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TDCS/EEG and the Face Inversion Effect

Abstract
The following study investigates the effects of t®@n face recognition skills indexed by the
face inversion effect (better recognition perforwaafor upright vs. inverted faces). We
combined tDCS and EEG simultaneously to examinetteets of tDCS on the face
inversion effecbehaviourallyand on the N170 ERPs component. The results fnmm t
experiments (overall N=112) show that anodal tD€Bvdred at Fp3 site for 10 min at
1.5mA (double-blind and between-subjects) can retebaviourallythe face inversion
effect compared to sham (control) stimulation. BRP results provide some evidence for
tDCS being able to influence the face inversioe&fbn the N170. Specifically, we find a

dissociation of the tDCS-induced effects wheretli@N170 latencieshe tDCS reduces the

usual face inversion effect (delayed N170 in respdo inverted vs. upright faces) compared
to sham. Contrarily, the same tDCS procedure osdnge participants increased the
inversion effect seen in ti¢l70 amplitude®y making the negative deflection for the
inverted faces that much greater than that forgippfiaces. We interpret our results in the
context of the literature on the face inversioreefffand the N170 peak component. In doing
so, we extend our results to previous studies tigagg the effects of tDCS on perceptual
learning and face recognition.
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Introduction

The face inversion effect refers to a reductioperformance when we try to
recognize faces presented upside down comparetdn we see them in their usual upright
orientation (Yin, 1969; Civile, McLaren & McLaref014). This is one of the most robust
and replicated cognitive phenomenon that has b&en osed as an index of our face
recognition skills. When it was first discoverddyas interpreted as a marker for the
“specificity” of face recognition. This was becauke effect was found to be larger for faces
than for other visual stimuli such as houses ongdgValentine & Bruce, 1986; Yovel &
Kanwisher, 2005). However, in 1986 Diamond and €atallenged the idea that faces are
special and introduced “expertise” as a contrilgutactor to the inversion effect. The authors
demonstrated that a large inversion effect, asubaally recorded for faces, can be obtained
for dog images when participants were dog bregdersexperts). Hence, they proposed that
to recognize faces we rely on our experience vighconfigural information i.e. spatial
relationships among the main features within a.f@einversion our ability to exploit such
information is disrupted resulting in reduced raatign performance. A corollary of this
position is that a robust inversion effect showdobtained for all those sets of stimuli that
share a base configuration that we have the nayesgaertise for.

Since Diamond and Carey’ (1986) study, the ternmfiguiral processing’ has been
used in the literature to refer to the perceptibthe spatial relationships among the main
features within a stimulus such as a face. This teas often been deployed in contrast with
‘featural processing’ which instead refers to tkecpption of each specific feature in
isolation from the rest of a face. Configural presiag includes sensitivity to first-order
relations (spatial relationships among the maituies within a stimulus), and second-order
relations (the variations in first-order relatiae$ative to the prototype for that stimulus set).

The same term can also include holistic processvhi;h refers to processing the stimulus as
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a gestalt (for a review see Maurer, Le Grand, & Moaoh, 2002). Several studies have tried
to disentangle these different types of configprakessing. In particular, the finding of key
phenomena like the composite face effect (bettmygeition of the top half of an upright face
when in composite with a congruent vs. and incoagriottom half) and the part-whole
effect (higher recognition performance of a featuhen presented in the context of the
whole face vs. presented in isolation) have hidtiéd the role that holistic processing and
first-order relations (in the case of the composftect) and holistic processing alone (in the
case of the part-whole effect) play in face recogni(Murphy, Grey, & Cook, 2017;

Goffaux & Rossion, 2006; Tanaka & Farah, 1993; kan&a Sengco, 1997). Other studies
have directly manipulated face stimuli in ordedtsrupt first or second-order relations (e.g.
scrambled faces, Mooney faces, Thatcherised fac@esyler to study how face recognition
performance would be affected. Importantly, invenshas been found to interfere with all
types of configural processing for example by redgithe composite effect as well as the
part-whole effect. Thus, inversion stands as asbmanipulation used to study the nature of
face recognition skills (for a review see Maurealet2002).

Perhaps the strongest evidence for the expert®iatcomes from the work
conducted on perceptual expertise and the inveedfent after pre-exposure to novel
categories of objects named Greebles (Gauthierr& T897) and the inversion effect for dot
patterns that shared a configuration (Tanaka anahi-4991). Moreover, McLaren (1997)
first and then Civile, Zhao et al (2014) usingadaynew recognition tas&s that often used in
the face inversion effect literature (Yin, 1969aBiond & Carey, 1986), provided the first
evidence of a robust inversion effect for non monientated prototype-defined categories of
checkerboards (i.e. shared a configuration) thatpvadicted based on a specific model of
perceptual learning, the MKM model (McLaren, Kayé&ckintosh, 1989; McLaren &

Mackintosh, 2000). Taken all together, Gauthier dad (1997), McLaren (1997), and
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Civile, Zhao et al (2014)’s work provide support the Diamond and Carey (1986)’s
expertise account of face recognition. And, theyehalso served as a basis for further
investigations of face and object recognition udthectroencephalogram (EEG) derived
event-related potentials (ERPS).

The first ERPs studies that looked at face recagnrieported a larger positive
potential at the vertex (hamed VPP) following thegentation of a face stimulus compared
to other visual objects. Importantly, the VPP gisesented a negative counterpart
component at occipitotemporal sites, suggestirgs sif origin in areas of the temporal cortex
(Botzel & Griisser, 1989; Jeffreys, Tukmachi, Rockley, 1992). The VPP was particylarl
emphasized because few electrodes were usuallggptat posterior regions and the
reference was often located in the vicinity (e.g@stoid) of the electrode sites picking up the
occipitotemporal activity. As a result, the ampdieuof the occipitotemporal negativity was
attenuated and the VPP increased (Joyce & Rosaif}h). In subsequent studies, the use of
a different reference (e.g. common average) toyardhe ERPs, and the availability of EEG
systems with a larger number of electrodes favtdrednvestigation of the occipitotemporal
negative counterpart of the VPP, later on namedNthi#) peak component (Rossion &
Corentin, 2011)The key advantage of focusing on the N170 is taelectrodes recording
on the scalp are closer to the neural generatdiseafomponent (Rossion & Corentin, 2011,
Joyce & Rossion, 2005). Hence, the N170 quicklyobee the most studied “face-sensitivity”
component and reflects a negative-polarity defbec{peak) maximal between 130 to 220 ms
(although the onset time has rarely been measuesisply) after the onset of a face stimulus
(Rossion & Corentin, 2011). The first systematicemnce on the N170 in response to faces
was given by Bentin et al (1996) showing a largé70lamplitude for images of human faces
compared to images of animal faces, human handplgects (e.g. houses, flowers, and

tools: see also Carmel & Bentin, 2002). Severalisgihave shown how inverted faces
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elicited a delayed (in terms of latency) N170 comgrd compared to upright faces, which is
also sometimes reflected by an enhancement of 7@ ldmplitudes (Anaki, Zion-Golumbic,
& Bentin, 2007; Eimer, 2000; Jacques & Rossion,200arzi & Viggiano, 2007; Righart &
de Gelder, 2006). The delayed N170 in responseviertied faces has often been interpreted
as a result of configural processing disruptiom studies using sets of manipulated faces
(e.g. scrambled, Thatcherised) have reported a i@eaction of the inversion effect (i.e. less
delay for inverted faces) for these stimuli (Ciyiidechlepp et al., 2018; Civile et al., 2020).
However, the fact that often the N170 amplitude heen found to be larger for inverted
compared to upright faces is still puzzling andgsbbject of considerable debate in the
literature. If inversion manipulation disrupts cigiiral processing, the N170 that is supposed
to be sensitive to this type of processing shoelddaluced rather than increased in response
to inverted face stimuli. An explanation basedtwr, Alain, Sedore and Mclintosh (2007) ’s
work is that the N170 amplitude is increased byitamithl recruitment of eye-specific cells
by inverted faces. Hence, the disruption of corigjinformation induced by inversion
would result in extra salience of the eyes as featwhich would then lead to an increased
N170. An alternative explanation was offered by $tws et al (2000), who argued that both
upright and inverted faces activate some face-Bpemurons, however, inverted faces
would also activate object-sensitive neurons, iasireg the amplitude of response. Although
a comprehensive and generally accepted explanatidhe effects of inversion on the N170
has not yet been developed, the presence of sdelaged and sometimes larger N170 in
response to inverted faces indicates that this oot is linked to face processing (for a
recent review see Eimer, 2011).

