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Abstract

Accurate face processing skills are pivotal for typical social cognition, and impairments in
this ability characterise various clinical conditions (e.g., prosopagnosia). No study to date has
investigated whether transcranial direct current stimulation (tDCS) can causally enhance face
processing. In addition, the category- and the process- specificity of tDCS effects, as well as
the role of the timing of neuromodulation with respect to the execution of cognitive tasks are
still unknown. In this single-blind, sham-controlled study, we examined whether the
administration of anodal-tDCS (a-tDCS) over the right occipital cortex of healthy volunteers
(N = 64) enhances performance on perceptual and memory tasks involving both face and
object stimuli. Neuromodulation was delivered in two conditions: online (a-tDCS during task
execution) and offline (a-tDCS before task execution). The results demonstrate that offline a-
tDCS enhances the perception and memory performance of both faces and objects. There was
no effect of online a-tDCS on behaviour. Furthermore, the offline effect was site-specific
since a-tDCS over the sensory-motor cortex did not lead to behavioural changes. Our results
add relevant information about the breadth of cognitive processes and visual stimuli that can
be modulated by tDCS, and about the design of effective neuromodulation protocols, which

have implications for advancing theories in cognitive neuroscience and clinical applications.
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1. Introduction

Our ability to learn and recognise hundreds of faces is crucial for typical social interactions.
The dramatic consequences of atypical face processing can be seen, for instance, in
congenital prosopagnosia (CP), a disorder characterised by the inability to recognise people
from their faces (Behrmann & Avidan, 2005; Duchaine, 2000; Rivolta, Palermo, & Schmalzl,
2013; Rivolta, Palermo, Schmalzl, & Coltheart, 2012). Face processing aberrations are also
reported in neurodevelopmental disorders such as autism (Tang et al., 2015) and
schizophrenia (Rivolta, Castellanos, et al., 2014), and in patients with acquired brain lesions
such as in acquired prosopagnosia (Barton, 2008). Since face processing impairments
characterise a variety of neurological and psychiatric conditions, it is of paramount
importance to find strategies that are effective in ameliorating deficits in face-processing

skills.

One way to potentially enhance human cognitive skills is via a non-invasive brain
stimulation technique called transcranial Direct Current Stimulation (tDCS) (Nitsche et al.,
2008; Nitsche, Liebetanz, Antal, et al., 2003; Poreisz, Boros, Antal, & Paulus, 2007). In the
most traditional set-up, tDCS consists of placing two electrodes (the “target” and the
“reference”) on the scalp, and delivering a small current (= 1-2 mA) through them (Nitsche,
Liebetanz, Lang, et al., 2003). TDCS alters cortical excitability via subthreshold
depolarisation or hyperpolarisation of resting state membrane potentials (Bindman, Lippold,
& Redfearn, 1964; Creutzfeldt, Fromm, & Kapp, 1962; Radman, Ramos, Brumberg, &
Bikson, 2009). A few minutes of stimulation can induce after-effects, which reflect calcium
(Ca")- dependent plastic changes mediated by the N-methyl-D-aspartate receptor (NMDA-R),
thus resembling long-term-potentiation (LTP)- and long-term-depression (LTD)- like
plasticity (Liebetanz, Nitsche, Tergau, & Paulus, 2002; Nitsche, Fricke, et al., 2003; Nitsche

et al., 2004). Depolarisation is typically achieved via “anodal” stimulation, whereas



hyperpolarisation typically follows “cathodal” stimulation (Fregni et al., 2015). In the context

of tDCS, “polarity” refers to the polarity of the electrode positioned over the target region.

Human studies have demonstrated that anodal tDCS (a-tDCS) can enhance motor and
cognitive skills. In typical subjects, a-tDCS has been shown to enhance motor learning when
applied over the motor cortex (Nitsche, Schauenburg, et al., 2003), modulate attention when
administered to the parietal cortex (Roy, Sparing, Fink, & Hesse, 2015), and boost working-
memory performance when applied over the dorso-lateral-prefrontal-cortex (DLPFC) (Fregni
et al., 2005). In addition, a-tDCS over the DLPFC has recently been adopted in psychiatric
settings and shown to be effective in decreasing depressive symptoms in patients with
chronic depression (Dell'Osso et al., 2012) and in boosting working-memory performance of
patients with schizophrenia (Hoy, Amold, Emonson, Daskalakis, & Fitzgerald, 2014) (see

Shin, Foerster, & Nitsche, 2015 for a review).

