes in the
montage. The target maps are shown in Figure 2 (second and third
Society. Published by Elsevier Inc.
served.
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columns). The eight-channel montage solution resulted in a good
fit to the target map, with error relative to no intervention (ERNI)
and weighted correlation coefficient (WCC) scores that are >96% of
those obtained with an unconstrained number of elec-
trodes: −9862 mV2/mm2 and 0.493, respectively. The distribution of
the En component of the E-field is shown in Figure 2. The final
montage and the currents per electrode used for the active stim-
ulation were as follows:
CP1: 968 μA
CP2: 958 μA
F3: 964 μA
F4: 908 μA
F7: −999 μA
OZ: −999 μA
T8: −800 μA
Cz: −1000 μA
Total injected current (μA): 3798 μA
Maximum current at any electrode (μA): 1000 μA
Fitness function (ERNI): −9863.918 mV2/m2

Fitness function (ERNI) relative to full solution: 0.974
One adverse effect of the active stimulation condition can be

localized itching at the electrode sites; hence, in the Actisham
condition, the currents are configured to produce similar itching to
the active condition, but very low cortical electric fields. This is
achieved using the Stimweaver optimization algorithm, which now
has the objective of a null or a very low electric field on target (ie,
pgACC, dACC, and S1). The parameters for the problem were similar
to those used for finding the best montage for the active stimu-
lation group, except the electric field in the target area was con-
strained to 0.001 V/m. To minimize the trivial solution (all currents,
set to 0), a minimum of 500 μA is imposed in one of the electrodes
as an optimization constraint. The electrode set to this current is
deemed informally the “itchy electrode” because its presence
induces a sensation like that of active stimulation. The Actisham
montage achieves a low En-field on target by maximizing current
shunting through the skin, and it usually results in anodes and
cathodes placed over the target in an alternating pattern. Because
the target in this optimization consists of clusters of target areas,
the algorithm we followed was adapted to this case: the target was
divided into three clusters of regions, two comprised the dACC and
pgACC in the left/right hemispheres and another one comprised
the S1 region. The Actisham optimization algorithm was then run
independently for the two clusters of regions. For each optimiza-
tion, we defined a pool of electrodes consisting of the ones from
the active montage over those regions, plus extra electrodes to
guarantee a dense distribution of electrodes over the target
(required for high shunting of current through the skin, which
results in low En-field in the brain regions). The En-field distribution
induced by all three montages is localized enough so that when all
electrodes are present at the same time, the distribution over each
target is not very different from the individual montages, thus
ensuring that the combined montage is an effective Actisham
montage for all target regions. The final montage and the currents
per electrode used for the sham stimulation were as follows:
CP1: −250 μA
CP2: −250 μA
CPZ: 500 μA
F1: 500 μA
F2: −500 μA
F3: −500 μA
F4: 500 μA
www.neuromodulationjournal.org © 2022 International Neuromodulation
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This montage generates an average En-field in the target regions
that is much lower than the one induced in the active montage
(0.004 V/m in Actisham vs 0.043 V/m in the active montage)
(Fig. 2d–g). The Actisham method of sham stimulation ensures
double blinding and delivers similar peripheral nervous system
(PNS) stimulation across conditions, so putative PNS effects will be
present in both active and sham stimulation. The previous trans-
cranial electrical stimulation studies71 have used this sham pro-
cedure and have shown it to effectively blind participants to the
stimulation condition because it can induce the same scalp sen-
sations perceived during active stimulation, in terms of both
intensity and localization. Furthermore, the Actisham protocol
shunts the current, preventing it from reaching the cortex (Fig. 2),
thus avoiding causing any brain excitability changes.68
Outcome Measures
An independent assessor (an assistant research fellow), blinded

to the group allocation, collected the outcomes measures.
Primary Outcomes
Measures of Cortical Activity and Connectivity

Measures of cortical activity and connectivity were collected at
baseline and immediately after intervention. Resting-state EEG (~10
minutes, eyes closed) was obtained in a quiet room while the
participants were sitting upright in a comfortable chair. Participants
were asked to refrain from alcohol for 24 hours or caffeinated
drinks on the day of recording to avoid alcohol- or caffeine-induced
changes in the EEG stream. EEG data were collected using the same
transcranial electrical stimulator (Starstim32, Neuroelectrics, Barce-
lona, Spain). The EEG was sampled with 32 electrodes placed in the
standard 10–10 international placement, and impedances were
checked to remain <5 kΩ. The EEG data were acquired using NIC2
software (Neuroelectrics, Barcelona, Spain) with a sampling rate of
500 Hz. Data were resampled to 128 Hz, band-pass filtered (fast
Fourier transform filter) to 0.01 to 44 Hz, and rereferenced to the
average reference using the EEGLAB package in MATLAB (Math-
Works, Natick, MA). The data were plotted in EEGLAB and ICoN for a
careful inspection and manual rejection of artifacts.