In a similar way to the literature on the behavaddace inversion effect, authors
have investigated how the N170 component is moedlay perceptual expertise for

prototype-defined categories of novel stimuli. Rosst al (2002), showed that ERPs
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recorded before the training phase revealed arangersion effect on the N170 component
for faces compared to that found for Greeblesidcatly, that was not the case for the results
after the training phase with the categories ofeBGlkes where the inversion effect on the
N170 was comparable for the two stimulus’s typkesa similar veinBusey and Vanderkolk
(2005)investigated the inversion effect on the N170 sponse to images of faces and
fingerprints. The authors showed that fingerprixperts exhibited a delayed (but not larger)
N170 for inverted fingerprints similar to that exbed with inverted faces.

Furthermore, Civile, Zhao et al (2014) extendeddldénew recognition task for
checkerboards to ERPs. Participants were firstechto categorise chequerboard exemplars
(the pre-exposure phase) generated from two praetiefined categories. Checkerboard
stimuli were chosen because they have the advatitagexperience with them can be fully
controlled (and they are not mono-orientated).ldwahg this, participants were asked to
memorise a number of new checkerboards drawn fitihmareghe ‘now familiar’ categories or
a novel category not seen during the pre-exposuseqy half of which were presented
upright and half inverted. Participants were thestad with an old/new recognition task were
all the stimuli seen in the study phase were pteseagain intermixed with new stimuli split
by the four stimulus conditions (familiar categagright/inverted, novel category
upright/inverted)The behavioural results showed a robust inverdif@ctefor exemplars
drawn from a familiar category, that was absenef@mplars drawn from a novel category,
Critically, the electrophysiological results receddat PO8 channel revealed a larger
inversion effect on the N170 (delayed and enlaggsak for inverted vs upright
checkerboards) for exemplars drawn from a famd&tegory vs those drawn from a novel
category. The effects on the N170 were found tmbee robust during the study phase. This
is in line with Civile, Elchlepp et al (2018) andvle et al (2020)’s studies that revealed a

more robust difference during the study phase batwiee inversion effect found on the
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N170 for normal faces vs that found scrambled aatdierised faces. The overall findings
from Civile, Zhao et al (2014) were explained bpega to the MKM theory of perceptual
learning, which suggests that during categorisdtioa pre-exposure phase), participants are
exposed to the features that the category exempissess. The features common to
category exemplars rapidly lose their salience beeéhey are presented on almost every
trial and reliably predict one another, and so beeslow to form new associations. This
produces perceptual learning because the featarggauto each exemplar still have high
salience due to less exposure and lower predittabihus, it is easier for the participants to
discriminate between exemplars in an upright oaom (the one they've been exposed to)
because the salience of the common features idowywhereas that of the unique features
is still high.

In recent years, first Civile, Verbruggen et al18) and then Civile, McLaren, and
McLaren (2018), Civile, Obhi, Mclaren (2019) and/i& et al (2020) strengthened the
analogy between the inversion effect for checked®&Civile, Zhao et al., 2014) and the
traditional inversion effect for faces, through dmrstrating that they both share at least some
aspects of the same causal mechanism. Using awartiranscranial Direct Current
Stimulation (tDCS) paradigm, the authors were &biafluence perceptual learning and
affect the robust inversion effect that otherwisaild have been obtained for checkerboards
and face stimuli. Ambrus et al (2011) showed timat@l tDCS delivered over the left
dorsolateral prefrontal cortdWLPFC) at Fp3 site can eliminate the prototypéadison
effect by affecting participants’ ability to idefytiprototype and low distortion pattern
exemplars as category members compared to shanspEl#ic region was selected based
on a previous fMRI study showing increased brainvaton during a category learning task

involving two sets of prototype-defined categowésoloured checkerboards. The left
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DLPFC was found to be highly activated in particizawho showed a high level of
categorization performance (Seger et al., 2000).

Civile, Verbruggen et al (2016) extended the tDG#htage adopted by Ambrus et
al (2011)(see also McLaren et al., 2016 and Kincses e0dl3 2or examples of the same
montage on categorization learning tasks) to dmeesold/new recognition task for
prototype-defined categories of checkerboards dgeel by Civile, Zhao et al (2014).
Anodal tDCS delivered over the DLPFC at Fp3 sitelfd mins at an intensity of 1.5mA
reduced the inversion effect (compared to shanmddar checkerboards by reducing
performance for upright checkerboards taken frdanaliar category (Civile, Verbruggen et
al., 2016). Critically, the same tDCS paradigm a&® able to reduce (compared to sham)
the face inversion effect by affecting recognitmerformance for upright faces (Civile et al.,
2018; Civile et al., 2019; Civile et al., 2020).dortantly, aractive controlstudy Civile et al
(2018, Experiment 3) showed that applying the sHM@S anodal stimulation at a different
site on the scalp did not result in any modulatbthe face inversion effect compared to the
sham group. These results show that relativelyf HDES stimulation is able to significantly
affect one of the most robust empirical phenomartae face recognition literature, and that,
by analogy with the result obtained with chequerlisathis is attributable to an effect on
perceptual learning.

Only two published studies have looked at the ¢fe€tDCS on face recognition
linked to the N170 component. Lafontaine, ThedBstsselin, and Lippe (2013) investigated
the effects of tDCS delivered over the DLPFC onNH&0 in response to upright faces.
Using a single-blind within-subjects procedure tipgrants first received the tDCS
stimulation followed by an encoding task/study ghasere they observed a set of upright
faces shown one at a time and repeated 15 timés alblowing this, the participants

performaned an old/new recognition task. In acaaocdawith the 10/20 EEG placement
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system, in one condition the anodal tDCS electiedg located at the F3 site (left) while the
cathodal electrode was located at F4 (right). lotlaer condition the two electrodes were
swapped. In the sham condition, electrodes werbkeabipi-frontally and stimulation was
maintained for the first 30 seconds only. The behaal results showed no effects of the
tDCS. Importantly, during the encoding/study phidgeresults from the TP8 channel
revelaed an increased N170 peak amplitude wheartbdal stimulation was delivered at F3
(left) compared to the condition when anodal tDGteode was placed at F4 (right). The
differences between sham and the active tDCS donditvere not significant. No significant
effects were found on the N170 latencies. Thesdtsegrovide the first evidence in support
of the hypothesis that tDCS stimulation delivergdrahe DLPFC can modulate the N170
over occipito-temporal sites in response to fa¥esg et al (2014, Experiment 1)
investigated the effects of tDCS (right anodal ¢efthodal, right cathodal left anodal, sham)
this time delivered at occipital-temporal sites/@8), on the N170 during an orientation
judgment task. After the the tDCS was administepedticipants were presented with a set of
faces and asked to judge as quickly as possiblé¢hehthe face was upright or inverted.
Performance in terms of recognition of the face natsthe aim of the experiment nor was
the inversion effect (responses to upright andriedefaces were analysed separately). The
results showed no effects of tDCS on the behavioasallts (both accuracy and RTshe
results from the N170 recorded at P8/P08 reveakgraficantly reduced amplitude for upright
faces in both active tDCS conditions compared &rshNo difference was found between the
two active conditions. A similar result was fourmd inverted faces, where the N170 amplitude
was reduced in the two active tDCS conditions caegbéo sham. However, this difference was
only marginally significant. No differences wereoeded on the N170 latencies. Taken all
together, these two studies would suggest that t@&li8ered at DLPFC would have quite a

different impact on the N170 peak amplitude comgdoethat at occipital sites.
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In the present study, we extended the tDCS proeeallopted by Civile,
Verbruggen et al (2016), Civile et al (2018), Gawdt al (2019) and Civile et al (2020) to the
face inversion effect on the N170 ERP componentadtpted a double-blind, between-
subjects (so that our naive participants cannbthteldifference between active and sham
stimulation) experimental design. To our knowledds is the first study that attempts to
examine tDCS-induced behavioural effects on the facersion effect by looking at the
N170 component. To do so we combined tDCS and Eii@Geo(tDCS stimulation, EEG
recordings, and behavioural task started all as#ime time). We note that this created some
technical problems in Experiment 1a, where the t@8& EEG systems used were not
completely compatible, and hence the EEG resuits the study phase of that experiment
were not analysable. However, because the tDCSilstiion ended with the study phase, we
were able to analyse the EEG data from the redogrtiask (in addition to the behavioural
data). Following this, we conducted Experimentwbich replicated the exact same
exprimental procedure as Experiment 1a, but thme tised a compatible tDCS/EEG system
that allowed us to analyse the EEG data from bintthysphase and the recognition phase.