Despite its reported efficacy in neurological, cognitive and clinical domains, only very
little tDCS research has been conducted in the domain of face processing. There is cognitive
(Bruce & Young, 1986), neural (Haxby et al., 2001) and clinical (Palermo et al., 2011)
evidence indicating that face processing relies on parallel (and largely independent) systems
mediating the recognition of facial identity and facial expression (i.e., emotion) recognition.
Albeit recent evidence demonstrated that facial expression recognition can be boosted in
healthy volunteers when delivering a-tDCS over the orbitofrontal-cortex (OFC) (Willis,
Murphy, Ridley, & Vercammen, 2015), no study to date has examined the role of a-tDCS in
enhancing face identification skills in typical human subjects. Additionally, no study has
ascertained whether a-tDCS applied over visual areas relevant for face perception modulates
the perception of multiple categories of visual stimuli (e.g., faces and objects). The only study
that focused on the neuromodulator effects of face-identification abilities in healthy

individuals utilized transcranial Random Noise Stimulation (tRNS), a technique that induces



low-intensity alternate currents at random frequencies (Terney, Chaieb, Moliadze, Antal, &
Paulus, 2008). Results showed that individuals who received bilateral occipito-temporal
tRNS demonstrated affected (i.e., enhanced) face-perception abilities, but not face-

trustworthiness perception (Romanska, Rezlescu, Susilo, Duchaine, & Banissy, 2015).

Although these findings show promise that neuromodulation can specifically affect
face-perception, there are important theoretical, methodological and clinical aspects that still
need to be addressed. For instance, it is still unknown whether occipito-temporal
neuromodulation is face-specific, or if it could implicate different categories of visual stimuli.
In fact, since brain stimulation with Transcranial Magnetic Stimulation (TMS) over different
neighbouring sections of the lateral occipital cortex (especially in the right hemisphere) (i.e.,
occipital face area; extrastriate body area; lateral occipital complex) can modulate (i.e.,
impair) the perception of different categories of visual stimuli such as faces, objects, bodies
and scenes (Dilks, Julian, Paunov, & Kanwisher, 2013; Pitcher, Walsh, Yovel, & Duchaine,
2007), it would be important for clinical applications to discover methodologies (e.g., a-
tDCS) that can show an opposite effect, thus leading to perceptual enhancement of multiple

categories of visual stimuli.

In addition, since our ability to learn and recognise faces relies heavily on memory, it
will be relevant to ascertain whether neuromodulation in the typical population is limited to
face-perception (as shown in Romanska et al., 2015), or can also affect memory for faces. In
line with Dalrymple et al. (2014), face-perception skills allow for representations of the
properties of a face with minimal memory demand, whereas face-memory skills involve the
successful storage, retention, and retrieval of face identity information. Since face-perception
and face-memory skills can be dissociated in clinical populations (Barton, 2008; Dalrymple
et al., 2014), it would be important to investigate the neurophysiological mechanisms that can

specifically lead to their enhancement. Finally, though tRNS and tDCS sometimes show



similar outcomes at the behavioural level (Terney et al., 2008) that can be mediated by
common plasticity effects (Fertonani, Pirulli, & Miniussi, 2011), the specific
neurophysiological effects of tRNS are not very well known, thus making results harder to
interpret (Antal, Nitsche, & Paulus, in press). As such, in the current study we tested whether
a-tDCS over the right occipito-temporal cortex of healthy participants can enhance face-
perception and face-memory performance. To test the potential category-specificity of the

effect, we also assessed object-perception and object-memory.

