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ABSTRACT

This guideline summarizes updated safety data (2017-2025) and provides expert recommendations on the use of
low intensity transcranial electrical stimulation (tES) in humans. tES encompasses several techniques including
transcranial direct current stimulation (tDCS), oscillatory transcranial direct current stimulation (otDCS),
transcranial alternating current stimulation (tACS), transcranial random noise stimulation (tRNS), transcranial
temporal interference stimulation (tTIS), and their combinations or variations. Across over 300,000 sessions
involving healthy individuals, patients with neuropsychiatric conditions, and other clinical populations, no tES-
related serious adverse events (AEs) have been reported. Moderate AEs are rare and limited to a small range of
specific applications. Mild AEs are common and include transient symptoms such as localized sensations (e.g.,
tingling or burning), headaches, and fatigue. Similar mild AEs are also reported by individuals receiving placebo
stimulation. The frequency, magnitude, and type of AEs are comparable across healthy, clinical, and vulnerable
groups, including children, elderly, or pregnant women. Combined interventions (e.g., co-application with EEG,
TMS, or neuroimaging) have not shown increased safety risks. Safety is well-established for both bipolar and
multichannel tES when applied up to 4 mA and up to 60 min per day. Higher intensities and longer stimulation
durations may also be safe. Nevertheless, the number of studies using intensities above 4 mA or stimulating
longer than 60 min is low. Home-based use of treatments is growing rapidly, leveraging remote supervision to
provide patients with greater access and enable repeated, sustained dosing paradigms. We recommend using
screening and AE questionnaires in future controlled studies, in particular when planning to extend the stimu-

lation parameters applied. We discuss recent regulatory and ethical issues.

1. Introduction
1.1. Overview of the update

Low intensity transcranial electrical stimulation (tES) encompasses a
group of non-invasive brain stimulation techniques—including trans-
cranial direct current stimulation (tDCS), transcranial alternating cur-
rent stimulation (tACS), and transcranial random noise stimulation
(tRNS)—that apply low intensity electrical currents to the scalp to
modulate cortical excitability and neural oscillations. The applications
of tES have grown exponentially since its development in the early
2000s. The safety, ethical, legal, regulatory and application guidelines
published in 2017 (Antal et al., 2017) provide a comprehensive over-
view of the state of the art including the available data up to 2016. With
the field rapidly progressing, we provide here an update of the safety,
regulatory, and application guidelines based on the available evidence
published until the middle of 2025. The essentials of the present
manuscript were agreed upon at a two-day conference held in Munich,
Germany on 12th and 13th June 2025. Participants included research
and clinical experts from neurophysiology, neurology, cognitive
neuroscience, and psychiatry, as well as ethicists. Industry representa-
tives (i.e., tES equipment manufacturers) also contributed to safety and
regulatory issues.

To ensure a comprehensive update, we conducted a systematic
search of the literature: the PubMed database using a combination of tES
and safety-related keywords (see Appendix for search syntax and
output) published between 01/01/2017 and 31/12/2024. The search
identified 937 records, which were narrowed down to 340 records after
screening titles and abstracts. The records were then categorized based
on their type (case reports, qualitative reviews, systematic reviews,
meta-analyses, randomized controlled trials, guidelines, and opinion
articles) and the topics they addressed (healthy participants, neurology,
psychiatry, cognition, pediatrics, elderly populations, pregnancy, ethics,
animal studies, modeling and theoretical works, accelerated protocols,
and home-based stimulation). Each category was reviewed by experts in
the respective research areas, who were encouraged to ensure the in-
clusion of all relevant works by conducting additional topic-focused
searches in different databases (e.g., see the section on aging popula-
tion), as well as including any gray-literature sources, and then provided
a narrative summary of the relevant findings.

We relied on summarizing and interpreting data regarding (1)
available animal studies, (2) computational modeling, and (3) human
trials, including reports on healthy participants, patients, and vulnerable
groups, such as children, elderly, and pregnant women. With regard to

animal data, the main effort was devoted to understanding the trans-
lation of findings to human applications (e.g., the relationship of dose of
stimulation and safety).

Special stimulation conditions that are increasingly used during the
last years, e.g., combination of tES with other methods, such as phar-
macological and non-pharmacological treatments, stimulating patients
with intracranial implants, combination of tES with transcranial mag-
netic stimulation (TMS) or functional magnetic resonance imaging
(fMRI), and EEG were also considered, to assess if they change the risk-
profile of the tES application. Furthermore, other stimulation protocols,
such as temporal interference stimulation — tTIS and transorbital stim-
ulation) and other settings than ‘transcranial’, in which recent safety
data are available, were also integrated (e.g., transcutaneous spinal
direct current stimulation (tsDCS).

In this paper, we first provide an overview of the terminology of side
effects (SE) and adverse events (AE), technical parameters and basic
principles of low intensity tES used alone or combined with other
methods, and safety aspects of the stimulation with a summary of the
published AEs in healthy participants and different patient populations.
The presumed mechanisms and the efficacy of tES in eliciting desired
outcomes are not within the scope of this review except for instances, in
which they inform about safety. Other stimulation methods such as
cranial electrical stimulation (CES) or electroconvulsive therapy (ECT)
are also not incorporated here. We also present recent regulatory issues
across continents and recommend standards for reporting in research
and clinical practice, and finally we summarize existing data and pro-
vide recommendations for training and certification and future safety
monitoring.

Consensus with regard to the definitions, recommendations, among
others were reached after extensive discussions and by voting. The ex-
perts first summarized safety data related to their fields and answered
questions in several rounds. The key results were presented and dis-
cussed at the meeting in Munich. After that the experts were encouraged
to support or revise their earlier answers in light of the replies and
critique of other members of the panel. The meeting was organized by
the Brain Stimulation Special Interest Group of the International
Federation of Clinical Neurophysiology (IFCN) and the European Soci-
ety for Brain Stimulation (ESBS). The IFCN and ESBS have endorsed the
guideline.

1.2. Basic aspects: nomenclature and explanations

This document adopts the definitions used in the previous edition of
this guideline (Antal et al., 2017) which align with earlier proposals (e.
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g., (Bikson et al., 2016; Woods et al., 2016), and the nomenclature
consensus (Bikson et al., 2019). Additional key terms are clarified
below.

Low intensity tES is defined as electric current stimulation with
total intensities of <4 mA (for AC waveforms <4 mA peak-to-peak), a
total stimulation duration of up to 60 min per session, and using elec-
trode sizes between 1 cm? and 100 cm? with frequencies between 0 and
10,000 Hz. For multi-channel stimulation the total intensity is the sum
across all electrodes of the same polarity. For multiple sessions per day
the total duration is the sum of all session durations. The current can be
of constant intensity and polarity (tDCS) or can be of variable intensities,
polarities, or both, alternating between polarities (either at a steady
sinusoidal frequency, as in tACS, or a randomly changing frequency, as
in tRNS) or within the same polarity (as in oscillatory tDCS (otDCS))
(Guleyupoglu et al., 2013). The intensity of tDCS is always defined as
baseline-to-peak, while with tACS and tRNS baseline-to-peak or peak-to-
peak intensities can be used and should be explicitly specified. The 4 mA
and 60 min parameter limits are based on convention both for ‘low’ and
‘limited’ (Antal et al., 2017; Bikson et al., 2016, 2018, 2019, 2023) and
do not represent formal safety limits. Table 1 provides an overview of
tES parameters and compatibility features for which the strongest evi-
dence is currently available. Nevertheless, these parameters do not
represent absolute safety or application’s limits, and they are not fixed
thresholds.

Throughout this review, statements are specific to low intensity tES
(as herewith defined) unless otherwise indicated, and studies with evi-
dence for safety which exceed 4 mA or 60 min total per day are also
described. The use of intensity ramp-ups and ramps-downs is universal
in tES studies and so the claims made in this report (e.g., regarding
tolerability) imply the use of ramp up/down. Generally, the ramp up/
down durations are 30-60 s and are not calculated in the stimulation
duration (Bikson et al., 2019). Sham typically includes brief ramp-up
and ramp-down phases, one at the onset and one at the end of the
stimulation session, each lasting no more than one minute in total.

Safety is best considered under medical device and drug regulations,
which generally define a procedure as safe if the expected benefits
outweigh potential risks. An intervention or procedure, such as tES is
considered safe if it does not pose an unreasonable risk when imple-
mented as intended, according to defined procedures and administered
by trained personnel, and when its benefits justify any known, expected
or remaining risks. According to the EU-MDR, safety is determined
through a benefit-risk analysis (Article 2), and risks must be mitigated as
far as possible, in line with current technology and knowledge.

Table 1

Overview of most commonly used low-intensity transcranial electrical stimula-
tion (tES) parameters and compatibility features. Note: These parameters reflect
commonly accepted definitions and applications for low-intensity tES used in
experimental and clinical research and are consistent with safety guidelines for
human applications. Nevertheless, these parameters do not represent absolute
safety or application’s limits, they are not fixed thresholds but indicate the
ranges for which the strongest evidence (highest amount of data) supporting
safety is currently available.

Parameter Specification

Current intensity
Stimulation duration
Session frequency
Inter-session interval
Electrode size
Frequency range

<4 mA total (for alternating currents: <4 mA peak-to-peak)
up to 60 min per session

1-5 sessions per day

from several days down to 10-20 min

1-100 cm?

0-10,000 Hz

Electrode 2-9 electrodes
configuration
Multimodal Can be combined with MRI/fMRI (using compatible
compatibility stimulators), EEG, and other brain stimulation modalities
(TMS, rTMS, TBS, ECT)
Concurrent Can be administered concurrently with behavioral,
interventions cognitive, motor and pharmacological interventions
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The term side effect (SE) implies a known causal relationship with
the intervention and refers to an effect different from the targeted or
intended one. An SE is not always harmful or unpleasant, it may also be
neutral or even beneficial. Following the recommendations of the In-
ternational Council for Harmonisation of Technical Requirements for
Pharmaceuticals for Human Use (ICH; https://www.ich.org) (Baber,
1994; ICH Expert Working Group, 1994) and the Common Terminology
Criteria for Adverse Events (CTCAE) v5 (U.S. Department of Health and
Human Services, 2017), the term SE will be used in this document when
necessary for historical or other legitimate reasons (e.g., communica-
tions with participants/patients, or discussions on physiological
mechanisms).

Instead, we follow ICH and CTCAE guidelines and use the term
adverse event (AE), defined as any unfavorable and unintended sign,
symptom, or disease temporally associated with the procedure,
regardless of proven causality. AEs are graded according to severity:
Grade 1 are mild AEs, defined as involving mild symptoms for which no
medical treatment is necessary (e.g., skin redness or tingling during
tDCS). Grade 2 are moderate AEs with the need of local or noninvasive
treatment (e.g., in the case of tES, the local application of a skin cream
for a skin irritation). Serious AEs (SAE) (Grade 3) are severe or medically
significant but not immediately life-threatening events, which include
the requirement for inpatient hospitalisation or prolongation of hospi-
talisation. Grade 4 includes life-threatening AEs, where urgent inter-
vention is often required, while Grade 5 means death related to AE. An
AE is generally considered unexpected if it is not listed in the informa-
tion brochure or is not listed at the specificity or severity level that has
been observed, or it is not consistent with the risk information described
in the investigational plan (FDA regulations, 21CFR312.32, safety
reporting).

Following the ISO 14155:2020 classification and CTCAE grading, all
unintended effects fall in one of two categories: (1) Non-serious AEs:
Grade 1-2: benign, short-lasting effects that may affect comfort or
perceived burden, but posing no safety risk. These correspond to
commonly reported SEs (for details see Section 6) (2) Serious AEs:
Grade 3-5: events of safety concern, such as those requiring hospitali-
zation or causing lasting harm. Therefore, for safety considerations, only
serious AEs are directly relevant, while non-serious AEs and known SE of
tES are more appropriately evaluated in terms of tolerability and
participant burden.

1.3. History of tES and state of the art

The origins of tES can be traced back to electrotherapy practices in
the 18th and 19th centuries, when rudimentary electrical devices were
used to relieve melancholia (Aldini, 1804), headaches, and induce
electronarcosis and electrosleep (dArsonval, 1892; Leduc, 1902; Rob-
inovitch, 1906). However, their effectiveness and mechanisms of action
were largely inconclusive, and not extensively explored (Lolas, 1977).
Scientific foundations for modern tES applications were laid much later
in the 20th century, through early experimental studies in humans and
animal models on cerebral excitability, activity, and neuroplasticity
(Guleyupoglu et al., 2013). Modern applications of tES began to gain
momentum in the early 2000s, when systematic investigations demon-
strated that tDCS could induce polarity-dependent changes in cortical
excitability in a safe and reproducible manner (Nitsche and Paulus,
2000; Priori et al., 1998), catalyzing a new wave of cognitive and clinical
neuroscience research. What followed was a rapid diversification of
techniques. The stimulation targets expanded to also include the cere-
bellum and spinal cord (Priori et al., 2014). Oscillatory stimulation
protocols, such as tACS and tRNS, offered a unique approach to inter-
acting with brain networks (Antal et al., 2007, 2017). tACS in particular
introduced the ability to interact with endogenous neural oscillations,
thus offering a tool for modulation and investigation of specific brain
rhythms underpinning cognition and behavior (Wischnewski et al.,
2023). These developments prompted a growing interest in network-
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based, state-dependent, and frequency-specific stimulation paradigms
tailored to a specific clinical population, brain mechanism, or personal
brain dynamics.

The simplicity, portability, and low cost of tES devices, combined
with their favorable safety profile, have contributed to widespread
adoption in both basic and clinical neuroscience research. In recent
years, the field has expanded significantly, with tES being investigated
across a variety of applications including neurorehabilitation, psychia-
try, aging, epilepsy, and cognitive enhancement. One direction of
progress toward clinical application is the emergence of multi-session
and multi-day trials (Couture et al., 2025; Schwippel et al., 2024).
This progress has been accompanied by increased focus on improving
the spatial, functional, and temporal precision of tES. Specifically,
introducing individualized stimulation protocols improves functional
precision of the intervention. Such protocols leverage computational
modeling for tailored stimulation dose (Puonti et al., 2020a), optimized
electrode locations adapted to individual anatomy (Ruffini et al., 2014),
physiology-inspired stimulation frequencies, polarities, and waveforms
(Zaehle et al., 2011), and connectivity inspired manipulation with
phases of periodic currents (Alekseichuk et al., 2019). Multimodal
integration with EEG and neuroimaging enables individual targeting
based on structural and functional idiosyncrasies and closed-loop de-
signs, which promise more robust effects. Additionally, large-scale
computational models have promoted our understanding of current
distribution and prompted new approaches to precision and network
targeting. Modeling was initially used for post hoc explanations of
observed study results and has subsequently been increasingly exploited
for ad-hoc planning tools and meta-analytic frameworks. The second
notable source of modern understanding of tES mechanisms comes from
translational animal research (Johnson et al., 2019; Krause et al., 2019;
Voroslakos et al., 2018), improving the comprehension of dosing and
brain state selectivity. However, the rapid adoption of tES has outpaced
the development of unified methodological, ethical, legal, and regula-
tory standards. As the field evolves, it becomes increasingly important to
reassess safety guidelines, ethical considerations and regulatory frame-
works especially in light of emerging use in vulnerable populations,
home-based applications, expanded clinical indications, and multimodal
approaches.

2. Principle-based verification of tES
2.1. Mechanism of action — neuronal polarization and other mechanisms

The low intensity tES modulates brain activity primarily through
subthreshold neuronal polarization. tES induces electric fields that shift
the membrane potentials without directly causing action potentials,
making neurons more or less likely to fire in response to ongoing syn-
aptic input. Such modulation can influence synaptic efficacy, alter
neuronal excitability, and shape network-level oscillatory dynamics.
The mechanisms of low-intensity tES vary, depending on the current
properties and electrode placement. For instance, tDCS which always
has at least one anode and at least one cathode, is explained by a sus-
tained polarity-specificity change in membrane potential (Buch et al.,
2017; Jackson et al., 2017). Direct effects of tES that follow neuronal
polarization by tES-generated brain EFs have been extensively studied
(Bikson et al., 2010; Froehlich and McCormick, 2010; A. Liu et al.,
2018). tACS applies sinusoidal current through two or more electrodes,
thus there is no fixed anode or cathode given the oscillatory nature of the
current, and the proposed mechanism action is linked to modulation of
brain oscillations (Huang et al., 2021; Reato et al., 2013).

Still, there are additional parallel supplementary mechanisms to be
considered. As summarized previously (Antal et al., 2017), these include
galvanotaxis and electroporation — both requiring higher intensities
than those applied in tES. Furthermore, the effects of tES on glial cells
have been demonstrated in animal studies, including implications for
tDCS (Cancel et al., 2022; Monai et al., 2016; Ruohonen and Karhu,
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2012; Tsui et al., 2022). Next, effects of tES, especially tDCS, on brain
clearance mechanisms (Khadka et al., 2023; Wang and Monai, 2024; Xia
et al., 2020), as well as on vascular and metabolic function (Bahr-Hos-
seini and Bikson, 2021; Gellner et al., 2023; Khadka et al., 2018; Luo
et al, 2022; Sprugnoli et al., 2019) have also been documented,
including changes in blood brain barrier/endothelial cell activation
(Cancel et al., 2018; Xia et al., 2021). These mechanisms are not inde-
pendent of each other or of direct neuronal stimulation (e.g. stimulation
of the blood brain barrier will impact both neurons and glia, leading to
brain transport/clearance changes, and so impacting neuronal function/
metabolism). It remains important to understand if/how a given form of
tES activates one of these parallel pathways as this may indicate unique
therapeutic mechanistic pathways, as well as better explain secondary
(following) neuronal changes.

Depending on dose, tES may also induce or attenuate neuro-
inflammatory processes in the brain. In rodents, anodal tDCS (~100 kC/
m?) decreases the number of activated microglia (Pikhovych et al.,
2016), while higher charge densities have pro-inflammatory effects
(Rueger et al., 2012). Effects vary by species, disease model, timing, and
stimulation parameters. For example, anodal tDCS (4 kC/m?) down-
regulates hippocampal inflammatory mediators in a chronic pain model
(Spezia Adachi et al., 2012), but upregulates them by both cathodal and
anodal tDCS of the same charge density in cortical tissue in a rat epilepsy
model (Regner et al., 2020). In post-stroke rodent model, cathodal tDCS
(~66 kC/m?) reduces microglial activation and immune cell invasion
(Peruzzotti-Jametti et al., 2013) and induces a shift in microglia polar-
ization (Braun et al., 2016), while dual-tDCS down-regulates inflam-
matory mediators in cortex and hippocampus (Huang et al., 2021). In
contrast, anodal tDCS (~57 kC/m?) applied in the acute phase of stroke
increases microglia activity throughout the rat brain (Fritsch et al.,
2024). In animal models of multiple sclerosis (MS) it was shown that
cathodal tDCS attenuates inflammation and axonal loss (Marenna et al.,
2022) and that anodal tDCS enhances remyelination and reduces
microglial activity (Rossi et al., 2024).

Conclusions: Neuronal function is directly modulated by low-
intensity tES through membrane polarization. There remains the possi-
bility of parallel mechanisms of action such as glia, vascular, or brain
clearance stimulation. While effects can be demonstrated in isolated
tissue models, it is difficult to isolate direct vs indirect effects precisely in
vivo because neuronal, glial, vascular, and transport factors are tightly
linked. Beyond direct neuronal effects, tES has been shown to modulate
neuroinflammatory processes in a context-dependent manner—either
attenuating or exacerbating inflammation depending on dose, timing,
and disease model. Given the importance of these mechanisms in the
etiology and the treatment of various brain disorders, the secondary
effects of tES are an important consideration, but they do not raise
specific safety concerns in respect to existing practices.

2.2. Assumptions regarding dose-response relationship

tES dose is defined by all of the parameters of the stimulation device
that affect the generated electric field (EF) in the body with units of V/m
(or, equivalently, mV/mm) (Peterchev et al., 2012). This includes the
relevant parameters of the electrode montage (skin contact area), and
the intensity, waveform, polarity (if asymmetric), and the duration the
current is applied for. For all waveforms except DC this includes stim-
ulation frequency. Electrode size (area, shape) refers to the interface
between the electrolyte (e.g. gel, saline) and the skin — that is specifically
the surface when current flows in/out the body. Electrode current
density is the current amplitude divided by the electrode size. Note this
is distinct from current density in the body / brain. Electrode charge
density is the total charge applied during a session divided by the
electrode size. For tDCS, electrode charge density is the current density
times the session duration. As with current density, care should be taken
in distinguishing electrode charge density and charge densities in the
body / brain. Electrode current / charge density are metrics that can be
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uniquely calculated given dose parameters, while the converse is not
true (e.g. given only a current density one cannot calculate a unique
current or electrode size).

These “extrinsic” parameters delivered by the stimulation equipment
are well defined and reproducible, while factors influencing current flow
patterns and physiological responses are not controllable (e.g., indi-
vidual tissue properties and anatomy, age, gender, baseline neuro-
transmitter concentrations, genetics, dynamic state of the brain before
and during stimulation). These “intrinsic” parameters shape the physi-
ological responses to the stimulation and should therefore be considered
along with the dose selection (Bikson et al., 2013a; Li et al., 2019; Wei
et al., 2024). This presents a challenge to researchers and clinicians
when finding the ‘optimal’ dose for a given application. At present, in
most studies, the dose (including all parameters: intensity, waveform,
electrode size, stimulation duration) is chosen based on previously
published data, prior research and clinical experience, individual mea-
sures like thresholds, computational models, summary metrics such as
the electrode charge density calculated from electrode area, current, and
time and related safety considerations based on human and animal
experimental data.

tES produces an EF in the brain, which then governs all physiological
effects. However, the relation between EF and outcome, including its
accumulation over time, is not trivial and may be non-linear
(Esmaeilpour et al., 2018; Miranda et al., 2009; Ruffini et al., 2014).
On the other hand, even though tDCS induces significant polarization
changes, there is a rapid physiological “accommodation” of the axonal
membrane potential to a prolonged depolarizing or hyperpolarizing
current, mainly involving potassium channels, and probably limiting
these changes (Lefaucheur and Wendling, 2019). Thus, given the dif-
ferences in the biophysical mechanisms of varied tES strategies, dos-
e-response estimates are not directly comparable between methods and
the only major factor controlling stimulation efficacy. Actually, optimal
dosing depends on the intended neuromodulatory effects.

With regards to informing safety standards based on animal models
where brain injury was accessed, it is generally assumed that there is a
monotonic dose response (i.e. risk increases with intensity). Factors for
interpretation are considered below but we start by noting there is no
evidence for brain injury from low intensity tES (tDCS) in humans
(Bikson et al., 2016; Nitsche et al., 2004).

Skin effects depend heavily on electrode design (see Electrode sec-
tion) and best practices (Khadka et al., 2018; Pilloni et al., 2022). Skin is
exposed to electrode electrochemical products (Minhas et al., 2010) and
higher current density than the brain (Bikson et al., 2018). Standards for
skin tolerance should be developed separately and validated in human
subjects through empirical testing (Minhas et al., 2010; Woods et al.,
2016).

For safety, one approach to dose-response is to 1) adopt the lowest
reported brain injury threshold across all animal studies and 2) rely on
electrode current density in the animal models as an upper limit for brain
current density in human standards. This: a) avoids assumptions about
dose-response curves (Bikson et al., 2016); b) neglects variable results
(Zhang et al., 2019); including c) methodological issues (e.g. electrode
materials that exaggerate sensitivity in some animal studies. This is thus
an overall conservative approach. Note limits developed according to
this approach for brain current density do not apply for electrode current
density limits. Studies using invasive electrodes (Bikson et al., 2017) are
excluded due to different injury mechanisms.