The use of the inversion effect in the current &sids particularly important. We
expected our overall behavioural results to shawdduction in the face inversion effect
contingent on our tDCS procedure in line with poes studies. Secondly, we expected that a
reduction of the behavioural inversion effect wobhé&laccompanied by a reduction of the
inversion effect on the N170 latency. If confirméus would suggest that the tDCS
procedure reduces the inversion effect for norred$ by affecting expertise at exploiting
the configural information contained within a faecsimilar analysis as is applied to direct
manipulations of the face stimuli (e.g. scramblimd hatcherising a set of faces). Finally,
although not investigated directly, based on pneviBRP studies that have found the effects

on the N170 to be more robust during the study@hiaghe current study as well we

11
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expected to record stronger effects during theyspidise. Thus, we initially kept the EEG
analysis for the study phase and recogntion plseeerate.

EXPERIMENT 1A
Method
Subjects
In total, 48 naive (right-handed) subjects (18 maleFemale; Mean age = 21.3 years, age

range= 18-27SD= 2.25) took part in the study. Subjects were ramg@assigned to either
sham or anodal tDCS groups (24 in each group)th&lisubjects were students from the
University of Exeter and were selected accordintpéosafety screening criteria approved by
the Research Ethics Committee at the Universifgpadter. The sample size was determined
from earlier studies that used the same tDCS proee@& EG paradigm, face stimuli, and
counterbalancing (Civile et al., 2018, Civile, Heghp et al., 2018; Civile et al., 2019; Civile
et al., 2020). Additionally, we conducted a post-power analysis, using G*Power software
(Faul et al., 2007), based on the effect size dEmbfrom the overall 2 x 2 interaction in the
behavioural results. This analysis revealed assiedi power of 0.66 (Effect siZe= 0.18, 2

groups, 2 measurements). Thus, in Experiments lineveased the sample size.

Materials

The study used a set of 256 face images standdrttizgrayscale on a black
background previously used in Civile et al (20X8)ile et al (2019) and Civile et al (2020).
All face images were cropped removing distractiegtdires such as hairline and adjusted for
extreme differences in image luminance (see Figur&€he stimuli, whose dimensions were
5.63 cm x 7.84 cm, were presented at resolutidi280 x 960 pixels. The experiment was
run using E-prime software installed on a PC comput

The Behavioural Task

The experiment consisted ostudy phasand armold/new recognition phaggigure

1, Panel b) just like the procedure used in prevgtudies (Civile et al., 2014; Civile,

12
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McLaren & McLaren, 2016; Civile et al., 2018; Criét al., 2019; Civile, McLaren, &
McLaren, 2011). Once subjects gave their conskatinstructions for thetudy phasevere
presented on the screen. Subjects were instruztied to memorize the faces presented on
the screen. The trial started with a fixation cr@&¥ms) in the centre of the screen,
immediately followed by a blank screen (500ms), treh by a facial stimulus (3000ms).
Then the fixation cross and the black screen wegpeated, and another face presented, until
all stimuli had been presented. Overall, 128 fairewsi were presented, 64 in their upright
orientation and 64 were presented inverted. Afleha 128 face stimuli had been presented,
the program displayed another set of instructierplaining the recognition task. Now,
subjects were asked to press the ‘z’ key if thepgaized the face stimulus as having been
shown in thestudy phasen any given trial, or press ‘m’ if they did nthé¢ keys were
counterbalanced across participant groups). Alktimauli previously seen in tretudy phase
were presented again, these are the “old” stimikymixed with 128 “new” face images
split by the two conditions (upright and invertedl)l. the faces were presented one at a time
in a random order. The trial structure was ashestudy phasé&owever this time the stimuli
were presented for a longer period (up to 4000m8) either a response was made or a
timeout.
The tDCS Paradigm

In the present study the stimulation was delivdrngd battery driven constant current
stimulator (neuroConn DC-Stimulator Plus) usingaa pf surface sponge electrodes (7cm x
5cm i.e.35 crf) soaked in saline solution and applied to thepsatthe target area of
stimulation. We adopted the same tDCS montage ins€ivile et al (2016), Civile et al
(2018, Experiment 1 & 2), Civile et al (2019) andi@ et al (2020) (Figure 1, Panel a).
Hence, one of the electrodes (anode) was placadioe¢arget stimulation area (Fp3) and

the other (cathode) on the forehead over the ne¢erarea (right eyebrow). The study was

13
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conducted using a double-blind procedure relianthemeuroConn study mode in which the
experimenter inputs numerical codes (provided lotltear experimenter otherwise
unconnected with running the experiment), thata@wihe stimulation mode between
“normal” (i.e. anodal) and “sham” stimulation. Imetanodal condition, a direct current
stimulation of 1.5mA was delivered continuously 16 mins (5 s fade-in and 5 s fade-out)
starting as soon as the subjects began the bebbtask and continuing throughout the study
phase. In the sham group, the identical stimulatiade was displayed on the stimulator and
subjects experienced the same 5 s fade-in anddesdut, but with the stimulation intensity
of 1.5mA delivered for just 30 s, following whichsenall current pulse (3 ms) was delivered
every 550 ms (0.1mA over 15 ms) for the remaindéh® 10 mins to check impedance
levels. Subjects were randomly assigned to onkeof@CS groups (Sham or Anodal). For
every subject the stimulation started at the begmof thestudy phasend ended before the
old/new recognitioriask started.

Given the novelty inherent in combining tDCS andXEiechniques, especially with using
two separate pieces of equipment, it is worth gogiome of the practical challenges faced
during the implementation of the study. Specificalthen we first tested the combination of
these techniques, we realised that the tDCS sttraanléboth sham and anodal) induced
strong artefacts on the EEG data. Thus, we madgetisat the tDCS stimulation ended by the
end of the study phase before we started recotdm&EG for the recognition phase. Hence,
our analysis of the EEG data will be entirely fioe recognition phase. We addressed this
problem later on in the Experiment 1b when we aglbplifferent apparatus (i.e. Starstim

System) designed to combine tDCS and EEG.

14
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a) tDCS Fp3 montage b) Study Phase
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Figure 1. Panel ashows the tDCS montage adopted in Experiment dad.BnThis was the
same montage used in Civile et al (2016), Civilal¢2018), Civile et al (2019) and Civile et
al (2020). Panel billustrates theold/new recognitiotask used in the two experiments here

reported.

