
Systems/Circuits

Transcranial Random Noise Stimulation Acutely Lowers the
Response Threshold of Human Motor Circuits

Weronika Potok,1,2 Marc Bächinger,1,2 Onno van der Groen,1,4 Andreea Loredana Cretu,1,2 and
Nicole Wenderoth1,2,3

1Department of Health Sciences and Technology, Neural Control of Movement Lab, 8093, Zurich, Switzerland, 2Neuroscience Center Zurich (ZNZ),
University of Zurich, Federal Institute of Technology Zurich, University and Balgrist Hospital Zurich, 8057, Zurich, Switzerland, 3Future Health
Technologies, Singapore-ETH Centre, Campus for Research Excellence and Technological Enterprise (CREATE), 138602, Singapore, and
4NeuroRehabilitation and Robotics Laboratory, Edith Cowan University, 6027, Joondalup, Australia

Transcranial random noise stimulation (tRNS) over cortical areas has been shown to acutely improve performance in sensory
detection tasks. One explanation for this behavioral effect is stochastic resonance (SR), a mechanism that explains how signal
processing in nonlinear systems can benefit from added noise. While acute noise benefits of electrical RNS have been demon-
strated at the behavioral level as well as in in vitro preparations of neural tissue, it is currently largely unknown whether sim-
ilar effects can be shown at the neural population level using neurophysiological readouts of human cortex. Here, we
hypothesized that acute tRNS will increase the responsiveness of primary motor cortex (M1) when probed with transcranial
magnetic stimulation (TMS). Neural responsiveness was operationalized via the well-known concept of the resting motor
threshold (RMT). We showed that tRNS acutely decreases RMT. This effect was small, but it was consistently replicated
across four experiments including different cohorts (total N= 81, 46 females, 35 males), two tRNS electrode montages, and
different control conditions. Our experiments provide critical neurophysiological evidence that tRNS can acutely generate
noise benefits by enhancing the neural population response of human M1.
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Significance Statement

A hallmark feature of stochastic resonance (SR) is that signal processing can benefit from added noise. This has mainly been
demonstrated at the single-cell level in vitro where the neural response to weak input signals can be enhanced by simultane-
ously applying random noise. Our finding that transcranial random noise stimulation (tRNS) acutely increases the excitability
of corticomotor circuits extends the principle of noise benefits to the neural population level in human cortex. Our finding is
in line with the notion that tRNS might affect cortical processing via the SR phenomenon. It suggests that enhancing the
response of cortical populations to an external stimulus might be one neurophysiological mechanism mediating performance
improvements when tRNS is applied to sensory cortex during perception tasks.

Introduction
Transcranial random noise stimulation (tRNS) is a non-invasive
electrical brain stimulation technique whereby currents are ran-
domly drawn from a predefined range of intensities and frequen-
cies (Antal and Herrmann, 2016). Until now most studies
applied tRNS for several minutes over primary motor cortex
(M1), which typically leads to an increase in corticomotor excit-
ability relative to baseline for up to 60min after stimulation
(Terney et al., 2008; Chaieb et al., 2011, 2015; Abe et al., 2019;
Moret et al., 2019) with occasional reports suggesting inhibitory
effects for low intensities (Moliadze et al., 2012). The exact mech-
anism causing this temporary facilitation of cortical activity is
unknown; however, it has been hypothesized to reflect neuro-
plastic changes (Terney et al., 2008).

By contrast, acute (i.e., online) effects of tRNS have been stud-
ied much less. One general hypothesis is that the brain responds
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to electrical noise according to a stochastic resonance (SR) phe-
nomenon (Terney et al., 2008; Miniussi et al., 2013; van der
Groen and Wenderoth, 2016; van der Groen et al., 2018, 2019;
Pavan et al., 2019). SR is a general mechanism that enhances
the response of nonlinear systems to weak subthreshold sig-
nals by adding an optimal level of random noise (Gingl et al.,
1995; McDonnell and Abbott, 2009). One key indicator of the
SR phenomenon in a broad sense (McDonnell and Abbott,
2009) is that the investigated system “benefits” from noise,
which usually refers to better detection, transmission or proc-
essing of the input signal than when no noise is present. In
humans, SR effects have been mainly demonstrated via be-
havioral signal detection tasks whereby noise was added to
the periphery. For example, the detection of low-contrast vis-
ual stimuli was significantly enhanced when the stimuli were
superimposed with visual noise (Simonotto et al., 1997).
Recently, a similar enhancement of visual perception has
been reported when noise was directly added to visual cortex
via tRNS, which improved the detection of low contrast visual
stimuli (van der Groen and Wenderoth, 2016), visual deci-
sion-making (Ghin et al., 2018; Pavan et al., 2019; van der
Groen et al., 2019), binocular rivalry (van der Groen et al.,
2018), and visual training in healthy participants (Fertonani
et al., 2011; Pirulli et al., 2013) and patients (Moret et al.,
2018; Herpich et al., 2019). However, until now the beneficial
effect of adding external electrical random noise to neural ac-
tivity has mainly been studied via behavioral outcome meas-
ures in humans or via physiological single cell studies in
animals (Onorato et al., 2016; Remedios et al., 2019). By con-
trast, it is largely unknown whether tRNS causes acute bene-
fits when applied in vivo to neural populations within the
cortex. Here, we seek to answer this question by delivering
electrical noise transcranially to human M1. We hypothesized
that if M1 benefits from externally added noise in accordance
to the SR phenomenon, neural responsiveness to transcranial
magnetic stimulation (TMS; i.e., reflecting the processing
and/or transmission of the external stimulation) would be
increased (McDonnell and Abbott, 2009). Neural responsive-
ness was operationalized via the well-known concept of the
resting motor threshold (RMT), which is defined as the

stimulation intensity required to evoke motor evoked potentials
(MEPs) of a given amplitude in at least 50% of trials, i.e., with a
probability of 0.5. Accordingly, our hypothesis would be supported
if RMTs were lower during tRNS application when compared with
no stimulation because random noise increased the probability of
evokingMEPs of sufficient size (Fig. 1).

Materials and Methods
Participants
Eighty-one healthy volunteers (46 females, 35 males, mean age =
25.46 5.1; range, 18–46) took part in this study, which consisted of 4
experiments. A new group of participants was recruited for each experi-
ment. All were right-handed and had no identified contraindications for
participation according to established TMS exclusion criteria (Wassermann,
1998; Rossi et al., 2009). All provided written informed consent. Upon study
conclusion, they were debriefed and financially compensated for their time
and effort. None of the participants reported any major side effects resulting
from the stimulation. All research procedures were approved by the
Cantonal Ethics Committee Zurich (KEK-ZH-Nr. 2014-0242, KEK-ZH-Nr.
2014-0269 and BASEC Nr. 2018-01078) and were performed in accordance
with the Helsinki Declaration of the World Medical Association (2013
WMADeclaration of Helsinki).

