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Abstract
We aimed to replicate a published effect of transcranial direct-current stimulation
(tDCS)-induced recognition enhancement over the human ventrolateral prefrontal
cortex [1] and analyse the data with machine learning. We investigated effects over an
adjacent region, the dorsolateral PFC. We found weak or absent effects over the VLPFC
and DLPFC. We conducted machine learning studies to examine the effects of semantic
and phonetic features on memorization, which revealed no effect of VLPFC tDCS on
the original dataset or the current data. The highest contributing factor to memory
performance was individual differences in memory not explained by word features, tDCS
group, or sample size, while semantic, phonetic, and orthographic word characteristics
did not contribute significantly. To our knowledge, this is the first tDCS study to
investigate cognitive effects with machine learning, and future studies may benefit from
studying physiological as well as cognitive effects with data-driven approaches and
computational models.

Author summary
Non-Invasive Brain Stimulation techniques (in our case, transcranial direct current
stimulation) are widely used among neuroscientists to map cognitive processes, for
example, memory, decision making, emotional processing. In many cases, the sample
size is limited, or methods applied for the data analysis are questionable. Here we
propose a replication study aiming at confirmation of memory enhancement as a result
of the application of anodal transcranial direct stimulation over the ventrolateral
prefrontal cortex. Additionally, the involvement of the dorsolateral prefrontal cortex
into episodic memory was analyzed. We used a larger sample size and applied different
data analysis methods, including machine learning techniques. Surprisingly, we did not
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replicate the results of the original study, and we found weak effects of memory
impairment after stimulating the DLPFC. However, what is most remarkable is that we
have observed no significant effect of tDCS involvement on memory performance.
Мachine learning methods revealed no effect of linguistic factors on tDCS effect for both
the original study and the replication at the level of individual trials and participants.
Our findings highlight the importance of considering individual differences and data on
the level of a single trial; in our data, participants’ memory responses resembled guessing
behavior when recognition performance was measured by AUROC and highlight the
need for modifications in the memory test and the use of other performance measures.

1 Introduction 1

Transcranial direct-current stimulation (tDCS), a method of safely and non-invasively 2

delivering a weak electric current through the cortex, has been gaining increasing 3

attention [2] as a tool for studying and possibly enhancing episodic memory [3]. Anodal 4

tDCS involves increasing cortical excitability in a target region such as the dorsolateral 5

prefrontal cortex (DLPFC), which may in turn facilitate or enhance memory 6

performance by decreasing reaction time and/or increasing memory accuracy. However, 7

there remains well-founded skepticism about widespread applications of tDCS, partly 8

because of the lack of knowledge about mechanisms of action [4] and difficulty in 9

replicating results [5]. 10

Most tDCS studies in episodic memory have targeted the DLPFC (see [6] for a 11

review) because of its role in selective attention [7], strategic retrieval [8], and other 12

executive functions involved in episodic memory [9]. In line with the hemispheric 13

encoding/retrieval asymmetry model [10], previous studies with tDCS show functional 14

asymmetry in the DLPFC, with stimulation over the left DLPFC affecting encoding and 15

stimulation over the right DLPFC affecting retrieval [11–13]. However, memory 16

enhancements due to atDCS have been inconsistent over the DLPFC, in both individual 17

studies [9, 11,12,14,15] and meta-analyses [16–18]. Most studies over the DLPFC 18

examined effects when atDCS was delivered predominantly during encoding. At least 19

two studies examined purely offline encoding effects: [19] delivered atDCS over F3 for 15 20

minutes before encoding and found no effects on accuracy or reaction time, although 21

atDCS over the contralateral hemisphere (F4) led to faster reaction times. Lu and 22

colleagues [20] delivered atDCS over a more lateral site (FC5) for 20 minutes before 23

encoding and found an increase in correct memory responses for previously-presented 24

items. 25

To the authors’ knowledge, no study to date has systematically examined effects of 26

timing of administration on the DLPFC, comparing online vs offline effects at encoding 27

or retrieval. However, a previous study by the authors showed significant differences in 28

online and offline effects over an adjacent site, the left VLPFC [1]. The authors 29

administered atDCS before the study phase (offline encoding) or during the study task 30

