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Abstract

Emerging evidence suggests that transcraniahalieg current stimulation (tACS) is an
effective, frequency-specific modulator of endogendrain oscillations, with the potential to
alter cognitive performance. Here, we show thaticéidn in response latencies to solve complex
logic problem indexing fluid intelligence is obtaoh through 40Hz-tACSy{band) applied to the
prefrontal cortex. This improvement in human perfance depends on individual ability, with
slower performers at baseline receiving greaterefisn The effect could have not being
explained by regression to the mean, and showddaad frequency specificity: it was not
observed for trials not involving logical reasonirms well as with the application of low
frequency 5Hz-tACS (theta band) or non-periodichhfgequency random noise stimulation
(101-640Hz). Moreover, performance in a spatial kvy memory task was not affected by
brain stimulation, excluding possible effects onidl intelligence enhancement through an
increase in memory performance. We suggest that sigh-level cognitive functions are
dissociable by frequency-specific neuromodulatdifeats, possibly related to entrainment of
specific brain rhythms. We conclude that individdifferences in cognitive abilities, due to
acquired or developmental origins, could be redubaihg frequency-specific tACS, a finding

that should be taken into account for future indiisl cognitive rehabilitation studies.

Keywords: cognitive enhancement; fluid intelligence; indivad differences; non-invasive brain

stimulation; transcranial electrical stimulatioAQS

Introduction



High level cognitive processes such as consotidatf episodic memory traces
(Marshall, Helgadottir, Molle, & Born 2006), worlgnmemory (WM) (Polania, Nitsche,
Korman, Batsikadze, & Paulus 2012), decision maki8gla, Kilim, & Lavidor 2012) and
logical reasoning (Santarnecchi et al. 2013a) mawyebt from noninvasive transcranial
alternating current stimulation (tACS), particujarthen the applied frequency coincides with
the endogenous regional synchronization that aceomp the function of interest. These
findings confirm experimental evidence indicatihgtttACS induces a reinforcement of ongoing
brain oscillations by “entrainment” (Frohlich andc®@ormick 2010;Reato, Rahman, Bikson, &
Parra 2010) or “resonance” phenomena of large-snatevorks (Ali, Sellers, & Frohlich
2013a;Antal and Paulus 2013), an effect that migkt exploited for rehabilitative or

enhancement interventions with tACS in humans @aetchi et al. 2015).

Whether tACS-induced cognitive enhancement takeseprrespective of pre-stimulation
individual differences in performance (and-or utglag neurophysiological dynamics), or
alternatively, depends on the individual's cogrétiand-or oscillatory patterns profile, is still
unknown. However, the latter scenario might bedteyn with the documented state-dependency
of tACS effect on the motor and visual systems,clwhsuggests how the response to tACS is
modulated by behavioral demands and consequentlythiey neurophysiological changes
accompanied by these (Feurra, Pasqualetti, Bia®antarnecchi, Rossi, & Rossi 2013;Kanai,
Chaieb, Antal, Walsh, & Paulus 2008). If this wehe case, the dependency on individual
cognitive -as well as purely neurophysiological-ofpe might represent a key feature in

determining the potentials (and limits) for neuro@ncement applications.



In a previous study (Santarnecchi et al. 20138z4tACS (gamma-band) has been
applied to the prefrontal cortex during a fluid eligence (@) task, which includes logic
reasoning problems and relational problems. Brjédlgic reasoning refers to the ability to solve
problems based on logical conditional arguments. (@here specific rule of inference “Modus
Tollens” is appliedif P then Q; not-Q; e.g. “if there is a circle then there is a triendhere is
not a triangle. Therefore, there is not a circlege Figure 1 A - Logic), which have been
demonstrated to mostly activate prefrontal striegyiPrado, Van Der Henst, & Noveck 2010).
On the other hand, relational problems are basgukoreptual relations (i.e. linear arguments as
those in relational syllogisms, eRisto the left of Q; Q isto theleft of R; “The circle is to the
left of the triangle. The triangle is to the leftthe square. Therefore, the circle is to the ¢éft
the square”; see Figure 1 A - Relational) and megless prefrontal engagement in favor of
higher parietal activation (Prado, Van Der HenstN&veck 2010). By comparing 40Hz tACS
with other stimulation frequencies (5Hz, 10Hz, 2Dldmd a Sham condition, Santarnecchi et al.
(2013a) found a trial type-specific decrease intime required to solve complex logic reasoning
problems in healthy subjects. However, it is stiliclear whether improvements in logic
reasoning may occur as (1) a consequence of theslatmoh of brain dynamics leading to a
change of cortico-spinal excitability —instead ofecific modulation of the brain rhythm(s)
being targeted— or (2) as an indirect enhancementher cognitive functions, such as WM,
which is an integral part off@Gbilities (Diamond 2013). Moreover, given the pesitcorrelation
between Gand performance on a wide range of cognitive tasksyell as its role as a predictor
of both educational and professional success (8alt8taudinger, & Lindenberger

1999;Gottfried, Fleming, & Gottfried 1998), understling the role of individual cognitive



differences in the response to tACS representsmgortant question for future application as

well.