General study design
To evaluate the acute influence of tRNS on the excitability of motor cor-
tex we performed a series of four experiments in which we combined
high frequency (100–500Hz) tRNS with single-pulse TMS over left M1.
tRNS was applied for only 3 s per trial, with jittering of the TMS pulse
between 1.3 and 1.7 s after tRNS onset (for an overview of the different
experiments, see Fig. 2). Short tRNS duration was used based on the pre-
viously demonstrated acute behavioral effects of 2- to 5-s tRNS (van der
Groen and Wenderoth, 2016; van der Groen et al., 2019) and reports
showing that 4-s tDCS results in an excitability change during stimula-
tion without producing after-effects (Nitsche et al., 2003). In all experi-
ments, the TMS intertrial interval was set to 8 s with 20% temporal
variability. During the measurement participants sat comfortably at rest
and directed their gaze toward a fixation cross. MEPs of the right first
dorsal interosseous (FDI) muscle were used as a primary physiological
read-out. Our main outcome parameter in all experiments was the prob-
ability of eliciting MEPs with an amplitude �0.05mV [i.e., response
probability; p(MEP0.05mV)]. All experiments consisted of conditions
where tRNS was applied to M1 in random order (see below) and no noise
control conditions, with the experimenter holding the TMS coil blinded

Figure 1. Conceptual representation of how tRNS may enhance the neural signal and influence RMT. A, TMS pulse delivered with subthreshold intensity activates small population of neu-
rons (orange circles) eliciting MEPs with a low probability. B, When random noise is added to the M1 with tRNS (orange wave), neurons that did not respond before to TMS (blue circles) can
cross the activation threshold (blue circles with orange outline). The enlarged portion of firing neurons results in higher probability of eliciting MEPs, which is reflected in a lower RMT.
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regarding condition type. Since we used a very brief stimulation time (3 s
only), fade in/out periods were not possible. Accordingly, some participants
were able to distinguish the stimulation conditions (see Results, Additional
control analyses, Tactile sensation). We accounted for this possible bias via
various control analyses and by including one experiment where we intro-
duced an active stimulation control condition (see experiment 4).

tRNS
Random noise (100–500Hz) was delivered through a battery-driven
electrical stimulator (DC-Stimulator PLUS, NeuroConn GmbH).
Electroconductive gel was applied to the contact side of the rubber elec-
trodes (5� 7 cm) to reduce skin impedance. Depending on the experi-
ment, the stimulation intensity varied between 0.5- and 2-mA amplitude
(peak-to-baseline), resulting in maximum current densities ranging
from 14.29 to 57.14 mA

cm2, which is below the safety limits for transcranial
electrical stimulation (Fertonani et al., 2015). The probability function of
the stimulation followed a Gaussian distribution with no offset. tRNS
power, corresponding to the variance of the electrical noise intensities
distribution, was 0.73 mA2 in the 2-mA condition. The impedance
between the electrodes was monitored and kept below 15 kV (on average
8.66 3.9 kV across experiments). tRNS waveforms were created in
MATLAB (The MathWorks), uploaded to Signal (Cambridge Electronic
Design, version 2.13) and sent via a CED amplifier (CED Power 1401,
Cambridge Electronic Design) to the DC-Stimulator, which was operated in
REMOTE mode. For all experiments, we used electric field modeling to
ensure optimal electrode placement (Fig. 2). All simulations were run in
SimNIBS 2.1 (Thielscher et al., 2015) using the average MNI brain template.
The software enables finite-element modeling of electric field distribution of
direct current stimulation without taking into account the temporal charac-
teristics. Note, however, that the induced electric field was shown to be inde-
pendent of the stimulation frequency (Vöröslakos et al., 2018). Since we
were mainly interested in the peak of the induced electric field, we run the
simulation for the maximum 2-mA peak-to-baseline intensity of the
stimulation.

tRNS and no noise control conditions were randomized throughout
all of the experiments to prevent cumulative effects of tRNS and to mini-
mize the effect of general changes in corticomotor excitability.

TMS
Single-pulse monophasic TMS was delivered using a 70-mm figure-of-
eight coil connected to the Magstim 200 stimulator. For all subjects the
coil was positioned over the hotspot of the FDI muscle. Depending on

the tRNS electrode montage the coil was placed either on top of the elec-
trode (experiments 1 and 2) or on the scalp in between the electrodes
(experiments 3 and 4; see Fig. 2). The hotspot was defined as the stimula-
tion site where TMS delivery resulted in the most consistent and largest
MEPs in the resting muscle. The coil was held tangential to the surface
of the scalp with the handle pointing backward and laterally at 45° away
from the nasion-inion mid-sagittal line, resulting in a posterior-anterior
direction of current flow in the brain. Such a coil orientation is thought
to be optimal for inducing the electric field perpendicular to the central
sulcus resulting in the stimulation of M1 neurons (Mills et al., 1992;
Rathelot and Strick, 2009). The optimal coil location was marked with a
semi-permanent marker on the head and registered using the neuronaviga-
tion software (Brainsight Frameless, Rogue Research Inc.). The position of
the participant’s head and TMS coil was constantly monitored in real-time
with the Polaris Vicra Optical Tracking System (Northern Digital Inc.).
This ensured that the center of the coil was kept within 2 mm of the deter-
mined hotspot, and that the coil orientation was consistent throughout the
experiment. For each participant we determined the RMT, defined as the
lowest intensity to elicit MEPs with peak-to-peak amplitude �0.05mV in
the relaxed muscle, in five out of 10 consecutive trials (Rossini et al., 1994).
Pooling data across all experiments, the mean RMT at baseline corre-
sponded to 446 9% of the maximum stimulator output (MSO).

Electromyography (EMG)
The muscle response was recorded by a surface EMG electrode (Bagnoli
DE-2.1 EMG Sensors, Delsys) placed over the right FDI muscle. Raw sig-
nals were amplified (sampling rate, 5 kHz), digitized with a CED micro
1401 AD converter and Signal software V2.13 (both Cambridge
Electronic Design), and stored on a personal computer for off-line analy-
sis. Timing of the TMS delivery, remote control of the tRNS stimulator
and EMG data recording were synchronized via the CED. Muscular
relaxation was constantly monitored through visual feedback of EMG
activity and participants were instructed to relax their muscles if
necessary.

