
ORIGINAL RESEARCH

Modulating Subjective Time Perception with Transcranial Random
Noise Stimulation (tRNS)

Giovanna Mioni1

Received: 5 October 2018 /Accepted: 5 February 2019 /Published online: 20 February 2019
# Springer Nature Switzerland AG 2019

Abstract
Understanding the neural and cognitive mechanisms underlying time estimation remains a challenge. Transcranial electric
stimulations, such as transcranial random noise stimulation (tRNS), are useful tools to interfere with brain activity and identifying
brain areas involved in temporal processing. Here, the aim is to investigate the specific role of primary sensory cortices (either V1
or A1) in temporal processing and to further investigate if the stimulation acts on either perceived duration or temporal sensitivity.
Forty-eight university students were included in the study. Twenty-four participants were stimulated over A1, and 24 participants
were stimulated over V1. All participants performed a time bisection task, either in a visual or auditory modality, involving
standard durations lasting 300 ms (short) and 900 ms (long). When tRNS was delivered over A1, an effect of stimulation was
observed on perceived duration (temporal over-estimation) under random stimulation compared to sham in both visual and
auditory modalities. When tRNS was delivered over V1, the effect of stimulation was observed only in the visual modality
(temporal over-estimation). No effect of stimulation was observed on temporal sensitivity in any condition. Our results showed
for the first time that tRNS acts on modulating an individual’s perceived duration, but not on temporal sensitivity.
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Introduction

The ability to estimate the passage of time is fundamental for
the efficient functioning of perceptual and cognitive process-
es. However, understanding the neural and cognitive mecha-
nisms underlying time estimation remains a fine challenge
(Bueti 2011; Grondin 2014). The idea that we time sensory
signals via a single Bcentralised^ and Bamodal^ clock has

dominated the field of temporal cognition for decades
(Gibbon et al. 1984). However, alternative positions propose
that we have multiple timing mechanisms ‘distributed’ across
brain areas or circuits and that the engagement of each single
mechanism depends on the psychophysical task, sensory mo-
dality, and lengths of time intervals (Allman et al. 2014;
Finnerty et al. 2015; Ivry and Schlerf 2008; Mauk and
Buonomano 2004; Merchant et al. 2013; van Rijn et al. 2014).

It has been suggested that both modality-specific and
supra-modal mechanisms underlie the estimation of temporal
intervals and several of these studies used the duration bisec-
tion task. In this task, participants are presented with a ‘short’
and a ‘long’ anchor duration and are subsequently required to
classify other signal durations as more similar to the ‘short’ or
the ‘long’ anchors (Bausenhart et al. 2018; Mioni 2018;
Penney et al. 1998). The resulting psychophysical functions
(proportion of ‘long’ responses plotted against the stimulus
duration) produced by humans for visual signals were shifted
towards the right compared to those for auditory signals. Thus,
the participants produced fewer ‘long’ responses for a given
visual signal duration than for an equivalent auditory signal
duration, indicating that the former was judged to be shorter
than the latter. Moreover, temporal discrimination is better
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(lower discrimination thresholds) if auditory signal marks the
temporal interval compared to visual signal (Grondin 1993;
Grondin et al. 2005; Merchant et al. 2008). However, the
capacity to keep in memory multiple intervals improves if
the temporal signals belong to different modalities and there-
fore rely on different memory resources (Gamache and
Grondin 2010; Penney 2003; Penney et al. 2000). Moreover,
other studies showed that perceived duration of a sensory
event can be distorted by modality-specific properties of the
stimuli such as visual adaptation (Johnston et al. 2006; Ayhan
et al. 2009), spatial, and temporal frequency (Kanai et al.
2006; Kaneko and Murakami, 2009). In addition, in the case
of saccadic eye movements, the distortion of the perceived
duration is limited to a single sensory domain; a compression
of the perceived duration is evident for visual but not for
auditory stimuli (Morrone et al. 2005; Burr et al. 2011).