Another aspect we considered was the “timing of stimulation” with respect to task
performance. Previous research show mixed results - for instance, a-tDCS over the motor
cortex delivered during motor learning was found to be more effective than if the stimulation
was applied before training (Kuo et al., 2008; Nitsche, Schauenburg, et al., 2003; Stagg et al.,
2011). On the other hand, a-tDCS over the primary visual cortex (V1) delivered before an
orientation discrimination task yielded stronger behavioural effects than when applied during
task execution (Pirulli, Fertonani, & Miniussi, 2013). Given its potential relevance in clinical
settings, the current experiment also examined the effects of timing of a-tDCS (i.e., online vs.

offline) on behavioural performance.

We hypothesized the following effects: since face and object processing are mediated
by nearby areas in the occipito-temporal cortex (especially in the right hemisphere) (Grill-
Spector, Kourtzi, & Kanwisher, 2001; Malach et al., 1995; Rivolta, Woolgar, et al., 2014;
Rossion, 2014), we expected the effect of tDCS to act upon both categories of visual stimuli.
Moreover, since right occipital lesions can affect various aspects of face and object
processing (James, Culham, Humphrey, Milner, & Goodale, 2003; Rossion et al., 2003), we
predicted an effect of tDCS on both perceptual and memory systems. With respect to timing
effects of a-tDCS on behaviour, we had no clear predictions given the mixed findings in the

existing literature.



2. Materials and Methods

2.1 Participants

Forty-eight participants (15 males) without any recorded history of psychiatric or
neurological disorders and with a mean age of 27 years (range 20 — 47) participated in this
single-blind, sham controlled study. All participants had normal or correct-to-normal vision
and did not report everyday life problems with face and object perception. The study was
performed in accordance with The Code of Ethics of the World Medical Association
(Declaration of Helsinki) for experiments involving humans, and approved by the ethical
committees of University of East London (UEL). After giving a complete description of the
study to the participants, written informed consent was obtained. Participants were asked to
sign an informed consent form and were provided with written information about the study

and the procedure.

2.2 Experimental design

Participants were assigned to one of three groups (N = 16 in each group). Group-1 (“sham”)
received sham stimulation, Group-2 (“tDCS_ON”) received anodal tDCS stimulation while
completing the tasks (i.e., online) and “Group-3” (“tDCS_PRE”) received anodal tDCS
stimulation for 20 minutes before completing the tasks (i.e., offline). The three groups did not
differ in age (F(2,45) = 1.68, p = .20) and had the same M/F ratio (i.e., 5 M per group). Given
that it has been indicated that females show similar cortical excitability to males only during
the follicular phase of the menstrual cycle (i.e., progesterone levels are low and estrogen
levels are high) (Inghilleri et al., 2004), we tested female participants only during the

follicular phase of their menstrual cycle (see Fertonani et al., 2011 for a similar approach).



Participants from all three groups performed four tasks: the face perception task (FP),
the object perception task (OP), the Cambridge Face Memory Task (CFMT) and the
Cambridge Car Memory Task (CCMT). Both the perception and the memory tasks had
identical structures for face and object presentation. All tasks run on Windows and were
administered on a DELL desktop computer with a 17-inch monitor with a resolution of 1152
x 864 pixels. In the Face Perception Task (FP) (adapted from Barense, Henson, & Graham,
2011) three grayscale images of unfamiliar human faces were presented on each trial. Two of
the images were of the same face taken from different angles, whereas the third one belonged
to a different face (Figure 1, left). Participants were required to select the face that was
different from the other two by pressing a key. A total of 81 trials were presented. For each
trial, participants had a time limit of 4 seconds to press the button; if the button press
happened after 4 sec., the trial was considered incorrect. Accuracy and reaction times (RTs)
were recorded. The Object Perception task (OP) (adapted from Barense et al., 2011) had the
same structure of the FP but objects, rather than faces, were shown (see Figure 1, right). Both
the FP and OP were run using E-prime software (Psychology Software Tools, Pittsburgh,

PA). The presentation order of the four tasks was counterbalanced across participants.