Data processing and analysis
The EMG data were bandpass filtered (30–800Hz, notch filter = 50Hz).
Filtering was applied separately for the pre-TMS background EMG
(bgEMG) and post-TMS period containing peak-to-peak MEP ampli-
tude to avoid “smearing” the MEP into bgEMG data. MEP amplitude
was defined as the peak-to-peak amplitude between 15 and 60ms after
the TMS pulse. Next, we excluded trials in which the unwanted background

Figure 2. Stimulation protocol, electrode placement (gray rectangles) and electric field modeling for experiments 1–4. tRNS (orange wave) was delivered online for 3 s over the M1 with
TMS applied in the middle of the noise stimulation window. A, In experiment 1, we delivered tRNS at 1 mA (vs no tRNS) and probed MEPs with TMS at RMT intensity (jittered 1.3, 1.5, or 1.7 s
after tRNS onset), to explore the noise influence on the probability of MEP. In experiment 2, tRNS was delivered at variable intensity (0.5- to 2-mA tRNS vs no tRNS) with subthreshold TMS (jit-
tered, after 1.5 or 1.7 s) to test the noise dose–response effects. In both experiments, tRNS electrodes were placed over the left and right M1. Electric field modeling shows a 2-mA noise inten-
sity condition. B, In experiment 3, RMTFit was measured during the application of tRNS over M1 at 2 mA (vs no tRNS) with a TMS threshold estimation approach (i.e., TMS applied in the range
RMT62%, jittered, 1.3 or 1.7 s after tRNS onset). tRNS electrodes were placed 7 cm anterior and posterior to the FDI muscle hotspot (M1). C, In experiment 4, RMTFit was measured during the
application of tRNS at 2 mA over M1 (vs control stimulation site) with a TMS threshold estimation approach (i.e., TMS applied in the range RMT6 2%, jittered, 1.3 or 1.7 s after tRNS onset).
tRNS electrodes were placed anterior and posterior to the FDI muscle hotspot (M1, main stimulation condition, left) and over the right occipital lobe (the control stimulation site, right).
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muscle activation could influence the measured MEP amplitude. Trials with
root mean square bgEMG above 0.01mV were removed from further anal-
yses to control for unwanted bgEMG activity (Hess et al., 1986; Devanne et
al., 1997). For the remaining trials, the mean and SD of the bgEMGwas cal-
culated for each participant. Trials with bgEMG . mean1 2.5 SDs were
also excluded. Based on these criteria 96.7% of all data were included for
further analysis (96.7% in experiment 1, 97.7% in experiment 2, 96.2% in
experiment 3, and 97.6% in experiment 4).

In all experiments our main outcome parameter was the probability
of eliciting MEPs with an amplitude �0.05mV [for each condition
]MEP � 0:05mV
]all collected trials

; p(MEP0.05 mV)]. We decided to investigate RMT

modulation since it allows us to assess the individual membrane excit-
ability of the corticospinal tract neurons (Kobayashi and Pascual-Leone,
2003; Hallett, 2007; Rossi et al., 2009). RMT serves as one of the most ro-
bust TMS measurements (Kobayashi and Pascual-Leone, 2003; Nitsche
et al., 2005; Hallett, 2007; Livingston and Ingersoll, 2008; Rossi et al.,
2009; Ngomo et al., 2012; Hinder et al., 2014; Schambra et al., 2015;
Davila-Pérez et al., 2018; Dissanayaka et al., 2018; Jannati et al., 2019).
For all experiments, we ran additional control analyses by re-calculating
MEP probabilities for other amplitude criteria, i.e., MEP amplitudes
larger than or equal to 0.03, 0.04, 0.06, and 0.07mV to ensure that the
observed effects are not purely driven by the definition of the RMT.
Additionally, we performed a supplementary analysis to investigate the
potential influence of the noise stimulation onMEP amplitude.

Statistical analysis
Statistical analyses were performed with repeated measures ANOVAs
(rmANOVAs) in IBM SPSS Statistics version 23.0 (IBM Corp.) unless
otherwise stated. All data were tested for normal distribution using
Shapiro–Wilk test of normality. Sphericity was tested using Mauchly’s
sphericity test. If sphericity was violated, Greenhouse–Geisser correction
was applied. The threshold for statistical significance was set at a = 0.05.
All post hoc tests were corrected for multiple comparisons using
Bonferroni correction. Effect sizes are reported for each experiment in
the form of partial h2 (h 2

p; small h 2
p = 0.01, medium h 2

p = 0.06, large
h 2

p = 0.14; Lakens, 2013) or Cohen’s d (dz; small dz = 0.2, medium dz =
0.5, large dz = 0.8; Lakens, 2013). Variance is reported as SD in the main
text and as SE in the figures. Potentially confounding variables (i.e.,
assessed tactile sensation and bgEMG) were added as covariates when-
ever applicable (see Results, Additional control analyses).

Additional information for specific experiments
Experiment 1, testing effects of 1-mA tRNS
In the first experiment, we tested whether tRNS induces an increase in
MEP probability when TMS was applied to M1 at RMT intensity.
Sixteen right-handed participants (self-report) took part in the experi-
ment (nine females, seven males, mean age = 24.76 5, range: 19–35).
tRNS electrodes were placed over (1) the hotspot of the right FDI as
determined by single-pulse TMS and (2) the contralateral, right M1 (Fig.
2A). This bilateral montage was chosen based on modeling results which
indicated similar current densities but less current spread for the M1-
M1 montage (used here) compared with the M1-supraorbital cortex
montage as used in previous studies (Terney et al., 2008; Chaieb et al.,
2011). tRNS intensity was set to 1-mA peak-to-baseline amplitude and
applied in each trial for 3 s. TMS pulses were delivered over left M1 at
RMT intensity (mean RMT 496 13% MSO, range: 36–84%), starting
1.3, 1.5, or 1.7 s after tRNS onset. Testing was split into 4 blocks (60 trials
in each block, 240 trials total). We measured MEPs in the FDI muscle ei-
ther during the 1-mA tRNS condition (180 trials total) or the no tRNS
condition (control, 60 trials total). We compared MEP probability
between the 1-mA tRNS versus no tRNS conditions using a paired t test.
Although we adjusted the TMS intensity to the individuals’ RMT before
the main experiment, closer inspection of the data revealed that RMTs
could drift during the experiment (Karabanov et al., 2015) so that some
participants were stimulated at sub-threshold TMS intensities (i.e.,
MEP0.05 mV probability, 0.5 in the no tRNS condition) while others
were stimulated at supra-threshold intensities (MEP0.05mV probability. 0.5
in the no tRNS condition). Therefore, we evaluated whether tRNS-induced

changes in MEP probability were associated with MEP probability in the no
tRNS condition using Pearson correlation. The tRNS-induced modulation
was calculated as a ratio between p(MEP0.05mV) in the 1-mA tRNS condi-
tion and p(MEP0.05mV) in the no tRNS condition. Thus, we correlated x

with
y
x
, where:

x=p(MEP0.05mV) in the no tRNS condition,

y
x
¼ pðMEP0:05mVÞ1mA tRNS

p MEP0:05mVð Þ no tRNS :

Given that correlating a fractional increase from x with x itself can be
problematic as it might lead to spurious correlations (Pearson, 1897; Tu,
2016), we applied a statistical correction method suggested by Tu (2016;
Eqs. 4–6). This method compares the above correlation rx,y/x to the
expected “null correlation” (rnull) which is revealed by

rnull ¼ � rx;y � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð1� rx;yÞ

p :

The observed correlation rx,y/x is then compared with rnull using a
z-test of the following form:

z ¼ zrðrx;y=xÞ � zrðrnullÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=ðn� 3Þp

after applying the Fisher9s z transform : zr rð Þ ¼ 1
2
ln

11r
1� r

� �
:

This allowed us to assess whether there is a statistically significant
association between p(MEP0.05 mV) in the no tRNS condition and tRNS-
induced modulation.