We tested these hypotheses in two experiments dplyiag different stimulation
parameters, and during performance on a visuospath task and a visuospatial abstract

reasoning task commonly used for indexing G

Materials and M ethods
Participants

Participants were healthy right-handed individusdsruited from the University of
Oxford vicinity. Fifty-eight subjects were includedafter being screened for overt
contraindications for transcranial electrical stiation (tES), including personal and family
history of epilepsy, unstable medical conditionsyghoactive or central nervous system-active
medication, and recent migraine attacks. Twenty-fiodividuals (11 female) (23.8 £ 3.14 years)
took part in Experiment 1, thirty-four individua{$7 female) (24.3 + 2.76 years) took part in
Experiment 2 (Gendey? = 0.98, p >0.75; Aget) = -0.88, p > 0.61). All participants provided
written informed consent. Participants were compttswith £30 for their time. The study was

approved by the Berkshire Ethics Committee (10/F505B).

Experimental Paradigm



The aim of Experiment 1 was twofold: (i) testingr fthe effect of different tACS
frequency on Gperformance, as well as (ii) the potential conaurreffect of tACS on WM
performance(see Fig. 1). Twenty-four participanesfgemed G and WM tasks (see the
following paragraphs for a detailed description)ileslieceiving 40 Hz«), 5 Hz @) or sham-
tACS in a fully counterbalanced design (both taskli atimulation order). In Experiment 2
(n=34), we used the same experimental design, dplaced stimulation i® band with high-
frequency transcranial random white noise (101-640$timulation (tRNS). This allowed us to
examine the role of frequency-specific resonancenpmena and potential modulation of
cortical excitability as the mechanism of action tACS-induced Gimprovement, since tRNS
is assumed to alter brain dynamics in a way thaicad excitability is modified (see below).
Moreover, it also allowed replicating the findinfytem Experiment 1 in respect to individual

differences and the role of WM.

High-frequency tRNS is a recently developed forfntranscranial electrical stimulation
(tES) based on a random (i.e., not sinusoidal)tidat oscillatory spectrum (101-640Hz),
capable of inducing long-lasting effects on cottieacitability when applied on the scalp
overlying the motor cortex (Terney, Chaieb, MoliadzAntal, & Paulus 2008) and the
dorsolateral prefrontal cortex (Snowball et al. 201n contrast to tACS, where a single-
frequency signal is delivered, tRNS relies on atnitdquency signal. Previous studies have
suggested that tRNS modifies the inherent signaleiee ratio of the targeted brain region
(Chaieb, Paulus, & Antal 2011) via stochastic resme (Fertonani, Pirulli, & Miniussi 2011). In

both Experiments 1 and 2, both types of stimulatiegre set for 30 minutes, while sham



stimulation was set for 30 seconds. Stimulation wersninated as soon as the participant

completed the set of matrices, and was followed byeak.

Stimulation parameters: For tACS, sinusoidal stimulation with no DC offsets
delivered at an intensity of 750 pA (peak-to-peakijth an average current density at the
stimulation electrode equal to ~30 pAfcnThis stimulation intensity was chosen to avoid
flickering at the periphery of the visual field tgplly reported by participants at higher
stimulation intensities (Paulus 2010; Terhune, $S&@ohen Kadosh, 2015). Sham blocks were
composed of 30 seconds of tACS using the frequericstimulation applied in the previous
block. Participants reported mild tingling sensasiaonly at the beginning of the stimulation.
Only 2 out of 58 participants reported flickeringtlae periphery of their visual field during 40
Hz tACS in Experiment 1. Transcranial stimulatiomsadelivered through a battery-driven
stimulator (Eldith DC-Stimulator, NeuroConn, Germgnconnected to conductive-rubber
electrodes, and covered in sponges (5x5cm). Spomges saturated in saline to keep
impedances below 10¢k throughout stimulation sessions, thereby miningzioutaneous

sensations.

Targeting the Stimulation site: In both experiments we targeted the left middlentab
gyrus (MFG) and used the vertex (Cz in the 10-2GEkstem) as the return electrode (Fig. 1C).
We chose the left MFG based on a previous studytéBaecchi et al. 2013a). The procedure for
subject-wise hotspot identification was been cotetlicwith Munster T2T software
(http://wwwneuro03.uni-muenster.de/ger/t2tconviarting from inion-nasion and tragus-tragus
distance estimation, we identified the vertex avzhted electrode positions by moving through

thex andy planes.



Task Overview: To estimate Gabilities we used a modified, computer-based wvarsif
Raven’s Matrices, a visuospatial abstract reasotaiskg widely used to indexf@atzen, Benz,
Dixon, Posey, Kroger, & Speed 2010). To measuraogpatial working memory (WM), we
employed a standard change localization task irchvparticipants selected which one of four
squares differed on their second presentation riggpect to the first. These two tasks, presented
sequentially with a one-minute break between theomstituted a single block. After a short
training session, participants performed three kdpceceiving a different form of tES in each.
There was a 24-minute break between blocks, wittofold purpose: 1) to allow participants to
rest; and 2) to minimize carry-over effects of stiation, as some short-term, post-tACS after-
effects have been reported. Notably, this has Ine¢ed in the alpha frequency range and only
after prolonged stimulation sessions (Zaehle, R&clHerrmann 2010). Between blocks, and
before the first and after the last block, paréeifs completed a short, low cognitive-load control
task, requiring them to classify a series of nuralegspearing on the screen as odd or even.
Participants were instructed to respond as fastasndccurately as possible in all tasks. They
were informed before the start of the experimeat the participant with the highest number of
correct matrices would receive a bonus prize of. £&ils was to incentivize participants to
respond as accurately as possible and remain fdctiseughout the experiment. The full
experiment lasted approximately 3 hours per paditi. All experiments were presented using

E-prime 1.2 software (Psychology Software Tool#sBurgh, PA).

