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Abstract 27 

Background: High-frequency transcranial random noise stimulation (hf-tRNS) is a 28 

neuromodulatory technique consisting of the application of alternating current at random intensities 29 

and frequencies. hf-tRNS induces random neural activity in the system that may boost the 30 

sensitivity of neurons to weak inputs. Stochastic resonance is a nonlinear phenomenon whereby the 31 

addition of an optimal amount of noise results in performance enhancement, whereas further noise 32 

increments impair signal detection or discrimination.  33 

Objective: The aim of the study was to assess whether modulatory effects of hf-tRNS rely on the 34 

stochastic resonance phenomenon, and what is the specific neural mechanism producing stochastic 35 

resonance.  36 

Method: Observers performed a two-interval forced choice motion direction discrimination task in 37 

which they had to report whether two moving patches presented in two temporal intervals had the 38 

same or different motion directions. hf-tRNS was administered at five intensity levels (0.5, 0.75, 39 

1.0, 1.5, and 2.25 mA). 40 

Results: The results showed a significant improvement in performance when hf-tRNS was applied 41 

at 1.5 mA, representing the optimal level of external noise. However, stimulation intensity at 2.25 42 

mA significantly impaired direction discrimination performance. An equivalent noise (EN) analysis, 43 

used to assess how hf-tRNS modulates the mechanisms underlying global motion processing, 44 

showed an increment in motion signal integration with the optimal current intensity, but reduced 45 

motion signal integration at 2.25 mA. 46 

Conclusion: These results indicate that hf-tRNS-induced noise modulates neural signal-to-noise 47 

ratio in a way that is compatible with the stochastic resonance phenomenon. 48 

 49 

Keywords: global motion, high-frequency transcranial random noise stimulation, stochastic 50 

resonance, internal noise, global sampling 51 

 52 



3 

 

Introduction 53 

Transcranial random noise stimulation (tRNS) is a non-invasive electrical brain stimulation 54 

technique characterized by alternating current delivered at random frequencies and intensities.  This 55 

technique can be applied at its full frequency spectrum between 0.1 Hz and 640 Hz, at the low-56 

frequency range between 0.1 Hz and 100 Hz (lf-tRNS), or at the high frequency range (hf-tRNS), 57 

between 101-640 Hz [1] . Early studies found that 10 mins of hf-tRNS applied over the primary 58 

motor cortex (M1) induced an increment in cortical excitability with after-effects lasting up to 60 59 

min [1–4]. In the last decade, several experimental procedures have been used to assess the effects 60 

of tRNS on different cognitive and sensory abilities in order to understand its mechanisms [5]. For 61 

example, it has been demonstrated that hf-tRNS improves behavioural performance on visual tasks 62 

[6], attenuates visual motion adaptation [7], facilitates facial identity perception [8] and enhances 63 

perceptual learning [9–14]. Moreover, five days of training with concomitant hf-tRNS over the 64 

bilateral dorsolateral prefrontal cortex (DLPFC) enhanced calculation time and arithmetic memory-65 

recall-based learning[15].  66 

Though there is evidence that tRNS induces facilitation at the behavioural level, the lack of 67 

animal studies limits our understanding of the action of this technique [5]. One proposed 68 

mechanism is that tRNS is able to induce a repetitive opening of the Na+ channels [1] shortening the 69 

hyperpolarization phase, as it has been found that high frequency (140 Hz) extracellular alternating 70 

current stimulation in rat hippocampal neurons caused an inward sodium current, resulting in a 71 

depolarization of the neural membrane [16]. This hypothesis is supported by pharmacological 72 

evidence showing that administration of sodium channel blocker carbamazepine (CBZ) reduced 73 

tRNS excitability effects [2]. 74 

An alternative intriguing explanation of tRNS effects is based on the stochastic resonance 75 

phenomenon. Stochastic resonance  is a phenomenon whereby the addition of random interference 76 

(i.e., noise) can enhance the detection of weak stimuli or enhance the information content of a 77 

signal [17,18]. In particular, an increment in signal detection can be obtained when an optimal 78 
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amount of external noise is added, whereas if too much noise is added, this can hinder signal 79 

detection or information content. There is psychophysical evidence that adding noise to a visual or 80 

an auditory stimulus can improve detectability and discriminability of a signal [19–23]. tRNS is a 81 

random intensity and frequency stimulation technique that might induce random activity and thus 82 

neural noise. The presence of an optimal amount of neural noise could enhance the sensitivity of 83 

neurons to a weak stimulus [24]. Recently, van der Groen and colleagues [6] found evidence in 84 

support of the stochastic resonance theory to explain the effects of hf-tRNS on the visual cortex. In 85 

particular, they tested the effect of different hf-tRNS intensities on a contrast detection task, with 86 

hf-tRNS applied over the primary visual cortex (V1). The results showed that contrast detection of a 87 

near threshold stimulus was improved while injecting random current over V1. However, this was 88 

evident only when the intensity of the random current was delivered at an optimal intensity level 89 

(approximately 1.0 mA). Further increasing the noise stimulation intensity worsened detection 90 

performance, bringing it to the same level as when no stimulation was applied. Importantly, the 91 

effect of the random noise stimulation was evident only when the stimulus presentation was near 92 

threshold (i.e., 60% correct detection).  93 

In the present study, we used a similar approach to that of van der Groen and Wenderoth [6]. 94 

In particular, we tested whether hf-tRNS delivered at different intensities modulates motion 95 

direction discrimination in a way that is compatible with the stochastic resonance phenomenon. We 96 

also aimed to investigate whether delivering random current at an intensity above the optimal level 97 

could have a detrimental effect on motion direction discrimination. Therefore, the presence of 98 

facilitatory and suppressory effects of hf-tRNS at different current intensities may reveal the 99 

underlying modulatory mechanism of random noise stimulation. Specifically, we devised a two-100 

interval forced-choice motion direction discrimination task in which observers had to discriminate 101 

whether two globally moving random dot kinematograms (RDKs) presented in distinct temporal 102 

intervals, had the same or different motion directions. Based on van der Groen and Wenderoth [6], 103 

the coherence level of the moving RDKs was adjusted to attain 60% correct direction discrimination 104 
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before hf-tRNS stimulation. hf-tRNS was then applied bilaterally over the human medial-temporal 105 

complex (hMT+; a visual area closely involved in dynamic information processing [25]), with 106 

current intensities ranging from 0.5 mA to 2.25 mA. In fact, it has been previously shown that the 107 

effects of hf-tRNS on visual motion processing are bounded to the targeted cortical areas (i.e., when 108 

bilaterally stimulating hMT+, but not other areas) [7]. To anticipate the results, current intensities of 109 