Experiment 2, testing dose–response effects
The second experiment aimed to determine whether there is an optimal
tRNS intensity to modulate MEP probability in M1. Twenty-three right-
handed [Edinburgh Handedness Inventory mean laterality quotient
(LQ)= 78.36 13.8; Oldfield, 1971] participants were recruited. We had
to exclude one participant because of technical problems with data ac-
quisition. Twenty-two participants (13 females, nine males, mean
age = 25.46 5.4, range: 20–46) were included in the subsequent analysis.
At the beginning of the session, we measured the RMT of each partici-
pant (mean RMT=43.46 7.5% MSO, range: 31–54%). Based on the
results of experiment 1 and behavioral effects of tRNS (van der Groen
and Wenderoth, 2016; van der Groen et al., 2018), we decided to probe
MEP with subthreshold TMS, as the response toward stimuli presented
below the threshold are postulated to be particularly susceptible for SR
effects (Gingl et al., 1995; Moss et al., 2004). TMS over left M1 was
always applied with an intensity slightly below RMT, which was opera-
tionally defined as the intensity evoking MEPs with an amplitude of at
least 0.05mV in three out of 10 trials [p(MEP0.05 mV) = 0.3; mean sub-
threshold intensity: 426 7.3% MSO, range: 30–53%]. The TMS pulse
was randomly applied either 1.5 or 1.7 s after tRNS onset to avoid antici-
pation of the pulse (Fig. 2A). The tRNS electrodes were placed as in
experiment 1 (Fig. 2A). We varied tRNS intensity (0.5, 1, 1.5, or 2mA vs
no tRNS control condition) to examine whether there is a dose effect on
the tRNS induced enhancement of MEP probability. We recorded 10 tri-
als per tRNS condition in randomized order in 3 blocks. Throughout the
experiment we monitored MEP probability in the no tRNS control con-
dition and, if required, we adjusted the TMS intensity between blocks to
ensure subthreshold level stimulation [p(MEP0.05 mV) = 0.3; Fig. 9]. This
procedure was chosen because it has been shown that state-dependent
changes of RMT can occur in absence of overt activity or task involve-
ment and need to be considered to keep TMS intensity comparable
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throughout the experiment (Karabanov et al., 2015). Therefore, we
determined MEP probability for the no tRNS condition after each com-
pleted block. Since we targeted MEP probability of 0.3, TMS intensity
was reduced by 1% MSO when MEP probability was�0.5 or increased
when MEP probability was�0.1. Note that adjusting TMS intensities
only between blocks ensured subthreshold TMS throughout the course
of the experiment without confounding the comparison between the dif-
ferent tRNS conditions that were sampled equally within each block. 30
MEPs were collected per condition resulting in a total number of 150
TMS pulses. For 19 participants, we collapsed MEPs across the three
blocks to estimate the MEP probability for each of the noise conditions.
For three participants, post hoc analysis revealed that they met the crite-
ria for subthreshold TMS during the no tRNS control condition only in
two blocks, i.e., MEP probabilities were estimated from 20 MEPs per
condition. MEP probabilities were subjected to a rmANOVA with the
within-subject factor tRNS intensity (no tRNS, 0.5-, 1-, 1.5-, and 2-mA
tRNS).

Before starting the main experiment, all experimental tRNS inten-
sities (0.5–2 mA) were presented to the participant (for 20 s in a
randomized order) and subjectively assessed on a scale from 0 (no sensa-
tion) to 10 (strong pain) to make sure that the stimulation did not cause
any unpleasant sensations.

Experiment 3, threshold estimation
The third experiment was a conceptual replication of experiment 2, but
this time we used a modified electrode montage and tested whether
tRNS applied online can influence RMT. The required sample size was
estimated based on experiment 2 (h 2

p = 0.18) using a power analysis
(GpPower version 3.1; Faul et al., 2007). It revealed that twenty partici-
pants should be included to detect an effect of tRNS on MEP probability
with a 2� 5 rmANOVA, a=0.05, and 85% power. Twenty-three right-
handed (mean LQ=88.76 16.5; Oldfield, 1971) individuals were
recruited in experiment 3 to account for potential dropouts, with three
removed from further analyses (see below).

RMT was defined at the beginning of the session (mean RMT=
41.16 7.4% MSO, range: 28–55%). We then applied TMS intensities
centered around the individual RMT level during the main experiment
(namely: RMT–2%, RMT–1%, RMT, RMT11%, RMT12%). Based on
the results of experiment 2, we tested only tRNS intensity of 2mA versus
no tRNS. This time we used a modified electrode montage as described
by Rawji et al. (2018), whereby electrodes were positioned 7 cm anterior
and posterior to the FDI muscle hotspot along the coil axis (45° away
from the nasion-inion mid-sagittal line). As described by the authors, in
this arrangement current oscillates perpendicular to the central sulcus,
which has been hypothesized to be more efficient in modulating cortico-
spinal excitability (Rawji et al., 2018). The electric field modeling showed
that this arrangement provides more focal electrical stimulation and
induces a slightly higher electric field over M1 (Fig. 2B). Additionally,
this montage enables positioning the TMS coil directly on the scalp and
avoids delivering TMS pulses through the electrode (see Fig. 2).
Different electrode montages can change the directionality of the electric
field which has been shown to strongly influence the effect of tDCS
(Nitsche et al., 2008). However, noise benefits induced by tRNS should
be polarity independent (Pirulli et al., 2016). Here, we test whether the
increased M1 responsiveness caused by applying tRNS generalize across
electrode montages targeting M1. We tested 10 different experimental
conditions (no tRNS vs 2-mA tRNS� five TMS intensities) in total. The
experiment consisted of six blocks, with four trials per condition pre-
sented within each block in a randomized order (24 MEPs in each of the
10 conditions, 240 TMS pulses total). TMS was randomly applied 1.3 or
1.7 s after tRNS onset within each trial (Fig. 2B). We monitored the
MEP probability in the control condition (no tRNS with TMS intensity
targeted at RMT) and TMS intensity was adjusted between blocks by 1%
MSO: it was (1) decreased if the probability of MEPs in the no tRNS con-
dition was�0.75; or (2) increased if the probability of MEPs was�0.25,
to stay as close as possible to the target RMT level [p(MEP0.05 mV) = 0.5;
Fig. 9].

Post hoc inspection of the data revealed that two participants showed
response probabilities consistently above RMT. Thus, they did not fulfil

our criteria of probing MEP with TMS intensities centered around the
RMT and were excluded from subsequent analyses. Additionally, one
outlier was excluded during data analysis because of a tRNS-induced
decrease in RMT.2 SD of the group mean. Data from the final sample
of twenty participants (10 females, 10 males, mean age = 27.56 6, range:
18–42) was entered into a 2� 5 rmANOVA with the within-subject fac-
tors tRNS (no tRNS vs 2-mA tRNS) and TMS intensity (RMT–2%,
RMT–1%, RMT, RMT11%, RMT12%). Additionally, we performed a
threshold estimation analysis to determine whether tRNS influenced
RMT. To do so, for each participant we calculated the response probabil-
ity for each of the five TMS intensities when either 2-mA tRNS or no
tRNS was applied. Next, we fitted separate linear models [y = ax 1 b,
with y denoting p(MEP0.05 mV) and x the stimulation intensity] to each of
the datasets and determined RMTFit = (0.5-b)/a, i.e., the intensity which
would be used to evoke a sufficiently large MEP with a probability of 0.5
(see Fig. 3). Note that this method provides a more accurate estimation of
RMT than manually adjusting TMS intensity until p(MEP0.05mV)=0.5 is
reached, partly because the model is informed by more data.