Non-invasive brain stimulation techniques are used to di-
rectly interfere with brain activity and measuring behavioural
outcomes (Costa et al. 2015b; Jacobson et al. 2012). A con-
sistent number of studies have been conducted using transcra-
nial magnetic stimulation (TMS) to investigate the involve-
ment of specific brain areas in temporal processing (Wiener
2013; Koch et al. 2009), but as far as we know, only two
studies have specifically addressed the issue of modality-
specificity and supra-modal mechanisms dedicated to time
perception (Bueti and Walsh 2009; Kanai et al. 2011).
Specifically, Bueti et al. (2008) concluded that the right pos-
terior parietal cortex has a key role on processing temporal
information of both auditory and visual stimuli, whereas
MT/V5 seems to process only the timing of visual events.
Instead, Kanai et al. (2011) found that a disruption of the
primary auditory cortex (A1) impaired both auditory and vi-
sual temporal stimuli and that TMS over the primary visual
cortex (V1) impaired performance only in visual time discrim-
ination. This suggests a supra-modal role (i.e. the ability to
process information from different sensory modalities) of the
auditory cortex and a modality-specific role of the visual cor-
tex on time perception. Interestingly, in both cases, the authors
reported that TMS modulated the sensitivity (i.e. higher tem-
poral variability after the TMS stimulation) rather than the
subjective perceived duration of the stimuli.

Surprisingly, very few studies have been conducted using
transcranial electric stimulation (tES). TES is a technique that
does not induce activity on resting neuronal networks, but
modulates spontaneous neuronal activity; consequently, the
amount and the direction of tES-related outcomes critically
depend on the previous physiological state of the target neural
structures (Woods et al. 2016). Vicario et al. (2013) combining
transcranial direct current stimulation (tDCS) and a time re-
production task (visual stimuli between 1500 and 1900 ms)
observed that cathodal stimulation over the right posterior
parietal cortex (rPPC) affected temporal accuracy by leading
participants to over-estimate time intervals. Oyama et al.

(2017) using a time discrimination task (visual stimuli, mid-
point duration 1800 ms) showed a lower threshold under the
cathodal condition compared to sham condition. The authors
concluded that an inhibition of the rPPC leads to an improve-
ment in temporal discrimination performance: a result that is
in contrast with Vicario et al. (2013) findings.

More germane to the present study, Mioni et al. (2016b)
used both visual and auditory stimuli targeting A1 and
primary visual cortex V1 trying to replicate and extend
Kanai et al. (2011) results with tDCS. Compared to sham
stimulation, they observed lower temporal sensitivity under
anodal and cathodal stimulations when A1 was targeted in
both visual and auditory modalities, whereas lower temporal
sensitivity was observed under cathodal stimulation in visual
modality when V1 was stimulated. In line with previous find-
ings (Kanai et al. 2011), no effect of stimulation was observed
on perceived duration but only on temporal sensitivity. A pos-
sible limitation of our study was the lack of systematic corre-
spondence between the anodal-excitation and cathodal-
inhibition effects on time perception. Although the distinction
between anodal-facilitatory/cathodic-inhibitory is mainly con-
firmed by studies on motor functions (Antal et al. 2004a;
Antal et al., 2004b), it seems not to be generalizable to all
cognitive functions, since several issues, including the timing
of stimulation, the excitability status of the cortical area, and
the type of task, can influence the outcomes (Battaglini et al.
2017; Costa et al., 2015a; Jacobson et al. 2012).

In contrast to tDCS, transcranial random noise stimulation
(tRNS) has no constraint of current flow direction sensitivity;
in fact, the intensity and the frequency of the current vary in a
randommanner. This technique is newer than other tES appli-
cations; therefore, speculation about its possible mechanisms
of action in cognition is rare to date (Miniussi and Ruzzoli
2013). The mechanisms of action of tRNS might be based on
repeated subthreshold stimulations that collectively prevent
the homeostasis of the system (Fertonani et al. 2011; Terney
et al. 2008). The effects of tRNS may also be explained in the
context of the stochastic resonance phenomenon (Miniussi
et al. 2010; Moss et al. 2004; Stacey and Durand 2000);
tRNS is, by definition, a stimulation that induces non-
finalised random activity in the system (i.e. noise). The pres-
ence of neuronal noise might enhance the sensitivity of the
neurons to a given range of weak inputs (the neurons with the
same directionality as the signal), thereby introducing a func-
tionally useful noise to the signal and increasing the signal.
Importantly, less aversive sensations were reported by partic-
ipants during tRNS compared to tDCS. Therefore, the appli-
cation of tRNS might be better suited for placebo-controlled
studies (Ambrus et al. 2010; Antal and Herrmann 2016;
Fertonani et al. 2011).