The lowest threshold needed to cause a lesion from either anodal or
cathodal tDCS in rodent models can be used. Rodent data suggests
higher sensitivity under anodal stimulation (Jackson et al., 2017),
though studies indicate cathodal stimulation lesion threshold may be
higher than previously reported (Zhang et al., 2019). In rodent models,
the lowest reported current density threshold for detectable histological
tissue damage thresholds for tDCS in animal models were 142.9 A/m?
for cathodal (Liebetanz et al., 2009), and 20 A/m? for anodal for tDCS
(Jackson et al., 2017). Current flow models of tDCS in humans predict

Clinical Neurophysiology xxx (xxxx) xxx

the ratio of electrode/skin to brain current density greater than 10:1,
and in cases greater than 100:1 (Bikson et al., 2018). In rodent models
because of the lower volume (~1000x) and electrode-to-brain distance,
as well as use of epicranial electrodes (which prevents skin shunting) the
ratio of electrode to brain current density is lower than in humans. To
relate safety threshold from rodent studies to human, translation
computational models are used (Bikson et al., 2016) and would be
montage specific (See modeling section).

The tDCS safety threshold for any montage/subject can be set using
two factors. 1) The lowest reported current density causing brain injury
in rodents: 20 A/m? (Jackson et al., 2017). Noting the majority of animal
trials indicate even higher electrode current densities are safe (Blaschke
et al., 2023; Braun et al., 2016; Callai et al., 2022; Fritsch et al., 2024;
Milighetti et al., 2020; Sdnchez-Leon et al., 2021; Zhang et al., 2019). 2)
An additional limit based on charge density, which factors in both cur-
rent density and time (specifically charge density is current density x
stimulation duration). The classical “zero lesion size” threshold 5240
mC/cm? (Liebetanz et al., 2009), which is widely referenced (Antal
et al., 2017; Liebetanz et al., 2009) and is lower than observed injury
thresholds (Fritsch et al., 2024; Jackson et al., 2017; Zhang et al., 2019).
We emphasize both these limits were determined based on electrode/
scalp levels (not brain levels), though are conservatively applied here to
brain levels in determining thresholds.

Conclusion and recommendations: Defining precise dos-
e-response relationships in tES remains a significant challenge, given
the complex interplay between standardized extrinsic stimulation pa-
rameters and individual-specific intrinsic factors such as anatomy,
physiology, and baseline brain state. Although safety thresholds derived
from animal studies serve as valuable benchmarks, their translation to
humans must be approached with rigor, due to interspecies variability
and methodological heterogeneity. In this context, we propose a pre-
cautionary strategy whereby 1) the lowest electrode current density /
electrode charge density shown to be injurious in any rodent model is
determined; 2) these limits are applied to set the maximum brain current
density / brain charge density in human trials; 3) the electrode current
density / electrode charge density limits for human trials are then
derived, which may be electrode montage specific (e.g. using compu-
tational models). Low intensity tES results in brain current/charge-
density well below animal safety thresholds. For example, if 1) accept-
ing 20 A/m? and 5240 mC/cm? as current density and charger density
limits — based on conservative estimates in rodent experiments at elec-
trode level; 2) applying these limits to the human brain; 3) for a con-
ventional bifrontal 5 x 5 cm? electrode montage the predicted brain
current density is 0.22 A/m? per 1 mA applied (Bikson et al., 2018).
Therefore, 2 mA for 30 min yields 0.44 A/m? and 79.2 mC/cm?; this is
45x below the current density threshold and 68x below the charger
density threshold. 6 mA for 120 min yields 1.32 A/m? and 950.4 mC/
cm?; this is 15x below the current density threshold and 5.5x below the
charger density threshold. However, our goal here is not to suggest
absolute safety limits but to show that existing low-intensity approaches
are well below even conservatively estimated safety limits.

2.3. Modeling (heating, induced voltages)

Computational modeling in tES provides a subject-specific estima-
tion of current flow distribution within the head by integrating
anatomical imaging (typically magnetic resonance imaging (MRI)) data
with finite element models (Fig. 1). These simulations allow investiga-
tion of the spatial distribution and intensity of the EF induced by surface-
applied currents (i.e., tDCS, tACS), providing information into the
physical dose received by neurons in different cortical and subcortical
regions. The EF magnitude and direction is the cardinal agent of tES
techniques (Galan-Gadea et al., 2023; Radman et al., 2009) and it is
molded by the details of individual anatomy (Mosayebi-Samani et al.,
2021; Opitz et al., 2015), complex arrangement of cortical folding, and
by the electrode montage (electrode positions, currents, and their
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Fig. 1. Electric field modeling pipeline. Computational modeling in tES studies provides a subject-specific estimation of current flow distribution within the head by
integrating anatomical imaging (typically using MR data with finite element models). Using hypothetical electrode positions on the individually reconstructed brain/
scalp, the spatial distribution and intensity of the electric field (EF) can be estimated.

geometry and composition (Miranda et al., 2013; Saturnino et al.,
2015)). While the total applied current at the scalp is typically fixed
across study participants (e.g., 1-4 mA), the resulting intracerebral EF
can vary substantially between groups and individuals (Laakso et al.,
2015), potentially contributing to variability in stimulation outcomes.
Computational models are needed precisely because the relation be-
tween dose and brain EF is complex (i.e. it cannot be predicted by rules
of thumb).

Therefore, a primary function of computational models is to guide
the development of new electrode montages and dosing strategies for
targeting specific brain regions (Dmochowski et al., 2011; Ruffini et al.,
2014; Saturnino et al., 2019), as well as to characterize which regions
are affected by existing configurations (Splittgerber et al., 2020a).
Accordingly, one of the most common uses of computational modeling is
the comparison of different montages in terms of their capacity to target
desired brain areas.

In this context, computational modeling is a valuable tool for
investigating EF distributions across diverse anatomical profiles,
including pediatric populations and individuals with neurological con-
ditions (Kasten et al., 2019; Laakso et al., 2019; Van Hoornweder et al.,
2022). For example, children, who typically have thinner skulls, may
experience significantly stronger cortical EF compared to adults
(Ciechanski et al., 2018; Schaper et al., 2023). Individualized EF dis-
tributions can also be estimated in the presence of anatomical abnor-
malities, such as skull defects (Opitz et al., 2018), as well as in stroke
patients with lesions filled with cerebrospinal fluid (Minjoli et al., 2017;
Yoon et al., 2024) and patients with implants (Mercadal et al., 2022). In
such cases, simulations can identify localized field enhancements in the
brain or surrounding tissues, including the scalp — an important
consideration for safety and risk assessment.

The precision of these predictions, however, depends on the accuracy
of the model, not necessarily the complexity (Bikson and Datta, 2012).
Since the introduction of MRI-derived models (Datta et al., 2009b), it
has been recognized that the CSF compartment should be segmented to
avoid direct brain-skull contact and that cortical gyration may generate
hotspots (i.e., strong EFs) between, rather than directly beneath,
electrodes.

Typical models include six tissue compartments: scalp, skull, CSF,
grey matter, white matter, and air (Guidetti et al., 2022). However, these
compartments encompass multiple tissue types, and assumptions must
be made either through explicit compartmentalization or by assigning

aggregate conductivities. For instance, the space between brain and
skull is not pure CSF but includes meninges; using a reduced conduc-
tivity of 0.8 S/m instead of 1.65 S/m for this compartment has been
proposed for greater accuracy (Jiang et al., 2020; Weise et al., 2022).
Similarly, the scalp is typically modeled as a single compartment, with
an aggregate conductivity of 0.2-0.465 S/m, even though it includes
layers such as fat. Such simplifications are often necessary but introduce
potential sources of deviation from real-world outcomes.

While invasive measurements in patients have addressed model ac-
curacy (Guidetti et al., 2022; Huang et al., 2017; Opitz et al., 2016;
Puonti et al., 2020b), discrepancies remain, especially at the individual
level. Key challenges include uncertainties in tissue resistivity and
permittivity, particularly at low frequencies (Saturnino et al., 2019), as
well as poorly understood conductivity profiles of pathological and
perilesional tissues (Datta et al., 2010; Sprugnoli et al., 2019). Precise
segmentation of lesions may require multimodal imaging beyond stan-
dard T1-weighted MRI. Similarly, a consensus has yet to be reached on
the best way to model implants, such as titanium plates and SEEG leads
(Alonso et al., 2023; Karimi et al., 2025; Mercadal et al., 2022). Some
evidence suggests metals may behave as non-conductors at low fre-
quencies due to insulating tissue-metal interfaces (Mercadal et al.,
2022).

Underlying these modeling efforts is a key conceptual simplification:
the assumption that the EF in a region of interest predicts the degree of
modulation. This is known as the quasi-uniform assumption (Bikson
et al., 2013b), which posits that at the scale of individual neurons, the EF
can be treated as spatially uniform. The effects of (uniform) EFs on
neuronal polarization depend strongly on both the magnitude and di-
rection of the EF relative to a neuron's morphology and orientation
(Bikson et al., 2004). Therefore, modeling the EF vector, not just its
magnitude, is critical (Galan-Gadea et al., 2023). This assumption re-
mains implicit in most large-scale tES simulations, including when
modeling effects on neurons (Aberra et al., 2023; Rathour and Kaphzan,
2024) or other cell types (Khadka and Bikson, 2022), where each cell is
treated as being exposed to a locally uniform field.

The EF strength and its spatial distribution in tACS are expected to be
similar to that observed with tDCS (Huang et al., 2017; Opitz et al.,
2016). It remains unclear whether the high electric permittivity of brain
tissues can significantly affect the strength of the EF in the brain and
shift the phase of the sinusoidal waves, in particular with higher fre-
quencies (Gaugain et al., 2023).
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Models focused on skin current flow have informed electrode design,
as tolerability of tES is often related to skin effects (Khadka et al., 2018;
Kronberg and Bikson, 2012; Saturnino et al., 2015). The skin is, in fact, a
complex multilayer/structures barrier, and efforts have been made to
model current flow through these structures explicitly (Gomez-Tames
et al.,, 2016; Khadka and Bikson, 2020). Practical factors affecting
tolerability (such as electrodes drying or leaking saline/gel) may not be
addressed by idealized computational models.

Notwithstanding the noted limitations, EF simulations can support
risk analyses. For example, it is reasonable to assume that AE scales with
the local electric field strength. When simulations predict EF levels
within previously validated safety margins, this supports confidence in a
given approach.

Extending simulations beyond the EF to include tissue heating can
help to improve their utility for risk assessment. Heating of the brain
during tES, scales with the strength and duration of the EF, and can be
predicted by bioheat models. For conventional tES protocols predicted
heating is insignificant (not hazardous) (Datta et al., 2009a) including in
the presence of implants, (Karimi et al., 2025), but might be re-
evaluated for higher doses, atypical anatomy, or specific implants.
Heating simulations at the MRI radiofrequency, complemented by
measurements of skin temperature increases, have been important for
the safety evaluation of tES electrodes and cables used during magnetic
resonance scanning (Gregersen et al., 2021).

Models of other mechanisms of AEs, such as electrochemical re-
actions at the skin-electrode interface, are not well established, limiting
the possibilities offered by simulations for risk assessments of those as-
pects. Computational models are also a key tool in scaling rodent to
human dosimetry and developing safety standards (Bikson et al., 2016).

Previous findings on anatomical differences in head and cortical
bone structure between males and females (Russell et al., 2014), suggest
that females tend to have thicker cranial bone structures, which may
reduce the intensity of electrical currents reaching brain tissue. How-
ever, such differences may be less impactful than general anatomical
(size) differences across individuals. These findings along with the
reciprocal dynamics between fluctuating sex and reproductive hor-
mones and cortical excitability (Finocchi and Ferrari, 2011; Aftanas
et al., 2022), remain underexplored.

Conclusions and recommendations: Models are an important part
of risk analyses, especially in relating dose to EF and for identifying
possible worst-case scenarios. No significant / hazardous brain heating
is predicted during conventional protocols. However, given the model
uncertainties, the need for further validation, and the incomplete un-
derstanding of the link between EF and AEs, it is recommended that EF
modeling not be used on its own to assess safety. Instead, it should be
complemented by empirical safety data and established risk assessment
procedures.

3. Electrode design for tES

Electrode design and placement govern brain current flow and thus,
the spatial effects of stimulation (for a detailed review, see (Solomons
and Shanmugasundaram, 2020)). While the shape and materials of the
electrode have moderate influence on brain current flow, the primary
importance of electrode design is tolerable effects on the skin. We
summarize electrode design impact on brain current flow and on skin
effects.

Conventional tDCS uses two “pad” electrodes (one anode, one
cathode) of comparable size (25-35 cmz). The term “return” electrodes
does not mean an electrode is inert but rather reflects the hypothesis that
it plays a less critical role in the targeted outcome. Notably, the return
electrode can be either the anode or cathode, depending on the montage
and the intended direction of current flow. Similarly, designations like
“anodal tDCS” or “cathodal tDCS” highlight the presumed functional
importance of the anode or cathode, respectively, within a given pro-
tocol (Bikson et al., 2019). Increasing the size of one electrode relative to
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the other has been proposed as a method to reduce the impact of the
larger electrodes (Nitsche et al., 2007), though computational models
suggest this has moderate effect (Bikson et al., 2010). Positioning the
“return” electrode in an extracephalic position does not make it inert but
produces current through the deep brain (Noetscher et al., 2014; Sade-
ghihassanabadi et al., 2022).

Scalp electrodes used for HD-tDCS® are smaller (~2.5 em?) (Minhas
et al.,, 2010). The use of smaller electrodes in itself provides only a
moderate benefit in focality (Miranda et al., 2009). However, multiple
HD electrodes can be arranged that can alter current flow. In the 4x1
Laplacian montage (Datta et al., 2009b), the center electrode determines
the active polarity and the radius of the four electrode ring controls
focality (Alam et al., 2016). Overall, the 4x1 montage enables a more
focal cortical current flow (Edwards et al., 2013). It has been applied to
multiple cortical targets including the motor cortex and the DLPFC
(Cacciamani et al., 2024; Caparelli-Daquer et al., 2012; Hemmerich
et al., 2024; Johari et al., 2022; Kuo et al., 2013; Miiller et al., 2022). The
4 x 1 montage was also used to deliver tACS (Gebodh et al., 2024;
Grover et al., 2022; Zhang et al., 2022a) or otDCS (Manojlovi¢ et al.,
2025).

Alternatively, multiple electrodes distributed across several sites can
be used to optimize the EF strength in the target brain region or to
deliver network-targeted stimulation (Fisher et al., 2017; Gregoret et al.,
2023). Another approach using four electrodes, tTIS, was recently
shown to be well tolerated (Cassara et al., 2025; Vassiliadis et al., 2024).
There is a tradeoff between maximum EF intensity in the brain and
focality (Alam et al., 2016). With multi electrode montages, it is also
possible to provide higher total current by splitting current to individual
electrodes (Harrie et al., 2023).

Electrode design plays a fundamental role in tolerability. While for
any given current, decreasing electrode size will proportionally increase
current density; electrode materials have a more important role in
tolerability. For example, well-designed HD electrodes produce higher
current density than conventional tDCS pad electrodes without neces-
sarily enhancing skin sensation (Reckow et al., 2018; Turski et al.,
2017). Electrode shape appears to have minimal effect on the resulting
sensation (Ambrus et al., 2011; Minhas et al., 2011). The resistivity of
the electrolyte (sponge or hydrogel) may impact tolerability (Dundas
et al., 2007; Khadka et al., 2018). Skin lesions are not an expected AE of
tES when the best practices are followed and appropriate equipment
used; essentially every case-report of a skin lesion during tDCS was
correlated to poor technique or technology (Pilloni et al., 2021).
Impedance measurements are a valued quality-control step to identify
potentially non-ideal electrode set-up (e.g. electrolyte dries up). How-
ever, low impedance is neither a necessary or sufficient condition to
ensure tolerated and reliable stimulation. It is possible for an approach
to show low impedance but not be tolerated (Woods et al., 2016). For
home-based techniques (see Section 10.4), and use in the MRI (see
Section 9.1.), special considerations apply.

Finally, given the central role of electrode design in sensation, it is
also a relevant factor in the blinding reliability (e.g. electrode designs
that produce less sensation in the active arm will produce more effective
blinding). This is an important point when considering the reliability of
sham across studies that may not use the same electrode designs.

Conclusions and recommendations: A multitude of possible elec-
trode shapes, materials, and placements are possible. Electrode montage
primarily shapes current flow through the brain while electrode design
primarily impacts tolerability. Skin preparation (cleaning and drying) is
recommended, while abrasion is not valued or recommended. Skin le-
sions are not an expected AE of tES using verified devices/electrodes and
standard protocols (e.g. over intact skin). Electrodes verified for specific
tES dose should be used; electrodes not designed for stimulation
(recording electrodes) or for distinct stimulation applications (eg. TENS
electrodes) are not a priori verified for tES. For sponge electrodes, using
desalinated (tap) water is not recommended. Appropriate protocols for
electrode preparation and placement are required. Protocols for
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electrode re-use or single-use should be guided by the manufacturer’s
recommendations. Tolerability is always a function of both electrode
design and the waveform applied to the electrode (intensity, frequency).
Therefore, tolerability should be evaluated for each dose.

4. Safety considerations of different tES techniques
4.1. Conventional (bipolar) and 4 x 1 montages

The modern development of tDCS (Nitsche and Paulus, 2000, 2001;
Priori, 2003), and then related low-intensity tES techniques such as tACS
(Antal et al., 2008), used an electrolyte (saline) saturated sponge
“pocket” around a conductive rubber electrode, which was in turn
connected by a lead to the stimulator (DaSilva et al., 2011). Conven-
tionally, two electrodes were used, one cathode and one anode. Varia-
tions in this approach include changing sponge electrode size and shape
(Nitsche et al., 2007). Approaches using more than two electrodes were
considered but the size of electrodes limited their number and proximity
on the scalp (Angius et al., 2018).

For a given current applied to an electrode, the current density in-
creases proportionally with decreased electrode size, and for this reason,
it was assumed that stimulation with small electrodes would not be
tolerated. However, in 2008, this was overturned by delivering 2 mA
tDCS with ~4 cm? electrodes, with the key design factor being the
material and shape rather than the surface area of the electrode (Minhas
et al,, 2010). For example, the HD-tDCS® system uses specialized
hydrogel. With smaller electrodes, it is possible to create montages with
electrode arrays, including one electrode surrounded by a ring of elec-
trodes of the opposite polarity (Laplacian montage as used in HD-tDCS®
(Datta et al., 2009b)) as all bipolar montages (et al., 2019; Rawji et al.,
2018). HD-tDCS® is not less tolerated than conventional bipolar tDCS
and high currents have also been tested for HD-tDCS® (Reckow et al.,
2018), as well as various tES waveforms, such as tACS (Grover et al.,
2022; Helfrich et al., 2014) or otDCS (Manojlovic et al., 2025). Thera-
peutic neuromodulation trials with HD-tDCS® also followed (Caparelli-
Daquer et al., 2012; Kuo et al., 2013).

Modeling software can be used to optimize the number of electrodes
(multi-channel application), their size and placement, and the current
per electrode (Dmochowski et al., 2011; Nishimoto et al., 2024; Zhang
et al., 2022a) for both superficial and deep brain targets (Antonakakis
et al., 2024; Huang and Parra, 2019). Some approaches like tTIS depend
on the use of precisely placed smaller electrodes. Smaller electrodes also
support the use of head-gear combining tES and EEG.

Conclusions and recommendations: The 4 x 1 montage (e.g., used
for HD-tDCS®) has the same safety profile as conventional bipolar tES.
The selection of sponge pad or gel-based electrodes depend on the trial
hypothesis, brain targeting constraints, and practical factors.

4.2. tACS

tACS continues to demonstrate a favorable safety profile when used
within typical experimental and clinical parameters. As previously re-
ported, sensations under the electrodes are generally less intense than
during tDCS (Fertonani et al., 2015). This may be due to reduced elec-
trochemical effects and the frequency-filtering properties of neuronal
membranes (Deans et al., 2007). Phosphenes and cutaneous sensations
are most pronounced at frequencies between 10 and 30 Hz, with a peak
around 20 Hz, and tend to diminish at both lower and higher frequencies
(Turi et al., 2014). Phosphenes are more prominent with frontal mon-
tages, while skin sensations increase with central montages. Both effects
scale with intensity (Raco et al., 2014).

Since the last review, multiple studies have confirmed the absence of
SAEs in both healthy and clinical populations across a wide range of
standard tACS protocols (Evans et al., 2019; Indahlastari et al., 2018;
Matsumoto and Ugawa, 2017). Structured assessments consistently
report SEs such as transient sensations such as tingling, itching,
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phosphenes and only mild AEs (Grade 1), including mild headaches
(Daughters et al., 2020; Kvasnak, 2019; Zeng et al., 2019). These effects
are generally short-lived and often reported at comparable rates in sham
conditions (Bland and Sale, 2019). Studies using intensities of up to 2
mA baseline to peak and durations of 20 to 40 min per session, admin-
istered across multiple days, have demonstrated consistent tolerability
in both experimental and clinical settings, including in patients with
depression (Alexander et al., 2019) and substance use disorders
(Daughters et al., 2020).

Conclusion and recommendation: Current evidence shows that
tACS is safe and well tolerated when applied within standard parame-
ters. Across healthy and clinical populations, only mild AEs (Grade 1)
and transient SE typically dependent on stimulation frequency and
montage, have been reported, with incidence rates often comparable to
sham, and did not require medical care nor necessitate early
termination.

4.3. Oscillatory tDCS

Oscillatory transcranial direct current stimulation (otDCS) is a form
of tES that combines features of both tDCS and tACS. It involves the
application of low-intensity sinusoidally modulated currents with a
direct current offset. This means that the current oscillates at a specific
frequency while for each electrode remaining entirely within either the
positive or negative polarity range (i.e., either anodal or cathodal) and
intensity within the standard range (i.e., between 1 and 2 mA). Given
that otDCS incorporates elements of both tDCS and tACS, its safety
profile may be expected to be similar to those of these established
techniques. A recent study compared the subjective experience (tolera-
bility) and SEs of tDCS (1.5 mA), tACS (0 £+ 1 mA, i.e., 2 mA peak-to-
peak), and otDCS (1.5 £+ 0.5 mA, i.e., between 1 and 2 mA) in healthy
young adults (Bjekic¢ et al., 2024). The findings indicated that otDCS
induced discomfort levels comparable to tDCS while producing similarly
mild but somewhat less frequent AEs, including scalp itching (31.0 %
post-tDCS, 26.2 % post-otDCS), tingling sensations (42.9 % post-tDCS,
23.8 % post-otDCS), and mild scalp irritation (28.6 % post-tDCS, 16.7
% post-otDCS). SEs typically associated with alternating currents, such
as phosphenes, were reported by three participants during tACS and one
during otDCS, while shaking of the visual field was reported during tACS
only. Specific to otDCS, a negligible-to-mild burning sensation was re-
ported by 14.3 % of participants, while 19.1 % experienced increased
tiredness following stimulation. This sham-controlled study delivered
otDCS as well as tACS and tDCS via electrodes placed on the left parietal
cortex (P3) and contralateral cheek while the frequency was in theta
range (4-8 Hz) for otDCS and tACS. The same profile of AEs was re-
ported in other studies that applied theta-band otDCS (Vulic et al., 2021;
Zivanovi¢ et al., 2022), while there are no available reports on protocols
in other frequency bands.