Task descriptions: Abstract-Reasoning task. Participants performed a PC-based version
of Raven’s Matrices, i.e. the Sandia matrices (EiatZ8Benz, Dixon, Posey, Kroger, & Speed

2010). Respect to the original Raven stimuli, tadta tool includes multiple sets of validated



stimuli which thus allow for repeated measuremdn®i also allowing for sensitive recording
of response times (Santarnecchi et al. 2013a). Baathx was composed of a 3x3 grid, with
each cell in the grid containing a set of shapéerd@ was a blank cell in position 3-3 of the grid
(bottom right). The participant was required to ebete the matrix using one of eight options
(Figure 1). Participants responded by pressing dbeesponding key on a keyboard. A
maximum of 60 seconds was allowed for each madfter which the next matrix appeared. Two
different sets of matrices were presented: Relatioratrices and Logic matrices, corresponding
to different cognitive operations discussed abadRelational matrices could be solved by
capturing variations in the features of shapes szcreells in the grid, (i.e. colour, size,
orientation, number, shape), with some featureg avastant while others vary. In contrast to
Santarnecchi et al. (2013a) only the highest difficwas used, with variation in three of the five
features, referred to as “three-relations” matriCEsis was done in order to reduce the total
experiment time, and because these matrices aagvedy easy to solve (Santarnecchi et al.
2013a). Logic matrices required participants tdqren logical operations across the matrix (i.e.
conjunction, disjunction, or exclusive disjunctidnown as AND, OR and XOR functions,
respectively), similarly to the conditional infecss discussed above. Logic and relational
matrices were presented in a randomized orderttanhterstimulus interval was five seconds.
Additionally, before starting the first block, parpants performed a short training exercise to
familiarize with the stimuli and reduce possiblevelty effects in the first block. The training
exercise consisted of 48 matrices, 12 belongingaith category of Logic matrices and one-,
two- and three-Relational. The easy-to-solve o taro Relations matrices were included in
the training block in order to prevent discouragpayticipants due to task difficulty. Before

starting the training block, brief verbal instructs were given to participants explaining the
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task. After the first twelve matrices, a screersprged additional experimental instructions: this
screen explained that there were two types ofstifi@dlational and logic), and explained how to
solve them (by looking for changes in features s€rtthe matrix, or by performing a logical
operation, respectively). We confirmed verballyttparticipants understood the task and how to
solve the matrices. Giving detailed instructiongs$sist participants in solving the matrices was
crucial, as we aimed to maximize the number ofemrresponses and minimize the effect of
practice across blocks. Indeed, it was importantcaétiect the highest number of correct
responses, since the effect of interest was a ratidnl of response times on correct responses
rather than accuracy (Santarnecchi et al. 2013#&er Ahese more detailed instructions,
participants completed the remainder of the trgrbiock. In both experiments, there were 12
trials of both Relational and Logic (24 matrices plck, 72 matrices in total, with each matrix
appearing for 60 seconds), presented in a randdnoimder. To ensure proper counterbalancing
between groups and within conditions, both norneatoorrect responses for each matrix
(expressed as percentage scores) and specific ofpmsalogical operations required to solve
them (changes in shape, size, orientation, numlbestimuli, and transformation direction

[horizontal, vertical, outward, diagonal]) were tia@d into the study design.

Task descriptions: WM task. To assess visuospatial WM, we used a delayed-ntatch-
sample, change-localization task requiring paréiois to detect which one of four squares
changed color between the first and second prasamtat a set of four squares (Luck and Vogel
1997). Participants were instructed to fixate amass in the middle of the screen at the start of a
trial. Four squares briefly (100ms) appeared aratnngl fixation cross (one in each quadrant).

After a short interval (800ms), four squares reappe in the same locations. One of the squares,
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randomly selected, would changed color (Figure The squares corresponded to a size of
approximately 1.1 degrees of the visual angle, wadld appear approximately 5.5 degrees of
the visual angle around the fixation cross. A caleange of one square occurred on every trial
and no two squares on the screen at the same toulel Wwe the same color. Participants used the
mouse to click on the differently-colored squaréeTsecond set of squares remained on the
screen until participants responded. Again, acqueaw response times were recorded. After
selecting a response, the next trial would begirer& were 60 trials in each block. A 30-second

break was provided halfway through the task.

Task descriptions: Control task. The control task consisted of classifying 100 ranlyo
generated numbers presented sequentially on th@utemscreen as odd or even. A fixation
cross would appeared on the screen for 1 secohmvEd by a randomly generated number
between 1 and 99. Participants then responded ask&y press to specify whether the number
was odd or even. Accuracy and RT were recordeds Blsted as a control task to assess
attention/vigilance/fatigue by detecting any changereaction time (RT) and accuracy over the
course of the experiment or any potential geneftdr-affects of stimulation on RTs and

accuracy.