Based on these observations, in a recent study, Mioni et al.
(2018) used a tRNS procedure to investigate the involvement
of the right parietal cortex (P4) in the processing of inter- and
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intra-modal temporal intervals (Mioni et al. 2018).
Interestingly, they found, to our knowledge for the first time,
the effect of stimulation on perceived duration but not on
sensitivity. Specifically, participants stimulated over P4 gen-
erally over-estimated time in the random compared to the
sham condition independently of the modality of the stimuli
presented. No effect of tRNS was observed on temporal
sensitivity.

Beside the specific implication regarding the involvement
of P4 in temporal processing (Bueti and Walsh 2009), what
was interesting in Mioni et al. (2018) study was the effect of
stimulation on perceived duration rather than on temporal
sensitivity, as previously observed with tDCS (Mioni et al.
2016b) and TMS (Kanai et al., 2011; Bueti et al. 2008).
What is the source of this effect? It is critical to evaluate if
the stimulation acts on perceived duration (i.e. changing the
subjective feeling of the duration of a temporal interval pro-
ducing a temporal bias) or on temporal sensitivity (i.e. Weber
ratio, WR) (Bausenhart et al. 2018; Eisler et al. 2008; Kopec
and Brody 2010). These considerations are of fundamental
interest for a correct interpretation of the effects of stimulation
on temporal processing and to evaluate the brain areas and
circuits involved in temporal processing. Briefly, considering
the time bisection task (Bausenhart et al. 2018; Kopec and
Brody 2010) from the data collected during the task, experi-
menters are able to construct a psychometric curve plotting the
duration of the stimuli (probes and reference stimuli) versus
the subject’s probability of responding ‘long’. At some inter-
mediate duration, the subject’s performance crosses 0.5 on the
y-axis. It is this duration, referred to as the bisection point (BP;
Allan and Gibbon 1991; Gibbon 1981), that they are equally
likely to call ‘long’ or ‘short’. This single, seemingly trivial,
point actually offers significant insight to how time is repre-
sented and processed in the brain, because, at this duration, the
decision process used to compare temporal stimuli to temporal
values stored in memory must be equal for both options. This
is an index of subjective experience of time. Aside from the
BP itself, it is also possible to determine the degree of discrim-
inability (temporal sensitivity) the subject uses to parse the
probe trials into the ‘short’ and ‘long’ categories, from the
psychometric function. A participant with a high degree of
discriminability would produce a psychometric curve that ap-
pears very step-like, resulting in a low WR, while another
subject with a poorer discriminability would produce a more
gradual psychometric function, resulting in a higher WR.

Direct comparison between our two previous studies is
difficult considering the different areas targeted (V1/A1,
Mioni et al. 2016b; P4, Mioni et al. 2018) and the different
methodology adopted (tDCS) (Mioni et al., 2016b, 2018). On
the one hand, it is possible that continuous and random stim-
ulations may have a different effect depending on the targeted
brain area (Costa et al., 2015b; Costa et al., 2015a). On the
other hand, it is possible that the different mechanism of action

of continuous and random stimulations (see Fertonani and
Miniussi, 2015) may selectively affect either temporal sensi-
tivity or temporal perception.