1.0 mA or 1.5 mA produced a significant improvement in motion direction discrimination 110 

performance, whereas performance was significantly impaired with respect to the baseline when 111 

stimulating at 2.25 mA. This suggests that if the stimulation intensity is increased above the optimal 112 

level, the induced random activity becomes large enough to hamper the performance. 113 

An Equivalent Noise (EN) analysis was also performed in order to assess the components of 114 

global motion modulated by hf-tRNS at different intensities. Global motion processing is assumed 115 

to involve the integration of local motion signals in visual areas such as hMT+. The modulation of 116 

motion discrimination performance by hf-tRNS may depend on changes in estimates of the local 117 

direction of moving dots, or on how these local motion estimates are integrated [26–28]. The EN 118 

analysis relies on the parameterization of the global signal perception as an integration over a finite 119 

number of sampling dots, with the addition of a fixed amount of internal noise to take into account 120 

the unavoidable rate of uncertainty carried by the estimate, even when a fully coherent stimulus is 121 

displayed. Clearly, a higher sampling number leads to a more efficient global motion direction 122 

discrimination. During the integration of globally moving dots, changes in internal noise would 123 

affect the precision with which each dot’s direction is estimated, whereas changes in signal 124 

sampling levels would influence the number of such local estimates that can be integrated 125 

[26,27,29]. In order to determine how hf-tRNS modulates internal noise or global sampling when 126 

injecting random noise current at different intensities, we implemented and performed an EN 127 

analysis to estimate how internal noise and sampling are modulated by the optimal and sub-optimal 128 

current intensity levels. Consistent with our previous findings [27], the EN results showed that hf-129 

tRNS at 1.5 mA does not modulate internal noise but increases sampling levels, that is the number 130 
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of estimates that can be averaged over simultaneously. Such a result can be explained by the above-131 

mentioned fact that sampling is associated with the effectiveness of the signal perception, while 132 

internal noise is related to the uncertainties that are implicit in the estimation process. On the other 133 

hand, hf-tRNS at 2.25 mA reduces sampling, affecting the integration mechanism necessary to 134 

extrapolate the direction of a global motion display. Importantly, optimal and sub-optimal current 135 

intensities did not modulate the amount of internal noise, suggesting that local estimates of motion 136 

direction do not vary with current intensity. We interpreted the results in terms of effects of 137 

stochastic resonance on directional tuning bandwidth and motion integration.   138 

 139 

Experiment 1 140 

The aim of Experiment 1A was to assess the modulatory effect of four different hf-tRNS 141 

intensities (0.5, 0.75, 1 and 1.5 mA) on a motion direction discrimination task. The rationale was 142 

based on the Stochastic Resonance phenomenon. Participants performed a motion direction 143 

discrimination task with a coherence near threshold (i.e., motion coherence producing 60% correct 144 

discrimination). We hypothesized that this weak motion signal can be boosted by adding external 145 

noise with hf-tRNS which contains a wide spectrum of high frequencies. In particular, we expected 146 

that increasing the stimulation intensity up to an optimal level would improve motion direction 147 

discrimination performance [6,24,30,31]. Experiment 1B was carried out as a control condition, 148 

using sham stimulation. 149 

 150 

Methods 151 

Participants  152 

Three of the authors (AP, FG and CM) and twenty-one naïve participants (11males, age 153 

range 18-40 yrs.) took part in Experiment 1. Twelve participants took part in Experiment 1A and 154 

twelve in Experiment 1B. Participants were all right-handed, and with normal or corrected to 155 

normal vision acuity. Each participant filled in a questionnaire in order to exclude participants with 156 
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implanted metal objects, heart problems, history of seizure or any neurological disease. Methods 157 

were implemented following the World Medical Association Declaration of Helsinki [32]. The 158 

present study was approved by the Ethics Committee of the University of Lincoln. Written 159 

informed consent was obtained from each participant prior the enrolment in the study and they were 160 

paid for their time.  161 

 162 

Apparatus 163 

Stimuli were displayed on a 20-inch HP p1230 monitor with a refresh rate of 85 Hz. Stimuli 164 

were generated with Matlab PsychToolbox [33,34]. The screen resolution was 1280 x 1024 pixels. 165 

Each pixel subtended 1.6 arcmin. The minimum and maximum luminances of the screen were 0.08 166 

and 74.6 cd/m2 respectively, and the mean luminance was 37.5 cd/m2. A gamma-corrected lookup 167 

table (LUT) was used so that luminance was a linear function of the digital representation of the 168 

image.  169 

 170 

Stimuli 171 

Stimuli were global motion random dot kinematograms (RDKs) made up by 400 white dots 172 

(diameter: 0.12 deg) presented at the center of the screen within a circular aperture with a diameter 173 

of 12 deg. Dot density was 3.54 dots/deg2. The duration of the RDK was 0.13 s. Dots drifted at a 174 

speed of 5.04 deg/s and had a limited lifetime of 47 ms (4 screen refreshes); after a dot vanished, it 175 

was replaced by a new dot at a different randomly selected position within the circular window. 176 

Dots appeared asynchronously on the display and had an equal probability of being selected as 177 

either signal or noise dots [35,36]. Short lifetime was implemented to minimize the presence of 178 

local “motion streaks” [37] that could provide strong static cues for motion direction discrimination. 179 

In addition, dots that moved outside the circular window were replaced by a new dot at a different 180 

randomly location within the circular window, thus maintaining the same density. Signal dots were 181 

either constrained to move globally leftward or rightward. Noise dots moved in random directions.  182 
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Stimulation technique 183 

