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Transcranial pulsed current stimulation (tPCS) is a
neuromodulatory technique that has been studied in the last
decade. Several parameters have been assessed
independently to optimize the effects. Our aim was to explore
the effects of tPCS using different montages on cortical brain
oscillations indexed by power spectrum and interhemispheric
coherence in different electroencephalography frequency
bands. Twenty healthy individuals were randomized to receive
either active tPCS or sham intervention using the following
bilateral montages: ear clip (conventional), ear hook, or
mastoid placement. Electroencephalography was recorded
before and after the electroencephalography intervention to
assess tPCS-induced after effects. Our results showed that
active tPCS with bimastoid montage increased significantly
alpha absolute power (P=0.0166) and low alpha (P=0.0014)
in the frontal region, as well as in the low alpha power
spectrum in the central (P=0.0001) and parieto-occipital
regions (P=0.0068) compared with the other montages. For
interhemispheric coherence analysis, the Kruskal–Wallis test
showed a significant main effect of group for theta
(P=0.0012) in the frontal region, mainly for ear-clip montage.

Our findings evidenced that tPCS delivered through different
electrode montages exert different effects on cortical brain
oscillations and thus have a different neural signature. We
discuss the implications of these findings as well as potential
clinical explorations of this technique. NeuroReport
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Introduction
Transcranial pulsed current stimulation (tPCS) is a non-

invasive brain stimulation (NIBS) technique that can

modulate neural activity in a frequency-dependent

manner. Previous studies have shown that the mechan-

ism of tPCS relies on the introduction of a random fre-

quency able to entrain the intrinsic neural oscillations

within the range of the applied frequency [1,2]. tPCS

delivered at an intensity of 2 mA with a randomly gen-

erated frequency ranging between 6 and 10 Hz during

20 min induces reliable electrophysiological changes in

the brain [1–3]. The effects of tPCS on brain coherence

and connectivity suggest that tPCS can alter cognitive

functioning [4] and thus be a promising tool to treat

neuropsychiatric disorders in which abnormal oscillatory

patterns have been identified [5,6].

An important parameter is the electrode positioning. For

other NIBS techniques, it has become evident that

electrode size and montage have an impact on the effi-

cacy, because of their influence on the electrical field, as

well as the brain areas that are being stimulated [7–9].

One computational modeling study [10] assessed variations

in electrode positioning with tPCS using MRI-derived

finite element head model, and was used to evaluate the

cortical electrical field, its distribution, and peak intensities.

The authors evaluated different electrode configurations,

including in-ear and over-ear montages [10], and showed

that in addition to the effect on cortical areas, tPCS could

reach subcortical structures. In this study, all montages

were positioned within the margins of the ears and even

relatively minor changes within these electrodes induced

different electrical fields. Interestingly, the authors showed

that the ear-hook montage, resembling the headphones’

positioning, produced the highest cortical field, especially

in the temporal cortex [10].

On the basis of this previous study [10], here, we aimed to

evaluate the effects of tPCS using different montages on

cortical brain oscillations in healthy individuals indexed by

high-resolution quantitative electroencephalography (EEG)

changes for power and interhemispheric coherence.

Participants and methods
Study design
This was a randomized, double-blind, and sham-

controlled study. We used a computer-generated block

randomization list with blocks of four. The sham
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condition was also randomized for the different electrode

montages. The study was approved by the local institu-

tional review board (IRB) and carried out according to the

Declaration of Helsinki [11]. Written informed consent

was obtained from the participants before their inclusion

in the study.

Participants
The eligibility criteria were as follows: healthy volunteers

between 18 and 65 years of age with no history of

unstable medical illness or neurologic/psychiatric condi-

tions. In addition, the presence of traumatic brain injury

with loss of consciousness, history of drug or alcohol

abuse, history of brain surgery or presence of metallic

implants, current pregnancy, and previous exposure to

tPCS were ruled out.