Conclusions and recommendations: Current evidence suggests
that otDCS, like tDCS and tACS, is safe and associated with minimal AE
(Grade 1) when applied within standard parameters. However, research
on otDCS remains limited, and several factors—including electrode
positioning, current intensity, and stimulation frequency—may influ-
ence its tolerability. Additionally, the long-term effects of repeated
otDCS sessions, particularly in individuals with neurological conditions,
remain unexplored.

4.4. tRNS

Transcranial random noise stimulation (Bikson et al., 2019) is mostly
used with frequencies between 100-640 Hz (Terney et al, 2007), has
been recognized for its good safety profile, with AEs comparable to
sham. tRNS includes symmetric biphasic waveforms (with zero DC) and
asymmetric waveforms including monophasic or DC offset (Mondino
et al., 2022; Murphy et al., 2020; Tokikuni et al., 2024).

Sheffield et al. (2022) analyzed AE data from 1019 healthy adults
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who underwent 9-11 daily sessions of tRNS, tDCS, or tACS using small
circular electrodes (3.14 cmz) centred on four different cortical target
sites. Using Bayesian statistics, they found support for the null hypoth-
esis, indicating that AEs were similar between active and sham tRNS.
Additionally, blinding data revealed excellent blinding efficacy for
tRNS. These findings align with previous studies using fewer sessions
and larger sponge electrodes, which also reported no significant differ-
ences in AEs between tRNS and sham, as well as advantages such as
higher cutaneous perception thresholds and lower AE reporting rates
compared to tDCS (Ambrus et al., 2010). A notable finding is that AEs
(Grade 1) varied by stimulation and collection site, suggesting the po-
tential influence of training differences or population characteristics on
reported AEs (Sheffield et al., 2022). However, no longer-term data are
provided.

Large-scale studies on clinical populations remain limited, although
the reported AEs (Grade 1) are similar to those ones reported in healthy
adults. tRNS has been used in multiple studies on adults with tinnitus,
with a recent review reporting only mild AEs (Alashram, 2024). How-
ever, AE variability across studies mirrors the SE observed by Sheffield
et al. (2022), which may be attributed to different experimenters’
expertise or types of population.

For individuals with brain damage, preliminary evidence suggests no
reported AEs with tRNS. In a study investigating vision recovery in pa-
tients with cortical blindness due to V1 damage, the patients did not
report any AEs (Herpich et al., 2019).

Most paediatric studies have focused on atypically developing chil-
dren. A recent study examined 1032 tES sessions in children and ado-
lescents with neuropsychiatric and neurodevelopmental disorders
(Battisti et al., 2025), confirming effective blinding, consistent with
earlier paediatric research (Dakwar-Kawar et al., 2022, 2023; Looi et al.,
2017; Splittgerber et al., 2020b). Although AEs were similar between
active and sham tRNS, an overall higher AE (Grade 1) reporting rate for
tRNS compared to tDCS (including both sham and active conditions) was
noted. This discrepancy is unlikely to stem from tRNS, and is likely to be
due to differences in participant populations or experimenter effects. In
animal models, juvenile mice underwent the same protocol as children
with atypical development (nine twice-weekly sessions of 0.75 mA
(peak-to-peak) over one month) (Looi et al., 2017), with no detectable
macroscopic tissue damage (Sanchez-Leon et al., 2021).

Research on home-use tRNS remains scarce. The only known study
compared 20 min Al-driven personalised current intensity tRNS, 1.5 mA
(peak-to-peak) tRNS, and sham tRNS in healthy adults at home. No AEs
(Grade 1) differences between active tRNS and sham were found, and
the participants tolerated the intervention well (Cohen Kadosh et al., In
press).

Conclusion and recommendation: In summary, the existing evi-
dence supports the safety and tolerability of tRNS in the lab and at home.
However, most studies have used relatively lower current intensities
(0.03 mA/cm? in children, and mostly <0.318 mA/cm? in adults). It is
recommended to carefully test higher intensities, because it remains an
open question whether higher intensities would maintain similar AE
rates and blinding efficacy.

4.5. Network-targeted tES

Interest has grown in tES to modulate large-scale brain networks
typically using multi-channel” tES- i.e., simultaneous stimulation of
functionally or structurally connected regions that exhibit correlated
activity across time (Ruffini et al., 2018). These networks are typically
identified through fMRI (task-based or resting-state BOLD) (Fox and
Greicius, 2010), (s)EEG (Bartolomei et al., 2018; Centeno and Carmi-
chael, 2014), magnetoencephalography (MEG) (Cho et al., 2024, p.
202), and/or diffusion-weighted MRI (Babaeeghazvini et al., 2021).

2 Multi-channel is a misnomer referring to the use of three or more channels.
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Examples include canonical networks such as the default mode network,
salience network, and dorsal attention network (Zhou et al., 2018).
Alternatively, networks may be defined as sets of brain parcels, based on
standardized parcellations, supporting cognitive or sensorimotor func-
tions (Lawrence et al., 2021; Schaefer et al., 2018; Wang et al., 2021).

Many studies end up stimulating networks by default due to the
spatial scale of the electric field generated by typical electrode mon-
tages. However, this section specifically addresses network stimulation
studies that have generated empirical data by explicitly targeting net-
works defined through functional or structural imaging modalities
(Table S1). It excludes stimulation protocols characterized by broad,
non-specific cortical coverage (Splittgerber et al., 2020a; Sprugnoli
et al., 2019), as well as approaches primarily aimed at suppressing ac-
tivity within single epileptogenic zones (Daoud et al., 2022; Kaye et al.,
2021; Simula et al., 2024). Epileptogenic zones can be conceptualized as
networks due to the pathological synchrony observed across different
regions and characteristic seizure propagation patterns (Daoud et al.,
2025), and current efforts are investigating the potential of stimulating
epileptogenic networks using multichannel tDCS (Ruffini et al., 2018).
However, clinical data regarding safety and efficacy are not yet
available.

The studies with network-based targets (Abellaneda-Pérez et al.,
2021; Adhia et al., 2023; Dagan et al., 2018; Ester-Nacke et al., 2024,
2025; Fischer et al., 2017; Goede et al., 2024; Mencarelli et al., 2020;
Salehinejad et al., 2025; Smeele et al., 2023; Wei et al., 2024, 2024;
Zhou et al., 2022) share protocol characteristics with potential safety
implications: they often use smaller electrodes (contact areas < 8 cm?);
they employ intensities commonly exceeding 2 mA and going as high as
4 mA (defined as the sum of the currents delivered through the anodes);
and they generate diffuse EF distributions often optimized using algo-
rithmic approaches to achieve network level targeting (Ruffini et al.,
2014, 2018). Still, no SAEs have been reported, and only common AEs
(Grade 1) are reported (e.g., tingling, itching, transient redness under
the electrodes, and mild headaches). Studies comparing network-
targeted protocols with conventional montages, including tDCS and
tRNS, report no significant differences in AEs and SE (Fischer et al.,
2017; Mencarelli et al., 2020). One under-examined aspect is state
dependence: the idea that stimulation effects may vary depending on
ongoing brain activity (Luo et al., 2025). While not anticipated to raise
safety concerns, state dependence may affect response consistency,
including of pathological networks (Daoud et al., 2025; Schaper et al.,
2023).

Conclusions and recommendations: Network-targeted tES dem-
onstrates minimal AEs (Grade 1) within the conventional parameters
including intensities under 2.0 mA per-electrode and electrode contact
areas higher than 3.14 cm?. Montage optimization algorithms are rec-
ommended to optimize the EF distribution, especially in complex net-
works. There is no evidence for new potential safety issues with network
stimulation that necessitate special standards.

4.6. Transcranial temporal interference stimulation (tTIS)

Transcranial temporal interference stimulation (tTIS) is designed to
target deeper brain structures in humans with good depth-focality trade-
off (e.g.,(Beanato et al., 2024; Hummel and Wessel, 2024; Kurtin et al.,
2025; Vassiliadis et al., 2024; Violante et al., 2023; Wessel et al., 2023)),
demonstrating a favorable safety profile when used within conventional
parameters. Studies have consistently reported minimal AEs, while no
SAEs have been documented.

Typically, stimulation parameters for tTIS include carrier fre-
quencies ranging between 1000-20,000 Hz, beating envelope fre-
quencies between 5-130 Hz and currents usually up to approximately 4
mA peak to peak with session durations commonly around seconds to
minutes. Most frequent AEs, expected from tES, were perceived sensa-
tions such as tingling, burning, itching ((Vassiliadis et al., 2024) for
review (Demchenko et al., 2025)). The perception of stimulation-
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induced sensations has been shown to depend directly on stimulation
intensity, becoming more noticeable as the current is approaching
higher thresholds, e.g., around 2 mA (Vassiliadis et al. 2024). It has been
demonstrated that the perceived sensations are comparable between the
temporal interference condition and control conditions, including a
high-frequency control (with no difference between carrier frequencies)
and conventional sham (involving fade-in and fade-out stimulation)
(Vassiliadis et al., 2024). This renders tTIS as a method with excellent
blinding opportunities well suited for double-blinded and placebo-
controlled trials. A recent meta-analysis (Demchenko et al., 2025) sug-
gests that perceived mild sensations like tingling, itching, though rather
rare, might be more frequently reported in verum tTIS (11 %) compared
to control (5 %), an important aspect that must be further explored.
Rarely, subjects describe headache, sleepiness/drowsiness, nausea or
pain. However, these AEs are comparably frequent during tTIS and
control stimulation (Demchenko et al., 2025).

Studies that directly assessed the safety profile of tTIS, such as the
detailed examination by Piao et al. (2022) and Wang et al. (2024), have
reinforced its general tolerability and absence of significant AEs. Piao
et al. (2022) and Wang et al. (2024) investigated 38 and 88 healthy
subjects, respectively, monitoring neuropsychological, electrophysio-
logical, and behavioral parameters, including serum NSE levels and
EEG, and lent additional support for tTIS's favorable safety profile.

First applications in patient cohorts confirmed a favorable safety and
AEs profile of tTIS (e.g., (Lamos et al., 2025; Missey et al., 2025; Plou-
mitsakou et al., 2025; Vassiliadis et al., 2024; Yang et al., 2024)).

However, the long-term safety profile and the effects of repeated or
prolonged applications remain incompletely evaluated and have to be
addressed in upcoming studies.

Conclusion and recommendation: tTIS using carrier frequencies of
1000-20,000 Hz and currents <4 mA peak-to-peak (single studies up to
30 mA) is currently regarded as safe for use in both basic neuroscience
and early clinical-translational research, with only mild AEs reported
(Grade 1). Initial clinical applications support this favorable safety
profile. Notably, tTIS provides strong potential for effective participant
blinding, a key advantage in experimental design. Continued, rigorous
monitoring of AEs remains essential—particularly as stimulation pro-
tocols are refined and new ones developed, patient populations are
included, and long-term safety is assessed and needs to be demonstrated.
Overall, the safety profile of tTIS is comparable to that of other estab-
lished NIBS techniques, such as tACS.

4.7. Transcutaneous spinal direct current stimulation (tsDCS)

During transcutaneous spinal DCS (tsDCS) (Cogiamanian et al.,
2008), electrical current is delivered through an electrode positioned on
the skin over the spinal cord with the return electrode placed over
various regions according to different protocols (mainly the shoulder,
the anterior aspect of the trunk, or along the spine). tsDCS appears to
influence ascending and descending spinal pathways and to modify the
excitability of various spinal reflexes in humans and animals (Priori
et al., 2014). In general, anodal tsDCS tends to suppress conduction
along spinal pathways and to facilitate reflexes, while cathodal tsDCS
tends to enhance responses mediated by spinal ascending pathways and
inhibit reflexes.

In several clinical trials including patients with neuropathic,
musculoskeletal, or visceral pain the analgesic effect of tsDCS was
proven (thoracic anode placement; 2.5 mA, 20 min, at least 5 days
stimulation) (Guidetti et al., 2021; Hodaj et al., 2023). The mechanisms
underlying the analgesic effects of tsDCS remain largely unknown.
However, in healthy subjects, the technique likely modulates synaptic
efficacy at the segmental level, influencing the local processing and/or
transmission of nociceptive inputs in the dorsal horn (Lenoir et al.,
2018). Interestingly, anodal tsDCS reduced reactive oxygen species
(ROS) levels and increased antioxidant capacity markers such as gluta-
thione (GSH) and total antioxidant capacity (TAC), suggesting improved
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mitochondrial efficiency in multiple sclerosis (MS) (Mrakic-Sposta et al.,
2025).

Clinical experience and the available reports suggest that tsDCS does
not induce SAEs. Computational simulations support this insight
(Guidetti et al., 2023), also in presence of metallic spinal implants (Kuck
et al., 2019), as induced electric field values are reported to be over a
thousand times lower than the safety thresholds for tissue injury (Bikson
etal., 2009). While one study reported no blood biomarkers indicative of
neuronal damage following stimulation (Cogiamanian et al., 2008), a
preliminary account (H. Zhao et al., 2023) indicates that the most
frequently AEs are mild sensations of burning, tingling, and itching
below the stimulating electrodes. Skin redness may occur, however, this
tends to be transient and self-resolving. Thus, tsDCS does not induce
changes in bodily state, at least as measured by autonomic nervous
system metrics.

Conclusions and recommendations: Carefully inspect the spine for
vertebral malformations (e.g., spina bifida, myelomeningocele) as these
can alter the electrical environment of the spinal cord, affecting current
flow during tsDCS. Syringomyelia can also significantly alter the pattern
and effectiveness of current flow during tsDCS due to the presence of a
fluid-filled cavity in the spinal cord, which changes local conductivity
and may shunt current away. Careful consideration of individual anat-
omy and possible adjustment of stimulation protocols are necessary in
patients with any kind of spine abnormalities. No safety data exist for
pregnant women and for patients with implanted active devices in the
torso (injection pumps, stimulators, cardiac pacemakers, etc). For these
cases, no specific safety recommendation is made but study-specific risk
analysis is warranted.

4.8. Optic nerve/retina stimulation

During repetitive transorbital alternating current stimulation
(rtACS) a weak electrical current is delivered to the eye through a pair or
multiple electrodes attached to the skin around the eye. Animal studies
using crush and transection models of the optic nerve indicate that the
electrical stimulation induces structural and functional neurorestoration
(axonal regeneration, normalised visual evoked potentials), and has a
neuroprotective effect (better survival of ganglion cells) (Miyake et al.,
2007; Morimoto et al., 2005; Tagami et al., 2009; Yin et al., 2016). These
processes are assumed to be mediated by the release of neurotrophic
factors and increased chorioretinal blood flow (Fu et al., 2015).

In the previous version of these guidelines (Antal et al., 2017), we
reported on the safety and tolerability outcomes from studies involving
760 patients with optic neuropathies, such as those following stroke or
with post-chiasmatic lesions, who were treated in various clinical trials
using this technology (Fedorov et al., 2011; Gall et al., 2013, 2010,
2016, 2011, 2015; Sabel et al., 2011; Schmidt et al., 2013). The most
common AEs were mild skin sensations and irritation, headache,
drowsiness, and sleep disturbances. No stimulation-related SAEs were
reported.

Since 2017, the number of clinical trials using rtACS has been
limited. In one study (Raty et al., 2021), 56 patients with occipital stroke
were stimulated using 5-15 Hz rtACS, or with the combination of oc-
cipital tDCS and rtACS. No serious AEs occurred. The most common AEs
were mild skin irritation under stimulation electrodes during the treat-
ment, tiredness, ‘other’ skin sensations (about 30-100 % of the cases,
depending on the experimental setup), mild headache, and phosphenes-
like visual phenomena (about 30 %). A low number of patients
(maximum 2) reported metallic taste, myokymia, dizziness, sleeping
difficulties (only in the sham group), and lack of concentration (only in
the sham group). No difference in the frequency of any of the reported
AEs, nor in their composite number per subject was detected between
the different modalities.

A recent review of 10 RCTs and 15 observational studies, including
transcorneal electrical stimulation, transpalpebral electrical stimula-
tion, transdermal electrical stimulation, and rtACS, reported no SAEs
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(Liu et al., 2021). Minor complications included foreign body sensation,
dry eye, transient superficial keratitis, cutaneous sensation at electrode
sites, and mild headache in sporadic cases.

An interventional, randomized study on 51 patients using trans-
corneal electrical stimulation reported mild AEs, including predomi-
nantly dry eye symptoms, but also a few cases of ocular discomfort,
ocular pain, transient visual disturbance, increased tear production, and
itching (Stett et al., 2023).

Two studies using rTACS to target phosphene induction in 15 (Sabel
et al., 2021) and 61 (Hunold et al., 2025) healthy participants, respec-
tively, reported that the stimulation was well tolerated and no AEs
occurred.

An alternative terminology for transorbital stimulation is retinofugal
alternating current stimulation (rACS) targeting o-oscillations in the
visual cortex via periorbital electrodes (Haberbosch et al., 2019). In this
study, multichannel stimulation was applied at 10 Hz, with an ampli-
tude of 120 % phosphene threshold (resulting in 351.69 pA peak-to-
peak). Topographical modeling revealed the highest current densities
in the anterior visual pathway, the retina, and the optic nerve. No
serious AEs occurred in 20 healthy subjects, and the stimulation was
well tolerated.

An ongoing multicenter clinical study in Germany is investigating
the efficacy of the rtACS in open-angle glaucoma (Schittkowski et al.,
2025). As of the publication date of this paper, no safety-related con-
cerns have been reported.

Another stimulation form, using a rectangular waveform, is also
applied to treat glaucoma. This type of stimulation is described as optic
nerve stimulation (ONS) (Erb et al., 2022). In a recent study, seventy
glaucoma patients with progressive vision loss underwent electrical ONS
(5-35 Hz), with stimulus intensities up to 1.2 mA, for 10 days, about 80
min of stimulation/day. In this paper, no AEs or SAEs were reported.

Conclusions and recommendations: Based on the published data,
the likelihood of detrimental effects using rtACS is extremely low and
not different from other protocols using tES. It is recommended that
personalised protocols (e.g. slightly below phosphene threshold in-
tensities) are used at least at the beginning of the treatments. Further-
more, RCTs are needed to establish the optimal protocols for the
application to different kinds of visual disorders.

4.9. Cerebellar stimulation

Cerebellar tES, including tDCS, tACS and tRNS, has emerged as a
non-invasive technique targeting cerebellar networks implicated in
motor control, cognition, and affective regulation. While its therapeutic
and experimental applications are expanding, the safety profile of
cerebellar tES remains an important topic for clinical and research
deployment.

Systematic reviews and individual randomized controlled trials
indicate that cerebellar tES administered within established current in-
tensity ranges from 1 to 2 mA and <30 min per session is safe and well
tolerated in healthy adults and patient populations (Manto et al., 2022;
Warthen et al., 2024).

In a recent meta-analysis of 14 studies involving cerebellar tDCS in
patients with degenerative ataxia (N = 406), no serious AEs were re-
ported; only mild, transient SEs occurred in two studies (Gong et al.,
2023).

Commonly observed AEs, as in cortical tDCS, include scalp tingling,
itching, mild headache, skin redness, fatigue, and dizziness, these
symptoms typically resolve shortly after stimulation and rarely neces-
sitate treatment discontinuation (Antal et al., 2017; Herzog et al., 2022).

Several trials combining cerebellar tES with motor rehabilitation in
stroke survivors or individuals with balance disorders have similarly
reported no serious complications. For example, in a controlled study
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applying cerebellar tDCS during virtual balance training in stroke pa-
tients, mild headache was the most frequently noted symptom (Qurat-
Ul-Ain et al., 2023). Studies employing cerebellar tACS or tRNS also
demonstrate good tolerability, with minor cutaneous or vestibular sen-
sations but no severe neurological or systemic effects (Tavakoli and Yun,
2017).

Although, data remain limited; preliminary trials indicate that
cerebellar tES is generally well tolerated in adolescents with neuro-
developmental disorders (D’ Urso et al., 2021): the anatomical proximity
of the cerebellum to the brainstem warrants conservative dosing and
individualized current modeling to avoid off-target stimulation. Ethical
aspects and regulatory oversight are essential when applying tES in
pediatric populations (Salehinejad et al., 2022).

There is no single standard for cerebellar stimulation electrode
placement, which is usually guided by previous research (Ferrucci et al.,
2015). Stimulation sites vary by function, for example in stroke reha-
bilitation: superior-lateral cerebellum for motor tasks, pharyngeal area
for dysphagia, and lobule VII for aphasia, contralesional stimulation is
often more effective due to crossed cerebro-cerebellar pathways, and
bilateral stimulation has shown greater enhancement of swallowing
function compared to unilateral, likely due to increased input to the
cerebral swallowing cortex (Liu et al., 2024).

Conclusion and recommendation: cerebellar tES—when delivered
within conventional parameters—is a safe and well-tolerated neuro-
modulatory intervention in adult populations. No serious AEs have been
documented to date. Mild, transient SEs are common and manageable.
However, further studies are required to assess the long-term safety of
repeated or chronic cerebellar stimulation, particularly in vulnerable
populations such as children or individuals with neurological comor-
bidities. From a procedural perspective, it is recommended to use
montages that place the active electrode over the cerebellar hemisphere
(whole or lateral) — typically located 1 cm below and 2 cm lateral to the
inion—and the reference electrode at an extracephalic site, such as the
ipsilateral shoulder. This configuration is proposed to reduce current
spread to brainstem structures (Parazzini et al., 2013).

5. Safety considerations of repeated tES application
5.1. Repeated /multiple sessions across days

The rationale for delivering tDCS across multiple days is to enhance
its efficacy and promote longer lasting neuroplastic after-effects. In line
with this objective, numerous studies over the past two decades have
investigated the efficacy and safety of multi-session tDCS protocols.

A key meta-analysis conducted by Bikson et al. (2016) assessed the
safety of repeated tDCS interventions, defined as more than four sessions
per week, drawing on data from over 1000 participants. The analysis
confirmed the safety and tolerability of repeated tDCS, reporting no
SAEs. Subsequent studies applying up to 10 tDCS sessions per subject in
controlled clinical or research settings, and administered by trained
personnel, have consistently replicated this safety profile (Antonenko
et al., 2022, 2024; Choy et al., 2023; Juras et al., 2025; Ke et al., 2023;
Talsma et al., 2017; Teixeira-Santos et al., 2022). A comprehensive
meta-analysis of 158 studies (n = 4130) further confirmed that AE rates
did not increase with cumulative tDCS exposure—defined as two or
more sessions spaced no more than a day apart—nor did they differ
across diagnostic groups, reinforcing the safety of repeated tDCS pro-
tocols (Nikolin et al., 2018).

The use of home-based tDCS has expanded the feasibility of long-
term interventions, enabling daily stimulation protocols extending
over several weeks or months (Grgnli et al., 2022; Im et al., 2019;
Madhavan et al., 2025a; Martens et al., 2018). For instance, Martens
et al. (2018) administered a 4-week daily tDCS intervention (2 mA, 20
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min/session, 5 sessions/week; 20 sessions total; ~400 min per subject)
targeting the left DLPFC in 27 patients with chronic minimally conscious
state. No SAEs were observed in the active tDCS group. One SAE
(epileptic seizure) occurred in the sham group on day 4, though this
event was deemed unrelated to stimulation, as the sham protocol
involved only 5 s of active stimulation (5 s ramp-up, 5 s stimulation, 5 s
ramp-down).