(online encoding) that involved intentionally memorizing each presented word 31

(Experiment 1). As expected given support from fMRI and TMS studies, the left 32

VLPFC seemed to be strongly modulated by atDCS at encoding, specifically online but 33

not offline encoding. 34

The VLPFC and DLPFC are thought to play functionally distinct roles in long-term 35

verbal memory, and the left hemisphere in the VLPFC appears selectively engaged in 36

verbal but not non-verbal material. Specifically, the VLPFC may be more involved in 37

encoding for individual items, while the DLPFC is more engaged in associative or 38

relational encoding [21–24]. Moreover, activation in the DLPFC may predict long-term 39

memory success through DLPFC involvement in domain-general working-memory or 40

executive processes such as mental manipulation of information (e.g. visualizing rotating 41
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objects; [25]) and applying a specific strategy (e.g. for retrieval of information; [26]). In 42

one tDCS study, [27] found that cathodal stimulation over the left DLPFC (F3) in a 43

cued-word-completion learning task where errors were evoked through guessing the 44

wrong completion lowered memory accuracy in contrast to a non-error condition or 45

anodal stimulation in either condition (no effect). They concluded that the DLPFC was 46

only modulated when its processing demands were higher for conflicting information. In 47

contrast, the VLPFC appears to be engaged in maintaining information in working 48

memory [28] and processing semantic information including accessing lexical identity 49

and connecting words to other words in the semantic network [29]. 50

The current study involved administering atDCS over the left DLPFC offline or 51

online encoding to identify the effective time of administration and confirm the causal 52

role of the DLPFC in encoding processes. Participants were assigned to a Sham group 53

(over the DLPFC) or one of three tDCS groups: DLPFC Online, DLPFC Offline, and 54

VLPFC Online. Previous research suggests that atDCS could potentially enhance 55

memory performance when delivered online or offline encoding over the 56

DLPFC [20,30–33], so we predicted higher memory performance for either condition 57

(DLPFC Online or DLPFC Offline). In addition, the study provides a novel comparison 58

of atDCS effects during encoding over the VLPFC vs DLPFC. We predicted a successful 59

replication of Experiment 1 from [1] with higher memory accuracy for the VLPFC 60

Online group compared to Sham, but we also predicted a larger effect size for VLPFC 61

Online than DLPFC Online or DLPFC Offline based on previous rTMS studies 62

comparing memory disruption in the VLPFC vs DLPFC. For example, [34] found that 63

stimulation over the VLPFC during encoding led to a greater disruption in memory 64

performance than over the DLPFC, suggesting that the VLPFC may play a more 65

important role in encoding processes. Finally, there remains a lack of knowledge about 66

the mechanisms of atDCS on verbal memory and whether atDCS effects can be 67

influenced by word characteristics, specifically semantic (meaning), orthographic 68

(letters), and phonological (sounds). We also aimed to examine how the tDCS effects 69

interacted with language and linguistic factors, since the replication study was 70

conducted in Russian and the original study was conducted in English. Thus, data were 71

applied from a previously-published experiment ( [1]; Experiment 1) and the current 72

experiment from the Online Encoding (VLPFC) group to an AUROC analysis. After 73

comparisons of group means in reaction time and accuracy on the recognition test, an 74

ML regression algorithm was applied to infer the quality of recognition using semantic 75

and phonological features of words. Semantic and phonological features were added to 76

the model and predictive capability was assessed. We predicted that the model would 77

be able to distinguish between words that are hard and easy to remember in Russian 78

and English speakers. Thus, machine learning algorithms were applied in order to reveal 79

the impact of factors including semantics, phonetics and individual variance to episodic 80

memory performance as well as the interaction with tDCS. 81

2 Methods and Materials 82

Guidelines can be included for standard research article sections, such as this one. In 83

line with a replication study, we followed the same procedure as in Experiment 1 of [1] 84

with few exceptions (translation of materials to Russian and comparison of DLPFC and 85

