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Abstract

27

Previous research has highlighted the role of the excitation/inhibition ratio (E/I) for typical

28

and atypical development, mental health, cognition, and learning. Parallel research has

29

highlighted the benefits of high-frequency random noise stimulation (tRNS)—an excitatory

30

form of neurostimulation—on learning. We examined the E/I as a potential mechanism and

31

whether tRNS effect on learning depends on E/I as measured by the aperiodic exponent. In

32

addition to manipulating E/I using tRNS, we also manipulated the level of learning

33

(learning/overlearning) that has been shown to influence E/I. One hundred and two

34

participants received either sham stimulation or 20 min DLPFC tRNS during a mathematical

35

learning task. We showed a lower aperiodic exponent, which reflects higher E/I, after tRNS,

36

and that higher baseline aperiodic exponent, which reflects lower E/I, predicted greater

37

benefit from tRNS specifically for the learning task. In contrast to previous MRS-based E/I

38

studies, we found no effect of the learning manipulation on E/I. Our results highlight the role

39

of E/I as a marker for neurostimulation efficacy and learning. This mechanistic understanding

40

could provide stronger potential to augment learning. At the same time, we offer new insights

41

on the quantification of E/I using EEG vs MRS to foster better theoretical understanding and

42

its utilisation in future research.

43
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Introduction
Previous human and animal studies have indicated the importance of levels of

53

excitation and inhibition (E/I) for learning, i.e., skill acquisition (Dorrn et al., 2010;

54

Nishiyama et al., 2010; Shibata et al., 2017). Previous magnetic resonance spectroscopy

55

(MRS) studies highlighted the neurotransmitters glutamate and gamma-aminobutyric acid

56

(GABA) as the underlying building blocks of E/I, and suggested their role in memory and

57

learning, including predicting educational levels later in life (Barron et al., 2016; Shibata et

58

al., 2017; Wijtenburg et al., 2017; Zacharopoulos et al., 2021a; Zacharopoulos et al., 2021b).

59

Recent findings show that an excitatory form of noninvasive neurostimulation—high-

60

frequency transcranial random noise stimulation (tRNS, Terney et al., 2008)—influences E/I

61

in mice by reducing GABAergic activity (Sanchez-Leon et al., 2020). During tRNS, a small

62

current with randomized frequency and current intensity is applied over targeted brain areas.

63

It is assumed that tRNS amplifies subthreshold neuronal activity that does not reach the

64

necessary threshold to yield an action potential (i.e., stochastic resonance; Fertonani &

65

Miniussi, 2017). Thus, this amplification of the signal has been linked to increases in signal-

66

to-noise ratio, which is assumed to relate to successful enhancements in learning, perception,

67

and cognitive performance (Antal & Herrmann, 2016; Cappelletti et al., 2013; Fertonani et al.,

68

2011; Herpich et al., 2019; Snowball et al., 2013; Van der Groen & Wenderoth, 2016).

69

Despite the growing interest in applying tRNS in cognitive studies, there is little

70

understanding of the neurophysiological changes induced (Potok et al., 2022). Mostly, tRNS

71

studies that use an electroencephalogram (EEG) focus on periodic brain activity, such as

72

theta/beta ratio, for the predicted efficacy of electrical stimulation on skill acquisition (Harty

73

& Cohen Kadosh, 2019; Rufener et al., 2017). Considerable research has been done to

74

investigate oscillatory rhythms as potential electrophysiological predictors for cognitive or

75

behavioral processing in healthy and clinical populations (Harty & Cohen Kadosh, 2019,
3
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Uhlhaas & Singer, 2010; Voytek & Knight, 2015). However, explaining tRNS, as well as

77

other neurostimulation, efficacy by investigating the E/I has been overlooked, despite the

78

emerging theoretical motivation (Krause et al., 2013).

79

Recently, the interest in electrophysiology has been expanded from this oscillatory

80

(i.e., periodic or spectral power) perspective to include an aperiodic perspective, e.g.,

81

aperiodic activity (Donoghue et al., 2020). Aperiodic activity is shown in the EEG spectrum

82

as a 1/f-like structure and is dominant in the spectrum even when there is no periodic or

83

oscillatory activity. The power of aperiodic activity decreases exponentially with increasing

84

frequency (see Figure 1A), and relates to the negative slope in log-log space (see Figure 1B).

85

In contrast to the previous assumption that aperiodic activity reflects a background noise in

86

the EEG spectrum, accumulating evidence shows the importance of aperiodic activity in

87

understanding brain functions and behavior. Also, periodic activity has been shown to be

88

confounded due to misestimating spectral power since participants vary in center frequencies

89

if a predefined spectral range is applied (Lansbergen et al., 2011). Therefore, Donoghue et al.

90

(2020) recommend to parameterize neural power spectra by also analyzing the aperiodic

91

activity in the spectrum. Aperiodic activity consists of an aperiodic exponent that can be

92

defined as x in a 1/fx function, which reflects the previously mentioned negative slope in log-

93

log space and, thus, the pattern of power across frequencies. The exponent of aperiodic

94

activity is thought to underlie the integration of underlying synaptic currents (Buzsáki et al.,

95

2013), and a likely mechanism of changes in the aperiodic exponent has been linked to the E/I

96

of field potentials shown by EEG recordings (Gao et al., 2017). A higher E/I relates to a lower

97

aperiodic exponent and vice versa. The power of inhibitory GABA currents leads to a rapid

98

decay in the power spectrum at higher frequencies, and, thus a steeper (negatively sloped)

99

exponent (see Figure 1C). The opposite happens for excitatory currents, where power is

100

stable for lower frequencies and declines more slowly for higher frequencies, which is shown
4
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in a flatter (closer to zero) exponent (see Figure 1C). Shortly, the higher the E/I, the lower the

102

exponent value (see Figure 1D).

103
104
105
106
107
108
109

Figure 1| E/I and the aperiodic exponent. A) A simplistic overview of the difference between
periodic and aperiodic activity in the EEG power-frequency spectrum. B) The aperiodic
exponent in log-log space as shown in the EEG spectrum. C) and D) are adapted with
permission from Gao et al. (2017) which show that high E/I is related to a flatter (closer to zero)
aperiodic exponent and low E/I (i.e., high inhibition) to a negatively steep exponent, compared
to the local field potential (LFP) (license number: 5293660690695).

110
111

Donoghue and colleagues (2020) showed that decreased aperiodic activity (i.e., lower

112

exponent) in the EEG spectrum relates to flattening the power spectrum as seen in ageing, and

113

has also been related to behavioral performance. Other developmental and clinical studies also
5
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indicated the importance of inter-individual differences in aperiodic activity in health and

115

disease (He et al., 2019; Molina et al., 2020; Robertson et al., 2019; Voytek et al., 2015).

116

Recent MRS findings have linked better mathematical skills to higher E/I in young

117

adults and the reverse in younger participants (Zacharopoulos et al., 2021b). Moreover, MRS-

118

based E/I can predict future mathematical reasoning (Zacharopoulos et al., 2021c). Since

119

previous studies report a link between E/I and mathematical achievement, we applied tRNS

120

while participants solved arithmetic multiplications during a mathematical learning paradigm.

121

Furthermore, we manipulated the degree of skill acquisition to induce learning or

122

overlearning. Based on previous studies, we defined learning as practising a skill during

123

performance improvement (i.e., before learning plateaus) and overlearning as the point after

124

performance improvement when a plateau has been reached (Shibata et al., 2017). Learning

125

and overlearning have been linked to an increase and a decrease in E/I, respectively, in an

126

MRS study (Shibata et al., 2017).