Data Analysis

Analyses were carried out using IBM SPSS Stasisfitersion 21, release 21.0.0) and
MATLAB (Release 2012b, Mathworks). Both Experimédnaind 2 were analyzed in the same
manner. Data were filtered for outliers (mean = 28% of the trials). RTs and accuracy data

were investigated for both the Sandia Matrices tagkthe WM task. In terms of factors, Sandia
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Matrices included the relational and logic trialhjich along with WM trials, gave three trial
types in total. To investigate main effects ancerattions of stimulation and trial type in
Experiment 1 and 2 for both correct RTs and acgyrac three-way repeated measures
ANCOVA with the stimulation type (sham, 40Hz-tAC&hd either 5Hz-tACS for Exp 1 or tRNS
for Exp 2) and trial type (Logic, Relational and Ws within-subjects factors. Gender, the
order of task (Sandia matrices/WM) and the ordethefstimulation conditions were added as
covariates. In the event of a significant effectstfulation, further simple main effects were
analyzed using a similarly structured ANCOVA to depose the effect. In the event of an
interaction between stimulation and trial type anslbsequent significant simple main effect of
stimulation on a specific trial type, pairwise campons were performed to elucidate the nature
of the effect. In the event of a violation of Malchk test of sphericity, we employed
multivariate measures, which are not limited by #®phericity assumption. We performed
correlation analyses by carrying out Pearson prsohaenent correlation coefficient between the
variables of interest, again by controlling for #féect of order for task, stimulation and gender.
Speed-accuracy trade-offs were examined usingapastirrelations and repeated measures
ANCOVAs, similar to those described above. Prireipbmponents analysis was performed on
z-score adjusted data to account for differenceesactrial types. For all tests the level of

significance was set atf.05.

Results

Experiment 1
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Response time. This analysis revealed a significant effect of si@mtion [F,19) = 5.20,
p<0.01, Cohen'd = 0.53] and trial typeH,,19)= 12.67, p<0.001, Coherds= 1.42], as well as a
significant stimulationxtrial type interactiof17)= 10.11, p<0.001, Coherds= 0.62]. Simple
main effects of stimulation for each trial type wemalyzed separately. The simple main effect
for stimulation was significant for Logic triald{ 19 = 15.91, p<0.001, Cohents = 0.74],
marginally significant for Relational trial§{,19) = 3.08, p=0.069, Cohents= 0.42], and non-
significant for the WM taskH 19y = 0.43, p=0.653]. Therefore, the most likely seuof the
stimulationxtrial type interaction was due to deliént effect of stimulation on WM compared to
Logic and Relational trials. To test this, a tremdlysis (Logic = Relationaéd WM) was applied.
This analysis revealed a significant stimulatiorattype interaction fa,17) = 23.93, p<0.001,

Cohen'd = 0.98], confirming that the source of the intéiat was the WM task.

To further explore the interaction between stimiataand trial type we investigated the
significant effect of the tACS condition on LogindaRelational trials separately. In the case of
Logic trials, RTs for correct responses on the 40M2S condition were significantly faster
compared to both shamyh) = 5.84, p<0.001, Cohents= 0.98] and 5Hzt[;3 = 3.57 p<0.01,
Cohen'sd = 0.78] stimulation (Figure 2). Five-Hz tACS anHamn were not significantly
different fte3 = 0.51, p=0.613]. The mean reduction in respomse tduring 40Hz-tACS
compared to the sham condition was 3.6s, correspgnd a 21% decrease of the time required
to correctly solve Logic matrices. In the Relatibtrgals, response times during 40Hz-tACS
were not significantly faster compared to shagm)F 1.12, p<0.198] and 5Hz-tAC&k) = 1.24,

p=0.228]. (Figure 2).
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Accuracy. While a significant main effect of stimulation wast observedH 19)= 1.02,
p=0.380], a significant main effect of trial typled.9) = 4.52, p<0.05, Cohents= 0.45], and a
significant stimulationxtrial type interactiofr 17y = 4.36, p<0.05, Cohents= 0.37] emerged.
Further decomposition of this interaction for eadhl type revealed no significant effect of
stimulation on accuracy for Logi€,19)= 2.56, p=0.103], RelationaFf 19)= 2.03, p=0.159] or

WM trials [F(2.16)= 0.003, p=0.997] (Figure S1, S2).

Experiment 2

Response times. A significant main effect of stimulatior[, 29)= 7.45, p=0.002, Cohen's
d = 0.54] and trial typeH; 29 = 32.45, p<0.001, Cohents= 0.89] were identified, while the
interaction between stimulation and trial type dat reach significancd=[ 27 = 1.00, p=0.411].
As for Experiment 1, simple main effects of stimigda for each trial type were analyzed
separately. The simple main effect for stimulatieas significant for Logic trialsH,29= 22.56,
p<0.001, Cohen'd = 0.81], while non-significant for Relational tisa[F 29 = 1.32, p=0.237,
Cohen'sd = 0.28] and the WM task{, 29) = 0.64, p=0.544]. RT for correct Logic trials cugi
40Hz-tACS condition were significantly lower comedrto both shamtgs = 5.12, p<0.001,
Cohen'sd = 0.75] and tRNStfs) = 3.39 p<0.01, Cohents= 0.56] (Figure 2). Sham and tRNS
were not significantly differentt§s = 0.632, p=0.531]. The mean reduction in respdimae
during 40Hz-tACS compared to the sham condition &&s, corresponding to a 19% decrease
of the time required to correctly solve Logic me#s. In the Relational trials, response times
during 40Hz-tACS were not significantly faster caamgd to shamtgsz = 0.89, p<0.347] and

tRNS [t(z3) = 0.81, p<0.410] (Figure 2).
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Accuracy. The only significant main effect was for stimulatifF .9 = 6.73, p<0.01,
Cohen'sd = 0.52; trial type:F29 = 0.91, p=0.413]. In addition, there was a sigaifit
stimulationxtrial type interaction F{s.7y = 8.14, p<0.01, Cohen'sl = 0.59]. Further
decompositions of this effect demonstrated a dicamt simple main effect of stimulation on
Logic accuracy Fp 29 = 3.74, p<0.05, Cohend = 0.38], and non-significant effects for
Relational matrices and WMF{; 29y = 0.004, p=0.99, anBlx29) = 1.23, p=0.31, respectively].
Pairwise comparisons between stimulation conditionsLogic trials accuracy revealed no
significant differences between tRNS and shagy) = 1.78, p=0.253] or 40Hz-tACS {3 =

1.45, p=0.371].

