
Research Report

Sparks fade with distance: The effect of electric field 

distribution on global motion perception using 

different tES techniques

Andrea Pavan a,b,*, Filippo Ghin b,c, Adriano Contillo d, Sibel Akyuz e and 

Gianluca Campana f,g

a University of Bologna, Department of Psychology, Bologna, Italy
b University of Lincoln, School of Psychology, Lincoln, United Kingdom
c Cognitive Neurophysiology, Department of Child and Adolescent Psychiatry, Faculty of Medicine of the TU Dresden, 

Dresden, Germany
d Elettra-Sincrotrone Trieste S.C.p.A, Trieste, Italy
e University of Bergamo, Department of Human and Social Sciences, Bergamo, Italy
f University of Padova, Department of General Psychology, Padova, Italy
g Human Inspired Technology Research Centre, University of Padova, Padova, Italy

a r t i c l e  i n f o  

Article history: 

Received 25 January 2025 

Revised 4 May 2025 

Accepted 12 May 2025 

Action editor Nicholas Paul Holmes 

Published online 28 May 2025

Keywords: 

Global motion 

Transcranial electrical stimulation 

Electric field 

Extracephalic montage

a b s t r a c t

Previous evidence has shown that high-frequency transcranial random noise stimulation 

(hf-tRNS) reduces motion coherence thresholds when applied with a cephalic montage (i.e., 

return electrode over Cz). Extracephalic montages, which avoid stimulating regions under 

the return electrode, have also been used to modulate behavioral performance. In this 

study, we investigated the effects of different transcranial electrical stimulation (tES) 

protocols on visual motion discrimination, placing the return electrode on the ipsilateral 

arm. We assessed the impact of electrode positioning using hf-tRNS, anodal, cathodal 

transcranial direct current stimulation (tDCS), and Sham stimulation over hMT+, a brain 

region involved in global motion perception. Motion direction discrimination was 

measured using random dot kinematograms (RDKs). Given the increased distance between 

the stimulation and return electrodes in this montage, we expected a smaller reduction in 

motion discrimination thresholds compared to our previous study. Our results suggest that 

increasing interelectrode distance alters current flow characteristics - such as current 

distribution and focality - within the cortical areas under the target electrode, producing 

different effects. Additionally, no significant effects were observed with the other tES 

protocols tested. Our findings suggest that change in the interelectrode distance influences 

current flow characteristics, such as current distribution and focality, within the cortical 

areas under the target electrode, resulting in differential neuromodulatory effects. These 

results highlight the importance of stimulation configuration on performance, particularly 

a potential electric field shift due to the change in the interelectrode distance. Given the 

widespread application of brain stimulation techniques in clinical and cognitive research, 
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our results can guide future studies carefully considering this further aspect of stimulation 

montage configurations.

© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC 

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In conventional electrical stimulation, both return and stim

ulation electrodes are placed on the scalp in different loca

tions to alter cortical excitability within the reach of the 

electrical field generated by the current flow. Applying an 

electric field to a neuron induces a change in the resting 

membrane potential, allowing an electric current to penetrate 

the membrane, which causes the cell to hyperpolarize or 

depolarize. This change in the membrane potential may reach 

the neuron’s threshold, triggering neuronal firing (Ye & 
Steiger, 2015). Modulating neuronal population activity of

fers a promising approach to altering cortical excitability. The 

neuromodulatory effects of non-invasive techniques such as 

transcranial direct current stimulation (tDCS) — in which a 

weak direct current is applied to the scalp (Stagg & Nitsche, 

2011) - and, more recently, transcranial random noise stimu

lation (tRNS), wherein sinusoidal current alternates between 

two electrodes across a frequency spectrum (Antal et al., 2008; 

Terney et al., 2008), have been intensively investigated in the 

last two decades (Antal et al., 2022; Lefaucheur et al., 2017). 

More importantly, due to the low incidence of reported 

adverse effects, non-invasive brain stimulation techniques 

have been widely applied in both experimental and clinical 

settings. Although tDCS and transcranial alternating current 

stimulation (tACS) generally show improvements in clinical 

contexts, the reported outcomes remain heterogeneous (for 

reviews, see Berryhill & Martin, 2018; Elyamany et al., 2021).

Random noise stimulation delivers current within a spe

cific band of random frequencies - typically 0—100 Hz for low- 

frequency tRNS (lf-tRNS) and 101—640 Hz for high-frequency 

tRNS (hf-tRNS) - to alter cortical excitability. hf-tRNS has 

been shown to induce long-lasting corticospinal excitability 

when applied to M1 (Terney et al., 2008; Potok et al., 2021; van 

der Groen et al., 2022). Cortical modulation via tRNS has also 

been associated with improvements in motion direction 

discrimination (Ghin et al., 2018), detection of subthreshold 

stimuli (van der Groen & Wenderoth, 2016), visual acuity 

(Moret et al., 2018), perceptual learning (Contemori et al., 2019; 

Fertonani et al., 2011; Herpich et al., 2015), and working 

memory (Murphy et al., 2020). Modulatory effects of tRNS have 

also been reported in attenuating the motion aftereffect (MAE) 

(Campana et al., 2016). On the other hand, several tRNS 

studies have reported no-to-mild effects (Mulquiney et al., 

2011), and its efficacy in clinical settings remains limited 

(Battaglini et al., 2019; Brauer et al., 2018; Brevet-Aeby et al., 

2019; Nikolin et al., 2020). Despite the evidence suggesting 

potential benefits of tRNS for some neurological and psychi

atric conditions, more systematic evidence and controlled 

studies are still needed (Herrera-Murillo et al., 2022).

