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Random Noise Stimulation Improves Neuroplasticity in
Perceptual Learning

Anna Fertonani,™* Cornelia Pirulli,”* and Carlo Miniussi'*
!Cognitive Neuroscience Section, IRCCS Centro San Giovanni di Dio Fatebenefratelli, 25125 Brescia, Italy, and 2Department of Biomedical Sciences and
Biotechnologies, National Institute of Neuroscience, University of Brescia, 25123 Brescia, Italy

Perceptual learning is considered a manifestation of neural plasticity in the human brain. We investigated brain plasticity mechanisms in
alearning task using noninvasive transcranial electrical stimulation (tES). We hypothesized that different types of tES would have varying
actions on the nervous system, which would result in different efficacies of neural plasticity modulation. Thus, the principal goal of the
present study was to verify the possibility of inducing differential plasticity effects using two tES approaches [i.e., direct current stimu-
lation (tDCS) and random noise stimulation (tRNS)] during the execution of a visual perceptual learning task.

One hundred seven healthy volunteers participated in the experiment. High-frequency tRNS (hf-tRNS, 100 - 640 Hz), low-frequency
tRNS (If-tRNS, 0.1-100 Hz), anodal-tDCS (a-tDCS), cathodal-tDCS (c-tDCS), and sham stimulation were applied to the visual areas of the
brain in a group of volunteers while they performed an orientation discrimination task. Furthermore, a control group was stimulated on
the vertex (Cz). The analysis showed alearning effect during task execution that was differentially modulated according to the stimulation
conditions. Post hoc comparisons revealed that hf-tRNS significantly improved performance accuracy compared with a-tDCS, c-tDCS,
sham, and Cz stimulations.

Our results confirmed the efficacy of hf-tRNS over the visual cortex in improving behavioral performance and showed its superiority
in comparison to others tES. We concluded that the mechanism of action of tRNS was based on repeated subthreshold stimulations, which
may prevent homeostasis of the system and potentiate task-related neural activity. This result highlights the potential of tRNS and
advances our knowledge on neuroplasticity induction approaches.

Introduction

Perceptual learning (PL) is a form of implicit memory that is
characterized by an improvement in sensory discrimination after
repeated exposure to particular types of stimuli (Fahle and Pog-
gio, 2002; Thiele, 2004). PL is considered a manifestation of neu-
ral plasticity (Gilbert et al., 2001; Li et al., 2004; Carmel and
Carrasco, 2008). Thus, the study of the neural changes associated
with PL can increase our understanding on neuroplasticity in-
duction in adult sensory cortices.

Noninvasive transcranial electrical stimulation (tES) seems
particularly promising for the induction and investigation of
plasticity effects. Transcranial direct current stimulation (tDCS)
is a type of tES that modulates cortical excitability in a polarity-
dependent manner. Generally, anodal stimulation increases
neural activity, whereas cathodal stimulation decreases neural
activity (Nitsche et al., 2008). Recently, interest has developed in
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transcranial random noise stimulation (tRNS), which consists of
the application of an alternating current over the cortex at ran-
dom frequencies (0.1-640 Hz). Terney et al. (2008) demon-
strated that tRNS over the motor area positively modulates
cortical excitability and improves motor learning. Long-term po-
tentiation (LTP) has been postulated as a likely mechanism un-
derlying these effects (Nitsche et al., 2009); nevertheless, most tES
studies have been based on the motor system (Nitsche et al.,
2008).

In the present study, we aimed to test the effectiveness of tES
techniques on the primary visual cortex (V1) by applying tES
while healthy subjects executed an orientation discrimination
task that involved V1 (Schoups et al., 2001). In particular, we
evaluated the effects of two excitatory stimulations, expected to
induce facilitatory effects at behavioral level, tRNS and anodal
tDCS, on visual PL. Although previous studies have shown that
tRNS and anodal tDCS had similar effects on the motor system
(Nitsche et al., 2003a; Terney et al., 2008; Moliadze et al., 2010),
our hypothesis was that these two different stimulation protocols
would have different effects on visual system. We hypothesized
that tRNS would be more effective in inducing behavioral im-
provement than tDCS for two reasons. First, because tRNS is a
repetitive stimulation, it may induce direct temporal summation
of neural activity, which occurs when the time constant of a neu-
ron is sufficiently long to permit the summation of two stimuli
presented in close sequence. This effect would cause the stimu-
lated neurons to approach earlier their response threshold (Ter-
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ney et al., 2008). Second, tRNS may not induce the homeostatic
phenomena of ion neural channels because the electrical field in
which they are embedded constantly changes in an alternating
random-frequency mode. On the contrary, with tDCS the neu-
rons are embedded in a constant electrical field, which should
allow the membrane responses to adapt and return to an initial
“resting” state.

Therefore, we expected to observe greater performance improve-
ment with high-frequency tRNS (hf-tRNS) than with anodal tDCS
(a-tDCS), cathodal tDCS (c-tDCS), and sham stimulation. We also
tested the specificity of hf-tRNS effects in two additional experi-
ments: by applying hf-tRNS to a controlsite (i.e., the vertex, Czin the
10-20 International EEG system) and by applying hf-tRNS after a
baseline block (i.e., without stimulation).

