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ABSTRACT
Background: Transcranial direct current stimulation (tDCS) is used to modulate neuronal activity, but the exact mechanism of
action (MOA) is unclear. This study investigates tDCS-induced modulation of the corticospinal excitability and the underlying
MOA. By anesthetizing the scalp before applying tDCS and by stimulating the cheeks, we investigated whether stimulation of
peripheral and/or cranial nerves contributes to the effects of tDCS on corticospinal excitability.

Materials and Methods: In a randomized cross-over study, four experimental conditions with anodal direct current stimulation
were compared in 19 healthy volunteers: 1) tDCS over the motor cortex (tDCS-MI), 2) tDCS over the motor cortex with a locally
applied topical anesthetic (TA) on the scalp (tDCS-MI + TA), 3) DCS over the cheek region (DCS-C), and 4) sham tDCS over the
motor cortex(sham). tDCS was applied for 20 minutes at 1 mA. Motor evoked potentials (MEPs) were measured before tDCS and
immediately, 15, 30, 45, and 60 minutes after tDCS. A questionnaire was used to assess the tolerability of tDCS.

Results: A significant MEP amplitude increase compared with baseline was found 30 minutes after tDCS-MI, an effect still
observed 60 minutes later; no time*condition interaction effect was detected. In the other three conditions (tDCS-MI + TA, DCS-C,
sham), no significant MEP modulation was found. The questionnaire indicated that side effects are significantly lower when the
local anesthetic was applied before stimulation than in the other three conditions.

Conclusions: The significant MEP amplitude increase observed from 30 minutes on after tDCS-MI supports the modulatory effect
of tDCS on corticospinal neurotransmission. This effect lasted one hour after stimulation. The absence of a significant modulation
when a local anesthetic was applied suggests that effects of tDCS are not solely established through direct cortical stimulation
but that stimulation of peripheral and/or cranial nerves also might contribute to tDCS-induced modulation.

Keywords: Mechanism of action, motor evoked potentials, neuromodulation, transcranial direct current stimulation, transcranial

magnetic stimulation
INTRODUCTION

Transcranial direct current stimulation (tDCS) is a form of trans-
cranial electrical stimulation (tES) in which a unidirectional constant
electrical current is noninvasively delivered through a minimum of
two electrodes placed on the scalp with the aim of modulating
brain activity.1 Anodal tDCS has been reported to improve cogni-
tive abilities and other symptoms of various neuropsychiatric
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disorders such as drug addiction, schizophrenia, and major
depressive disorder.2–5 However, the reported outcomes of tDCS
studies are highly variable, and full clinical applicability is
hampered by the lack of knowledge on the mechanism of action
(MOA).

tDCS-induced modulation of corticospinal excitability has been
investigated through the recording of motor evoked potentials
(MEPs) elicited by transcranial magnetic stimulation (TMS) before
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and after tDCS. In the “transcranial mechanism” hypothesis, the
weak electrical field delivered through tDCS is believed to lead to a
shift in the neuronal resting membrane potential, leading to
alterations in the action potential dynamics.6,7 The direction of this
shift depends, among others, on the electrode montage. Although
somewhat oversimplified, the conventional perspective poses that
anodal tDCS induces depolarization of the membrane potential,
leading to an increased corticospinal excitability and higher MEP
amplitude. Conversely, cathodal stimulation is believed to produce
contrasting effects.8,9 Opposite effects have been shown, and
anodal tDCS also can lead to hyperpolarization depending on the
applied stimulation intensity and duration.10

It remains heavily debated whether the electrical current inten-
sity that can be safely applied to the human scalp and that is well
tolerated is sufficient to induce biologically relevant membrane
potential changes in the brain cortex, considering the attenuation
due to the presence of the skull and shunting through soft tis-
sues.11 A human cadaver brain study showed that a mere 25% of
scalp-applied currents actually reach the brain, an amount that was
unable to achieve significant changes in transmembrane potential
and spiking rate.11