The present study aims to address this question. Here, we
adopted the same procedure used in Mioni et al. (2016b), but
instead of tDCS, we used tRNS over A1 and V1. Whether the
effect of tRNS on perceived duration was due to the targeted
area (P4), and not to the type of stimulation, we should expect
an effect on temporal sensitivity (Mioni et al. 2016b).
Otherwise, if the findings we reported on perceived duration
were due to the type of stimulation, using tRNS, we should
expect an effect on the perceived duration, similarly to what
was reported in Mioni et al. (2018).

Method

Participants

Forty-eight university students were included in the study; 24
participants were stimulated over A1 and 24 over V1, and for
each group, half of the participants performed the time bisec-
tion task in auditory and the others in visual modality and 8
female were included in each subgroup (Table 1). All partic-
ipants were right-handed as defined by the Edinburgh
Handedness Inventory (Oldfield 1971). Exclusion criteria in-
cluded a history of neurological or psychiatric illness, preg-
nancy, and use of drugs or alcohol 24 h prior to the experi-
mental session.

Materials and Procedure

Online high-frequency tRNS was delivered using a battery-
driven stimulator (BrainSTIM, EMS) through a pair of saline-
soaked sponge electrodes, and the electrodes were kept in
place with plastic bandages. The tRNS consisted of a random
current of 1.5 mA intensity with a 0 mA offset applied at
random frequencies. The frequencies ranged from 100 to
640 Hz. The stimulating electrode (area = 25 cm2) was placed
over the right A1 or right V1 according to the international 10/
20 system for EEG electrode placement (Oostenveld and
Praamstra 2001), and the reference electrode (area = 35 cm2)
was placed extra-cephalically on the upper right arm (Mioni
et al. 2016b). After electrodes montage, participants per-
formed the training phase (see the ‘Time Bisection Task’ sec-
tion) without active stimulation followed by the experimental
phase (tRNS or sham condition). The total duration of stimu-
lation was 15 min and the total session lasted approximately
40 min. None of the participants reported experiencing pain
caused by the stimulation, and all participants included in the
study completed all experimental sessions. Participants were
tested in two sessions (tRNS and sham) performed in two
different days. Sessions were separated by at least 48 h to
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avoid long-lasting effects of the stimulation, and they were
counterbalanced between the subjects (Nitsche et al. 2003;
Nitsche et al. 2004). Participants were randomly assigned to
one of the two experimental conditions (V1 or A1), depending
on the stimulated area. Instruction and learning phases were
conducted off-stimulation, and the stimulation started after the
training phase. This procedure was adopted to avoid any effect
of stimulation during the training phase. The study was ap-
proved by the ethics committee of the School of Psychology
of Padova (Italy) and conducted according to the Declaration
of Helsinki (59th WMA General Assembly, Seoul, 2008).

Time Bisection Task

The experimental session started with the learning phase in
which participants were required to memorise the two stan-
dard durations: 300 ms (short standard) and 900 ms (long
standard). Both standard durations were presented 10 times.
After the learning phase, participants were required to judge
different temporal intervals (300, 400, 500, 600, 700, 800,
900 ms) and to decide if the comparison interval was more
similar to the short standard or to the long standard. The visual
stimulus was a grey circle (filled intervals) presented on a
white background, while the auditory stimulus was a white
noise ramped on and off with two 10-ms raised cosine ramps.
Each comparison duration was presented 8 times for a total of
56 trials in each block; participants performed 4 blocks for a
total of 224 trials. The participants were asked to respond with
their left and right index finger and response keys were
counterbalanced between participants. After the response,
there was a 1000-ms inter-trial interval. No feedback was
provided.

For each participant in each experimental condition, a 7-
point psychometric function was traced, plotting the seven
comparison intervals on the x-axis and the probability of
responding ‘long’ on the y-axis (Fig. 1a, b). The cumulative
normal function was fitted to the resulting curves. More spe-
cifically, we used a non-linear least squares analysis, with a
Levenberg-Marquardt algorithm.

Temporal performance was analysed in terms of perceived
duration (bisection point, BP) and temporal sensitivity (Weber
Ratio, WR). BP is the stimulus duration at which the partici-
pants responded ‘short’ or ‘long’ with equal frequency. An
observed shift of the BP can be interpreted as an indicator of
differences in time processing, with smaller BP values mean-
ing longer perceived durations. The second dependent variable
was theWR, which is based on one standard deviation (SD) on
the psychometric function and is an index of time sensitivity.
Here, the WR was computed as the SD divided by 600 ms,
which was the midpoint duration used in the experiment.