Intervention
tPCS was administered using a custom-made investiga-

tional, battery-powered current stimulator. It delivers

stimulation through biphasic square wave pulses; the

pulse width is randomly generated and varies between 1

and 20 ms. The participants received a single session of

tPCS with a peak pulse amplitude of 2 mA and a fre-

quency that ranged between 6 and 10 Hz (additional

details of stimulation are shown in the study by Vasquez

et al. [12]). Participants were randomized into four groups

to receive active tPCS or sham through the following

montages: (a) ear clip, (b) ear hook, (c) bimastoid, and (d)

sham. The positioning of the electrodes was selected on

the basis of computational studies [10]. For ear-clip and

ear-hook montages, each electrode consisted of a circular

metallic plate of ∼ 0.785 cm2 covered with a cotton felt,

placed in the inferior lobule of each ear for ear clip, and

positioned in the scaphoid fossa underneath the superior

part of the ear’s helix for the ear-hook montage.

The bimastoid montage used the same alternating

bilateral pattern as the previous montages, but used

3.2 cm circular electrodes with a multistick Gel

(Axelgaard Manufacturing Co. Ltd, Fallbrook, California,

USA) placed bilaterally over the mastoid process.

The participants received 20 min of tPCS according to

their allocation group. For the sham condition, the device

was turned off automatically 30 s after its onset.

At the end of the stimulation, each participant completed

an Adverse Events questionnaire.

Electroencephalographic recording
The EEG was recorded using a 32-channel EEG system

(Enobio 32; Neuroelectrics, Barcelona, Spain). The signal

was sampled at 500 Hz and filtered using a bandpass of

0.1–35 Hz. EEG was recorded 6 min with the eyes open

and 6min with the eyes closed before and after the

stimulation.

Power and interhemispheric coherence analysis
EEGLab [13] and MATLAB (MATLAB R2012a, 2000;

The MathWorks Inc., Natick, Massachusetts, USA) were

used to process and analyze the EEG data. Data were

high-pass filtered at 1 Hz and low-pass filtered at 35 Hz,

with subsequent removal of amplitudes higher than 200

µV as well as artifact components by both computational

algorithms and manual inspection. Data were trans-

formed into frequency domains using Fast Fourier

transformation with 5 s epochs and an overlap of 50% to

calculate the power (µV2) of the following bandwidths:

theta (4–8 Hz), alpha (8–13 Hz), low alpha (8–10 Hz), and

high alpha (10–13 Hz). The channels were averaged by

bandwidth for frontal, central, parietal, temporal, and

occipital brain regions. We excluded F3 and F4 because

of important artifacts.

We calculated the interhemispheric coherence for the same

bands across the electrode pairs. Welch’s averaged modified

periodogram method was used to calculate the coherence of

signal x and y, representing each electrode site.

Behavioral tasks
We used the Mini-Mental State Examination [14], the

Stroop color word test (E-Prime 2.0 software; Psychology

Software Tools, Pittsburgh, Pennsylvania, USA) [15], and

the word list memory task [16] to assess any detrimental

effects of tPCS on cognition. They were performed in

the above-mentioned order immediately before the EEG

preceding the stimulation and after the second EEG

recording.

Statistical analysis
Statistical analysis was carried out using STATA 14.1

(Stata Corporation, College Station, Texas, USA). The

artifact-free, eyes-closed EEG data were tested for nor-

mality using the Shapiro–Wilk test (w= 0.000). For

baseline characteristics, continuous variables were com-

pared using one-way analysis of variance and categorical

variables were analyzed using a χ2-test. To analyze the

cognitive assessments, mixed-model analysis of variances

were performed with time as the within-subject factor

(two levels: pre vs. post) and stimulation condition as the

between-subject factor (with four levels).

The Kruskal–Wallis test was used to compare the effects

of stimulation on power and coherence variables. The

Mann–Whitney test was used for post-hoc comparisons.

The dependent variables for EEG power and coherence

in each bandwidth were calculated as the difference

between poststimulation and prestimulation. The inde-

pendent variable for power and coherence analysis was

Group. Statistical significance was set at 0.05.

Results
Twenty participants were enrolled in the study, of whom

19 completed the study (mean age: 25.7± 4.04, 11 women).