Materials and Methods

Subjects
One hundred seven healthy subjects took part in the experiment. All of
the participants were right handed with normal or corrected-to-normal
vision. We did not include subjects with a history of seizures, implanted
metal objects, heart problems, or any neurological disease. Moreover, as
a standard procedure, subjects who did not reach an established learning
performance in the task were excluded from the study; based on this
criteria, 8 participants were excluded. The remaining 99 subjects were
divided as follows: 6 participants (2 males, mean age = SD 35.0 = 7.2
years; range 29—48 years) were tested in a pilot behavioral experiment, 84
participants (42 males, mean age 21.7 % 2.5 years; range 19-30 years)
took part in the main experiment, and 9 participants (3 males, mean age
31.7 = 3.9 years; range 2438 years) were tested in a control hf-tRNS
experiment. The 84 subjects participating in the main experiment were
divided into six groups. All groups had 14 participants (7 males and 7
females), and the mean ages of the groups were as follows: 22.4 = 2.8
years for hf-tRNS group, 21.7 * 2.9 years for If-tRNS group, 21.8 =
2.3 years for a-tDCS group, 21.7 = 2.6 years for c-tDCS group, 21.6 = 3.0
years for sham group, and 20.9 = 1.6 years for the Cz group, respectively.
The present study was approved by the Ethics Committee of the Isti-
tuto di Ricovero e Cura a Carattere Scientifico San Giovanni di Dio
Fatebenefratelli, Brescia, Italy. Safety procedures based on noninvasive
brain stimulation approaches were adopted (Poreisz et al., 2007; Rossi et
al., 2009), and informed consent was obtained from all participants be-
fore the beginning of the experiment.

Ovarian hormone influence of data variability

The influence of ovarian hormones on task performance has been dem-
onstrated in many transcranial magnetic stimulation studies (Smith et
al,, 1999, 2002; Inghilleri et al., 2004; Sale et al., 2007). Indeed, these
studies have shown that the cortical excitability of male and female sub-
jects is only similar during the follicular phase of the menstrual cycle
when progesterone levels are low and estrogen levels are high (Inghilleri
et al., 2004). Furthermore, tDCS studies (Kuo et al., 2006; Chaieb et al.,
2008) have highlighted gender differences in both visual and motor do-
mains. These differences are likely due to hormonal effects, but no stud-
ies have controlled for this factor. The female participants in the present
study were tested during the follicular menstrual phase (mean day from
the first day of the menstrual period: 14.1 * 3.0, range 9-20 d), because
this is the period when progesterone levels are low and estrogen levels are
high. Under these conditions, the cortical excitability of male and female
subjects was similar (Inghilleri et al., 2004).

Orientation discrimination task
We chose the orientation discrimination task (ODT) because it is a
widely studied visual perceptual learning task (Vogels and Orban, 1985;
Shiu and Pashler, 1992) that involves V1 neurons. Many studies have
demonstrated that V1 cells are highly specific for basic stimulus charac-
teristics, such as orientation and direction (Ts’o et al., 1986; Schiltz et al.,
1999; Schoups et al., 2001; Yacoub et al., 2008).

In the ODT task, participants had to decide whether the presented
stimulus was tilted clockwise or counterclockwise relative to the previ-
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Figure 1.  Trial structure. Example of an orientation discrimination task trial with the refer-
ence and target stimuli presented in the upper right hemifield.

Time

ously presented stimulus. All stimuli were black lines, and each line stim-
ulus was 2° long and 5’ wide (in visual angle). The orientation of the
reference stimulus was 45° in the upper right and lower left hemifields
and 135° in the upper left and lower right hemifields. The angular differ-
ences between the reference and the target stimulus were 1.1, 1.21, 1.33,
and 1.46° (Matthews et al., 1999). The reference was presented first in half
of the trials and second in the other half of the trials. All of experimental
parameters just mentioned were balanced and randomized between
blocks. The trial structure is described in Figure 1. The subjects were
asked to respond as quickly and accurately as possible after the second
stimulus was presented by pressing the left (counterclockwise) or right
(clockwise) button of a response pad with the left or right index finger,
respectively. Auditory feedback (duration = 50 ms; frequency for the
correct response = 700 Hz; frequency for the incorrect response = 350
Hz) informed the subjects about the correctness of their responses.

Stimuli were presented on a computer screen using Presentation soft-
ware v. 12.0 (http://www.neurobs.com) in each of the four visual hemi-
fields: upper left, upper right, lower left, and lower right. In each trial, the
two stimuli were presented in the same hemifield (Fig. 1). To limit the
area in which the stimuli were presented, a black piece of cardboard
covered the screen except for a circle that was 10 cm in diameter located
at the center of the screen. A central fixation point was maintained for the
duration of the trial.

In the main experiment, each block of the ODT consisted of 64 trials
and lasted ~4 min. The ODT consisted of eight blocks plus a training
block. The training block was similar to the trial blocks, but it had a
different number of trials (only 8) and an increased rotation angle be-
tween the two stimuli (15° clockwise or counterclockwise). The last block
(i.e., the eighth one) was a fictitious block that only consisted of 16 trials.