Electric field distribution has been of interest to re

searchers to characterize how current is conducted through 

brain tissue, which anatomically includes idiosyncratic com

ponents such as skin, skull, fibers, gyral folding, and cere

brospinal fluid (CSF) - all of which affect electrical current flow 

(Asan et al., 2019; Grant & Lowery, 2009; Opitz et al., 2011). The 

electric field can also modulate other brain areas along the 

current trajectory and around the reference electrode, 

depending on the montage used (Opitz et al., 2016; Parazzini 

et al., 2011). Studies employing different electrode place

ments for electrical stimulation have produced somewhat 

contradictory results. For instance, Moliadze et al. (2010)

observed changes in motor-evoked potentials (MEPs) with 

increasing return electrode distance when using a-tDCS and 

tRNS. At 1 mA stimulation, increased cortical excitability was 

observed only with cranial stimulation; however, raising the 

amplitude to 2 mA induced excitability in both cranial and 

extracranial configurations. In other words, the loss of excit

ability due to increased electrode distance was compensated 

by higher stimulation intensity. Nonetheless, when the dis

tance was further increased, a loss of cortical excitability was 

again observed.

Additionally, repetitive tDCS with an extracephalic elec

trode configuration has shown greater improvements in 

major depressive disorder compared to a bifrontal configura

tion (Martin et al., 2011). In a simulation study using the Finite 

Element Method (FEM), Noetscher et al. (2014) suggested that 

extracephalic montage might increase total current densities 

in white matter, induce larger average vertical current den

sities in the primary motor cortex and somatosensory cortex, 

and result in no change or smaller averages in horizontal 

current densities for specific cortical areas compared to a ce

phalic montage. Furthermore, it has been shown that c-tDCS 

with an extracephalic return electrode arrangement impairs 

cognitive inhibition (Friehs & Frings, 2019). Accornero et al. 

(2007) measured visual evoked potentials (VEPs) using tDCS, 

placing the return electrode at the base of the neck. They re

ported decreased VEPs with a-tDCS, while c-tDCS led to an 

increased amplitude of the P1 component.

Fertonani et al. (2011) tested visual perceptual learning 

performance using different stimulation types - such as a- 

tDCS, c-tDCS, low- or high-frequency tRNS (hf-tRNS), and 

Sham stimulation - to investigate their potential effects on 

behavioral performance. The stimulation electrode was 

placed over V1, while the return electrode was positioned 

extracephalically on the right arm. Among all stimulation 

types, hf-tRNS yielded the most significant improvements in 

visual perceptual learning. Using an extracephalic electrode 

and targeting the ventromedial prefrontal cortex (VMPFC) 

with c-tDCS, Yin et al. (2021) showed that the self- 

prioritization effect was abolished. In another study, 
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somewhat mixed results were observed in children with 

ADHD: no improvements in working memory, cognitive flex

ibility, or response inhibition were found with either a-tDCS or 

c-tDCS, whereas only unilateral a-tDCS over the dorsolateral 

prefrontal cortex (DLPFC) produced partial improvements in 

executive control (Salehinejad et al., 2022). Both a-tDCS and c- 

tDCS led to improved accuracy and reaction time in executive 

function tasks, while decreased working memory perfor

mance was observed with c-tDCS in active-duty soldiers 

(Duffy et al., 2024).

In sum, contradictory results have been shown regarding 

the efficacy of transcranial electrical stimulation (tES), with 

some studies highlighting a lack of robust effects on several 

neurophysiological measures (Horvath et al., 2015a; Horvath 

et al., 2015b), prompting ongoing debate on the reliability of 

tES findings (Antal et al., 2015; Horvath et al., 2015a; Price & 
Hamilton, 2015). Critically, factors such as experimental 

setup, behavioral paradigms, stimulation intensity, electrode 

placement, and interindividual variability must be taken into 

consideration (Fertonani et al., 2017; Horvath et al., 2014; 

Rodella et al., 2021). Electrode configuration has been sug

gested as one of the key contributors to these inconsistencies. 

To our knowledge, no investigation has directly compared the 

efficacy of cephalic versus extracephalic electrode placements 

using a motion discrimination paradigm while also examining 

the effects of different stimulation techniques, such as a- 

tDCS, c-tDCS, and hf-tRNS. In the present study, we aimed to 

address design-related disparities in the literature by 

combining different stimulation types and electrode configu

rations within the same behavioral paradigm, thereby 

providing more integrated findings.

Ghin et al. (2018) employed a motion coherence discrimi

nation task using anodal or cathodal tDCS, hf-tRNS, or Sham 

stimulation. They used a cephalic electrode montage, placing 

the active electrode over the left hMT+ and the return elec

trode over the vertex (corresponding to the Cz electrode in a 

64-channel EEG system). They found reduced motion coher

ence thresholds only when the stimulus was presented in the 

visual hemifield contralateral to the stimulated hMT+. In this 

study, we investigated the effects of tDCS and hf-tRNS on 

motion discrimination performance, with particular 

emphasis on electrode configuration (i.e., cephalic versus 

extracephalic electrode placement, thereby varying the dis

tance between electrodes) across different brain stimulation 

types. We expected diminished effects of tES as the distance 

between the stimulation and return electrodes increased, as 

suggested by Moliadze et al. (2010) and Opitz et al. (2016). 

Therefore, the motion coherence threshold reduction induced 

by hf-tRNS with a cephalic montage, as shown in Ghin et al. 

(2018), should be reduced or abolished with an extracephalic 

arrangement. This could be due to a shift in the location of the 

peak electric field and/or a change in the distribution (focality) 

of the electric field resulting from increased interelectrode 

distance. Furthermore, we asked whether other tES types 

might have any effect on motion coherence thresholds using 

the same extracephalic arrangement.