Standardized low-resolution brain electromagnetic tomography
(sLORETA), through LORETA-key software, was used to estimate
intracerebral electrical sources that generate scalp-recorded elec-
trical activity in each of the following five frequency bands: infra-
slow (0.01–0.1 Hz), theta (4–7.5 Hz), alpha (8–12 Hz), beta (12.5–30
Hz), and gamma (30.5–44 Hz). These frequencies were chosen
because they have been previously reported to be altered in
individuals with chronic pain. The following three analyses were
used to explore the effects of the HD-tIPNS on cortical activity and
connectivity:

• Regions of interest (ROIs) analysis was used to calculate and
compare the log-transformed current density changes at the
targeted brain regions. The ROI maker 1 function in LORETA was
used to define the ROI. A seed point was provided for each ROI,
and all voxels within a radius of 10 mm were averaged to
calculate the log-transformed current density. The ROIs in this
study included the left and right S1 (S1L and S1R), pgACC, and
dACC. For the ROIs closer to midline (ie, pgACC and dACC), we
do not differentiate between the left and right owing to their
proximity to the midline and difficulty in differentiating laterality
because of volume conduction.
Society. Published by Elsevier Inc.
served.
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• Instantaneous connectivity and lagged phase functional con-
nectivity were used as a measure of coherence and were
calculated between the targeted brain regions (pgACC, dACC,
and S1) for all five frequency bands described earlier.72–74

Coherence and phase synchronization between time series cor-
responding to different spatial locations are usually interpreted
as indicators of the “functional connectivity.” The Connectivity1
function in LORETA-key software was used to calculate the
functional connectivity between the targeted ROIs. Measures of
linear dependence (coherence) between the multivariate time
series are defined. The measures are expressed as the sum of
lagged dependence and instantaneous dependence. The mea-
sures are nonnegative and take the value zero only when there is
independence of the pertinent type. On the basis of this prin-
ciple, the instantaneous and the lagged linear connectivity were
calculated.

• Effective connectivity: Granger causality reflects the strength of
effective connectivity (ie, causal interactions) from one region to
another by quantifying how much the signal in the seed region
can predict the signal in the target region.75,76 In other words, it
can be considered directed functional connectivity. The isolated
effective coherence function in LORETA-key software was used
to calculate the Granger causality between ROIs. Granger cau-
sality is based on formulating a multivariate autoregressive
model and calculating the corresponding partial coherences
after setting all irrelevant connections to zero.77 In general, the
autoregressive coefficients correspond to Granger causality.76,78

Granger causality is defined and calculated as the log-ratio
between the error variance of a reduced model, which predicts
one time series based only on its own past values, and that of
the full model, which also includes the past values of another
time series. It is important to note that Granger causality does
not imply anatomical connectivity between regions but direc-
tional functional connectivity between two sources. Given
effective connectivity reflects directional functional connectivity,
only the frequency bands and the ROIs that showed significant
differences in functional connectivity analysis were selected for
Granger causality analysis.
Safety Measures
Safety measures were collected immediately before intervention

and one day after intervention. The following variables were
recorded:

• Qualitative description and intensity of each symptom on a
Likert scale (0 = none to 10 = extreme).

• Relation of symptom to treatment, measured on a scale ranging
from 1 = unrelated to 5 = strongly related.

• Duration and time taken for resolution of each symptom,
expressed in minutes.

• Worsening or improvement of symptoms, using the
Discontinuation-Emergent Sign and Symptom (DESS).79

• Any withdrawals because of adverse effects.
7

Secondary Outcomes
Numeric Pain Rating Scales
NPRS were collected at baseline and one day after intervention.

An 11-point (0 = not at all to 10 = worst) scale was used
www.neuromodulationjournal.org © 2022 International Neuromodulation
All rights re
individually to evaluate changes in the current pain, and the worst
pain, average pain, unpleasantness, bothersomeness, and interfer-
ence because of pain in the past 24 hours.

Statistical Analysis
SPSS (version 27.0; IBM, Armonk, NY) was used for all statistical

analyses. Descriptive statistics were used to summarize safety
measures. To adjust for the variability at baseline, percentage
changes to baseline were calculated for measures of cortical
activity and connectivity and the NPRSs as follows:

Percent change to baseline

= Postintervention−Preintervention
Preintervention

×100

Individual tests were conducted for each ROI and the functional
connectivity measure in each of the five frequency bands. A Mann-
Whitney U test was used to compare the between-group differ-
ences in the percentage changes for each outcome measure. A p
value of <0.01 was considered significant.