One participant dropped out due to discomfort during the
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stimulation (ear-hook montage). The participants’ demo-

graphic characteristics were similar between the four

groups (age: P= 0.275, sex: P= 0.585, ethnicity: P= 0.629).

Electroencephalography power spectrum analysis –

group effects
Bimastoid montage was first compared against ear-clip

(conventional) montage for power and we found that

bimastoid montage induced a significant increase within

the low alpha bandwidth over the frontal (P= 0.0042) and

central regions (P= 0.0053). Then, compared with the

sham, we also found a significant increase in power in low

alpha but not only over the frontal (P= 0.0311) and

central (P= 0.0001) regions, but also over the parieto-

occipital area (P= 0.0128) (Table 1).

When ear clip and ear hook were compared with sham, an

increase in theta power was observed over parieto-

occipital areas (P= 0.0095 and 0.001, respectively). On

comparing the two techniques, we found that ear-clip

montage induced a more significant increase in power

within the theta bandwidth over the central region, than

ear-hook montage (P= 0.006).

These results suggest that bimastoid montage sig-

nificantly increases the absolute power of alpha band-

width compared with other montages (Fig. 1). We then

carried out a secondary analysis to assess the differences

between bimastoid and ear-clip montages. For the

bimastoid montage, there was a significant increase in

alpha power (P= 0.0166) and low alpha (P= 0.0014) in

the frontal region, as well as in low alpha power spectrum

in the central (P= 0.0001) and parieto-occipital regions

(P= 0.0068). There were no significant results for the

alpha band with the ear-clip montage.

Interhemispheric coherence
The Kruskal–Wallis test showed a significant main effect

of group for theta (0.0012) in the frontal region. Post-hoc

analysis evidenced significant differences when ear clip

was compared with the rest of the montages. Ear-clip

montage induced a higher interhemispheric theta

coherence (Table 1).

Cognitive assessments
There were nonsignificant values between the four groups

in changes (pre–postintervention) for all three cognitive

tests: Mini-Mental State Examination (P= 0.413), Stroop

task (P=0.405), and the word list memory task (P=0.425).

Discussion
Our findings included: (a) bimastoid tPCS can enhance

mainly the power spectrum of the alpha bandwidth in the

frontocentral and parieto-occipital brain regions com-

pared with the other montages and (b) for the ear-clip

montage, we observed an increase in theta interhemi-

spheric coherence for the frontal area, supporting pre-

vious studies [1–3]. These findings suggest that a single

session of tPCS has a consistent impact on cortical

activity, as measured by EEG-derived connectivity, for

the alpha domain and that specific electrophysiological

parameters can be elicited by particular electrode mon-

tages, making tPCS a technique in which top-down (high

internal processing) and bottom-up (low internal

demands) processes could be targeted independently.

Our study provides insight into the role of electrode

montage in tPCS neurophysiological effects. As shown in

the Datta et al.’s [10] modeling study, even small changes

in electrode montage can alter the current flow patterns

in the brain. Our results on healthy participants, by

means of EEG measures, support these assumptions as

Table 1 Kruskal–Wallis and related post-hoc (Mann–Whitney) analysis for electroencephalography power and interhemispheric coherence
among groups

Kruskal–Wallis Mann–Whitney

P-value χ2 (d.f.) Intervention P-value Z-score

Power
Frontal
Low alpha 0.0132 10.735 (3) Ear clip – bimastoid 0.0042 −2.86

Ear hook – bimastoid 0.0064 −2.725
Bimastoid – sham 0.0311 2.155

Central
Low alpha 0.0001 20.927 (3) Ear clip – bimastoid 0.0053 −2.79

Ear hook – bimastoid 0.0005 −3.456
Bimastoid – sham 0.0001 3.952

Theta 0.0105 11.248 (3) Ear clip – ear hook 0.006 2.745
Ear clip – sham 0.0039 2.889

Parieto-occipital
Low alpha 0.0143 10.568 (3) Ear hook – bimastoid 0.0037 −2.899

Bimastoid – sham 0.0128 2.49
Theta 0.0046 13.029 (3) Ear clip – sham 0.001 3.296

Ear hook – sham 0.0095 2.595
Interhemispheric coherence
Theta 0.0012 11.103 (3) Ear clip – ear hook 0.0047 2.83

Ear clip – bimastoid 0.0087 2.625
Ear clip – sham 0.0107 2.551
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earlobes and bimastoid montages induced distinct neu-

rophysiological changes. The importance of electrode

location has been shown for other NIBS techniques, such

as tDCS [17], as well as in studies using modeling with

clinical correlates [9].