EEG Recordings

The EEG was sampled at 1000 Hz, with a band-pa8¥&6-100 Hz, the reference at
Cz and the ground at Fz using 32 Ag/AgCl activeteteles and BrainAmp amplifiers. The
electrodes were placed on the scalp in an exteh@& configuration plus one on each

earlobe (references during online recording). Tmepedances were kept below 1Q.k

EEG Data Processing and Analysis

As mentioned above in thBCS Paradignsection the ERP analysis was limited to
the recognition phase. Data processing was perfbimBrainVision Analyzer. The data was
first filtered offline using a Butterworth Zero Fefilter with a low cutoff of 0.5 Hz and a
high cutoff of 30 Hz, each with a 24 dB/oct slopelividual channels were manually
inspected and removed from further analysis whbgsipal interference from a tDCS

electrode was noted during set-up, or where d&@reise showed signs of significant
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artefacts throughout. Electrodes were re-referentfide to Cz. This was due to differences
in discarded channels for each participant, theegboeventing a common average being
created that included the same channels for dliggzants. To correct for ocular movements
and other such artefacts an Independent Compomaiy#is (ICA, Bell & Sejnowski, 1995)
was applied for each participant. Resulting comptsevere visually scrutinized and the data
was back-transformed to exclude components prigneoihtaining ocular artefacts (eye
blinks and eye movements). The EEG data was thggnesgted into epochs starting at 100ms
pre-stimulus and ended at 500ms post-stimulus.lidaseorrection was applied (using the
mean voltage of the 100ms pre-stimulus) and reguiegments were manually inspected for
any residual ocular or other artefacts. Finallgnsents were averaged with respect to face
orientation condition (upright and inverted). THREEN170 latency and amplitude analyses
were restricted to electrode POS8, (over the rightgoral hemisphere) which often in the
literature has shown bigger effects on the N17@saponse to face stimuli (Rossion &
Jacques, 2008, Prieto, Cahare, Henson, Rossiofi, R@¥ajas, Ahmadi, Quian Quiroga,
2013, Civile, Elchlepp et al., 2018; Civile et &012). We also chose this electrode because
a larger effect on the PO8 was recorded in Civilego et al (2014, Experiment 4)’s study on
perceptual learning and the inversion effect onNt&0 in response to prototype-defined
familiar checkerboards. A semi-automatic procedueis used for peak selection for the
N170 defined as the most negative point betweernabhd@®@20ms. Information concerning
peak amplitude and peak latency was then extrattesleffects of the tDCS stimulation on
the inversion effect on the ERPs waveform weredtioee tested via a mixed measures 2 x 2

ANOVA for both N170 amplitudes and latencies.
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Results
Behavioural Data Analysis
Following Civile et al (2018), Civile et al (2018hd Civile et al (2020) the data from

all the participants were used in the signal detad' sensitivity analysis of the recognition
task (seen and not seen stimuli for each stimyius)twhere @’ = of 0.00 indicates chance-
level performance (Stanislaw & Todorov, 1999). V¥eessed performance against chance to
show that both upright and inverted face stimubath the tDCS sham and anodal groups
were recognized significantly above chance (forshaverted, Sham Upright and Anodal
Upright we foundo < .001 for this analysis, for Anodal Inverted veeiidp = .016). Each p-
value reported for the comparisons between comditistwo-tailed and we also report the F
or t value along with effect size. We also analyttezireaction times (RTs) data to check for
any speed-accuracy trade-off. We do not reportahaéysis here because it does not add
anything to the interpretation of our results. Eompleteness, we give mean RTs for each of
the stimulus’ conditions: Sham Upright = 1240 misa® Inverted = 1277 ms; Anodal

Upright = 1263 ms; Anodal Inverted = 1267 ms.

D-Prime Analysis

We computed a 2 x 2 mixed model design using,\sishen-subjects factor-ace
Orientation(upright or inverted), and the between-subjeatofdDCS Stimulatiorfsham or
anodal). Based on previous studies (Civile e8I18; Civile et al., 2019; Civile et al., 2020)
we expected the inversion effect for the anodaligrim be smaller than that in the sham
group. Analysis of Variance (ANOVA) revealed thaimerically this was case but this time
the interaction was not statistically significaR(l, 46) = .947p = .33,n2p= .02. There was a
significant main effect oDrientation K1, 46) = 43.95p < .001,n2p= .48, which confirmed
that upright faces were better responded to theeried ones. A significant main effect of

tDCS was foundF(1, 46) = 5.40p = .025,n2p: .10. Paired test analyses were conducted to

17



TDCS/EEG and the Face Inversion Effect

compare performance on upright and inverted faosusit(the inversion effect) in each tDCS
group (sham, anodal). Based on previous studi¢sisieal the same stimuli and tDCS
paradigm (Civile et al., 2018; Civile et al., 20Qyile et al., 2020) our primary measure was
the face inversion effect given by comparing pemfance on upright and inverted faces in
each tDCS group. We also directly compared theop@idnce for upright faces in the sham
vs tDCS group. This is particularly appropriate dese the same stimulus sets are rotated
across participants in a counterbalanced mannehas@ach upright face seen in the anodal
group for a given participant will equally oftermge as an upright face for the participants in
the sham group. A significant inversion effect ia@snd in the sham group (M=.495,
SE=.10)t(23) =4.97p< .001,n2p: .38, and a numerically reduced inversion effeas w
found in the tDCS anodal group (M=.368, SE=.®23) = 4.62p < .001,n2p: .25 (see

Figure 2). Recognition for upright face stimulitire anodal group was lower compared to
that in the sham group46) = 2.05p = .051,n2p: .19. We also found a trend towards
performance for inverted faces being reduced iratiaglal relative to the sham grou@6) =

1.81,p=.0831% = .16.
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Figure 2. Results for the old/new recognition task. ®aaxis shows the stimulus conditions.

They-axis shows sensitivity d’ measure. Error barsesent s.e.m.
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N170 ERP Results

In analyzing the N170 peak component we computed#me statistical analyses as
for the behavioral data.
N170 Peak Latency Analysis

A 2 x 2 repeated measure ANOVA revealed a trencitds/a significant interaction
between Orientation and Stimulation for peak layef¢1,46) = 3.26, p = .O7h2p= .06. A
significant main effect oDrientationwas found (greater latency for inverted stimuH{1,
46) =51.19p < .OOl,nzp: .52. No main effect of tDCS was fouk(l, 46) = .077p = .78,
n2p< .01. A significant inversion effect (i.e. a dedalyN170 peak for inverted vs upright
faces) was found in the sham group (M=7.95ms, SIB}1(23) = 6.20p < .001,n2p: .62,
and a numerically reduced inversion effect was fbunthe tDCS anodal group (M=4.70ms,
SE=1.22)1(23) = 3.86p < .001,n2p: .39 (Figure 3, Panel a & b). It is this reducttbat is
driving the interaction referred to earlier. Noiable difference was found between the N170
latencies for upright stimuli in the anodal andralgroupst(46) = .235p = .815,n2p< .01,
and no significant difference was found betweeritad faces in the anodal and sham

groups(46) = .903p = .375,n°, = .04.

N170 Peak Amplitude Analysis

A 2 x 2 ANOVA revealed a significaf@rientationby Stimulationinteraction for
peak amplitudet(1,46) = 4.06, p = .0491,2p: .09, and a main effect @irientation(greater
negative deflection for inverted stimulF(1, 46) = 45.47p < .001,n2p: .49. No main effect
of tDCS was foundr(1, 46) =.178p = .67,n2p< .01Contrary to what we found for N170
latencies, the inversion effect (greater deflectmmnverted vs upright faces) was found to
be larger in amplitude in the anodal group (M=3\82SE=.63)t(23) = 5.22p < .001,n2p:
.54, compared to that found in the sham group (M2/, SE=.52)t(23) = 4.32p < .001,

nzp: .44 (Figure 3, Panel a & c). The interactiontfoe amplitude measure was thus opposite
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to that observed for latency. No reliable differeneas found between the N170 amplitude
for upright stimuli in the anodal vs sham grot(g6) =.033p = .975,n2p=.00. Despite a
numerically larger N170 for the inverted facesha anodal vs sham group, there was no

significant differencet(46) = .882p = .386,n2p: .03.
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Figure 3. Panel a Waveforms at electrode P08 for the four stimutsiditions in the
recognition phase. The X axis shows the elapsee éifter a stimulus was presented. The Y
axis gives the amplitudegV) of the ERPs in the recognition phase of Expentria.Panel

b, mean peak latencies (ms) for the N170 compomeall stimulus’ conditionsPanel ¢

mean peak amplitudegY) for the N170 component in all stimulus’ condrt®
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Before we discuss these results we now presemtataefrom Experiment 1b, which
complements and extends the findings of Experinhanbefore considering both
experiments in combination.
EXPERIMENT 1B
Method

Subjects

For Experiment 1b we aimed to increase the sanigie(® give statistical power >
.90). Overall, we recruited 64 naive (right-handaabjects (15 male, 49 Female; Mean age =
21.1 years, age range= 18-38)F 2.40). As for Experiment 1a, the subjects weneloanly
assigned to either sham or anodal tDCS groupsn(82c¢h group). All the subjects were
students from the University of Exeter and weredeld according to the safety screening
criteria approved by the Research Ethics Commitebe University of Exeter. A power
analysis based on the effect size recorded fronovkeall 2 x 2 interaction in the behavioural
study revealed a statistical power of 0.94 (Efezef = 0.294, 2 groups, 2 measurements)

this time.