Granger causality was calculated for the functional connectivity
measures that showed significant between-group differences. A
Wilcoxon signed-rank test was used to identify the difference in the
Granger causality measure before and after HD-tIPNS. A p value of
<0.05 was considered significant.

RESULTS
Participant Characteristics

A total of 30 participants with CLBP (n = 15 in each group) were
enrolled (between November 2021 and January 2022) and ran-
domized equally into two treatment groups. Table 1 presents the
descriptive data for all participants at baseline, indicating the two
groups were comparable. There were no dropouts. The trial was
stopped at the end of January because we reached the desired
sample.

Safety
A few participants reported a range of adverse effects, particu-

larly in the Sham group compared with the HD-tIPNS group (Fig. 3).
However, these symptoms were mild and short-lived. The most
common adverse effect in the HD-tIPNS group was headache and
fatigue. No serious adverse events occurred.

Region of Interest
The findings of the ROI analysis are presented in Figure 4. No

significant differences were observed between the Sham and the
HD-tIPNS in the activity (log-transformed current density) of the
pgACC, dACC, S1L, and S1R for any frequency bands (Fig. 3).

Functional Connectivity
Instantaneous Phase Synchronization

A significant decrease in the instantaneous functional connec-
tivity was noted between the pgACC and dACC (U = 47.0,
Z = −2.72, p = 0.007) and the pgACC and S1L (U = 41.0, Z = −2.97,
p = 0.003) in the infraslow band after HD-tIPNS when compared
with sham stimulation (Fig. 5a,b, respectively). No significant dif-
ferences were observed in the other frequency bands and between
other ROIs (Fig. 5c–f).
Society. Published by Elsevier Inc.
served.
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Table 1. Demographics and Clinical Characteristics of Participants.

Characteristics/measures Group 1,
HD-tIPNS,
n = 15

Group 2,
Sham,
n = 15

Age, y 39.2 ± 16.0 44.6 ± 13.1
Sex
Female, n (%) 9 (60) 10 (67)
Male, n (%) 6 (40) 5 (33)

Ethnicity
NZ European, n (%) 11 (73) 10 (67)
Māori, n (%) 3 (20) 3 (20)
Indian, n (%) 1 (7) 1 (7)
Other, n (%) 0 (0) 1 (7)

Employment
Employed, n (%) 6 (40) 8 (53)
Unemployed, n (%) 1 (7) 4 (27)
Retired, n (%) 1 (7) 1 (7)
Looking after family, n (%) 3 (20) 1 (7)
Self-employed, n (%) 2 (13) 1 (7)
Other, n (%) 2 (13) 0 (0)

Education
University degree, n (%) 8 (53) 5 (33)
Trade/apprenticeship, n (%) 1 (7) 1 (7)
Certificate/diploma, n (%) 2 (13) 3 (20)
Year 12/equivalent, n (%) 1 (7) 2 (13)
Year 10/equivalent, n (%) 3 (20) 0 (0)
No formal qualification, n (%) 0 (0) 4 (27)

Duration of pain, mean ± SD, y 7.4 ± 9.7 6.6 ± 5.4
Brief Pain Inventory
Severity, mean ± SD 3.7 ± 1.0 4.4 ± 1.3
Interference, mean ± SD 3.6 ± 2.1 4.9 ± 2.1

Roland-Morris Disability
Questionnaire, mean ± SD

11.2 ± 5.1 11.9 ± 4.3

Neuropathic pain, PainDETECT,
mean ± SD

10.0 ± 6.2 11.7 ± 6.6

Central sensitization, CSI,
mean ± SD

39.3 ± 18.0 45.0 ± 10.0

Well-being, WHO-5 13.3 ± 5.0 12.7 ± 5.1
Quality of life, EQ-5D
Index score, mean ± SD 0.7 ± 0.1 0.7 ± 0.1
VAS, mean ± SD 69.1 ± 20.3 67.9 ± 16.6

Pain catastrophizing, PCS
Rumination, mean ± SD 6.9 ± 4.3 7.4 ± 3.4
Magnification, mean ± SD 3.8 ± 2.5 4.7 ± 2.3
Helplessness, mean ± SD 6.9 ± 5.6 8.9 ± 3.7
Total, mean ± SD 17.7 ± 10.7 20.9 ± 8.4

