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Abstract
Recent studies suggest that temporoparietal junction (TPJ) modulation can influence attention

and social cognition performance. Nevertheless, no studies have used multichannel transcra-

nial direct current stimulation (tDCS) over bilateral TPJ to estimate the effects on these neu-

ropsychological functions. The project STIPED is using optimized multichannel stimulation

as an innovative treatment approach for chronic pediatric neurodevelopmental disorders,

namely in children/adolescents with Autism Spectrum Disorder (ASD).

In this pilot study, we aim to explore whether anodal multichannel tDCS coupled with a

Joint Attention Task (JAT) influences social-cognitive task performance relative to sham stim-

ulation, both in an Emotion Recognition Task (ERT) and in a Mooney Faces Detection Task

(MFDT), as well as to evaluate this technique’s safety and tolerability.
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Twenty healthy adults were enrolled in a randomized, single-blinded, sham-controlled,

crossover study. During two sessions, participants completed the ERT and the MFDT before

and after 20min of sham or anodal tDCS over bilateral TPJ. No significant differences on per-

formance accuracy and reaction time were found between stimulation conditions for all tasks,

including the JAT. A significant main time effect for overall accuracy and reaction time was

found for the MFDT. Itching was the most common side effect and stimulation conditions de-

tection was at chance level. Results suggest that multichannel tDCS over bilateral TPJ does not

affect performance of low-level emotional recognition tasks in healthy adults. Although pre-

liminary safety and tolerability are demonstrated, further studies over longer periods will be

pursued to investigate the clinical efficacy in children/adolescents with ASD, where social

cognition impairments are preponderant.
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1 Introduction
Non-invasive brain stimulation methods, including transcranial direct current stim-

ulation (tDCS) have been suggested as a promising alternative for the treatment of

neurodevelopmental disorders, namely Autism Spectrum Disorder (ASD), given the

induced improvements in multiple cognitive domains for both healthy individuals as

for patients with neuropsychiatric disorders (Boggio et al., 2006; Brunoni et al.,

2013; Dedoncker et al., 2016; Kekic et al., 2016; Kuo et al., 2014).

TDCS is a safe, well-tolerated and non-invasive established method of modulat-

ing neuronal activity. A constant, low-intensity direct current (0.5–2mA) is passed

into the brain through anode and cathode electrodes that are placed on the scalp, gen-

erating subthreshold alterations of the resting membrane potential and, consequently

inducing transient changes in cortical excitability (Nitsche and Paulus, 2000, 2011).

Anodal stimulation generates depolarization of resting membrane potentials in un-

derlying cortical tissue, increasing rates of neuronal firing and excitability; while

cathodal tDCS promotes hyperpolarization, reducing firing rates and excitability

(Stagg andNitsche, 2011). Conventional tDCS techniques use predominantly bipolar

montages and large sponge pad electrodes, stimulating relatively broad brain regions

between the anode and the cathode (Brunoni et al., 2012). To improve focality, depth

of penetration and targeting-location control, new approaches using arrays of smaller

electrodes, such as multichannel montages or High-Definition tDCS (HD-tDCS)

have emerged. Multichannel tDCS and HD-tDCS allow greater current density

and focality (Datta et al., 2009). An M�N multichannel configuration montage is

typically used for targeting cortical and deep brain structures, where N is the number

of active electrodes that is placed over the target region andM is the number of return

electrodes. The active electrode defines the polarity of the stimulation as either
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anodal or cathodal, and the limits of the return electrodes confine the area undergoing

modulation (Garnett et al., 2015).

Some studies have already demonstrated that non-invasive brain stimulation

techniques may be used to target core ASD traits, namely social cognition via mod-

ulation of the temporoparietal junction (TPJ) (Donaldson et al., 2015; Santiesteban

et al., 2012). Social cognition concerns the processes that allow individuals to inter-

act and understand the mental and affective states of other people (Adolphs, 2009). It

involves a wide variety of skills, such as facial memory and recognition, affect rec-

ognition and interpretation, or theory of mind (the ability to infer and reflect upon the

emotions, intentions, beliefs of the self and others) (Frith and Frith, 2003; Korkmaz,

2011). TPJ is a key multimodal cortical region that is emerging as an important hub

in several cognitive domains, such as social cognition, attention, or language and

speech (Binder et al., 2009; Corbetta and Shulman, 2002; Dunbar, 2012; Geng

and Vossel, 2013; Van Overwalle, 2009).

Recent studies have explored the effects of tDCS over TPJ in a range of socio-

cognitive tasks designed to be challenging in clinical groups such as ASD.

Santiesteban et al. (2015) applied anodal stimulation over the right and left TPJ in

healthy volunteers and observed bilateral TPJ involvement in perspective taking

and imitation inhibition tasks, but no effect on a theory of mind task. Other studies

investigated whether anodal or cathodal stimulation over the right TPJ could mod-

ulate the belief attribution in healthy subjects. Sellaro et al. (2015) observed that sub-

jects who received anodal stimulation assigned less blame to accidental harms

compared to participants who received cathodal or sham stimulation. Ye et al.

(2015) found that inhibiting the left or the right TPJ decreased the role of beliefs

in moral judgments, while Mai et al. (2016) observed that the accuracy of both theory

of mind and cognitive empathy tasks also decreased after receiving cathodal stimu-

lation. More recently, Donaldson et al. (2018, 2019) studied the potential effects of

HD-tDCS on the performance and neurophysiology of mental/emotional state attri-

bution and self-other processing tasks. They found that anodal HD-tDCS over the

right TPJ can affect facial emotion recognition, thereby identifying some preliminary

underlying neurophysiological correlates in healthy volunteers.