A probable theoretical explanation for the main effect

observed in the power spectrum with the bimastoid

montage could be the spatial distribution of this syn-

chronous process. The direct excitation of the neurons

under the area of the electrodes may induce variations of

membrane dynamics that can further activate distant

neuronal networks in the cortex [18]. This cortico-cortical

communication is reflected in the increase in alpha and

low alpha power for different cortical brain areas despite

the initial input site. In addition, this may further support

that alpha can also be explained by cortico-cortical

interactions, rather than only the thalamo-cortical circuit

[19,20].

For the tPCS bimastoid montage, similar electrode posi-

tioning and results have been reported for other NIBS such

as transcranial alternating current stimulation (tACS). This

technique introduces a weak sinusoidal electrical current,

which, similar to tPCS, is capable of directly modulating the

ongoing brain oscillations. A study evaluating the effect of

tACS showed an increase in the individual alpha frequency

range when applied in the parieto-occipital region [21].

Another study using transorbital tACS at individual alpha

frequency reported a significant increase of the EEG alpha

power at different scalp locations, such as occipital regions

[20]. This cortico-cortical connectivity observed with tACS

has been further supported by an MRI study, with the

increase in brain activity not only under the area of the

electrodes but in more distant brain regions [22].

These aforementioned results are similar to our findings

which lead us to consider that bimastoid tPCS can have a

similar effect to tACS. Indeed, it is well known that

neurons within the central thalamus have extensive

anatomical connectivity with the forebrain [23]. Thus, it

would be possible to hypothesize that our findings rely

on the activation of the cortico-thalamo-cortical loop

through the stimulation of posterior areas of the brain,

followed by the connection between the thalamus and

the prefrontal cortex (through the striatopallidal mod-

ulatory system), leading to an increased activity over the

frontal cortex. This implies that bimastoid tPCS mod-

ulates the top-down control of neuronal synchronization

and thus connectivity.

Our second observation of the increase in theta inter-

hemispheric coherence in the frontal region for the ear-

clip montage implies a second hypothesis: tPCS seems to

influence first theta coherence or have a stronger effect

on coherence than power. As shown in head modeling

studies, tPCS seems to influence subcortical brain

structures, such as the brainstem or the thalamus [10].

Through the activation of the brainstem, tPCS may exert

an effect on the reticular formation and, consequently, on

the modulation of signals arriving to the thalamus. On the

basis of the current and previous studies with tPCS, it

seems feasible that the subthalamic nuclei and thalamus,

in their role as electrographical generators (via thalamo-

cortical circuits), could stimulate the bottom-up con-

nectivity and exert an indirect effect on cortical

excitability, translated by the increase in frontal inter-

hemispheric theta coherence following tPCS.

On the basis of this, it can be hypothesized that bimas-

toid tPCS may have similar mechanisms to tACS and

thus stimulate the top-down connectivity, whereas the

ear-clip tPCS montage would have more effects on

bottom-up connectivity. Knowing which network to sti-

mulate has a marked impact on the clinical effect of tCS.

For instance, in pathologies related to disruptions in the

thalamo-cortical connectivity, such as schizophrenia [24]

and autism [25], ear-clip tPCS could be preferred,

whereas for conditions involving cortical dysfunction,

specifically with reduced alpha rhythm such as neuro-

pathic pain [6], bimastoid tPCS might be more efficient.

The similarity to tACS mechanisms also widens the field

of exploration between these two techniques. Future

studies should compare the neurophysiologic effects of

both techniques, a probable synergistic effect, and

potential therapeutic applications.
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