Materials and Behavioural Task

Both materials and the behavioural task were ex#iol same as for Experiment 1a.

The tDCS Paradigm

We adopted the same tDCS montage as that usegarithent 1a. However, in
Experiment 1b we used a different tDCS system §8tarsystem) previously adopted by
Civile et al (2019) and Civile et al (2020) whidhoaved us to concurrently record EEG.
Hence, the stimulation was delivered by a batteryed, constant current stimulator
(Neuroelectrics) via a pair of surface sponge seeless (35 crf), soaked in a saline solution
and applied to the scalp at the target areasmotition. The study was conducted using a

double-blind procedure reliant on the Neuroelestdouble-blind mode. Just like in
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Experiment 1a, we adopted a bilateral bipolar-nalaiced montage with one of the
electrodes (anode/target) placed at Fp3 and tkeerafe was placed on the forehead (above

the right eyebrow).

EEG Recordings

EEG was recorded with the Enobio system (Neuragbsgtwhich is a wireless
electrophysiology sensor system. The Necbox (tirabunit) connects through Wi-Fi to
the Neuroelectrics Instrument Controller (NIC) s@fte running on a computer. The EEG
data is streamed via Wi-Fi and was sampled at $®8ith a bandwidth of O to 125 Hz (DC
coupled). The Driven Right Leg (DRL) and the Comnhbaode Sense (CMS) connections
corresponded to the electrical reference, or "gidbuof the system. The CMS is the
reference channel, compared to which all the EBads are measured. The DRL is
responsible for bringing the potential of the subpes close as possible to the "zero" of the
electrical system. Specifically, in the Enobio 2taonel (10-20 configuration) here used the
CMS/DRL electrode is represented by the EarClipaddiitional dual electrode system
applied to the earlobe through conductive gel. I6 Nve used the latest version n.2) the
quality of the EEG signals is assessed via thetguatex (QI) which is computed every 2
seconds and is dependent on the following parasajdrine Noise powery/2) of the
signal in the standard line noise frequency ba®d13z); ii) Main noise signal power of the
standard EEG band (1-40Hz); iii) Offset, mean valiine waveform; iv) Drift, which is
measured but not included in the QI computatiorabse it has a high inter-subject
variability. Before starting the recording (and tB&CS stimulation), we made sure the QI for

each channel was indicated as “good” (i.e. in og&grgen colour).

EEG Data Processing and Analysis

As in Civile, Elchlepp et al (2018), the EEG datagessing was performed in

MATLAB with the open-source EEGLAB (Delorme & Makgi2004) and ERPLAB (Lopez-
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Calderon & Luck, 2014) toolboxes. Hence, we adoptedsame processing and analysis
procedure as for Civile, Elchlepp et al (2018)sdst (in Experiment 1a, we were not able to
do so due to the problems encountered in combthi@gDCS and the EEG equipment). The
data were filtered off-line using a noncausal Buitath bandpass filter (half-amplitude
cutoffs at 0.1 and 20 Hz, 24 dB/octave roll-off)l #calp electrodes were referenced off-line
to a common average reference. This was usedamiitin previous studies in the field
specifically investigating the N170 for faces (elgwler, Parketny, & Eimer, 2016;
Feuerriegel, Churches & Keage, 2015; Civile, Eleplet al., 2018), and for faces vs objects
(e.g. Greebles; Rossion et al., 2002; cars, Goff@aaxthier, & Rossion, 2003).
Conspicuously bad parts of the EEG recording waeatified and removed using EEGLab’s
pop_rejconfunction(threshold 12, all other settings default). To eotifor blink artefacts,
independent component analysis (ICA) was appligtiéaontinuous data after the deletion
of sections containing extreme values (Jung e2800). Remaining artefacts exceeding
+100 mV in amplitude or containing a change of al@® mV in a period of 50 ms were
rejected (in ERPLAB this function is named Simpladshold Voltage, Luck, 2014).
Artefact-free data were then segmented into epaiging from 250 ms before to 800 ms

after stimulus onset for all conditions (Zion-Golbic & Bentin, 2007).

N170 Analysis

ERPs were created by averaging the segmented (iadsbaseline corrected)
according to the four stimulus’ conditions in e@tiase of the experiment (study and
recognition). The absolute peak of the N170 wasrdened using the ERPLAB
Measurement Tool based on the option to seleantts negative peaks between 140 and
220 ms. Subsequent visual scrutiny was applieth$are that the values represented real
peaks rather than end points of the epoch (Zions#@blc & Bentin, 2007, Civile, Elchlepp

et al., 2018). As for Experiment 1a, N170 latenogt amplitude analyses were restricted to
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electrode PO8. Hence, the effects of the tDCS s$atian on the inversion effect on the ERPs
waveform were therefore tested via a mixed measiixe® ANOVA for both N170
amplitudes and latencies. Using the procedureraalby Dienes (2011) we also conducted
the Bayes Factor (BF) analyses for the 2 x 2 ictera from both N170 latency and
amplitude results recorded in Experiment 1b (stitlyse, and recognition phase) using as
the prior the difference between the inversionaféeore in the sham and in the anodal
group found for recognition phase N170 latency amglitude results in Experiment 1a.
Results

Behavioural Data Analysis

As for Experiment 1a the data from all the partifs were used in the signal
detection d' sensitivity analysis of the recogmtiask. We assessed performance against
chance for upright and inverted face stimuli infbtite tDCS sham and anodal groups (for
Anodal Inverted, Anodal Upright and Sham Uprightfaendp < .001 for this analysis, for
Sham Inverted we foungl= .10). Each p-value reported for the comparidmis/een
conditions igwo-tailed and we also report the F or t value along witeafsize. We also
analyzed the reaction times (RTs) data to checlkifigrspeed-accuracy trade-off. We do not
report this analysis here because it does not aglthiag to the interpretation of our results.
For completeness, we give mean RTs for each ddtthrailus’ conditions: Sham Upright =

1171 ms; Sham Inverted = 1200 ms; Anodal UprighP80 ms; Anodal Inverted = 1247 ms.

D-Prime Analysis

We computed a 2 x 2 mixed model design using,vashen-subjects factorf-ace
Orientation(upright or inverted), and the between-subjeatsofaDCS Stimulatiorfsham or
anodal which revealed a significant interactib(t,, 62) = 5.85p = .018,n2p: .08. There
was a significant main effect @frientation K1, 62) = 27.93p < .001,n2p: .31, which

confirmed that upright faces were better resporideldan inverted ones. No main effect of
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tDCS was foundr(1, 62) = .001p = .98,n2p< .01. Paired test analyses were conducted
which revealed a significant inversion effect ie gham group (M=.402, SE=.05831) =
7.29,p< .001,n2p: .63, and a non-significant inversion effect i #imodal group (M=.150,
SE=.08)t(31) =1.68p = .10,n2p: .08 (Figure 4). Recognition for upright face silimn the
anodal group was lower (numerically) compared &t th the sham group, but not
significantly sot(62) = 1.06p = .30,n2p: .03. Performance for inverted faces was this time

numerically higher in the anodal group relativette sham group(62) = 1.37p = .175,1]2p
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Figure 4. Results for the old/new recognition task in Expeniinlb. The-axis shows the

stimulus conditions. Thg-axis shows sensitivity d’ measure. Error barsesent s.e.m.

Behavioural Data Analyses for Experiment 1a and bambined

Because Experiment 1a and b used exactly the sahavioural task (including the
same stimuli, counterbalance, and trial structure)provide here the results for the two
experiments combined together. We also provideyeB analysis for the difference between

the inversion effect score in the sham and in tladal groups (i.e. capturing the 2 x 2
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interaction) in Experiment 1a and b combined, usisgheprior the differences found in
Civile et al (2018), Civile et al (2019) and Civéeal (2020) averaged together. And we also
conducted a second BF analysis for upright facéisarsham group compared to that in the
anodal group, using as prior the mean differentedrn sham upright faces minus anodal
upright faces found in Civile et al (2018), Civdeal (2019) and Civile et al (2020) averaged
together.