VLPFC as stimulation sites). Broadly, participants memorized words presented 86

individually on a screen while undergoing tDCS (before or during this phase), and 24 87

hours later they performed a recognition test. The study and test stimuli were 88

translated based on the first word meaning in the vocabulary entry, and the translation 89

achieved relatively matched frequency (M English = 24.47; M Russian=40.38; 90

Lyashevskaya Sharov, 2009) and number of letters (M English =6.17; M Russian=6.19). 91
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Specifically, we applied the same tDCS settings (2 mA anodal tDCS and 30 s Sham 92

tDCS) over the DLPFC (all conditions: offline, sham, and online) in addition to the 93

VLPFC (online encoding only). For all groups, the anode was placed over the left 94

VLPFC (F7) or the left DLPFC (F3), and the cathode was placed over the ipsilateral 95

(left) shoulder at both sessions (study and test 24 hours later). However, stimulation 96

was delivered only on the first day and at different sites (DLPFC or VLPFC) and times 97

(offline or online encoding) depending on the group. Stimulation was delivered via a 98

battery-powered, constant-current stimulator (Brainstim, EMS, Bologna, Italy) through 99

5 x 7 cm2 electrodes. In addition, participants were asked to describe the sensations 100

that they felt during the stimulation and indicate whether they believed they received 101

real or placebo stimulation. Participants were single-blinded, and the questionnaire 102

indicated that blinding was successful: 80% believed that they received real stimulation. 103

Data were analyzed in SPSS (version 24; IBM, Armonk, New York) and machine 104

learning studies were conducted in Python (version 3.7). 105

2.1 Participants 106

Participants were randomly assigned to one out of four groups: VLPFC Online, DLPFC 107

Online, DLPFC Offline and Sham. Based on a power analysis to detect a large effect 108

size [1], d = 1.29;α = 0.05, 1− β = .95), we aimed to recruit 31 participants per group 109

(124 total), but we analyzed data from 97 participants because of exclusions (see below). 110

Participants (female = 63, male = 49, M age = 20.51, SD=2.89) were native Russian 111

speakers with normal or corrected-to-normal vision and no history of neurological or 112

psychiatric illness. Bonferroni-corrected pairwise comparisons of ae between pairs of 113

groups showed a significant difference in age between VLPFC Online (M = 21.76, SD = 114

3.54) and DLPFC Online (M = 19.21, SD = 1.10), p = .014. However, there were no 115

significant differences in age between the other groups, ps>.062. 116

Data from 12 participants were excluded from analysis because 1) the participant 117

was feeling unwell (2 participants : DLPFC Sham and VLPFC Online) 2) there were 118

technical issues (6 participants: two in DLPFC Online, two in VLPFC Online, and two 119

in DLPFC Sham) or 3) the participant was left-handed (one participant: DLPFC 120

Online) and 4) there was an experimenter error (3 participants: one in DLPFC Sham 121

and two in VLPFC Online). The exclusions resulted in 26 in the VLPFC Online group, 122

31 in the DLPFC Offline group, 28 in the DLPFC Online group, and 27 in the Sham 123

group. Moreover, fifteen outliers were excluded (see data analysis for criteria), leaving a 124

final sample size of 25 for VLPFC Online (one outlier), 25 for DLPFC Offline (six 125

outliers), 23 for DLPFC Online (five outliers), and 23 for DLPFC Sham (four outliers). 126

For all Machine Learning analysis all DLPFC Offline participants except one were used 127

(30 participants). 128

The study was approved by the ethics committee of National Research University 129

Higher School of Economics (Moscow, Russia) and followed the corresponding ethical 130

guidelines. All participants provided written informed consent and were given monetary 131

compensation (500 rubles) for their time. 132

2.2 Procedure and Experimental Design 133

Each participant, regardless of group assignment, came to the laboratory twice within 134

an 24 hour-interval: on the first day participants memorized the verbal stimuli one word 135

at a time through pleasantness judgements (pleasant or unpleasant), and on the second 136

day they performed an old/new recognition memory task. Stimulation was only 137

delivered on the first day, but electrodes were placed on the head on the second day 138

without stimulation (to replicate the method of [1] exactly). For all groups, stimulation 139

was delivered on the first day only. For DLPFC Sham, stimulation was delivered for 30 140
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seconds before the stimulator was turned off, and the start of the stimulation 141

corresponded to the start of the reading task for half the Sham participants and the 142

start of the memory task (study phase) for the other half. Stimulation was applied for 143

the entire duration of the reading task for the DLPFC Offline group and for the entire 144

duration of the memory task for the VLPFC Online and DLPFC Online groups. 145

2.3 Data analysis 146

One-way ANOVAs were conducted for each measure of recognition accuracy (Snodgrass 147