Pilot experiment

The pilot experiment aimed to determine the ideal parameters of the
ODT. The subjects were asked to complete five blocks of 128 trials each,
and the results are presented in Table 1. All of the subjects reported a
sense of fatigue at the end of each of the five blocks, which was more
pronounced for the last two blocks. For this reason, eight shorter blocks
(i.e., each block contained half as many trials as the original block) were
presented in the main experiment.

Main experiment

Stimulation techniques: tRNS and tDCS. The stimulations were delivered
by a battery-driven stimulator (Eldith-Plus, NeuroConn) through a pair
of saline-soaked sponge electrodes. The tRNS consisted of an alternating
current of 1.5 mA intensity with a 0 mA offset applied at random fre-
quencies. The frequencies ranged from 0.1 to 100 Hz for If-tRNS, or from
100 to 640 Hz for hf-tRNS. The intensity of stimulation did not induce a
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Table 1. Pilot experiment: results of the orientation discrimination task
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Block 1 Block 2 Block 3 Block 4 Block 5
Accuracy d’ (£5D) 0.07 = 0.35 0.31+0.34 0.50 = 0.19 0.57 = 0.15 0.61 = 0.16
RTs (ms) (=SD) 693 = 134 608 = 124 589 = 120 556 = 132 545 =125
~4 min We also analyzed the mean reaction times (RTs) of the correct re-
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>

~ 40 min

Figure2. Experimental procedure. The main experiment was designed to be between sub-
jects with six stimulation conditions: hf-tRNS, If-tRNS, a-tDCS, ¢-tDCS, sham, and Cz. Subjects
received the stimulation only in the first five blocks. The last block was a fictitious block (white
represented); data from this block were not analyzed.

phosphene perception in either of the frequency bands (Kanai et al.,
2008). The tDCS consisted of a direct 1.5 mA current.

In the main experiment, the stimulations were applied for ~4 min
during each of the first five experimental blocks. The total duration of the
stimulations was ~22 min. The active electrode had an area of 16 cm?,
whereas the reference had an area of 60 cm?. The current density was
maintained below the safety limits (varying between 25 and 60 pA/cm?)
(Poreisz et al., 2007). The electrodes were kept in place with elastic bands,
and an electroconductive gel was applied under the electrodes before the
montage to reduce skin impedance. The active electrode was applied over
the occipital cortex. When tDCS stimulation was applied, the polarity
of the active electrode was anodal in the a-tDCS condition and cathodal
in the c-tDCS condition. The individual target area was determined by
examining the position in accordance with the 10-20 International EEG
system. This procedure was performed starting at 10% of the nasion—
inion distance above the inion. The mean position for V1 stimulation was
determined to be 3.5 = 0.2 cm above the inion. The reference electrode
was fixed extracephalically on the right arm. In the sham stimulations,
the current was turned off 20 s after the stimulation began (Gandiga et al.,
2006). Additionally, we used a control condition to test the specificity of
the hf-tRNS effects by administering active stimulation over the vertex,
which is a brain area that is not involved in our task. All of the stimulation
parameters were identical to hf-tRNS except for the active electrode,
which was placed on the Cz location.

At the end of the experimental session, we asked all subjects to com-
plete a questionnaire developed by our research laboratory about the
sensations they experienced during the different stimulations (Fertonani
etal., 2010).

Procedure. The participants were seated in front of a computer screen
in a quiet, semidark room. A 57 cm distance from the screen was main-
tained through the use of a chin rest. The experiment was a between-
subjects design with six stimulation conditions: hf-tRNS, If-tRNS,
a-tDCS, ¢-tDCS, sham stimulation, and Cz.

The subjects began the ODT 10 s after the onset of the stimulation. The
procedure is depicted in Figure 2.

In the real stimulation conditions (hf-tRNS, If-tRNS, a-tDCS, c-tDCS,
and Cz), the stimulation was only delivered during the first five blocks of
the task. In the last three blocks, sham stimulation was applied for 20 s at
the beginning of each block. In the sham condition, the stimulation was
aplacebo for all eight blocks and was delivered for 20 s at the beginning of
each block. The duration of the entire experimental session was ~45 min.

Data analysis. The average orientation sensitivity was calculated in
terms of a d’ value for each subject and each block, separately for each
stimulation condition. Because the ODT is a two-alternative forced-
choice task, a value of d’ = 1 corresponded to a 75% accuracy rate.

As an index of learning rate, we analyzed the relationship between d’
values and the log transformation of block numbers using linear regres-
sion analysis. This analysis allowed us to associate a slope value with each
subject.

sponse trials for each subject and each block.

For all data (d' values, slopes, and RTs), the Kolmogorov—Smirnov test
confirmed the normality of the distribution, and the data were analyzed
using a repeated-measures ANOVA. The data sphericity was tested using
the Mauchly test where appropriate. When the test results were statisti-
cally significant, the data were corrected using the Huynh—Feldt correc-
tion. A p value <0.05 was considered significant for all statistical
analyses. For multiple comparisons, we used Fisher’s least significant
difference method to test our specific “a priori” hypotheses (i.e., to com-
pare the different stimulation conditions). For all other comparisons, the
p values were corrected using a Bonferroni correction.