In the current investigation, we compared the data from 

the cephalic stimulation condition in Ghin et al. (2018) with a 

new dataset using extracephalic stimulation to explore the 

impact of increased electrode distance on the estimated cur

rent field distribution and the resulting behavioral outcomes.

2. Methods

The methods used in this experiment were adapted from Ghin 

et al. (2018). The paradigm employed in their first experiment 

was implemented to investigate the effects of increased dis

tance between electrodes.

2.1. Participants

One of the authors (AP) and twelve naı̈ve participants took 

part in the experiment. All participants had normal or 

corrected-to-normal vision. All experimental protocols and 

procedures were conducted in accordance with the World 

Medical Association (2013) and were approved by the Ethics 

Committee of the University of Lincoln. Participants were 

screened using a questionnaire for the presence of implanted 

metal objects and any past or present history of seizures, 

heart-related problems, or any neurological conditions, to 

ensure eligibility for participation. They received detailed in

formation about the protocol and signed a consent form. 

Participants were given monetary compensation for taking 

part in the experiment. The cephalic montage dataset used in 

this study was the same as that reported by Ghin et al. (2018). 

In contrast, the twelve additional participants in the current 

study were tested using an extracephalic electrode montage. 

This approach enabled us to compare the previously reported 

cephalic stimulation data with the new dataset to evaluate 

how increased electrode distance influences the estimated 

current field distribution and the resulting behavioral 

outcomes.

A post hoc power analysis was conducted using G*Power 

3.1 (Faul et al., 2007, 2009) to determine the achieved statistical 

power for the significant three-way interaction between 

stimulation type, visual hemifield, and experimental group 

observed in our mixed ANOVA (η2
p = :10), equivalent to 

Cohen’s f = .3516). The analysis was based on a mixed 

repeated-measures design with eight within-subject mea

surements (4 stimulation types × 2 hemifields) and two 

between-subjects groups (cephalic versus extracephalic 

montage). The total sample size was 28 participants; one 

participant (RD) who took part in both experiments was 

included only once to preserve the independence of observa

tions. With an α level of .05 and non-sphericity correction 

ε = 1, the power analysis yielded an estimated power of .92, 

indicating that our sample size was sufficient to detect 

medium-to-large effects for this interaction.

2.2. Apparatus

Stimuli were presented on a 20-inch HPp1230 monitor with a 

refresh rate set to 85 Hz. The screen resolution was 

1280 × 1024 pixels, with each pixel corresponding to 1.6 arc

mins. The minimum and maximum luminance values of the 

screen were .08 and 74.6 cd/m2 respectively, with a mean 

luminance of 37.5 cd/m2. Stimuli were displayed on a gamma- 
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corrected monitor using a look-up table (LUT) to linearize the 

luminance range. MATLAB Psychtoolbox-3 was used for 

stimulus generation and data collection (Brainard, 1997; 

Kleiner et al., 2007; Pelli, 1997). Participants were seated at a 

57 cm distance from the screen using a chin and forehead rest.

2.3. Stimuli

Stimuli were random dot kinematograms (RDKs) consisting 

of 150 randomly moving white dots (.12 deg diameter). RDKs 

were presented within a circular aperture with a diameter of 

8 deg (density: 3 dots/deg2). Dot drifting speed was 13.4 deg/ 

s, and the eccentricity was 12 deg. However, for four par

ticipants the task at 13.4 deg/s was too difficult (occasionally 

producing the perception of motion in the opposite direc

tion; Bae & Luck, 2022). For these participants only, we used 

a speed of 8 deg/s. Each dot had a limited lifetime of 47 msec 

before disappearing and reappearing at another random 

location within the aperture. Dot density was maintained by 

repositioning dots that moved outside the circular window. 

A proportion of the dots moved in a coherent direction 

(signal dots), while the remaining moved in random di

rections (noise dots). The probability of a dot being a signal 

or noise dot was kept constant, and dot appearance on the 

screen was asynchronous (Geisler, 1999; Morgan & Ward, 

1980; Newsome & Par�e, 1988). RDKs were displayed for 

approximately 106 msec and appeared either on the right or 

left side of the fixation point, randomly selected and 

counterbalanced.

2.4. Procedure

Participants were instructed to maintain fixation on a central 

red dot and report the perceived direction of motion of 

random dot kinematograms (RDKs), presented either in the 

left or right visual hemifield at an eccentricity of 12◦ (see Fig. 1

in Ghin et al. (2018) for a schematic representation). The RDKs 

could move in one of eight possible cardinal or intercardinal 

directions, and participants responded using an eight- 

alternative forced choice (8-AFC) task by pressing the corre

sponding key on the numeric keypad. The 8-AFC task reduces 

the probability of correct guesses (chance level = 12.5%) and 

enhances discriminative power relative to simpler alterna

tives (e.g., 2-AFC). Increasing the number of alternatives im

proves psychometric efficiency, particularly with adaptive 

thresholding methods (Hou et al., 2015), and enhances reli

ability in naı̈ve participants, likely due to greater attentional 

demands (J€akel & Wichmann, 2006). Accordingly, the 8-AFC 

design in our study allowed for a more sensitive detection of 

tES-induced modulations in motion perception.

Each experimental session began with a brief familiariza

tion phase (no stimulation) to allow participants to become 

accustomed to the task and response mapping. During this 

phase, participants completed two blocks of 64 trials each. 

Within each block, stimuli were presented at 100% coherence, 

with 32 trials randomly presented in the left visual hemifield 

and 32 in the right, intermixed in random order. No staircase 

procedure was used during this phase. Data from the famil

iarization blocks were not included in the final analyses of 

coherence thresholds and psychometric function slopes.