Before the start of the main experiment, participants were familiar-
ized with tRNS and we assessed the detectability of potential sensations.
The detection task consisted of 20 trials. Participants received either
tRNS (2mA over M1, with and without TMS on half of the trials) or no
tRNS (with and without TMS). Their task on each trial was to indicate
(after an auditory cue) whether they felt something underneath the
tRNS electrodes (ignoring TMS pulses) by pressing the appropriate but-
ton on a keyboard.

Experiment 4, threshold estimation with active control condition
The final experiment aimed to replicate the results obtained in experi-
ment 3, but this time we compared tRNS applied over M1 to tRNS
applied over right primary visual cortex (V1) to control for unspecific
stimulation effects. The sample size estimation was based on the effect
size of h 2

p = 0.235 which was obtained by averaging the effect sizes of the
tRNS main effect in experiments 2 (h 2

p = 0.18) and 3 (h 2
p = 0.29) to get a

robust estimation across experiments. We further assumed that spheric-
ity might be violated (« = 0.55 as in experiment 3) and set a= 0.05 and
power = 85%. This revealed a sample size of twenty-two participants.
Based on this analysis we recruited twenty-nine individuals to account
for potential dropouts (see below). Experiment 4 used the same

Figure 3. Representative data of an individual participant to exemplify the threshold esti-
mation procedure. The probability of eliciting a MEP [p(MEP0.05 mV)] was determined for five
intensities ranging from RMT–2% to RMT12% (RMT corresponds here to 38% MSO). These
values were obtained for the no tRNS control condition (blue symbols) as well as during 2-
mA tRNS over M1 (orange symbols). A linear model (y = ax1 b) was fitted to the data of
each condition (represented by the solid lines), and we determined which stimulation inten-
sity would yield p(MEP0.05 mV) = 0.5 via the following formula RMTFit = (0.5 – b)/a. The fig-
ure symbolizes this procedure by showing that an intensity of RMTFit = 37.63% was
determined for the no tRNS condition (blue arrow), while a slightly smaller RMTFit = 36.62%
was determined for the 2-mA tRNS condition (orange arrow).
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stimulation parameters, electrode montage and general procedures as
experiment 3, but this time the no tRNS control condition was replaced
with 2-mA tRNS over the right occipital lobe. The control site was
selected to evoke similar skin sensations as the main experimental condi-
tion (i.e., applying 2-mA tRNS over M1), but to deliver stimulation that
does not interfere with neural processing related to the measured MEPs
(see the electrical field modeling; Fig. 2C). The first electrode was placed
over the inion and the second electrode was placed to the right (7 cm
between the centers of the electrodes; Fig. 2C). tRNS was delivered with
a separate battery-driven remote-controlled electrical stimulator (DC-
Stimulator PLUS, NeuroConn GmbH), with the same high frequency
(100–500Hz) tRNS waveform of 2mA intensity (peak-to-baseline am-
plitude with a 0mA offset) created in MATLAB (The MathWorks).

We applied tRNS either over the left M1 or the control stimulation site
and probed the muscle response with single-pulse TMS using five inten-
sities around threshold level (RMT–2%, RMT–1%, RMT, RMT11%,
RMT12%). As in experiment 3, the TMS intensity was adjusted between
blocks if necessary, based on the data obtained during the control stimula-
tion over right V1 (Fig. 9).

From the original sample of twenty-nine right-handed (mean
LQ=856 20.3; Oldfield, 1971) participants, six were excluded for vari-
ous reasons. One could not complete the session because of technical
problems. Three participants revealed response probabilities consistently
above RMT and one substantially below RMT during the experiment.
Additionally, one outlier was removed post hoc because tRNS caused the
RMT to decrease by.2 SD of the group mean. This resulted in the final
sample of twenty-three participants (14 females, nine males, mean
age = 24.36 3.9, range: 19–34; mean RMT=44.16 7.2% MSO, range:
33–59%).

Similar to the previous experiment, we used the threshold estimation
analysis (RMTFit) and a 2� 5 rmANOVA with the within-subject factors
tRNS (tRNS over M1 vs V1) and TMS intensity (RMT–2%, RMT–1%,
RMT, RMT11%, RMT12%) for the statistical analysis of MEP proba-
bility. As in experiment 3, we assessed the detectability of skin sensation
because of electrical stimulation via a detection task, which was per-
formed before and after the main experiment. Detection task was similar
to experiment 3, but included three stimulation conditions: no tRNS, 2-
mA tRNS over M1 or 2-mA tRNS over right V1.

Results
Experiment 1, tRNS induced increase in MEP probability for
subthreshold TMS
In the first experiment, we investigated whether tRNS modulates
the probability of eliciting MEPs. We measured MEPs during 1-
mA tRNS versus no tRNS and calculated the probability of evok-
ing MEPs with an amplitude� 0.05mV [p(MEP0.05 mV) 1-mA
tRNS and p(MEP0.05 mV) no tRNS, respectively]. We did not
observe a significant difference between the overall MEP proba-
bility in the noise versus control condition [t(15) = 0.31, p= 0.77,
mean difference (MD)=0.0076 0.09].

Although we aimed for stimulating each participant with a
TMS intensity corresponding to RMT as determined before the
main experiment, post hoc analysis of the no tRNS condition
revealed that some participants were stimulated with subthres-
hold TMS intensities [i.e., p(MEP0.05 mV) no tRNS, 0.5], while
others were stimulated with suprathreshold TMS intensities [i.e.,
p(MEP0.05 mV) no tRNS. 0.5]. Therefore, we calculated a
Pearson correlation to test whether a potential increase in
p(MEP0.05 mV) in the 1-mA tRNS condition (i.e., indicating a
noise benefit) depended on the MEP probability in the no tRNS
condition (Fig. 4). We found a clear negative correlation rx,y/x =
�0.68, which was highly significant when compared with the
null model rnull = 0.158 (z = �3.56, p, 0.001; see Materials and
Methods for details). This finding suggests that tRNS modulates
M1’s response probability most strongly when TMS stimuli are
delivered with an intensity slightly below the individual RMT

[i.e., p(MEP0.05 mV) no tRNS, 0.5], a result that is consistent
with van der Groen and Wenderoth (2016), who showed that
tRNS enhances detection performance for subthreshold stimuli.