The Cambridge Memory Face task (CFMT; Duchaine & Nakayama, 2006) is a memory
task for unfamiliar faces which requires the learning of six faces to be recognised in three
different viewing conditions: recognition of the same face images; recognition of the same
faces in different images (different viewpoint and/or lighting), and recognition of the same
faces in different images covered with heavy visual noise. The task is comprised of 72 trials
and accuracy (% correct) was recorded. The Cambridge Car Memory task (CCMT; Dennett

et al., 2011) is identical in structure to the CFMT, but uses cars rather than faces as stimuli.

To check for unexpected between-group differences, participants completed the

Cambridge Face Perception Test before the tDCS setup (CFPT; Duchaine, Germine, &



Nakayama, 2007). The CFPT involves arranging a set of six faces from the most similar to
the least similar relative to a target face. Performance (i.e., number of deviations from the

correct sequence) was recorded as a baseline measure of face processing.

2.2.2tDCS

TDCS was delivered by a battery driven, constant current stimulator (Neuroelectrics®,
Barcelona, Spain) via a pair of surface sponge electrodes (25 cm?), soaked in a saline solution
(0.9% NaCl), and applied to the scalp at the target areas of stimulation. Electrodes delivered a
constant current of 1.5 mA (current density: 0.080 mA/cm?); the choice of the intensity is in
line with previous studies showing visual-perception enhancement (e.g., Willis et al., 2015).
In the sham condition participants wore the tDCS cap during task performance; here,
stimulation was maintained for only the first and last 10 seconds to evoke the sensation of
being stimulated, without causing neurophysiological changes that may influence
performance. Group-2 and Group-3 received the actual constant current stimulation, but
differed in the time when the current was delivered with respect to tasks completion. Group 2
(tDCS_ON) received the stimulation during task execution (the stimulation started 3 minutes
before the beginning of the first task and finished as soon as the fourth task ended). Overall,
participants in this group were stimulated for approximately 24.6 minutes (SD = 3.9). Group
3 (tDCS_PRE) received the stimulation for 20 minutes before any task execution (Figure 2).
The timing of offline stimulation (i.e., 20 minutes) was chosen to be consistent with recent
studies demonstrating an enhancement effect of face identification and expression recognition
after transcranial electric stimulation (Romanska et al., 2015; Willis et al., 2015). During
these 20 minutes participants were comfortably placed on a chair without talking to the

experimenter.



We adopted a bilateral bipolar-non balanced montage (Nasseri, Nitsche, & Ekhtiari,
2015). The sites of stimulation were identified using the Electroencephalography 10-20
system, with one of the electrodes (anode / target) placed over PO8 and the other (cathode /
reference) over FP1. The choice of the electrode target site over PO8 was based on prior
work which showed that, when using electroencephalography (EEG), the POS site ideally
records the N170, a well-known neurophysiological component which strongly reflects face
neural activity within the ventral visual cortex (Navajas, Ahmadi, & Quian Quiroga, 2013;
Prieto, Caharel, Henson, & Rossion, 2011). Furthermore, POS lies above face- and object-
sensitive regions in the right lateral occipital cortex (Gauthier et al., 2000; Malach et al.,
1995; Pitcher, Charles, Devlin, Walsh, & Duchaine, 2009). Overall, the right hemisphere has
been chosen as a site of stimulation since there is consistent evidence suggesting its dominant
role in face processing (Kanwisher, 2010; Rivolta, Woolgar, et al., 2014; Rossion, 2014). The
FP1 region was selected as the reference point in order to maximise the anodal-cathodal
stimulation distance, which decreases the current shunted through the scalp, while increasing
the current density in depth (Rockstroh, Elbert, Canavan, Lutzenberger, & Birbaumer, 1989).
In addition, no specific face/object-relevant neurophysiological activity is typically recorded

under FP1, making it an optimal site to use as reference.