127

We aimed to impact E/I directly using tRNS, as well as indirectly by manipulating the

128

level of skill acquisition (learning/overlearning) to examine whether: 1) tRNS will increase

129

E/I as measured by aperiodic exponent; 2) The direction of change in aperiodic exponent

130

between pre- and posttest depends on the learning condition: it decreases in the learning

131

condition and increases in the overlearning condition; 3) tRNS efficacy on a

132

learning/overlearning task depends on the individual baseline aperiodic exponent. That is, the

133

tRNS-induced reduction of the aperiodic exponent differs across participants, depending on

134

their baseline aperiodic exponent (i.e., E/I levels) (Krause et al., 2013).

135
136
137
138
139
6
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Results

140
141

Phase of Skill Acquisition Efficacy

142

Both groups were matched in baseline performance and aperiodic exponent (see

143

Methods ‘Baseline Matching’). To determine the efficacy of our learning and overlearning task

144

manipulation, the average learning slope (based on response times (RTs); Newell &

145

Rosenbloom, 1981) was computed for all participants separately in the learning and

146

overlearning mathematical task who received sham stimulation (see Figure 2 and Figure S1

147

for individual data). This allowed us to prevent confounding the effect of learning/overlearning

148

with the effect of active tRNS. For participants in the learning task, the slope showed a negative

149

linear gradient, whereas participants in the overlearning task showed a clear plateau of

150

performance improvement due to the repetition of presented stimuli. This indicated the efficacy

151

of our task design in manipulating learning and overlearning.

152
153
154
155
156
157
158

Figure 2| Averaged learning curves of the median RTs of the learning or overlearning
task of the sham stimulation. The mean learning curve of the participants (n=22) during
learning shows a linear gradient as shown in purple. The mean learning curve of the
participants (n=21) during overlearning (in green) shows a clear plateau of performance
improvement after approximately block 10, and faster RTs overall. Shading indicates 95%
confidence intervals.

159

The Impact of tRNS and Learning on the Aperiodic Exponent
7
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First, we investigated the effects of tRNS and type of mathematical task

161

(learning/overlearning) on the aperiodic exponent (i.e., E/I). The aperiodic exponent change

162

was calculated by subtracting the pre from the post aperiodic exponent, with positive values

163

that indicate an increase in the exponent from pre to post learning/overlearning. We ran an

164

ANCOVA with the factors task (learning/overlearning) and stimulation (tRNS/sham), while

165

controlling for the individual plateau (as it may impact E/I; Shibata et al., 2017). The main

166

effect of stimulation was significant (F(1,67)=6.63, p=.012, MSE=1.20, η2partial=.09). No

167

significant main effects were found for task (F(1,67)=0.25, p=.611, MSE=0.04, η2partial =.005),

168

individual plateau (F(1,67)=0.37, p=.540, MSE=0.06, η2partial =.01), and the interaction

169

between stimulation and task (F(1,67)=3.59, p=.062, MSE=0.65, η2partial =.05). We repeated

170

the same analysis while excluding the individual plateau from the analysis. The effect of

171

stimulation remained significant (F(1,68)=6.66, p=.012, MSE=1.20, η2partial=.08). The effect of

172

task and the interaction between stimulation and task remained not significant (task:

173

F(1,68)=0.26, p=.611, MSE=0.04, η2partial=.003; stimulation X task: F(1,68)=3.28, p=.074,

174

MSE=0.59, η2partial=.04).

175

To further explain the significant effect of stimulation, we plotted the aperiodic

176

exponent change for each stimulation group separately (see Figure 3 and Figure S2 for

177

individual data). The aperiodic exponent change of participants who received tRNS (i.e., more

178

excitation induced) was lower (i.e., flatter) (M=-0.17, SEM=0.07) after stimulation compared

179

to those who received sham stimulation (M=0.08, SEM=0.06). This corroborates with the

180

excitatory effects of tRNS, leading to a lower aperiodic exponent, which reflects a higher E/I.

181

However, it should be noted that in contrast to our expectations, type of task

182

(learning/overlearning) did not influence the aperiodic exponent change from pre to post.

8
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Figure 3| ANCOVA showing differences in aperiodic exponent for the stimulation
groups (tRNS/sham) on the change in aperiodic exponent. Participants who received tRNS
show an increase in E/I as indicated by the mean (±S.E.M.) decreased aperiodic exponent
(change: post-pre exponent in μV²Hz-1). Participants who received sham stimulation showed a
mean (±S.E.M.) decrease in E/I as indicated by an increased exponent from pre to post.
*p<.05.

190

Because a frequentist approach does not allow to accept the null result (i.e., no effect

191
192

of task on aperiodic exponent), we reran the same ANCOVA using a Bayesian approach on

193

the aperiodic exponent change. Our results, as presented in the Supplementary Information,

194

strengthens the conclusion that tRNS impacts the aperiodic exponent, while task has no effect.

195

These findings match the idea that tRNS leads to higher excitation and therefore a lower (i.e.,

196

flatter) aperiodic exponent and that such effect is independent of learning/overlearning.

197

The Aperiodic Exponent Moderates Response Times on a Learning and Overlearning

198

Task

199

As shown in the previous paragraph, the aperiodic exponent was not influenced by the

200

type of task. To investigate if tRNS efficacy on a learning/overlearning task depends on the

201

individual baseline aperiodic exponent, we ran a Bayesian mixed effects model with the brms

202

package to predict median RTs for each block during the learning and overlearning task. Note

203

that we also evaluated the models for accuracy instead of RTs as dependent variable, but due

204

to the emphasis on RTs in cognitive skill acquisition (Newell & Rosenbloom, 1981; Snowball
9
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et al., 2013; Tzelgov et al., 2000) and participant instructions to avoid errors inducing a high

206

accuracy (see Methods ‘Baseline Ability Task’), we reported the accuracy results in the

207

Supplementary Information.

208

Fixed effects entailed the aperiodic exponent at baseline, block (1-18), task

209

(learning/overlearning) and stimulation (tRNS/sham). The model included a random intercept

210

for block for all participants. Our effect of interest was the tRNS X block X baseline aperiodic

211

exponent X task interaction, and therefore we compared the model with this interaction to

212

models with lower order interactions. Model comparisons were made by means of leave-one-

213

out cross-validation (LOO), including a basic learning model that contained median RTs as

214

dependent variable and block and task as a fixed effect (see Supplementary Information for all

215

model comparisons, caterpillar plots, and the posterior predictive check for this model,

216

Rhat=1).

217

We checked the posterior distributions that captures the uncertainty surrounding the

218

magnitude of an effect. Typically, a posterior distribution higher or equal to 75% (below or

219

above zero) is chosen as a threshold to indicate that an effect is present. The choice for a

220

certain cutoff criterion depends on the potential risks and benefits of the intervention (i.e.,

221

Ahn et al., 2018), and in this context it means that there is a 75% chance that the alternative

222

hypothesis (i.e., the presence of an effect) is true. Figure 4A shows that there is a 90%

223

probability that tRNS lowers median RTs on average during both tasks and thus improves

224

performance (see Figure S3 for all main effects). The most important effect is the three-way

225

interaction between tRNS, task, and aperiodic exponent at baseline, which was the model with

226

th best fit (see Figure 4 and Figure S3). Notably, the posterior probability of the presence of

227

a three-way interaction between tRNS X task X baseline aperiodic exponent is 82% (see

228

Figure 4B).

10

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.29.489988; this version posted May 1, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Aperiodic Activity
229

To understand the source of this 3-way interaction we dissected it by running the

230

model for learning and overlearning separately (see Figure 4C). For the learning task the

231

posterior distribution for the interaction between stimulation and the baseline aperiodic

232

exponent was 96%. We therefore further dissected the model for sham and tRNS separately

233

for the main effect of the baseline aperiodic exponent in the learning task. We found that

234

those with higher baseline aperiodic exponent performed worse than those with a lower

235

exponent in the sham condition (posterior distribution=77%). However, this effect was

236

reversed when tRNS was applied, showing better performance for those with a higher

237

baseline aperiodic exponent (posterior distribution=88%).