Stimulation was delivered by a battery driven stimulator (BrainSTIM, EMS; 184 

http://www.brainstim.it/index.php?lang=en) through a pair of saline–soaked sponge electrodes. The 185 

hf-tRNS in Experiment 1A consisted of an alternating current delivered at four different intensities 186 

of 0.5, 0.75, 1.0 and 1.5mA with zero offset and applied with random frequencies ranging from 100 187 

to 600 Hz. The total duration of the stimulation was approximately 20 minutes. In Experiment 1B 188 

sham stimulation was delivered at 1.5 mA and for 30 s before the task [38]. The stimulation in both 189 

Experiments 1A and 1B was delivered bilaterally; one electrode was placed over the left-hMT+, 190 

while a second electrode was placed over the right-hMT+. The two electrodes had an area of 16 cm2 191 

and the current density was maintained below the maximum safety limits [39,40]. The target areas 192 

were localized in all observers by using predetermined coordinates: 3 cm dorsal to inion and 5 cm 193 

leftward and rightward from there for the localization of the hMT+. Such a localization technique 194 

has been found to be appropriate in previous brain stimulation studies [41–47] and is consistent 195 

with fMRI localizers [48]. 196 

 197 

Procedure 198 

The procedure consisted of three phases: 199 

 200 

Phase 1: Coherence threshold estimation 201 

In Experiment 1A participants took part in four experimental sessions carried out in four 202 

different and non-consecutive days, while in Experiment 1B participants performed one session 203 

(Sham stimulation). However, the same procedure was used in both experiments. At the beginning 204 

of each session, observers performed a two-interval forced choice (2IFC) motion direction 205 

discrimination task (Figure 1) to estimate the individual coherence threshold. The RDKs were 206 

presented at the centre of the screen. Participants had to report whether the RDKs presented in the 207 

two temporal intervals had the same or different motion directions. Each trial consisted of a fixation 208 
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point presented for 1 s, followed by two 0.13 s RDKs, with an interval of 0.5 s between the two 209 

presentations. An adaptive staircase [MLP, 49,50] was used to track the coherence level producing 210 

an accuracy of 60% in motion direction discrimination. The staircase involved 32 trials.   211 

 212 

Phase 2: Assessing the level of accuracy at coherence threshold  213 

In order to precisely estimate the individual coherence threshold producing an accuracy of 214 

60% in motion direction discrimination, observers performed the same direction discrimination task 215 

as in Phase 1 at the coherence level estimated with the MLP. The coherence was kept constant 216 

across a block of 40 trials, and if the resulting accuracy was higher or lower than 60% ± 2%, the 217 

observer was asked to perform additional blocks while the coherence level of the RDK was adjusted 218 

between blocks by increasing or decreasing the number of coherently moving dots, on average, in 219 

steps of 10 dots (SD = 5 dots), until they reached the desired level of accuracy (60% ± 2%). The 220 

coherence level resulting in a performance of 60% ± 2% correct discrimination was then considered 221 

as the participant’s baseline (i.e., No-tRNS condition) and was used as coherence level for the 222 

stimulation conditions. 223 

 224 

Phase 3: The main experiment 225 

In phase 3 of Experiment 1A, participants performed five blocks of the 2IFC direction 226 

discrimination task while being stimulated with hf-tRNS. The coherence level was fixed at the 227 

value established in Phase 2 of the experiment, and was kept constant across the five blocks. Each 228 

block consisted of 40 trials for a total of 200 trials. Accuracy was calculated by collating responses 229 

in each block. In each of the four experimental sessions, one stimulation intensity was applied; that 230 

is, either 0.5, 0.75, 1.0 or 1.5 mA. The different sessions (stimulation intensities) were delivered in 231 

different days. The order of stimulation intensity was randomized across participants. Observers 232 

were unaware of the type of stimulation applied in each session. The stimulation started 30 s before 233 

the first block and lasted until the end of the fifth block. The final accuracy in the No-tRNS baseline 234 
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condition was the average of all the No-tRNS conditions (as found in Phase 2) across the four 235 

stimulation sessions. In Experiment 1B we used the same procedure of Experiment 1A, with except 236 

that participants performed only one stimulation session in which Sham stimulation at 1.5 mA was 237 

delivered for 30 s before the beginning of the task. Participants always performed five blocks of the 238 

2IFC direction discrimination task. Additionally, each participant performed phase 1-3 of the 239 

experiment at the beginning of each stimulation session; that is, on each testing day. 240 

 241 

[FIGURE 1 ABOUT HERE] 242 

 243 

Figure 1. Schematic representation of the procedure used in Experiment 1. (A) Example of a 244 

‘same’ trial, when the RDKs in the two temporal intervals have the same motion direction. (B) 245 

Example of a ‘different’ trial, when the RDKs have opposite motion directions. The white circular 246 

frame is reported only for demonstrative purposes and was nor presented during the experiment.  247 

  248 

Results 249 

Figure 2 shows the results of Experiments 1A and 1B. Results showed accuracy levels 250 

above baseline values only in the 1.0 and 1.5 mA stimulation conditions. Non-parametric tests were 251 

used establish the statistical significance of the results, because in 1A, a Shapiro-Wilk test for 252 

normality showed that residuals for the No-tRNS condition were not normally distributed (p = 253 

0.01).  254 

Firstly, a Friedman test was performed to test for possible differences between the 255 

performance values in the No-tRNS condition measured before each hf-tRNS session (i.e., hf-tRNS 256 

at 0.5, 0.75, 1.0 and 1.5 mA). The Friedman test reported no significant effect of No-tRNS 257 

measures performed before each hf-tRNS session (χ2 = 0.94, df = 3, p = 0.82). 258 

Another Friedman test including the stimulation intensity (i.e., No-tRNS, 0.5, 0.75, 1.0 and 259 

1.5 mA) reported a significant effect of the stimulation intensity (χ2 = 22.52, df = 4, p < 0.001). In 260 
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order to test for differences between the different stimulation conditions, we conducted a series of 261 

Wilcoxon Signed Rank tests corrected using False Rate Discovery (FDR) at 0.05 [51] and 262 

calculated the Cohen’s r effect size of the statistic [52,53]1. The results are reported in Table 1. 263 