For all participants, the goodness-of-fit of the psychometric
function was highly satisfactory, with R2 values above .86 for
the tRNS and .93 for the sham conditions. Kolmogorov-
Smirnov test showed that all the variables were normally dis-
tributed. Two separate repeated measure ANOVAs were con-
ducted with BP and WR as dependent variables separately for
A1 and V1withmodality (auditory, visual) as between-subjects
factor and stimulation type (tRNS, sham) as within-subjects
factor (Kanai et al. 2011; Mioni et al. 2016b). The significant
analyses were followed by post hoc analyses with Bonferroni’s
correction to reduce the type I error rate, and the effect size was
estimated with the partial eta squared index (η2p).

Sensation-Experienced Questionnaire

We included a questionnaire about the sensations experienced
during the different types of stimulations (tRNS, sham)
(Fertonani et al. 2015). The questionnaire includes eight pos-
sible sensations commonly experienced during stimulation.
The questionnaire was introduced to evaluate whether unspe-
cific stimulation effects related to different experimental con-
ditions could account for differences in behavioural perfor-
mance. We calculated a total score adding the scores from
all questions included. Data were analysed using Wilcoxon
matched-pair signed rank test for stimulation (tRNS vs sham)
separately for the four conditions (A1-auditory; A1-visual;
V1-auditory; V1-visual).

Table 1 Mean (M) and standard
deviation (SD) for bisection point
(BP) and Weber ratio (WR) as a
function of stimulation type and
modality

A1 V1

Auditory Visual Auditory Visual

M (SD) M (SD) M (SD) M (SD) M (SD) M (SD)

Age 25.25
(3.98)

22.50
(2.84)

23.88
(3.66)

23.38
(3.02)

23.10
(2.47)

23.22
(2.64)

BP Random 553 (61) 545 (84) 549 (72) 565 (73) 596 (62) 581 (68)

Sham 591 (59) 554 (84) 573 (73) 539 (66) 638 (105) 589 (100)

M (SD) 572 (60) 549 (84) 552 (69) 617 (83)

WR Random 0.17 (0.07) 0.22 (0.12) 0.19 (0.10) 0.16 (0.04) 0.25 (0.06) 0.21 (0.07)

Sham 0.17 (0.07) 0.21 (0.12) 0.19 (0.10) 0.16 (0.06) 0.28 (0.17) 0.22 (0.14)

M (SD) 0.17 (0.70) 0.21 (0.12) 0.16 (0.05) 0.26 (0.11)
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Results

tRNS over A1

Analyses of BP showed a significant main effect of stimula-
tion type [F(1,22) = 7.05, p = .014, η2p = .24]. Lower BP
values in the tRNS compared to the sham condition were
observed indicating temporal over-estimation under

tRNS condition (Table 1).1 No effect of modality (p = .449,
η2p = .03) neither interaction modality × stimulation type was
found (p = .109, η2p = .11) (Fig. 2a and Fig. 3a).

1 To further confirm this effect, separate t test were conducted between tRNS
and sham in auditory and visual modality. Significant difference is observed
within the auditory modality (p = .003; d = .63) but not in the visual modality
(p = .563; d = .11).
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Fig. 1 a Primary auditory cortex (A1) and b primary visual cortex (V1). Mean proportion of ‘long’ responses as a function of stimulation type (random,
sham) and temporal intervals (300–900 ms). Error bars indicate standard errors



Analyses of WR showed no significant main effects of
modality (p = .259, η2p = .06), stimulation type (p = .716,
η2p = .01), or interaction (p = .477, η2p = .12) (Fig. 4a).