Although recent results are encouraging, the number of studies is still scarce,

even in adults. Moreover, no studies are available on bilateral tDCS stimulation

in either adults or children. Indeed, to the best of our knowledge, no experiments

have used multichannel tDCS over bilateral TPJ to estimate the effects on social

cognition, which may be particularly relevant in children and adolescents, in the

context of ASD, since this is a core brain area which is involved in several neuro-

cognitive impairments characterizing the disorder (van Veluw and Chance, 2014;

Venkataraman et al., 2015). Recent studies have also found that the left and right

TPJ stimulation effects on social cognitive abilities are comparable (Santiesteban

et al., 2015; Yang et al., 2020). Even though most of the research has been focused

on tDCS application in adult populations, there is evidence that tDCS can also be

safely applied on children and adolescents with minor side effects (Andrade et al.,

2014; Krishnan et al., 2015; Moliadze et al., 2015). The European research project
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STIPED is using optimized multichannel stimulation as an innovative treatment

approach for chronic pediatric neurodevelopmental disorders, including children

and adolescents with ASD and Attention-Deficit/Hyperactivity Disorder (ADHD)

(STIPED Consortium, 2017). Nonetheless, feasibility tests are first needed in adults

to assess the practicability of the proposed stimulation protocol. The present work

was carried out as part of the project STIPED (Stimulation in Pediatrics; Horizon

2020 n° 731827) and intended to explore the feasibility of the stimulation protocol

in controls so that it can then be applied in a large-scale clinical study in children and

adolescents with ASD. As such, a randomized, single-blinded, sham-controlled,

crossover pilot study in young healthy adults was carried out. In this pilot study,

we aimed at exploring whether anodal multichannel tDCS over bilateral TPJ coupled

with a learning task would influence social-cognitive task performance relative to

sham stimulation, both in a facial expression recognition task and in a holistic face

detection task, as well as to evaluate the safety and tolerability of this technique.

Based on the most directly relevant studies discussed above and in recent evidence

that a tailored concurrent task might activate the same pathways of tDCS and aug-

ment neuromodulatory effects (Bikson and Rahman, 2013; Kronberg et al., 2020),

we hypothesize that anodal stimulation would increase accuracy and processing

speed for both paradigms compared to sham stimulation, with good tolerability in

healthy individuals. By enhancing the activity of TPJ, we expect improved emotion

recognition and perceptual processing. On an exploratory level, we also aimed at in-

vestigating the effects of online bilateral TPJ stimulation in the concurrent task itself,

in this case a joint attention paradigm.

2 Materials and methods
2.1 Participants
Twenty healthy young adults (10 females, mean age 27.6�5.58 years) were

recruited and included in the study. Participants were recruited from Coimbra Insti-

tute for Biomedical Imaging and Translational Research (CIBIT)/Institute for Nu-

clear Sciences Applied to Health (ICNAS) private volunteers’ database, by email

or approached in person. Participants had never received tDCS and presented no con-

traindications to standard non-invasive brain stimulation. All volunteers had normal

or corrected to normal vision. The inclusion criteria were: (a) young healthy subjects

(b) with the age of 18 or over. The exclusion criteria included the following:

(a) history of neurological or psychiatric disorders; (b) epilepsy/epileptic seizures

in the past or family history of epileptic seizures; (c) migraine; (d) history of brain

surgery or of craniocerebral injury with loss of consciousness; (e) history of any

serious life-threatening or heart disease; (f ) tuberous sclerosis, neurofibromatosis,

cerebral palsy, increased intracranial pressure; (g) cardiac pacemaker or any other

body electronic devices; (h) pregnancy; (i) substance or tobacco consumption;

(j) concomitant medication with effects on the central nervous system and

(k) dermatological diseases of the scalp.
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The study was conducted in accordance with the Declaration of Helsinki and was

approved by the Ethics Committee of the Faculty of Medicine of the University of

Coimbra. All participants gave their written informed consent prior to screening pro-

cedures and recruitment. The demographic characteristics of the participants are

summarized in Table 1.

2.2 Study design
The study followed a randomized, single-blinded, sham-controlled, crossover de-

sign. Each participant attended a (i) screening session to obtain informed consent,

assess inclusion criteria and collect demographics information, and (ii) two neuro-

stimulation sessions which differed in the type of stimulation applied (verum/sham)

during a concomitant socio-cognitive task completion. The stimulation order

(verum-sham or sham-verum) was randomized and counterbalanced across partici-

pants (also considering their gender), so that for half of them the anodal stimulation

was the first session, while for the other half sham stimulation was. Participants were

blinded to the stimulation condition. Neurostimulation sessions were separated by a

washout period of 1 week to avoid carryover effects, and the screening visit was per-

formed either 1 day before the first tDCS session or earlier on the same day.

In each neurostimulation session, participants completed two social cognition

tasks before and after 20min of either sham or anodal multichannel tDCS over bi-

lateral TPJ. For both stimulation conditions, multichannel tDCS was performed con-

currently with a joint attention task to boost modulation of social cognition neural

circuits via activity-selective mechanisms. The activity-selective mechanism states

that the administration of tDCS combined with a learning task (online tDCS) can

pre-activate cortical regions specific to the paired task (in this case related to social

cognition) and thus, enhance the neuromodulatory potential of tDCS by improving

the functional specificity of stimulation (Bikson and Rahman, 2013; Kronberg

et al., 2020).

The experimental design of the neurostimulation sessions is schematized in Fig. 1.

2.3 Experimental procedure
Before the beginning of the first neurostimulation session, volunteers signed the in-

formed consent and participated in a brief screening that included medical and psy-

chosocial history assessment, sociodemographic data collection and tDCS safety

Table 1 Demographic characteristics of participants.