Overall, the test showed that accuracies in both 1.0 mA and 1.5 mA hf-tRNS conditions 264 

significantly differ from the No-tRNS, the 0.5 and the 0.75 mA conditions. 265 

 266 

[TABLE 1 ABOUT HERE] 267 

 268 

Additionally, a one-sample Wilcoxon Signed Rank test was used to compare the results of 269 

the experimental conditions to the median accuracy of 60%. The Wilcoxon Signed Rank test 270 

reported a significant difference between the median accuracy of 60% and the median of hf-tRNS at 271 

1.0 mA (p = 0.011, r = 0.74) and the hf-tRNS at 1.5 mA (p = 0.003, r = 0.86). Comparisons 272 

between 60% and the median of No-tRNS condition (p = 0.527, r = 0.18), 0.5 mA (p = 0.421, r = 273 

0.23) and 0.75 mA (p = 0.929, r = 0.026) were not significant. 274 

For Experiment 1B (Figure 2B), a Shapiro-Wilk test for normality showed that the residuals 275 

for the No-tRNS and Sham 1.5 mA conditions were normally distributed (p > 0.05). However, as 276 

for Experiment 1A, we used non-parametric statistics. It should be noted that Experiment 1B was 277 

conducted after Experiment 1A, and in Experiment 1B we used a stimulation intensity of 1.5 mA. 278 

This is because, though in Experiment 1A the accuracy for 1.0 mA and 1.5 mA were very similar 279 

(64.95% vs. 64.11%, respectively), we decided to choose the current intensity producing less 280 

dispersion around the mean (SD 5.53% and 2.27% for 1.0 and 1.5 mA, respectively). Besides, in 281 

Experiment 1, the Sham condition was tested in a separate group of participants. The rationale 282 

behind this choice was that the dependent variable of Experiment 1 was the stimulation intensity. 283 

                                                           
1We reported the Cohen’s r for both the Mann-Whitney test and the Wilcoxon Singed rank test. Cohen’s r was 

calculated as � =
�

√�
 were z is the z-score obtained from the statistics and N is the number of total observations [52,53]. 

For Cohen’s r a large effect is 0.5, a medium effect is 0.3, and a small effect is 0.1. 
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Therefore, in order to establish a proper control condition on the current intensity and avoid 284 

possible confounds due to the sensation of stimulation, the intensity of the Sham stimulation should 285 

have matched that of the hf-tRNS intensity producing the highest performance improvement. Since 286 

it was not possible to know the “optimal” level of stimulation intensity in advance, and thus 287 

randomize the Sham condition in the same group of participants, we decided to administer the Sham 288 

stimulation at the “optimal” current intensity level in a separate group of participants. A Wilcoxon 289 

Signed Rank tests reported that there was no significant difference between the No-tRNS and the 290 

Sham at 1.5 mA (p = 0.78, r = 0.06). Moreover, a one-sample Wilcoxon Signed Rank test did not 291 

report any significant difference between the No-tRNS (p = 0.29, r = 0.31) or the Sham at 1.5mA 292 

conditions (p = 0.70, r = 0.11) with respect to the median accuracy of 60%. 293 

A Mann-Whitney U test was performed to compare the accuracy between the Sham 294 

condition at 1.5 mA and the other hf-tRNS conditions: 0.5, 0.75, 1.0, and 1.5 mA. The Mann-295 

Whitney U test did not reveal a significant difference between Sham condition with respect to 0.5 296 

mA (U = 71, corrected-p = 0.95, r = 0.01), 0.75 mA (U = 71, corrected-p = 0.95, r = 0.01), and 1.0 297 

mA (U =35.5, corrected-p = 0.07, r = 0.43). On the other hand, we found a significant difference 298 

between hf-tRNS at 1.5 mA and the Sham at 1.5 mA (U = 28, corrected-p = 0.04, r = 0.52). 299 

Moreover, no significant difference was found between the No-tRNS condition in Experiment 1A 300 

and 1B (U = 51, corrected-p = 0.22, r = 0.25) 301 

Figure 2C shows the percentage change of performance in Experiment 1A between the hf-302 

tRNS conditions and the No-tRNS condition. The percentage change was calculated as follows: 303 

 304 

100
tRNS NoStim

Percentage Change
NoStim

−=          Eq. 1 305 

 306 

A Friedman test reported a significant effect of the stimulation intensity (χ2 = 19, df = 3, p < 307 

0.001).  Table 2 illustrates Wilcoxon Signed Rank tests results (corrected using FDR at 0.05) 308 
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conducted between the different stimulation intensities. Overall results showed a significant 309 

improvement for 1.0 and 1.5mA with respect 0.5 and 0.75 mA stimulation conditions.  310 

 311 

[TABLE 2 ABOUT HERE] 312 

 313 

[FIGURE 2 ABOUT HERE] 314 

 315 

Figure 2. Results of Experiment 1. (A) Mean accuracy (%) for each stimulation condition of 316 

Experiment 1A: No-tRNS, 0.5, 0.75, 1.0 and 1.5 mA. (B) Mean accuracy (%) for No-tRNS and 317 

Sham at 1.5 mA of Experiment 1B. The red dashed line represents the 60% accuracy. (C) 318 

Percentage change between hf-tRNS conditions and No-tRNS in Experiment 1A. Error bars ±SEM. 319 

 320 

Discussion 321 

The results of Experiment 1 showed that hf-tRNS intensity at 1.5 mA improved performance 322 

in the motion direction discrimination task. This result is compatible with the stochastic resonance 323 

phenomenon in which the injection of an optimal level of external noise in motion sensitive areas 324 

strengthens the near-threshold motion signal, increasing the observers’ discrimination performance 325 

[6,12,22,30]. However, the stochastic resonance framework also predicts that when an excessive 326 

amount of noise is injected into the system the behavioural performance can be disrupted [18,20]. 327 

Our initial hypothesis was that, since we administered a bilateral stimulation, a current intensity of 328 

1.5 mA would have injected an excessive amount of noise to induce a performance decrement. This 329 

hypothesis was based on the stimulation parameters of previous studies which found a peak of 330 

performance when bilateral stimulation was delivered around 0.75 mA and 1.0 mA [6], and studies 331 

that  delivered unilateral stimulation and reported enhanced performance with hf-tRNS at 1.5 mA 332 