In another study, Im et al. (2019) evaluated the efficacy of a 6-month
home-based tDCS protocol in 20 patients with AD, with 12 receiving
active and 8 receiving sham stimulation (2 mA, 30 min/session; ~182
sessions; ~5460 min total per subject; bilateral DLPFC montage: anode
over F3, cathode over F4). No information on AEs or SEs was reported.
Nonetheless, 18 of the 20 participants completed the study; the two
drop-outs were attributed to refusal or caregiver-related issues rather
than stimulation-related AEs.

Further home-based studies have supported the safety and tolera-
bility of long-term tDCS. In amyotrophic lateral sclerosis (ALS) patients,
Madhavan et al. (2025) administered 72 sessions over 24 weeks (2 mA,
20 min/session, 3 sessions/week; 1440 min total per subject) without
SAEs. Similarly, Grenli et al. (2022) applied daily tDCS for 18 weeks in
AD patients (2 mA, 30 min/session, 7 sessions/week; ~122 sessions;
~3660 min per subject), with no SAEs reported. Ghazi-Noori et al.
(2024) conducted a 6-week study in patients with bipolar disorder (2
mA, 30 min/session; 21 sessions; 630 min total per subject), reporting
that 90.6 % of AEs were rated as mild, 9 % as moderate, and 0.4 % as
severe. The most common side effects included tingling (83.5 %), skin
redness (40.6 %), itching (29.3 %), and burning sensations (26.5 %). The
most severe AEs comprised one case each of tingling and burning sen-
sations, and two cases each of itching and skin redness.

Conclusions and recommendations: Multi-session tDCS delivered
at conventional intensities (<4 mA) by trained professionals in clinical
or research settings remains well-tolerated, with no SAEs related to tDCS
reported. Emerging data from home-based protocols, extending up to
5000 min of total stimulation time, suggest initial safety under real-
world conditions. However, to substantiate these findings, rigorously
controlled trials with larger sample sizes and systematic AE monitoring
are essential.

5.2. Safety considerations of repeated /multiple-sessions per day

Applying multiple tES sessions per day (also often referred to as an
“accelerated protocol”, “intensive application” or “spaced tES” in the
literature) builds on conventional protocols, which typically deliver
stimulation once per day. Inspired by findings from accelerated repeti-
tive transcranial magnetic stimulation (rTMS) studies, where multiple
daily sessions have been shown to augment treatment effects, these
multi-session-per-day tES protocols aim to enhance efficacy by
increasing the frequency of sessions within a single day.

A potential concern with this approach is the increased risk of AEs
due to the cumulative effects of stimulation. However, there is little
evidence to suggest that intensifying the application schedule (to 2-5
sessions per day) and reducing the inter-session intervals (for several
hours to 10-20 min) elevates the risk of serious AE. While participants
receiving active tES appear to have a higher frequency of mild AEs
associated with tES (such as burning sensations or itching) compared to
sham, similar effects have been observed in conventional once daily
protocols (Nikolin et al., 2018).

The literature search identified 70 studies ranging from case reports
to randomized controlled trials, covering both healthy and pathological
conditions. In total, these studies involved over 1900 individuals and
more than 14,000 active sessions.

Although few studies have directly compared the safety of once-
versus multiple-daily tES protocols, available evidence from neuro-
physiological studies suggests that multi-session protocols do not sub-
stantially elevate the risk of serious AEs. These include consecutive tDCS
sessions over the motor cortex spaced by short (3-20 mins) or long
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intervals (3-24 h) compared to a single session (Monte-Silva et al.,
2013), thrice-daily 20 min tRNS sessions spaced 30 mins apart (Brevet-
Aeby et al., 2019), and twice-daily vs once-daily tDCS (20 min, 5 h
apart) in patients with vascular depression (Zanardi et al., 2020).

The majority of studies retrieved in the literature search involve
patients with neuropsychiatric conditions and compare multiple-daily
tES protocols to sham. One of the earliest applications of a multi-
sessions tES protocol was in patients with schizophrenia (Brunelin
et al., 2012). These received twice-daily tDCS sessions, spaced 2 to 3 h
apart, with the anode placed over the left prefrontal cortex and the
cathode over the left temporoparietal junction (ten 20-min sessions, 2
mA). While this study primarily investigated therapeutic outcomes, it
also reported no significant AEs and preserved participant blinding.
Subsequently, a meta-analysis of eight studies (329 participants) with
schizophrenia showed no difference in all-cause discontinuation be-
tween twice-daily tDCS and sham groups (Jiang et al., 2022). Safe use of
twice-daily protocols has also been observed in numerous randomized
sham-controlled tDCS trials across several other clinical populations
using twice-daily protocols, including subacute stroke (Hsu et al., 2023),
stroke (Pinto et al., 2021), Parkinson disease (Aksu et al., 2022; Dash-
telei et al., 2024), tobacco use disorder (Mondino et al., 2022), obsessive
compulsive disorder (Bation et al., 2019), major depression (Moirand
et al., 2022), bipolar depression with suicidal ideation (Wang et al.,
2024), social anxiety disorder (Jafari et al., 2021), epilepsy (Kaufmann
et al., 2021), and acute respiratory distress syndrome (Andrade et al.,
2022). These twice-daily session studies employed varying electrode
montages, session durations, and stimulation intensities (ranging from 9
to 30 min at 1-3 mA), as well as differing inter-session intervals (from
10 min to 6 h).

Some recent studies have also explored delivering more than two tES
sessions per day in clinical populations, with some protocols including
up to five daily sessions. This intensified approach has been applied in
patients with major depression (Couture et al., 2025), schizophrenia
(Mondino et al., 2021), and catatonia (Bouaziz et al., 2023). Impor-
tantly, while most studies report only mild, transient effects (e.g.,
tingling, itching, redness), comparable to those observed with once-
daily protocols, a trial of 29 patients with depression receiving 50
tDCS sessions (five per day, 20 min duration at 2 mA, 20 min inter
session interval with left anodal/right cathodal DLPFC stimulation)
found that 18 (62 %) developed mild, persistent erythematous-
squamous plaques under the anode, consistent with irritative contact
dermatitis (Miron et al., 2023). Additionally, they reported high rates of
redness at electrodes sites (100 %), headaches (67.9 %) and fatigue
(57.1 %). No participant required specific treatments (e.g., topical cor-
ticosteroids). Notably, the authors reported that tDCS parameters,
including current intensity and density, were within established safety
guidelines, used saline pre-saturated electrode sponges ('SNAPpads'),
which are high-quality, individually packaged electrodes and main-
tained impedance levels below 30 kQ. It is also unlikely that the
symptoms were caused by the accumulation of toxic by-products. These
details suggest that poor technique or non-compliance with safety rec-
ommendations cannot explain the observed AEs. In addition to recom-
mending the application of a moisturizing cream to the exposed scalp
area after each treatment day in affected participants, all subjects were
advised to gently cleanse the exposed scalp area with a mild soap before
each session. Conclusions and recommendations: Direct comparisons
between multiple and once daily tES protocols regarding safety remain
limited. Delivering up to five 20-mins sessions per day (at 2 mA, sepa-
rated by 20 min) is tolerable, with a safety profile comparable to once-
daily tES protocols. Particular attention should be paid to potential skin
reactions, and special care, including the use of optimized equipment,
should be taken to minimize these effects. Given their safety profile,
multi-sessions-per-day protocols may be particularly suitable for users
who are unable or unwilling to attend multiple visits, as well as for those
with severe cognitive or clinical symptoms who may benefit from more
intensive treatment.
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6. Summary of side effects and adverse events associated with
low intensity tES in human studies

6.1. Perceptual side effects

At the perceptual level, commonly reported SEs remain scalp
discomfort due to cutaneous sensations (i.e., somatosensory percep-
tions), such as tingling, itching, and burning. Recent evidence from a
large body of tES literature, including studies using tDCS, tACS, tRNS,
and HD-tDCS, supports that perceptual SEs are generally mild, transient,
and well tolerated in both healthy individuals and clinical populations
for intensities up to 2 mA. Some HD-tDCS studies have explored in-
tensities up to 4 mA, where effects remain tolerable but perceptual
sensations tend to be more pronounced. However, it should be noted
that a considerable proportion of people receiving sham stimulation
report similar perceptions too, warranting caution in attributing every
occurrence to a tES effect.

Tingling is one of the most commonly reported sensations during tES
and the sensation is typically localized at the site of stimulation (Bjekic
et al., 2024; Chang et al., 2021; Fertonani et al., 2015). This sensation is
generally mild and short-lived (Gairola et al., 2024; Hawas et al., 2025;
Latreche et al., 2024; Ruffini et al., 2024; Upadhyay et al., 2025; Wang
et al., 2024). Numerous studies have reported tingling sensations in both
active and sham conditions, with some studies noting a higher incidence
in sham groups. However, the underlying reasons for this observation
remain unclear (Ul-Ain et al., 2024). Delicado-Miralles et al. (2024) also
showed that tingling sensations were most prominent during the initial
sessions and declined in frequency and intensity over time, highlighting
habituation across repeated exposures. A large-scale analysis of 6779
sessions of remotely supervised at-home tDCS (RS-tDCS) in clinical trial
contexts reported no serious SEs and a very low session abort rate (0.04
%), with the most common SE being mild tingling, itching, and warmth,
equally distributed across active and sham conditions. Notably, no
participants discontinued due to tolerability concerns (Pilloni et al.,
2022). The prevalence of tingling in pediatric populations was also
shown by Buchanan et al. (2021), noting it was typically mild and not
associated with dropouts.

Thus, mild local pain or discomfort at the stimulation site is also
among the reported SE associated with tES, particularly during tDCS
sessions (Bjekic et al., 2024; Pérez-Borrego et al., 2024). This discomfort
is typically characterized by sensations such as burning, itching, or
pressure beneath the electrodes and is usually transient, subsiding
shortly after the end of the stimulation. Several studies report that these
sensations are more prevalent at the beginning of stimulation sessions
and tend to decrease with repeated exposure (Bjekic et al., 2024;
Delicado-Miralles et al., 2024). The intensity and frequency of local pain
and discomfort are influenced by stimulation parameters, electrode
type, and individual sensitivity (Bjekic et al., 2024). All these aspects can
be addressed through strategies such as the use of ramp-up and -down
protocols avoiding abrupt current onset, adequate electrode prepara-
tion, consistent saline/gel application (Fertonani et al., 2015).

Phosphene and “vibration” perceptions are mainly induced during
tACS, particularly at frequencies in the alpha and beta range and current
intensities >1 mA, remains an expected SE as consequence of visual
(Schwiedrzik, 2009) or tactile systems stimulation (Zeng et al., 2019),
and is not considered harmful, despite its impact on perception. Several
studies have confirmed that phosphenes, while occasionally interfering
with tasks, are non-distressing and mitigated through protocol adjust-
ments (e.g., montage design).

These results are consistent with earlier findings (Antal et al., 2017)
and may vary with electrode positioning and whether current ramping is
applied for tDCS. While in general, effects like phosphenes or tingling
may impact task performance or engagement temporarily, they are not
sufficient grounds to halt or contraindicate stimulation protocols, unless
requested by the participant.

14

Clinical Neurophysiology xxx (xxxx) xxx
6.2. Adverse events

Redness of the skin at the electrode site is an anticipated, though
relatively infrequent non-serious event. This erythema is typically mild
and often resolves within hours. Woodham et al. (2024) reported that
63.5 % of participants in the active tDCS group experienced skin
redness, compared to 18.5 % in the sham group. Zhou et al. (2024) and
Park et al. (2024) also found skin redness among the most frequent mild
AEs, with no long-term consequences.

In home-based multichannel tDCS, similar effects such as scalp
burning and skin irritation have been noted (e.g., Park et al., 2024),
although they are infrequent and typically resolve spontaneously
(Ruffini et al., 2024). Importantly, these events rarely result in dropout,
and adherence remains high across clinical and home-based trials when
appropriate safety measures are implemented (Pérez-Borrego et al.,
2024). In pediatric and adolescent populations, Ciechanski et al. (2017)
and Buchanan et al. (2021) emphasized that such events were generally
well tolerated and did not lead to increased dropout, supporting the
safety of tES across age groups. These AEs have been associated with
non-conventional protocols/equipment, reinforcing the importance of
adequate device design and user training (for details see Section 10).
Provided appropriate protocols, equipment, electrodes and skin prepa-
ration are used, skin injury is not an expected AE of low-intensity tES
(Pilloni et al., 2021; Woods et al., 2016). Monitoring for skin integrity
can help minimize local irritation and enhance tolerability (Ruffini
et al., 2024; Woodham et al., 2024).

Fatigue is a less consistently reported AE of tES. It has been
described in some studies, though often without a clear association with
active stimulation. Sleepiness and general tiredness have been reported
in both active and sham conditions, suggesting non-specific origins
potentially related to session timing, individual baseline state, or ex-
pectations (Latreche et al., 2024; Woodham et al., 2024). In fibromy-
algia and schizophrenia studies, fatigue was sometimes reported but did
not significantly differ between active and sham conditions (Lyu et al.,
2024; Yang et al., 2024).

In one experiment, intended alterations, including dizziness, motion
perception shifts, and spatial disorientation, have been reported with
tACS at low frequencies (1-2 Hz, 2.5 mA) in healthy individuals. These
effects appear to be frequency-dependent and due to the modulation of
the vestibular system function (Rossi et al., 2023).

Headaches are another reported AE across both tDCS and tACS
protocols. These are generally mild, often occur during or shortly after
stimulation, and tend to be self-limiting (Chen et al., 2024). Studies such
as those of Woodham et al. (2024), Wang et al. (2024), and Zhou et al.
(2024) observed similar rates of headaches in both active and sham
groups, suggesting that while common, headaches may not be directly
induced by stimulation. Similarly, in a double-blind pilot trial of at-
home remotely supervised tDCS (RS-tDCS) for veterans with persistent
post-traumatic headache, no AEs were reported, and the intervention
resulted in significant reductions in headache days and severity, further
supporting the safety and potential of RS-tDCS in populations with high
symptom burden (Charvet et al., 2023b). Similarly, Park et al. (2024)
found that headaches were reported in the active group and in the sham
group, with no statistical significance, reinforcing the notion that these
effects are often nonspecific and mild.

Regarding cognitive AEs, there is no evidence that tES causes long-
term or significant cognitive impairments. However, a few studies have
reported short-lived mild AEs, affecting non-targeted functions, such as
reduced attention, impaired concentration, and increased mental fatigue
(e.g., (Yuan et al., 2022)). These effects were primarily self-reported and
listed in specific populations, such as older adults and individuals with
medical conditions undergoing prolonged or repeated stimulation
protocols.

On the other hand, when tES is applied to modulate cognition by
down- or up-regulating cortical states, the intended effects arise from the
modulation of cortical excitability, which can interfere with non-
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targeted functions, such as practice effects or learning. This suggests that
tES may, in some cases, influence cognitive engagement indirectly
rather than directly impairing it (e.g., (Leaver, 2025)). Reports of
cognitive AEs remain rare, typically self-reported and not performance-
limiting. However, while most cognitive outcomes in studies are still
tied to the primary stimulation target and interpreted as functional
neuromodulation rather than AEs, the challenge of capturing off-target
or secondary cognitive effects remains.

Conclusion and recommendations: tES is generally safe and well
tolerated, with no evidence of serious or persistent SEs or AEs in healthy
or sensitive populations when standard safety protocols are followed.
The most common events are typically mild, short-lived, and manage-
able (AEs grade 1). Their occurrence can be reduced through proper
electrode application, technical adjustments based on individual
modelling of the current flow and user education. Routine monitoring
and reporting of these effects are recommended to refine individual
tolerability profiles and assess any potential trade-offs in cognitive
function. These effects do not pose a barrier to experimental, clinical or
home-based use of tES. The summary of SE/AE is presented in Table 2.

6.3. The association between ANS and tES

The autonomic nervous system (ANS) regulates involuntary func-
tions such as heart rate, blood pressure, and respiration. It is closely
connected to the brain via structures like the nucleus of the solitary tract,
which integrates afferent signals — many of which travel through the
vagus nerve—and coordinates responses through cortical and subcor-
tical circuits. Given this brain~ANS-vagus integration, it is essential to
consider how tES may modulate autonomic function (Makovac et al.,
2017) and whether this may result in potential AEs. Based on the re-
ports, tES (tACS, tDCS, tRNS) is safe for ANS function, with no reported
AEs or impairments in cardiovascular or other ANS parameters. For
example, tACS did not modulate pain-related autonomic responses,
which was confirmed by Bayesian statistics (May et al., 2021; Prim et al.,
2019). Also an extracephalic (arm/shoulder) electrode positioning in
tDCS, one targeting M1 (Santarnecchi et al., 2014) and the other one
targeting the frontal midline (Vandermeeren et al., 2010) suggest null or
mild effects on autonomic functions. Li et al. reported a transient
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increase in automatic arousal at the end of the tDCS session, an effect
that disappeared afterwards (Li et al., 2024). These results highlight that
stimulating the brain through tES has no AEs at the level of ANS
functioning.

In fact, only after applying tDCS, several studies suggest potential
benefits on ANS functioning, such as transient improvements in heart
rate variability (HRV), which reflects better autonomic regulation (Ko
et al., 2024). Razza et al. (2024) recently showed a dose-dependent ef-
fect of tDCS for HRV, with stronger effects on HRV increases after 3 mA
as compared to 1.5 mA. This ANS functioning has increasingly been
employed as a supportive physiological marker in tES research, com-
plementing behavioral and cognitive outcomes. For example, the stim-
ulation of the DLPFC with tDCS has been shown to modulate ANS
processing without reliably altering self-reported mood (Mondino et al.,
2015), suggesting subtle, yet meaningful physiological shifts. Similarly,
Schroeder et al. (2015) reported reduced autonomic arousal during
emotional tasks following anodal tDCS over the left prefrontal cortex,
reductions linked to distraction and mild behavioral improvements.
Recently, Allaert et al. (2022) also demonstrated that active (vs. sham)
tDCS over the left DLPFC was associated with decreased skin conduc-
tance responses, indicative of lower emotional arousal during emotion
regulation. These findings suggest that HRV and other ANS indices may
not only reflect the physiological effects of tES but also serve as potential
biomarkers of treatment response or even therapeutic targets, particu-
larly in conditions marked by dysregulated autonomic function.

Conclusion: The tES induced effects on ANS appear to be reversible,
within normal physiological bounds, and in line with expected
neuropsycho-physiological patterns—raising no safety concerns. Long
term SEs have not been reported. However, research on the autonomic
effects of other NIBS modalities, such as tACS and tRNS, remains limited
and warrants further investigation.

7. Safety considerations in neurotypical adults and special
populations

7.1. Absolute and relative exclusion criteria for tES in non-clinical settings

In research involving healthy participants, particularly in basic and

Summary of SE/AE across different tES techniques, with severity, frequency of occurrence and respective SE/AE classification i.e. grading in line with definitions

outlined in Section 2.1.

Effect Affected Area Severity Frequency Stimulation Types SE/AE Notes
grade
Tingling/Itching Scalp Mild Very Common tDCS, tACS, otDCS, SE/AE Transient, higher with tDCS and with higher
tsDCS Grade 1 intensities; reduced with longer ramping; present in
sham.
Burning sensation Scalp Mild to Moderate Common tDCS, otDCS, tsDCS SE/AE Linked to electrode contact; more common with poor
sensation Grade 1 electrode preparation or repeated sessions.
Skin redness Scalp Mild Common tDCS, HD-tDCS, SE/AE Temporary; persistent with accelerated protocols;
tsDCS, tACS Grade 1 irritation or dermatitis.
Phosphenes Perceptual Mild Common with tACS, otDCS SE/AE Frequency dependent; stronger when electrodes are
Visual Field tACS Grade 1 closer to the eyes; usually not distressing.
Visual flickering/ Perceptual Mild Occasional tACS SE/AE Frequency dependent effect, during stimulation, not
Distortion Visual Field Grade 1 harmful.
Headache General Mild Common tDCS, tACS AE Grade Self-resolving, timely, linked to stimulation sessions.
1
Fatigue/Sleepiness Systemic Mild Common tDCS, otDCS, tACS AE Grade Reported more in older adults and in postpartum
1 women.
Dizziness/Vertigo Vestibular Mild Uncommon tACS AE Grade Low frequency vestibular effects; short duration,
1 reversible.
Local pain or Scalp Mild Common All AE Grade Usually due to electrode placement, wrong electrode
discomfort 1 preparation or stimulation start.
Difficulty Cognitive Mild Rare tDCS AE Grade Mostly self-reported, short-lived.
concentrating 1
Contact dermatitis Skin Moderate Occasional Accelerated tDCS AE Grade Observed in prolonged/accelerated protocols.
2
Mood changes (e.g. Mood Moderate Rare tDCS in MDD AE Grade In patients with depression; causal link unclear.
Hypomania) 2
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translational neuroscience research, it is essential to adhere to clearly
defined inclusion and exclusion criteria in order to on one hand mini-
mize potential risks and ensure participant safety and, on the other,
ensure methodological rigor and exclude potential confounds.

By definition, the inclusion criteria for studies in healthy adults are
the absence of neurological, psychiatric, or neurodevelopmental con-
ditions and legal adulthood status (age of majority is >18 years in most
countries, for detailed consideration of tES application in children and
older adults see Section 7.3. and 7.4.).

Exclusion criteria are typically categorized as absolute or relative,
depending on the nature and severity of the associated risks. Absolute
exclusion criteria refer to conditions that categorically disqualify a
participant from taking part in a study due to the known potential for
harm or significantly increased risk. The absolute exclusion criteria (i.e.
contraindication) for tES application are open wounds, preexisting skin
abnormalities (e.g. nevi, angiomas or previous burns/scars, neuro-
dermitis, etc.), or active infection at the stimulation site, which could be
conducive to or lead to increased risk of skin damage, or secondary
infection associated with tES and/or the use of conductive gel/paste/
solution.

Other exclusion criteria may apply depending on the study aims,
available resources and overall cost-benefit analysis. These are relative
exclusion criteria that do not have documented safety risks but are
applied based on the principal investigator’s decision either for pre-
cautionary or methodological reasons. For a conservative approach the
following relative exclusion criteria can be applied: self-reported history
of epilepsy or uncontrolled seizures and/or seizure activity in the past
year, given the theoretical risk that modulation of cortical excitability
may lower the seizure threshold — nevertheless, based on the available
evidence, seizures have not been reported as an AE associated with tES;
self-reported history of head or spine injury and/or surgery, which may
alter brain structure or excitability, thereby increasing unpredictability
of response to tES; as well as implanted electronic or metallic devices (e.
g. cochlear implants or metal plates in the head) that can alter current
flow or induce heating (see Section 9.4 for detailed consideration);
current use of medications or drugs such as antidepressants, antipsy-
chotics, or stimulants; self-reported history of persistent SE/AE that
could be associated with tES, e.g. frequent headaches and migraines;
tattoo at the stimulation site, as it would require consideration of the ink
used (Maas et al., 2021); excessive scalp sensitivity and discomfort
during electrode placement; possible pregnancy (for detailed consider-
ation see Section 7.2.); low tolerability of previous NIBS applications,
etc. Further common relative exclusion criteria in studies that aim to
explore basic neuromodulatory mechanisms and effects of tES in neu-
rotypical adults include factors that may act as confounds and add to the
variability of outcomes, such as: excessive caffeine intake; smoking;
alcohol, or recreational drug use; sleep deprivation before or severe
fatigue on the day of the session; high scores on screening questionnaires
for anxiety, depression, or distress, which may influence placebo/
nocebo responses or AE reporting. Other relative exclusion criteria may
be introduced depending on the specific study methods, aims and
objectives.