Data from the sensations induced by tES were analyzed using a one-
way ANOVA for each sensation to compare the different stimulation
types. The p values were corrected using Bonferroni corrections. In ad-
dition, we calculated an intensity of perceived sensations index for each
subject (i.e., the sum of the values reported in the questionnaire for each
sensation) and correlated it with the mean d’ values in the five blocks of
real stimulation.

Control-hf-tRNS experiment

In the main experiment, we found that hf-tRNS applied over V1 im-
proves the performance in the ODT. This effect is immediately evident
(i.e., from the first block, see Fig. 3) and persists until the end of the
stimulation, differently from a-tDCS. To confirm that this initial effect
was due to the stimulation, and not to baseline differences across groups,
we tested an additional group of subjects in an experimental design that
included an initial baseline block without stimulation.

In this experiment, the participants executed six blocks of the ODT.
The first block was without stimulation, while in the following five, hf-
tRNS was applied over V1. In this way, all the parameters of the task and
of the stimulation were maintained as in the main experiment, except for
the moment in which the stimulation was applied (first vs second block).

Results

Orientation sensitivity—d'

We performed a repeated-measures ANOVA with Block (from
1 to 7) as a within-subjects factor and Stimulation Condition
(hf-tRNS, If-tRNS, a-tDCS, c-tDCS, sham, and Cz) and Gen-
der (male and female) as between-subjects factors. We ob-
served a significant main effect for Block (F4 43,) = 29.34; p <
0.001), Stimulation Condition (Fs,,, = 3.49; p < 0.01), and
Gender (F(, ;,, = 6.82; p < 0.05). Regarding the main effect of
Block, multiple post hoc comparisons revealed a statistically
significant difference between block 1 and blocks 3, 4, 5, 6, and
7; between block 2 and blocks 4, 5, 6, and 7; between block 3
and blocks 6 and 7; and between blocks 4 and 7.

Regarding the main effect of Stimulation Condition, multiple
post hoc comparisons revealed that hf-tRNS (mean d’ = SEM =
0.770 %= 0.130) was significantly different from sham (0.375 *
0.116), a-tDCS (0.509 = 0.134), c-tDCS (0.377 = 0.125), and Cz
(0.376 = 0.119) conditions (Fig. 3). The difference between hf-
tRNS and 1f-tRNS (0.617 £ 0.124), however, was not significant
(p = 0.220), and the difference between 1f-tRNS and sham stim-
ulation was marginally significant (p = 0.053). The Gender factor
was statistically significant. Males were more accurate than fe-
males in all conditions (males: 0.597 * 0.125; females: 0.411 *=
0.131). The absence of any interaction between the Gender and
Stimulation Condition factors, however, discouraged us from
examining the gender factor in more detail.
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Figure 3.  Main experiment results. Data are represented as the mean = SEM. The lines
represent the fit of each condition: the broken line corresponds to hf-tRNS, the continuous thin
line corresponds to If-tRNS, the dotted line represents a-tDCS, the mixed dotted-broken line
represents c-tDCS, the continuous thick line corresponds to sham, and the double gray line
represents (z stimulation. The asterisk near the curly bracket indicates the statistically signifi-
cant differences between hf-tRNS and the conditions in the square bracket (p << 0.05).

Repeated-measures ANOVA of each stimulation condition in
the five blocks with real stimulation highlighted the main effect of
Block (p < 0.01) for all stimulation conditions except a-tDCS.
Post hoc comparisons in the hf-tRNS condition revealed that
block 1 was different from blocks 3, 4 (p = 0.065), and 5, and
block 2 differed from block 5. In the If-tRNS condition, block 1
was different from blocks 3, 4, and 5. In the c-tDCS condition,
block 1 was different from blocks 4 and 5, and block 2 was differ-
ent from block 5. In the sham and Cz conditions, block 1 was
different from blocks 4 and 5. No statistically significant differ-
ences were observed in the a-tDCS condition, which suggested
the absence of a learning effect during a-tDCS.

To evaluate the stimulation effects at different time points of
the protocol (blocks 1 and 5: beginning and end of stimulation,
respectively; blocks 6 and 7: after the stimulation ended), we
compared the different stimulations by separately considering
each block. In block 1, there was a significant main effect of the
Stimulation Condition (F(5 55, = 2.58; p < 0.05). Post hoc com-
parisons revealed differences between the hf-tRNS and the
sham, c-tDCS, and Cz conditions (p < 0.05) and between the
a-tDCS and the sham and c-tDCS conditions (p < 0.05). In
block 5, there was a significant main effect of the Stimulation
Condition (F 55y = 2.42; p < 0.05). Post hoc comparisons
revealed a difference between the hf-tRNS and a-tDCS, sham,
c-tDCS, and Cz conditions (p < 0.05). In block 6, after the stim-
ulation ended, there was a significant main effect of the Stimula-
tion Condition (Fs 75, = 2.89; p < 0.05). Post hoc comparisons
revealed differences between the hf-tRNS and all other condi-
tions (p < 0.05). In block 7, only a marginally significant effect of
the Stimulation Condition (F s ,4) = 1.99; p = 0.09) was present.
Post hoc comparisons revealed a difference between the hf-tRNS
and the sham, c-tDCS, and Cz conditions (p < 0.05).