Experiment 2, increase in MEP probability for higher tRNS
intensity over M1
Next, we aimed to examine whether there is an optimal tRNS inten-
sity to enhance the probability of evoking MEPs. Therefore, we
applied tRNS over both M1s at intensities ranging from 0.5, 1, 1.5
to 2mA versus no tRNS control condition (Fig. 2A). Based on our
previous finding, we ensured that M1 was probed with TMS at sub-
RMT intensities. Accordingly, p(MEP0.05mV)=0.266 0.06 for the
no tRNS condition but gradually increased for higher tRNS inten-
sities as indicated by a significant main effect of tRNS intensity
(F(4,84) = 4.57, p=0.002, h 2

p = 0.18; Fig. 5). Post hoc comparisons
revealed that the 2-mA stimulation was most effective in boosting
MEP probability, which differed significantly from the no tRNS

Figure 4. tRNS induced an increase in MEP probability relative to the probability of elicit-
ing MEPs in the no tRNS control condition. The y-axis represents MEP probability in the noise
condition normalized to the individual MEP probability in the no tRNS condition, i.e.,
[p(MEP0.05 mV) 1 mA tRNS]/[p(MEP0.05 mV) no tRNS]. Participants that were stimulated with
subthreshold TMS intensities [i.e., p(MEP0.05 mV) no tRNS, 0.5, dark gray symbols on the
left] benefited more from 1-mA tRNS than participants that were stimulated at suprathres-
hold TMS intensities [i.e., p(MEP0.05 mV) no tRNS. 0.5, light gray symbols on the right].
Gray dots indicate single subject data. Statistics for rx,y/x are reported relative to the null cor-
relation (rnull), see Materials and Methods for details.

Figure 5. Probability of eliciting MEPs [p(MEP0.05 mV)] at different tRNS intensities, reveal-
ing a significant increase in the probability of evoking a MEP during 2-mA tRNS. Error bars
indicate SE; pp, 0.05.
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control condition (p=0.04, MD=0.0826 0.1) and 0.5-mA stimula-
tion (p=0.03, MD=0.0796 0.1). This indicates that the probability
of inducingMEPs scales with increasing tRNS intensities.

Experiment 3, tRNS over M1 induced decrease in RMT
Next, we performed a conceptual replication of the previous
experiment and applied 2-mA tRNS versus no tRNS (control
condition) but changed the electrode placement (Fig. 2B) to
probe whether acute noise benefits on responsiveness generalize
across different electrode montages targeting M1. Although spe-
cific electrode positions can possibly affect the directionality of
the electrical field to target neurons and result in divergent effects
regarding polarity and potentially also the effective amount of
the induced current, we again observed tRNS-induced enhance-
ment in cortical responsiveness. We found a general increase in
MEP probability when 2-mA tRNS was applied over M1 (main
effect of tRNS, F(1,19) = 7.58, p=0.01, h 2

p = 0.29; Fig. 6A). The
interaction between tRNS and TMS intensity was not significant
(F(4,76) = 2, p= 0.11). Next, we calculated RMTFit as an additional
outcome parameter. Note that RMT is tightly related to MEP
probability since it is defined as the intensity which evokes suffi-
ciently large MEPs with p(MEP0.05 mV) = 0.5. We estimated
RMTFit for each condition in each individual and found that

RMTFit was significantly lower when 2-mA tRNS versus no tRNS
was applied (t(19) = 2.3, p= 0.03, MD=0.376 0.73, dz = 0.51; Fig.
6B). This effect was generally small (�2.1% MSO), but relatively
consistent across individuals as 14 out of 20 participants exhib-
ited a slight decrease in RMT (Fig. 6C). The results confirm that
tRNS influences cortical responsiveness, which was reflected by a
lower threshold at rest.

Experiment 4, decrease in RMT is specific for M1
stimulation
In experiment 4, we enrolled a new cohort of participants to con-
trol for the potentially unspecific effects of tRNS (e.g., arousal or
tactile stimulation; Fertonani et al., 2015) by comparing 2-mA
tRNS over M1 to 2-mA tRNS over right V1, with the latter serv-
ing as a control area that is unlikely to influence RMT. Our
results confirmed the principal finding from the previous experi-
ment, revealing that the probability of evoking MEPs is higher
when stimulating M1 compared with the control site (main effect
of tRNS, F(1,22) = 13.09, p=0.002, h 2

p = 0.37, but no significant
tRNS � TMS intensity interaction, F(4,88) = 0.42, p=0.8; Fig.
7A). We found that RMTFit was lower when 2-mA tRNS was
delivered over left M1 compared with right V1 (t(22) = 4.5,
p, 0.001, MD=0.676 0.71, dz = 0.94; Fig. 7B). Although the

Figure 6. Results of experiment 3: increase in MEP probability [p(MEP0.05 mV)] and decrease in the fitted RMT (RMTFit) during tRNS over M1 in comparison to the no tRNS control condition.
A, Single-subject data and average change in MEP probability in the no tRNS control and tRNS conditions at different levels of TMS. B, Decrease in RMTFit during tRNS over M1 in comparison
to the no tRNS control condition. RMTFit refers to the TMS intensity needed to obtain a 0.5 MEP probability level in both conditions. Individual RMTFit values were assessed in the threshold esti-
mation analysis based on responses from A. C, Modulation of RMTFit: individual differences between RMTFit in the 2-mA tRNS and no tRNS condition (from B). Error bars indicate SE, gray dots
indicate single subject data, gray bar indicates group mean; pp, 0.05.

Figure 7. Results of experiment 4: increase in MEP probability [p(MEP0.05 mV)] and decrease in the fitted RMT (RMTFit) during noise stimulation over M1 in comparison to the control stimula-
tion condition. A, Single-subject data and average changes in MEP probability during noise stimulation over M1 and the control site at different levels of TMS. B, Decrease in RMTFit during
tRNS application over M1 in comparison to the control stimulation site (V1). RMTFit refers to the estimated TMS intensity needed to obtain a 0.5 MEP probability level in both conditions.
Individual RMTFit values were assessed in the threshold estimation analysis based on responses from A. C, Modulation of RMTFit: individual differences between RMTFit during 2-mA tRNS over
M1 and the control site (from B). Error bars indicate SE, gray dots indicate single subject data, gray bar indicates group mean; pppp, 0.001.
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absolute decrease was small (�2.3% MSO), 20 out of 23 partici-
pants exhibited a slight reduction in RMTFit. Our results demon-
strate that 2-mA tRNS modulates the responsiveness of cortical
motor circuits, as indicated by the decrease in individual motor
threshold, an effect that is specific for the stimulation of M1.

Additional control analyses
MEP amplitude
We analyzed whether tRNS over M1 at 0.5 up to 2mA versus the
control condition (i.e., no tRNS or 2-mA tRNS over right V1)
influenced average MEP amplitude. Over all experiments this
effect did not reach significance (all p� 0.23), except for experi-
ment 3, where we found a significant increase in MEP amplitude
in the 2-mA tRNS versus no tRNS condition (main effect of
tRNS, F(1,19) = 10, p= 0.005, h 2

p = 0.35; Fig. 8).