Several alternative, more indirect working mechanisms have
been proposed.1,7,12 The “transcutaneous mechanism” hypothesis
proposes tDCS-induced effects on cutaneous peripheral or cranial
nerve fibers that run in and through the scalp and skull in the
vicinity of the applied current.7 Depending on the location of the
tDCS electrodes, several cranial and peripheral nerves can be
affected, such as the occipital nerve, branches of the trigeminal
nerve, and the cervical plexus.13 Afferent fibers from these nerves
travel to the brainstem, where they project to the nucleus of the
solitary tract (NTS) and trigeminal nuclei.14 Neurotransmission is
integrated in the brainstem reticular formation, which is a brain-
stem neuronal network comprising clusters of nuclei including the
locus coeruleus (LC). Modulation of the LC leads to an increase in
noradrenaline release.14,15 Noradrenaline can increase cortical
excitability through excitatory effects of β-adrenoreceptors.16

Noradrenaline also drives synaptic plasticity by induction of long-
term potentiation leading to activation of voltage-gated ion
channels. TMS depolarizes the axonal terminals of pyramidal cells
and inhibitory interneurons in the cortex and induces a discharge
of synchronous action potentials that travel through the cortico-
spinal tract, causing activation of lower motor neurons innervating
specific muscles, generating an MEP.17 The MEP amplitude reflects
neuronal membrane excitability and depends primarily on ion
channel activity. MEP amplitude is affected by voltage-gated
sodium channel blockers.18 Therefore, indirect activation of the
LC could lead to an increase in MEP amplitude.
A similar MOA has been revealed for other nerve stimulation

techniques that show effects on cortical excitability and cognitive
functions such as vagus nerve stimulation.19 Other potential
working mechanisms of tDCS are effects on blood vessels, cortical
astrocytes, and placebo effects.20,21 These potential alternative
mechanisms have gradually gained more interest, but they have
been poorly investigated in mechanistic studies or controlled for in
experimental designs.
The goal of this study was to further elucidate the MOA of anodal

tDCS and investigate the potential contribution of peripheral and/
or cranial nerve stimulation. An experimental design in which four
conditions (cfr infra) were tested within subjects allowed disen-
tangling of the transcranial and transcutaneous mechanism and is
therefore of great added value to the ongoing debate regarding
www.neuromodulationjournal.org © 2024 The Authors. Published b
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the MOA of tDCS. As a read-out parameter, we measured the peak-
to-peak amplitude and onset latency of TMS-evoked MEPs, which
has been shown to be the most reliable neurophysiological
parameter to investigate tDCS effects.22,23 We hypothesized that
the MOA of tDCS is not solely dependent on a transcranial direct
cortical effect but that transcutaneous stimulation of peripheral/
cranial nerves also might contribute to its net effects. We estimated
to find a smaller effect of anodal tDCS on the MEP amplitude when
eliminating the transcutaneous mechanisms using a topical
anesthetic.

The findings of this study contribute to the ongoing debate on
the exact MOA of tDCS and thereby provide valuable implications
regarding future tDCS research. These findings show the impor-
tance of adding control conditions for potential nontranscranial
mechanisms in an experimental design, which will lead to a better
understanding of the driving factor in tDCS-induced effects.
Moreover, the results can serve as a guide to optimize electrode
montages to make maximal use of one or both mechanisms in
clinical trials.

MATERIAL AND METHODS
Participants

Nineteen healthy subjects participated in this study (11 women,
mean age ± SD: 25.4 ± 4.3 years). This sample size was based on
previous research12 and on an a priori power calculation assuming
a moderate effect size, a power of 0.8, and significance level of 0.05.
All participants gave written informed consent before the experi-
ment and met the inclusion criteria (age 18–45 years, right-handed,
no neurologic or psychiatric disorder; the Supplementary Data list
all in- and exclusion criteria). A screening visit was planned during
which participants completed a tDCS and TMS safety screening
questionnaire and underwent a clinical neurologic exam.24–26 All
subjects were informed about the potential (side) effects of tDCS.
The study protocol was approved by the medical ethics review
board of Ghent University. All experimental procedures were con-
ducted in accordance with the Declaration of Helsinki.