The present data support the initial hypothesis that tRNS was
more efficacious than a-tDCS (measured by improvement in the
subjects’ performance). Among the excitatory stimulations, this
result confirms that hf-tRNS had the most prominent effect.

Learning rate—slopes
To specifically evaluate learning rate differences for hf-tRNS
and a-tDCS, the two main types of stimulation that increase
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cortical excitability, we compared learning performance dur-
ing hf-tRNS and a-tDCS. In this analysis, the Stimulation
Condition results were significant (F(, 4y = 3.17; p = 0.05),
which suggested the presence of a different learning rate be-
tween the two groups (i.e., a lower rate with a-tDCS). More-
over, to evaluate the overall effects while considering the other
conditions, we performed a one-way ANOVA with Stimula-
tion Condition as a between-subjects factor. The result was
not statistically significant (F5 ;,, = 1.03; p = 0.32).

RTs

We performed a repeated-measures ANOVA with Block as a within-
subjects factor and Stimulation Condition and Gender as between-
subjects factors. These analyses showed a significant main effect for
Block (e = 0.74, p < 0.001; Huynh-Feldt F(, 44 3,036) = 25.94; p <
0.001) and Gender (F, ;,, = 7.31; p < 0.01). The factor Stimulation
Condition was not statistically significant (F5,,, = 1.03; p = 0.40).
Significant interactions between Block and Stimulation Condition
(F30,432) = 2.125 p < 0.001) and between Block, Stimulation Con-
dition, and Gender (F 3y 43,y = 1.79; p < 0.001) were present, but
post hoc comparisons (Bonferroni corrections) did not confirm their
relevance.

Regarding the main effect for Block, multiple post hoc com-
parisons revealed a statistically significant difference between
block 1 and the other blocks; between block 2 and all the other
blocks but block 3; and between block 3 and blocks 6 and 7. As
expected, the subjects were slower at the beginning of the task
than at the end. The main effect for Gender showed that males
were faster than females in task execution (mean RT * SEM:
male = 682 *+ 27 ms, female = 773 = 28 ms).

Sensations induced by different types of tES

Only one recently published paper (Ambrus et al., 2010) has
considered the skin perception thresholds for both tDCS and
tRNS. Nevertheless, Ambrus et al. (2010) only compared the de-
tection rates of the tDCS and tRNS and found that tRNS-induced
sensations were less frequently perceived than sensations induced
by tDCS. Based on these data, they proposed using tRNS appli-
cation as a possible alternative to tDCS. In addition to analyzing
the differences between the stimulation types, we also analyzed all
of the possible induced sensations in detail. Each participant
completed a questionnaire at the end of the experiment (Fer-
tonani et al., 2010) and reported having tolerated the stimu-
lation without discomfort. The results of the questionnaire are
reported in Table 2. Participants were unable to distinguish
the real stimulation from the placebo stimulation. A one-way
ANOVA for each sensation was performed to compare the
different stimulations. No difference between the tRNS and
sham conditions was found. Interestingly, the analysis high-
lighted a statistically significant difference (p < 0.01) between
both a-tDCS and c-tDCS and the other conditions with respect
to itching. Furthermore, the a-tDCS was different (p < 0.01)
from the other conditions with respect to irritation and burn-
ing. In general, the tDCS-induced sensations were perceived
more strongly (Poreisz et al., 2007; Ambrus et al., 2010) than
the tRNS- or sham-induced sensations. With tDCS, pain, heat,
iron taste, and fatigue were comparable to the sham condition,
but irritation, burning, and itching were perceived with real,
but not sham, stimulation. In contrast, hf-tRNS and If-tRNS
were indistinguishable from sham conditions for all of the
sensations examined. This characteristic makes tRNS an opti-
mal tool for experimental designs in which sham stimulations
should not differ from real stimulations.
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Table 2. Transcranial electrical stimulation-induced sensations: mean intensity of the sensations reported by subjects after tES, and the percentage of subjects who

reported each sensation

tES Irritation Pain Burning Heat ltch Iron taste Fatigue Effect on performance
hf-tRNS

Intensity 0.1 0.0 0.1 0.3 0.3 0.0 0.5 0.4

Subjects

(%) 14 0 7 21 29 0 43 36
If-tRNS

Intensity 0.0 0.1 0.0 0.0 0.4 0.2 0.1 0.1

Subjects

(%) 0 7 0 0 36 14 7 14
a-tDCs

Intensity 1.1 0.2 0.7 0.4 1.4 0.1 0.4 0.5

Subjects

(%) 79 14 50 29 86 7 29 36
¢-tDCS

Intensity 0.6 0.1 0.3 0.1 1.4 0.1 0.2 0.1

Subjects

(%) 50 7 21 7 93 7 14 14
Sham

Intensity 0.2 0.0 0.1 0.1 0.2 0.0 0.4 0.5

Subjects

(%) 21 0 7 14 14 0 29 29
(¢

Intensity 0.3 0.0 0.1 0.1 0.4 0.1 0.1 0.3

Subjects

(%) 29 0 7 14 36 7 7 21

Sensation intensity was evaluated on a five-point scale: 0 = none, 1 = mild, 2 = moderate, 3 = considerable, and 4 = strong. The column “Effect on performance” indicates the participants’ subjective feelings relative to the tES-induced

sensation’s effect on performance.