Variable Mean�STD

Gender (M/F) 20 (10/10)

Age (years) 27.6�5.58

Years education 17.00�2.58

Edinburgh Handedness Inventory (EHI) 79.12�24.21
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conditions evaluation to ensure inclusion criteria. Eligible participants completed the

Edinburgh Handedness Inventory (EHI) (Oldfield, 1971) to assess right (scores be-

tween +40 and +100) or left-hand dominance (scores between �100 and �40).

The experimental procedure for the two sessions was the same, except for the

type of stimulation administered. To prevent effects induced by the single-blind de-

sign on the dependent variables, the instructions given to participants were the same

and followed a predetermined protocol setting. The experiment included three social

cognition tasks, and each participant was required to complete a facial expression

task and a holistic detection task before and after receiving multichannel tDCS. Dur-

ing stimulation, the participants had to simultaneously perform a joint attention task,

with the purpose of activating the same social cognition pathways and augment

neuromodulatory effects of tDCS.

Participants were tested in a quiet room and were seated about 65cm away from

the screen (distance measured from the eyes to the center of the screen). The para-

digms were presented on a 22-in. LCD monitor (frame rate of 60Hz, 1680�1050

pixel resolution) and were delivered using either Matlab® (Mathworks, version

R2017a), Vizard 5 (WorldViz, release 5 VR Toolkit, development edition) or Unity

(Unity Technologies, r4.0), depending on the task’s programming.

In the beginning of each session, participants’ scalps and the right mastoids areas

were exfoliated with an abrasive gel and then cleaned with alcohol to ensure low

impedance levels at electrodes placement sites. The EEG reference electrodes set

(CMS/DRL) was attached to the right mastoid and then a 32-channel neoprene

cap with 24 EEG NG Geltrode NE032 and 8 hybrid tCS/EEG NG PiStim NE029

(Neuroelectrics, Barcelona, Spain), placed according to the international 10–10 sys-
tem was fitted to the participants’ heads. All the electrodes were loaded with conduc-

tive gel to maximize the scalp contact and allow for a low-resistance recording. At

least two impedance checks were carried out to guarantee that all the electrodes were

kept under 15kΩ during the recordings: before initiating the first socio-cognitive

task and immediately before launching the stimulation protocol. Multichannel tDCS

was delivered using the StarStim® 32 device (Neuroelectrics, Barcelona, Spain) and

the Neuroelectrics® Instrument Controller (NIC) software (releases 2.0.9 and

2.0.10). EEG was also recorded during stimulation and while participants were

FIG. 1

Schematic of the study’s experimental design for each neurostimulation session. Each

participant was required to complete two social cognition tasks before stimulation. After

20min of stimulation (sham or verum) concomitantly with a joint attention task, each

participant was required to complete the same tasks performed before.
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performing the social cognition tasks; nevertheless, within the context of the present

work, EEG data will not be presented.

At the end of each session, participants completed a safety questionnaire to assess

discomfort sensations during the stimulation and were asked to try to identify which

type of stimulation they received (verum or sham). This questionnaire was adapted

from Poreisz et al. (2007) and consists of six commonly reported side effects (itching,

pain, warmth, burn, metallic taste and fatigue), as well as an “other” category that

allows participants to report additional sensations (Brunoni et al., 2011). For each

side effect, a four-step scale of intensity is defined: absent, mild, moderate and

strong.

The total duration of the experimental procedure for each session was approxi-

mately 1h 30min, including 20min for scalp cleaning and placement of the EEG/

tDCS cap, 60min for the experimental tasks, neurostimulation and the safety ques-

tionnaire, and 10min to clean up at the end.

2.3.1 Multichannel tDCS
Multichannel tDCS stimulation followed the recommended safety procedures

(Poreisz et al., 2007; Woods et al., 2016) and was performed using StarStim® 32 sys-

tem (Neuroelectrics, Barcelona, Spain). This device is a wireless hybrid EEG/tDCS

32-channel neurostimulator, currently certified for research use only.

A total of eight sintered silver chloride (Ag/AgCl) electrodes of 12mm diameter

(3.14cm2 contact area) were used and placed in a double 3�1 configuration target-

ing the anterior and posterior regions of left and right TPJ. These regions were

demonstrated to be functionally connected to other areas involved in social cognition,

attentional selection (Mars et al., 2012) and revealed significant activation for tasks

involving emotion recognition and intention attribution (Schurz et al., 2014).

According to the 10–10 EEG international system, active electrodes were placed

over CP5 (left) and CP6 (right) positions with three corresponding return electrodes

on each side (C5, P1 and PO7 on the left and C4, T8 and P6 on the right). The ref-

erence electrodes were placed over the right mastoid. During verum stimulation, a

current of 1mA per active electrode (maximal injected current per electrode surface

area of 0.318mA/cm2) was delivered to the brain during 20min, with a ramp up of

30s at the beginning and a ramp down of 30s at the end of stimulation period. The

maximal injected current into the brain at any given time was below 2mA. During

sham stimulation, the current was ramped up to a maximum of 2mA in 30s and then

brought back again to 0mA in 30s, both at the beginning and at the end of the pro-

tocol; during 19min no stimulation occurred. This procedure was used to give the

participants the same sensation as a verum stimulation, during which the participant

usually only perceives the initial increase and final decrease of current.

For both stimulation conditions, a joint attention task was being performed simul-

taneously by the participants (online/concurrent task) and EEG was also being col-

lected by a total of 24 electrodes. The montage of electrodes used for bilateral

stimulation of the TPJ is depicted in Fig. 2.
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2.3.2 Social cognition tasks
Two social cognition tasks were used to investigate the effect sizes of changes in

behavioral performance: the Emotion Recognition Task (ERT) and the Mooney

Faces Detection Task (MFDT). A third task, corresponding to the online/concurrent

task, was used to engage social cognition neural networks and potentiate the effects

of neurostimulation within pre-activated circuits: the Joint Attention Task (JAT).