Corwin, 1988): discrimination index (Pr: combined index involving hits and false 148

alarms), proportion of hits (correctly identifying an “old” item as studied), and 149

proportion of false alarms (incorrectly identifying a new item as studied). In addition, 150

one-way ANOVAs were conducted for average reaction times and reaction times for hits 151

and false alarms separately. Finally, a one-way ANOVA was conducted on response bias, 152

an index involving hits and false alarms (higher values indicate a more conservative 153

pattern of responding to old items). Significant effects were followed up with 154

Bonferroni-corrected planned contrasts between each stimulation group and Sham 155

(one-tailed). Outliers were excluded based on two standard deviations from the mean on 156

any of the following dependent measures: discrimination index Pr, proportion of hits, 157

proportion of false alarms, and reaction times for hits or false alarms. 158

2.4 Area Under the Receiver Operating Characteristic Curve 159

as a measure of predictive performance for episodic 160

memory changes 161

For the second analysis including data from the [1], we included all 17 participants from 162

the Sham group and 17 from the Online tDCS group, resulting in the same mean age 163

with no significant differences between the groups. From the current study, we only 164

included data from the DLPFC Sham (N = 23) and VLPFC Online groups (N = 25) 165

with no significant differences in age between groups (Bonferroni-corrected paired 166

comparisons), ps>.852. We implemented a 2 x 2 design with the first factor as language 167

(English or Russian) and the second factor as tDCS group (VLPFC or Sham). 168

Applying Area Under the Receiver Operating Characteristic Curve (AUROC) was 169

appropriate given that the task involved binary classification (coded as 1 if the word 170

was presented at study and 0 if unpresented), which fits any ML approach to measuring 171

predictive performance of classification models (Bradley, 1997). In ML Classification 172

models, true positives represent the model predicting the positive class correctly and 173

false positives represent incorrect prediction of positive class. 174

AUROC 1) provides information about true and false positives in a single measure 2) 175

shows the source of model error, with larger values indicating that the model predicts 176

better than chance (greater true positives) and 0.5 indicating the opposite and 3) does 177

not assume a normal distribution and is robust to unequal sample sizes (whereas 178

average accuracy measures would overestimate performance). Thus, it is the most 179

suitable measure for the current data. 180

We included a trial-based approach, computing AUROC for each word based on the 181

entire sample’s responses for that word, and a participant-based approach, computing 182

AUROC for each participant based on responses (old or new) for all words presented to 183

that participant. 184

AUROC values can show whether tDCS is effective in enhancing memory 185

performance, and the subsequent ML analyses using AUROC can show the effects of 186

various factors (semantic, phonetic, orthographic word characteristics) on recognition of 187

individual words. We attributed any differences in memory performance not explained 188
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by differences in sample size, linguistic characteristics, or group (tDCS vs Sham) to 189

individual differences in memory function. 190

If stimulation enhances episodic memory performance, we expect a significant 191

increase or decrease in AUROC (both over words and over participants in both VLPFC 192

groups compared to Sham). If tDCS impairs memory performance, we expect values 193

close to 0.5, which reflects that participant response decisions (old or new) approached 194

chance. 195

If tDCS has no effect, there would be no difference in AUROC values across words 196

or AUROC distributions between VLPFC and Sham. Since tDCS enhanced episodic 197

memory in the original experiment and we expect a successful replication, we expected 198