7.2. tES in pregnant and breastfeeding or not-breastfeeding postpartum
women

So far, nine studies have been published about tES during pregnancy,
including tDCS (Kurzeck et al., 2021; Laurin et al., 2022; Shenoy et al.,
2015; Sreeraj et al., 2016; Strube et al., 2016; Vigod et al., 2019; Q. Zhao
et al., 2022), TNS (Trevizol et al., 2015), and tACS (Wilkening et al.,
2019). Among these, only two RCTs were published: Vigod et al. (2019)
observed the effect of 10 tDCS sessions delivered between 14-32 weeks
of gestation and Zhao et al. (2022) observed the effect of one tDCS
session pre-c-section. The remaining evidence comes from case studies
encompassing 85 women receiving active stimulation, 83 of whom un-
derwent tDCS.
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Based on the current evidence, tES — particularly tDCS — appears to
be well-tolerated during pregnancy, with minimal AEs reported. tDCS
was used as an add-on treatment to Iloperidone (12-mg/day; Shenoy
et al., 2015), to lamotrigine (100-mg/day; case report 1 from Laurin
et al. 2022) and to Venlafaxine (75-mg/day, case report 2 from Laurin
et al. 2022). Zhao et al. (2022) also reported tDCS concomitant with
lumbar anesthesia (Bupivacaine only [n = 52] or Bupivacaine with
Lidocaine [n = 10]) with no AEs due to the combination between tES
and medication being reported.

As in the general population, studies present only transient mild AEs
(tingling, itching and mild burning sensations at the application site,
transitory experience of phosphenes, mild headache during and right
after stimulation, dizziness and insomnia, difficulty in concentrating,)
describing symptoms that are common in pregnancy therefore they
cannot be directly attributed to tES, (Kurzeck et al., 2021; Laurin et al.,
2022; Shenoy et al., 2015; Sreeraj et al., 2016; Wilkening et al., 2019;
Zhao et al., 2022). One preterm birth was reported (Vigod et al., 2019),
but no direct association with tDCS was established. No other neonatal
complications were noted.

These findings suggest that tES has a benign safety profile during
pregnancy and that the risk of fetal exposure to electric current is
negligible. In a comparative perspective, modeling studies in ECT, which
produces electric field densities approximately 100 times higher than
tES, suggest that fetal exposure remains well within the safety limits set
by the International Commission on Non-Ionizing Radiation Protection
(ICNIRP) (Bikson et al., 2023; Kibret et al., 2018). Consequently, it is
reasonable to infer that tES, with its significantly lower electric field
intensity, poses no additional fetal safety concerns. Furthermore, no
major safety concerns for maternal health, fetal exposure, or newborn
development have been reported at follow-up (between 24 h after the
intervention and up to 3 years after intervention), even when tES was
used as an add-on treatment to medication (see Table S2).

In the postpartum period, evidence is limited. There is one case
report of a depressed breastfeeding woman (Laurin et al., 2022) and an
open-arm study (Griffiths et al., 2025) with 20 postpartum depressed
women. In both studies tDCS was used as an adjunct treatment to an-
tidepressants and the F3-anode, F4-cathode montage at 2 mA intensity
was used. In both studies the acute treatment included 15 daily sessions
across 4 weeks, followed by a maintenance treatment of three to four
sessions a week for three to four weeks. Side and AEs reported were
minor and transient, like those expected in the general population (mild
fatigue, paresthesia of the scalp, mild headache). Hence, as tES does not
enter systemic circulation, no risk of transmission through breast milk
could be thought of. However, fatigue after tDCS sessions (an uncom-
mon AEs) should be monitored in the postpartum, given that it could in
extremis indirectly affect newborn care routines.

Overall, critical knowledge gaps persist on the reciprocal in-
teractions between tES and reproductive/ polypeptide hormones. Hor-
mones such as progesterone, estrogen, luteinizing hormone, and follicle-
stimulating hormone undergo significant fluctuations during pregnancy
and the postpartum period, influencing cortical excitability and poten-
tially modulating the physiological effects of tES. These hormonal shifts
may hypothetically increase the vulnerability of women to seizures
(Finocchi and Ferrari, 2011). Conversely, like rTMS, tES may also in-
fluence hormonal regulation, impacting neuroendocrine functions (e.g.,
(Aftanas et al., 2022)). Although fluctuating sex hormones during
pregnancy or across the menstrual cycle may affect cortical excitability
warrants further investigation, so far there has been no evidence that
women are at increased risk when using tES in comparison to men.

Recommendations: tES, particularly tDCS may be considered a
non-pharmacological treatment during pregnancy and postpartum,
particularly for women who prefer to avoid, cannot use, or do not
respond to medication, with informed consent addressing limited evi-
dence. In both clinical and research contexts, pregnant and postpartum
women, including those breastfeeding, should not be excluded by
default if the benefit-risk balance is favorable. Protocols should monitor
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maternal health, fetal signals, and infant outcomes, if possible. Future
studies should collect reproductive, hormonal, and developmental data
to better understand sex-specific effects of tES.

Precautions that should be considered with pregnant women: Avoid
stimulation with an extracephalic electrode as there is no evidence in the
literature about its effects. Do not stimulate directly over the abdom-
inal/lumbar area (not part of standard tES protocols). After the 24th
week of gestation, avoid stimulating in the supine position for theoret-
ical concerns about dizziness and blood pressure drops due to com-
pressing major blood vessels. For pregnant women either in clinical or
research contexts, implement monitoring protocols that include
frequent supervision by a specialized maternal health care team (espe-
cially when using home-based devices). Avoid stimulation when holding
a baby/infant.

7.3. tES in pediatric populations

Since 2017, the number of tES studies in pediatric populations has
significantly increased. In 2020, Zewdie et al. reported on a large-scale
non-invasive brain stimulation study involving 384 participants who
underwent at least one stimulation procedure. In total, 612 tDCS ses-
sions were administered, including sessions with 92 children (12.9 +
3.4 yrs). The intervention was well tolerated, with mild itching or
tingling reported in 37 % of participants. Other observed AEs included
headache, neck pain, presyncope, tingling, combined itching and
burning sensations, and nausea. Major reported AEs and the corre-
sponding stimulation protocols in pediatric populations since Antal et al.
(2017) are summarized in Table S3.

Recent reviews have demonstrated that tES is generally safe, with no
AEs reported when established protocols are properly followed
(Buchanan et al., 2021; Salehinejad et al., 2020, 2022). A more recent
review by Salehinejad and Siniatchkin (2024) provides a comprehensive
overview of the latest evidence on NIBS in pediatric populations.
Consistent with findings from the past decade, data from the last two
years (2022-2023) further confirm the safety of NIBS in children and
adolescents when established protocols are strictly followed. Both tES
and TMS are generally well tolerated, provided that safety guidelines,
including exclusion criteria, are followed.

Computational models have indicated that the smaller cranial anat-
omy in pediatric populations will result in a higher brain electric field
per applied current intensity (mA) (Kessler et al., 2013; Minhas et al.,
2012). Predicted current densities were not higher at the skin, consistent
with comparable tolerability. Differences in brain electric fields will
depend on the montage and specific subject anatomy (e.g. a minor with
a relatively large head may be less sensitive than an adult with a rela-
tively small head). Differences in electric field sensitivity are consistent
with differences in dose response measured by changes in the amplitude
of TMS evoked potentials, with some suggesting the use of reduced
currents in pediatrics (Moliadze et al., 2015, 2018). This is not evidently
based on safety. 2 mA currents have been used in pediatric populations,
and the increased sensitivity remains far from levels considered
injurious.

In 2018, Meiron et al. (2018), successfully applied 10 sessions of 4x1
HD-tDCS (intensities up to 1 mA) in a case report of a 30-month-old child
suffering from early onset epileptic encephalopathy. There were no SAEs
or SEs related to the HD-tDCS intervention. Battist et al (2025) exten-
sively evaluated the tolerability, safety, and blinding of tDCS and tRNS
in paediatric clinical populations, composed of 92 children and ado-
lescents (54 females, age range: 8-17 years), involving 1032 sessions
across neuropsychiatric (i.e., anorexia nervosa) and neuro-
developmental (i.e., attention deficit and hyperactivity disorder,
developmental dyscalculia) conditions. It compared AEs occurrence
between active and sham tES conditions (i.e., 528 active vs. 504 sham
sessions) as well as tDCS and tRNS (i.e., 772 tDCS sessions vs. 260 tRNS
sessions), while considering demographic and emotional-behavioural
factors. Results demonstrate the safety of tES, with no moderate or
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severe AEs reported. Approximately 77 % of sessions were free of any
AEs, supporting the use of tES in these populations. Although active
sessions showed a higher likelihood of AEs compared to sham, these
events were predominantly mild, mostly limited to itching, indicating a
generally benign safety profile. However, the study did not assess the
effect of AEs occurrence separately for tDCS and tRNS.

In 2020, Splittberger et al. (2020) reported the case of a healthy 13-
year-old girl who experienced her first generalized tonic-clonic seizure
within a week after undergoing a single tDCS session. In the present
observation, no direct causal relationship between the tDCS and the
seizure can be established, especially since the seizure occurred five days
after stimulation. Rather, this case highlights that previously undiag-
nosed conditions can emerge by chance and underscores the need to take
appropriate measures to minimize such risks as much as possible.

Conclusions and recommendations: Studies conducted in pediat-
ric populations have not reported a significantly higher incidence of AEs
compared to those observed in adults. In terms of tolerability, there are
no major concerns regarding the use of tES in pediatric populations.
There is no evidence for long-term aftereffects, including in children;
ongoing studies on long-term effects are useful. In research involving
children and adolescents, particular attention should be paid to the
language used during informed consent and when assessing eligibility.
To ensure participant safety, tES studies in this population should
implement age-appropriate screening procedures and systematically
monitor AEs after each stimulation session. Furthermore, a rigorous
ethical framework is needed, including greater transparency and
consistent reporting of unusual or unexpected cases (Sierawska et al.,
2019, 2020; Splittgerber et al., 2020a; Splittgerber et al., 2020c).

7.4. tES in aging populations

Building upon Antal et al. (2017), we focused on studies published
since 2017 that explicitly report SEs or AEs in their title or abstract,
selecting those involving healthy (Menassa et al., 2023) older adults
(>60 years) (World Health Organization, 2021). While not exhaustive of
all NIBS research in this population, our analysis includes both experi-
mental and review studies on tDCS, and tACS. A summary of the selected
articles is presented in Table S4.

Consistent with previous findings, most studies continue to use tDCS
with a current intensity of 1.5-2 mA and 35 cm? electrodes, targeting the
frontal or parietal cortex for 15-30 min. Several studies investigated
safety outcomes in DLPFC stimulation. Antonenko et al (2022) applied 1
mA tDCS with electrodes of 5 cm diameter and found no significant
differences in reported sensations between active and sham conditions;
similar to Yu et al. (2020) that applied 1.5 mA tDCS with 35 cm? elec-
trodes. Manor et al. (2018) used 2 mA and observed only mild, transient
SEs, primarily sensations under the electrode (active: 65 %, sham: 70 %),
skin redness (32 % vs. 16 %), and sleepiness (30 % vs. 14 %), and
Assecondi et al. (2022), reported only mild AEs over 5 sessions of 2 mA
with 3.14 cm? electrodes over the DLPFC. Similarly, two studies
analyzing data from the “Augmenting Cognitive Training in Older
Adults” study (Woods et al., 2018) found that, across 20 sessions of 2 mA
tDCS over the bilateral DLPFC, participants reported mild sensations
(mostly tingling and burning), with no other AEs (Hausman et al., 2023,
2024). A higher number of individuals in the active group reported high
blood pressure; however, this has not been linked to the effects of
stimulation (Hausman et al., 2023). Self-administered at-home appli-
cation of 1 mA combined with cognitive training demonstrated not only
similar sensations between active and sham conditions, but also excel-
lent feasibility and acceptability (Rocke et al., 2024). Other studies
targeted different cortical areas. Dumel et al. (2018) applied 2 mA
anodal tDCS over the left M1 hand area (42 cm? sponge electrodes) but
did not report AEs. Luckey et al. (2020) used 1.5 mA tDCS over the C2
dermatomes for 12.5 min (35 cm? sponge electrodes), with only mild
sensations of itching and tingling and no significant differences between
active and sham groups. One study also investigated tDCS safety in older
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adults (70-90 yrs) with pacemakers, applying 2 mA over the DLPFC with
no reported AEs (Roncero et al., 2020).

For HD-tDCS, safety considerations were discussed in three studies,
including two reviews analyzing clinical trials in healthy and clinical
populations, with partial data overlap (El Jamal et al., 2023; Reckow
et al., 2018). These reviews examined SEs across different intensities (2
and 3 mA) and stimulation targets (parietal, temporal, or prefrontal
cortex), reporting no unexpected or severe AEs. The most frequently
reported sensations were tingling, burning, and itching, occurring in
15-59 % of sessions, with most effects rated as mild. Severe sensations
were reported in fewer than 4 % of cases, and no serious AEs were
observed. One experimental study by Lo et al. (2023) investigated HD-
tDCS safety in six participants undergoing 1.5 mA anodal stimulation
over the DLPFC for 20 min. Sensations under the electrodes were re-
ported in 12.1 % of sessions, and skin redness in 2.4 %, with no severe
effects.

For tACS, no studies in older adults are explicitly assessing safety.
However, two reviews (Al Qasem et al., 2022; Wu et al., 2024) discussed
its use in modulating cognitive functions in healthy older adults without
reporting safety concerns. An ad-hoc search identified 16 tACS studies
employing current intensities of up to 2 mA, with stimulation commonly
targeting the DLPFC (Diedrich et al., 2024a; Diedrich et al., 2024b;
Draaisma et al., 2022; Grover et al., 2022; Krebs et al., 2021), motor
cortex (Gamage et al., 2025; Guerra et al., 2021; Rumpf et al., 2019),
posterior parietal cortex (Draaisma et al., 2022; Misselhorn et al., 2020),
and temporal regions (Reinhart and Nguyen, 2019). These studies uti-
lised a range of frequencies, including theta, alpha, beta, gamma, the-
ta-gamma coupling, and individualized frequency protocols (Draaisma
etal., 2022; Fresnoza et al., 2018). Overall, only mild AEs were reported,
with no significant differences observed between active and sham
stimulation groups. Notably, phosphenes were reported in only three
studies (Diedrich et al., 2024; Rumpf et al., 2019), and one study using
alpha and beta frequency tACS reported ineffective blinding (Rumpf
et al., 2019).

In studies employing high-frequency tRNS (100-640 Hz) only mild
AEs were reported, although one participant dropped out from the
active group due to headache (Brambilla et al., 2021). Studies targeted
various brain regions, including the dorsolateral prefrontal cortex
(DLPFC) and broader prefrontal areas (Brambilla et al., 2021; Maltezou-
Papastylianou et al., 2022), as well as the occipital and fronto-occipital
cortex (Esposito et al., 2021; Fertonani et al., 2019).

Conclusions and recommendations: The safety recommendations
outlined by Antal et al. (2017) for tDCS remain valid, as no evidence
contradicts them. Overall, reported AEs across tES modalities were mild
and transient, with no significant differences between active and sham
conditions, highlighting the effectiveness of standard sham protocols.
However, a lack of use of standardized tools and requirements for AE
assessment and reporting remains a limitation, particularly for older
adults. Further research is needed, particularly on tACS, and tRNS, and
special aging populations such as individuals with pacemakers.

8. Safety for tES as therapeutic intervention
8.1. Note on inclusion and exclusion criteria in therapeutic interventions

The exclusion criteria in therapeutic interventions are generally the
same as for healthy people, (see Section 7.1), with the exception of the
pathology they are intended to treat. For example, tES interventions for
epilepsy will have all exclusion and inclusion criteria as studies in
healthy people, but they will include (not exclude) people with a history
of epilepsy or epileptic seizures. Furthermore, the possible add-on ef-
fects of different kinds of medications should also be considered.
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8.2. Psychiatric conditions

8.2.1. tDCS in major depressive disorder and bipolar depression

In major depressive disorder (MDD), large randomized trials
applying 2 mA over the DLPFC for 20-30 min per session have reported
excellent tolerability, with AEs limited to transient scalp discomfort and
no serious AE (Brunoni et al., 2011, 2012). Treatment-emergent mania
or hypomania is exceedingly rare, with isolated case reports in bipolar II
patients (Chao et al., 2018; Galvez et al., 2011) and systematic reviews
indicating incidence rates below 1 %, comparable to those seen with
pharmacotherapy (Dondé et al., 2018). No patients have been reported
to discontinue tDCS due to adverse psychiatric or neurological symp-
toms, underscoring its safety in mood disorders. These findings are
reinforced by two recent studies demonstrating the feasibility and safety
of at-home tDCS for major depression. In an observational cohort,
Charvet et al. (2023) showed significant symptom reductions by week 2
of a 6-week home-based protocol, with continued improvement during a
taper phase (Charvet et al., 2023b). In a large, fully remote, multisite
randomized controlled trial, Woodham et al. (2025) further demon-
strated the efficacy and acceptability of 10 weeks of home-based tDCS,
with greater reductions in depressive symptoms compared to sham and
no differences in discontinuation rates and no induced manic/hypo-
manic states (Woodham et al., 2025).

8.2.2. tDCS in schizophrenia

tDCS protocols targeting hallucinations, negative symptoms or
cognitive deficits in schizophrenia also reveal no safety issues In
childhood-onset schizophrenia, bilateral 2 mA tDCS over the DLPFC and
superior temporal gyrus was well tolerated with no serious AEs in 10
sessions (Mattai et al., 2011). Similarly, the STARTS randomized clinical
trial of 100 adults with predominant negative symptoms found no sig-
nificant difference in overall AE rates between active and sham groups
(10 sessions, 2 per day), aside from a higher rate of a mild scalp burning
sensation in the active arm (active 43.8 % vs sham 14.3 %) and no
participants withdrew due to AEs (Valiengo et al., 2020). A recent meta-
analysis compiling data from multiple randomized controlled trials
(RCTs) reported that tDCS using the same electrode montage was safely
administered to over 320 patients with treatment-resistant auditory
hallucinations, without any reported serious AEs, no exacerbation of
positive psychotic symptoms, and no discontinuation (Jiang et al.,
2022).

8.2.3. tDCS in other psychiatric conditions

In drug-resistant obsessive compulsive disorder (OCD), add-on tDCS
trials have reported only mild, self-limited itching, tingling, and tran-
sient headache, without serious AEs or treatment discontinuations ((da
Silva et al., 2019), for both once- and twice-daily sessions: (Bation et al.,
2019)).

In posttraumatic stress disorder (PTSD), 10 sessions of tDCS (2 mA)
delivered over the DLPFC documented no serious AE, with mild Aes
confined to brief scalp sensations and transient headaches
(Ahmadizadeh et al., 2019).

In anorexia nervosa, a double-blind, sham-controlled tDCS trial in 43
inpatients reported no serious device-related AEs; AE rates were com-
parable between active and sham groups, with two withdrawals due to
headache and one transient mood elevation suggestive of hypomania
(Baumann et al., 2021).

8.2.4. tACS in psychiatric conditions

A limited number of controlled trials have investigated the efficacy
of tACS in psychiatric conditions (Frohlich and Riddle, 2021; Gholamali
Nezhad et al., 2024; Perera et al., 2023). In this study population,
additional awareness about potential risks is required, including
elevated baseline suicide rates when compared to healthy populations
without psychiatric conditions. Three RCTs have examined tACS for
depression. Two of them used a proprietary waveform that the authors
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refer to as tACS despite both the waveform and montage differs from
tACS. An RCT of this stimulation paradigm in the first depressive episode
in MDD(20 daily sessions, 40 min,77.5 Hz,15 mA) reported tinnitus,
discomfort, headache and itches as the most frequent AEs with no sta-
tistically significant difference between groups (Wang et al., 2022). No
serious AEs occurred, and importantly, no transitions to (hypo-)manic
symptoms or suicide attempts were reported. The same stimulation
paradigm was then studied in patients who were receiving SSRI medi-
cation treatment (Zhou et al., 2024). Similarly, no serious AEs and no
statistically significant difference in AEs (headaches, drowsiness, dizzi-
ness) was reported. An RCT of alpha- and gamma-frequency tACS
demonstrated safety for lower frequency stimulation that directly tar-
gets cortical oscillations associated with depression symptoms
(Alexander et al., 2019). This study reported worsening of suicidal
ideation in four participants, all of which were in the sham group. No
participant developed (hypo-)mania and no suicide attempt occurred in
the study. The only stimulation experience that differed between groups
was phosphenes, which do not represent a safety concern but rather a
nuisance for effective study blinding. Together, these studies support the
safety of tACS in depression.

RCTs of tACS in psychotic disorders (Chang et al., 2021; Mellin et al.,
2018; Zhang et al., 2022b) further support this conclusion. An additional
study investigated the use of individualized alpha tACS in OCD (Perera
et al., 2023). No SAEs were reported, and only minor infrequent SEs and
AEs (headache, tingling, phosphenes, itching). Overall, the current
literature supports the safety of tACS in psychiatric populations given
the lack of serious AEs and no statistically significant differences in
stimulation-associated sensory perception and SEs. However, the het-
erogeneity of stimulation protocols and study populations together with
the small sample size make general conclusions challenging.

Conclusions and recommendations: Overall, evidence across a
broad spectrum of psychiatric conditions attests to a favorable safety
and tolerability profile of tDCS, characterized by only mild, transient
AEs and an absence of serious or lasting adverse outcomes. Regarding
tACS, none of the studies reported any serious AEs. Furthermore, most
stimulation related SEs were not statistically different between active
and sham groups. Of particular relevance, no attempted or completed
suicide attempts have been reported in any of the published tACS trials
in psychiatric disorders. Together, the current literature supports the
safety of tACS in psychiatric disorders. Nevertheless, given the vulner-
ability of this population, assessment of suicide risk at enrollment
together with monitoring of changes to suicide risk throughout the study
are recommended.

8.3. Chronic pain and migraine

There is evidence demonstrating the general tolerability, favorable
safety profile, and low incidence of AEs in individuals with chronic pain
or migraine. The most commonly reported SEs and AEs are: (i) mild and
transient sensory disturbances at the site of stimulation, including
itching, tingling, burning sensations, or light headaches; (ii) general
symptoms, including sleepiness, fatigue, dizziness, nausea, mood
change and trouble to concentrate; (iii) local AEs, such as skin redness
(erythema) (Ahdab et al., 2019; Hervik et al., 2024; Jobin et al., 2025;
Mendes et al., 2024). In sham-controlled studies, the occurrence of such
SEs and AEs, except for local erythema under the electrodes, did not
differ between the active and sham conditions (Alwardat et al., 2020;
Cerrahoglu Sirin et al., 2021; Hong et al., 2022). However, it remains
essential to implement systematic monitoring and documentation of AEs
throughout the intervention period to ensure participant safety.

Notably, no serious AEs of tDCS treatment have been reported across
a range of clinical populations, including individuals with fibromyalgia
(Yang et al., 2024), chronic low back pain (Alwardat et al., 2020), spinal
cord injury (Portaro et al., 2025), chronic cancer pain (Grenouillet et al.,
2025), episodic migraine (Ahdab et al., 2019; Hong et al., 2022),
abdominal pain (Bayer et al., 2019), chronic headache (Hervik et al.,
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2024), and comorbid psychiatric conditions such as depression, anxiety
(Wen et al., 2022), and bipolar disorder (Mastria et al., 2021). These
findings support the safe application of tDCS in both clinical and
investigational contexts in the pain domain.