Speed-Accuracy Tradeoff Analysis

We further examined whether the observed reductibrresponse times could be
associated with a reduction of accuracy. Such k dauld raise doubts about a potential
modulation of speed-accuracy trade-off (SATO) (#lahet al., 1974). Therefore, we assessed
whether the correlation between stimulation-induaddhnges in both response times and
accuracy was positive. This analysis revealed goifstant correlations [r=0.19, p=0.294],

consistent with the absence of a SATO in a prevatudy (Santarnecchi et al. 2013a).

Individual differencesin efficacy of tES

We finally investigated whether improvement indlidey 40Hz-tACS correlated with
baseline performance. We therefore tested whethdividual performance in the sham
condition, which serves as our baseline performamncerelated with 40Hz-tACS induced

reduction in time to solve Logic matrices in Expaeents 1 and 2. Therefore, we collapsed the
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data across Experiments 1 and 2 (N = 58). A sicgmifi correlation emerged between the time
taken to correctly solve Logic matrices in the shandition and the improvement in response
times induced by 40Hz-tACS [Pearson correlatiqg, = 0.75, p<0.01](Fig.3). As a control
analysis, and to rule out the possibility that ¢served correlation was due to a regression to
the mean effect, the correlation between respomsestduring sham and 5Hz-tACS/tRNS
induced reduction in response time was also tesi&s analysis revealed no significant
correlation [SHz-tACS, 3 = 0.18, p=0.435; tRNS, @35 = 0.28, p=0.225] (Figure 3).
Correlations for sham x 40Hz-tACSshj = 0.51, p<0.05] and sham x (sham - 40Hz-tACg))[r

= 0.75, p<0.01] response times highlighted a sicpniit interaction between baseline
performance and the response to 40Hz-tACS. Notaldycorrelation between 40Hz-tACS and
individual performance in the sham stimulation dtod was replicable in each experiment
individually [Exp 1: {23)= 0.46, p<0.05; Exp 2{s) = 0.73, p<0.001]. The enhancement obtained
during 40Hz-tACS did not follow the distribution difie individual response times during the
Sham condition, suggesting a difference betweertvtbeslopes (sham and 40Hz-tACS)(Fig. 3),
and thus a nonlinear interaction between indiviquaformance with and without stimulation.
This hypothesis was confirmed through the applicatif Williams test to the two correlation
coefficients (Z = 3.72, p=0.007). As a control &regression to the mean phenomenon (Barnett,
van der Pols, & Dobson 2005), the same analysis agdied for S5Hz-tACSand tRNS

conditions, with no significant results.

Furthermore, a two-step clustering procedure, cdaetpusing performance at sham as
the continuous discriminant variable, revealed smbgroups within the sampldow and fast

participants. Sow participants showed significantly greater improvemevith 40Hz-tACS
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compared tdast participants [Shamst) = 4.2, p<0.001, Cohen's d = 1.68; 5Hz-tACS andSRN
tse) = 3.2, p<0.01, Cohents= 0.98] (Fig. 4A&B). Additionally, a differentialesponsiveness to
40Hz-tACS for these two subgroups was also idetifslow, rog = 0.85, p<0.001fast, r(3) =
0.17, p=0.134], with 100% of slow participants Hemey from 40Hz-tACS, while 23% ofast
participants exhibited impairments (Fig. 4C). Ider to disentangle the possible influence of
other individual difference variables on the baseldependent effect, further analyses also ruled
out a significant impact of gender (Fig. S2, S2),S8%e (Fig. S4), order of stimulation

blocks/cognitive tasks (Fig. S3) and baseline Wivfggenance (Fig. S5) on the observed results.

Moreover, to exclude the possibility of experimemé&dated differences in baseline
performance, which might interact with individualsponse to tACS or tRNS and therefore bias
the aforementioned baseline-dependent resultspgadson of baseline scores in both Logic,
Relational and WM trials from Experiments 1 and Aaswcarried out using a multivariate
ANOVA. Results showed no significant differencesomth RT [Logic,F1 55 = 1.12, p=0.299;
Relational,F(1 55y = 0.89, p=0.343; WMF 55 = 0.93, p=0.332] and accuracy scores [Logic,

Fus5= 0.67, p=0.413; Relationd¥ 55 = 0.84, p=0.381; WME 55 = 0.92, p=0.344].

Control task

Analyses of the odd/even task didn't reveal aisagimt main effects of the order in
which blocks were presented on RT and accurackpeiment 1 Fzg1)= 1.36, p=0.260F (3 1)
= 1.12, p=0.345, respectively] and Experimentg do) = 2.01, p=0.118F 389 = 0.62, p=0.60,

respectively]. All pairwise comparisons were nongigant (p > 0.2). The same analyses were
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also performed with blocks ordered by the stimaolattype they followed (Figure S6), an
important control that could have detected whetirey of the stimulation types had general
after-effects on RT or accuracy. Again, significdifferences were not observed neither on RT
or accuracy in Experiment 1 [RF39e) = 1.34, p=0.266, accurac¥sgez = 1.02, p=0.375,
respectively] and Experiment 2 [RFz 92 = 1.65 p=0.187, accurac¥sz g = 0.38, p=0.767,
respectively]. As before, pairwise comparisons dideveal any significant comparison (p >

0.2).