Pain vigilance and awareness,
mean ± SD

35.7 ± 15.3 43.9 ± 10.5

Depression, DASS-21, mean ± SD 6.1 ± 4.6 5.9 ± 4.9
Anxiety, DASS-21, mean ± SD 6.2 ± 5.3 4.9 ± 2.8
Stress, DASS-21, mean ± SD 8.9 ± 5.9 6.9 ± 3.2

CSI, central sensitization inventory; DASS-21, depression, anxiety and stress
scale; EQ-5D, European Quality of Life-Five Dimensions; PCS, pain cata-
strophising scale; VAS, visual analogue scale; WHO-5, 5-item World Health
Organization Well-Being Index.
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Lagged Phase Synchronization
No significant differences were observed in the lagged phase

functional connectivity in any of the frequency bands and between
any ROIs (Fig. 5g–l).
www.neuromodulationjournal.org © 2022 International Neuromodulation
All rights re
Effective Connectivity
A significant decrease in the instantaneous effective connectivity

was noted in the direction of the dACC to the pgACC (Z = −2.10,
p = 0.035), in the infraslow band after HD-tIPNS when compared
with baseline (Fig. 6). No significant differences were observed in
the direction of the pgACC and S1L (Z = −1.846, p = 0.066).

Clinical Measures
Figure 7 presents the violin plots for differences in the clinical

measures between HD-tIPNS and sham stimulation. The Mann-
Whitney tests revealed no significant between-group differences
in any of the pain measures, including current pain, worst pain,
average pain, unpleasantness, bothersomeness, and pain
interference.

DISCUSSION

One of the primary aims of this study was to evaluate the safety
of the novel HD-tIPNS technique. The findings of this study confirm
the safety of this novel transcranial stimulation technique for
treatment of CLBP. We used an extensive DESS scale to assess the
immediate adverse effects of HD-tIPNS. No serious adverse events
were reported by any participant. Furthermore, there were no
differences in reported adverse effects between real and sham
stimulation, except for headache, which appeared somewhat more
prevalent in the real stimulation group. The adverse effects
reported were mild, transient, and self-resolved after the treatment
session. These findings are consistent with previous studies using
other transcranial electrical stimulation protocols for chronic pain
and in studies using a pink-noise stimulation protocol for food
addiction.

One of the main findings of this study is that a transcranially
applied novel stimulation design consisting of an infraslow stimu-
lation with embedded pink noise can change functional connec-
tivity in the infraslow frequency band between the key hubs of the
three main pain pathways. Furthermore, the transcranially applied
stimulation modulates the information flow from the dACC to the
pgACC. A previous study showed that in patients with chronic
neuropathic pain, the dACC exerts a (likely inhibitory) effect on the
pgACC, in contrast to healthy controls, in the alpha band, which
can be modulated by spinal cord stimulation.11 It is known that
alpha activity is nested on infraslow activity, as shown from the
initial discovery in 1957 of infraslow activity in the thalamus.80 In
this study, we did not observe any effect in the alpha frequency
band but found that the novel HD-tIPNS design can modulate the
same connection in the infraslow band, potentially exerting a
similar effect.

The finding that communication can be altered between the
three main hubs of the interacting pain networks suggests that it is
worthwhile to verify whether repetitive stimulations can clinically
benefit patients with pain syndromes. No clinical benefit was noted
in this study after a single stimulation session. This could be
attributed to several factors, including methodologic issues, in
which the large variability in collected data (violin plots, Fig. 7)
prevents observation of statistical significance. However, the means
of clinical pain measures were very similar between real and sham
stimulation, making this less likely. It is more likely that the
absences of clinical benefit may be related to the stimulation per
se. It could be that repeated stimulations may be required to
induce a clinical benefit, even though a single stimulation already
Society. Published by Elsevier Inc.
served.
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Figure 3. Adverse effects reported immediately after the transcranial electrical stimulation session. [Color figure can be viewed at www.neuromodulationjournal.org]

NOISE STIMULATION DISRUPTS CONNECTIVITY
introduces an electrophysiological change. This is analogous to the
finding in a study in which an electrode was implanted in the dACC
in people with obsessive compulsive disorder.81 Here, too, the
electrophysiological changes preceded clinical changes.81
Figure 4. ROI analysis. The Mann-Whitney tests showed no significant between-g
regions. [Color figure can be viewed at www.neuromodulationjournal.org]

www.neuromodulationjournal.org © 2022 International Neuromodulation
All rights re
Furthermore, it has been shown that the optimal clinical benefit
when targeting the dACC with implants for pain may be delayed
for several days,45,46 suggesting that more stimulation sessions are
essential before the patient benefits clinically from the stimulation
roup differences in the log-transformed current densities at the targeted brain