2.2.3 Statistical analysis

All analyses were conducted using SPSS Statistics software (IBM Corp. Released 2013. IBM
SPSS Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp). A one-way ANOVA
was conducted to test for potential baseline (i.e., CFPT) effects. Two separate 3x4 mixed
analyses of variances (ANOVAs) were performed on both accuracy and reaction times (RTs)

with the factors condition (sham, tDCS_ON, tDCS_PRE) as between-group factor, and task

10



(FP, OP, CFMT, CCMT) as a within group factor (see Romanska et al., 2015 for a similar
approach). Post-hoc comparisons (Bonferroni-corrected) were performed in order to explore
statistically significant main effects and interactions. Non-parametric Mann-Whitney (U) test

was conducted to assess the order effect in the tDCS_ON condition (see results below).

3. Results

Participants did not report any discomfort during the three sessions. In addition, participants
across the three groups did not differ in their performance on the CFPT [F(2,47) =1.23,p =

.29, T]ZP =.05], thus suggesting an absence of baseline differences across groups.

Results showed a main effect of condition [F(2, 45) = 5.67, p = .006, T|2P =.20] and a
main effect of task [F(3, 135) = 14.26, p < .001, T|2P = .24]. There was no condition x task
interaction [F(6, 135) = 0.26, p = .95, 0’ = .01]. Post-hoc comparisons showed that
tDCS_PRE (mean = 78.84%, SEM = 1.71) was, overall, characterised by higher accuracy
than both the sham (mean = 71.83%, SEM = 1.71) (p = .017) and the tDCS_ON (mean =

71.74%, SEM = 1.71) (p =.016) conditions.

RTs analysis revealed no significant main effect of condition [F(2, 45) = 1.05, p = .36,
T|2P = .05], no significant main effect of task [F(1, 45) = 0.00, p = .98, T]zp = .01], and no

condition x task interaction [F(2, 45) =0.19, p = .82, nzp =.01].

Since the tDCS_ON condition lasted on average 5 minutes longer than the tDCS-PRE
condition we aimed to exclude the presence of effects due to time of stimulation. An order
effect within the tDCS_ON condition would be present if performance increases or decreases
during time, and thus would depend in a non-linear fashion on stimulation duration. Thus, we
compared performance of each of the four tasks in the tDCS ON condition when it was

presented as first or second (i.e., within the first half), or as third or fourth (i.e., within the

11



second half). Non-parametric Mann-Whitney (U) test showed that there was no order effect
in the performance of FP (first half: 75.1%, SD: 9.3; second half: 75.0%, SD: 10.0; p = .959),
OP (first half: 64.4%, SD: 13.5; second half: 73.4%, SD: 8.1; p = .252), CFMT (first half:
81.3%, SD: 10.9; second half: 71.6%, SD: 13.0; p = .114) and CCMT (first half: 63.2%, SD:
13.9; second half: 66.9%, SD: 14.9; p = .681), thus indicating that the extra time of

stimulation should have not affected our results.

4. Control condition: Rationale, Method and Results

To ascertain whether the offline a-tDCS behavioural enhancement was site specific (i.e., it
was specifically due to right occipital stimulation and not to an unspecific stimulation effect),
and to exclude potential behavioural effects due to testing time (i.e., participants in the sham
and tDCS_ON conditions spent seventeen minutes less sitting on a chair than participants in
the tDCS_PRE condition — see Methods section above), we collected data of extra sixteen
healthy volunteers and compared their performance to the sham. The new sample (5 males;
Age range: 20-40) was matched to the previous three groups and constituted our
“tDCS_control” condition. The methodology adopted in the tDCS control condition was
identical to the one adopted in the tDCS_PRE (offline) condition; the only difference was in
the location of the “active” electrode, which was now placed over the sensory-motor cortex

(Cz) rather than over the right occipital cortex (P08).

Results showed no statistically significant difference between sham (Mean = 40; SEM
=3.0) and tDCS_control (Mean = 50; SEM = 6.9) on the CFPT [t(30) = 1.3, p =.19, d= 48],
thus excluding baseline differences. In addition, a 2x4 mixed analyses of variances
(ANOVASs) on accuracy was performed with condition (sham, control) as between-group

factor, and task (FP, OP, CFMT, CCMT) as a within group factor. Results showed a main

12



effect of task [F(3, 90) = 5.98, p = .001, n2p= .167], but no main effect of condition [F(1, 30)
=1.44, p = 24, nw’p=.05] and no task by condition interaction [F(1, 30) = 1.62, p = .21, n’p=
.05]. Thus, our data indicate that, overall, sham (Mean = 71.8%; SEM = 2.1) and

tDCS_control (Mean = 68.3%; SEM = 2.1) conditions do not differ.