Each trial began with the presentation of a fixation point 

for 1 sec, followed by a brief RDK stimulus. Participants re

ported the perceived motion direction by pressing one of eight 

keys on the numeric keypad. No feedback was provided.

Following familiarization, participants completed the main 

experimental task, which consisted of five consecutive blocks 

during which transcranial electrical stimulation (tES) was 

applied. Each block included two interleaved adaptive stair

cases using the Maximum Likelihood Procedure (MLP; Grassi & 
Soranzo, 2009; Green, 1993), one tracking the motion coher

ence threshold for the left visual hemifield, and one for the 

right. Each staircase consisted of 32 trials. From each stair

case, we estimated the motion coherence threshold and slope 

individually, yielding separate values for each block and each 

hemifield. The coherence threshold was defined as the 

coherence level corresponding to 70.7% accuracy.

Transcranial electrical stimulation (a-tDCS, c-tDCS, hf- 

tRNS, and Sham) was delivered online (i.e., during task 

execution) across four separate, non-consecutive sessions 

held on different days. The order of stimulation conditions 

was counterbalanced across participants. Participants were 

blinded to the stimulation condition in each session.

2.5. Electrical stimulation

A BrainSTIM EMS device (http://www.brainstim.it/index.php? 

lang=en) was used for electrical stimulation. The stimulation 

intensity was set at 1.5 mA with a 30-s ramp-up. The stimu

lation lasted approximately 18 min. Similar stimulation pa

rameters, when applied over hMT+, have been shown to 

improve visual motion discrimination with both tDCS (Antal 

et al., 2004; Battaglini et al., 2017; Wu et al., 2022) and tRNS 

(Ghin et al., 2018; Pavan et al., 2019). For the hf-tRNS condition, 

alternating current oscillating at random frequencies between 

100 and 600 Hz was delivered. The Sham condition involved 

30 sec of stimulation at the beginning of the trial, after which 

no electrical stimulation was delivered during the task 

(Gandiga et al., 2006). The electrode placed over hMT+

measured 4 × 4 cm (16 cm2), while the larger electrode 

(6 × 10 cm, 60 cm2) was positioned on the upper left arm, 

following configurations used in previous studies (Camilleri 

et al., 2014, 2016; Fertonani et al., 2011; Ghin et al., 2018; 

Moret et al., 2018; O’Hare et al., 2021). Stimulation was con

ducted within established safety guidelines (Bikson et al., 

2016; Poreisz al., 2007). One electrode was placed over hMT+, 

the area responsible for visual motion processing (Albright, 

1984; Newsome & Par�e, 1988; Maunsell & Van Essen, 1983; 

Smith et al., 2006; Tootell et al., 1995), and the other elec

trode on the ipsilateral deltoid muscle to create an extrac

ephalic configuration (Fertonani et al., 2011). Since the 

stimulation electrode was positioned over the left hMT+, the 

left visual field remained ipsilateral to the stimulated area. 

Consequently, the modulation of motion discrimination 

thresholds and slope was anticipated to be most pronounced 

in the contralateral (right) visual hemifield.

The target area was localized in all participants using 

predetermined coordinates: 3 cm dorsal to inion and 5 cm to 

the left, for localization of hMT+ (Battelli et al., 2002; Campana 

et al., 2002, 2006, 2013; Edwards et al., 2017; Laycock et al., 

2007; Pascual-Leone et al., 1999; Pavan et al., 2011, 2017; 
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Th�eoret et al., 2002). This location aligns with anatomical 

landmarks (Dumoulin et al., 2000) and functional MRI local

izers (Thompson et al., 2009). On an average-sized skull, the 

closest corresponding electrode position in the 10—20 EEG 

system is PO7.

2.6. Estimated electric fields induced by tES

Simulations were performed using SimNIBS 4.1 (Saturnino 

et al., 2019; Thielscher et al., 2015) to estimate the potential 

electric field distribution over hMT+. An extracephalic 

configuration was employed, with one electrode placed over 

the area corresponding to hMT+ (as described in the methods 

section) and the other electrode placed on the ipsilateral neck, 

given the spatial limitations of the software mesh, which ex

tends to the neck but not the shoulder. Regarding the return 

location, Maas et al. (2023) showed that electric field (EF) es

timates using SimNIBS were largely consistent when 

comparing lower neck and shoulder return placements. 

Similarly, Van Hoornweder et al. (2024) suggested neck versus 

shoulder simulations only showed a .011 V/m peak magnitude 

difference. Electrode sizes and sponge measurements were 

kept consistent with those used in the verum tDCS stimula

tion. Both extracephalic and cephalic electrode configurations 

Fig. 1 — Simulated electric field (EF) distribution induced by tES, modeled using SimNIBS. (a) Electrode placement at PO7, 

corresponding to the left hMT þ region, shown in the 10—20 EEG coordinate system. (b) Extracephalic montage using a 

PO7—neck electrode pair. (c) Cephalic montage using a PO7—Cz electrode pair, following the configuration from Ghin et al. 

(2018). Color maps represent EF magnitude (E_magn, in V/m), with warmer colors indicating higher field strength.
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were simulated to assess electric field distribution, following 

the parameters set by Ghin et al. (2018). The simulations 

revealed that the 99.9th percentile of the electric field for the 

extracephalic montage was .307 V/m, slightly lower than the 

.328 V/m observed for the cephalic configuration (Fig. 1). 

Focality analysis indicated that 75% of the 99.9th percentile 

field was confined to a volume of 1.15 · 104 mm3 in the 

extracephalic montage, compared to 1.45 · 104 mm3 in the 

cephalic configuration. These results suggest that while both 

configurations produce similar peak electric field magnitudes, 

the cephalic montage results in a slightly larger and more 

diffuse field distribution, whereas the extracephalic setup 

generates a more focused field.