Furthermore, we calculated, for all the experimental condi-
tions, the correlation between the intensity of perceived sensa-
tions index (calculated for each subject as the sum of the values
reported in the questionnaire for each sensation) and the mean d’
values in the five blocks of real stimulation. The analysis was not
statistically significant (r4,, = 0.04, p > 0.05). We also tested the
correlation for the a-tDCS group because the subjects reported
slightly higher perceptions of discomfort. Similarly, this analysis
was not statistically significant (r,,y = —0.09, p > 0.05). This
result confirms the absence of a correlation between perceived
discomfort and task performance.

Control-hf-tRNS experiment

The performance of the control-hf-tRNS group is depicted in
Figure 4. A repeated-measures ANOVA on the six blocks of the
task highlighted the main effect of Block (p < 0.01). Post hoc
comparisons revealed that block 1 was different from blocks 2, 3,
4,5, and 6, and blocks 2, 3, and 4 differed from blocks 5 and 6.

Furthermore we compared the results of this group with the
sham and hf-tRNS groups of the main experiment. We per-
formed a repeated-measures ANOVA with Block (from 1 to 6) as
a within-subjects factor and Stimulation Condition (control-hf-
tRNS, hf-tRNS, and sham) as between-subjects factor. We ob-
served a significant main effect for Block (Fs 5, = 24.70; p <
0.001) and Stimulation Condition (F, 5,y = 5.59; p < 0.01).
Regarding the main effect of Block, post hoc comparisons revealed
a statistically significant difference between block 1 and blocks 2,
3,4, 5, and 6; between blocks 2, 3, and 4 and blocks 5 and 6; and
between block 5 and block 6.

Regarding the main effect of Stimulation Condition, as was
expected post hoc comparisons revealed that control-hf-tRNS
(mean d' = SEM = 0.614 = 0.142) was significantly different
from sham (0.375 * 0.116). The difference between hf-tRNS
(0.770 = 0.130) and sham was also statistically significant.
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Figure4.  Control-hf-tRNS experiment results compared with main experiment hf-tRNS and

sham groups. Data of control-hf-tRNS group are represented as the mean = SEM. The lines
represent the fit of each condition: the thick dashed line corresponds to control-hf-tRNS, the
thin dashed line corresponds to hf-tRNS, and the continuous thick line corresponds to sham. The
asterisk near the curly bracket indicates the statistically significant differences between both
control-hf-tRNS and sham (p << 0.05) and hf-tRNS and sham (p << 0.05).

Student’s t test revealed that in the first block the performance
of control-hf-tRNS group was not different from sham (r =
0.771, df = 21, p = 0.45), whereas it was different from hf-tRNS
(t= —2.091, df = 21, p < 0.05). In the last block, vice versa, the
control-hf-tRNS performance was different from sham (¢t =
2.556, df = 21, p < 0.05), but not from hf-tRNS (¢ = —0.645,
df = 21, p = 0.53).

To specifically evaluate learning rate differences for control-
hf-tRNS versus hf-tRNS, a-tDCS, and sham, we performed a
one-way ANOVA on the slope values with Stimulation Condi-
tion as a between-subjects factor. The result was statistically sig-
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nificant (F 3 47, = 2.99; p < 0.05). Post hoc comparisons revealed
a statistically significant difference between control-hf-tRNS and
both sham and a-tDCS groups. The difference between hf-tRNS
and a-tDCS obtained in the main experiment was therefore
confirmed.

These new results strengthen our main experiment data. As
shown in Figure 4, the performance in the control-hf-tRNS group is
very similar to the hf-tRNS one, except for the first block, in which
the control-hf-tRNS performance is similar to the sham one.

Discussion

We observed an improvement in performance in the ODT when
subjects were stimulated with hf-tRNS. With a-tDCS, we ob-
served an initial facilitation, which was followed by a reduction of
the learning phenomena. With ¢-tDCS and Cz stimulation, the
performance was identical to the performance with sham stimu-
lation. A not well defined role is that of If-tRNS. With this stim-
ulation, we observe an improvement, but the performance was
not statistically different either from sham or from hf-tRNS.

Terney et al. (2008) reported a modulation of cortical excit-
ability after 10 min of hf-tRNS to the primary motor cortex. The
increase in MEP amplitude, which persisted after the end of the
stimulation, was greater than the increase that is usually obtained
with a-tDCS. Based on these results, Terney et al. (2008) pro-
posed that tRNS induced a facilitatory effect similar to that of
a-tDCS (Terney et al., 2008; Ambrus et al., 2010), even if it was
sustained by different mechanisms. They also showed behavioral
improvement in a motor learning task, but only when the full
frequency spectrum (from 0.1 to 640 Hz) was used, which does
not allow for determination of whether a more restricted fre-
quency range is responsible for the observed effect. For this rea-
son, in our study, we applied the low and high frequencies
separately.