[11, 27]. In fact, we initially expected that the intensity range used (from 0.5 mA to 1.5 mA) would 333 

have been wide enough to detect an improvement either at 0.75 mA or at 1.0 mA and a worsening 334 



14 

 

of performance at 1.5 mA. However, our results showed that the optimal noise level introduced by 335 

hf-tRNS was at 1.5 mA. Therefore, we designed a second experiment in which we assessed the 336 

effects of hf-tRNS at 2.25 mA, i.e., at an intensity exceeding by 0.75 mA the optimal stimulation 337 

level. If the effects of hf-tRNS were due to the stochastic resonance phenomenon, such high 338 

stimulation intensity should worsen participants’ performance.   339 

 340 

Experiment 2 341 

Methods 342 

Stimuli and procedure  343 

Stimuli and procedure were the same as in Experiment 1, except for the stimulation 344 

parameters. Two of the authors (AP and FG) and a new sample of twenty-two participants (9 males, 345 

age range 18-40 yrs.) took part in this experiment. A between-subjects designed was implemented. 346 

One group of twelve participants performed the experiment with hf-tRNS at 2.25 mA, whereas 347 

another group of twelve participants performed the experiment with Sham stimulation at 2.25 mA 348 

[39,40]. Participants were randomly assigned to the two groups.  349 

 350 

Results 351 

Figure 3 shows the results of Experiment 2. For the hf-tRNS 2.25 mA group, a Shapiro-352 

Wilk test for normality showed that for the No-tRNS condition were not normally distributed (p = 353 

0.05). For the hf-tRNS 2.25 mA group, a Wilcoxon Signed Rank tests reported that there was a 354 

significant difference between the No-tRNS condition and the hf-tRNS at 2.25 mA (p = 0.009, r = 355 

0.54). Moreover, a one-sample Wilcoxon Signed Rank did not report any significant difference 356 

between the median accuracy of 60% and the No-tRNS condition (p = 0.56, r =0.16), but it showed 357 

a significant difference between the 60% accuracy and the hf-tRNS at 2.25 mA (p = 0.008, r = 358 

0.77). 359 
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For the Sham group, a Shapiro-Wilk test for normality showed that all conditions were 360 

normally distributed (p > 0.05). A Wilcoxon Signed Rank test reported that there was no significant 361 

difference between the No-tRNS condition and the Sham condition at 2.25 mA (p = 0.61, r = 0.10). 362 

For the Sham group one-sample Wilcoxon Signed Rank tests also showed that there was no 363 

significant difference between the median accuracy at 60% and the No-tRNS (p = 0.305, r = 0.30) 364 

and between the median accuracy at 60% and the Sham at 2.25 mA (p = 0.97, r = 0.03). Most 365 

importantly, a Mann-Whitney U test showed that there was a significant difference between hf-366 

tRNS at 2.25 mA and the Sham at 2.25 mA (U = 37, p = 0.043, r = 0.41). 367 

The 2.25 mA hf-tRNS condition was also compared to hf-tRNS intensities of Experiment 1.  368 

A Mann-Whitney U test showed that performance with hf-tRNS at 2.25 mA was significantly 369 

different from hf-tRNS at 0.5 mA (U = 29, corrected-p = 0.008, r = 0.54), from hf-tRNS at 0.75 370 

mA (U = 25.5, corrected-p = 0.008, r = 0.55), from hf-tRNS at 1.0 mA (U = 11, corrected-p = 371 

0.002, r = 0.76) and from hf-tRNS at 1.5 mA (U =5.5, p = 0.002, r = 0.81).  372 

 373 

[FIGURE 3 ABOUT HERE] 374 

 375 

Figure 3. Results of Experiment 2. Mean accuracy (%) for Sham at 2.25 mA and hf-tRNS at 2.25 376 

mA. The red dashed line represents the 60% accuracy. Error bars ±SEM. 377 

 378 

Discussion 379 

 The results of Experiment 2 showed that increasing the current intensity above the optimal 380 

level had a detrimental effect on direction discrimination performance, by reducing the accuracy 381 

significantly below 60%. As in Experiments 1A and 1B, under the stimulation conditions, the task 382 

was performed with the same coherence level producing approximately 60% correct discrimination 383 

before stimulation. These results strongly suggest that a stochastic resonance phenomenon drives 384 

the modulatory effects of hf-tRNS when combined with visual tasks. 385 
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Experiment 3 386 

In a subsequent experiment, we assessed how hf-tRNS stimulation intensities at 1.5 mA and 387 

2.25 mA can modulate neural mechanisms involved in global motion processing. In order to do this, 388 

we implemented a variant of the equivalent noise analysis (EN) [27]. EN relies on the idea that 389 

visual integration is limited by two factors: internal noise and sampling. For the integration of 390 

drifting dots internal noise would affect the precision with which each dot’s direction can be 391 

estimated, whereas sampling refers to the number of dots over which the average direction is 392 

computed [26,27,29]. Therefore, the aim of the following EN analysis is to assess how the optimal 393 

and sub-optimal hf-tRNS intensities modulate internal noise and sampling. 394 

 395 

Method 396 

Stimuli and procedure 397 

Stimuli and procedure were adapted from Experiments 1 and 2. However, differently from 398 

the previous experiments we did not estimate the individual 60% threshold (as in Phase 1 and 399 

Phase 2 of Experiments 1 and 2), but observers had to perform only five blocks (Phase 3) of the 400 

2IFC motion direction discrimination task at the maximum coherence level. A new sample of 401 

twenty participants (10 males, age range 18-40 yrs.) took part in this experiment and were randomly 402 

assigned to one of the four groups (of five participants each) divided by stimulation condition (i.e., 403 

hf-tRNS at 1.5 mA, hf-tRNS at 2.25 mA, Sham stimulation at 1.5 mA and Sham stimulation at 2.25 404 

mA). The analysis was limited to a smaller number of participants compared to Experiments 1 and 405 