The presentation order of the tasks was the same between and within (pre and post

stimulations) participants. Within each task presentation, the order of individual

stimuli was randomized. In both sessions, all the participants were provided with de-

tailed instructions and had a brief training period to be acquainted with the protocol/

tasks.
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FIG. 2

Head diagram showing the positioning of the tDCS and EEG electrodes used during

multichannel stimulation over bilateral TPJ. Anodal electrodes are delineated with red circles

and cathodal electrodes are with black circles.
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2.3.2.1 Emotion recognition task (ERT)
The ERT is based on the paradigm originally designed by Simões et al. (2018) for

investigating neural correlates of emotion expression imagery networks in adoles-

cents with ASD. The task, developed in Vizard 5 (WorldViz, release 5 VR Toolkit,

development edition), was revised so that it became harder and more challenging for

the participants. The ERT, depicted in Fig. 3, consists of identifying visual facial ex-

pressions in a virtual male avatar (happy, sad and neutral facial expressions), in

FIG. 3

Emotion recognition task. (A) Base stimuli. (B) Structure of the trials.
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which the degree of intensity of the expression changes for happy and sad conditions.

Two different intensity levels (departing from neutral) of sad and happy expressions

are present: one clearer and another more ambiguous, resulting in five different

facial expressions: clearly happy, ambiguously happy, neutral, ambiguously sad

and clearly sad.

The task consists of four runs of 2.5min (100 randomized trials per run—20 trials

for each facial expression) with short pauses in between. Trials have a mean duration

of 1500ms, varying between 1250 and 1750ms due to an inter-trial jitter (range:

0–500ms, average: 250ms). Each stimulus is displayed for 250ms, followed by a

black screen baseline with a mean duration of 1250ms (range: 1000–1500ms). Par-

ticipants must observe the face of the avatar and decide whether he looked happy, sad

or neutral, by pressing a specific button for each condition (Numeric Keypad Targus

PAUK10). A total of 80 trials per condition are recorded and the full length of the

experiment is around 10min.

2.3.2.2 Mooney faces detection task (MFDT)
The MFDT is an adapted version of the paradigm used by Castelhano et al. (2018)

and Tavares et al. (2016) for investigating the neural correlates of holistic face pro-

cessing in adults with ASD using Mooney face stimuli (Mooney, 1957).

The task, programmed in Matlab® (Mathworks, version R2017a) using the Psy-

chophysics Toolbox version 3.0 extensions (Brainard, 1997), consists of a visual clo-

sure face detection task on two-tone images (black and white). Stimuli consist of

Mooney faces (upright faces and scrambled non-facial images) that were chosen

from a set of images available and piloted previously at our research center

(Castelhano et al., 2013). For the scrambled non-faces category, some of the stimuli

present parts of a face (e.g., nose, eye, ear) that are mixed and/or inverted in the im-

age. Each picture is presented during 1000ms and is preceded by a black screen base-

line with a fixation cross also for 1000ms. After stimulus presentation, participants

must decide whether the stimulus looked like a face or not, by pressing a specific

button for each condition (Numeric Keypad Targus PAUK10). The response period

lasts until there is a button press or for 1000ms (maximum), in cases where the par-

ticipant does not give an answer. As such, the minimal inter-stimulus-interval (ISI)

between consecutive stimuli is 1000ms and the maximum ISI is dependent on the

participant’s response. The experiment consists of 2 runs of 4min, with different

pre-defined randomized sequences of trials (80 trials per run—40 for face and

40 for scrambled stimuli) and with a short pause in between. A total of 80 trials

per condition are recorded and the full length of the experiment is around 8min.

The stimuli and the structure of the trials are illustrated in Fig. 4.

2.3.2.3 Joint attention task (JAT)
A joint attention paradigm was expressly developed to be performed during multi-

channel tDCS (online stimulation). Joint attention is an early-developing social com-

munication skill, usually impaired in ASD individuals, defined by the non-verbal
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coordination of attention of two individuals toward a third object or event (Bakeman

and Adamson, 1984). One type of joint attention is the ability to follow the direction

of the gaze and gestures of others to share a common point of reference.

The task was designed in Unity (Unity Technologies, release 4.0) and consists of

a virtual scenario wherein five avatars interact among each other during a birthday

party. Several distractors are placed in the setting, such as furniture, decoration, food,

drinks, gifts; and some of the objects change throughout the course of the birthday

party. The task is divided into three runs that represent different phases of the event:

the first run corresponds to the beginning of the party, the second run to its middle

and the third to its end. Each trial is composed by a moving period where one, two or

three avatars turn their gaze from the participant (Fig. 5B–D) to another avatar (tar-

get), followed by another moving period where the avatar(s) move back their gaze to

the initial/baseline position. The target avatar maintains its gaze at the participant

during trial duration. In the baseline position, all the avatars are looking at the par-

ticipant (Fig. 5A). Each stimulus has a duration of 2000ms and the ISI between con-

secutive conditions is also 2000ms. The task consists of 3 runs of 5min and 40s (85

trials per run) with a pause of 1min and 30s in between. A total of 85 trials per con-

dition are recorded and the full length of the experiment is 20min. Participants are

requested to observe the scenario and whenever one of the avatars is looking at an-

other avatar, participants should follow its gaze and also look at the target avatar. In

the case where two or three avatars are looking at another avatar, participants should

follow their gaze, look at the target avatar and also press a button (Numeric Keypad

Targus PAUK10).

FIG. 4

Mooney faces detection task. (A) Base stimuli. (B) Structure of the trials.
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FIG. 5

Examples of stimuli types in the Joint Attention Task. (A) Baseline position for all the avatars

gazing at the participant. (B) One avatar gazes at another avatar. (C) Two avatars gaze at

another avatar. (D) Three avatars gaze at another avatar.
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2.4 Data analysis and statistics
Data and statistical analysis were conducted in Matlab® (Mathworks, version

R2017a) and SPSS (IBM SPSS Statistics 27.0). Accuracy and reaction time were

used as measures of task performance. Overall accuracy and separate accuracy

and reaction time scores for the different stimulus categories were calculated for

the three socio-cognitive tasks (ERT, MFDT and JAT).