Tactile sensation
In experiments 2–4, we performed assessments of the possible tac-
tile effects caused by electrical stimulation. We found that most of
our participants could distinguish between no tRNS and tRNS con-
ditions. In experiment 2 we recorded the subjective assessment (on
a 0–10 scale) of the tactile sensation evoked by tRNS (mean for
0.5mA=0.36 0.7; 1mA=0.66 1.4; 1.5mA= 1.26 1.8;
2mA=1.96 1.9). In experiment 3, we measured the detectability
of potential sensations because of 2-mA tRNS via a detection task
(mean accuracy=896 18%). We extended the detectability estima-
tion in experiment 4, by repeating the task before (pre) and after
(post) the experiment (mean accuracy pre=856 17%; mean accu-
racy post=776 18%, resulting in general average accuracy of 806
16%). Additionally, we distinguished hit rates (HRs) for correct
detection of M1 (mean= 0.716 0.4) versus V1 stimulation
(mean=0.746 0.3), showing that sensation detectability did not
significantly differ between stimulated areas (t(22) =�0.27, p=0.79).
In order to test whether our TMS results might have been driven by
the tactile sensation, we reanalysed our main outcome parameters

(MEP probability and RMTFit change) from
experiments 2–4 after adding sensation
(experiment 2) or detection accuracy (experi-
ments 3 and 4) as a covariate (all covariates
were z-scored because of non-normal distribu-
tion). After the covariates were added, all the
effects reported in experiments 2–4 remained
significant (all p� 0.04) making it unlikely that
tactile sensation was the main driver of our
results. Furthermore, strength or accuracy of
stimulation-induced sensations did not corre-
late with the measured effects, i.e., MEP proba-
bility and RMTFit change in experiments 2 and
3 (experiment 2: r=0.22, p=0.34; experiment
3: r=0.04, p=0.88). Only experiment 4
showed a significant correlation (r=0.5,
p=0.02), which, however, could not have
driven our results because better detection of
tRNS diminished its effect on lowering
RMTFit. Similarly, there was also no significant
correlation between the monitored impedance
between the electrodes (which was always,15
kV) and the observed effects related to tRNS
(all r� 0.21, p� 0.4).

bgEMG
Analysis of bgEMG across the experimental
conditions demonstrated that muscle activity
was generally low (on average ,0.0025mV

across experiments). Moreover, additional analyses using bgEMG as
a covariate in experiments 2–4 revealed that all reported TMS effects
remained significant (all p� 0.03).

tRNS induced effects do not depend on MEP criteria
The above results used MEP probability as the main outcome mea-
surement. Importantly, the reported effects were not driven by our
MEP amplitude criterion (i.e., MEP amplitude�0.05mV), as con-
trol analyses with slightly different criteria (i.e., MEP cutoff ampli-
tudes of 0.03–0.07mV) revealed a similar pattern of results in all
our experiments. Namely, regardless of the adopted MEP criterion,
we confirmed tRNS-induced enhancement in MEP probability in
experiment 1 (all r � �0.56, z � �2.86, p� 0.004), we found a
gradual increase in MEP probability for higher tRNS intensities in
experiment 2 (all F� 2.5, p� 0.05) and observed the decrease in
RMTFit during 2-mA tRNS over M1 (vs no tRNS in experiment 3:
all t� 2.3, p� 0.03 and versus 2-mA tRNS over V1 in experiment
4: all t� 2.3, p� 0.03).

TMS intensity adjustments
It is well known that the individual responsiveness to TMS can
drift slightly throughout a TMS experiment because of state-de-
pendent changes, which affect measurements close to RMT
intensities in particular (Karabanov et al., 2015). As recom-
mended by Karabanov et al. (2015), we adjusted TMS intensities
between experimental blocks to ensure subthreshold stimulation
[i.e., p(MEP0.05 mV) no tRNS� 0.3 or� 0.5] throughout experi-
ments 2–4 as shown in Figure 9. Importantly, once TMS inten-
sity was adjusted, we collected an equal amount of data for each
of the tRNS conditions ensuring that the direct comparison of
tRNS versus the control condition was not confounded by the
between-block adjustments.

Next, we analyzed whether the intensity adjustments followed a
systematic trend by pooling these data across experiments and

Figure 8. Average MEP amplitude elicited by single-pulse TMS in the experimental and control conditions. tRNS
modulated MEP amplitude to a minor extent resulting in significant effects only in experiment 3 but not in experiments
1, 2, and 4. Error bars indicate SE.
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comparing the first to the last block. We found no systematic
changes in TMS intensity (t(63) = 1.15, p=0.25, MD=0.226 1.5%;
Fig. 9) making it unlikely that tRNS or other aspects of our experi-
mental procedure caused any longer-lasting effects on M1
responsiveness.

Electric field measurement
Finally, we also tested electric field induced by TMS pulse with
and without tRNS. The induced electric field was measured by
oscilloscope using a search coil placed under the TMS coil. tRNS
was delivered to a conducting phantom medium soaked in saline
solution through two electrodes placed on either side of the coils
(impedance= 2 kV). We measured 20 TMS pulses with and
without electrical noise stimulation (2-mA tRNS) in an alternat-
ing manner. We showed that tRNS did not influence the electric
field induced by the TMS pulse (t(19) = 0.6, p= 0.53,
MD=0.056 0.3mV). This confirmed that all changes in MEP
probability originated from the modulation of M1 responsive-
ness and not stronger magnetic stimulation.

Discussion
This study provides direct evidence that online tRNS over M1
enhances the responsiveness of cortical motor circuits via a shift
in response threshold. Across four separate experiments we
showed that acute tRNS effects manifested as (1) a higher proba-
bility of evoking MEPs when TMS was applied with intensities at
or slightly below RMT (Figs. 4, 5, 6A, 7A); and (2) lower esti-
mated RMTs (RMTFit shown in Figs. 6B,C, 7B,C). Importantly,
the observed effects appeared to be specific for tRNS delivery
over M1 but not over V1 (Fig. 7), making it unlikely that our
results were driven by any unspecific tRNS effects. Our findings
consistently indicate that tRNS enhances the responsiveness of
cortical motor circuits by lowering the response threshold and
provide important proof-of-principle evidence of noise benefits
at the neural population level in humans.

Acute tRNS-induced noise benefits are partly consistent with
SR theory
We consistently observed that adding electrical noise to M1 can
acutely increase its responsiveness to TMS. One potential expla-
nation for the observed results is signal enhancement during
acute noise delivery to a nonlinear system. Such noise benefits
are one hallmark feature of SR theory (McDonnell and Abbott,
2009). A second important feature is that noise benefits are a
function of noise intensity exhibiting an inverted U-shape dose–
response relationship, i.e., too much noise is detrimental. While
our neurophysiological study provided proof-of-principle

evidence of noise benefits at the neural population level in
human cortex, we did not demonstrate the inverted U-shape
function for higher tRNS intensities (Fig. 5) and can draw no in-
ference about how much noise would be optimal for increasing
the responsiveness of M1.

Previous studies (van der Groen and Wenderoth, 2016; van
der Groen et al., 2018; Pavan et al., 2019) demonstrated an
inverted U-shape function of tRNS effects using behavioral outcome
parameters that are typically acquired in accordance with detection
theory. One explanation for the detrimental effect of excessive noise
is that it causes the system to respond even if there is no signal to
detect and reduces the detection rate by causing too many “false
alarms”. However, in our experiments a false alarm would mean that
tRNS alone would occasionally evokeMEPs. Thus, probing the detri-
mental effect of adding too much noise to the resting motor system
via tRNS would require much higher intensities than used here,
which would certainly cause strong discomfort in human participants
(Fertonani et al., 2015).