AUROC values for VLPFC to be significantly different from chance, with significantly 199

different AUROC values and distributions compared to Sham. Moreover, tDCS 200

significantly increased reaction time in [1], so we predicted a significant difference 201

between VLPFC and Sham in reaction time. Since we did not assume a normal 202

distribution, we applied the two-sample Kolmogorov-Smirnov test for accuracy and 203

reaction time. We have also computed median test for differences in median AUROC. 204

2.5 Extraction of semantic, phonological and orthographic 205

determinants of episodic memory performance 206

To investigate the effect of semantic and phonetic features on memorization and the 207

interaction with tDCS, we extracted words with significantly more true positive rates 208

(reflecting hits) and false positive rates (reflecting false alarms) in each group (VLPFC 209

and Sham). We examined the top ten words from each category (see S1 Appendix). A 210

preliminary descriptive analysis of the highest and lowest AUROC-words showed no 211

association between individual variance and memory accuracy in VLPFC and Sham 212

groups. Therefore, we do not report these results further. 213

Moreover, we used word embeddings, which approximate the semantic similarities 214

between words. In line with the trial-based and participant-based approaches, we 215

conducted two kinds of ML studies: 1) Participant-independent (trial-based) analysis 216

tests the success of a model that predicts the AUROC for each word using either word 217

embeddings or letter-based one-hot encoding and 2) Participant-specific 218

(participant-based) analysis tests the success of a model that predicts whether a 219

participant was able to recall the word given either word embeddings or letter-based 220

one-hot encoding for each word for individual participants. Word embeddings were 221

applied from FastText [35], a library developed in Facebook that incorporates semantic 222

information from each word as well as subwords contained within to embed vectors. 223

The pretrained embedding was aligned following [36] so that English and Russian 224

vectors could lie in the same vector space and we could use it to train a model that uses 225

both English and Russian vectors to check whether there are any language-independent 226

semantic determinants. To artificially enlarge the sample size for our models we use the 227

augmentation approach described in [37] (see S2 Appendix for details). 228

For prediction, we applied TPOT [38], an automated Machine Learning library that 229

enables searching for the best classification and regression model using Evolutionary 230

Algorithms, and AutoPyTorch [39], an automating Machine Learning library for the 231

PyTorch [40] deep learning framework. Pipelines found by TPOT or AutoPyTorch are 232

usually better than those found by grid search or manual construction. TPOT was used 233

for experiments with word vectors, and AutoPyTorch was used for experiments with 234

one-hot encoded word images. 235

We applied the following parameters: for TPOT, default ones for evolutionary 236

algorithm; 20 for number of generations and 5 for population size; 10 folds for 237

cross-validation; mean absolute error as the scoring function, and “TPOT light” as the 238
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configuration dictionary, for AutoPyTorch, default validation setup, “tiny-cs” config for 239

participant-independent trials and “medium-cs” config for participant-dependent trials. 240

Prior to training, for each experiment, we have randomly extracted 10% of the 241

dataset and used it as a hold-out set for test. We trained our AutoML on the rest 90% 242

with the respective cross-validation schemes and we examine the generalization ability 243

of a model by assessing the difference between the quality metrics on training and 244

hold-out sets. The model could perform very well on training set, but show lack of 245

predictive ability on the hold-out. Such an outcome would be a sign of poor 246

generalization ability which would show that based on this data we can not infer the 247

existence of learnable connection between features and a label. 248

3 Results 249

3.1 ANOVA 250

Accuracy was significantly above chance for all groups, ts > 3.88, ps < .005. Levene’s 251

test (Fs > 2.84, ps < .042) and frequency distributions suggested that most data did 252

not follow a normal distribution. Although non-parametric statistics may be more 253

appropriate than an ANOVA, to enable comparison with the original effect sizes, 254

corrected parametric statistics (Brown-Forsythe’s F statistic) are reported in text for 255

corresponding dependent measures. There were no significant differences between 256

groups in recognition accuracy F (3, 79.78) = 2.37, p = .076,= .082, response bias 257

F (3, 93) = 2.15, p = .100, η2p = .065, or average reaction time 258

F (3, 74.26) = 0.70, p = .556, η2p = .028. There was also no significant difference in the 259

proportion of hits F (3, 76.88) = 1.37, p = .259, η2p = .051, or associated reaction times 260