Home-based tDCS has also been explored for chronic pain treatment
and appears to be generally safe, well-tolerated, and feasible for self-
administration (Antonioni et al., 2024). This is further supported by a
pilot randomized controlled trial in veterans with persistent post-
traumatic headache, where 20 sessions of home-based, remotely su-
pervised tDCS significantly reduced moderate-to-severe headache days
and total headache days, with high adherence and no significant safety
concerns reported (Charvet et al., 2023). In one study of 12 patients with
chronic pain syndrome treated by tDCS at home for several weeks
(Garcia-Larrea et al., 2019), AEs were further detailed: two patients
experienced acute AEs, including nausea, headache, or digestive disor-
ders. It was concluded that these events were unrelated to the tDCS
procedure. The treatment was not interrupted and was effective in
reducing pain; two other patients reported superficial skin burns
beneath the electrodes due to incorrect electrode application. This led to
changing the type of electrodes (from Ag/AgCl electrodes of 3.14 cm?
contact area to larger sponge electrodes of 8 cm? contact area) without
further problems for the rest of the treatment.

tACS has been proposed to restore pathologically altered rhythmic
brain activity associated with pain. There are only a few tACS trials
performed in chronic pain patients, in the context of migraine (Antal
et al., 2020) or chronic low-back pain (Ahdab et al., 2019; Ahn et al.,
2019; Prim et al., 2019). Neither study reported any serious AEs. For the
migraine study (Antal et al., 2020), tACS was performed at home (single
session, 15 min at 0.4 mA at 140 Hz, Oz-Cz montage) and a few par-
ticipants reported pain under electrodes, tingling, itching, nervousness,
fatigue, and unpleasantness. However, the occurrence rate was low and
no statistically significant differences were reported compared to sham
procedure. Similarly, a single session of alpha-frequency tACS (20 min at
1 mA, 10 Hz) applied in a cross-over design with an active sham
comparator in individuals with chronic low back pain was not associated
with a statistically significant difference in stimulation-related SEs (Ahn
et al., 2019; Prim et al., 2019). Overall, tACS appears well tolerated and
safe. However, the small number of studies and the low number of
participants do not allow for any strong conclusions. However, it is
noteworthy that, in a sham-controlled study on patients with fibromy-
algia, one patient in the active group attempted suicide by overdose. In
this study, an unusual theta-burst protocol was delivered (monophasic
square wave with a pulse width of 0.5 ms and intensity of 1 mA at 50 Hz,
repeated at duty cycle with on time of 2 s and off time of at 1 mA). The
psychiatric history of the patient was not provided, and caution is
advised in determining whether this event was causally related to the
study intervention. In any case, it is recommended that in participants
with complex medical or psychiatric histories, a suicide risk screening is
included in the study protocol.

Recommendation: While no significant risks have been identified
for the use of tDCS to treat chronic pain, even for several weeks at home,
the long-term safety of extended tDCS use remains to be investigated to
refine safety protocols for prolonged therapeutic use. Regarding tACS, it
appears well tolerated and safe. However, the small number of studies
and the low number of participants do not allow for any strong
conclusions.

8.4. Stroke neurorehabilitation

tDCS has been applied in stroke rehabilitation across 177 published
studies, involving a total of 6,509 patients. Depending on the rehabili-
tation target, tDCS targeted the ipsi- or contralesional motor cortex in
most studies, but also other areas such as nodes of the fronto-parietal
language network. Stimulation intensities typically ranged between
1-2 mA, though safe administration at intensities up to 4.0 mA has been
reported (Chhatbar et al., 2017; Schlaug et al., 2025). The typical session
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duration in stroke recovery trials ranged from 20 to 30 min, with some
extending up to 40 min. tDCS was well-tolerated, and AEs were both
mild and transient. The most commonly reported AEs during active
stimulation included tingling (n = 108 vs. 45 for sham), itching (n = 56
vs. 34), skin redness (n = 36 vs. 8), headache (n = 17 vs. 9), mild burning
(n = 16 vs. 11), and fatigue (n = 16 vs. 2). Serious AEs, such as stroke,
myocardial infarction, or death, were rare and occurred at similar rates
in both the active (n = 12) and sham (n = 13) groups. Notably, the study
authors consistently judged these serious events to be unrelated to the
tDCS intervention and more likely attributable to the patients’ pre-
existing medical conditions. Home use of tDCS has also been validated
for patients recovering from aphasia (Richardson et al., 2023).

TDCS in the hyperacute phase of stroke has been less well studied.
The first two RCTs applying conventional tDCS and HD-tDCS in hyper-
acute stroke were conducted in France (STICA) and the USA
(TESSERACT), (Bahr-Hosseini and Bikson, 2021; Pruvost-Robieux et al.,
2021). These pilot studies were underpowered for efficacy evaluation.
However, the results suggested a benefit upon penumbral salvage. The
stimulation was safe and well tolerated in emergency settings.

Anodal tDCS was applied to the swallowing sensorimotor cortex or
the pharyngeal motor cortex to improve swallowing in patients with
post-stroke dysphagia, showing a strong safety profile. In an RCT with
42 patients receiving either up to two daily 20-min sessions of anodal
tDCS targeting the unaffected swallowing motor cortex at 2 mA for 10
days or sham tDCS, no decline in global neurological, motor or swal-
lowing functions or seizures were reported in any of the intervention
arms (Kumar et al., 2022). Unanticipated serious AEs reported were
adjudged as not being related to the stimulation (see Section 13.1 for
details). Anodal tDCS of the contralesional swallowing sensorimotor
cortex at 1.6 mA for 20 min daily for 6 days over 8 weeks in patients with
brainstem stroke was without any AEs (Mao et al., 2022). No AEs were
also reported in other trials with dysphagic stroke patients applying
either four anodal tDCS of the contralesional swallowing motor cortex
20-min sessions at 1 mA (Suntrup-Krueger et al., 2018) or bilateral
anodal tDCS of the pharyngeal motor cortices at 1 mA for 20 min daily
for 10 days (Ahn et al., 2017).

tACS was reported in 11 studies involving 156 subacute or chronic
stroke patients that were treated with a broad variety of tACS protocols.
Protocols varied widely in intensity (0.4-3.0 mA), frequency (6-120
Hz), and session duration (up to 120 min), with treatment plans
including up to 20 sessions. Only 5 articles reported on perceptual SEs,
AEs and/or tolerability (Grigutsch et al., 2024; Kitatani et al., 2020;
Middag-van Spanje et al., 2024; Omae et al., 2024; Schuhmann et al.,
2022). No SEs or AEs were noted, and tolerability was high. Five patients
discontinued study participation, four with reasons not related to the
tACS intervention, and one due to a mismatch of expectations with the
therapeutic program.

tRNS has demonstrated a favorable safety profile in stroke, with SEs
predominantly mild and transient. Current evidence indicates that tRNS
applied at 2 mA (100-500 Hz) for 30 min is generally associated with
minimal sensations such as tingling (Sethi et al., 2023). When combined
with movement-triggered stimulation (Hayward et al., 2017) or inte-
grated into motor rehabilitation programs such as the graded repetitive
arm supplementary program (Arnao et al., 2019), tRNS has not been
associated with AEs. Across the three published studies (n = 19 patients
treated with tRNS), no serious AEs have been reported, and participant
adherence has been consistently very high, with no dropouts observed.

Recommendation: While there is no evidence of serious AEs asso-
ciated with tDCS, tACS, and tRNS in stroke patients, ongoing monitoring
for mild AEs is recommended. Adjustment of stimulation parameters
(intensity, duration, electrode montage) may further improve comfort
and tolerability. The integration of tDCS, tACS or tRNS with adjunctive
therapies (e.g., functional electrical stimulation or motor training) ap-
pears feasible and well tolerated, though standardization and individ-
ualization of protocols are recommended to ensure safety and optimize
outcomes. The safety evidence is strongest for tDCS, with over 6500 S

20

Clinical Neurophysiology xxx (xxxx) xxx

patients studied. In contrast, evidence for tACS and tRNS remains
limited, highlighting the need for larger, well-controlled trials.

8.5. Multiple sclerosis (MS)

tDCS has been extensively studied for its safety and tolerability in
individuals with multiple sclerosis (MS), particularly as a home-based
intervention delivered through remotely supervised tDCS (RS-tDCS).
Fatigue was among the earliest symptoms targeted, as this debilitating
condition lacks consistently effective treatments in MS. In an initial
randomized, sham-controlled trial using home-based RS-tDCS targeting
the left DLPFC, 20 sessions were well-tolerated and associated with re-
ductions in fatigue (Charvet et al., 2018). A subsequent larger multisite
trial confirmed the safety and feasibility of the same protocol (Charvet
et al., 2023a). There were no serious AEs, across all participants in both
conditions, 9 AEs were rated >7 on the VAS; in all instances, the session
resumed. One participant discontinued one session due to discomfort at
the stimulation midway check-in point. Otherwise, all AEs were re-
ported as mild in intensity and resolved after the session ended. Con-
cerning feasibility, in the 117 individuals randomized, an average of 26
+ 9 sessions were completed; only four patients withdrew before
completing any sessions and seven withdrew who completed fewer than
10 sessions. Attrition remained minimal, demonstrating a high level of
fidelity to treatment, with 92.0 % of participants completing at least 25
of the 30 sessions by the end of treatment.

Importantly, tDCS has demonstrated a favorable safety profile in
individuals with MS over extended treatment intervals (Pilloni et al.,
2022). Two systematic reviews report that adverse events such as
headache, insomnia, and mild sensory symptoms occurred at similar
rates between active and sham stimulation, with no SAEs reported
(Ashrafi et al., 2020). Applications of RS-tDCS for cognitive symptoms
have also consistently demonstrated strong safety and tolerability.
Multiple randomized trials have shown no SAEs while reporting benefits
in complex attention, response variability, and overall cognitive per-
formance, particularly in participants with greater baseline disability
(Charvet et al., 2018, 2025; Riemann et al., 2025). Applications for
motor symptoms have been similarly well-tolerated. A trial combining
10 sessions of Ml-targeted tDCS (2.5 mA) with aerobic exercise
demonstrated excellent tolerability along with improved gait speed and
endurance (Pilloni et al., 2020a). Only perceptual effects of itching,
tingling, and head pain were reported with no higher intensity level of
>7 (rated on a 0- to 10-point scale) for any participant, and all of them
were resolved at the end of the stimulation period. In progressive MS,
home-based RS-tDCS paired with dexterity training over 20 sessions
showed positive outcomes in hand function and quality of life, with no
serious safety concerns (Pilloni et al., 2024). 1077 at-home RS-tDCS
sessions were completed, no session was discontinued due to tolera-
bility, and only during six sessions (n = 3 active and n = 3 sham tDCS
sessions) did participants report discomfort >7 on the VAS. Only one
participant reported itching with an intensity higher than 7 in two
separate sessions. In all cases, all participants opted to continue treat-
ment and the session was resumed without further tolerability issues.
Across sessions, tingling was the most frequently reported sensation
(reported by 30 % active versus 35 % sham participants) followed by
itching (reported by 18 % vs 7 %) and warmth sensations (reported by
15 % vs 8 %). tDCS has also been explored for comorbid behavioral
conditions. In a randomized trial of women with MS and cannabis use
disorder, RS-tDCS paired with mindfulness meditation was safely
administered and associated with reduced cannabis use, decreased
withdrawal symptoms, and improved cognitive function (Pilloni et al.,
2025). 45 participants initiated the intervention (n = 30 active tDCS, n
= 15 sham tDCS), with 83 % completing at least 14 of the 20 planned
sessions. There were no dropouts related to the intervention, the most
commonly reported sensations during the sessions were tingling, itch-
ing, and warmth, in agreement with our previous reports.

Beyond tDCS, other noninvasive stimulation modalities have also
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been evaluated in MS. A study of bifrontal 6 Hz tACS reported only mild
to moderate AEs across 180 sessions, with no differences between active
and sham groups, and notably, no phosphenes reported by any partici-
pant (Hsu et al., 2023). Similarly, tRNS was studied for effects on affect,
pain, and attention; AEs such as insomnia, nausea, and headache
occurred at comparable rates in active and sham groups, and only one
sham-treated participant reported phosphenes (Palm et al., 2018).
Discomfort ratings did not differ by stimulation condition, further sup-
porting the tolerability of these interventions.

Conclusions and recommendation: While no significant risks have
been identified for the use of tDCS to treat fatigue and cognitive
symptoms in MS even for several weeks at home, the long-term safety of
extended tDCS use (e.g, years) remains to be investigated to refine safety
protocols, for prolonged therapeutic use.

8.6. Dementia and mild cognitive impairment (MCI)

A network meta-analysis of randomised controlled trials on the
beneficial effects of NIBS on cognition in dementia (Tseng et al., 2023),
which included 7 tDCS studies, found that none of the NIBS methods
were associated with different rates of any AEs compared with sham
controls. A study of 11 patients with mild cognitive impairment (MCI),
who received 2 mA tDCS for 20 min per day over 5 consecutive days (55
sessions in total), reported a pricking sensation (n = 30, 55 %) and a
mild burning sensation (n = 8, 14 %) as the most common AEs; no AE
was reported in 15 sessions (31 %), while all reported AEs were of mild
intensity (Murugaraja et al., 2017). Another study that assessed 46 pa-
tients with subjective or objective cognitive impairment after 9 sessions
of combined cognitive training with either anodal tDCS (1 mA) or sham
tDCS over the DLPFC found 15 AEs in 4 participants in the target group,
and 16 AEs in 7 participants in the control group, without significant
difference between groups; no SAEs occurred in this study (Antonenko
et al., 2024). In terms of efficacy, no significant difference emerged in
the primary outcome measure of trained task performance in the letter
updating task, but a significant difference was found for the N-back
working memory tasks (secondary outcome).In individuals with both
MCI and depression, a six-week randomized sham-controlled trial
demonstrated that prefrontal tDCS was ‘well tolerated’ and associated
with electrophysiological markers of enhanced neuroplasticity,
although behavioral improvements did not reach significance (Kim
et al., 2024). In the paper no AEs or perceptual effects of the stimulation
are reported. A larger multisite randomized clinical trial combining
prefrontal tDCS with cognitive remediation in older adults with MCI
and/or remitted major depressive disorder (rMDD) also confirmed the
safety and acceptability with no serious AEs reported (Rajji et al., 2025).
Another double-blind randomized controlled trial in amnestic MCI
similarly confirmed the feasibility and tolerability of tDCS delivered
with cognitive training; there were no significant differences between
conditions in the frequency of the following reported AEs: redness,
tingling, mild burning, pain, nausea, light headedness, headache, blur-
red vision, fatigue (Martin et al., 2019) For the ITT sample, the most
common AEs reported across all sessions were: tingling (25.9 %),
redness (16.2 %), mild burning (11 %), and itching (10.5 %) (Martin
et al,, 2019). Another trial similarly confirmed the feasibility and
tolerability of tDCS delivered with cognitive training, although it did not
find an additive cognitive benefit over sham (Hausman et al., 2023).
Throughout the trial, the sham group reported more body-related AEs,
while the active group reported more cardiac-related AEs. In particular,
there was a greater number of individuals reporting high blood pressure
in the active group (15 in the active vs 6 in the sham group), which has
not been shown to be related to effects of stimulation. In the domain of
language disorders, a recent study in individuals with primary pro-
gressive aphasia found that home-based RS-tDCS paired with speech-
language therapy was feasible, well tolerated, (George et al., 2025). In
this observational study only 10 patients participated. All participants
successfully completed all scheduled intervention sessions, resulting in a
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100 % completion rate.. Consistent with prior studies, there were no
serious AEs reported during the intervention. Mild, self-limited sensa-
tions such as tingling at the electrode site were reported by two par-
ticipants but did not disrupt adherence or require further intervention.
Conclusions: No specific safety concerns related to tES are detected
specific to this patient group.

8.7. Amyotrophic lateral sclerosis (ALS)

A recent study of home-based tDCS in amyotrophic lateral sclerosis
(ALS) (Madhavan et al., 2025b), following 72 tele-tDCS sessions over 24
weeks in 16 patients, reported only usual mild to moderate AEs (with
itching and tingling being the most pronounced), without significant
difference between the intervention and delayed-onset (control) groups.

Conclusions: No specific safety concerns related to tES are detected
specific to this patient group.

8.8. Parkinson’s disease (PD)

No AEs were reported in studies including patients with Parkinson’s
disease (PD), as shown in a network meta-analysis (Qiu et al., 2023).
Moreover, RS-tDCS has been found feasible for home use in PD, yielding
benefits in fatigue and cognitive processing speed with high tolerability;
tingling (43 %) and burning sensation (29 %) were common but
represent mild AEs (Dobbs et al., 2018). Regarding cerebellar tDCS, in a
meta-analysis including 12 studies on movement disorders, one reported
local skin erythema, five reported no AEs, but the other six did not
mention relevant information(Franca et al., 2018)). Other tES methods
have been tested as a treatment for PD as well. Two studies, based on
gamma-frequency tACS (Guerra et al., 2022) or tRNS (Monastero et al.,
2020) delivered over M1 did not report significant safety concerns.

Conclusions: No specific safety concerns related to tES are detected
specific to this patient group.

8.9. Epilepsy

Low-intensity tES was used in patients with epilepsy for various
purposes, much of it using cathodal tDCS. Across all these use cases,
there is no evidence of an increased safety risk to epileptic patients
(Bikson et al., 2016; Nitsche and Paulus, 2009; Simula et al., 2022;
Sudbrack-Oliveira et al., 2021). However, the available evidence re-
mains limited, and while hyper-excitable brain networks may respond
differently to electric fields, this does not constitute evidence of a safety
risk. The common exclusion of history of seizures from tES protocols is
based on precautions using rTMS.

Conclusions: No specific safety concerns related to tES are detected
specific to this patient group.

8.10. Other clinical conditions

8.10.1. Viral infections

In patients with Human Immunodeficiency Virus (HIV), 10 HD-tDCS
sessions targeting the cingulate cortices at 1.5 mA over two to three
weeks to improve brain function was well-tolerated, with no significant
difference in self-reported discomfort ratings between sham and active
conditions (Jiang et al., 2022). Ten 20-min sessions of anodal tDCS of the
right inferior frontal cortex at 2 mA combined with cognitive training to
improve cognitive functioning in 33 older adults with HIV did not lead
to any AEs (Fazeli et al., 2019). Cody et al. (2020) tested the same
protocol as Fazeli et al. (2019) comparing its impact on sleep quality and
processing speed in the elderly with versus without HIV. One participant
reported a burning sensation similar to a sunburn during the stimulation
and the tDCS intensity was reduced to a level she could tolerate.
Nevertheless, it was not specified whether the participant was in the HIV
or non-HIV sample.

The safety profile of tDCS was also explored in different subgroups of



A. Antal et al.

COVID-19 patients. The combination of HD-tDCS targeting the left
diaphragmatic M1 (twice per day at 3 mA for 30 min) and respiratory
rehabilitation for up to 10 days in 56 critically ill patients was well-
tolerated and safe, with similar patterns in AEs in both sham and
active groups (Andrade et al., 2022). The only AE associated with active
tDCS was mild and transient redness of the scalp. In a recent trial testing
the effects of 10 sessions of HD-tDCS of the left M1 at 3 mA for 20 min
paired with rehabilitation on fatigue in 70 patients with post-acute
sequelae of COVID-19, the occurrence of no other AEs, except skin
redness, differed significantly between sham and active arms (Santana
et al., 2023, p. 20). In addition, no serious AEs were reported in this
study. A single session of bilateral prefrontal tDCS over the DLPFC at 2
mA for 30 min in 40 COVID-19 inpatients was safe, with no serious AEs
for any patient up to 1 h post intervention and no differences in occur-
rence and intensity of AEs between sham and active groups (Pinto et al.,
2023). Headaches and sleepiness were the most frequently reported
consequences in the sham group while tingling was the most reported SE
in the active group.

Currently, a large multi-center trial is evaluating a 50-session RS-
tDCS protocol paired with cognitive training to treat cognitive impair-
ment in individuals with post-acute sequelae of SARS-CoV-2 infection
(Knopman et al., 2024).

8.10.2. Cancer

In a recent scoping review by Capetti et al. (2024) including 10 trials
testing the effects of tDCS in the reduction of pain and psychocognitive
symptoms in cancer patients, only Gaynor et al. (2020) reported AEs.
Two sessions of anodal tDCS at 1 mA over the left DLPFC in an F3-F4
montage to improve sustained attention in 16 breast cancer survivors
was well-tolerated, with burning sensation on the scalp and itching
being the most frequent AEs rated as mild or moderate. No sessions
needed to be stopped because of AEs (Gaynor et al., 2020).

8.10.3. Obesity

tDCS protocols targeting weight loss in obesity demonstrated a
favorable safety profile in patients with obesity. A systematic review
including 7 randomized clinical trials with 170 patients using mainly
anodal tDCS of the DLPFC (unilateral or bilateral) at 2 mA for a duration
of 20 to 40 min documented no severe AEs (Gouveia et al., 2021). Only
transient mild AEs including headache, neck and scalp pain, scalp burn,
and skin redness were reported in both active and sham intervention
groups.

8.10.4. Type 1 diabetes mellitus

In type 1 diabetes mellitus, one 20-min session of HD-tDCS targeting
the bilateral DLPFCs with total current delivered of 1.5 mA for
improving performance in cyclists was well-tolerated and no SE or AE
was reported during or after the stimulation (Filipas et al., 2022).

8.10.5. Systemic lupus erythematosus

Only one study investigated the impact of tDCS in patients with
systemic lupus erythematosus (de Andrade et al., 2024). The combina-
tion of five sessions of anodal tDCS over the M1 at 2 mA and low-
intensity aerobic exercise was well tolerated, with the presence of
only mild and transient AEs and the absence of any disease flares.

8.10.6. End-stage renal disease

The safety of 10 20-min daily sessions of anodal tDCS of the M1 at 2
mA in 30 patients with end-stage renal disease undergoing hemodialysis
was evaluated in an exploratory study through monitoring the partici-
pants’ tolerance and subjective sensations to the stimulation (Pegado
et al., 2024). Commonly reported SEs and AEs were headache, nausea
and tingling, with no serious AE. The stimulation was well tolerated by
the participants.
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8.10.7. Tinnitus

A variety of tDCS, tACS, tRNS protocols have all been investigated for
the treatment of tinnitus, (Chen et al., 2020). When AEs were reported,
there were either no AEs in either group or transient events such as
tingling, dizziness, headaches, facial numbness, itching, scalp pain,
burning, pinching, fatigue, headaches or skin irritation, which were
typically observed in both active and sham stimulation groups (Kreuzer
etal., 2019; Pal et al., 2015; Smeele et al., 2023; Yang et al., 2021). None
of the investigated tES protocols were associated with significantly
different dropout rates when compared with the sham control (Chen
et al., 2020). Occasionally, transient increases in tinnitus were reported,
sometimes resulting in patients dropping out of the studies. However,
these increases ceased spontaneously. No SAEs have been reported in
any study.

Conclusions: This section reviews the safety of tES in less commonly
studied disorders, mainly focusing on tDCS. No specific safety concerns
were identified for these clinical indications. However, many trials did
not assess SE/AE, thus more comprehensive data recording is needed.