To extrapolate these results to the case of alternating 

current stimulation, we used a convenient approximation 

that was first proposed in Ghin et al. (2018). Such approxi

mation allows to extrapolate the expected values of the peak 

electric field magnitude generated by an alternating current 

stimulus of given intensity, in terms of the electric field 

generated by a direct current of equal intensity, if the fre

quency of the stimulus lies below a threshold value that was 

quantified in Ghin et al. (2018) in the order of kHz.

The idea underlying the approximation is that the electric 

field Eω generated by an alternating current stimulus of fre

quency ω is proportional to the one E0 generated by a direct 

current (that is, when ω → 0) via a scaling factor r defined as: 

r=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

R2
ω + X2

ω

√

R0

Eq. 1 

R and X are the real and imaginary components of the 

electrical impedance across the path between the two elec

trodes (the subscripts refer to the ω frequency stimulus and the 

direct current stimulus, respectively). Therefore, the knowl

edge of these components allows us to compute Eω from E0.

Unfortunately, the impedance values used in Ghin et al. 

(2018) refer to a shorter, intracephalic path, and we were not 

able to retrieve from the literature any estimate of these values 

for the longer path considered in the present study. Nonethe

less, if we make the further assumption that the impedance 

grows linearly with the path length (which is formally true only 

along a perfectly homogeneous path, but is still an acceptable 

approximation as long as several yet similar body tissues are 

crossed), both the numerator and the denominator of Equation 

(1) are increased by the same (path length-related) factor, 

resulting in the same ratio r as in the previous case.

Taking all the above considerations into account, it is 

possible to claim that the peak electric field experienced in the 

extracephalic montage ranged approximately from .146 V/m 

at ω = 100 Hz (when r was .476) to .054 V/m at ω = 600 Hz 

(when r was .177) whereas the cephalic montage ranged 

approximately from .156 V/m at ω = 100 Hz (when r was .476) 

to .058 V/m at ω = 600 Hz (when r was .177). It is important to 

note that these values are based on a series of approximations 

and should be regarded as estimates serving only the purpose 

of this consistency check.

2.7. Data analysis

To examine differences in coherence thresholds between 

subgroups of participants exposed to stimuli at different 

speeds, we used a permutation ANOVA (10,000 permutations) 

with global motion speed as the between-subjects factor. 

Subsequently, data from the two groups (extracephalic and 

cephalic montage groups) were analyzed using a three-way 

mixed ANOVA with one between-subjects factor (montage 

group) and two within-subjects factors (visual hemifield and 

stimulation type). Post hoc comparisons were corrected with 

the FDR method (α = .05). The normality of residuals was 

assessed using QQ plots and the Shapiro—Wilk test.

Skewness of the residual distributions was also assessed. 

Outliers were identified using the boxplot method, with values 

above Q3 + 1.5 x IQR or below Q1 - 1.5 x IQR considered out

liers. Q1 and Q3 refer to the first and third quartile, respec

tively, and the interquartile range (IQR) is defined as IQR = Q3 - 

Q1. The study focused on two dependent variables: (1) the 

coherence thresholds corresponding to 70.7% correct 

discrimination, and (2) the slope of the psychometric function. 

Details of the staircase operational workflow and the calcu

lations for determining coherence threshold and psychomet

ric function slope are provided in Appendix A.

Additionally, to assess whether any practice effect 

occurred over the course of the experiment and may have 

influenced our main results, we conducted a series of 

repeated-measures ANOVAs on coherence thresholds across 

the five staircase blocks within each experimental condition 

(cephalic versus extracephalic montage × left versus right 

visual field).

All analyses and visualizations were conducted using 

MATLAB 2022b, R (v4.3.3) (R Core Team, 2023), and Jamovi 2.4 

(The jamovi project, 2024).

The materials, data, and scripts used in these experiments 

are available on the Open Science Framework (OSF) at the 

following link: https://osf.io/tdq3p/

3. Results

3.1. Coherence thresholds

3.1.1. Permutation ANOVA

The permutation ANOVA was performed using the ‘perm. 

anova’ function from the ‘RVAideMemoire’ R package (Herv�e, 

2020). The results showed no significant difference between 

the two subgroups in the extracephalic montage when using 

global motion stimuli at different speeds (F1, 102 = .0032, 

p = .952).

3.2. Coherence thresholds

3.2.1. Omnibus three-way mixed ANOVA

Fig. 2 shows the coherence thresholds for each hemifield and 

stimulation condition, separately for the cephalic and 

extracephalic montage. From the QQ plots and Shapiro—Wilk 

tests performed across all conditions, residuals were approx

imately normally distributed (all ps > .05). Skewness values 

were around 1 or lower across all conditions, indicating min

imal deviation from symmetry. The assumption of homoge

neity of variances was also met. One outlier was identified 

using the boxplot method (cephalic montage group, left visual 

hemifield, c-tDCS, coherence threshold = 68.1), but it was 
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retained in the analysis. To further assess this data point, we 

evaluated its extremeness using a parametric criterion (z- 

score > ±3) and found that it did not exceed this threshold, 

indicating it was not a parametric outlier despite being high.