We computed a 2 x 2 x 2 mixed model design usia@ @ithin-subjects factoFace
Orientation(upright or inverted), and the between-subjeatofatDCS Stimulatiorgsham
or anodal) and@xperimeni1a or 1b) which did not produce a significanetswvay
interaction Face Orientatiorx Stimulationx Experimeny, F(1, 108) = .582p = .447,n2p<
.01. There was a significant main effectraice Orientation K1, 108) = 73.48p < .001,1]2p
= .40, which confirmed that upright faces were drattcognised than inverted ones. No main
effect of tDCS was founB(1, 108) = 2.260p = .13,n2p: .02. Importantly, a significant
interaction was found betweé&ace OrientatiorandtDCS Stimulatiori(1, 108) = 5.281p =
.018,n2p: .04, BF=74.67. Pairetest analyses were conducted which revealed #isagt
inversion effect in the sham group (M=.441, SE=.@5p) = 7.97p < .001,n2p= .53, and a
significant inversion effect in the anodal group(l#43, SE=.06){(55) = 3.95p < .001,112p
= .22 (Figure 5). Critically, just like in Civilet@l (2018), Civile et al (2019) and Civile et al
(2020)’s studies, we find that recognition for gt face stimuli in the anodal group was
significantly reduced compared to that in the slgaoup,t(110) = 2.03p = .046,n2p: .07,
BF=51.59. Performance for inverted faces on thelahgroup was at about the same level as

that relative to the sham groufi.10) = .208p = .836,n2p< .01.
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Figure 5. Results for the old/new recognition task in Expeninla and b combined. The
axis shows the stimulus conditions. Thaxis shows sensitivity d’ measure. Error bars

represent s.e.m.

N170 ERP Results — Experiment 1B
Study Phase

N170 Peak Latency Analysis
A 2 x 2 repeated measure ANOVA revealed a sigmficateractionf(1,62) = 4.33,

p= .O41,n2p: .06, BF=10.03. A significant main effect ©fientationwas also found
(latency greater for invertedy(1, 62) = 9.56p = .003,112p: .13. No main effect of tDCS
was found~(1, 62) = .107p = .74,112p< .01. A significant inversion effect was foundtire
sham group (M=12.15ms, SE=3.24B1) = 3.78p = .OOl,an: .31, no significant inversion
effect was found in the anodal group (M=2.37ms, $&2),t(31) = .692p = .49,n2p: .01
(Figure 6, Panel a & b). No reliable difference vi@sd between the N170 latencies for

upright stimuli in the anodal vs sham grot(p2) = .168p = .867,n2p< .01, and no
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significant difference was found between invertacet in the anodal vs sham grotg6) =

775,p = 44107 = .01.

N170 Peak Amplitude Analysis

A 2 x 2 ANOVA revealed a significaf@rientationby Stimulationinteraction for
peak amplitudef-(1,62) =5.43, p = .023|,zp: .08, BF=108 and a main effect©fientation
F(1, 62) =24.15p < .OOl,nzp: .28, with a greater negative deflection for inedrfaces. No
main effect of tDCS was fourfé(1, 62) = .576p = .45,n2p< .01. As in Experiment 1a, the
inversion effect was found to be larger in terrharaplitude difference in the anodal group
(M=1.07uV, SE=.24)t(31) = 4.39p < .001,n%, = .38, compared to that found in the sham
group (M=.382, SE=.1@)31) = 2.28p = .029,n2p= .14 (Figure 5, Panel a & c). No
difference was found between the N170 amplitudesifoight stimuli in the anodal vs sham
group,t(62) =.158p = .875,n2p<.01. Despite a numerically larger N170 for theered
faces in the anodal compared to the sham groupigndficant difference was fount{46) =

1.593,p = .21,1% = .03.
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Figure 6. Panel a Waveforms at electrode P08 for the four stimu@gsiditions in the study
phase. The X axis shows the elapsed time aftemalsis was presented. The Y axis gives
the amplitudes|(V) of the ERPs in the study phase of ExperimenBHnel b mean peak

latencies (ms) for the N170 component in all stuisutonditionsPanel ¢ mean peak

amplitudes |§V) for the N170 component in all stimulus’ conditg

Recognition Phase

N170 Peak Latency Analysis
A 2 x 2 repeated measure ANOVA revealed a trenctds/a significant interaction,

F(1,62)=3.44,p = .068|,zp: .05, BF=8.23, which was based on the inversifece{mean
difference in latencies for upright and inverteidhsili) being greater for the sham group. A

significant main effect oDrientationwas found (latency greater for inverteB{1, 62) =
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17.77,p < .001,n% = .22. No main effect of tDCS was fouR¢L, 62) = .143p = .70,n%<
.01. A significant inversion effect was found irettham group (M=13.50ms, SE=2.8(31)
=4.78,p< .001,n2p: .42, no significant inversion effect was foundhe anodal group
(M=5.25ms, SE=3.43}(31) = 1.52p = .13,n2p: .07 (Figure 7, Panel a & b). No reliable
difference was found between the N170 latenciespoight stimuli in the anodal vs sham
group,t(62) = .063p = .95,n2p< .01. No significant difference was found betwewrerted

faces in the anodal vs sham grotff2) = .486p = .63,n2p: .01

N170 Peak Amplitude Analysis

A 2 x 2 ANOVA revealed a trend towards a signific@mientationby Stimulation
interaction for peak amplitud&(1, 62) = 3.26, p = .076],2p: .05, BF=10.87, and a
significant main effect oDrientation(greater negative deflection for inverted stimuh(1,
62) = 26.65p < .001,n2p= .30. No main effect of tDCS was fouk(l, 62) = .064p = .78,
n2p< .01.The inversion effect was found to be nunadiydarger in terms of the amplitude
difference in the anodal group (M=.685, SE=.11)t(31) = 6.06p < .001,n2p: .53,
compared to that found in the sham group (M= BBGBE=.16)t(31) = 2.06p = .O48,n2p:
.12 (Figure 6, Panel a & c). No difference was fbbetween the N170 amplitude for upright
stimuli in the anodal vs sham grou(©2) =.190,p = .85,n2p<.01. Despite a numerically
larger N170 for the inverted faces in the anodaheam group, no significant difference was

found,t(62) = .808p = .42,1% = .01.
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Figure 7. Panel a Waveforms at electrode P08 for the four stimutsiditions in the
recognition phase. The X axis shows the elapsee &ifter a stimulus was presented. The Y
axis gives the amplitudegV) of the ERPs in the recognition task of Experim&n Panel

b, mean peak latencies (ms) for the N170 compomeall stimulus’ conditionsPanel ¢

mean peak amplitudegV) for the N170 component in all stimulus’ condrt®

N170 Data Analysis for Experiment 1a and b combined Recognition Phase

As for the behavioural data, we conducted a 2 X2anixed model analysis for the

N170 peak latency from the two experiments recagmipphase combined.
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We found no evidence for a three-way interactiothenlatenciesHace Orientatiorx
Stimulationx Experimeny, F(1, 108) = .881p = .35,n2p< .01. There was a significant main
effect ofFaceOrientation 1, 108) = 34.30p < .001,n2p: .24, which confirmed that
inverted faces elicited a delayed N170 comparagtaht faces. Importantly, a significant
interaction was found betweé&ace OrientatiorandtDCS Stimulatiori-(1, 108) = 4.55p =
.035,n2p= .04. No main effect of tDCS was fouR(L, 108) = .141p = .71,n2p< .01. Paired
t test analyses were conducted which revealed #isagt inversion effect in the sham group
(M=11.12, SE=1.73)(55) =6.43p< .001,n2p: .43, and a significant inversion effect in the
anodal group (M=5.03, SE=2.02(55) = 2.49p = .016,1%,= .10 (Figure 8, Panel a). No
difference was found between the N170 latency poigiht stimuli in the anodal vs sham
group,t(55) =.018p = .98,n2p<.01. Despite a numerically delayed N170 for thesnted
faces in the sham vs anodal group, no significéfégrdnce was found(55) = .764p = .44,
n%=.01.