238

Oppositely for the overlearning task, the posterior distribution was 56% indicating no

239

support for an interaction between stimulation and baseline aperiodic exponent in this task.

240

However, in the overlearning task the posterior distribution for the main effect of baseline

241

aperiodic exponent (across stimulation conditions) was 87%, indicating a difference between

242

performance for individuals with higher baseline aperiodic exponent. We did not find support

243

for the main effect of stimulation (posterior distribution=65%).

244
245
246
247
248
249
250
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Table 1| Fixed effects of the Bayesian mixed effects model for learning and overlearning

252

related to the aperiodic exponent (n=75)
Predictors

Estimates

SE

95% CrI

Posterior Probability (%)

(Intercept)

7.87

0.15

[7.58 - 8.18]

100

Block

-0.38

.03

[-0.44 - -0.32]

100

Aperiodic Exponent

0.15

0.13

[-0.12 - 0.41]

87

Task

-0.84

0.23

[-1.30 - -0.41

100

tRNS

-0.33

0.24

[-0.82 - 0.13]

90

Aperiodic Exponent X Task

-0.43

0.27

[-0.94 - 0.10]

94

Aperiodic Exponent X tRNS

-0.38

0.21

[-0.79 - 0.02]

96

Task X tRNS

0.44

0.35

[-0.22 - 1.15]

89

Aperiodic Exponent X Task X

0.36

0.35

[-0.35 - 1.04]

82

tRNS

253

Note. The categeorical variables task (learning=0 & overlearning=1) and stimulation (sham=0

254

& tRNS=1) were dummy coded.

12
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Figure 4| Posterior density of tRNS and the three-way interaction between tRNS, task,
and baseline aperiodic exponent from the best fitted model. A) The posterior density of
stimulation (tRNS) shows that 90% of the posterior distribution is below zero. Indicating that
there is a 90% probability that tRNS lowers median RTs (ms) during the learning and
overlearning task. B) Posterior distribution of the three-way interaction between tRNS, task,
and baseline aperiodic exponent that shows that there is a 82% probability that this interaction
increases median RTs (ms) during the learning and overlearning task. C) The left panel
indicates the marginal effects of the learning task for low baseline aperiodic exponent values
(mean -1 standard deviation (SD)) and high baseline aperiodic exponent values (mean +1
SD). Sham stimulation is indicated in red and tRNS in blue. The right panel indicates the
marginal effects of the overlearning task. This plot shows that participants who had a high
baseline aperiodic exponent and received tRNS during the learning task, performed better
than participants with a lower baseline aperiodic exponent. No beneficial effects of tRNS
were found for participants in the overlearning task. 95% CrI are indicated.

270
271
272

Sensations
No significant differences arose in terms of felt sensations between the tRNS and

273

sham stimulation group (for statistical details see Table S1). Also, no difference was found

274

between the groups in the impact of these sensations on their subjective performance.

275

Discussion
13
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The aim of the present study was to impact E/I (measured by means of the aperiodic

277

exponent) directly using tRNS, and indirectly by manipulating the level of skill acquisition

278

(learning/overlearning). The aperiodic exponent decreased after tRNS, indicating an increased

279

E/I, which corroborates with the working mechanisms of tRNS as a stimulation method that

280

increases neuronal excitation. However, we found no effect of task manipulation on the

281

aperiodic exponent, which indicates that overlearning a skill does not affect the aperiodic

282

exponent or the E/I respectively. This was in contrast to our expectation formed by a previous

283

MRS study (Shibata et al., 2017). We also showed that tRNS efficacy on learning depends on

284

the baseline aperiodic exponent, but no beneficical effects were found for overlearning. To

285

conclude, our results showed that the aperiodic exponent (i.e., E/I) can be altered by tRNS,

286

and we showed a moderating effect of the baseline aperiodic exponent related to the effect of

287

tRNS on skill acquisition.

288

In line with our expectations, we found that compared to sham stimulation, tRNS

289

increased E/I levels. This result is in line with tRNS experiments in animals showing a

290

reduction of GABAergic activity due to the tRNS excitatory effects (Sanchez-Leon et al.,

291

2020). Our results, which were found using both frequentist and Bayesian approaches, show a

292

decreased aperiodic exponent after applying tRNS related to an increased E/I. This

293

strengthens the notion that delivering electrical random noise to the brain influences the

294

underlying electrophysiological signal. It is thought that tRNS works by enhancing a signal

295

with a near critical signal-to-noise ratio due to introducing noise in the system, described as

296

the phenomenon of stochastic resonance. Previous studies related this increased signal-to-

297

noise ratio from tRNS to enhanced learning, perception, and cognitive performance, which are

298

linked to stochastic resonance (Antal & Herrmann, 2016; Cappelletti et al., 2013; Fertonani et

299

al., 2011; Herpich et al., 2019; Snowball et al., 2013; Van der Groen & Wenderoth, 2016).

300

Our findings suggest a working mechanism of tRNS efficacy, related to E/I. Whether this
14
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mechanism is dependent or independent from stochastic resonance is a question for further

302

research.

303

We did not find an effect of task manipulation (i.e., mathematical

304

learning/overlearning) on the aperiodic exponent. It is likely that the aperiodic exponent was

305

not strongly affected by our task manipulation. Manipulation on the electrophysiological level

306

by means of increasing excitatory effects due to tRNS is a more direct approach to target the

307

aperiodic exponent and is likely to yield a stronger neuronal effect than cognitive

308

manipulation. This interpretation is in line with the view that brain stimulation can amplify

309

the cognitive and neural effects of otherwise purely behavioral approaches (Cappelletti et al.,

310

2013; Cohen Kadosh et al., 2012; Snowball et al., 2013). While another explanation can be

311

attributed to the efficacy of our task manipulation paradigm, this is unlikely; participants in

312

the learning task did not reach a plateau of performance improvement, while participants who

313

completed the overlearning task clearly did show this plateau (see Figure 2). It is still

314

possible that both mathematical learning and overlearning lead to a steeper aperiodic

315

exponent (i.e., lower E/I). This explanation is in line with our finding that the exponent

316

increased for participants in the sham stimulation group (see Figure 3). But this is in contrast

317

to Shibata et al. (2017), who found that perceptual overlearning led to a reduction in E/I to

318

protect a newly formed memory trace from subsequent new information. An alternative

319

explanation, which we discuss later, is that E/I measures based on EEG and MRS reflect

320

different aspects of E/I.