Overall, these results demonstrate that the effect of offline a-tDCS was site specific
(i.e., right occipital) and was not due the effect of experimental time. In addition, this result
excludes the contribution of the “return current” over left frontal regions in the reported

offline a-tDCS effects (i.e., tDCS_PRE).

5. Discussion

In the present study, we demonstrate for the first time that a single session of offline a-tDCS
targeted at the right lateral occipital cortex (PO8) can causally boost face-perception and
face-memory. The effect of a-tDCS was not face-specific since it also improved general
object-perception and object-memory. However, the effect of a-tDCS was site-specific, that
is, stimulation of the sensory-motor cortex (Cz) did not lead to behavioural changes.

Furthermore, a-tDCS applied online did not cause the effects seen in the offline condition.

The lateral occipital cortex is causally involved in visual cognition

Human face recognition relies on a network of cortical and subcortical brain regions (Haxby,
Hoffman, & Gobbini, 2000). Over the last decade non-invasive brain stimulation techniques
such as TMS (Pitcher et al., 2007) and tRNS (Romanska et al., 2015) demonstrated the causal
involvement of the human lateral occipital cortex in face-perception skills. In line with this

evidence, our findings show that a single session of a-tDCS causally boosts face-processing

13



skills in healthy individuals. Furthermore, our results extend previous findings by showing
that face-memory, and not just face-perception skills, can be enhanced by a-tDCS. This is in
line with human lesion data showing that right occipital lesions can lead to serious face-
perception and face-memory difficulties (Barton, 2008; Davies-Thompson, Pancaroglu, &

Barton, 2014).

Another novel aspect of our data is that the effect of a-tDCS is not process-specific
(i.e., not limited to face perception) since it also affects object-perception and object-memory.
Human neuroimaging studies have shown that face- and object- sensitive regions lie within
the lateral occipital cortex (Dilks et al., 2013; Grill-Spector et al., 2001; Pitcher et al., 2009;
Rivolta, Palermo, Schmalzl, & Williams, 2012). As such, it is not surprising that a-tDCS,
which delivers a broad electrical stimulation, likely affects regions that process these two
categories, thus causing behavioural enhancements on tasks that involve both faces and

objects.

Overall, we demonstrated that offline a-tDCS can be safely applied over the human
occipital cortex to improve face- and object- processing. This behavioural boost is likely
driven by excitability after-effects, which enhance learning and perceptual processing (Antal

et al., in press).

The relevance of timing in visual cognition

Our data also show that behavioural changes caused by a-tDCS are stronger when
administered offline (i.e., neurostimulation before task execution), rather than online (i.e.,
neurostimulation during task execution). This finding is consistent with recent data in the
cognitive domain; for instance, a-tDCS applied before task execution enhanced performance

of a behavioural inhibition task (Ditye, Jacobson, Walsh, & Lavidor, 2012), and orientation

14



discrimination task (Pirulli et al., 2013). Particularly relevant to our results, Pirulli et al.
(2013) showed that, when compared to the sham condition, offline a-tDCS over V1 has a
bigger behavioural effect on an orientation discrimination task compared to online a-tDCS.
Our finding are, however, in disagreement with the motor literature showing effective-online,
(Boggio et al., 2006; Galea & Celnik, 2009; Nitsche, Schauenburg, et al., 2003; Reis et al.,
2009), and ineffective/detrimental-offline (Kuo & Nitsche, 2012; Kuo et al., 2008; Stagg et
al., 2011) a-tDCS. These differences in a-tDCS efficacy as a function of timing in the motor
vs. cognitive domain may be due to neurophysiological differences between the motor and
associative regions of the cortex, such as cyto- and myelo- architectonic diversities (e.g.,
differences in neuronal diameters may lead to different current propagations) (Spruston,
2008). Other sources of differences may include more technical aspects such as the electrodes

size, current density, montage, and duration of stimulation (Stagg & Nitsche, 2011).