tRNS over V1

Analyses of BP showed no main effect of stimulation type
(p = .509, η2p = .02) but main effects ofmodality [F(1,22) =
4.75, p = .040, η2p = .18] and a significant modality × stim-
ulation type interaction [F(1,22) = 7.66, p = .011, η2p = .26]
(Fig. 2b2 and Fig. 3b). Post hoc analyses showed lower BP

were observed when temporal intervals were marked by
visual stimuli under tRNS compared to sham stimulation
indicating temporal over-estimation (p = .024, η2p = .21)
but no effect of stimulation was observed when auditory
stimuli were used to mark time (p = .152, η2

p = .09)
(Table 1); participants over-estimated time in the sham con-
dition when the stimuli were presented in the auditory mo-
dality (p = .012, η2p = .26), and no differences were ob-
served between modality under random stimulation
(p = .286, η2p = .05).

Analyses of WR showed a significant main effect of
modality [F(1,22) = 8.95, p = .007, η2p = .29], indicating
higher WR in visual (M = .27) compared to auditory
(M = .16). No effects of stimulation type (p = .502,
η2p = .02) or interaction were found (p = .403, η2p = .03)
(Fig. 4b).

2 Inspection of Fig. 1 might suggest the presence of an outlier in V1 group.
Repeated measure ANOVA was conducted removing that subject to control
the results. Analyses of BP showed significant modality × stimulation type
interaction [F(1,21) = 6.75, p = .017, η2p = .24]. Nomain effects of stimulation
type (p = .939, η2p = .01) neither modality (p = .071, η2p = .15) were found.

Fig. 2 a Primary auditory cortex
(A1) and b primary visual cortex
(V1). Violin plots for bisection
point (BP, ms) as a function of
stimulation type (tRNS, sham)
and modality (auditory, visual).
Each dot represents the
performance of a single
participant
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Sensation-Experienced Questionnaire

Analyses of total score after stimulation over A1 showed no
difference between tRNS and sham in auditory modality (Z =
0, p = 1.00) neither in the visual modality (Z = 1.68, p = .09).
Similarly, after stimulation over V1, no difference between
tRNS and sham in auditory modality (Z = 0.40, p = .69) nei-
ther in the visual modality (Z = 0.98, p = .33) were observed
(Table 2).

Discussion

The present study was conducted to further investigate the
effect of non-invasive brain stimulation on subjective time
perception and to support the hypothesis that multiple mech-
anisms mediate time processing. Also, the present study dis-
cusses the possible effect of tRNS on perceived duration and/
or on temporal variability.

Importantly, the results showed that the effect of tRNS
was on perceived duration rather than on temporal variabil-
ity extending, to A1 and V1, the effect observed (temporal
over-estimation) when tRNS was applied over P4 (Mioni
et al. 2018). Both perceived duration and temporal variabil-
ity are important characteristics of temporal performance,
with perceived duration reflecting the shift of the psycho-
metric function indicating over- or under-estimation (i.e. a
distance of a response to its target) and variability
reflecting how spread responses are from the target.
Previous studies that investigated possible areas and net-
works involved in temporal processing when multiple mo-
dalities are employed found increased variability after TMS
and tDCS stimulation (Bueti et al. 2008; Mioni et al.
2016b; Kanai et al. 2011).

Interestingly, Vicario et al. (2013) suggested that the two
parietal cortices could work jointly in the execution of a
timing task by acting, in a segregated way, on different aspects
such as the accuracy and variability of the participants’

Fig. 3 a Primary auditory cortex
(A1) and b primary visual cortex
(V1). Bisection point (BP, ms) as
a function of stimulation type
(tRNS, sham) and modality
(auditory, visual). Error bars
indicate standard errors
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performance. The study showed that temporal accuracy was
affected during cathodal stimulation of the right PPC whereas
cathodal stimulation of the left PPC did not affect time accu-
racy but only temporal variability. These results were also
confirmed by Oyama and colleagues with a time discrimina-
tion task (2017).