Experimental Design
In this single-blind, randomized, cross-over controlled trial, each

subject underwent four experimental sessions. Testing was per-
formed at the same time of the day to minimize circadian effects,
and sessions were separated by ≥ one week to prevent carry-over
effects. Participants were seated reclined in a comfortable chair
with their hands supine on their laps and were asked to remain
silent during the measurements to avoid speech-induced modu-
lation of brain excitability. During each experimental session,
anodal direct current stimulation (DCS) was delivered in one of the
following conditions to the subjects in a randomized order. One
condition comprised the transcranial delivery of DCS over the
motor cortex (MI) region (tDCS-MI; Supplementary Data Fig. S1
presents an electrical field modeling of this montage). Another
condition comprised anodal DCS over the MI region in combination
with prior application of a topical anesthetic (TA) ointment
comprising lidocaïne 2.5% + prilocaïne 2.5% (EMLA, Aspen, London,
UK) and covering both electrode sites on the head to temporarily
block peripheral/cranial nerve conduction (tDCS-MI + TA). A third
condition comprised DCS over the cheek region with the aim of
affecting cutaneous nerve endings of the peripheral/cranial nerves
(eg, the trigeminal nerve) in the vicinity of the electrode, while
avoiding the induction of transcranial effects (DCS-C; the
y Elsevier Inc. on behalf of the
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THE WORKING MECHANISM OF TDCS
Supplementary Data present an electrical field modeling of this
montage). A final condition comprised sham DCS, in which only in
the first 15 seconds an electrical current was delivered (sham). A
figurative overview of the four different conditions is presented in
Figure 1.
Each session started with a preparation. First, the position of the

head of the participant in addition to the TMS coil was registered
within the neuronavigation system for frameless stereotaxy
(Localite, Bonn, Germany). This allowed online tracking of the TMS
coil relative to the head in space and ensured consistent coil
positioning throughout the entire session. TMS was applied with
the MagPro X100 TMS device and a statically cooled figure-of-eight
coil (MagVenture, Farum, Denmark) to determine the left-sided
motor hotspot for the right first dorsal interosseus (FDI) muscle.
The location of the optimal stimulation site was determined by
systematically delivering single TMS pulses over the left MI until the
location that elicited the largest peak-to-peak MEP amplitude was
detected. The coil was held tangentially to the scalp with the
handle pointing backward at 45◦ from the midline. MEPs were
recorded using Synergy EMG software (Natus, Middleton, WI) using
two adhesive Ag/AgCl electrodes (Natus) overlying the left FDI
muscle, and a ground electrode placed over the styloid process of
the ulna. The resting motor threshold (rMT) (ie, the minimum
stimulus intensity to elicit MEPs ≥50μV in exactly 5/10 consecutive
trials, which was an iterative process starting from 50% maximum
stimulator output and increasing with 3% until the threshold was
reached) and TMS stimulation intensity (ie, the intensity required
for eliciting consecutive MEPs with an average peak-to-peak
amplitude of 1mV) were determined; this was performed at the
beginning of each session. The obtained TMS intensity was used
throughout the entire session. Depending on the condition, a
carbomer gel or TA was applied, covering the area where the tDCS
sponge electrodes were later to be placed (5.5 × 5.5 cm; 5 g/site). In
the tDCS-MI + TA condition, the TA ointment was applied over the
areas to be covered by the electrodes attached to the head,
whereas a carbomer gel was applied to the areas to be covered by
the electrodes over the cheeks. In all three other conditions, only
carbomer gel was applied to all four electrode sites. The carbomer
gel contained the same components as the TA ointment, excluding
the active substances. The ointment was applied for 45 minutes,
after which it was removed, and the skin was dried to proceed with
the baseline recording. A maximal anesthetizing effect is obtained
after 30 to 60 minutes of application. The 45 minutes application
duration is sufficient to obtain an anesthetizing effect of approxi-
mately 2 hours.27
1. tDCS-M1 2. tDCS-M1 + TA

Anode Cathode

Figure 1. A schematic overview of the four different conditions. The fully colored e
The gray electrodes depict inactive electrodes, which were not connected to the t
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One baseline MEP recording containing 25 single TMS pulses was
performed. This was immediately followed by the application of
four saline-soaked sponge-electrodes (5 × 5 cm; Soterix Medical Inc,
Woodbridge Township, NJ): one anode over the left motor hotspot,
which was determined during the preparatory part using TMS, one
cathode over the right supraorbital area, one anode over the left
cheek, and one cathode over the right cheek (Fig. 1). All four
sponge electrodes with attached wires were placed on the head to
assure consistency across conditions. Only one pair of electrodes
was connected to the tDCS stimulator (Soterix Medical Inc) to
deliver active or sham tDCS either to the cheeks or over the MI. This
depended on the condition (Fig. 1) and was invisible to the par-
ticipants for blinding purposes.

tDCS was administered for 20 minutes at a stimulation intensity
of 1 mA, with the stimulation intensity gradually increasing to this
value during a ramp-up period (15 seconds) at the beginning of
stimulation and gradually decreasing during a ramp-down period
(15 seconds) at the end of stimulation. For the sham condition, the
stimulation intensity was gradually increased to the maximum
intensity (1 mA) with a ramp up of 15 seconds, after which it started
to gradually decrease to 0 mA with a ramp down of 15 seconds.
Participants experienced a similar tingling sensation at the begin-
ning of the stimulation session in both conditions.