321

Previous studies have shown that the efficacy of tRNS depends on the individual

322

baseline cognitive ability or neural activity (Evans et al., 2018; Frank et al., 2018; Harty &

323

Cohen Kadosh, 2019). We have extended these findings showing that enhanced skill

324

acquisition by tRNS is based on the participants’ baseline E/I. First, our results show that the

325

effect of tRNS is best explained when considering the moderating effects of baseline
15
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aperiodic exponent and task manipulation. To illustrate, the posterior distribution of the three-

327

way-interaction for the learning and overlearning data indicates the presence of an effect. In

328

contrast to sham stimulation, which has shown better performance for those with a higher E/I

329

(as reflected by a lower aperiodic exponent), tRNS improved the performance for those with

330

lower E/I (as reflected by higher aperiodic exponent). This effect was present only in the

331

learning task. In the overlearning task, tRNS had no effect, and better performance was

332

characterised by lower E/I (higher aperiodic exponent) across stimulation condition. A

333

possible explanation is that participants with low E/I levels benefit more from tRNS compared

334

to participants with high E/I, indicating an optimum level depending on task difficulty

335

(Krause et al., 2013; Shibata et al., 2017). This explanation fits also with the stochastic

336

resonance framework, which predicts non-beneficial or even detrimental effects when random

337

noise is introduced to an optimal system (McDonnell & Ward, 2011). This reveals that the

338

baseline aperiodic exponent (i.e., E/I) is an important predictor of tRNS efficacy. Second, we

339

found that tRNS, an excitatory form of neurostimulation, as supported also by our results, is

340

more beneficial during the learning task (i.e., for low E/I participants) than during the

341

overlearning task. As mentioned previously, Shibata et al. (2017) showed that overlearning

342

relates to a shift from increased E/I, which occurs in learning, to a reduced E/I. While we did

343

not find such a reduction, our results suggest that in the learning task those with higher E/I at

344

baseline will perform better than those with lower E/I, unless intervening with tRNS, and in

345

the overlearing task participants with lower E/I at baseline would perform better than those

346

with higher E/I. These results suggest, similar to Shibata et al’s work, that E/I is involved in

347

learning and overlearning. However, our findings indicate that this involvement may not be

348

due to E/I alterations relating to skill acquisition, but due to the participants’ E/I level at

349

baseline.
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While at the beginning of our project some of our predictions were rooted in studies

351

that used MRS-based E/I measures, our view is that there are some discrepancies between

352

EEG-based E/I and MRS-based E/I that must be acknowledged and addressed in the future.

353

First, we and others have found that EEG-based E/I increases with age (Cellier et al., 2021;

354

Van Bueren et al., 2022), rather than a decrease as was found using MRS (Cohen Kadosh et

355

al., 2015; Zacharopoulos et al., 2021b). Second, our lack of replication of the effect of

356

learning and overlearning on E/I change between before and after task manipulation (Shibata

357

et al., 2017) could be rooted in the different methodologies used to assess E/I, rather than

358

other factors such as the cognitive domain. These discrepancies raise the question of whether

359

E/I measures based on EEG and MRS reflect different aspects of E/I. Indeed, MRS-based E/I

360

measure is likely to reflect intra- or extracellular activity, while EEG-based E/I is based on

361

extracellular concentrations (Buzsáki et al., 2012; Dyke et al., 2017). To tentatively examine

362

whether MRS-based E/I and EEG-based E/I reflect different aspects of E/I, the results are

363

incidental, or if the two measures reflect a shared variance of E/I, we used an independent

364

dataset that assessed the link between E/I measures derived by MRS and EEG in 20 young

365

adults (see Supplementary Information). We found that higher glutamate/GABA measured

366

with MRS (i.e., higher E/I) was significantly associated with an increased aperiodic exponent

367

(i.e., lower E/I) over the left IPS. No relation was found for the left MFG (see Figure S4).

368

This shows that MRS and EEG may measure different aspects of E/I. These preliminary

369

results highlight the need to further examine the origin of E/I in MRS and EEG to progress

370

our basic understanding as well as utilizing these measures for clinical applications.

371

Our results elucidate one of the underlying mechanisms of tRNS in cognitive and

372

electrophysiological studies highlighting the role of aperiodic activity, and thus E/I balance.

373

This study indicates the important role of baseline E/I in skill acquisition and tRNS efficacy.

374

More specifically, participants with a higher aperiodic exponent (i.e., lower E/I) benefit more
17

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.29.489988; this version posted May 1, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Aperiodic Activity
375

from tRNS during a learning task compared to participants with a lower aperiodic exponent

376

(i.e., higher E/I). The beneficial effect of tRNS was only found during learning and not during

377

overlearning. This new understanding has important implications when considering to whom,

378

when, and in the future what dose of tRNS should be delivered, and increase the importance

379

of a personalized neurostimulation approach (Van Bueren et al., 2021).

380
381

Materials and Methods
Participants and Ethical Permission

382

One hundred and two right-handed participants participated in the study. None of the

383

participants reported a history of psychiatric, neurological, or skin conditions and all met the

384

safety criteria for tES participants. All volunteers were naïve to the aim of the study, and written

385

informed consent was obtained. We ensured that all participants had no more than one cup of

386

coffee or other sources of caffeine within 1 hour before the start of the study. We excluded

387

seven participants who displayed an overall accuracy below 70% in the learning (Sham=4 and

388

tRNS=3) or the overlearning task (Sham=1 and tRNS=1) as they were non-compliant with the

389

task. Similarly, we excluded four participants because they showed no arithmetic facts learning

390

in the learning or overlearning (Sham=2 and tRNS=2) tasks, as indexed by the lack of a

391

significant negative linear regression coefficient of response times as a function of block. Five

392

participants were excluded due to malfunction of the software (Sham=3 and tRNS=2). For the

393

electrophysiological analysis, 11 participants were excluded due to artifacts during the pre or

394

post resting state (rs)-EEG recording (more than 25% of their data were rejected) (see Table 1

395

for demographic data). The final sample (n=75) was composed of 22 participants in the sham-

396

learning condition, 21 in the sham-overlearning condition, 16 in the tRNS-learning condition,

397

and 16 in the tRNS-overlearning condition. We excluded three participants (Sham=3) from the

398

frequentist and Bayesian ANCOVA analyses as they were outliers on Cooks distance with RTs

18
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as outcome variable. The study complied with the standards set by the Declaration of Helsinki

400

and approved by the ethical advisory committee of the Faculty of Experimental Psychology at

401

Oxford University (Protocol Number: IDREC, C2-2014-033). The methods of this study are on

402

Open Science Framework (see https://osf.io/y4xar). However, the analyses (i.e., neuronal

403

avalanches) presented in this preregistration did not yield significant results (see Figure S6).

404

We later came across the work on the aperiodic exponent as a measure of E/I, which we used

405

in this study.

406
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Table 1| Demographic data of the stimulation conditions
Final Sample (N=75)

Stimulation Conditions
Sham-Learning

tRNS-Learning

Sham-Overlearning

tRNS-Overlearning

(n=22)

(n=16)

(n=21)

(n=16)

M(SD)

M(SD)

M(SD)

M(SD)

M(SD)

p*

Age (years)

23.40(4.27)

23.00(3.87)

25.00(5.54)

23.00(2.39)

24.17(5.33)

.45

Aperiodic

1.43(0.45)

1.38(.53)

1.63(.49)

1.38(.29)

1.37(0.46)

.29

1.38(0.41)

1.39(.45)

1.32(0.21)

1.46(.50)

1.32(.41)

.88

44 females :

16 females :

7 females :

15 females :

6 females :

31 males

6 males

9 males

6 males

10 males

Baseline
Aperiodic
Post
Sex

408

*p-value of a between-groups ANOVA to compare stimulation groups
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Baseline Matching

410

We investigated whether the participants in the four conditions (i.e., sham-learning,

411

tRNS-learning, sham-overlearning, tRNS-overlearning) differed in median reaction times

412

(RTs) and accuracy in the baseline task. A univariate ANOVA with condition as between-

413

participants factors showed no significant differences for accuracy (F(3,98)=1.73, p=.166).

414

Subsequently, all incorrect responses were removed from the baseline task (16% of all trials),

415

and median RTs for each subject were calculated. Another univariate ANOVA showed no

416

significant differences for median RTs (F(3,98)=.11, p=.951) at baseline between the different

417

groups. Furthermore, there were no differences between the groups regarding subjective levels

418

of sleepiness before the start of the experiment (F(3,98)=.58, p=.629). In addition, we ran an

419

exploratory univariate ANOVA to determine if there were any differences regarding baseline

420

aperiodic activity values before applying tRNS. We found no significant differences between

421

the groups at baseline for aperiodic activity (F(3,71) =1.25, p=.297) after outlier removal for

422

the ANCOVA. These results suggest similar baseline values across active and sham stimulation

423

groups.