At the behavioural level, effects of high-frequency tRNS
have been usually demonstrated if applied over the visual
cortex (Fertonani et al. 2011) during an orientation discrimi-
nation task. A significant enhancement in visual perceptual
learning during the application of high-frequency tRNS was
observed compared to anodal and cathodal tDCS as well as
sham stimulation. TRNS over the lateral occipital cortex fa-
cilitated facial identity perception (Romanska et al. 2015). In
contrast, tRNS to the right dorsolateral prefrontal cortex im-
paired categorical learning in a prototype distortion task
(Ambrus et al. 2011). These results demonstrate that, depend-
ing on the involved cortical area and the type of protocols,
tRNS can induce long-term changes (either positive or nega-
tive) of cognitive and brain functions.

The physiological mechanisms of how tRNS generates cor-
tical excitability are not completely understood (Antal and
Herrmann 2016; Inukai et al. 2016). One potential effect of
tRNS may be associated with the repetitive opening of Na+

channels (Schoen and Fromherz 2008). A recent study dem-
onstrated that the Na+ channel blocker carbamazepine showed
a tendency towards inhibiting motor evoked responses (MEP)
after stimulation (Chaieb et al. 2015). In addition, the effects
of tRNS may be based on other mechanisms, such as stochas-
tic resonance (Stacey and Durand 2000). Stochastic resonance
refers to the phenomenon that a signal that is too weak to
exceed a threshold is amplified by adding noise. It was sug-
gested that tRNS may increase synchronisation of neural fir-
ing through the amplification of subthreshold oscillatory ac-
tivity, which in turn reduces the amount of endogenous noise
(Antal and Herrmann 2016). For example, if random noise is
added to the subthreshold neural oscillations in the brain, the
sum of the two signals will exceed the threshold at several
time points, resulting in improved cognitive performance
(Miniussi and Ruzzoli 2013; Moss et al. 2004).

Fig. 4 a Primary auditory cortex
(A1) and b primary visual cortex
(V1). Weber ratio (WR) as a
function of stimulation type
(tRNS, sham) and modality
(auditory, visual). Error bars
indicate standard errors
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The results confirmed a modality-specific role of V1
confirming previous findings (Kanai et al. 2011; Mioni
et al. 2016b) and suggesting some involvement of the early
visual areas in visual time perception when visual stimuli
are employed. At first sight, the results seem also to sug-
gest a modality-independent role of A1 conforming that A1
is part of the modality-independent system involved in
time processing. Indeed, despite some previous observation
indicating that early auditory cortex is part of the modality-
independent time estimation process (Kanai et al. 2011;
Mioni et al. 2016b), and that visual inputs are automatical-
ly converted to an auditory representation (Franssen et al.
2006; Hickok et al., 2009), the present results do not
completely confirm previous observations. We observed a
main effect of tRNS over A1 that was mainly evident when
auditory stimuli were employed. Our results seem to be in
line with other results showing that single neuron and mul-
tiunit responses recorded in primary auditory cortex have
been shown to encode information about the timing of
motor responses during auditory but not visually cued be-
haviour (Brosch et al. 2005; Paton and Buonomano 2018).
Further, studies on the role of the auditory cortex during
visual time estimation will be critical to explore this pos-
sibility further.

Within the temporal domain, the dominance of the audi-
tory system over vision has been repeatedly emphasised.
Generally, participants are more accurate and less variable
when discriminating auditory stimuli compared to visual
one (Grondin 1993, 2014; Grondin et al. 2005; Mioni
et al. 2016a). When auditory stimuli are combined with
visual stimuli of the same duration, the perceived duration
is dominated by the auditory stimuli (Keetels and Vroomen

2009; Stone et al., 2001). Such asymmetric dominance of
audition may be due to the additional step required for vi-
sual information to be converted into an auditory represen-
tation, while auditory stimuli are encoded in its native sen-
sory mode. The conversion of visual information to audito-
ry information in the context of a temporal task is analogous
to the automatic recruitment of the spatially superior visual
cortex in auditory spatial tasks (Recanzone 2009; Zimmer
et al., 2004).