The omnibus mixed ANOVA revealed a significant inter

action between group and visual hemifield (F1, 26 = 7.27, 

p = .012, η2
p = :22), as well as a significant three-way interac

tion between group, visual hemifield, and stimulation type (F3, 

78 = 3.05, p = .034, η2
p = :10). All the other main effects and 

interactions were not significant (group/montage: F1, 26 < .001, 

p = .99, η2
p < :001; visual hemifield: F1, 26 = .52, p = .48, η2

p = :02; 

stimulation: F3, 78 = .80, p = .5, η2
p = :03; stimulation x group: F3, 

78 = .62, p = .62, η2
p = :023; visual hemifield x stimulation: F3, 

78 = 1.09, p = .36, η2
p = :04). For the interaction between group 

and visual hemifield, FDR corrected post hoc comparisons 

(corrected for six comparisons) did not reveal any significant 

difference (all padj > .05).

To explore the three-way interaction, we performed two- 

way repeated-measures ANOVA for each group. Specifically, 

one two-way RM ANOVA for the extracephalic montage and 

another for the cephalic montage.

Fig. 2 — Coherence thresholds across stimulation conditions for the cephalic and extracephalic montages. Top panel: Bar 

plots showing mean coherence thresholds (±1 SEM) for each stimulation condition and visual hemifield, separately for the 

cephalic and extracephalic groups. Asterisks indicate a significant difference between the left and right visual hemifields in 

the hf-tRNS condition for the cephalic group (padj ¼ .0009). Bottom panel: Individual data points plotted for each condition 

and group. Group means are shown as black diamonds with vertical bars indicating ±1 SEM. Black dashed lines connect the 

group means to facilitate visual comparison across conditions.
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For the extracephalic montage, the two-way RM ANOVA 

did not reveal any significant main effect or interaction (visual 

hemifield: F1, 12 = 1.85, p = .2, η2
p = :134; stimulation: F3, 

36 = .024, p = .99, η2
p = :002; visual hemifield x stimulation: F3, 

36 = 1.51, p = .23, η2
p = :11).

For the cephalic montage, the two-way RM ANOVA 

revealed a significant effect of the visual hemifield (F1, 

14 = 6.20, p = .026, η2
p = :31) and a significant interaction be

tween visual hemifield and stimulation (F3, 42 = 2.9, p = .046, 

η2
p = :17). The main effect of stimulation was not significant 

(F1.83, 25.63 = 1.64, p = .21, η2
p = :11, Greenhouse—Geisser 

correction for the degrees of freedom applied due to sphe

ricity violation). On average, coherence thresholds were lower 

for the right visual hemifield (mean difference: 3.73%; SE: 

1.50%). For the significant visual hemifield × stimulation 

interaction, FDR-corrected post hoc (correction applied for 28 

comparisons) revealed a significant difference between left 

hemifield a-tDCS and right hemifield hf-tRNS conditions 

(padj = .0448), between left hemifield c-tDCS and right hemi

field hf-tRNS conditions (padj = .0009), between left and right 

hemifields in the hf-tRNS condition (padj = .0009), with a mean 

difference of 9.25% (SE: 1.91%). A significant difference was 

also found between left Sham and right hf-tRNS (padj = .0009) 

and between right Sham and right hf-tRNS conditions (padj

= .0448). All other comparisons did not reach the significance 

level. These findings suggest that hf-tRNS facilitates global 

motion discrimination by lowering coherence thresholds in 

the contralateral visual field, but only with a cephalic 

montage, i.e., when both electrodes are placed on the scalp 

(see Fig. 2).

3.3. Slope

Fig. 3 shows the slopes for each hemifield and stimulation 

condition, separately for the cephalic and extracephalic 

montage. A permutation ANOVA on the slope showed no 

significant difference between the two subgroups with 

different global motion speeds in the extracephalic montage 

(F1, 102 = .943, p = .335).

From the QQ plots and Shapiro—Wilk tests conducted for 

all the conditions (split by montage group), residuals were 

approximately normally distributed. However, four condi

tions showed borderline or significant deviations from 

normality (cephalic, left visual field, a-tDCS, p = .049; cephalic, 

left visual field, c-tDCS, p = .003; cephalic, right visual field, hf- 

tRNS, p = .022; extracephalic, right visual field, hf-tRNS, 

p = .003; cephalic, right visual field, Sham, p = .018). None

theless, skewness values were always <1, suggesting minimal 

deviation from symmetry. The assumption of sphericity and 

homogeneity of variances were met. Eight outliers were 

identified using the boxplot method and were retained in the 

analysis. To further assess these data points, we applied a 

parametric criterion (z-score > ±3) and found that none 

exceeded this threshold. This indicates that, although rela

tively high or low within their respective conditions, these 

values do not qualify as parametric outliers. The omnibus 

mixed ANOVA revealed only a significant interaction between 

group and visual hemifield (F1, 26 = 5.44, p = .028, η2
p = :17). All 

other main effects and interactions were not significant 

(group/montage: F1, 26 = 3.48, p = .074, η2
p = :12; visual hemi

field: F1, 26 = .06, p = .81, η2
p = :002; stimulation: F3, 78 = .84, 

p = .48, η2
p = :031; stimulation x group: F3, 78 = .21, p = .89, η2

p =

:008; visual hemifield x stimulation: F3, 78 = .36, p = .79, η2
p =

:013; visual hemifield x stimulation x group: F3, 78 = 1.213, 

p = .31, η2
p = :045). For the group x visual hemifield interaction, 

FDR-corrected post hoc comparisons (corrected for six com

parisons) did not reveal any significant difference (all padj

> .05). These results suggest that the tES techniques applied 

had no effect on the slope, which is related to stimulus 

discriminability.

3.4. Test of practice effects

To assess the presence of practice effects over the course of 

the experiment, we conducted a series of repeated-measures 

ANOVAs on coherence thresholds across the five staircase 

blocks within each experimental condition (cephalic versus 

extracephalic montage × left versus right visual field). Across 

all four stimulation conditions, the main effect of the staircase 

block was not significant, indicating no systematic improve

ment or deterioration in performance across blocks. 