Discussion

Here we show that the improvement in logical reasp performance (i.e., reducing the
time required to correctly solve a visuospatiaidlintelligence task) using prefrontal 40Hz-
tACS can be predicted from baseline individualigblevels, with poorer performers exhibiting
a greater benefit from 40Hz-tACS. Furthermore, veendnstrate that the effects on logical
reasoning are frequency-specific, and are not dug ¢oncurrent enhancement of spatial WM
abilities or through a general change of brain dyica leading to enhancement of cortical

excitability due to tRNS.

Experiment 1 showed that the effect is specificd®@z-tACS in comparison to 5Hz-
tACS. This was a clear-cut finding, despite usingrepresentative” frequency for gamma
stimulation (i.e. 40Hz), rather than a more preci8€S frequency tuned on individual
oscillatory peaks, which has been recently shownntluce greater modulatory effects on

occipital alpha rhythm than not-individualized tAQ%ossen, Gross, & Thut 2015). Experiment
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2 supported the efficacy of 40Hz-tACS in the enleament of logical reasoning performance, but
failed to show this effect with high-frequency tRN®&hich instead led to trending lower
performance than sham stimulation on accuracy)réfbee, these findings provide an insight
about the functional relevance gband activity in high-load Xasks. Furthermore, the results
indicate how the effect of 40Hz-tACS is relatedte efficiency of the logical inferential process
itself (indexed by the Logic trials), rather thaanspecific modulation of impulsivity-related
network dynamics. The latter could lead insteac tgeneralized tendency to anticipate one’s
own responses in both correct and wrong trials, amast importantly, to a generalized effect on
all the trial types being tested (see Fig.2). Muezpfindings of Experiment 2 suggest that the
effects of 40Hz-tACS are unlikely to be explained dn increase of cortical excitability, the
putative neurophysiological effect of tRNS on bramtivity (Terney, Chaieb, Moliadze, Antal,
& Paulus 2008) (see Fig.2B). Although we did noedily measure cortical excitability induced
by tRNS in this experimental context, this conaduasis in line with previous findings suggesting
that 40Hz-tACS itself does not increase corticarapiexcitability when applied on different
neocortical regions: For example, the size of TM&iced motor evoked potentials, indexing
corticospinal excitability levels (Rossini et aD15), are not modulated by tACS at a range of
different frequencies (including 30 and 45 Hz —nKimg the frequency of stimulation in the
present investigation) (Antal, Boros, Poreisz, €baiTerney, and Paulus 2008;Feurra, Bianco,
Santarnecchi, DelTesta, Rossi, and Rossi 2011 &eBasqualetti, Bianco, Santarnecchi, Rossi,
and Rossi 2013); TMS-induced phosphene threshollslecreased (i.e. cortical excitability is
increased) by 20Hz but not 40Hz tACS (Kanai, Pgudnsl Walsh 2010); 140 Hz tACS, but not
80Hz tACS, increases cortical excitability (Moli@jzAntal, and Paulus 2010). A more likely

mechanism, which should be examined in future stydis the entrainment of endogenqus



20

oscillations, which could optimize local informatigrocessing, as evidenced from studies that
used fast oscillations in the gamma band (Helfrathal. 2014;Struber, Rach, Trautmann-
Lengsfeld, Engel, and Herrmann 2014). Clearly, thypothesis does not exclude possible
additional network effects, with the modulationle¢al activity in the left MFG taking part to a
rearrangement of interregional dynamics or justreegnting the result of a paradoxical
improvement induced by the modulation of competitopponent processes (Bestmann, de

Berker, Bonaiuto 2015).

Animal work has demonstrated that tACS entraingrones in widespread cortical areas
(Ozen et al. 2010), with emerging experimental enat that the effects of weak electric fields
applied on optogenetically-controlled slices of gwidal cells are constrained by their own
endogenous cortical oscillations, according witle ttoncept of state-dependency (Schmidt,
lyengar, Foulser, Boyle, and Frohlich 2014). Simitaechanisms may operate in humans,
suggesting that tACS effects are critically depemden the interactions with endogenous
oscillatory activity, a mechanism which could explthe variability in the response to tACS as
potentially due to the matching between the spedfimulation frequency applied and the
correspondent individual spectral power of the rbi@scillation being targeted (Kanai, Chaieb,
Antal, Walsh, and Paulus 2008;Thut, Miniussi, antbgs 2012). Simulations, supported by
empirical evidence, demonstrate that tACS moduléitesn oscillatory activity via network
resonance, suggesting weak stimulation at a resofragquency could cause large-scale
modulations of network activity (Ali, Sellers, aidohlich 2013b). Importantly, the resonance
frequency of a network could be modulated by theetu task in which the network is being

engaged. This would explain the task-dependerquéecy-specific effects observed with weak
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electric fields in modeling studies (Schmidt, lyangFoulser, Boyle & Frohlich 2014) and with
tACS in humans (Feurra, Pasqualetti, Bianco, Saatmhi, Rossi & Rossi 2013;Polania,

Nitsche, Korman, Batsikadze & Paulus 2012;Santatmest al. 2013a).