Changes induced by tES are considered to be dependent on
the NMDA receptor (e.g., Ridding and Ziemann, 2010). Short-
and long-term tDCS effects are not observed after administration
of an NMDA receptor antagonist or blocking Na * channels (Lie-
betanz et al., 2002; Nitsche et al., 2003b). On this basis, both LTP
and its opposite, LTD, have been postulated to explain the per-
sistent effects of brain stimulation on cortical activity (Thick-
broom, 2007; Ziemann and Siebner, 2008; Nitsche et al., 2009;
Fritsch et al., 2010). Nevertheless additional aspects should be
considered in the relation to the differential stimulation charac-
teristics and effects. Plasticity induced by different type of tES at
the level of brain networks might be determined by changes that
alter the property of synaptic plasticity. In the present study, we
demonstrated that tRNS and a-tDCS have different behavioral
effects, at least in the visual domain, which led us to conclude that
the two types of stimulation are not fully interchangeable. In fact,
the facilitation effect induced during the stimulation by tRNS was
not present with a-tDCS. Terney et al. (2008) suggest that using
tRNS sodium channels activity can be augmented. After a depo-
larization, repolarization of sodium channels would generally
take some time, but if a repeated stimulation is applied these
channels can be reopened in a shorter time (Schoen and From-
herz,2008). Because tRNS is a repetitive, random, and subthresh-
old stimulation, we hypothesized that it would induce temporal
summation of neural activity when the time constant of a neuron
is sufficiently long to permit the summation of two stimuli pre-
sented in close sequence (i.e., the high-frequency range used in
our experiment). These mechanisms should not be present with
a-tDCS because such a polarizing stimulation may induce an
initial facilitation, which could be followed by adaptations to
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rebalance the modulation of ion channel conductance. It might
be likely that in the a-tDCS’s initial phase, the cortical excitability
shifted because of membrane polarization, and this shift induced
a strengthening of the neural circuitry that improved perfor-
mance. The initial increase in excitability, however, was followed
by an adaptation of the neural system through mechanisms likely
based on rebalancing the modulation of voltage-dependent ion
channel conductance. The tDCS effects possibly relied mainly on
the self-regulatory actions of voltage-dependent channels to in-
duce inactivation during sustained depolarization (Levitan and
Kaczmarek, 2002). Interestingly, some ion channels undergo a
progressive decrease of activation in response to constant activa-
tion by a voltage change. In some cases, these voltage-dependent
channels become inactive (i.e., closed) after an earlier activation,
even if depolarization is maintained (Kurachi and Ishii, 2004).
The inactivation of voltage-dependent channels is fundamental
to determine whether there is a progressive decrease in the neu-
ronal response to sustained exposure to a stimulus. This change
in channel activity is termed the “rate of inactivation,” and it is
primarily related to faster sodium channels. Potassium channels
also undergo inactivation, but the rate is much slower than so-
dium channels (Levitan and Kaczmarek, 2002). Importantly, po-
tassium channels also participate in determining the actual rate at
which a neuron fires, which makes them important contributors
to the final outcome. Fast inactivation of calcium conductance
during prolonged depolarization has also been reported in
voltage-clamp studies of calcium currents (Eckert et al., 1977;
Kostyuk and Krishtal, 1977).

This inactivation due to adaptation of ion channels may jus-
tify the absence of learning differences between the first and the
last block of stimulation in the a-tDCS condition. Similar to our
results, Antal et al. (2004b) found that a-tDCS over V5 only im-
proved performance in the first block of a visuomotor learning
task. Consistent with Antal et al. (2004b), the present results
showed that a-tDCS immediately enhanced cortical excitability
and ameliorated stimuli perceptions, but this effect disappeared
in later blocks. We concluded that the dynamics of the induced
effects differ between a-tDCS and tRNS because we found a dif-
ference in learning rates between the two types of stimulation.

Based on the homeostasis theory, we would expect c-tDCS to
induce an initial performance deterioration followed by realign-
ment to the normal trend of the sham group in subsequent
blocks. In the present study, however, it was impossible to ob-
serve an impairment in performance because of a “floor effect” in
the first block (i.e., it is impossible to have a performance lower
than chance level). Therefore, the cathodal stimulation was com-
pletely ineffective from a behavioral perspective. The absence of a
cathodal effect has also been reported in previous studies (Antal
et al., 2004d; Fertonani et al., 2010; Kraft et al., 2010), although
several papers have reported either inhibitory (Antal et al., 2001,
2003a,b, 2004a) or facilitatory (Antal et al., 2004c; Accornero et
al., 2007) effects. This discrepancy is probably due to several fac-
tors, such as the different experimental tasks (e.g., pattern-
reversal checkerboard vs sinusoidal luminance gratings) and the
differences in stimulation parameters (e.g., intensity, duration,
electrode size, and the location and direction of the current flow)
(Nitsche et al., 2008). The placement of the reference electrode,
which influences the direction and shunting of the current flow,
seems particularly important. These aspects highlight the role of
methodological differences in shaping the effects of tES (Antal
and Paulus, 2008).