A potential limitation of the current study involves the duration of stimulation. In fact,
individuals in the online a-tDCS condition (tDCS_ON) received, on average, circa 5 minutes
longer stimulation than those who received a-tDCS offline (tDCS_PRE). This was necessary
to ensure that each of the four tasks was completed while a-tDCS was applied. Here it might
be relevant to acknowledge that the effect of a-tDCS on physiology and cognition does not
always follow a linear rule; that is, more-intense/longer stimulations do not necessarily lead
to stronger behavioural effects (Hoy et al., 2013; Monte-Silva et al., 2013). Thus, it might be
speculated that the stronger physiological effects generated via a-tDCS during task
performance (i.e., online), which could be mediated by (i) longer stimulation, (ii) presence of
neuroplastic and acute membrane polarization effects, and (iii) summation of task- and
stimulation- induced cortical activity alterations, have resulted in homeostatic or conversion
effects that limited performance improvement. Albeit further studies are needed to clarify the

issue, our finding of the absence of an order effect in the tDCS_ON condition seems to

15



exclude the effect of time on performance. Furthermore, in line with our results, previous
research showed enhanced performance on a visual perception task after stimulating the
visual cortex with a-tDCS for = 30 minutes before task completion (i.e., offline), but failed to
report an enhancement when stimulating for = 30 min during (i.e., online) task completion

(Pirulli et al., 2013).

A further point to highlight is that albeit both face/object-perception and face/object-
memory improved after right-occipital a-tDCS, it is hard to tell whether the improvement is
truly independent for the two processes or whether the boost in face/object-perception has led

to improved face/object-memory.

Conclusions and Future directions

In summary, the current findings demonstrate that a single off/ine session of a-tDCS over the
right lateral occipital cortex causally enhances the perception and memory of both faces and
objects. Our results have implications for cognitive neuroscience and for clinical/therapeutic
settings, as they offer insights to the design of effective neuromodulation protocols, and add
to the breadth of cognitive processing (perception / memory), and stimuli (faces / objects)
that can be modulated by a-tDCS. The present study also serves as a foundation for future
studies examining the neurophysiological mechanisms of the effects of a-tDCS. For instance,
it would be interesting to combine tDCS and EEG to characterise the oscillatory mechanisms
behind the behavioural effects found in this study and/or to localise anatomical regions
involved during a-tDCS stimulation. In addition, the current study sets the ground for future
investigations aimed at characterising the boundaries of a-tDCS effects in low- and higher-
level vision. To conclude, a better knowledge of the features that lead to effective tDCS in

typical subjects can be extended and applied to clinical populations, such as in CP.
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Figure legends

Figure 1. Examples of faces and objects adopted in the face-perception task (FP) (left) and

object-perception task (OP) (right).

Figure 2. Methodology adopted in three conditions: Sham (top), tDCS ON (middle) and
tDCS_PRE (bottom). Dotted lines indicate the time when participants wore the cap. The blue
color (dotted with a thunder) indicates when tDCS has been applied, whereas the (dotted)

black color indicates that the cap was on without tDCS.

Figure 3. Single-subjects accuracy values as averaged across the four tasks (FP, OP, CFMT,
CCMT) in the three experimental conditions (Sham, tDCS_ON, tDCS PRE). Average and

SEM are indicated in red (* p <.05).

Figure 4. Accuracy results on the four tasks (FP, OP, CFMT, CCMT) across the three

experimental conditions (sham, tDCS_ON, tDCS_PRE). Error bars represent the SEM.
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Highlights

e Anodal transcranial direct current stimulation (a-tDCS) was administered to healthy
participants.

e Sham, online (during task execution) and offline (before tasks execution) right-occipital a-
tDCS has been administered.

e Only offline a-tDCS enhanced face- and object- processing.
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