A postintervention MEP recording was performed immediately
after removing the tDCS electrodes (time point 0) and 15, 30, 45,
and 60 minutes after stimulation. At the end of each session, par-
ticipants were asked to fill in an international standardized ques-
tionnaire concerning the tolerability of tDCS and potential side
effects.26

Figure 2 presents an overview of the study protocol of one
experimental session.

At the end of the experiment, once the last sessionwas completed,
the participants were asked to indicate per session whether they
received real or placebo tDCS, or whether they had no idea.
Analysis and Statistics
For each participant, the peak-to-peak amplitudes and onset

latencies of 25 single-pulse MEPs were calculated and averaged for
each time point (baseline, 0, 15, 30, 45, and 60 minutes post-tDCS).
We compared changes in MEP amplitude and latency recorded
from the FDI muscle across the various conditions (tDCS-MI, tDCS-
MI + TA, DCS-C, sham) using a two-way repeated measures analysis
of variance (rmANOVA) with time (six levels) and condition (four
levels) as within-subject factors. The Mauchly test was used to
3. DCS-C 4. Sham

lectrodes depict electrodes used for active tDCS (red = anode; blue = cathode).
DCS stimulator.
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Figure 2. Schematic overview of one experimental session.

LESCRAUWAET ET AL

4

assess the validity of the sphericity assumption for rmANOVA,
requiring equal variances for each set of difference scores. Green-
house-Geisser–corrected significance values were used when
sphericity was violated. In case of significant main effects, post hoc
comparisons were performed using the least significant difference
(LSD) adjustment for multiple comparisons.
To evaluate the response rate in all active tDCS conditions (tDCS-

MI, tDCS-MI + TA, and DCS-C), three categories were classified:
increase, no change, and decrease, in which the SD of the post
sham measurements averaged across individuals (1σ = 0.37) served
as the Sham Variability-Based Threshold. Per participant, sessions
with a mean MEP ratio (averaged over postmeasurements) >1.37
were classified as “increase;” sessions with values between 0.63 and
less than a ratio <1.37 were considered as the “no change” group,
and sessions with values <0.63 were classified as “decrease.”28

The results of the questionnaire for the tolerability of tDCS were
categorized regarding intensity and duration. The reported inten-
sity (mild, moderate, severe) and duration (1/3, 2/3, all the time) of
each local side effect (itching, tingling, burning, pain, and warmth)
were summed per participant to calculate the total intensity and
duration score. A summary score was calculated reflecting the total
impact of the side effects, considering both intensity and duration.
Differences among conditions were analyzed using a nonpara-
metric Friedman test. In case of significant results, a post hoc Wil-
coxon rank test was performed. The correlation between the
reported side effects and the MEP changes were analyzed using a
Spearman and Pearson correlation test.
Figure 3. Changes in peak-to-peak MEP amplitude per condition over time. An inc
reached at 30, 45, and 60 minutes after stimulation. Error bars ± standard error.

www.neuromodulationjournal.org © 2024 The Authors. Published b
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We considered the results of all statistical analyses significant at
p < 0.05. Statistical analyses were performed using IBM SPSS
(Statistics version 20.0, IBM, Armonk, NY).
RESULTS
Effects of Condition and Time on Corticospinal Excitability

A significant main effect of time on the peak-to-peak MEP
amplitude (F = 3.749; p = 0.004) was found, but no significant
difference among conditions was detected (F = 2.307; p = 0.087)
(Fig. 3). No interaction between time and condition (F = 0.724;
p = 0.760) was found. Post hoc tests were analyzed in an explor-
atory manner. The within-subject contrasts revealed a significant
effect for time (F = 6.993; p = 0.016) and for condition (F = 4.582;
p = 0.046), but no interaction effect (F = 1.206; p = 0.287). The
pairwise comparisons (LSD corrected) showed that in the tDCS-MI
condition, compared with baseline, the peak-to-peak MEP ampli-
tude was significantly increased at 30, 45, and 60 minutes after
tDCS (30 minutes: p = 0.028, 45 minutes: p = 0.013, 60 minutes:
p = 0.047). At 30 minutes after stimulation, a significant difference
was found between tDCS-MI and sham (p = 0.020) and between
tDCS-MI and DCS-C (p = 0.029) (Fig. 3).