F (3, 75.56) = 0.49, p = .694, η2p = .019. There was a significant difference in proportion 261

of false alarms F (3, 93) = 2.85, p = .042 but not associated reaction times 262

F (3, 70.82) = 0.91, p = .439, η2p = .037. Planned contrasts for false alarms revealed 263

significant differences between VLPFC tDCS and Sham t(93) = 2.78 and between 264

Offline DLPFC tDCS and Sham t(93) = 2.14, p = .018, with higher false alarm rates for 265

VLPFC tDCS and Offline DLPFC tDCS. There were no significant differences between 266

Online tDCS and Sham t(93) = 1.36, p = .178. See Table 2 for the mean accuracy for 267

each group. 268

Table 1. Means and standard deviations for memory accuracy across groups.
Online
tDCS M

Online
tDCS
SD

Offline
tDCS M

Offline
tDCS
SD

Sham
M

Sham
SD

DLPFC N 24 25 23
Discrimination Pr 0.15 0.16 0.07 0.12 0.16 0.18
Br response bias 0.61 0.14 0.60 0.12 0.56 0.17
Pr hits 0.68 0.10 0.63 0.12 0.63 0.16
Pr false alarms 0.53 0.18 0.57 0.14 0.47 0.18
VLPFC N 25
Discrimination Pr 0.09 0.11
Br response bias 0.66 0.12
Pr hits 0.69 0.11
Pr false alarms 0.59 0.12
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Table 2. Means and standard deviations for reaction time accuracy across groups.
Online
tDCS M

Online
tDCS
SD

Offline
tDCS M

Offline
tDCS
SD

Sham
M

Sham
SD

DLPFC N 24 25 23
Average RT 501.49 144.91 503.00 103.62 535.72 156.16
RT hits 504.82 151.20 505.85 104.71 532.52 142.72
RT false alarms 498.17 139.84 500.16 103.66 538.91 171.43
VLPFC N 25
Discrimination Pr 484.00 82.58
Br response bias 490.18 79.85
Pr hits 477.82 86.10
Pr false alarms 484.00 82.58

3.2 AUROC Analysis and ML models 269

The range of performance as measured by AUROC (0.38-0.62; see Figure 1) indicates 270

that participant decisions were close to random choice, since an AUC coefficient of 0.75 271

or higher reliably reflects accurate performance. The VLPFC group shows a similar 272

distribution of individual AUROC coefficients to the Sham group, indicating that there 273

was no effect of tDCS on memorization and perhaps other factors (word characteristics, 274

individual differences, error) contributed more highly. 275

276

277

Fig 1. Violin plots of AUC distributions for Russian vs English participants in each
group. Panel A shows the Russian sample (p-value of median test is 0.267) and Panel B
shows the English sample (p-value of median test is 0.17). 278

Although the distributions of AUROC coefficients for individual words appeared to 279

vary depending on the sample (English or Russian) and group (VLPFC or Sham; see 280

Figure 2), with the English VLPFC group showing more variance than either of the 281

Sham groups, there was no significant difference in AUROC distributions between 282

English or Russian words or experimental groups, suggesting that the greater variance 283

in the English group reflected smaller sample size. 284

285
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286

Fig 2. Violin plots showing AUROC distributions for Russian vs English words in each
group. A – all groups (p-value of median test is 0.004), B – sham (p-value of median
test is 0.274), C – VLPFC online (p-value of median test is 0.001). 287

We found significant differences in distributions for reaction time between Russian 288

and English words as well as significant differences in distributions between sham and 289

VLPFC online across both samples, p<.001, but no significant difference in median 290