The same analysis applied to the N170 peak amplitedealed no significant three-
way interaction face Orientatiorx Stimulationx Experimeny, F(1, 108) = 2.86p = .1O,n2p
=.02. There was a significant main effecFaice Orientation K1, 108) = 78.19 < .001,
nzp: .42, which confirmed that inverted faces eliciteldrger N170 compared to upright
faces. Importantly, a significant interaction viasnd betweeifrace OrientatiorandtDCS
StimulationF(1, 108) = 7.39%p = .008,n2p: .06, which indicated that the inversion effecswa
larger in the anodal group. No main effect of tD&& found=(1, 108) = .287p = .59,n2p
<.01. Paired test analyses were conducted which revealed disagtt inversion effect in
the anodal group (M=1.8%, SE=.32)1(55) = 5.53p < .001,n2p= .36, and in the sham
group (M=.956v, SE=.22){(55) =4.34p < .001,n2p= .25 (Figure 8, Panel b). No

difference was found between the N170 peak forgipstimuli in the anodal vs sham group,
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t(55) =.094p = .92,n2p<.01. No significant difference was found betweles inverted faces

in the sham vs anodal groufh5) = 1.13p = .26,n2p: .02.

a) b)
P=.035 R P=.008
Interaction 1 . | Interaction 1
P<.001 2.0 P<.001

S 4 P<.001
190 4 P=.016
185
0.0 L t
-05
-10

Upright Inverted Upright Inverted Upright Inverted Upright Inverted
Anodal  Anodal Sham Sham Anodal Anodal Sham Sham

1.5

1.0

0.5 r‘-|

N170 Peak Latency (ms)
3
N170 Peak Amplitude (1V)

Figure 8. This illustrates the results from combining the R1atency and amplitude data
obtained from the recognition task in Experimen&lkb. Panel 3 mean peak latencies (ms)
for the N170 component in all stimulus’ conditioRanel ¢ mean peak amplitudeg\() for
the N170 component in all stimulus’ conditions.
General Discussion

In the two experiments reported in this paper wan@red the effects of tDCS on the
face inversion effect behaviourally and on the ERR30 peak component. Specifically, we
extended the tDCS procedure adopted by Civile, Megydpen et al (2016), Civile et al (2018),
Civile et al (2019) and Civile et al (2020) to m¢atte the inversion effect for newly acquired
stimuli (i.e. checkerboards) and long-term leatimsli i.e. faces. Importantly, this is the first
study that attempted to combine tDCS and EEG sanatiusly to examine the tDCS-
induced effects on the face inversion effect onNti&0 component.

The behavioural results from Experiment 1a showetithe anodal stimulation
reduced the inversion effect compared to sham mumthgerically. We note that since Civile et
al (2018), Civile et al (2019) and recently Ciweal (2020)’s work, this is the first time that

the tDCS stimulation we use did not lead to a siggmtly reduced inversion effect in the
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anodal condition, however, it would be untrue tp theat these results are out of line
(numerically) with our previous research. Alsostls the first time that the tDCS
significantly affected overall behavioural recogmit performance compared to sham. One
possible explanation for this (if it is not simpBndom variation) relates to differences in the
tDCS application procedure necessitated by thewosmat EEG recording system used in
Experiment 1a. Hence, the pressure exerted by ¢ap (positioned on top of the tDCS
electrode pads) in combination with the active atation may have raised the level of
discomfort experienced by participants, conseqaéyniproducing a blanket reduction in
overall performance. The behavioural results frotpdfiment 1b, essentially confirmed the
effects found before in the literature showing traddal tDCS over the Fp3 significantly
reduces the face inversion effect compared to shathis case no effect of tDCS was found
on overall recognition performance. It is once wenbined the behavioural results from the
two experiments that we obtained the strongest&ff@erhaps suggesting that the individual
experiments taken on their own needed a larger lgaMipe post-hoc sample size power
analyses showed that Experiment 1a was underpoyweheteas Experiment 1b was in line
with the recommended level of power (Cohen, 1988).

In line with what was found previously in Civi al (2018), Civile et al (2019),
and Civile et al (2020) ’s studies, the resultsrfiooth Experiment 1a and 1b show that
anodal tDCS delivered at Fp3 site for 10 min abiASs able to affect the face inversion
effect compared to sham (control) stimulation. Alnel overall Bayes Factor analysis
provides additional support for the contention that effects obtained are in line with
previous work. Furthermore, previous studies (@ieil al., 2018; Civile et al., 2019; Civile et
al., 2020) also found that anodal tDCS is effectiveeducing the recognition performance
for upright faces compared to sham. We did not findl result to be significant in each

experiment taken on its own. However, when we coedbithe data for Experiment 1a and
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1b we found that anodal tDCS significantly affectiee recognition of upright faces
compared to sham (this is also confirmed by theeBdsactor analysis).

Importantly, from Civile, Verburggen et al (2016)cLaren et al (2016), Civile et al
(2018), Civile et al (2019) and more recently Gt al (2020)’s work we know that the
behavioural effects found with the tDCS procedulepted here are not just be a matter of
making people worse at recognition performancealdgEmpirically, there is the fact that
Civile et al (2018), Civile et al (2019) and Civae al (2020) have never observed a
significant reduction in performance to invertedds using this procedure (also Civile,
Verbruggen et al 2016, found that tDCS did notdaffeverted familiar checkerboards). In
our experiments as well we found no effects of txDdShe inverted faces. Critically, the
behavioural results from Experiment 1a and b coedbtogether confirmed what Civile et al
(2018), Civile et al (2019) and Civile et al (20Z20®viously found, i.e. a reduction in
performance for upright faces as a consequendeediXCS procedure (see also Civile,
Verbruggen et al 2016, for similar effects on uptitamiliar checkerboards). Based on the
MKM theory of perceptual learning the effects ofd® on the inversion effect have been
interpreted as the result of a reconfiguratiorhef ¢cognitive processing that develops
representations of stimuli, such that instead efgxposure to a prototype-defined category
enhancing the discriminability of the exemplarsstakrom that category, it instead now
enhances generalization between them. This makesothmon prototypical features of
those exemplars more prominent rather than exafyggthe features unique to each
exemplar that constitute their differences. this change in perceptual learning that causes
the reduction in the face inversion effect becaussduces individuals’ ability to
discriminate between different upright faces, whkhormally enhanced by their expertise

acquired via experience and manifesting as peraéfgarning.
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This suggests that the tDCS procedure is affe¢tiog recognition by making the
faces look more “similar”. Thus, if tDCS affectsnéigural processing for familiar stimuli by
maintaining the salience of the prototypical featushared among the stimuli, we would
expect from the behavioural results a reduced ifacsion effect. We would also expect the
results from the N170 latencies to be similar ®ltehavioural ones as a consequence of the
upright faces becoming more difficult to recogniaed so closer to the latencies obtained for
inverted faces.

The ERP results for N170 latency show that the tp@&fsedure reduces the inversion
effect compared to sham. Hence, less delay asseqaence of inversion was found on the
N170 in the anodal condition compared to sham.iiitezaction between the reduction of the
inversion effect on the N170 latency in the anaptalip vs. that found in the sham group was
significant in the Experiment 1b study phase datanbt in the recognition task data. It is
only once that we combined the ERP data from Erpent 1a and 1b that we find a
significant interaction also in the recognitionkgghis is also confirmed by the Bayes Factor
analysis). The fact that we find more robust effectthe study phase is in line with previous
studies that examined the inversion effect of ti&Nfor checkerboards drawn from a
familiar prototype-defined category (i.e. famil@ynfiguration) vs that for checkerboards
drawn from a novel prototype-defined category (féivZhao, et al., 2014). It also agrees
with studies that looked at the inversion effectloeN170, for normal faces vs that for sets
of faces that had their configural information digted (e.g. scrambled, Thatcherised)