Importantly, the results obtained within the motor system are
not always equivalent to the results obtained in the visual system
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or other areas. The cytoarchitectonic and myeloarchitectonic dif-
ferences, including differences in neuron diameters, may explain
the differential inductions observed in different regions. The
principal feature of the motor cortex is the large pyramidal cells of
the fifth layer of the Giant pyramidal cells of Betz (Brodal, 1981),
which are not present in the visual areas. Neuronal threshold is
inversely related to axon diameter; axons with a large diameter
have a lower impedance, and large axons have a large membrane
surface. This difference in structure means that changes in polar-
ization may, in theory, be more “easily” induced over the motor
cortex compared with other cortices because of the presence of
large fibers. Nevertheless, there are some limitations related to
the dendritic structure of pyramidal neurons (Stuart and Sprus-
ton, 1998; Spruston, 2008). In addition, the striate visual cortex is
different from the precentral motor cortex; the former is granular
and the latter is agranular. Indeed, the visual cortex has greater
morphological variability (Dougherty et al., 2003), stellate cells
are present instead of pyramidal neurons, and the striate cortex is
characterized by its cortical thinness (Brodal, 1981). Together,
these anatomical differences can explain the non-overlapping
data for the same stimulation parameters over different cortices
(Terney et al.,, 2008). Thus, for anatomical geometrical reasons
and differences in current characteristics, hf-tRNS may induce a
more robust effect than tDCS over the visual cortex.

Our most interesting finding was the broad performance en-
hancement that was obtained with tRNS. There are different
mechanisms that can explain the induced behavioral effects and
their dissimilarity to the effects induced by tDCS. In contrast to
a-tDCS, we hypothesized that tRNS does not permit homeostasis
of the system. Because of its particular wave shape, tRNS might
induce temporal summation of small depolarizing currents,
which could interact with the activity of the engaged neurons
(Cash and Yuste, 1998) and enhance performance. Therefore,
tRNS of neurons provides the driving force for a synaptic
potentiation-like phenomenon. The effect was more pronounced
with hf-tRNS, which was likely due to the frequency range ap-
plied (100—640 Hz). Because the time constant of the cell body
and dendrites is between 1 and 10 ms (Kandel et al., 2000), stim-
ulation between 100 and 1000 Hz may be optimal for affecting
neuronal communication.

In the low-frequency range, the random stimulation effect
was weaker and not statistically different from sham or from
hf-tRNS which may be due to the presence of relatively high
frequencies of stimulation (from 80 to 100 Hz) at the upper end
of this low-frequency range. These higher frequencies could in-
teract analogously to hf-tRNS. This point should be clarified in
future studies with the application of more specific frequency
ranges (e.g., 40—60 Hz vs 80—100 Hz). In this respect, studies
have shown that different classes of neurons are activated at dif-
ferent frequencies (Freeman et al., 2010). Because different cor-
tical areas contain different neuronal types, a specific band of
frequencies might lead to the response of a subpopulation of
neurons.

A further possible explanation for the effects induced by tRNS
can be in the frame of the stochastic resonance phenomenon
(e.g., Miniussi et al., 2010). tRNS is by definition a stimulation
that induce nonfinalized random activity in the system i.e., noise.
In general, noise decreases performance, but nonlinear systems,
like the brain, can use noise to enhance performance through
stochastic resonance (see Moss et al., 2004). The presence of neu-
ronal noise might confer to neurons more sensitivity to a given
range of weak inputs, i.e., those neurons “randomly activate” that
go in the same direction as the signal, thereby rendering the noise
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in the signal. In this framework, it is possible to explain facili-
tatory results in terms of the relationship between noise and sig-
nal in the nervous system, so enhanced performance could be
observed with an optimum level of noise (Antal et al., 2004¢;
Ruzzoli et al., 2010). Nevertheless, even if the term random noise
stimulation can evocate such explanation, the present data do not
allow us to draw a consideration in this framework since we
cannot characterize the temporal coding between neural popula-
tions (i.e., neural synchronization or phase locking) by the pres-
ent protocol.

In conclusion, the present data confirm the efficacy of hf-
tRNS as a technique to improve performance in a visual percep-
tual learning task and show its superiority over tDCS in inducing
facilitatory effects. We also demonstrated the high specificity of
this stimulation over the V1 cortex, since hf-tRNS applied over
the vertex, a brain area that is not involved in the ODT task, was
totally ineffective, and subject performance was similar to perfor-
mance after sham stimulation.

We suggest that the mechanism of action of tRNS is based on
the repeated subthreshold stimulations that prevent homeostasis
of the system. This effect might potentiate the activity of the
neural populations involved in cognitive tasks that facilitate brain
plasticity by strengthening synaptic transmission between neu-
rons. Modulation of synaptic transmission efficacy can result in
excitability and activity changes in specific cortical networks that
are activated by the task’s execution, and these changes correlate
with cognitive plasticity at the behavioral level.
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