To control for the possible effect of sensation induced by
the stimulation on temporal performance, we included a sen-
sation questionnaire. None of the participants reported feeling
any aversive sensation after stimulation. We can conclude that
the results regarding the different tRNS effects on temporal
processing were due to the specific effect of the stimulation on
the underlying brain areas rather than by the subjective expe-
rience of the stimulation.

Although the small sample size is indeed a limitation of the
current study, our sample has similar numerosity as previous
studies conducted using non-invasive brain stimulation in the
study of time processing. Moreover, focality is an issue with
tES. Although we cannot exclude that stimulation reached
brain regions contingent to the targeted areas, here, we opted
for the extra-cephalic montage over the right shoulder in order
to reduce side effects of the stimulation and therefore limiting
these confounding factors.

Taken together, we support the idea that multiple timing
mechanisms ‘distributed’ across brain areas or circuits are
involved in time processing. Interestingly, tRNS produced
an effect on perceived duration but not on temporal variability,
suggesting a different effect between tDCS and tRNS on time
processing and on the underlying brain structures.

Table 2 Transcranial random noise stimulation (tRNS)–induced sensations: mean (M) and standard deviation (SD) intensity of the sensations reported
by subjects after tRNS. Sensation intensity was evaluated on a 5-point scale: 0 = none, 1 = mild, 2 = moderate, 3 = considerable, and 4 = strong

Irritation Pain Burning Heat Itch Iron taste Fatigue

Brain area Stimulation type Modality M (SD) M (SD) M (SD) M (SD) M (SD) M (SD) M (SD) M (SD)

A1 Random Auditory 0.27 (0.47) 0.18 (0.40) 0.90 (0.30) 0.18 (0.40) 0.09 (0.30) 0.00 (0.00) 0.18 (0.60) 0.14 (0.35)

Visual 0.33 (0.49) 0.00 (0.00) 0.08 (0.29) 0.25 (0.45) 0.33 (0.49) 0.00 (0.00) 0.1 (0.38) 0.17 (0.30)

M (SD) 0.30 (0.47) 0.09 (0.28) 0.08 (0.28) 0.22 (0.42) 0.22 (0.42) 0.00 (0.00) 0.1 (0.49) 0.15 (0.33)

Sham Auditory 0.27 (0.47) 0.18 (0.40) 0.09 (0.30) 0.09 (0.30) 0.18 (0.40) 0.00 (0.00) 0.18 (0.60) 0.14 (0.35)

Visual 0.58 (0.67) 0.25 (0.62) 0.17 (0.38) 0.25 (0.62) 0.75 (1.13) 0.00 (0.00) 0.25 (0.62) 0.32 (0.58)

M (SD) 0.43 (0.59) 0.22 (0.52) 0.13 (0.34) 0.17 (0.49) 0.48 (0.89) 0.00 (0.00) 0.22 (0.60) 0.23 (0.47)

V1 Random Auditory 0.10 (0.32) 0.10 (0.32) 0.00 (0.00) 0.40 (0.52) 0.30 (0.48) 0.10 (0.32) 0.50 (0.70) 0.21 (0.38)

Visual 0.42 (0.67) 0.25 (0.45) 0.17 (0.58) 0.17 (0.39) 0.50 (0.52) 0.00 (0.00) 0.42 (0.67) 0.27 (0.47)

M (SD) 0.27 (0.55) 0.18 (0.39) 0.09 (0.42) 0.27 (0.45) 0.41 (0.50) 0.04 (0.21) 0.45 (0.67) 0.24 (0.42)

Sham Auditory 0.20 (0.63) 0.00 (0.00) 0.10 (0.32) 0.20 (0.42) 0.40 (0.70) 0.10 (0.32) 0.30 (0.48) 0.18 (0.41)

Visual 0.33 (0.65) 0.83 (0.29) 0.33 (0.78) 0.25 (0.45) 0.42 (0.67) 0.08 (0.29) 0.33 (0.65) 0.26 (0.54)

M (SD) 0.27 (0.63) 0.04 (0.21) 0.22 (0.61) 0.23 (0.43) 0.41 (0.66) 0.09 (0.29) 0.32 (0.57) 0.22 (0.47)
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