To detect stimulation effects on the ERT and MFDT, overall metrics and metrics

for each stimulus category were subjected to a general linear model two-way re-

peated measure analysis of variance (ANOVA) with the within-subjects’ factors

stimulationverum,sham and timepre,post. Simple main effects were determined by a re-

peated measures ANOVA if a significant interaction was present. If there was no

significant interaction but only significant main effects, a post hoc analysis of mul-

tiple comparisons (Bonferroni correction) was applied. Partial eta squared (ɳ 2
p) was

calculated to report effect size estimates. In the case of the JAT, paired t-tests were
used to investigate overall and specific stimulus category differences according to

the stimulation condition.

For all tasks, an additional analysis was performed to evaluate carryover

effects, i.e., if the effect of the prior treatment (i.e., stimulation condition) persisted

to the subsequent treatment effect. A repeated measures ANOVA model defining

two levels of the between-subjects factor order (sham-verum; verum-sham) and

two levels of the within-subjects factor stimulation (verum, sham) was set up.

The responses under sham and verum conditions were deviations from each

participant’s baseline measurement, i.e., change scores (responsepost—responsepre),

except for the JAT where responses were measured only during stimulation.

Furthermore, to evaluate the tolerability of the system, the adverse events asso-

ciated with verum and sham stimulation procedures were also evaluated. A series of

Wilcoxon signed rank tests were used to assess differences in side effects ratings be-

tween anodal multichannel tDCS and sham sessions. For safety, there were no seri-

ous adverse events and, hence, no statistical analyses were performed. Finally, to test

the effectiveness of participant blinding, it was examined whether individuals could

deduce the assigned condition at the end of each session, using a cross-tabulation and

a Pearson chi-squared (χ2) test. To evaluate the effect of the order in which the two

stimulation conditions were administered on the overall and per session rates of cor-

rect identification of stimulation condition, Wilcoxon signed rank tests were used.

For all analyses, p values less than 0.05 were considered statistically significant.

3 Results
3.1 Task performance
Task performance was measured with respect to accuracy (percentage of correct

trials) and reaction time. Figs. 6 and 7 represent ERT and MFDT performances

for the different types of stimuli in pre and post stimulation for sham and anodal

multichannel tDCS.
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FIG. 6

Changes in the ERT performance regarding stimulation and time for each type of stimulus. (A

and B) Overall mean accuracy and mean reaction time. (C and D) Mean accuracy and mean

reaction time for ambiguous stimuli (ambiguously happy + ambiguously sad). (E and F)Mean

accuracy and mean reaction time for clear stimuli (clearly happy + clearly sad). (G and H)

Mean accuracy and mean reaction time for the neutral stimulus. *Significant effect
(p<0.05). Error bars depict standard errors of the mean.



An ANOVA with the repeated-measure factors stimulationverum,sham and timepre,

post was applied for each performance metric of the ERT and MFDT.

Regarding the ERT, the range of accuracy rates was 54–93.5% (mean�SD:

70.19�8.62%) for all conditions, participants, and types of stimuli. When consid-

ering each emotion category, the range of accuracy rates varied and presented lower

FIG. 7

Changes in the MFDT performance regarding stimulation and time for each type of stimulus.

(A and B) Overall mean accuracy and mean reaction time. (C and D) Mean accuracy and

mean reaction time for upright faces stimuli. (E and F) Mean accuracy and mean reaction

time for scrambled non-faces stimuli. *Significant effect (p <0.05). Error bars depict

standard errors of the mean.
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values for the ambiguous stimuli (9.38–85.63%; mean�SD: 37.01�18.19%) and

higher values for clear (73.13–100%; mean�SD: 92�6.44%) and neutral stimuli

(60–100%; mean�SD: 92.95�7.80%). Nevertheless, the results revealed that there

was no significant main effect for both stimulation condition [F(1,19)¼2.52,

p ¼0.13, ɳ 2
p ¼0.12] and time [F(1,19)¼1.21, p ¼0.29, ɳ 2

p ¼0.060] on participants’

overall accuracy. No significant interaction between stimulation type and time

[F(1,19)¼0.00, p ¼1.00, ɳ 2
p ¼0.00] was also observed. Regarding reaction time,

the ANOVA showed a significant effect of time [F(1,19)¼6.24, p ¼0.02, ɳ 2
p ¼

0.25] (Fig. 6B), but no significant main effects for both stimulation [F(1,19)¼
1.00, p ¼0.33, ɳ 2

p ¼0.05] and time� stimulation interaction [F(1,19)¼0.04,

p ¼0.84, ɳ 2
p ¼0.002]. Post hoc tests using the Bonferroni correction revealed that

participants reacted significantly faster to images after stimulation than before stim-

ulation. Statistical analysis was also carried out to evaluate the performance of par-

ticipants for each emotion category: ambiguous stimuli (ambiguously happy

+ambiguously sad), non-ambiguous stimuli (clearly happy, clearly sad) and neutral.

Nevertheless, all the results were non-significant for each within-subjects’ factor and

interaction (all p >0.11) (Fig. 6C–H). A baseline difference between sham and

verum stimulation for neutral faces accuracy was observed and investigated. An ad-

ditional paired t-test revealed a significant baseline difference between sham and

verum conditions on accuracy for the neutral stimulus [t(19)¼2.18, p ¼0.04].