2, because of the reduced variability among participants, which resulted in smaller standard errors 406 

on the associated EN parameter. Such a result is made explicit in the following paragraph and in 407 

Table 3, reporting the estimates of the EN parameters. 408 

 409 

 410 

 411 
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Equivalent noise Analysis 412 

In our experiments, a matrix of K  points is displayed as a visual stimulus. Among them, a 413 

given number P K< exhibits a coherent motion towards either the left or right, while the others 414 

move in random directions. The observer’s task is to discriminate the direction of the coherent 415 

component of the RDKs, and the probability of correct response is measured after several trials. The 416 

accuracy f  in the perception of coherent motion grows concordantly with the value P , going from 417 

being trivially equal to 1/2 when 0P =   (no coherent dots) to asymptotically tend to a certain 418 

maximum value max 1f ≤   as P K→   (all dots are coherent). 419 

 Such a relationship can be parameterized by means of an effective EN model adapted from 420 

Dakin et al.[26] and Ghin et al. [27]. The model is based on the assumption that the signal is 421 

extracted from the stimulus through a simultaneous sampling over a finite number of dots samp
n , 422 

with the addition of a given amount of internal noise that limits the accuracy to a maximum value 423 

maxf . When applied to the present case, this implies that a set of n  dots (the subscript is dropped for 424 

simplicity) is randomly selected by the participant: if at least one among them is coherent, the 425 

coherent motion is perceived, otherwise a random guess is made. Therefore, the accuracy f to 426 

actually retrieve the motion is equal to 427 

 428 

max

1 1

2 2
f f g

 = + − 
 

                                           Eq. 2 429 

where g  is the probability of selecting, among a set of K elements, a n -tuple (i.e., a string of n  430 

elements) of which at least one belongs to a given subset of P  elements. 431 

 The probabilities described above (Eq. 2) can be computed through combinatorics: the total 432 

number of n -tuples that can be formed in a set of K  elements is given by the binomial coefficient 433 

 434 
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( )
!

! !

K K

n n K n

 
=  − 

          Eq. 3 435 

 436 

and, as a consequence, its reciprocal is the probability of forming each particular n -tuple. 437 

 If one considers the subset complementary to P , formed by the K P−  elements that do not 438 

belong to P , the number of n -tuples that can be formed in it is 439 

 440 

( )
( )

!

    ! !

K P K P

n n K P n

− − 
=  − − 

         Eq. 4 441 

 442 

and these are all the n -tuples of K that do not contain any element of P . Therefore, the probability 443 

h  of selecting any n -tuple that does not contain P  elements is the ratio of the two binomial 444 

coefficients 445 

 446 

( )
( )!( )!

( , )
! !

K P K n
h P n

K K P n

− −=
− −

         Eq. 5 447 

 448 

and the probability g  of selecting one that contains at least one element of P  is simply 449 

 450 

( , ) 1 ( , )g P n h P n= −           Eq. 6 451 

 452 

Finally, the dependence of f  on P , for several values of n , is depicted in Figure 4. 453 

 454 

[FIGURE 4 ABOUT HERE] 455 

 456 
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Figure 4. Dependence of the accuracy f  on the number of coherent dots P , for 1 / 2n =  (dotted 457 

line), 1 (solid line), and 2 simultaneous samplings (dashed line). The total number of points K  is 458 

set to 400, while maxf  is set to 1. 459 

 460 

 Once the maximum accuracy maxf , and the accuracy f ∗  corresponding to a given value P∗ , 461 

are known, the only missing ingredient is the effective sampling size: it can be found by solving the 462 

equation 463 

 464 

( , )f P n f∗ = ∗            Eq. 7 465 

 466 

with respect to n . In order to do that, it is necessary to extend the factorials (which are only defined 467 

on non-negative integers) to the domain of real numbers. The Gamma function ( )xΓ   is defined in 468 

such a way that, when the argument x is a non-negative integer, ( ) ( 1)!x xΓ ≡ − , leading to the final 469 

expression 470 

 471 

max max 

( 1) ( 1)1
( , )  

2 ( 1) ( 1)

samp

samp

K P K n
f P n f f

K K P n

Γ Γ
Γ Γ

− + − + = − −  + − − + 
     Eq. 8 472 

 473 

that can be solved numerically, giving the effective number of samplings samp
n associated to each 474 

subject (the subscript ‘samp’ is now reinstated). 475 

 As a consequence of the above discussion, each observer will be characterized by peculiar 476 

values of maxf  (the intrinsic maximum accuracy) and samp
n  (the size of the sampling). These two 477 

quantities can be estimated by performing two separate accuracy measurements. In the experiments 478 

discussed above (i.e., Experiments 1 and 2), in which the total number of dots composing the 479 

stimulus was set to 400K = , the first and second experiments were performed by varying  P    480 
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and evaluating the coherence threshold P∗  that results in a ‘low’ accuracy 0.6f∗ ; . The third 481 

experiment was performed instead by simply evaluating the accuracy maxf  corresponding to a fully 482 

coherent stimulus (i.e., P K= ) . In particular, in order to evaluate maxf , observers performed the 483 

same task as reported for Experiments 1 and 2, but the RDK coherence was set at maximum. Note 484 

that the paradigm is conceptually equivalent to that used by [27] and [29], making use of two highly 485 

informative data points with orthogonal confidence intervals. 486 

As aforementioned, experimental constraints forced us to perform the two experiments (1 487 

and 2) on different groups of participants. Therefore, instead of estimating the pair of parameters 488 

{ }max  , sampf n  pertaining to each participant, we had to compute the average and standard deviation 489 

of accuracies and coherence thresholds from the experiments, and then estimate the parameters 490 

{ }max , sampf n . Such procedure entailed the insurgence of an additional source of uncertainty, due to 491 

the distribution of low accuracies f ∗ . More in detail, we first computed the averages P∗  , f∗  , and492 

maxf , which were used to compute the average sampling size samp
n by inverting Eq. 8. Then we 493 

computed the standard deviations P
σ ∗ , f

σ ∗ , and 
maxfσ  , related to the sampling size uncertainty by 494 

the propagation formula 495 

 496 

max

max

2
2

2 2 2

samp

samp

f P f

f

n

f f

P

f

∗ ∗

η

σ σ σ
σ

 ∂ ∂ + +     ∂ ∂   = ∂
∂

      Eq. 9  497 

 498 

 499 

 500 

 501 



21 

 