Specifically:

Cephalic LVF: F4, 56 = .972, p = .430, η2
p = :065;

Cephalic RVF: Greenhouse-Geisser corrected F2.42, 

33.89 = .494, p = .65, η2
p = :034;

Extracephalic LVF: Greenhouse-Geisser corrected F1.94, 

23.26 =2.01, p = .158, η2
p = :143;

Extracephalic RVF: F4, 48 = .392, p = .813, η2
p = :032.

Additionally, polynomial trend analyses revealed no sig

nificant linear, quadratic, or cubic trends in any condition (all 

p > .05), suggesting the absence of systematic learning effects 

over time. The Stimulation condition × Block interaction was 

also non-significant across all analyses (all p > .05), even when 

applying Greenhouse-Geisser corrections for sphericity vio

lations. These consistent findings across all montages and 

visual hemifields support the conclusion that the stimulation- 

related effects observed in our study are not confounded by 

practice effects, and that performance remained stable across 

repeated measurements.

4. Discussion

Differences in the literature regarding clinical or cognitive 

applications of brain stimulation are often linked to parame

ters such as electrode size, position, stimulation type and in

tensity, duration, and frequency. The extracephalic 

configuration is often preferred when targeting deeper regions 

(Bai et al., 2014; Guidetti et al., 2023; Noetscher et al., 2014) or 

when avoiding stimulation of additional areas under the re

turn electrode. In this study, we aimed to investigate how 

increased distance between the two electrodes - as occurs in 

an extracephalic montage — affects neuromodulation.

Our results showed that extracephalic conditions, in gen

eral, did not induce changes in motion coherence thresholds: 

none of the stimulations type altered performance compared 
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to Sham conditions. However, in the cephalic montage, where 

the interelectrode distance is much smaller, stimulation ef

fects were observed between right and left hemifield condi

tions. The hf-tRNS condition in the cephalic montage resulted 

in strong modulations when the globally moving RDK was 

presented in the visual hemifield contralateral to the stimu

lation site. Coherence thresholds were lower for the right vi

sual hemifield in the hf-tRNS condition not only compared to 

the right visual hemifield Sham condition but also compared to 

the left visual hemifield across the hf-tRNS, a-tDCS, c-tDCS, 

and Sham conditions. In other words, stimulating over left 

hMT+ with hf-tRNS overall improved performance (i.e., low

ered coherence thresholds) in the motion direction discrimi

nation task when presented in the contralateral hemifield. 

Neither a-tDCS nor c-tDCS produced significant changes in 

performance. This may be because online stimulation is 

optimal for tRNS but sub-optimal for tDCS, whose behavioral 

effects often require more time to emerge and tend to peak 

after the stimulation ends (Pirulli et al., 2013). Indeed, both 

tRNS and tDCS enhance neuronal excitability and perfor

mance, but through distinct mechanisms and temporal dy

namics. High-frequency tRNS delivers broadband random 

currents that enhance neural signal processing via a stochastic 

resonance effect, effectively boosting the signal-to-noise ratio 

in sensory circuits (Ghin et al., 2018; Pavan et al., 2019; van der 

Groen & Wenderoth, 2016). In contrast, anodal tDCS applies a 

low-level constant current that gradually shifts neuronal 

excitability, resulting in slower, more delayed behavioral 

Fig. 3 — Slopes across stimulation conditions for the cephalic and extracephalic montages. Top panel: Bar plots showing 

mean slopes (±1 SEM) for each stimulation condition and visual hemifield, separately for the cephalic and extracephalic 

groups. Bottom panel: Individual data points plotted for each condition and group. Group means are shown as black 

diamonds with vertical bars indicating ±1 SEM. Black dashed lines connect the group means to aid visual comparison 

across conditions.
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changes. Thus, a key difference lies in the timing of their 

neuromodulatory effects: tRNS yields immediate benefits 

during stimulation (online), while tDCS effects typically peak 

after stimulation has ceased (offline) (Pirulli et al., 2013).

In this study, we run simulations for both cephalic and 

extracephalic montages to compare the estimated electric 

field (EF) distributions. Fig. 1 shows the results of increasing 

interelectrode distance. Traditionally, when a specific region 

is targeted by electrical stimulation, the stimulation electrode 

is placed over that area with the expectation of inducing 

changes in cortical excitability. However, while the cephalic 

montage estimations appear to target areas responsible for 

motion perception, such as hMT+, the extracephalic montage 

seems to shift the EF away from it, towards regions such as the 

inferior occipital gyrus (IOG), the posterior inferior temporal 

gyrus (pITG), the temporal pole (TP; not shown in Fig. 1), and 

the cerebellum. These areas are associated with functions 

such as face selectivity (IOG; Jacques et al., 2019; de Haas et al., 

2021), face recognition and semantic processing (TP; Herlin 

et al., 2021), object comprehension (anterior temporal lobe; 

Bonner & Price, 2013), and movement (cerebellum) - none of 

which directly relate to motion processing. This shift may 

account for the lack of modulation in coherence thresholds 

observed across all stimulation types (a-tDCS, c-tDCS, hf- 

tRNS) in the extracephalic configuration - unlike prior 

studies that reported behavioral changes using cephalic 

montages, different stimulation durations, or different stim

ulation frequency ranges (Antal et al., 2008; Campana et al., 

2016; Ghin et al., 2018).