Accordingly, we cannot claim that we added the optimal level of
noise to M1 based on our data. In fact, the absolute changes in
RMT were relatively small (although statistical effect sizes were me-
dium to large). This can be partly attributed to the fact that we
aimed to modulate RMT, which is one of the most robust and reli-
able TMS measurements (Ngomo et al., 2012; Dissanayaka et al.,
2018). Indeed, RMT has rarely been modulated by other forms of
electrical stimulation (Nitsche et al., 2005), including long-lasting
effects of tRNS (Terney et al., 2008). However, another explanation
for the relatively small absolute effects is that tRNS induced a subop-
timal amount of noise.

Alternative accounts of the observed acute tRNS-induced
noise benefits
Until now, a change in corticomotor excitability measurements has
been demonstrated after prolonged tRNS delivery and has been
hypothesized to reflect long-lasting neuroplastic changes (Terney et
al., 2008; Chaieb et al., 2011, 2015; Abe et al., 2019; Moret et al.,
2019). However, neuroplastic changes are unlikely to have driven
the acute tRNS effects in our study since tRNS conditions were
always interleaved with no noise or other control conditions,
thereby minimizing the influence of long-term excitability changes.
Moreover, there was no systematic change in adjusted TMS inten-
sity for the no tRNS condition over time, making it unlikely that
our results were affected by long-term neuroplasticity (Fig. 9).

Another possible mechanism is that repeated subthreshold
stimulations with tRNS induced consecutive openings of sodium
channels which might lead to temporal summation of small
membrane potentials, cause depolarization of the neural mem-
brane because of an increased influx of inward sodium currents
and/or prevent the homeostasis of the system (Terney et al.,
2008; Fertonani et al., 2011). This may affect excitability of M1 in
a similar manner as reported here.

Finally, the effects of tRNS may also be attributed to the
increased synchronization of neural firing through amplification
of subthreshold oscillatory activity, reducing the amount of en-
dogenous noise (Miniussi et al., 2013).

Possible neurophysiological substrate mediating tRNS-
induced noise benefits
We showed that a short tRNS bout of,3 s acutely influences the
neurophysiology of human motor cortex. Using threshold esti-
mation analysis as our primary outcome measurement (Vucic et
al., 2018), we showed that tRNS specifically affected the response
threshold of cortical motor circuits. By contrast, tRNS had no
systematic effect on MEP amplitude. It has been argued that

Figure 9. Changes in the adjusted TMS intensity between measurement blocks in experi-
ments 2–4. Gray dots represent TMS intensity change for each individual between the differ-
ent blocks of experiments 2–4.
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motor threshold and MEP amplitude reflect independent neural
processes (Paulus et al., 2008; Vucic and Kiernan, 2017; Vucic et
al., 2018).

From a neurophysiological point of view, the motor
threshold reflects the efficacy of a chain of synapses from
cortical interneurons in Layers II/III to the muscles (Kobayashi and
Pascual-Leone, 2003). Pharmacological studies have implicated
voltage-gated sodium channels as a major determinant of
motor threshold since blocking sodium channels increases
RMT (Tergau et al., 2003; Sommer et al., 2012; Ziemann et
al., 2015).

Although the neurophysiological mechanism of tRNS is not
completely understood, previous studies (Onorato et al., 2016)
suggested that such enhancing a neurons response via electrical
noise occurred by the concurrent activation of voltage-gated so-
dium channels. A recent study measured sodium currents in
somatosensory and auditory pyramidal neurons in vitro while
stimulating the cells with different levels of electrical random
noise (Remedios et al., 2019). The authors showed that some
neurons exhibited higher peak amplitudes of sodium currents,
elicited by a voltage-clamp-ramp protocol, which correlated with
shorter latencies of the neuronal response during brief electrical
noise delivery. In other words, in those neurons, less voltage was
needed to evoke the sodium current peak when the optimal
level of electrical noise was delivered. Additionally, tRNS
might affect neuronal populations by increasing the proba-
bility of synchronized firing within neuronal populations
(Miniussi et al., 2013). In this regard, it has been estimated
that alternating currents at 100 Hz polarize a single neuron
by a relatively small amount (Deans et al., 2007). However, net-
works of many synaptically connected active neurons reveal higher
sensitivity to field modulation than single cells, thus, amplifying the
stimulation effect (Fröhlich and McCormick, 2010; Reato et al.,
2010). Accordingly, even subthreshold stimulation that induces
very weak electric fields in cortex can modulate membrane poten-
tials (Gluckman et al., 1996; Francis et al., 2003; Bikson et al., 2006).
Based on these findings we propose that tRNS might have reduced
RMTFit by slightly increasing the responsiveness of voltage-gated so-
dium channels (Ziemann et al., 2015) in large populations of corti-
cal cells.

Interestingly, unlike short 4-s bouts of tDCS (Nitsche et al.,
2003; but see example for large variability of tDCS effects on
MEP amplitude, Jonker et al., 2021), acute tRNS induced no
changes in MEP amplitudes. In line with this finding and the
supposed role of sodium channels, previous pharmacological
studies have shown that blocking voltage-gated sodium channels
had no or only inconsistent effects on MEP amplitudes (Paulus
et al., 2008; Vucic et al., 2018).

Increased cortical responsiveness via tRNS is unlikely to
result from tactile stimulation
In our study, many participants felt a slight but noticeable skin
sensation (Fertonani et al., 2015). This constitutes a potential
confound because participants were not blinded to tRNS condi-
tions and because some effects might be driven by transcutane-
ous stimulation of peripheral nerves rather than by transcranial
stimulation of cortical neurons (Asamoah et al., 2019). We rean-
alysed all our experiments accounting for tactile sensation and
showed that they did not contribute to the observed effects. Most
importantly, in the final experiment we used an active control
condition. Behavioral results revealed that the intensity of
the skin sensation was similar but only M1 stimulation low-
ered the response threshold of cortical motor circuits (Fig.

7). Moreover, a study in non-human primates found signifi-
cant neuromodulation effects despite blocking or substan-
tially suppressing somatosensory input (Vieira et al., 2020).
Thus, we argue that the effects observed in our study are
most likely caused by adding electrical noise to M1 rather
than by unspecific effects of tRNS.

In conclusion, our results demonstrate that tRNS changes the
responsiveness of M1 circuits. We observed acute modulation of
RMTFit, which seems to reflect immediate signal enhancement
rather than neuroplastic changes. Such increase in responsive-
ness of a nonlinear system in the presence of noise seems to be
consistent with one of the two hallmarks of SR theory showing
noise benefits at the neural population level in humans
(McDonnell and Abbott, 2009). Our study provides evidence
that online tRNS influences the neurophysiology of the human
motor cortex and sheds new light on understanding the impact
of acute electrical noise stimulation on neural processing at the
network level.
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