For the MFDT, the range of accuracy rates was 56.25–99.38% (mean�SD:

89.25�7.07%) for all conditions, participants, and types of stimuli. When consid-

ering each stimulus category, the range of accuracy rates showed slightly lower

values for the scrambled non-faces stimuli (18.75–100%; mean�SD: 85.92�
12.45%) and higher values for upright faces stimuli (60–100%; mean�SD:

92.58�6.65%). Additional analyses of MFDT performance for the different types

of stimuli showed a significant main effect of time on participants’ overall accuracy

[F(1,19)¼9.41, p ¼0.01, ɳ 2
p ¼0.33] and reaction time [F(1,19)¼26.44, p ¼0.00,

ɳ 2
p ¼0.58], as well as on participants’ reaction times when detecting either faces

stimuli [F(1,19)¼31.81, p ¼0.00, ɳ 2
p ¼0.63] or scrambled stimuli [F(1,19)¼

13.57, p ¼0.002, ɳ 2
p ¼0.42]. Likewise, no significant main effects of both stimula-

tion (all p >0.24) and time� stimulation interactions (all p >0.19) were observed on

all the performance metrics. Bonferroni-corrected post hoc tests detected a decrease

in accuracy from pre to post task condition and revealed that participants reacted sig-

nificantly faster to images after stimulation than at pre-stimulation.

Fig. 8 shows JAT performance for the different types of stimuli in sham and

anodal multichannel tDCS.

For this task, the range of accuracy rates was 92.16–100% (mean�SD:

97.80�1.91%) for all conditions, participants, and types of stimuli. When consid-

ering each stimulus category, the range of accuracy rates showed slightly lower

values when one avatar (85.88–100%; mean�SD: 96.54�3.07%) or two avatars

were gazing at another (86.25–100%; mean�SD: 97.45�3.20%) and higher values

when three avatars were gazing at another (94.94–100%; mean�SD: 99.38�1.26%).

The high overall accuracy suggests that participants stayed engaged and maintained
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Changes in the JAT performance regarding stimulation for each type of stimulus. (A) Overall
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not apply. Error bars depict standard errors of the mean.
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attention during the task. Paired samples t-tests showed no significant effects between
sham and verum conditions on either participants’ overall accuracy [t(19)¼�0.39,

p ¼0.70] or reaction time [t(19)¼0.48, p¼0.63]. For the three main categories of

stimuli, no effects of stimulation were also detected on accuracy and reaction time

when one avatar [accuracy: t(19)¼�0.39, p¼0.70], two avatars [accuracy:

t(19)¼�0.13, p ¼0.90; reaction time: t(19)¼0.37, p ¼0.71] or three avatars [accu-

racy: t(19)¼1.11, p ¼0.28; reaction time: t(19)¼0.61, p ¼0.55] were gazing at an-

other avatar. Finally, concerning carryover effects, the results of the repeatedmeasures

ANOVA showed a significant interaction between stimulation and order factors in the

MFDT for overall accuracy [F(1, 18)¼14.55, p ¼0.001, ɳ 2
p ¼0.45], and for partici-

pants’ accuracy when detecting either faces [F(1, 18)¼5.60, p ¼0.03, ɳ 2
p ¼0.24] or

scrambled stimuli [F(1, 18)¼11.05 p ¼0.004, ɳ 2
p ¼0.33]. The JAT also showed a sig-

nificant interaction between stimulation and order for overall accuracy [F(1, 18)¼6.31

p ¼0.02, ɳ 2
p ¼0.26], and for participants’ accuracy when detecting two avatars [F(1,

18)¼7.78 p ¼0.01, ɳ 2
p ¼0.30] and three avatars [F(1, 18)¼6.25 p ¼0.02, ɳ 2

p ¼0.26]

gazing at another avatar. Further inspection of profile plots (Figs. S1 and S2 in Sup-

plementary Material in the online version at https://doi.org/10.1016/bs.pbr.2021.04.

004) suggests that participants in the order “verum-sham” had a higher average

response following the sham condition than the group in the order “sham-verum,” im-

plying that there was a carryover of benefits from initial administration of the verum

stimulation. For the ERT, no significant interactions between stimulation and order for

the different task metrics were found.

3.2 Tolerability and blinding
Tolerability was assessed by a safety questionnaire that evaluated undesirable sen-

sations associated to multichannel tDCS. A total of 40 stimulation sessions were per-

formed without any complications, serious adverse events or dropouts from the

study, suggesting that multichannel tDCS meets basic safety parameters. Table 2

evaluates the frequency of each reported side effect and its severity according to

stimulation condition. When combining mild, moderate, and strong scale-intensity

categories, itching and fatigue were relatively commonly reported for both verum

(70% and 45%, respectively) and sham conditions (35% for both sensations), while

the side effects such as pain, warmth and burn were uncommonly described (less than

10%). These sensations were rated, on average, as mild. Furthermore, severely rated

side effects were rare: itching was only rated as strong by one participant in an anodal

multichannel tDCS session. Metallic taste was not reported in any of the sessions.

A series of Wilcoxon signed rank tests identified a significant difference in the

rating of itchiness between the active and sham conditions (Z ¼�2.50, p ¼0.01), but

there were no differences for ratings of pain (Z ¼�1.41, p ¼0.157), warmth

(Z¼�1.41, p ¼0.157), burning (Z¼�1.00, p ¼0.317), or fatigue (Z¼�0.302,

p ¼0.76).

Fig. 9 depicts the number of participants who correctly or incorrectly identified

whether the stimulation session was verum or sham. Chi-squared tests revealed that
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Table 2 Percentage (frequency) of reported adverse effects rated according to their intensity for each type of stimulation
session. The itching sensation was reported more often for the verum sessions than for the sham sessions (Z ¼�2.50,
p ¼0.01).