To further explore EF distribution in targeted areas, we 

conducted SimNIBS simulations of several studies that 

employed extracephalic montages and reported a lack of 

behavioral improvements. Salehinejad et al. (2022), who 

placed the stimulation electrode over the dorsolateral pre

frontal cortex (DLFPC), found no improvement in executive 

function performance using tDCS. Simulation of their stimu

lation parameters showed higher EF over the ventrolateral 

prefrontal cortex (VLPFC) rather than the intended DLPFC 

target (see Supplementary Material Fig. 1 and S1), potentially 

explaining the absence of behavioral effects. Similarly, Duffy 

et al. (2024) reported high EF over VLPFC when stimulating 

the DLPFC. Their results were mixed, with increased reaction 

time and d’ for males with a-tDCS and for females with c-tDCS 

(Fig. S2). Fertonani et al. (2011) found modulation of d’ with hf- 

tRNS compared to Sham, a-tDCS, c-tDCS. Simulations of their 

setup revealed that both occipital lobes were within the peak 

EF distribution, which is consistent with their reported 

behavioral effects (Fig. S3). Martin et al. (2011) reported that 

repeated extracephalic tDCS applied to the DLPFC improved 

depression scores more than bifrontal stimulation (Drevets, 

2007), likely due to widespread EF distribution including 

limbic areas associated with depressive symptoms (Fig. S4).

In addition to interelectrode distance, electric field (EF) 

focality plays a critical role in targeting hMT+. Previous 

studies have shown that focality decreases as interelectrode 

distance increases in cephalic montages (Caulfield & George, 

2022; Mackenbach et al., 2020). Several strategies have been 

proposed to improve EF focality, such as reducing electrode 

size (Faria et al., 2011), using ring electrodes (Datta et al., 2009), 

or increasing the return electrode size (Nitsche et al., 2007). 

Increasing stimulation intensity could also influence behav

ioral outcomes, as suggested by Moliadze et al. (2010); how

ever, any intensity manipulation should be carefully 

considered alongside the estimated spatial distribution of the 

EF.

Beyond these local targeting concerns, it is also important 

to consider that the effects of tES are not strictly confined to 

the targeted cortical site. While our study was not designed to 

directly assess network-level interactions, we acknowledge 

that stimulation can influence broader brain networks. This 

has been clearly demonstrated in several studies combining 

tES with neuroimaging (e.g., Alekseichuk et al., 2016; Cabral- 

Calderin et al., 2016; Cont�o et al., 2021; Kar et al., 2020), 

which show that stimulation over visual areas, including 

hMT+, can modulate distributed functional networks 

involved in motion processing and attention. Although our 

protocol was optimized for local modulation of hMT+, future 

studies could benefit from combining tES with EEG or fMRI to 

directly assess connectivity and network-level dynamics.

This study aimed to present a general overview of how 

interelectrode distance affects behavioral outcomes through 

its impact on EF distribution. Based on our simulations, tar

geting a region of interest under the stimulation electrode 

appears more precise with a shorter interelectrode distance. 

In contrast, increasing the distance by moving one electrode 

to a more distant site may produce unintended effects. 

Therefore, interelectrode distance should be carefully 

considered when implementing a tES protocol.

Optimizing tES protocols remains a critical challenge 

considering its widespread clinical use. The promising out

comes reported in the literature highlight the extensive thera

peutic potential of tES. Accordingly, stimulation parameters 

such as electrode size, interelectrode distance, stimulation type, 

and intensity must be carefully addressed, and application 

protocols should be tailored to the specific therapeutic goals.
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Appendix A 

Estimation of coherence threshold and slope from MLP

The operational flow of the staircase to estimate coherence 

threshold and slope of the psychometric function consisted in 

acquiring and storing the subject response to the n-th trial, 

selecting the psychometric function maximizing the likeli

hood of the first n trials, estimating the corresponding 

coherence threshold, and presenting it as stimulus for the 

(n+1)-th trial. The estimate subsequent to the last trial was the 

output of the staircase (Grassi & Soranzo, 2009). The logistic 

function was used as psychometric function: 

p(x)=γ +
1 − γ

1 + exp(− ß(x − α))
Eq. (A.1) 

The baseline parameter γ was fixed to 1/8, while the 

midpoint α and the slope parameter ß were varied to maxi

mize the likelihood. The rationale for such a choice was to 

focus on the position of the threshold on the coherence axis, 

suppressing the further degree of freedom associated with the 

growth rate of the psychometric function. However, for the 

sake of completeness, we also extracted information about 

the slope. To do this, we made use of a custom best fit routine 

based on a Metropolis—Hastings algorithm, exploring the 

parameter space of the logistic function. The algorithm 

randomly selected a starting point in the parameter space {α, 

ß} and computed the corresponding total likelihood: 

lTOT =
∑

n

ln
[
Rn +(− 1)

Rn p(xn)
]

Eq. (A.2) 

over the whole staircase. Here xn is the coherence of the n-th 

trial, while Rn indicates the corresponding subject response (1 

for correct, 0 for wrong). Thereafter, during each iteration of 

the Metropolis—Hastings, it performed a random step in the 

parameter space, computed the corresponding total likeli

hood and compared it to the one of the starting points. If the 

new likelihood was higher, the algorithm replaced the starting 

point with the new point, thus accepting the step. Otherwise, 

the step was rejected. Approximately 100,000 iterations were 

performed for each staircase, and the logistic function corre

sponding to the highest likelihood was returned as the best 

fitting curve. Using the best fit parameters, it was possible to 

compute an estimate for the coherence threshold Tc as the 

inverse logistic function: 

Tc =α −
1

ß
ln

[
1 − γ

pt − γ
− 1

]

Eq. (A.3) 

pt being the 70.7% accuracy value acquired by the psycho

metric function in correspondence of the coherence 

threshold. The slope of the psychometric function was 

calculated as: 

s= ß
1 − γ

4
Eq. (A.4) 

where γ = :125.
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