9. Combining tES with other methods and interventions
9.1. tES combined with MRI /fMRI

Low-intensity tES during MRI has become a well-established proto-
col for functional MRI and MR spectroscopy investigating tES-induced
brain effects, and electrical tissue property imaging. The first edition
of the “Safety, Ethical, Legal, Regulatory, and Application Guidelines,”
published in 2017, included a dedicated chapter addressing tES during
MRI (Antal et al., 2017). It concluded that low-intensity tES can be safely
used during MRI if specific precautions are strictly followed. This section
synthesizes three new studies that specifically addressed safety aspects
of concurrent tES-MRI applications and concludes with an updated
version of the original recommendations from 2017.

During MR scanning, the TES electrodes and leads inside the scanner
bore are exposed to strong radiofrequency (RF) excitation fields
(reaching 10-30 kW), requiring special safety considerations to prevent
ohmic heating and skin burns. Heating due to low-frequency currents
induced by MR gradient switching is usually not of concern. A dedicated
tES-MRI safety study has evaluated a new setup for low-intensity tES
during MRI using low-conductivity silicon rubber leads to reduce RF
coupling and heating (Gregersen et al., 2021). If MRI-compatible tES
stimulators use highly conductive copper leads (c = 5.8 x 107 S/m), 5
kQ resistors are added to avoid antenna effects in the copper wire at %
RF wavelength. High RF electric fields may occur near the safety re-
sistors, so they should be well-separated from the skin. To reduce RF-
induced heating and antenna effects, leads with distributed resistance
and lower total impedance are preferred. Carbon fiber leads, common in
EEG-MRI, lower SAR compared to copper. For tES-fMRI applications,
even safer performance is achieved using low conductivity silicone
rubber leads (6 = 29.4 S/m). Simulations and temperature tests
confirmed improved safety, minimal SAR increase, and no overheating.
At the same time, the ohmic resistance of the silicone rubber leads could
be kept below 5 kQ, enabling higher tES current intensities compared to
copper leads with added safety resistors.

A simulation study developed a workflow to assess RF-induced
heating during MRI with a tES setup, showing that temperature rise is
highly sensitive to skin conductivity, electrode and gel geometry, and
phantom materials. These findings underscore the importance of precise
modeling and setup design to ensure accurate safety evaluations and
prevent overheating risks during combined tES-MRI procedures (Kozlov
et al., 2020).

More than 100 peer-reviewed studies have used low-intensity tES
concurrently during MR scanning for functional MRI, MR-spectroscopy,
or electrical tissue property imaging. These studies have not reported
severe AEs, but explicit reporting of AEs is poor in the existing literature.
To address this issue, a checklist for assessing the methodological quality
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of concurrent tES-fMRI studies, the ContES checklist, has been devel-
oped through expert consensus using a delphi procedure (Ekhtiari et al.,
2022). In addition to key methodological and technological factors such
as electrode setup and stimulation parameters, key safety-relevant fac-
tors were identified and grouped as a separate category of items. These
items emphasize the need to report MR conditionality of the tES setup,
results of safety and artifact testing, any participant intolerance, and
impedance measurements to ensure safe and interpretable tES-fMRI
integration. Reporting these items was considered to be extremely or
highly important. This contrasts with a relatively low reporting rate of
approximately 30 % for most items that emerged when three indepen-
dent raters evaluated 57 concurrent tES-fMRI studies. Reporting rate of
MR conditionality specifications, such as safety tests for tES-fMRI setting
or safety was very low (5 %) in these 57 studies, and thus standardized
reporting of presence and absence of safety aspects, including AEs, is
needed in future tES-MRI studies.

Conclusions and recommendations: Specific safety precautions
apply for concurrent tES-MRI. The study protocol must always comply
with the safety standards for both tES and MRI. The stimulator (con-
taining ferromagnetic parts) must remain outside the MR room, and the
use of MR-compatible cables, electrodes and electrode leads is strictly
required. The use of RF filters is strongly encouraged to prevent noise
interference on the MR data. Filters are also effective in preventing the
cables transmit RF energy of the MR scanner to the stimulator. The
electrode leads close to and inside the scanner bore must be arranged
without loops and their path lengths inside the bore should be kept as
short as possible. Low conductivity silicone rubber electrodes in
conjunction with a thick conductive paste are recommended to mini-
mize the risk of burns during prolonged imaging sessions. Saline-soaked
sponges are contraindicated due to their tendency to desiccate during
extended scans. MR conditionality of tES equipment refers to specific
application scenarios (such as scanner field strengths, MR sequences and
sequence parameters) approved by the manufacturer. Concurrent tES-
MRI studies outside these scenarios require additional clearance by
the manufacturer and/or safety evaluations by qualified MR experts.

9.2. tES simultaneously combined with TMS/rTMS/TBS/ECT

Since 2017, there have been only a few clinical trials in which some
form of tES has been applied simultaneously with plasticity-inducing
forms of rTMS or theta burst stimulation (TBS) for therapeutic pur-
poses: tDCS with rTMS in moderate Alzheimer’s Disease (Hu et al.,
2022), or tDCS with TBS in MDD (Wivatvongvana et al., 2024), without
noting any AEs. In addition, the concomitant use of tDCS over the DLPFC
(anode left/cathode right, 2 mA, 30 min), followed by ultrabrief right
unilateral electroconvulsive therapy (ECT) administered 5-10 min later,
appears to be both feasible and safe (Mayur et al., 2018).

tACS at different frequencies has been used in combination with TBS
to investigate physiological effects of brain stimulation, including
plasticity, in healthy subjects, without noting any AEs (Guerra et al.,
2018; Maiella et al., 2022; Nakazono et al., 2021; Ogata et al., 2021;
Takahashi et al., 2024; Tremblay et al., 2017).

All the remaining studies were performed in healthy subjects, again
for physiological purposes, mainly in order to study relationships be-
tween the effects of EEG activity, tACS frequencies and TMS pulse(s) on
cortical excitability, either when TMS pulse was phase-locked or not
with the underlying oscillatory EEG activity or with the applied tACS
(Fehér et al., 2017, 2022; Feurra et al., 2019; Geffen et al., 2021; Guerra
et al., 2016, 2020; Pozdniakov et al., 2021; Raco et al., 2016, 2017;
Schilberg et al., 2018; Shpektor et al., 2017). No AEs were noted.

Conclusions: when tES simultaneously applied with TMS/rTMS/
TBS there is a possibility that changes in neuronal excitability produced
by electrical polarisation can directly affect the magnetic stimulation
induced changes. However, there is no evidence that the addition of
single pulses of TMS to tES increases the incidence of AEs over that of tES
alone.
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The above findings confirm the conclusion from our previous review
(Antal et al., 2017) that there is currently no evidence that simultaneous
tES and TMS, when established protocols are followed, introduces a
safety risk. Factors such as tolerability (TMS induction of current in tES
wires) or equipment interaction should be considered, but are not
known to impact safety.

9.3. tES combined with EEG/MEG

To demonstrate on-line and/or off-line effects of tES, it is desirable to
record EEG or MEG during and/or immediately before and after tES
experiments. Recording EEG during and/or immediately before and
after tES requires having EEG electrodes positioned on the scalp and
often connected to an EEG amplifier during the stimulation. While
applied current might hypothetically divert into EEG electrodes which
might then heat up, this is not in fact expected or observed. The reason is
the very high input impedance of modern EEG amplifiers (typically in
the range of megaohms — MQ), thus limiting currents to the range of
microamps, which cannot result in relevant heating. In addition, the
EEG electrode itself presents an electrochemical impedance. Moreover,
even if an EEG amplifier could hypothetically represent a short-circuit at
the end of the EEG wires, the tES stimulator, being a constant current
source, would still limit its current to the selected strength, thus elimi-
nating any potential for tissue damage. Another hypothetical concern is
changes in current flow pattern by the presence of the EEG electrodes on
the scalp. However, no heating of EEG electrodes was reported in
numerous published tES-EEG studies. Moreover, those studies have not
reported AEs other than those seen in tES without additional electro-
physiological monitoring (Antal et al., 2008; Helfrich et al., 2014;
Zaehle et al., 2010) or tDCS (Antal et al., 2004; Cunillera et al., 2016;
Faria et al., 2012; Luft et al., 2014; Mancini et al., 2016; Marshall et al.,
2006).

Simultaneously recording MEG during tES experiments poses no
risks to the participants, since the MEG sensors do not touch the skin and
thus cannot conduct tES currents. Various authors have demonstrated
combined MEG/tES studies without safety issues (Neuling et al., 2015;
Ruhnau et al., 2016). It should be mentioned that, meanwhile, even
intracranial recordings have been conducted during tES without safety
concerns (Guidetti et al., 2022; Huang et al., 2017; Lamos et al., 2025;
Louviot et al., 2022).

When tES is combined with EEG, if a stimulation electrode is short-
circuited to another stimulation electrode, current will most likely
become ineffective. If a stimulation electrode is short-circuited to an
EEG electrode, there will be an exceptionally strong artefact in the EEG.
If two EEG electrodes are short-circuited, no EEG signal will be
observable. Therefore conductive fluids between electrodes must be
prevented to avoid short-circuiting adjacent electrodes. Electrode gel is
preferable to saline solution (Fehér and Morishima, 2016).

When EEG is recorded during tES, artefacts contaminate the EEG
recordings. Artefacts are not a straightforward safety concern, but a
recording loaded with artefacts is useless and conducting it would
represent an unnecessary burden to participants in experiments and/or
treatment procedures, thus causing ethical concerns. Although no device
produced so far is able to simultaneously stimulate and record EEG,
using the same electrodes, the development of multichannel stimula-
tion/recording devices has allowed EEG recordings from surrounding
electrodes even during the stimulation. To acquire meaningful EEG data
that leads to interpretable results, the artefacts of tES need to be avoi-
ded, removed or minimized ((Helfrich et al., 2014; Neuling et al., 2015),
for a review, see (Kasten et al., 2019)). Some authors, however, were not
able to remove the artefacts and claimed that they are inherent to
recording EEG during tACS and might be impossible to completely
remove (Gebodh et al., 2019; Noury et al., 2016). It should be noted that
the artefact of tES can exceed amplitudes of 100 mV and bring some EEG
amplifiers into saturation (Fehér and Morishima, 2016). Thus, it is
advisable to use EEG amplifiers with 24 bit or more and to set the
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analog/digital (AD) range to well cover the size of the artefact (von
Conta et al., 2022). Importantly, EEG amplifiers already show small non-
linearities with the specified AD range, which can result in artifactual
EEG oscillations at the frequency of interest due to nonlinear distortion
of tACS signals (Kasten et al., 2018). Furthermore, the way the sine wave
is generated in the tES device (e.g., for tACS) can be responsible for
whether artifacts around the stimulation frequency can be seen in the
EEG/MEG. Thus, tES devices that work with a high digital to analog
conversion quantization (minimum 16 bit) and high sampling rate (e.g.
>10 kHz) to synthesize a sine wave signal are advantageous here.
Conclusion: Combining tES with EEG/MEG does not pose additional
safety risk. In the simultaneous recording of brain activity by either EEG
or MEG during/before/after tES, no additional sensations or other AEs,
beyond ones generally encountered with tES, have been reported.

9.4. Special considerations for intracranial electrodes and implants

Measurements using intracranial recordings to study the mecha-
nisms of tES in humans have become increasingly popular (Guidetti
et al., 2022). Early studies using stereo EEG (SEEG) recordings found
that tES produces electric fields up to 0.4 mV/mm per 1 mA (Huang
et al., 2017; Opitz et al., 2016). No AEs were reported for stimulation
intensities 0.5-2 mA and tACS frequencies up to 100 Hz. Measured
electric field values are in line with predictions from electric field
models (Datta et al., 2009a; Miranda et al., 2013; Opitz et al., 2018).
Since 2017, various labs have performed intracranial recordings in
humans during tES without any reported AEs. The location of tES
electrodes were different, many times over the same hemisphere/region
as the implanted electrodes but not always, guided by the scientific
question. Recording modalities involved sEEG (Lafon et al., 2017; Lou-
viot et al., 2022; Shan et al., 2023; Simula et al., 2024; Wang et al.,
2022), DBS leads (Chhatbar et al., 2018; Esmaeilpour et al., 2017;
Ruhnau et al.,, 2018) and grid electrodes (Salimpour et al., 2017).
Invasive recordings were also performed in an individual with brain
lesions without reported AEs (Jiang et al., 2022). A recent computa-
tional study suggests that the implants could possibly enhance the tES
electric field but the effects stay within a safe range (Karimi et al., 2025).
However, direct electric field measurements of AC currents in a phantom
next to a DBS lead showed only small effects of the implant (10 %
reduction) (Lamos et al., 2025). This is in line with another modeling
study which predicts only moderate effects of implants on the EF
(Mercadal et al., 2022). Local electric field perturbations can affect the
stimulation dose and thus complicate the study of tES mechanisms using
invasive recordings. This effect may be amplified by the lower resistance
of the burr hole if the transcranial electrode is in close vicinity (Datta
et al., 2010). For more details regarding the safety of various configu-
rations and the arrangement of tES electrodes and implants we refer to
Karimi et al. (2025).

Recommendation: tES appeared to be safe in subjects with
implanted DBS or sEEG electrodes within stimulation parameters typi-
cally applied in healthy participants. TES on humans carrying any im-
plants in the brain or in the skull should only be performed in well-
supervised and controlled studies. Special attention is required for
adaptive implanted brain stimulation which may sense the electric field
artifacts by tES.

9.5. Pharmacological interventions combined with tES

The interaction between tES, particularly tDCS, and pharmacological
treatments remains a topic of clinical relevance and ongoing investiga-
tion. The 2017 guidelines noted that some pharmacological agents may
modulate the effects of tES, potentially enhancing or reducing its effi-
cacy, and raised the possibility of safety concerns when combining the
two interventions. Since then, several additional studies have investi-
gated the safety, feasibility, and effectiveness of combined tES and
pharmacotherapy, particularly in remote or home-based treatment
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settings.

Recent evidence, primarily from feasibility studies, pilot trials, and
case series, supports the general safety and tolerability of tES in patients
receiving stable pharmacotherapy across various clinical populations,
including MDD, bipolar depression, Parkinson's disease, multiple scle-
rosis, fibromyalgia, schizophrenia, and temporal lobe epilepsy. SEs and
AEs reported in these studies were predominantly mild and transient,
such as tingling, itching, or transient discomfort at the electrode site,
with no evidence of increased risk attributable to the pharmacological
status of the participants (Cappon et al., 2022; Flynn et al., 2024; Ghazi-
Noori et al., 2024; Pilloni et al., 2022).

Some studies, including large-scale fully remote RCTs, have provided
initial evidence of clinical benefit of at-home tES when administered
alongside stable pharmacological regimens (Ruffini et al., 2024;
Woodham et al., 2024). Nevertheless, most of these studies did not
systematically analyze drug-tES interactions, and participants were
often required to maintain stable medication regimens or exclude drugs
known to lower seizure threshold (e.g., bupropion, clozapine). More-
over, no study so far has reported data about medications prescribed for
unrelated conditions that may nonetheless interact with brain stimula-
tion. For example, beta-blockers, sodium and calcium channel block-
ers—used in antihypertensive, antiarrhythmic and antiepileptic
therapies—can diminish the modulatory effects of tDCS by stabilizing
membrane excitability. Though statins, hypoglycemic agents, steroid or
hormone therapies have not been studied in this context, their wide-
spread use and their indirect effects on the CNS suggest they could also
influence tDCS outcomes. Furthermore, drugs potentially leading to
cutaneous AEs, e.g., immunosuppressants and immunomodulators,
could change the tolerability profile of tES at the site of stimulation.

However, although long-term follow-up data are sparse, available
findings suggest that sustained use of home-based tDCS with pharma-
cotherapy is feasible and generally well tolerated, provided appropriate
training, supervision, and adherence to safety protocols are ensured
(Dragon et al., 2024; Lee et al., 2022; Lench et al., 2024).

While the safety profile of combined tES and pharmacotherapy ap-
pears reassuring, the clinical rationale for their combination should be
carefully considered. Specifically, concurrent use should be pursued
primarily when a synergistic or additive therapeutic effect is antici-
pated. Recent evidence suggests that this may not always be the case: a
large multicenter RCT found no additional benefit of adding tDCS to
sertraline for MDD compared to sertraline alone (Burkhardt et al.,
2023). On the other hand, potential risk associated with tES in depres-
sion is treatment-emergent mania (Brunoni et al., 2017), for which co-
administration of mood stabilizers has been recommended to mitigate
this risk (Tatti et al., 2022).

Conclusions and recommendations: While no new evidence has
emerged that clearly indicates an increased risk or clinically significant
adverse interaction between tES and pharmacotherapy, current findings
are largely based on feasibility and small-scale studies, often without
dedicated analysis of pharmacodynamic interactions. Therefore, until
high-quality evidence becomes available, we recommend that tES be
used in combination with neuropsychiatric and non-neuropsychiatric
pharmacotherapy only under conditions of careful clinical supervision.

Patients should be screened for medications known to directly or
indirectly act on CNS and skin, and any changes in pharmacotherapy
during tES treatment should be avoided whenever possible. Moreover,
clinicians should evaluate whether a combined approach is likely to
confer added clinical value on a case-by-case basis. Further studies are
warranted to explore synergistic effects, pharmacological enhancement
of tES efficacy, and safety across diverse drug classes.

9.6. TES combined with other non-pharmacological interventions
The administration of a concurrent non-pharmaceutical intervention

can alter the brain state in turn modulating the effect and response of
NIBS (Bradley et al., 2022; Opitz et al., 2015). The term “Non-
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pharmacological intervention” includes a variety of treatments. For the
sake of this review, we followed the taxonomy proposed by Ninot et al.,
(Castellano-Tejedor, 2022; Ninot et al., 2017), who identifies five main
groups, which are addressed below (for overview see Table S5).

9.6.1. Psychological health interventions

Psychological health interventions range from prevention programs
to psychotherapy interventions. Studies combined tDCS with fear con-
ditioning paradigms, which are commonly used to model anxiety-
related and broader emotional processes. Four studies used standard
tDCS with different montages, all targeting the PFC (Dittert et al., 2018;
Ganho-Avila et al., 2019, 2022; Ma et al., 2024), and the inferior frontal
gyrus (Ma et al., 2024) while one applied frontopolar HD-tDCS (Adams
et al., 2023) to the DLPFC. All were single-session trials with young
adults, conducted online or offline, using currents up to 1.5 mA. The
combination was safe, with tDCS producing only mild AEs, such as
itching, tingling, headache, skin redness, and tiredness. Blinding, when
reported, was effective.

In a meta-analysis of 17 studies, 13 of which employed tDCS, NIBS
combined with psychosocial interventions was found to be a safe
approach for alleviating depressive symptoms (He et al., 2022).
Commonly reported SEs included headache, scalp discomfort, skin
redness, and itching, occurring in both active and sham stimulation
groups. Most studies concluded that NIBS paired with psychosocial
intervention is well-tolerated, with only mild and transient AEs, such as
post-stimulation headache.

The safety and tolerability of NIBS, including tES combined with
mindfulness-based interventions were evaluated in a recent meta-
analysis by Demina et al., (2024). The analysis reported good overall
tolerability, no serious AEs, and generally high levels of treatment
satisfaction.

One study combined tACS (delta-beta waveform) with behavioral
activation, a third-wave evidence-based cognitive behavioral therapy in
patients with depression. No safety concerns were noted (Carlton et al.,
2025).

9.6.2. Physical health interventions

Five studies combined tDCS with physical training interventions in
healthy young adults. Thomas et al., (2021) applied tDCS during a
combined aerobic and cognitive task but did not report collecting or
analyzing AE data. In contrast, Jung et al. (2024), Lo et al. (2023), and
(da Silva et al., 2019) implemented multi-session offline tDCS protocols
(1.5 or 2 mA) during balance training, physical therapy, and time to
exhaustion, respectively. All studies reported only mild AE and suc-
cessful blinding. One study combined tRNS to the DLPFC and V1 with
exergame training, with participants reporting no AEs (Moret et al.,
2021). When reported, blinding was effective. Dumel et al. (2018) did
not report collecting or analyzing AEs data, while the other studies re-
ported only mild AEs

In clinical populations, motor training combined with RS-tDCS has
also shown efficacy. In individuals with impaired ambulation due to
multiple sclerosis, 10 sessions of M1-targeted tDCS (2.5 mA) paired with
aerobic exercise significantly improved gait speed and walking endur-
ance, with benefits maintained four weeks post-intervention (Pilloni
et al., 2020). A more recent trial demonstrated that 20 sessions of home-
based, remotely supervised M1-SO tDCS paired with manual dexterity
training improved hand function and MS-related quality of life in par-
ticipants with impairment due to progressive MS, many of whom were
also of older age (Pilloni et al., 2024).

9.6.3. Nutritional health interventions

Span from the use of dietary supplements to structured nutritional
therapy and diet-based interventions. tDCS has been explored in com-
bination with hypocaloric diets in individuals with excess weight.
Natividade et al., (2021) reported only mild AEs, such as itching,
tingling, and fatigue, with no significant differences in the frequency of
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AEs between active and sham groups. Similarly, Heinitz et al., (2017)
found a higher incidence of skin redness in the active tDCS group, while
other mild AEs occurred at comparable rates across active and sham
conditions

9.6.4. Digital health

Interventions, encompassing wearable and handheld eHealth de-
vices, therapeutic games, and virtual reality therapy, have been inte-
grated with NIBS in training paradigms in recent studies. Specifically,
four studies combined tDCS with various cognitive tasks (Duffy et al.,
2024; Holczer et al., 2023; Yu et al., 2020; Zhu et al., 2025), three
studies combined tACS with working memory tasks (Diedrich et al.,
2024a; Diedrich et al., 2024b; Krebs et al., 2021b), and two used tRNS
(Brambilla et al., 2021; Chenot et al., 2022). All were conducted during
stimulation, mostly using multi-session designs in young and older
adults, with variable electrodes' montages, targeting the DLPFC. tDCS
studies reported mixed cognitive findings and only mild sensations,
similarly in active and sham groups (Ruf et al., 2017). Interestingly,
while AEs remain mild, higher intensities generally cause more notice-
able sensations (Weller et al., 2020). Two analyses from the “Aug-
menting cognitive training in older Adults” study (Woods et al., 2018)
found that 20 sessions of 2 mA tDCS over bilateral DLPFC were well
tolerated, with only mild sensations (e.g., tingling, burning) and no
other adverse events(Hausman et al., 2023, 2024). While more partici-
pants in the active group reported high blood pressure, this was not
attributed to stimulation (Hausman et al., 2023), see also Section 7.4

In the tACS studies, two participants experienced phosphenes
(Diedrich et al., 2024a; Diedrich et al., 2024b). Two tRNS studies re-
ported only mild sensations, but one participant dropped out because of
a headache in the tACS group (Brambilla et al., 2021). Notably, Sheffield
et al. (2022) conducted a multi-site review on blinding efficacy and AEs
in studies combining cognitive training with NIBS. They found that AEs
were more strongly associated with contextual factors such as testing
site and session number, rather than the type of transcranial electrical
stimulation itself. Blinding was less effective for tDCS and tACS
compared to tRNS, particularly in conditions producing stronger cuta-
neous sensations. While smaller electrodes and repeated sessions did not
increase AEs, the findings underscore the need for improved blinding
protocols, especially in studies using higher-intensity stimulation.