AUROC (p-values are either way larger than 0.001 or borderline – about 0.001-0.004), 291

suggesting that as for the accuracy data, differences in distribution reflected differences 292

in sample size. 293

294

295

Fig 3. Reaction time distribution for English and Russian words. 296

Finally, we found no significant contributions of semantic, orthographic, or 297

phonological characteristics of words in terms of predicting the success of participant in 298

recalling the word for participant-independent (see S3 Appendix) or 299

participant-dependent (see S4 Appendix) models. The Spearman correlations for 300

predictions and real labels for hold-out set in prediction of word AUROC were close to 301

zero, the AUROCs of participant-independent models for hold-out set were close to 0.5 302
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with small standard deviation, suggesting that the model did not learn anything useful 303

for prediction of experiment outcome. 304

4 Discussion 305

The aim of the current study was to replicate and extend the findings of [1](Experiment 306

1) with the VLPFC and DLPFC. However, the effect of atDCS over the left VLPFC 307

(decrease in false recognition) was not replicated, and there were weak, negative effects 308

over the DLPFC in the Offline group. In fact, there was a trend toward increased false 309

alarms after online atDCS over the VLPFC and offline atDCS over the DLPFC 310

compared to Sham. The trend suggests that an increase in false alarms obscured group 311

differences, and the increase in false alarms could be driven by an increase in semantic 312

elaboration that leads to better memory for features common to multiple items [41,42]. 313

While the results do not support effects over the DLPFC and VLPFC, this speaks to 314

the lack of tDCS effect rather than the lack of involvement of these regions in episodic 315

memory. Although it is clear from TMS studies that the VLPFC is necessary for 316

episodic memory, TMS disruption of the DLPFC does not consistently impair episodic 317

memory and the specific roles of both regions remain to be clarified. While 318

meta-analyses and studies aimed at replication of tDCS cognitive effects do not support 319

the effectiveness of tDCS generally [43,44], the majority of tDCS studies lack needed 320

deeper explorations of non-linear effects and individual differences through modelling 321

and ML [45]. More insight is needed into the relationship between biological and 322

cognitive effects. For example, future studies could attempt to classify groups by using 323

concurrent EEG activity during tDCS administration. However, even tDCS-EEG 324

studies alone may not be beneficial because EEG reflects the synchronized firing of large 325

populations of neurons across the brain (not just the stimulated region), and the neural 326

signature is not always modulated by changes in cognitive performance. Thus, more 327

sensitive measures of tDCS cognitive and neural effects can be implemented, such as 328

changes in resting-state connectivity (Stagg et al., 2014), GABA and glutamate 329

concentrations [46], and cerebral blood flow [47]. Nonetheless, the results of the current 330

study support the conclusion that tDCS does not modulate memory in the VLPFC and 331

DLPFC directly but rather a subprocess leading to successful memory formation and 332

retrieval. Specifically, tDCS may influence the earlier (e.g. semantic elaboration) rather 333

than later (i.e. item-context binding) sub-stages of successful encoding, which can lead 334

to a more indirect effect on retrieval success. For example, tDCS has been shown to 335

modulate the speed of vocabulary learning but not final vocabulary recall over multiple 336

sessions [48]. Moreover, atDCS over the VLPFC led to improved semantic processing in 337

language tasks [31] such as naming common objects [49] and working memory tasks [50]. 338

Thus, tDCS could modulate a semantic process or working memory maintenance that 339

contributes to long-term memory rather than the formation of the memory trace, which 340

is thought to rely more on the hippocampus [51,52]. It is notable that using AUROC 341

we could not discriminate hard and easy to remember words in Experiment 1 of [1]: the 342

AUC curve revealed no significant effect of VLPFC tDCS on English or Russian 343

speakers. Although average memory accuracy was above chance, AUC suggested that 344

when considering individual trials, participants were guessing. Future studies can test 345

the reliability of the recognition test as an assessment for tDCS-induced cognitive effects 346

and try to increase participant motivation and concentration to attain optimal 347

trial-by-trial performance for examining tDCS-induced changes. The ML analysis 348

showed that phonological, semantic, and orthographic features did not influence the 349

episodic memory. Although it is likely that these features contributed to memory 350

formation, their influence was minimal and overshadowed by the large interaction 351

between atDCS and individual differences. This individual variability has been 352
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examined in other studies that found differences between high and low performers 353