The effect of tDCS on the MEP onset latency across conditions
was assessed. A two-way rmANOVA showed no significant main
effect for time (F = 1.90; p = 0.102), condition (F = 0.606;
p = 0.614), or for the interaction between time and condition
(F = 0.889; p = 0.577).
rease in MEP amplitude was found in the tDCS-MI condition, with significance
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Figure 4. Normalized MEP peak-to-peak amplitude per condition (pooled MEP amplitudes: all post–time point measurements were averaged). A significant increase
in MEP amplitude of 25.5% was found in the tDCS-MI condition. *Significant difference in MEP amplitude (p < 0.05).
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When pooling the post-MEP measurements (average of MEP
amplitude at time point 0, 15, 30, 45, and 60 minutes) and
comparing pre and post measurements, no significant differences
among the four conditions were found. There was no main effect of
time (F = 2.45; p = 0.135), condition (F = 2.307; p = 0.087), or
interaction (F = 2.307; p = 0.087). Within-subject contrasts showed
a significant effect of condition (F = 4.582; p = 0.046) and a sig-
nificant interaction effect (F = 4.582; p = 0.046). Pairwise compar-
isons showed a significant increase in peak-to-peak MEP amplitude
of 25.5% in the tDCS-MI condition (p = 0.04), which differed
significantly from the sham condition (p = 0.039) (Fig. 4).

Response Rate
In the tDCS-MI condition, 37% of subjects showed an increase in

MEP amplitude; 5% showed a decrease, and 58% showed no
change in MEP amplitude. In the tDCS-MI + TA condition, 26%
showed an increase in MEP amplitude, and 74% showed no change
in MEP amplitude. In the DCS-C condition, 26% showed an increase
in MEP amplitude; 5% showed a decrease, and 69% showed no
change in MEP amplitude. In the sham condition, 10% showed an
increase in MEP amplitude; 11% showed a decrease, and 79%
showed no change in MEP amplitude.

Tolerability and Blinding Assessment of the Different
Conditions
Participants reported the following side effects: tingling (63%),

burning (57%), itching (47%), pain (15%), warmth (15%), fatigue
(15%), metallic taste (5%), and concentration issues (5%). A statis-
tically significant difference was detected across conditions
regarding the intensity (χ2(3) = 14,87; p = 0.002), duration (χ2(3) =
17.65; p < 0.001), and total impact score (χ2(3) = 24,97; p < 0.001)
of the side effects. Post hoc analysis with Wilcoxon signed-rank
tests was conducted with a Bonferroni correction applied, pro-
ducing a significance level set at p < 0.008. Regarding the total
impact score, the reported side effects in the tDCS-MI + TA con-
dition were significantly lower than in tDCS-MI (Z = −3.522;
p < 0.001), DCS-C (Z = −3.054; p = 0.002), and sham (Z = −3.221;
p = 0.001). A significantly lower intensity score was reported in the
www.neuromodulationjournal.org © 2024 The Authors. Published b
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tDCS-MI + TA than in tDCS-MI (Z = −3.128; p = 0.002). The duration
of side effects in the tDCS-MI + TA condition was significantly
shorter than of side effects in tDCS-MI (Z = −3.316; p = 0.001), DCS-
C (Z = −3.054; p = 0.002), and sham (Z =−3.002; p = 0.003). No
significant correlation was found between the intensity, duration,
or total impact of the reported side effects and MEP modulation.

The question whether participants received real or placebo
stimulation showed that 63.1% and 63.2% of the participants
indicated “active” for the tDCS-MI and DCS-C conditions, respec-
tively; 57.3% of participants believed they received placebo stim-
ulation in the tDCS-MI + TA condition, whereas active stimulation
was given. A more detailed overview of these results can be found
in Supplementary Data Table S1.