424

Tasks

425

Baseline Ability Task

426

At the beginning of the session, participants solved four multiplication problems to

427

become familiar with the testing procedure. Afterwards, participants solved 10 new

428

multiplication problems to evaluate their baseline ability (see Table S2). Every multiplication

429

problem presented consisted of two-digit times one-digit operands with a two-digit answer (e.g.,

430

16 x 3=48). None of the one-digit operands involved the digits 0 or 1 to minimize variations in

431

difficulty. Furthermore, the two-digit operand was larger than 15 and not a multiple of 10.

21
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At the beginning of the task, participants pressed the spacebar when ready to solve an

433

arithmetic problem. Then, each trial started with a fixation screen (Figure 6A) after which a

434

symbol of a headphone set appeared in the middle of the screen, and the arithmetic problem

435

was presented auditorily. A symbol of a microphone appeared immediately after the arithetmic

436

problem, and participants could say aloud the response. A noise-sensitive microphone captured

437

the participant’s responses through a Chronos box (Science Plus Group). Lastly, the words

438

“Retrieve” and “Calculate” appeared on the left and right side of the screen; Participants

439

indicated whether they had used a retrieval or calculation strategy when solving the arithmetic

440

problem by pressing the left or right mouse button, respectively.

441

Participants were instructed to wear a headphone to cancel out any surrounding noise, and

442

to speak clearly and loudly in the microphone without mumbling or clearing the throat (e.g.,

443

saying “eh-em”, which would be registered as a response). Lastly, participants were informed

444

that there was no time limit for answering, and they were urged to avoid errors.

445
446
447
448
449
450
451
452
453
454
455
456
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458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473

Figure 5| A schematic overview of the task structure and experimental protocol. A) First,
a fixation screen was shown. Subsequently, a multiplication was presented by voice recording
through a headphone. Hereafter, participants were shown a microphone symbol to indicate
that they could say the answer into the microphone. This was followed by a 200 ms delay
period. Lastly, participants indicated by clicking the left or right mousepad on the keyboard
whether they retrieved or calculated the answer. B) First, a pre rs-EEG was measured of 8
minutes. Subsequently, a training was presented that contained 4 different multiplication
problems. Based on baseline performance, participants either completed the learning or the
overlearning task. One block in both the learning and overlearning task consisted of 10
multiplications with 18 blocks, and 180 trials in total. Participants received 20 minutes, 1 mA
tRNS during either the learning or overlearning task or sham stimulation. Next, the transfer
task was presented with new arithmetic problems containing 10 multiplication repeated three
times. The recall task contained the identical multiplications as either the learning or the
overlearning task and was repeated three times. Lastly, another post rs-EEG measurement of 8
minutes was assessed. C) Placement of the stimulation electrodes over F3 and F4.

474
475

Learning and Overlearning Condition

476

In total, 180 multiplication problems were administered in both the overlearning and the

477

learning condition (see Table S3). The structure of the tasks was identical to the baseline task

478

(see Figure 5A). Both conditions consisted of 18 blocks, comprised of the same number of

479

trials and were presented in a fixed order. After three blocks, participants had a one-minute

480

break. Therefore, in the learning condition, a subset of ten problems was presented once in each

481

block. In the overlearning condition, a subset of five problems was selected, which was
23
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presented twice in each block (i.e., less information to learn in comparison to the learning

483

condition). This manipulation allowed us to use the same task and duration yet influencing the

484

stage of skill acquisition that the participants reached. The design was based on a small pilot

485

study (n=4) in which six multiplication problems were repeated four times. A plateau in

486

performance improvement was visible after block four.

487

Transcranial Random Noise Stimulation

488

tRNS was applied over the bilateral dorsolateral prefrontal (dlPFC; F3 and F4) cortices, as

489

defined by the international 10-20 system for EEG recording (see Figure 5C). Two Pistim

490

Ag/AgCl electrodes were used with a 1 cm radius and a surface area of 3.14 cm2 each. A current

491

was delivered through these electrodes in the form of high frequency noise (100-500 Hz) by a

492

multichannel transcranial current stimulator (Starstim 8 device, Neuroelectrics, Barcelona). The

493

impedances of the Pistim electrodes were held at < 10 kΩ and intensity of the current was 1

494

mA peak-to-peak which has been shown to be safe and painless (Ambrus, Paulus, & Antal,

495

2010; Fertonani, Pirulli, & Miniussi, 2011). Duration of the stimulation was set to 20 minutes

496

after onset of the task for the stimulation condition and 30 s for the sham condition with a 15 s

497

ramp-up and a 15 s ramp-down. This provided the initial skin sensations experienced during

498

stimulation. Both the participants and the experimenter were blinded to the stimulation

499

condition. After completing the experiment, all participants filled out a questionnaire in which

500

they were asked whether they felt any sensations during stimulation (i.e., itchiness, pain,

501

burning, warmth/heat, pinching, iron taste, and fatigue) and if these sensations affected their

502

performance. Unfortunately, due to an experimental error, we did not ask them whether they

503

think they received sham or active stimulation. A follow up study that used the same parameters

504

and a similar paradigm to this one (Sheffield et al., 2020), on a similar population, participants

505

in both groups reported being in the stimulation condition at approximately the same rate (sham:
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78%; active tRNS: 79%; χ(1)=0.03, p=1). This independent data is supported by our data, which

507

did not find differences in sensations between both groups (see Results section).

508

Electrophysiological Data

509

Rs-EEG recordings were made before baseline allocation and at the end of the experiment

510

as stated in our preregistration (see Figure 5B). Electrophysiological data were obtained with

511

32 Ag/AgCl electrodes according to the international 10/20 EEG system using the wireless

512

ENOBIO 32 sensor system (Neuroelectrics, Barcelona) at 500 Hz with no online filters. Note

513

that we also used recorded rs-EEG from the two stimulation NG Pistim Ag/AgCl electrodes

514

(F3 and F4). The impedances of the electrodes were held below 5 kΩ. The ground consisted of

515

the active common mode sense (CMS) and passive driven right leg (DRL) electrode which were

516

positioned on the right mastoid and connected by adhesive electrodes. Both the pre rs-EEG and

517

the post rs-EEG had a duration of eight minutes, in which the participants had their eyes open

518

while watching a fixation point in the middle of the screen in order to avoid mental and muscular

519

activity.

520

Data Pre-processing

521

EEG data were pre-processed using EEGlab toolbox (v14.1.0) (Delorme & Makeig,

522

2004) in Matlab software (R2020b). A high-pass filter of 0.1 Hz was applied to minimize slow

523

drifts and a notch filter at 50 Hz was applied to minimize line noise interference with the signal,

524

and any data recorded before the presentation of the fixation point was removed. Every data

525

file was manually checked and high-amplitude artefacts due to muscle movement, sweating or

526

electrode malfunction were rejected. After pre-processing, Independent Component Analysis

527

(ICA) was performed to remove stereotyped artefacts such as eye movements (e.g., blinks),

528

heart rate activity and muscular activity. A maximum of six components per data file were

529

removed, and a maximum of five bad channels were interpolated. EEG segments that contained

530

artefacts that could not be removed by ICA were visually inspected and rejected from the
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analysis (Delorme et al., 2007). If more than 25 percent of the rs-EEG data were rejected after

532

pre-processing and ICA, data of the subject were discarded from analysis.