Results 502 

The results are summarized in Table 3. The lower bounds of some uncertainty intervals for 503 

sampn were forced to the positive semi-axis because the parameterization of Eq. 8 only holds for 504 

positive values of samp
n . In fact, it is clearly impossible to extract any signal from a sample of non-505 

positive size. In particular, an observer with 0
samp

n = represents a completely random responder. 506 

 507 

[TABLE 3 ABOUT HERE] 508 

 509 

From Table 3 it is evident that the standard errors associated to the maxf parameter are 510 

smaller than the standard errors associated to the other parameters, a result that allowed us to 511 

consider a small number of participants in Experiment 3. Moreover, from Table 3 it is also evident 512 

that only the sampling size of hf-tRNS at 1.5 mA and 2.25 mA differ from the Sham condition, but 513 

not maxf . Figure 5 shows the dependence of the accuracy on the coherence, for each current 514 

intensity and stimulation type. It also shows means and standard errors of the two input data points. 515 

The curves related to the 1.5 mA stimulation (Figure 5A) and the curves related to the 2.25 mA 516 

stimulation (Figure 5B) show a significant difference between the coherence-to-accuracy 517 

dependences of hf-tRNS (red curve) and Sham (blue curve), with hf-tRNS significantly increasing 518 

sampling size in the case of 1.5 mA stimulation, and significantly decreasing sampling size in the 519 

case of 2.25 mA stimulation. Statistical significance can be inferred by the lack of overlapping 520 

between the two curves. 521 

 522 

[FIGURE 5 ABOUT HERE] 523 

 524 
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Figure 5. Confidence regions of the accuracy f  as a function of the number of coherent points P  . 525 

(A) Individual plots refer to the 1.5 mA Sham (blue curve) and the 1.5 mA hf-tRNS (red curve). (B) 526 

2.25 mA Sham (blue curve) and 2.25 mA hf-tRNS (red curve). Error bars ±SEM. 527 

 528 

General Discussion 529 

In the present study, we compared the effects of different hf-tRNS intensities on 530 

performance in a global motion direction discrimination task and assessed if its neuromodulatory 531 

mechanisms can be explained within the stochastic resonance framework. Overall, the results 532 

showed that when an optimal level of hf-tRNS is applied bilaterally over the area hMT+ motion 533 

direction discrimination performance is enhanced, whereas if a lower or higher level of current 534 

stimulation is used, this has a detrimental effect on performance. It has been suggested that due to 535 

its electrical parameters and its non-focal action at the neural level, tRNS might induce random 536 

activity at the neural level (i.e., neural noise)[1,11,54].  If this is the case, then different intensities 537 

of hf-tRNS should also correspond to different levels of injected noise. Noise is a critical 538 

component in the stochastic resonance phenomenon. In a non-linear systems, like the brain, the 539 

addition of external noise can push a weak signal over the sensory threshold and evoke a positive 540 

response in the nervous system[19,21,30,55–57]. The results of Experiments 1A and 1B showed 541 

that if a stimulus was presented near threshold (i.e., at a motion coherence level producing 60% 542 

correct responses in direction discrimination), hf-tRNS applied at 0.5 mA and 0.75 mA had no 543 

effect and performance did not differ from either a No-tRNS condition or a Sham condition at 1.5 544 

mA. 545 

However, intensities at 1.0 and 1.5 mA induced a significant increment with respect to the 546 

baseline level of 60% of correct discrimination and the No-tRNS condition. Importantly, hf-tRNS at 547 

1.5 mA significantly boosted global motion discrimination when compared to Sham stimulation at 548 

1.5 mA. 549 
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The mean percentage increase in accuracy with respect to the No-tRNS condition was 550 

8.57% (SD = 9.66%) for the 1.0 mA and 7.18% (SD = 4.73%) for the 1.5 mA. Although hf-tRNS at 551 

1.0 mA resulted in a higher percentage change and a slightly higher accuracy performance, it also 552 

had higher variability with a standard deviation that was almost twice the standard deviation for hf-553 

tRNS at 1.5 mA. Therefore, we considered the hf-tRNS at 1.5 mA to be the optimal stimulation 554 

level. 555 

The results partially replicated those of our previous study [27] in which the application of 556 

hf-tRNS at 1.5 mA over the left-hMT+ decreased global motion coherence thresholds with respect 557 

to the Sham condition and selectively for the visual hemi-filed contralateral to the stimulation site. 558 

Though the results from Experiment 1A are in line with the stochastic resonance framework, this  559 

theory also affirms that if an excessive amount of noise is added to the signal, it can degrade the 560 

information content [17,18,58]. In agreement with this prediction, the results of Experiment 2 561 

showed that when hf-tRNS at 2.25 mA was applied, direction discrimination performance was 562 

impaired with respect to both the 60% of correct response in the No-tRNS condition and the Sham 563 

condition at 2.25 mA. Thus, in agreement with the stochastic resonance phenomenon, our results 564 

showed that when a visual stimulus is presented near threshold, excessive external noise affected 565 

global motion direction discrimination. Overall, these findings on motion discrimination are 566 

consistent with those of van der Groen and Wenderoth [6] on contrast detection. The authors 567 

showed that amongst a range of hf-tRNS intensities from 0.0 to 1.5 mA, hf-tRNS at 1.0 mA was the 568 

optimal stimulation level in order to improve contrast detection performance with near-threshold 569 

stimuli. The modulation obtained with the hf-tRNS was also comparable to the results showed in a 570 

second condition in which visual noise was added to the stimulus. Our study partially replicated but 571 

also significantly extended the findings of van der Groen and Wenderoth [6]. In particular, we 572 

found that the same mechanism of stochastic resonance applies not only to contrast detection tasks 573 

[6] but also to motion direction discrimination while stimulating more lateralized visual areas such 574 
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as hMT+. We argue that this finding points to the stochastic resonance phenomenon as a more 575 

general mechanism of action of hf-tRNS in the visual cortex, regardless the type of the task.  576 