DISCUSSION AND CONCLUSION

The goal of this study was to evaluate the effects of tDCS on
corticospinal excitability and to investigate the MOA, in particular
the contribution of peripheral and/or cranial nerve involvement.
We found a significant increase in MEP amplitude 30, 45, and 60
minutes after anodal tDCS was delivered over the MI. This increase
in MEP amplitude is partially in line with earlier research. The
seminal study of Nitsche and Paulus reported a MEP increase of
>30% after 1 mA tDCS-MI in healthy participants.29 These findings
were confirmed in other studies, showing MEP increases up to 50%
after 1 mA tDCS.30,31 However, the overall MEP increase reported in
previous studies was larger than the increase found in our study
(25.5%). These earlier and larger effects on MEP modulation could
be due to the larger electrode size (35 cm2 instead of 25 cm2) in the
previously mentioned studies, as was shown in Ho et al.32

We recorded MEPs over a time course of one hour, so our study
allowed us to identify longer lasting effects of tDCS, which is of
particular interest for the development of therapeutic interven-
tions. Long-term tDCS-induced MEP modulation also has been
reported in earlier studies.8,33,34 A significant MEP size increase of
20% to 40%, after 20 minutes of 1 mA anodal tDCS, was observed
up to 120 minutes after stimulation in healthy volunteers.33,34 In
these studies, other stimulation durations (15, 20, 30 minutes) and
y Elsevier Inc. on behalf of the
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intensities (2 mA, 3 mA) were tested, showing even longer-lasting
tDCS effects until the next day when combining a high intensity
with longer stimulation durations (3 mA, 20 minutes; 3 mA, 30
minutes).33,34 The proposed underlying mechanism of this long-
term offline effect is the modification of synaptic strength pro-
ducing long-term potentiation (LTP). tDCS effects depend on glu-
tamatergic mechanisms and Ca2+ levels.35–37 The tDCS-induced
membrane depolarization leads to an increase in glutamate
release, leading to activation of postsynaptic N-methyl-D-aspartate
(NMDA) receptors and thereby increased Ca2+ influx. Calcium is
crucial for LTP induction, leading to expression of more NMDA and
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid post-
synaptic receptors and thereby strengthening synaptic trans-
mission.36 We recorded effects over one hour, but for further
development of tDCS toward therapeutic potential and identifica-
tion of stimulation paradigms, more studies should include longer
recordings and repeated tDCS sessions.
In contrast to our results, some previous studies have indicated a

lack of effectiveness of tDCS on corticospinal excitability or even an
opposite effect of tDCS.10,38 Nuzum et al could not find any signifi-
cant MEP modulation after 20 minutes of 2 mA tDCS.38 A study by
Hassanzahraee et al even found a decrease in corticospinal excit-
ability after 26 minutes of tDCS.10 It is known that a specific range of
Ca2+ levels exists for optimal LTP induction. Exceeding this range, for
example, owing to a longer stimulation duration or higher intensities,
might activate counteracting homeostatic mechanisms, such as the
activation of potassium channels and/or saturation of NMDA
receptors, which may explain these diverging findings.33

Overall, effects of tDCS on the modulation of the MEP amplitude
are associated with interindividual and intraindividual
variability.8,30,31,38–40 The lack of reproducibility of tDCS outcomes
presents a barrier to clinical use. Although heterogeneity of tDCS
protocols used is a likely contributor, interindividual variability in
response to tDCS, partially due to differences in brain and skull
anatomy, may play a large role.40 The interindividual variability also
was detected in our study cohort, with 37% of responders in the
tDCS-MI condition, 5% showing a decrease in MEP amplitude, and
58% showing no change. This accords with studies reporting that
only 36% to 50% of subjects responded to tDCS in the “classical”
polarity-specific manner.40–42 Personalized tDCS stimulation pro-
tocols should be further investigated to counteract this.
The MOA of tDCS and the contribution of cutaneous nerve