533

Aperiodic Activity Computation

534

The rs-EEG data of the remaining participants were separated in 2-second segments

535

with an overlap of 1 second and windowed with a Hann window. Subsequently, data were

536

transformed into the frequency domain via Fast Fourier Transformation (FFT). The FFT was

537

exported from Matlab and important in Python (v.3.7.0; Van Rossum & Drake, 1995), and

538

subsequently analyzed with the FOOOF package (v 1.0.0; Donoghue et al., 2020) over the 1-

539

40 Hz range. This package allows for the decomposition between periodic and aperiodic

540

components of the FFT. The aperiodic activity was calculated for the midline frontal electrode

541

Fz which is the closest electrode to our stimulation electrodes F3 and F4.

542

Experimental Design and Statistical Analyses

543

First, participants completed the Stanford sleepiness scale (SSS), which is an introspective

544

measure of subjective sleepiness and the Multidimensional Mood Questionnaire (MDBF), to

545

assess alertness, good-bad mood, tiredness, calmness, and restlessness.

546

Then, participants completed an rs-EEG pre-measurement of eight minutes where they

547

were informed to sit as still as possible (see Figure 5B). Then, a training was presented that

548

consisted of four different arithmetic multiplications. Hereafter, the baseline task was started

549

and a variance minimization procedure (based on response times) followed the baseline task in

550

a double-blind fashion to determine which participants would be allocated to which group (see

551

https://osf.io/y4xar for a detailed explanation of this procedure). This procedure is superior to

552

random assignment for assigning participants to groups before an intervention (Sella et al.,

553

2021), as it results in better matching. The stimulation started together with the learning or the

554

overlearning task. Subsequently, the participants completed a transfer task and lastly a recall

555

task. More information about the procedure of these tasks, which is beyond the scope of the
26
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present manuscript, can be found on https://osf.io/y4xar. At the end of the behavioral tasks, an

557

8 minute rs-EEG measurement was recorded.

558

Behavioral Data Cleaning

559

We excluded responses below 200 ms due to possible noises picked up by the

560

microphone or mumbling of the subject (0.89% for the baseline task, 2.74% for the learning

561

task, and 7.07% for the overlearning task). We also excluded wrong responses from the baseline

562

ability task (16.32%), the learning task (10.65%), and the overlearning task (7.7%). We

563

calculated the median RTs for each participant in the baseline task and in each block of the

564

learning and overlearning tasks.

565

Calculation of the Amount of Learning: Plateau of Performance Improvement

566

A plateau in performance improvement was computed following the next procedure:

567

the distribution of RTs from the first block was compared to the distribution of RTs from the

568

next block using the Wilcoxon test. When no significant difference was found in RTs between

569

the actual block and the remaining blocks, the actual block was considered as the plateau point.

570

Therefore, the plateau point is a number between 2 and 18 and an earlier plateau point indicates

571

a higher amount of overlearning.

572

Statistical Analyses

573

All numerical independent variables were standardized to avoid multicollinearity

574

issues. All inferential statistics reported in the present study were obtained with RStudio version

575

4.1.1 using the the wilcox.test function for the Mann-Whitney U test, the chisq.test for the Chi-

576

Square Test, the aov function for ANCOVA and Univariate ANOVA, the lm function for the

577

exploratory regression, and the brms package for the Bayesian mixed effect models (Bürkner,

578

2017) which are robust to normality violation and can deal with complex models. We used the

579

open-source project JASP to run the Bayesian ANCOVA (Version 0.14.1.0; JASP Team, 2021).

580

We originally used glmer for our analysis but due to model complexity we revert to brms. All
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Bayesian models were ran with 5000 iterations and 4 chains each, and used dummy coding. We

582

made the decision to not look at the RTs on trial level in our Bayesian models due to the high

583

amount of introduced noise (i.e., variance between trials) and the lack of computational power.

584

Due the right skewness of the median response time, the lognormal family was used. Also, all

585

continuous independent variables were centered to prevent multicollinearity.

586
587
588

Acknowledgements
This research was funded in whole, or in part, by the Wellcome Trust

589

(203139/Z/16/Z). For the purpose of Open Access, the author has applied a CC BY public

590

copyright licence to any Author Accepted Manuscript version arising from this submission.

591

We would like to thank dr. James Sheffield with his help concerning the electrophysiological

592

analyses and design, and dr. George Zacharopoulos with providing MRS-based E/I data.

593

Competing Interests

594

All authors declare no competing interests.

595

References

596

Ahn, H., Suchting, R., Woods, A. J., Miao, H., Green, C., Cho, R. Y., Choi, E., & Fillingim,

597

R. B. (2018). Bayesian analysis of the effect of transcranial direct current stimulation on

598

experimental pain sensitivity in older adults with knee osteoarthritis: randomized sham-

599

controlled pilot clinical study. Journal of Pain Research, 11, 2071.

600

https://doi.org/10.2147/JPR.S173080

601

Ambrus, G. G., Paulus, W., & Antal, A. (2010). Cutaneous perception thresholds of electrical

602

stimulation methods: Comparison of tDCS and tRNS. Clinical Neurophysiology,

603

121(11), 1908–1914. https://doi.org/10.1016/j.clinph.2010.04.020

604

Anderson, J. R. (2013). Cognitive skills and their acquisition. Psychology Press.

28

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.29.489988; this version posted May 1, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Aperiodic Activity
605

Antal, A., & Herrmann, C. S. (2016). Transcranial Alternating Current and Random Noise

606

Stimulation: Possible Mechanisms. Neural Plasticity, 2016, 1–12.

607

https://doi.org/10.1155/2016/3616807

608

Barron, H. C., Vogels, T. P., Emir, U. E., Makin, T. R., O’shea, J., Clare, S., ... & Behrens, T.

609

E. J. (2016). Unmasking latent inhibitory connections in human cortex to reveal dormant

610

cortical memories. Neuron, 90(1), 191-203. https://doi.org/10.1016/j.neuron.2016.02.031

611
612
613

Bürkner, P. C. (2017). brms: An R package for Bayesian multilevel models using
Stan. Journal of statistical software, 80, 1-28.
Buzsáki, G., Logothetis, N., & Singer, W. (2013). Scaling brain size, keeping timing:

614

evolutionary preservation of brain rhythms. Neuron, 80(3), 751–764.

615

https://doi.org/10.1016/J.NEURON.2013.10.002

616

Cappelletti, M., Gessaroli, E., Hithersay, R., Mitolo, M., Didino, D., Kanai, R., Cohen

617

Kadosh, R., & Walsh, V. (2013). Transfer of cognitive training across magnitude

618

dimensions achieved with concurrent brain stimulation of the parietal lobe. Journal of

619

Neuroscience, 33(37). https://doi.org/10.1523/JNEUROSCI.1692-13.2013

620

Cellier, D., Riddle, J., Petersen, I., & Hwang, K. (2021). The development of theta and alpha

621

neural oscillations from ages 3 to 24 years. Developmental Cognitive Neuroscience, 50,

622

100969. https://doi.org/10.1016/J.DCN.2021.100969

623

Cohen Kadosh, R., Levy, N., O’Shea, J., Shea, N., & Savulescu, J. (2012). The neuroethics of

624

non-invasive brain stimulation. Current Biology, 22(4), R108–R111.

625

https://doi.org/10.1016/j.cub.2012.01.013

626
627

Cohen Kadosh, K., Krause, B., King, A. J., Near, J., & Cohen Kadosh, R. (2015). Linking
GABA and glutamate levels to cognitive skill acquisition during development. Human

29

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.29.489988; this version posted May 1, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Aperiodic Activity
628
629

Brain Mapping, 36(11), 4334–4345. https://doi.org/10.1002/HBM.22921
Deelchand, D. K., Adanyeguh, I. M., Emir, U. E., Nguyen, T. M., Valabregue, R., Henry, P.