(Civile, Elchlepp, et al., 2018; Civile et al., 21)2 Given that modulation of the N170
latency reflects perceptual expertise to explatdbnfigural information, then this should
occur when simply perceiving the stimulus and stidnd easiest to detect during the study
phase. This is because the effect should not bedibaving to do anything in particular,

except perhaps attend to the stimulus, and byett@gnition phase our familiarity
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manipulation would have been somewhat diluted lpedrnce of all the stimuli in the study
phase. In the specific case of the tDCS theresis ah additional potential explanation related
to the specific duration of the effects induced aether performance would be
repristinated as “normal” after some time from ¢mel of the stimulation. Future studies
should investigate whether the effects of tDCSamefrecognition (and more general
perceptual learning) are long lasting or insteaadpi@rary. Overall the results from the N170
latency analysis are supported in the literatuszdieed in the introduction. Several studies
have attributed the latency delay in responseverted faces to the disruption of configural
information (for a review see Eimer 2011). Hendedies that broadly support the expertise-
based account of the inversion effect on the N1&@&Ishown how a similar delay in the
latencies is recorded for prototype-defined artaficategories of stimuli (i.e. they share a
configuration) other than faces (e.g. Greeblegefrprints, checkerboards). This suggests that
delay in the N170 is associated with disruptiothef ability (developed with expertise) to
exploit the configural information within a famitiagtimulus (Rossion et al., 2002; Busey &
Vanderkolk 2005; Civile, Zhao et al., 2014). Im@ortly, the tDCS procedure would seem to
affect the inversion effect by inducing a similaduction on the N170 latency to that usually
recorded for sets of faces where the configurarmftion has been disrupted (e.g.
scrambled, Thatcherised, contour removed/scranfhtss). Our finding is essentially a first
demonstration that the inversion effect on the Niafé&ncy can be reduced in response to sets
of regular faces that have all the configural infation unaltered. Thus, we are able to argue
that the tDCS procedure is able to influence camigprocessing. As predicted, our results
on the N170 latency seems to reflect the behavioesalts. Previous studies on the N170
and face inversion effect showed that configuratugition reduces the behavioural face
inversion affect as well as that on the N170 latsn¢e.g. Civile, Elchlepp, et al., 2018 using

scrambled faces; Civile et al., 2020 using Thatckedrfaces). In a similar vein, the tDCS
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procedure in the studies reported here was abykgdtace the inversion effect behaviourally
and on the N170 latency compared with sham. Fgtuidies should seek to directly
determine how tDCS affects the N170 peak latencyfpoight and inverted faces.

This brings us to the results for the N170 peaklduges. We know from the
literature that inverted faces not only elicit dagfed but sometimes also a larger N170
component compared to that elicited by upright $g&@mer 2000; Sagiv & Bentin, 2001).
The results from the experiments reported hereesighat applying the tDCS procedure
increases the inversion effect on the N170 ampdgutbmpared to the sham group. As for
the case of the N170 latency results, we find tthateffects obtained were stronger in the
Experiment 1b study phase although a significateraction was also found in the
recognition task data from Experiment 1a. Once sraeluned the data from the recognition
task in Experiment 1a and 1b the effects were kigignificant (i.e. larger inversion effect in
the anodal condition vs. sham). In general, theselts would seem to support at least in part
Lafontaine et al (2013)’s study, by suggesting tBeélS at DLPFC increases the N170
amplitudes, however we see this happening only nigally and mainly in response to the
inverted faces. As well as in Lafontaine et al @0 study, this increase in the N170
amplitude is not linked with any increase in bebaval performance, rather there is a
decrease in performance to upright faces.

One potential explanation for these results is thaseprevious studies that
investigated the relevance of the eyes considesepecific features that we rely on, in
addition to configural processing, when we recogffiaces. Itier, Latinus and Taylor (2006)
showed that presenting isolated upright eyes elaciarger N170 amplitude (at occipital P8
channel area) compared to that found for the whpteght human face, ape faces and
various categories of objects (e.g. chairs, camssés). Furthermore, ltier et al (2007) showed

that in contrast to whole faces, inversion of egelaces (the eyes were removed, and the
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space left empty was blended in grey) reducedabe ihversion effect on the N170
amplitude. Nemrodov, Anderson, Preston and Itied 42 using eye tracking and EEG
demonstrated that a larger N170 was found whenidavas enforced on the eyes compared
to fixation on the forehead, nasion, nose, or moatlorder to enforce fixation, participants
were instructed to fixate in the centre of the sanrdowever, the faces were offset in such a
way that gaze fixated the different face locati@ag. the eyes or the nose). Critically, in both
upright and inverted conditions the eyes elicitesllargest N170 amplitude. Enforcing
fixation on the eye region of eyeless faces, howewade the increased N170 amplitude
disappear. We suggest that the increased invee$iect on the N170 amplitudes recorded in
the anodal condition in our Experiment 1a and Jda&potentially indicate a switch from
configural processing to a more feature-based gBiicg that enhances the effect of the eyes
of the faces. Future studies should investigatemg@tl stimulus manipulations (e.g. eyeless
faces) that could help to disentangle the tDCS-dedweffects on the inversion effect and the
N170 component.

Overall, our results suggest that our tDCS procedkiable tdehaviourally
influence the face inversion effect by reducingampared to sham. Thus, the behavioural
results from our study find support in the perceptearning literature and specifically
previous studies that have looked at the effecte@tame tDCS procedure on the inversion
effect (Civile, Verburggen et al., 2016; McLarerakt 2016; Civile et al., 2018; Civile et al.,
2019; Civile et al., 2020). Taken all together, tbsults from previous studies and the study
reported here provide some robust evidence fousleeof the tDCS procedure as a powerful
method to influence perceptual learning. The redutim the ERPs show that the tDCS
procedure is also able to reduce the face inverdi@at on the N170 latency. These results
find support in the N170 and face inversion efféetature, and specifically in the accounts

based on configural processing. Finally, the teduobm the N170 amplitudes show a
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“novel” pattern indicating that the tDCS procedw®uld seem to elicit a larger inversion
effect on the specific component. This effect fisdese parallels in the N170 and face vs eye
and eyeless faces inversion effect literature.

One may notice that the ERP results in our studgwere robust in the Experiment
1b study phase than in the Experiment 1a and Hdgreton phases (although after we
combined them these results were also robust).pOtesntial explanation is based on the fact
that during the recognition task participants halveady developed some familiarity with the
inverted stimuli (at least half of them) and so éffitects of stimulus exposure may have been
attenuated. Previous studies have found a sinfiactee.g. Civile, Zhao et al., 2014 using
checkerboards; Civile, Elchlepp et al., 2018 usagmbled faces; Civile et al., 2020 using
Thatcherised faces). Alternatively, it could betthaving to make a decision and respond is
responsible for attenuating this effect. Yet anoff@ential explanation is that the effects of
the tDCS may be stronger when the stimulation iva@and perhaps, they start to diminish
once it has ended (at the end of the study phea®)re studies should systematically
investigate the effects of the tDCS procedure wdadivered during the study phase (i.e.
encoding of the faces) vs when delivered duringd#gegnition task only.

Future studies should also address the questiomarbe specific type of configural
processing affected (e.qg. first/second relationfrimation vs holistic) by the tDCS. Hence,
the same tDCS procedure might be extended to gppbiénomena linked to holistic
processing like for example the composite faceceffenly two studies have so far
investigated the influence of tDCS on the compdsite effect. Both studies applied the
anodal stimulation at occipital areas and foundna case (Yang et al., 2014) a reduction of
the composite effect by means of improved recogmigierformance. However, Renzi et al
(2014) found that unlike Yang at el (2014), and@dC'S delivered over occipital areas did

not influence the composite face effect. Moreofigyre studies should extend the tDCS
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procedure in combination with EEG recordings tcestigate the effects on face identity
recognition. While the N170 component appears tmbensitive to face familiarity, or
repetitions, another component called N250r isagihy found to be larger in response to
familiar vs unfamiliar faces. Thus, it has beeroagged with individual recognition
(SchweinbergeHuddy & Burton, 2004).

In conclusion, the work reported in this paper hgltts the effects of tDCS on face
recognition skills indexed by the face inversiofeef. Importantly, we provide the basis for a
novel technique that uses tDCS and EEG combinedlsimeously to investigate the
mechanisms underpinning the face inversion effedtraore generally face recognition.
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In Experiment 1a & 1b, we show that anodal tDCS delivered (10 mins at 1.5mA) over
the left DLPFC at Fp3 significantly reduces the behavioral face inversion effect
relative to sham (control) condition under double blind conditions.

The ERP results provide some evidence for tDCS being able to influence the face
inversion effect on the N170. Specifically, for the N170 latencies the tDCS reduces
the usual face inversion effect (delayed N170 in response to inverted vs. upright
faces) compared to sham. Contrarily, the same tDCS procedure increased the
inversion effect seen in the N170 amplitudes.