activations to its effect remain unclear. We investigated this further
by anesthetizing the scalp before tDCS administration. The MEP
modulation present in the tDCS-MI condition was not detected
when a local anesthetic was first applied to the scalp. Although
absence of evidence does not mean evidence of absence, the fact
that tDCS does not establish a statistically significant increase in
MEP amplitude in this condition may suggest that the effects of
tDCS are not solely established through direct effects in the cortex,
but that innervation of the peripheral and/or cranial cutaneous
nerves contribute to tDCS-induced effects on corticospinal excit-
ability. Earlier studies have reported on the potential contribution
of peripheral/cranial nerve stimulation to the effects of tES.7,43,44 It
is proposed that these indirect effects can be mediated through
activation of brainstem nuclei, involving the LC-noradrenaline (LC-
NA) system. When stimulating the second cervical nerve derma-
tome using tDCS, changes are induced in three different proxy
measures of LC-NA activity (ie, pupil diameter, salivary α-amylase,
and event-related potentials).44 Moreover, enhanced extracellular
concentrations of noradrenaline have been shown to increase
www.neuromodulationjournal.org © 2024 The Authors. Published b
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motor cortical excitability by enhancing intracortical facilitation and
reducing inhibition, and to drive synaptic plasticity leading to the
activation of voltage-gated ion channels.16,45 Given the MEP
amplitude reflects corticospinal excitability and depends on acti-
vation of voltage-gated ion channels, this indirect activation of the
LC also can explain the increase in MEP amplitude. Peripheral nerve
stimulation in humans with other tES methods such as trans-
cutaneous alternating current stimulation (tACS) was found to be
responsible for the effects of tACS on enhanced physiological
tremor.12 In addition, neurostimulation devices targeting cranial
nerves (trigeminal, occipital, and vagal nerve) have been successful
in the symptomatic improvement of several neuropsychiatric
disorders.46–48

Regarding the tolerability of tDCS, we found that the intensity,
duration, and total impact of the reported side effects were
significantly lower when the TA was first applied to the scalp,
reflecting its effectiveness in suppressing peripheral sensations.
This is in line with earlier findings showing that the use of the TA is
a safe and effective way to suppress the peripheral/cranial nerve
fiber activation while maintaining direct cortical mechanisms.49

Thereby, it could be implemented either to decrease the side
effects of tDCS or as a control condition in future tDCS studies to
eliminate the transcutaneous mechanism.

Although we aimed at a novel and carefully designed setup of
experiments, the present study has some limitations. Because the
study included 19 young and healthy participants, the results cannot
be extrapolated to patients or older populations. MEPs, the main
outcome measure that we used, are associated with high inter- and
intraindividual variability.50 Even though several precautions were
taken to minimize this variability, such as within subject measure-
ments, a sufficient number of pulses per measurement (n = 25), and
neuronavigation guidance while applying TMS, variability across
participants and sessions was observed, which might partly explain
the absence of a significant time*condition interaction effect in our
study (Supplementary Data Fig. S2 and Supplementary Data Table S2
present the results on intraindividual variability). Given MEPs only
reflect corticospinal excitability, a more direct cortical outcome
measure such as TMS-evoked potentials measured by electroen-
cephalography (EEG) could be superior, although the combination of
TMS-EEG and tDCS might be challenging for the practical experi-
mental execution. Moreover, studies imply that the effects of tDCS
are state dependent, meaning that the response to tDCS could be
affected by the neurophysiological state of the brain.51,52 In this
study, participants were instructed to be at rest, and no experimental
task was included. Asking subjects to perform an experimental task
during the tDCS interventionmight be beneficial to control this state
across participants and sessions and thereby minimize response
variability.

In conclusion, the present study showed that tDCS over the MI
can modulate corticospinal excitability with effects lasting ≥ one
hour after the intervention. The results suggest that the effects of
tDCS are not only established through the transcranial MOA that is
generally assumed, but that stimulation of peripheral and/or cranial
nerves might contribute to the effects of tDCS. These findings
warrant further investigation in larger cohorts and patient groups.
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COMMENT

This study holds significant interest owing to its ability to spark
inquiries regarding the effectiveness of tDCS as a means to induce
alterations in cortical excitability. Given the implications of such find-
ings for the broader scientific community, I firmly believe that this
study merits publication. By shedding light on the efficacy of tDCS in
modulating cortical excitability, this research not only contributes to
our understanding of neural mechanisms but also holds potential
implications for various fields, including neuroscience, psychology, and
medicine. The exploration of tDCS as a method to enact changes in
cortical excitability represents a pivotal step in the advancement of
neurostimulation techniques and their therapeutic applications.
Furthermore, the publication of this study would facilitate scholarly
discourse and encourage further investigation into the nuanced
effects of tDCS on cortical excitability. It has the potential to stimulate
fruitful discussions, inspire future research endeavors, and ultimately
enrich the collective knowledge base of the scientific community. In
light of these considerations, I advocate for the publication of this
study, recognizing its relevance, significance, and potential to
contribute to the ongoing dialogue within the scientific community.
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