630

G., ... & Öz, G. (2015). Two‐site reproducibility of cerebellar and brainstem

631

neurochemical profiles with short‐echo, single‐voxel MRS at 3T. Magnetic resonance in

632

medicine, 73(5), 1718-1725. https://doi.org/10.1002/mrm.25295

633

Delorme, A., & Makeig, S. (2004). EEGLAB: an open source toolbox for analysis of single-

634

trial EEG dynamics including independent component analysis. Journal of Neuroscience

635

Methods, 134, 9–21. https://doi.org/10.1016/j.jneumeth.2003.10.009

636

Delorme, A., Sejnowski, T., & Makeig, S. (2007). Enhanced detection of artifacts in EEG

637

data using higher-order statistics and independent component analysis. NeuroImage,

638

34(4), 1443–1449. https://doi.org/10.1016/j.neuroimage.2006.11.004

639

Donoghue, T., Haller, M., Peterson, E. J., Varma, P., Sebastian, P., Gao, R., Noto, T., Lara, A.

640

H., Wallis, J. D., Knight, R. T., Shestyuk, A., & Voytek, B. (2020). Parameterizing

641

neural power spectra into periodic and aperiodic components. Nature Neuroscience 2020

642

23:12, 23(12), 1655–1665. https://doi.org/10.1038/s41593-020-00744-x

643

Dorrn, A. L., Yuan, K., Barker, A. J., Schreiner, C. E., & Froemke, R. C. (2010).

644

Developmental sensory experience balances cortical excitation and inhibition. Nature

645

2010 465:7300, 465(7300), 932–936. https://doi.org/10.1038/nature09119

646

Emir, U. E., Tuite, P. J., & Öz, G. (2012). Elevated pontine and putamenal GABA levels in

647

mild-moderate Parkinson disease detected by 7 tesla proton MRS. PloS one, 7(1),

648

e30918. https://doi.org/10.1371/journal.pone.0030918

649
650

Evans, C., Banissy, M. J., & Charlton, R. A. (2018). The efficacy of transcranial random
noise stimulation (tRNS) on mood may depend on individual differences including age

30

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.29.489988; this version posted May 1, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Aperiodic Activity
651

and trait mood. Clinical Neurophysiology, 129(6), 1201-1208.

652

https://doi.org/10.1016/j.clinph.2018.03.012

653

Fertonani, A., & Miniussi, C. (2017). Transcranial electrical stimulation: what we know and

654

do not know about mechanisms. The Neuroscientist, 23(2), 109–123.

655

https://doi.org/10.1177/1073858416631966

656

Fertonani, A., Pirulli, C., & Miniussi, C. (2011). Random noise stimulation improves

657

neuroplasticity in perceptual learning. Journal of Neuroscience, 31(43), 15416-15423.

658

https://doi.org/10.1523/JNEUROSCI.2002-11.2011

659

Frank, B., Harty, S., Kluge, A., & Cohen Kadosh, R. (2018). Learning while multitasking:

660

short and long-term benefits of brain stimulation. Ergonomics, 61(11), 1454-1463.

661

https://doi.org/10.1080/00140139.2018.1563722

662

Gao, R., Peterson, E. J., & Voytek, B. (2017). Inferring synaptic excitation/inhibition balance

663

from field potentials. NeuroImage, 158, 70–78.

664

https://doi.org/10.1016/J.NEUROIMAGE.2017.06.078

665

Harty, S., & Cohen Kadosh, R. (2019). Suboptimal engagement of high-level cortical regions

666

predicts random-noise-related gains in sustained attention. Psychological Science, 30(9),

667

1318-1332. 095679761985665. https://doi.org/10.1177/0956797619856658

668

He, W., Donoghue, T., Sowman, P. F., Seymour, R. A., Brock, J., Crain, S., Voytek, B., &

669

Hillebrand, A. (2019). Co-increasing neuronal noise and beta power in the developing

670

brain. BioRxiv, 839258. https://doi.org/10.1101/839258

671

Herpich, F., Melnick, M. D., Agosta, S., Huxlin, K. R., Tadin, D., & Battelli, L. (2019).

672

Boosting learning efficacy with noninvasive brain stimulation in intact and brain-

673

damaged humans. Journal of Neuroscience, 39(28), 5551-5561.

31

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.29.489988; this version posted May 1, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Aperiodic Activity
674
675

https://doi.org/10.1523/JNEUROSCI.3248-18.2019
Krause, B., & Cohen Kadosh, R. (2014). Not all brains are created equal: the relevance of

676

individual differences in responsiveness to transcranial electrical stimulation. Front Syst

677

Neurosci, 8, 25. https://doi.org/10.3389/fnsys.2014.00025

678

Krause, B., Márquez-Ruiz, J., & Kadosh, R. C. (2013). The effect of transcranial direct

679

current stimulation: a role for cortical excitation/inhibition balance? Frontiers in Human

680

Neuroscience, 7. https://doi.org/10.3389/fnhum.2013.00602

681

Lansbergen, M. M., Arns, M., Van Dongen-Boomsma Martine, M., Spronk, D., & Buitelaar,

682

J. K. (2011). The increase in theta/beta ratio on resting-state EEG in boys with attention-

683

deficit/hyperactivity disorder is mediated by slow alpha peak frequency. Progress in

684

Neuro-Psychopharmacology and Biological Psychiatry, 35(1), 47–52.

685

https://doi.org/10.1016/J.PNPBP.2010.08.004

686

McDonnell, M. D., & Ward, L. M. (2011). The benefits of noise in neural systems: bridging

687

theory and experiment. Nature Reviews Neuroscience, 12(7), 415-425.

688

https://doi.org/10.1038/nrn3061

689

Molina, J. L., Voytek, B., Thomas, M. L., Joshi, Y. B., Bhakta, S. G., Talledo, J. A.,

690

Swerdlow, N. R., & Light, G. A. (2020). Memantine effects on electroencephalographic

691

measures of putative excitatory/inhibitory balance in schizophrenia. Biological

692

Psychiatry: Cognitive Neuroscience and Neuroimaging, 5(6), 562–568.

693

https://doi.org/10.1016/J.BPSC.2020.02.004

694
695
696

Newell, A., & Rosenbloom, P. (1981). Mechanisms of skill acquisition. Cognitive skills and
their acquisition.
Nishiyama, M., Togashi, K., Aihara, T., & Hong, K. (2010). GABAergic activities control

32

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.29.489988; this version posted May 1, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Aperiodic Activity
697

spike timing- and frequency-dependent long-term depression at hippocampal excitatory

698

synapses. Frontiers in Synaptic Neuroscience, 2, 22.

699

https://doi.org/10.3389/FNSYN.2010.00022/BIBTEX

700

Öz, G., & Tkáč, I. (2011). Short-echo, single-shot, full-intensity 1H MRS for neurochemical

701

profiling at 4T: validation in the cerebellum and brainstem. Magnetic resonance in

702

medicine, 65(4), 901-910. https://doi.org/10.1002/mrm.22708

703

Palva, J. M., Zhigalov, A., Hirvonen, J., Korhonen, O., Linkenkaer-Hansen, K., & Palva, S.

704

(2013). Neuronal long-range temporal correlations and avalanche dynamics are

705

correlated with behavioral scaling laws. Proceedings of the National Academy of

706

Sciences of the United States of America, 110(9), 3585–3590.

707

https://doi.org/10.1073/pnas.1216855110

708

Potok, W., Van der Groen, O., Bächinger, M., Edwards, D., & Wenderoth, N. (2022).