Moreover, in a subsequent study van der Groen and Wenderoth [31] investigated whether 577 

decision making is sensitive to the stochastic resonance phenomenon. Fitting data using the drift 578 

diffusion model [59–61] the authors showed that adding noise via bilateral hf-tRNS while 579 

participants were judging direction of coherent motion, stimulation could increase perceptual 580 

decision. Specifically, the authors found that hf-tRNS could enhance the drift rate, related to the 581 

speed and efficiency of information processing. Discrepancies in the optimal hf-tRNS intensities 582 

between our study and van der Groen and colleagues [6,31] might be explained in terms of 583 

differences in the stimulation paradigm, type of task and the visual area stimulated. It has been 584 

demonstrated that differences in electrodes montage lead to variability in the direction in which the 585 

current reaches the layers in the cortex and consequently how neurons are affected [4]. Moreover, 586 

differences in the stimulation paradigm, such as the stimulation period, can lead to different 587 

outcomes. For example, while in our study stimulation was delivered at one single intensity for the 588 

entire stimulation session (approximately 20 mins), van der Groen and colleagues applied different 589 

stimulation paradigms in which either the same stimulation intensity was applied for 20 trials 590 

followed by 20 trials of no stimulation [31], or stimulation intensities were randomized within the 591 

stimulation session, and delivered at repeated short stimulation intervals of 2 s [6].  592 

Global motion processing is thought to involve the integration of local motion cues in higher 593 

visual areas, particularly hMT+ [26]. In order to further assess how hf-tRNS-induced stochastic 594 

resonance could modulate the mechanisms underlying global motion processing, we implemented 595 

an Equivalent Noise (EN) analysis similar to that used in previous studies [26,27,29,62]. According 596 

to EN, visual motion integration relies on two factors: internal noise and sampling [26,63]. While 597 

internal noise would influence the precision with which each dot’s direction can be estimated, 598 

sampling determines the number of dots involved in the computation of coherent direction. 599 

Therefore, as already stated in the introduction section, variations in the effectiveness of the signal 600 
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perception with respect to variations of the signal coherence would be encoded by variations of the 601 

sampling, while leaving internal noise unaffected. In fact, the EN analysis revealed that hf-tRNS at 602 

1.5 mA induced an increment in sampling; that is, higher direction discrimination accuracy can be 603 

achieved by integrating less coherently moving dots (see Figure 5A). This result is also consistent 604 

with our previous results [27]. It is possible to assume that values of sampling might be associated 605 

to the intensity in which neurons signal motion direction [63]. In this scenario, we argue that if 606 

random noise stimulation increases the activity of neurons near the firing threshold and synchronize 607 

their activity through a non-linear amplification of subthreshold oscillatory activity [11,24,27,64], it 608 

also would result in an incremented sampling. The significant difference in sampling between hf-609 

tRNS at 1.5 mA and Sham stimulation at 1.5 mA supports this hypothesis. The same EN analysis 610 

also revealed that when hf-tRNS at 2.25 mA was delivered, sampling significantly decreased with 611 

respect to the Sham stimulation at 2.25 mA; that is, even the presentation of a large amount of dots 612 

globally moving in the same direction produced low direction discrimination accuracy (see Figure 613 

5B). Therefore, one can speculate that if excessive external noise is applied to the system, it could 614 

increase the activity of neurons coding for different directions with respect to the coherent signal, 615 

thus hindering sampling. Overall, these results further support the hypothesis that a stochastic 616 

resonance phenomenon underlies the effects of hf-tRNS. Additionally, it should be noted that, 617 

similarly to our previous study [27], we did not find changes in the amount of internal noise due to 618 

the stimulation. Internal noise could be linked to neural the bandwidth of motion direction 619 

selectivity [63]. It is possible that while hf-tRNS is able to modulate neural excitability and firing 620 

rate, it does not alter the direction selectivity bandwidth of single neurons. Stochastic resonance 621 

results from the combination of a threshold, a subthreshold stimulus and noise [17]. Thus if a 622 

suprathreshold signal is used, the injection of additional noise should have no or little impact on the 623 

signal. This is in agreement with the previous findings of van der Groen and Wenderoth [6] and the 624 

results of our Experiment 3; that is, when a suprathreshold stimulus is used then hf-tRNS at 1.5 mA 625 
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or 2.25 mA did not produce any significant performance improvement or decrement. It should be 626 

noted that in our case the suprathreshold stimulus was a moving pattern with 100% coherence. 627 

Recent findings on hf-tRNS have highlighted the notion that generalization of results should 628 

be done with caution and that more attention is needed to selection of stimulation parameters for 629 

replicability [65,66]. These suggestions are legitimate also considering that in the last decade the 630 

use of non-invasive transcranial brain stimulation in clinical settings has grown exponentially. At 631 

the current stage, there is still little evidence about hf-tRNS mechanisms of action, and how 632 

stimulation effects can be influenced by parameters such as stimulation intensity, stimulation 633 

duration, electrode position and individual differences. For instance, we focused on stimulation 634 

intensity, and hf-tRNS at 1.5 mA was found to be the “optimal” current intensity boosting 635 

performance in a motion direction discrimination task performed near threshold. However, 636 

improvements were not limited to this condition, but also when delivering hf-tRNS at 1.0 mA. Our 637 

results are also in agreement with those of van der Groen and Wenderoth [6] in showing some 638 

degree of variability amongst participants on the optimal stimulation intensity.  639 

In conclusion, our results support the notion that certain hf-tRNS effects on psychophysical 640 

performance are mediated by a stochastic resonance mechanism. Specifically, we showed that when 641 

an optimal level of external noise is injected into the system, the signal-to-noise ratio is increased 642 

with a consequent improvement in direction discrimination. On the other hand, when a sub-optimal 643 

level of external noise is used, performance is largely affected. Using an Equivalent Noise analysis, 644 

we demonstrated that sampling, the number of directional signals integrated in the global motion 645 

display, is modulated by hf-tRNS in a way that is compatible with stochastic resonance. Single cell 646 

recording studies are necessary, in order to test whether these conclusions are borne out at the 647 

neural level. 648 

 649 

 650 
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