It is important to note that participants weratiekely homogenous with respect to basal
performance and age. At present, generalizing thedangs to other populations, for instance
different age groups or individual with initial anarked cognitive deficits, is premature.
Research consistently suggests that these typewiofdual differences influence stimulation
outcomes. For example, Tseng et al. (2012) showadindividuals with low visual short-term
memory benefitted more from tES, while those witighler capacities did not show
improvement. Similarly, Sarkar et al. (2014) showikdt individuals with high mathematics
anxiety benefitted from tES delivered while solvierg arithmetic task, while the performance of
low mathematics anxiety individuals was impair@tbng these lines, future work should be

careful to extrapolate the present findings to ofgogpulations.

We can likely exclude that enhancement of visueap®¢M led to Gf enhancement, as
we did not found effect of 40Hz-tACS on WM performea. However, considering the role of
theta-oscillations in memory processing (Klimes@9@;Polania, Nitsche, Korman, Batsikadze,
and Paulus 2012), and the observed non-significasdulation of memory performance with
5Hz-tACS, it is also possible the WM task we addgtaled to capture this hypothesis, although
it is a standard task for assessing visuospatial {@Nallice 2003). The WM task also did not
vary set size, and therefore may not have beeicwuifly sensitive to capture changes in this

limited-capacity store. Alternatively, it is als@gsible that tACS-induced WM enhancement
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might need phase coupling of parieto-frontal oatidins (Polania, Nitsche, Korman, Batsikadze,

& Paulus 2012), which was not tested in the curivestigation.

One of the novel findings in this paper is thatiwiduals performing slower at baseline
benefit more from prefrontal 40-Hz stimulation. Bviaough this result can sound intuitive, the
current evidence from other fields (e.g., educatisimows that the effect can actually be the
opposite. Namely, those with higher baseline agdishow greater improvement (Duncan et al.,
2007). In our case, this kind of effect points that tACS results could be due to individual
differences at baseline, possibly reflecting indxal frequency-specific differences like, in our
case, reduced endogenous prefrontal gamma adtivghow responders. This hypothesis stems
from the notion of increased task-evoked gammavicin higher fluid intelligence individuals
(Jausovec & Jausovec 2005) as well as the docurthesrfiect of gamma-based neurofeedback
interventions on intelligence levels and featuradbig (Keizer, Verschoor, Verment, and
Hommel 2010). Given the high within-subject rellapi inherent in the construct of fluid
intelligence —as also confirmed by the low varigpibf our Gf estimates across conditions—the
intriguing observation that tACS may depend on lieseerformance could play an important
role in future investigations on clinical populat® where individualized neuromodulatory
interventions might be crucial for success. Morepas recently suggested (Haier 2014;Jaeggi,
Buschkuehl, Shah, and Jonides 2013), this findlag highlights the possibility that individual
differences may be responsible for the heteroggnaitthe outcomes of studies aimed at
improving & through WM training (Jaeggi, Buschkuehl, Shah,aides 2014). Furthermore,
while a baseline cortical excitability-dependerfeef has been proposed in the context of WM

modulation through transcranial direct current station (tDCS)(Tseng et al. 2012), our
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findings provide a frequency-specific evidence atls phenomenon, suggesting the individual
difference in response to tACS as possibly depanoierpre-existing oscillatory patterns.These
findings also have implications for brain respoesiess to external perturbation, which suggests
that the magnitude of "instantaneous plasticityiieeed by reorganizing brain functions after, or
during, stimulation could depend on the responsgsnof the system itself, which could be
thought as a system "capacity" index (Krause, Mazefauiz, & Cohen Kadosh 2013). From the
perspective of human cognition and understandingrain physiology, our findings suggest the
existence of a somewhat general limit “imposed” the interaction between cognitive
enhancement and individual cognitive ability, whichthe case of high-frequency oscillations
apparently does not leave room for enhancemenhdeet who already play at the top of the

pyramid (see also Bonaiuto & Bestmann, in press).

Clearly, current results actively contribute to tin@unting debate on both a critical
analysis of tES induced “cognitive enhancement” andhe criteria for the application of the
label "cognitive enhancement” or “neuroenhancemésélf. Here, we are using this label to
refer to improving cognitive performance beyond kel performed by the individual, rather
than expanding or augmenting the human capacitydiie the species-typical level normal
range of functioning” (Allen & Strand 2015). Thagibg said, results as the one at hand might
arise from very different combinations of physiatad effects (Bestmann, de Berker, Bonaiuto
2015; Santarnecchi et al. 2015): even excluding issee about the actual focality of tES
interventions —which limits results interpretatioer se— tES effects at the neural level might be
mixed in nature and at the moment difficult fromngeconsidered a genuine enhancement of

individual cognitive level. Indeed, increase in ntadory circuits actually triggering effects at
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distance —e.g. inhibiting competitive networks—vesl as worsening of other functions as a
cost for the temporary increase in the skill basgeted (e.g., luculano & Cohen Kadosh, 2013;
Sarkar, Dowker, & Cohen Kadosh, 2014), are just $ewenarios which might underpin focal,
selective cognitive improvements like the one obseiin the present investigation.

Therefore, looking at a possible translationalspective of tES, studies inquiring both
local and far transfer of effects by assessing réetyaof cognitive functions are needed (i.e.
beyond WM, the cognitive domain which remained terald in the current investigation),
together with electrophysiological/imaging dataftwther increase our understanding of tES

effects at neural levels.