(e.g. [9]). Individual differences in baseline memory performance and encoding ability 354

appear to be an influential factor, more than language or word characteristics. The 355

results indicate that individual differences may be one of the most important 356

parameters not only in the current study and tDCS field but also in replication studies. 357

A limitation was that we did not conduct a within-subjects study in which we examined 358

differences in individual performance. A replication of a within-subjects study could 359

reveal that the effect of a between-subjects study was due to differences between 360

participants and when participants are compared to their own performance, there is 361

little effect of tDCS. Indeed, studies including [1] have found varying effects when 362

comparing between-subjects to within-subjects tDCS effects over the same location, 363

with potentially smaller or absent effects for within-subjects studies (e.g. compare 364

between-subjects results in [30,31,53,54] and Experiment 1 in [1] to within-subjects 365

results in Experiment 3 in [1]; Experiment 2 in [55] [13]. Furthermore, it is important 366

to identify the reliability of tDCS effects with direct replications within the same lab as 367

well as other labs [56] with sufficiently large sample sizes. However, continued future 368

examinations of tDCS cognitive effects may have less value if not supplemented with a 369

measure of biological effects. Future data-driven studies should aim to predict when 370

physiological effects such as increases in BOLD activation lead to cognitive outcomes 371

such as higher performance and whether duration and frequency of tDCS are involved. 372

Although the sample size of the current study should have had sufficient statistical 373

power to detect the original effect size ( [1], Experiment 1), the true effect size could 374

still be eluded because of a statistical phenomenon known as the “winner’s curse”. The 375

winner’s curse posits that the first studies to find a significant and novel effect will be 376

published, and the reported effect will be exaggerated because these studies tend to be 377

exploratory and include smaller sample sizes. If several small-sample studies are 378

investigating the same effect, random error and sampling variation may lead to one but 379

not all of the studies finding an effect that crosses significance threshold because 380

under-powered studies can only find large effects. The true effect is likely to be smaller, 381

so it would not otherwise emerge in under-powered studies. This phenomenon is 382

illustrated well in the meta-analysis by [3], in which most included articles reported at 383

least one significant effect, but the average effect size was close to zero when all studies 384

were included in the analysis. For example, [57] found an effect of atDCS in their first 385

experiment but not in a subsequent replication in the same paper . The conclusion 386

of [58] is in line with the “winner’s curse” effect, while the authors suggest a smaller 387

sample size (between d = .40 and d = .50 according to Cohen, 1988) as more 388

appropriate for tDCS studies. We did not successfully replicate the results of the 389

previous work, although we used a larger sample size and nearly identical method. It is 390

worth mentioning that the results of the replicated study are significant based on the 391

ANOVA (and this statistical model is appropriate for the original study) but the main 392

effect is not detected by the AUROC analysis applied to both datasets. It does not 393

seem that there was a cultural or linguistic component involved, in line with previous 394

tDCS experiments that found similar effects on verbal memory performance between 395

countries (Italy: [31]; England: [1]; USA: [54]). However, culture-dependent tDCS 396

should be tested directly by comparing individuals of different cultures in the same 397

language. We would expect culture-dependent effects in social cognition (e.g. [48]) but 398

not in processes such as memory encoding that are thought to rely on the same neural 399

architecture across people. We conclude that tDCS may exert a subtle modulation that 400

also interacts strongly with individual differences, particularly in baseline activation and 401

neuroanatomy. ML regression approaches could be successful for future studies that 402

model interactions between biological and cognitive effects. In spite of the significant 403

tDCS effects found in previous memory studies, we suggest caution in interpreting these 404
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effects and applying tDCS as a neuromodulator until replications are conducted with 405

biomarkers. 406

Supporting information 407

S1 Appendix. Significantly different words. Russian and English words that 408

differ significantly in the number of hits, false alarms, AUROC and reaction time. 409

S2 Appendix. Data Augmentations. The procedures used to augment the 410

training set according to the method proused in [37]. 411

S3 Appendix. Participant-Independent ML Trials. The performance of 412

participant-independent TPOT and AutoPytorch models. 413

S4 Appendix. Participant-Dependent ML Trials. The performance of 414

participant-independent TPOT and AutoPytorch models. 415
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