Society. Published by Elsevier Inc.
served.
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Figure 5. Functional connectivity analysis. a–f. Instantaneous phase synchronization between targeted brain regions. A significant decrease in instantaneous
functional connectivity was seen between (a) the pgACC and dACC and (b) the pgACC and S1L after HD-tIPNS when compared with sham stimulation. g–l. Lagged
phase synchronization between targeted brain regions. No significant between-group differences were noted in lagged phase synchronization. The symbol shows
the median, and the lines show the interquartile range. m. Summary of functional connectivity results, showing decreased functional connectivity between the
pgACC and dACC and the pgACC and S1L, after HD-tIPNS. FC, functional connectivity; Inst, instantaneous phase synchronization; ISF, infraslow frequency; Lag, lagged
phase synchronization. [Color figure can be viewed at www.neuromodulationjournal.org]
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protocol. Another possibility is that the theoretical model is wrong,
and that the targets are not optimal. This is unlikely in view of a
recent meta-analysis that confirms these targets are indeed rele-
vant for pain.12 A third possibility is related to the amplitude of the
Figure 6. Effectivity connectivity analysis. A significant decrease in the instantaneou
the infraslow band after HD-tIPNS. Although a decrease was noted in the instantane
show statistical significance. No significant differences were noted in other effective
mean, and the error bar shows the SEM. ISF, infraslow frequency. [Color figure can

www.neuromodulationjournal.org © 2022 International Neuromodulation
All rights re
stimulation currents. We used a fixed amplitude, determined by
computer simulations designed to determine the amplitude
delivered at each stimulation electrode in a fractionated way (Figs.
1 and 2). Considering that each participant’s skull has a different
s effective connectivity was noted in the direction of the dACC to the pgACC in
ous effective connectivity in the direction of the S1L to the pgACC, this did not
connectivity (ie, from the pgACC to the dACC or the S1L). The bar shows the
be viewed at www.neuromodulationjournal.org]

Society. Published by Elsevier Inc.
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Figure 7. Comparisons of between-group clinical outcomes. MCID, minimal
clinical important difference. [Color figure can be viewed at
www.neuromodulationjournal.org]

NOISE STIMULATION DISRUPTS CONNECTIVITY
shape and thickness, this may not be optimal. A thicker or thinner
skull could result in lower or higher current densities, respectively,
at the different targets. This is even more relevant for noise stim-
ulation because this has a stochastic resonance effect and an
inverted U-like behavior, meaning that low amplitudes likely exert
no effect on the networks, an optimal/intermediate amplitude may
strengthen the connectivity and the amplitude of evoked
responses, and a very high amplitude may weaken the connectivity
and the amplitude of evoked responses.25,82–84 A fourth possible
explanation could be that the ratio of infraslow amplitude to pink
noise may also be suboptimal because the pink-noise component
may be too weak to exert the desired effect. A fifth reason may be
that pink noise may lack power in the higher amplitudes, given
pain has been linked to a Bayesian prediction error problem in
which predictions about the presence of pain are generated in beta
(12–30 Hz) frequencies and prediction errors in gamma frequencies
(>30 Hz).85 Considering that the 1/f noise structure of the brain has
the least power in these higher frequency domains, a whiter
version of the noise may be better suited to disrupt pathological
connectivity than the pink noise, which tries to mimic the innate
temporal structure of brain function.86–88

One of the primary limitations of this study was the small sample
size. A sample size calculation was not performed because this was
a pilot exploratory study to evaluate safety and verify whether HD-
tIPNS can disrupt functional connectivity between targeted cortical
regions. Based on the results of this study, a future full-powered
study will be designed to test the efficacy of this novel treatment
approach. Another limitation of the study was that a standard
montage and current intensity were used for all the participants.
Depending on the participant’s anatomy (eg, skull shape, thick-
ness), the electric field at the targeted region could be different.
Future studies could optimize the montage and adjust the current
intensity and amplitude of noise on the basis of individual MRI
tractography.
11
CONCLUSIONS

Infraslow pink-noise stimulation is a novel technique capable of
safely modulating functional and effective connectivity in deep
www.neuromodulationjournal.org © 2022 International Neuromodulation
All rights re
brain structures targeted transcranially through fractionated high-
density electrical stimulation. Future studies are needed to deter-
mine whether repeated sessions of HD-tIPNS also show a clinically
meaningful effect for reducing pain and disability in people with
chronic pain, by inducing changes in the functional and effective
connectivity at the pain-related cortical hubs.
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