709

Transcranial random noise stimulation modulates neural processing of sensory and motor

710

circuits, from potential cellular Mechanisms to behavior: A scoping review. ENeuro,

711

9(1). https://doi.org/10.1523/ENEURO.0248-21.2021

712

Robertson, M. M., Furlong, S., Voytek, B., Donoghue, T., Boettiger, C. A., & Sheridan, M.

713

A. (2019). EEG power spectral slope differs by ADHD status and stimulant medication

714

exposure in early childhood. Journal of Neurophysiology, 122(6), 2427-2437.

715

https://doi.org/10.1152/JN.00388.2019

716

Rufener, K. S., Ruhnau, P., Heinze, H.-J., & Zaehle, T. (2017). Transcranial random noise

717

stimulation (tRNS) shapes the processing of rapidly changing auditory information.

718

Frontiers in Cellular Neuroscience, 0, 162. https://doi.org/10.3389/FNCEL.2017.00162

719
720

Sánchez-León, C. A., Sánchez-López, Á., Gómez-Climent, M. A., Cordones, I., Kadosh, R.
C., & Márquez-Ruiz, J. (2021). Impact of chronic transcranial random noise stimulation
33

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.29.489988; this version posted May 1, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Aperiodic Activity
721

(tRNS) on GABAergic and glutamatergic activity markers in the prefrontal cortex of

722

juvenile mice. In Progress in brain research (Vol. 264, pp. 323-341). Elsevier.

723

Sarkar, A., Dowker, A., & Cohen Kadosh, R. (2014). Cognitive enhancement or cognitive

724

cost: trait-specific outcomes of brain stimulation in the case of mathematics anxiety. The

725

Journal of Neuroscience : The Official Journal of the Society for Neuroscience, 34(50),

726

16605–16610. https://doi.org/10.1523/JNEUROSCI.3129-14.2014

727

Shew, W. L., Yang, H., Petermann, T., Roy, R., & Plenz, D. (2009). Neuronal avalanches

728

imply maximum dynamic range in cortical networks at criticality. Journal of

729

Neuroscience, 29(49). https://doi.org/10.1523/JNEUROSCI.3864-09.2009

730

Shibata, K., Sasaki, Y., Bang, J. W., Walsh, E. G., Machizawa, M. G., Tamaki, M., Chang,

731

L.-H., & Watanabe, T. (2017). Overlearning hyperstabilizes a skill by rapidly making

732

neurochemical processing inhibitory-dominant. Nature Neuroscience, 20(3), 470-475.

733

https://doi.org/10.1038/nn.4490

734

Shriki, O., Alstott, J., Carver, F., Holroyd, T., Henson, R. N. A., Smith, M. L., Coppola, R.,

735

Bullmore, E., & Plenz, D. (2013). Neuronal avalanches in the resting MEG of the human

736

brain. Journal of Neuroscience, 33(16). https://doi.org/10.1523/JNEUROSCI.4286-

737

12.2013

738

Snowball, A., Tachtsidis, I., Popescu, T., Thompson, J., Delazer, M., Zamarian, L., Zhu, T., &

739

Cohen Kadosh, R. (2013). Long-term enhancement of brain function and cognition using

740

cognitive training and brain stimulation. Current Biology, 23(11), 987-992.

741

https://doi.org/10.1016/j.cub.2013.04.045

742

Soher, B. J., Semanchuk, P., Todd, D., Steinberg, J., & Young, K. (2011, May). VeSPA:

743

integrated applications for RF pulse design, spectral simulation and MRS data analysis.

744

In Proc Int Soc Magn Reson Med (Vol. 19, No. 19, p. 1410).
34

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.29.489988; this version posted May 1, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Aperiodic Activity
745

Terney, D., Chaieb, L., Moliadze, V., Antal, A., & Paulus, W. (2008). Increasing human brain

746

excitability by transcranial high-frequency random noise stimulation. Journal of

747

Neuroscience, 28(52), 14147–14155. https://doi.org/10.1523/JNEUROSCI.4248-08.2008

748

Tzelgov, J., Yehene, V., Kotler, L., & Alon, A. (2000). Automatic comparisons of artificial

749

digits never compared: learning linear ordering relations. Journal of Experimental

750

Psychology: Learning, Memory, and Cognition, 26(1), 103.

751

https://doi.org/10.1037/0278-7393.26.1.103

752

Uhlhaas, P. J., & Singer, W. (2010). Abnormal neural oscillations and synchrony in

753

schizophrenia. Nature Reviews Neuroscience 2010 11:2, 11(2), 100–113.

754

https://doi.org/10.1038/nrn2774

755

Van Bueren, N. E. R., Reed, T. L., Nguyen, V., Sheffield, J. G., Van der Ven, S. H. G.,

756

Osborne, M. A., Kroesbergen, E. H., & Cohen Kadosh, R. (2021). Personalized brain

757

stimulation for effective neurointervention across participants. PLOS Computational

758

Biology, 17(9), e1008886. https://doi.org/10.1371/journal.pcbi.1008886

759

Van Bueren, N. E. R, Van der Ven, S. H., Roelofs, K., Cohen Kadosh, R., & Kroesbergen, E.

760

H. (2022). Predicting math ability using working memory, number sense, and

761

neurophysiology in children and adults. bioRxiv.

762

https://doi.org/10.1101/2022.02.10.479865

763

Van der Groen, O., & Wenderoth, N. (2016). Transcranial random noise stimulation of visual

764

cortex: Stochastic resonance enhances central mechanisms of perception. Journal of

765

Neuroscience, 36(19), 5289–5298. https://doi.org/10.1523/JNEUROSCI.4519-15.2016

766
767

Van Rossum, G., & Drake Jr, F. L. (1995). Python tutorial: Centrum voor Wiskunde en
Informatica Amsterdam. The Netherlands.

35

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.29.489988; this version posted May 1, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Aperiodic Activity
768

Voytek, B., & Knight, R. T. (2015). Dynamic network communication as a unifying neural

769

basis for cognition, development, aging, and disease. Biological Psychiatry, 77(12),

770

1089–1097. https://doi.org/10.1016/J.BIOPSYCH.2015.04.016

771

Voytek, B., Kramer, M. A., Case, J., Lepage, K. Q., Tempesta, Z. R., Knight, R. T., &

772

Gazzaley, A. (2015). Age-related changes in 1/f neural electrophysiological noise.

773

Journal of Neuroscience, 35(38), 13257–13265.

774

https://doi.org/10.1523/JNEUROSCI.2332-14.2015

775

Wijtenburg, S. A., West, J., Korenic, S. A., Kuhney, F., Gaston, F. E., Chen, H., Roberts, M.,

776

Kochunov, P., Hong, L. E., & Rowland, L. M. (2017). Glutamatergic metabolites are

777

associated with visual plasticity in humans. Neuroscience Letters, 644, 30–36.

778

https://doi.org/10.1016/J.NEULET.2017.02.020

779

Zacharopoulos, G., Emir, U., & Cohen Kadosh, R. (2021a). The cross-sectional interplay

780

between neurochemical profile and brain connectivity. Human Brain Mapping, 42(9),

781

2722–2733. https://doi.org/10.1002/HBM.25396

782

Zacharopoulos, G., Sella, F., Cohen Kadosh, K., Hartwright, C., Emir, U., & Cohen Kadosh,

783

R. (2021b). Predicting learning and achievement using GABA and glutamate

784

concentrations in human development. PLOS Biology, 19(7), e3001325.

785

https://doi.org/10.1371/JOURNAL.PBIO.3001325

786

Zacharopoulos, G., Sella, F., & Cohen Kadosh, R. (2021c). The impact of a lack of

787

mathematical education on brain development and future attainment. Proceedings of the

788

National Academy of Sciences of the United States of America, 118(24).

789

https://doi.org/10.1073/PNAS.2013155118/-/DCSUPPLEMENTAL

36