Sensation

Severity

Absent Mild Moderate Strong

Sham Verum Sham Verum Sham Verum Sham Verum

Itchinga 60% (n¼13) 30% (n¼6) 25% (n¼5) 55% (n¼11) 10% (n¼2) 10% (n¼2) 0 5% (n¼1)

Pain 100% (n¼20) 90% (n¼18) 0 10% (n¼2) 0 0 0 0

Warmth 100% (n¼20) 90% (n¼18) 0 10% (n¼2) 0 0 0 0

Burn 95% (n¼19) 90% (n¼18) 5% (n¼1) 10% (n¼2) 0 0 0 0

Metallic taste 100% (n¼20) 100% (n¼20) 0 0 0 0 0 0

Fatigue 65% (n¼13) 55% (n¼11) 15% (n¼3) 25% (n¼5) 15% (n¼3) 20% (n¼4) 5% (n¼1) 0

aSignificant effect (p<0.05).



participants were unable to accurately guess whether they received verum or sham

stimulation in the first session [χ2 (1,20)¼0.27, p¼1.00]. Tests were repeated for the

second session and no significant differences in the ability to correctly judge stim-

ulation conditions were found [χ2 (1, N ¼20)¼1.98, p ¼0.35], thus reassuring the

blindness of the procedure.

When considering the order in which the two stimulation conditions were admin-

istered, results of aWilcoxon signed rank test revealed a significant difference on the

rates of correct identification of stimulation condition between participants of the

sequence “sham-verum” and “verum-sham” (Z¼�1.99, p ¼0.046). Participants

in the order “sham-verum” had a higher average percentage of correct detection

of stimulation condition than the group in order “verum-sham.” Nevertheless, when

evaluating this effect per session, only a significant difference was found on the rates

of correct identification of stimulation condition between participants in the first ses-

sion (session 1: Z¼�2.24, p ¼0.025; session 2: Z¼�1.34, p ¼0.18). In other

words, there was an advantage at guessing the condition on the first session for

“sham-verum” order, but no benefit in guessing the stimulation condition on the sec-

ond session when sham was administered first, suggesting a random effect and not a

carryover effect.

4 Discussion
New and effective treatment options that target the underlying mechanisms of ASD

deficits are extremely important and have been widely investigated over the years,

since no effective treatment for the core ASD symptoms of social cognition and

FIG. 9

Number of participants who correctly or incorrectly identified sham or anodal multichannel

tDCS sessions. Order of stimulation was randomized and counterbalanced across

participants.
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communication impairments (American Psychiatric Association, 2013; Myers et al.,

2007) has yet been established. Transcranial stimulation technologies have demon-

strated potential in improving some of the core symptoms of conditions characterized

by social-relating difficulties, such as ASD (Donaldson et al., 2018; Esse Wilson

et al., 2018).

The present work was carried out in the first stage of the European research pro-

ject STIPED, which is currently working toward the development of an optimized

multichannel tDCS based treatment for neurodevelopmental disorders, such as

ASD and ADHD. Our aim was to explore the feasibility of a multichannel stimu-

lation protocol (designed to be used in multicenter clinical studies for children/

adolescents with ASD) in an adult healthy population, by means of a randomized,

single-blinded, sham-controlled, crossover study.

In this paper, we investigated modulatory effects of anodal and sham multichan-

nel tDCS (coupled with a JAT) over bilateral TPJ on the performance of a facial ex-

pression recognition task, of a holistic face detection task and, on an exploratory

level, of a joint attention paradigm (online/concurrent task).

We hypothesized that anodal stimulation leveraged by a concurrent social-

cognitive task would increase the accuracy and reaction time for ERT and MFDT

tasks compared to sham stimulation. However, the results of the two-way repeated

measures ANOVA (Figs. 6 and 7) revealed no significant differences in accuracy and

reaction time scores between stimulation conditions, as well as no significant time -

� stimulation interactions for both social cognition tasks. Furthermore, no stimula-

tion effects were also detected for JAT performance metrics (Fig. 8), suggesting that

behavioral measures were not modulated by multichannel tDCS.

In contrast to recent findings by Donaldson et al. (2019), Santiesteban et al.

(2015) and Yang et al. (2020), we were unable to detect any significant effects of

anodal stimulation in our tasks. Santiesteban et al. (2015) found that anodal tDCS

of either right TPJ or left TPJ reduced the imitation effect in an imitation inhibition

task (faster responses for incongruent trials) and improved performance (accuracy)

in a visual perspective-taking task. Still, no effect was observed on the performance

of a theory of mind task. In the study by Donaldson et al. (2019), anodal right TPJ

HD-tDCS improved the performance (accuracy and reaction time) of a fear surprise

task for static images of faces showing fear, but no effect was observed for static

images showing surprise. More recently, Yang et al. (2020) observed that anodal

tDCS over left and right TPJ increased imitation cost (measure of response times)

in an imitation inhibition task (offline task) but failed to modulate behavioral mea-

sures of a visual perspective-taking (online task). In fact, our findings are mainly

consistent with the results obtained by Mai et al. (2016), where no effect of anodal

right TPJ tDCS was observed on the performance (accuracy and reaction time) of a

theory of mind and cognitive empathy tasks. Mai’s study found that the accuracy of

both tasks decreased after receiving cathodal stimulation.