Nonetheless, noninvasive brain stimulation usi®C$, if properly tuned with
endogenous oscillatory brain activity, may helpdduce interindividual differences in cognitive
abilities due to innate, acquired or developmerddafiins (Cohen Kadosh et al., 2014).
Additionally, future studies should examine whetties approach will necessarily benefit from
a more precise individualization of the appliedgfrency of stimulation according with a sub-
band tuning rather than using an average frequehstimulation, as suggested by modeling
investigations (Schmidt, lyengar, Foulser, Boyle F€hlich 2014). In this view, the lack of
individualization of tACS might ultimately even léd an underestimation of positive effects of

40Hz-tACS on individual logical abilities.
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Figures captions

Fig. 1. Graphical representation of the experimental setup. (A) An example of Relational and
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Logic trials from the Sandia matrices, and of tle¢aged-match-to-sample change-localization
working memory (WM) task. (B) A schematic represgion of the experimental design. Trials

were randomly presented in order to avoid carry-@ffects (red and blue boxes don't represent
the actual randomization order). The order of skation was counterbalanced across
participants using a Latin Square design. (C) t&iBsadopted in both experiments. Electrodes
were positioned according to the 10-20 InternalidelaG System: the active electrode was
centered on left middle frontal gyrus [MNI coordiest x = -34, y = 16, z = 30], whereas the

return electrode was placed on Cz (vertex).

Fig.2. Effect of 40Hz-tACS on Gf performance in both experiments. Significant reduction in
response latencies to correctly solve Logic masrabaring 40Hz-tACS condition in Experiment
1 (A) [40Hz-tACS vs shamst) = 5.84, p<0.001, ~21% reduction; 40Hz-tACS vs 3NES,
tos) = 3.57, p<0.01], and Experiment 2 (B) [40Hz-tACSslvam, 3 = 2.40, p<0.021, ~13%;
40Hz-tACS VstRNS, 43y = 2.89, p<0.01]. No significant effects for Redatal trials were

observed (C-D). Response time scale is in secdrds: bars are = one standard error of mean.

Fig.3. Basdine-dependent effect of 40Hz-tACS. (A-B) Correlation scatterplots for baseline
performance (Sham) x 40Hz-tACS and enhancement ¥0Hz-tACS (defined as Sham -
[40Hz-tACS]), response times (i.e., the time reegirto correctly solve each matrix),

respectively. Data from sham and 40Hz-tACS have lnedapsed between the two experiments
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(n=58). These results highlight a significant iat#ion between baseline performance and the
response to tACS. (C) No significant correlatidsetween sham and 5Hz-tACS or high-
frequencytRNS (101-640Hz), thus excluding a regoesso the mean effect. Response time

scale is in seconds.

Fig.4. Cognitive enhancement as a function of individual differences. (A) Separation between
slow and fast responders at baseline. As showrhén ioxes, fast (red) and slow (blue)
participants did not differed for age or enhancensn5Hz-tACS, while they clearly shown a
differential response to 40Hz-tACS. (B) Differeesponse to 40Hz-tACS specifically observed
in slow responders. (C) Differential response tatdOHz-tACS for these two subgroups, with
100% of slow participants showing a benefit frors tkvhile 23% ofast participants exhibited a
deterioration in their performance. Response tiwaesis in seconds. Error bars are + one

standard error of the mean.
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Supplemental Figures L egends

S1. Accuracy levels in Logic and Relations matrices. Figure reports accuracy and response
times for both Experiments (Experiment 1, A; Expexnt 2, B). Error bars are + one standard

error of the mean (SEM).

S2. Reaults of working memory task. Analysis of performance during Delayed-Match-to-
Sample task revealed no effect for both tACS (AJ #NS (B) on Accuracy and RT. Results are
also shown for male and female participants. Respdme scale is in seconds. Error bars are +

one SEM.

S3. Effect of tACS conditions and tasks order. Average values for the enhancement with
40Hz-tACS are provided for the overall dataset @)=9rouped by WM/Gf tasks (A) and
stimulation type order (B). Additional averages fmale and female participants are also
displayed in the lower panels. No differences #AC$/tRNS conditions order and priming
effects for preceding cognitive tasks were obser@&ds and T respectively stand for Gamma,

Sham and 5Hz/tRNS stimulation conditions.

SA. Effect of Age on response times. No significant correlations between age and respons
times during 40Hz-tACS (upper row) and the obsersgekedup captured by Sham minus 40Hz-

tACS (lower row) were found. Response time scale geconds.



S5. Correlation between WM and Logical reasoning. Panel A shows the correlation between
response times for the WM task during Sham stiraraand those for logical matrices during
40Hz-tACS. Assuming WM performance at baseline agediator of logical reasoning and thus
a predictor of response to 40Hz-tACS, significamtrelations would be expected. Our data does
not support such hypothesis in both studies (sealles, all p values > 0.05). Furthermore panel
B shows the principal component analysis (PCA, ndax rotation) on Experiment 1 and 2
datasets, revealing a clear separation between WiMsacomponents. Response time scale is in

seconds.

S6. Results of control task. Subjects were asked to categorize as odd or everrai@omly
generated numbers, with the purpose of allowingsengjagement from the main task while
monitoring -through reaction times- potential effeof reduced attention and fatigue throughout
the experiment. Panel A and B report accuracy (upps) and reaction time (lower row) for
study 1 and 2, showing a steadily high level ofuaacy through the entire experiment
(Experiment 1. mean ACC=0.92; Experiment 2: meanCAQ.87) consistently through all
participants. Baseline refers to the first time thgk was presented, i.e. preceding the first main
experimental block. The data are plotted accortiintpe stimulation type they followed (“post-
stim”). Analysis revealed no significant differescéetween any of the RTs or accuracy
following a stimulation type in either Experimenbd2. Response time scale is in seconds. Error

bars are = one SEM.
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