Due to the lack of other comparable research available, our preliminary results

should be interpreted with caution. There are some potential reasons for the inexis-

tence of a multichannel tDCS social cognition enhancement effect. The stimulation
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protocol itself could be one of them. In this study, we applied multichannel anodal

tDCS both on the right and left TPJ using a 3�1 montage [active electrodes placed

over CP5 (left) and CP6 (right)]. In contrast, most of the previous studies used bipolar

montages, only the study by Donaldson et al. (2019) applied HD-tDCS on the right

TPJ (2mA for 20min) using a 4�1montage (active electrode placed over P6). There

is a variety of different technical parameters (e.g., current intensity, density, dura-

tion, charge, laterality, montage, target region) that may influence the efficacy of

stimulation. In this study, anterior and posterior regions of left and right TPJ were

the target areas but considering that TPJ is a very large cortical region, stimulation

may not yet be sufficiently focal and/or may cause effects that cancel each other in

the different TPJ subregions. Another important aspect that could contribute to the

inexistence of significant effects is the type of population and the individuals them-

selves. As the study was performed in healthy adults with no social deficits, their

margin for progression in pre/post tasks is limited, since they already start from a

high baseline. The mean rate of baseline accuracy for each type of stimulus of the

MFDT and ERT are close to or above 90%, except for the ERT ambiguous expres-

sions where detection was too difficult (mean accuracy rate of 37%). On the other

hand, for a clinical ASD group, where social impairments are more significant, a

lower baseline performance and a greater margin of progression is to be expected,

so in this case it would be possible to better evaluate the stimulation effects. Besides

that, and based on the recent study of Yang et al. (2020), not all individuals may ben-

efit from stimulation effects. Yang et al. (2020) studied the neural and psychological

predictors of cognitive enhancement/impairment from TPJ stimulation and found

that participants could be classified into positive responders showing cognitive en-

hancement and negative responders showing cognitive impairment due to stimula-

tion. In our study, we performed a group level analysis, but future work with

larger sample sizes can potentially help individual-level effects into responder versus

no-responder categories. A related factor that may also account for these results is the

population age. Several studies have been demonstrating age-related changes in

brain connectivity and age-related differences in terms of responsiveness to tDCS

(Martin et al., 2017), so it could be possible that the effects of multichannel tDCS

on social cognition may be more pronounced in pediatric populations than in adult

or older adult populations. The last aspect that should also be mentioned is the single-

session design. In this work, we explore cognitive effects resulting from a single mul-

tichannel tDCS session. The literature has been demonstrating that the effects of

tDCS on cognitive measures are less robust and predictable compared with the more

consistent effects on motor outcomes (Berryhill, 2014; Jacobson et al., 2012). How-

ever, longitudinal (repeated-sessions) designs have been showing more consistent

benefits in healthy and clinical populations than a single-session design (Berryhill

and Martin, 2018; Horvath et al., 2015).

Despite the lack of significant findings on task performance between stimulation

conditions, we found a significant main effect of time on reaction time for the ERT

and MFDT. Participants reacted significantly faster to images after stimulation than

before stimulation, suggesting that learning and fatigue effects may influence the
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outcome. Based on Figs. 6 and 7, and on the scatter plots of reaction-time/accuracy

(Figs. S3 and S4 in Supplementary Material in the online version at https://doi.org/

10.1016/bs.pbr.2021.04.004) for each task, it is possible to observe a speed-accuracy

tradeoff for the ERT (higher accuracy is achieved by slowing down the responses) for

both stimulation sessions; however, for the MFDT increased impulsivity associated

with inefficient deployment of attention or fatigue effect seems to occur in the verum

session (participants respond faster, increasing the error) and a learning effect ap-

pears to occur in the sham session (participants respond faster without increasing

the error). Fig. 7 also suggests an interaction between time and stimulation (crossed

lines), in particular for accuracy, that deserves further exploration. This interaction

did not reach significance and presents a small effect size (ɳ2
p ¼0.01), but we cannot

exclude the possibility of both effects. Although fatigue, learning and repetition ef-

fects are expected for within-subjects tDCS designs, they could conceal potential

stimulation effects that need in any case further investigation. We also detected car-

ryover effects for theMFDT and the JAT, showing a subtle indication of some verum

effect and suggesting that the washout period of 1 week was insufficient. As such, in

future work it should be important to increase sample size as well as the washout

period to detect direct multichannel tDCS effects. Besides the previous time and or-

der effects, we also detected a baseline difference between sham and verum stimu-

lation for neutral faces accuracy on ERT (Fig. 6G). Although the existence of

ambiguous stimuli may be an amplification factor (most of the participants detect

ambiguous stimuli as neutral), we consider that the main cause for this difference

was chance since the effect does not occur in post-stimulation.

In this work, we have also evaluated the safety and tolerability of multichannel

anodal tDCS over bilateral TPJ, as well as the success of the blinding procedure. No

serious adverse events were observed; and itching and fatigue were the most reported

side effects in those receiving verum (70% and 45%, respectively) and sham stim-

ulation (35% for both sensations). Most of the side effects were rated as mild regard-

less of stimulation condition, and participants did not distinguish verum from sham at

a rate better than chance, even when we considered stimulation order effects. In the

first session, participants in the order “sham-verum” had a higher average percentage

of correct detection of stimulation condition than the group in order “verum-sham”;

however, since there was no advantage in guessing the stimulation condition on the

second session when shamwas administered first, this was also considered to happen

by chance. Although the current study had a single-blind design with inherent risk of

bias from the observer, the results of blinding procedure indicate that the fixed script

was a good method to minimize/avoid influence of expectations. In general, multi-

channel tDCS was well-tolerated, safe, and had adequate blinding in young healthy

adults, showing good prospects for its application in children/adolescents.

The present study opened new questions that should be addressed in follow-up

research studies. Technically, this work investigated, for the first time, the use of

multichannel anodal tDCS over bilateral TPJ to estimate the effects of low-level

social cognition in healthy young adults. Nevertheless, since a very conservative

analysis with tasks only requiring early level processing was performed, the

2814 Discussion

https://doi.org/10.1016/bs.pbr.2021.04.004
https://doi.org/10.1016/bs.pbr.2021.04.004


understanding of potential effects may be limited. Additional work should now be

pursued to explore the clinical efficacy of this technique in children/adolescents with

ASD over longer treatment periods.
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