In clinical populations, RS-tDCS paired with cognitive training has
shown feasibility and cognitive benefits. In MS, studies report im-
provements in complex attention, reduced response variability, and
enhanced cognitive outcomes after 30 sessions, particularly in those
with greater disability (L. Charvet et al., 2018, 2025; Charvet et al.,
2023b). In Parkinson’s disease, two open-label studies demonstrated
that RS-tDCS was safe, well-tolerated, and feasible for home-based de-
livery resulting in modest gains in processing speed, fatigue, and motor
functions (Agarwal et al., 2018; Dobbs et al., 2018). Across both trials,
tolerability was high, and adverse events were minimal and mild.

Two studies combined tDCS with activity performed in a virtual re-
ality environment (Bulteau et al., 2017; Ciechanski et al., 2017), simu-
lating height exposure or surgical resection, respectively, over one or
two sessions, with a current intensity of 1 mA, reporting itching and
tingling as the most common complaints, with no serious AEs
(Ciechanski et al., 2017). Neri et al. (2025) combined tRNS to the
sensori-motor and visual networks with five days of a VR first-person
shooter training, reporting only mild AEs and no differences between
the active and sham groups.

No other health interventions (eg., phytotherapy, aromatherapy,
etc.,) were found combined with noninvasive brain stimulation.

Conclusions and recommendations: The combination of tES with
non-pharmacological interventions appears to be safe in adults across
age groups. Reported AEs were mild and consistent with standalone tES
applications. No significant safety concerns emerged across the
reviewed studies. Despite these reassuring findings, differences in
stimulation parameters and outcome measures limit the ability to draw
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definitive conclusions about safety in all contexts. Care must be taken
when higher intensities are used to achieve successful blinding. In
particular, a few studies did not systematically report or analyze AEs,
showing the need for more rigorous and standardized safety monitoring.
Given the wide range of potential interventions that can be combined
with NIBS, it is essential that researchers implement rigorous monitoring
and transparent reporting of AEs, particularly when evaluating novel
combinations.

10. Ethical, legal and regulatory aspects
10.1. Ethics (doping, neuroenhancements, Neurorights)

In navigating the ethical landscape of tES, four core principles
emerge: 1) Rigorous safety, 2) Equitable access, 3) Strict oversight
against misuse, and 4) Protection of neurorights, all underpinned by
comprehensive informed consent.

Firstly, adherence to established parameters, proper electrode
preparation, and continuous monitoring is essential to minimise mild
AEs (e.g., skin tingling, headache) and eliminate harms such as burns
(Bolognini et al., 2017). Secondly, tES therapies must be made available
through regulated clinical channels, ensuring that socio-economic bar-
riers do not exclude patients with a genuine therapeutic need (Voarino
et al,, 2016). The compliance of the health care personnel and the
medical organisations to these technologies is essential in the successful
implementation of the treatments (e.g. clinics buy tES devices but then
lack the resources to keep them functioning). In terms of research and
clinical use, the sensitivity to differences in populations in producing
research data and implementing protocols to patients and participants
need to be present. Equitable access, prevention of misuse, and protec-
tion of neurorights all concern wider frameworks than merely focus on
the mental and physiological health of the patient. The implementation
of treatment needs to acknowledge that values inherent in the technol-
ogies or values in the research data do not necessarily transfer from one
society to another, from a given health care system to another and pa-
tients should not be ignored. One of the challenges for evidence based
tES treatments is the ever changing (developing) devices: many treat-
ment devices do not stay long enough to gather a good amount of evi-
dence. Nevertheless, our aim is to comment on the tES protocols rather
than on device-specific considerations.

Third, home-use systems require built-in lockouts, remote moni-
toring, and mandatory user training to prevent unsupervised off-label
use and cognitive or sport “doping” in healthy individuals — a practice
that not supported outside of approved research to ensure fair compe-
tition in academic, athletic, and professional settings (Voarino et al.,
2016), although it is still unclear whether the benefit is a proven fact or a
myth (Lefaucheur, 2019). Neuroenhancement using tES in healthy
people is a frequently discussed issue, without official consensus (Antal
et al., 2022). Finally, special consideration for vulnerable populations —
particularly minors (See Section 7.3.) — requires age-appropriate consent
processes and developmental risk-benefit analyses that respect
emerging neurorights, including the right to mental privacy and cogni-
tive integrity (Auvichayapat and Auvichayapat, 2022; Buchanan et al.,
2022). Together, these principles ensure that tES remains a safe, patient-
centred modality for therapy and rehabilitation, while minimising the
risks of abuse, injustice, and exploitation.

10.2. Regulation of tES across the world

10.2.1. Europe

In the EU, in May 2021 the Regulation (EU) 2017/745 (https://eu
r-lex.europa.eu/eli/reg/2017/745/0j/eng), hereafter referred to as
Medical Device Regulation (MDR), has superseded the previous medical
device directive (MDD), and now regulates all aspects concerning “the
placing on the market, making available on the market or putting into
service of medical devices for human use and accessories for such
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devices in the Union” as well as “clinical investigations concerning such
medical devices and accessories conducted in the Union.” (Art. 1(1)).
Importantly, according to Art. 1(2) the MDR also applies to “groups of
products without an intended medical purpose that are listed in Annex
XVI”, where it explicitly lists under point 6. “Equipment intended for
brain stimulation that apply electrical currents or magnetic or electro-
magnetic fields that penetrate the cranium to modify neuronal activity
in the brain.”, and Art. 1(3) details that “Devices with both a medical
and a non-medical intended purpose shall cumulatively fulfil the re-
quirements applicable to devices with an intended medical purpose and
those applicable to devices without an intended medical purpose.”

MDR Art. 2(1) rather widely defines a ‘medical device’ as “any in-
strument, apparatus, appliance, software, implant, reagent, material or
other article intended by the manufacturer to be used, alone or in
combination, for human beings for one or more of the following specific
medical purposes: (1) diagnosis, prevention, monitoring, prediction,
prognosis, treatment or alleviation of disease; (2) diagnosis, monitoring,
treatment, alleviation of, or compensation for, an injury or disability; (3)
investigation, replacement or modification of the anatomy or of a
physiological or pathological process or state; (4) providing information
by means of in vitro examination of specimens derived from the human
body, including organ, blood and tissue donations; and (5) which does
not achieve its principal intended action by pharmacological, immu-
nological or metabolic means, in or on the human body, but which may
be assisted in its function by such means.”

Medical purposes relevant for tES devices are in particular the
diagnosis, prevention, and treatment or alleviation of a disease (i.e.,
therapeutic applications), but also the investigation or modification of a
physiological or pathological process or state (i.e., research applica-
tions), whereas for TMS also diagnosis and monitoring purposes are
relevant (e.g., via TMS evoked MEPs, TEPs, etc). It should be noted that
there is a fundamental difference between the intended medical purpose
(e.g., non-invasive stimulation of the human brain) and a specific clin-
ical indication (e.g., major depressive disorder or chronic pain).

According to Art. 51(1), “devices shall be divided into classes I, IIa,
IIb and III, taking into account the intended purpose of the devices and
their inherent risks” and “classification shall be carried out in accor-
dance with Annex VIII”. Following Rule 9 of the Annex VIII, “all active
therapeutic devices intended to administer or exchange energy are
classified as class Ila unless their characteristics are such that they may
administer energy to or exchange energy with the human body in a
potentially hazardous way, taking account of the nature, the density and
site of application of the energy, in which case they are classified as class
IIb”. Accordingly, tES devices, which qualify as active devices and have
a comparatively low risk profile as outlined in this paper, fall into class
IIa if they have a therapeutic medical purpose.

Notably, Rule 10 refers to “Active devices intended for diagnosis and
monitoring. [...]” (not applicable to tES) and Rule 13 states that “all
other active devices are classified as class I”. Unlike in the original
definition in Art. 2(1), a rule explicitly referring to the medical purpose
of “investigation” (as in academic or clinical research) is missing in
Annex VIII, so that tES devices without a therapeutic purpose were
automatically classified as class I (instead of the appropriate class IIa).
Following a letter by six EU member states, based on an inaccurate risk
assessment without proper review of scientific evidence and following a
flawed line of argument (Antal et al., 2025), in 2022 the Regulation (EU)
2022/2347 (https://eur-lex.europa.eu/eli/reg impl/2022/2347 /0j/
eng) re-classified all non-invasive brain stimulation devices without a
medical purpose as class III, i.e., the highest risk category normally
reserved for e.g., implantable devices, as it was reasoned that “while
such equipment is not surgically invasive, the electrical currents or
magnetic or electromagnetic fields do penetrate the cranium to modify
neuronal activity in the brain.“ Energy delivery to the body is, however,
part of the definition of active therapeutic devices, which explicitly
belong to class II, and, given the actual risk profile of tES devices pro-
vided in this paper, they more specifically belong to class Ila (see also the
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explanations provided by the Medical Device Coordination Group
(MDCG) in document MDCG 2021-24, “Guidance on classification of
medical devices”, (Directorate-General for Health and Food Safety,
2021). Therefore, both the evidence provided for an elevated risk of tES
and TMS devices was incorrect (Antal et al., 2025) and the classification
rationale was flawed. Unfortunately, this incorrect reclassification
caused enormous irritations in the field and misinterpretations by reg-
ulatory bodies and regional ethic committees due to the unclear and
ambiguous status of tES and TMS devices used for investigational
research as medical purpose (cf. Art. 2(1)), rather than therapeutic or
diagnostic applications (which are explicitly mentioned also in Rule 9
and 10 of Annex XVI). This confusion led to unjustified interruptions of
research activities in many academic and clinical institutions. Re-
searchers, clinicians, academic societies, manufacturers, and patient
organizations have repeatedly expressed their concerns (Antal et al.,
2024). Following a formal complaint to the EU Ombudsman and their
respective recommendation in 2024 (https://www.ombudsman.europa.
eu/en/decision/en/185531), the European Commission has asked the
Scientific Committee on Health, Environmental and Emerging Risks
(SCHEER) to issue a new evidence-based scientific opinion on the risk
that is posed by using brain stimulation devices for non-medical pur-
poses, which is expected to be published in 2026. Based on this opinion,
the European Commission will hopefully re-reclassify non-invasive
brain stimulation devices without medical purpose to the same class as
those with a medical purpose, namely class IIa.

Since the MDR came into force in May 2021, manufacturers are
required to conduct the conformity assessment procedure to obtain a CE-
certification as a medical device for their product according to the MDR.
However, since the notified bodies allowed to monitor the certification
procedure and issue the CE-certificates simply cannot process the
enormous numbers of re-certifications required, transition periods have
been introduced and extended, e.g., to Dec 31, 2028 for class II medical
devices that previously did not require involvement of a notified body
under the MDD. The CE-certification process requires the manufacturer
to explicitly state the intended medical purpose as well as one or more
clinical indications and to provide clinical evidence for the safety and
effectiveness of the device. At the time of submission of this consensus
paper, the first tES devices have received CE-certification as a medical
device under the MDR with major depressive disorder as indication, and
more are likely soon to follow.

Finally, there is a lot of irritation in the field regarding when research
studies using a medical device, specifically a tES device, have to be
conducted as ‘clinical investigation’ under the MDR (requiring regis-
tration with the national authorities, full compliance with ISO 14155
GCP, as well as costly and time consuming documentation, monitoring,
and auditing activities) and when they may be conducted as mere
‘clinical study’ outside the MDR (i.e., only requiring a positive vote by
the responsible ethics committee) (Rethwilm et al., 2024). An important
tipping point in the decision tree is whether the study investigates the
safety and/or performance of a specific investigational device (—>
clinical investigation) or merely uses an existing medical device (which
could in principle be replaced by another device with comparable fea-
tures) as an auxiliary tool to investigate a fundamental neuroscientific or
clinical research question (—> clinical study). For the latter, the medical
device does not even need to be used for the medical purpose or the
clinical indication originally indicated by the manufacturer. Unfortu-
nately, while the MDR applies in all EU countries, the specific legal
implementations of the regulation at the national level differ across EU
member states, and even within each state, the local editorial commit-
tees often have their own interpretation regarding this issue, currently
creating very unequal challenges for tES research across labs and
countries within the EU.

10.2.2. Asia
Based on our research, no country in Asia has officially approved tES
devices as medical devices, except for Singapore and South Korea. In
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2017, Singapore's Health Sciences Authority granted Soterix Medical
approval to market tDCS devices. These devices are approved for
treating major depression and fibromyalgia (Soterix Medical Inc, 2025).
Similarly, South Korea's Ministry of Food and Drug Safety (MFDS)
approved the home-based tDCS treatment device MINDD STIM+ (Ybran
Inc, n.d.) in 2021 for therapeutic use (Bikson et al., 2023).

In Japan, medical devices are categorized into four classes based on
risk levels by the Pharmaceuticals and Medical Devices Agency (PMDA):
Class I (extremely low risk), Class II (low risk), Class III (medium risk),
and Class IV (high risk) (Medical Devices Agency, n.d.). For example,
TMS devices are classified as Class II. Although tES devices would likely
fall into a similar category, no such devices have been approved for
medical use in Japan to date. The use of tES devices for basic or scientific
research must comply with the Ethical Guidelines for Medical and Bio-
logical Research Involving Human Subjects, while clinical trials are
governed by separate regulations. The Japanese Society for Clinical
Neurophysiology issued safety guidelines for the research use of tES in
2019, which remain a critical resource for investigators using tES de-
vices for research purposes (https://www.jstage.jst.go.jp/article/jscn/
49/2/49 109/ article/-char/ja). However, the distinction between
basic research and clinical trials can be ambiguous, raising the question
of “where to draw the line between medical and non-medical use” (Antal
et al., 2025).

Other Asian countries employ comparable risk-based classification
systems. For instance, South Korea: The Ministry of Food and Drug
Safety classifies medical devices into Classes I-IV based on risk (Food
and Drug Administration, 2018); India: The Central Drugs Standard
Control Organization uses a classification system ranging from Class A
(lowest risk) to Class D (highest risk), as outlined in the Medical Devices
Rules of 2017 (Central Drugs Standard Control Organization, n.d.);
China: The National Medical Products Administration categorizes
medical devices into three classes (I-III) based on increasing risk, as
defined in the Rules for Classification of Medical Devices (The National
Medical Products Administration, n.d.).

10.2.3. Australia

In Australia, medical devices are regulated through the Therapeutics
Goods Administration and the Australian Register of Therapeutic Goods.
Several devices are listed on the ARTG allowing for use, typically under
clinical supervision. The Sooma tDCS/Transcranial electrical stimula-
tion system was first listed in 2016 under an intended purpose of the
treatment of “unipolar depression in the adult population under the
supervision of a qualified health practitioner”. The neuroCare Group tES
system was listed in 2017 but without a specific detailed therapeutic
claim (“tDCS may represent an effective treatment option for patients
presenting with major depressive episodes”). Finally, the Soterix Medi-
cal tES system has also been listed since 2017 with a lengthy description
of application including “The device is intended to treat different
neurological and psychiatric disorders. In particular, tDCS increases
spontaneous brain activity and metabolism in areas found to be hypo-
active in patients suffering from major depressive disorder.”

10.2.4. America (USA & Canada)

In the USA, the framework comprises a system of regulations and
recommendations issued by the Good Practices in Clinical Research,
Code of Federal Regulations, and/or the Food and Drug Administration
(FDA). The FDA defines medical devices as products that are “intended
for use in the diagnosis of disease or other conditions, or in the cure,
mitigation, treatment, or prevention of disease in man... or intended to
affect the structure or any function of the body....... ” The FDA’s clas-
sification for medical devices are based on risk level (Bikson et al., 2023;
Food and Drug Administration, 2018). Class I devices are low-risk de-
vices, such as band-aids, which are subject to general controls, such as
registration of facilities and compliance with good manufacturing
practices. Class II devices are moderate risk devices that are subject to
additional special controls, such as performance standards and special
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labeling. Class III devices are those that pose a high risk of illness or
injury. Most devices that provide a low level of electrical stimulation to
the body for medical purposes, such as transcutaneous electrical nerve
stimulation devices and powered muscle stimulation devices, are
considered Class II devices (Fregni et al., 2015). However, tES devices
without an intended medical purpose may not fall under the scope of
FDA regulation (Antal et al., 2022; Vasquez and Fregni, 2021; Wexler,
2015).

Medical devices not cleared or approved by the FDA in the US are
required to follow the Investigational Device Exemptions regulation (21
CFR Part 812). This regulation describes three types of device studies:
significant risk (SR), non-significant risk (NSR), and exempt studies.
Under 21 CFR 812.3(m), a SR device study is defined as a clinical
investigation using a device that is intended as an implant, is repre-
sented to be for a use in supporting human life, is for a use of substantial
importance in mitigating and treating disease or presents a potential for
serious risk to the health, safety or welfare of a subject. A NSR device
study is one that does not meet the definition for an SR device study.
Certain studies are exempt from the requirements of 21 CFR Part 812,
for example: studies of an already cleared medical device in which the
device is used or investigated in accordance with the indications in the
cleared labeling. Clinical trials using tDCS and tACS devices in the US
have been generally classified as NSR. Sponsors of investigational SR
device studies are required to get an approved IDE from the FDA before
starting their study. In addition, in accordance with the regulations at
Part 812, the study may not start until both FDA and the Institutional
Review Board of clinical setting have given their approval.

Clinical Example — NYU Langone Health tDCS Telehealth Program:
To meet growing clinical demand and align with regulatory standards,
NYU Langone Health launched a telehealth-based RS-tDCS clinical ser-
vice in 2019. This program operates under NSR designation and IRB
oversight, offering home-based tDCS as innovative care for conditions
such as multiple sclerosis, Parkinson’s disease, mood disorders, and
post-stroke recovery. The protocol includes medical clearance, HIPAA-
compliant remote supervision via video, and individualized treatment
plans specifying electrode placement, current intensity, and dosing
schedules. As of 2025, over 230 patients across 26 U.S. states have
participated, completing more than 16,000 sessions. The program has
demonstrated high engagement, safety, and feasibility, and serves as a
model for large-scale implementation of RS-tDCS within U.S. healthcare
systems.

10.2.5. America (South America)

In Brazil, tDCS devices are regulated as medical equipment requiring
formal registration by the National Health Surveillance Agency (Fregni
et al., 2015). Only NeuroConn’s DC-Stimulator is specifically ANVISA-
approved for tDCS use (ANVISA certification is analogous to a CE
mark). Clinical research must be approved by local ethics committees
with possible review by the national regulatory body (Fregni et al.,
2015).

Argentina’s National Administration of Drugs, Foods and Medical
Devices (ANMAT) oversees medical device regulation and aligns with
international health standards. tDCS devices would require ANMAT
clearance; none are currently registered (https://www.argentina.gob.
ar/anmat/anmat-en/). All clinical studies need institutional ethics
committee approval.

Chile’s Public Health Institute (ISP) manages medical device
approval under national health law. tDCS equipment must comply with
ISP standards and be registered. Research or clinical use of tDCS requires
review by local ethics committees under Ministry of Health regulations.

Other South American nations follow similar models. For example,
Colombia’s INVIMA and Peru’s DIGEMID regard tDCS equipment as
medical devices, and Uruguay’s health authority takes a similar stance;
in all cases trials require ethics/IRB clearance.
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10.3. Where should/could tES be performed and by whom?

The tES can be applied in both clinical and non-clinical settings,
serving different purposes such as treating patients, conducting clinical
research, or advancing basic neuroscience by studying neurotypical
participants in experimental brain research. In clinical contexts, tES may
be administered in hospitals or private practices for evidence-based
treatment of neurological and psychiatric conditions or as part of clin-
ical trials involving patient populations. In non-clinical settings, tES is
commonly used in research laboratories to explore brain function in
neurotypical healthy participants. Additionally, tES can be delivered
outside a lab/clinic i.e. in home-based environments, either as part of
remotely supervised research protocols or as prescribed clinical in-
terventions. Given the diverse applications of tES, it is important to
distinguish its use along three key dimensions: 1) Participants: tES
either being used in neurotypical adults, clinical populations or pop-
ulations requiring special considerations (e.g. children); 2) Settings: tES
either being applied in research laboratories, clinical environments (e.
g., hospitals or private practices), or home-based contexts; 3) Personnel
involved: tES either being administered by trained researchers, by
healthcare professionals, or self-administered by participants, patients
or non-professionals under or without remote supervision (for detailed
consideration regarding home-based use see Section 10.4. and 10.5).

A primary consideration in determining where and by whom tES
should be applied is the assessment of risk. Risk evaluation must account
not only for the characteristics of the technique itself but also for indi-
vidual participant factors such as potential vulnerability or the possi-
bility of interactions with concurrent oral medications. In research
contexts (e.g., academic institutions), tES is typically administered by
trained research personnel from diverse disciplinary backgrounds, most
commonly biology, psychology, medicine and engineering. These in-
dividuals are required to have appropriate training, in order to inde-
pendently perform tES (see Section 11). Ethical approval for such
research applications must be obtained from the relevant institutional
review board (IRB) or local ethics committee. In contrast, clinical ap-
plications of tES are subject to national regulatory frameworks, and
formal approval from competent regulatory authorities may be required,
where applicable (see Section 10.2).

Conclusions and recommendations: When conducted in accor-
dance with the safety standards and parameters outlined in previous
sections, tES can be safely administered in clinical settings under the
supervision of a healthcare professional or clinician, as well as in
research environments by trained researchers under the oversight of a
principal investigator with a medical or non-medical degree. Remotely
supervised home-based tES (RS-tES) is also considered safe and offers
the added benefits of increased accessibility and the potential to scale
both research and clinical applications.

10.4. Remotely delivered tES — home-based use under medical
prescription or in research settings (Remote-Supervised tES)

The use of tES—particularly tDCS—in home settings has expanded
rapidly, driven by the need to accelerate clinical trials, deliver scalable
and accessible treatment options, and reduce the burden on healthcare
systems. This approach is rapidly advancing research on optimal clinical
use, safety, tolerability—especially over longer timeframes—and stan-
dardized implementation guidelines.

This successful implementation of guided home-based use has been
facilitated by adherence to equipment and protocols that ensure reliable
stimulation. The Remotely Supervised tDCS (RS-tDCS) guidance
(Charvet et al., 2015; Charvet et al., 2020) outlines 8 conditions,
including staff training, to satisfy for home-based tES, which have been
adopted in over 60 human trials (Charvet et al., 2018, Charvet et al.,
2025; Charvet et al., 2023a; Charvet et al., 2023b; Dobbs et al., 2018;
George et al., 2025; Knopman et al., 2024; Pilloni et al., 2022, 2024,
2025; Richardson et al., 2023). Adopting these guidelines, a single
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center provided almost 7000 sessions in adults without significant AEs
(Pilloni et al., 2022) and a similar outcome was achieved by a study in
pediatric populations (Simpson et al., 2022) with associated controls.

The eight RS-tDCS guidelines define minimum training requirements
for researchers, clinicians, and staff, as well as criteria for equipment use
and patient monitoring, to ensure the safe and consistent implementa-
tion of RS-tDCS protocols.

This section’s conclusions are specified only for RS-tES (home based
under medical prescription/research setting and following indicated
guidelines). Digitalized tES is the integration of home-based tES with
mobile-Health technologies (Brunoni et al., 2022), and when following
RS-tES is within this section scope. So called “DIY-tDCS” (Wexler and
Reiner, 2018) cannot be considered RS-tES due to the lack of ongoing
supervision by a trained and experienced tES practitioner and provider.
RS-tES interventions enhanced by feedback loops for personalization (e.
g., adjusting stimulation parameters and session frequency based on
symptom change or tolerability), or those integrating Al-based or other
rule-based decision-support tools (e.g., loT-enabled systems), should
still be embedded within a broader connected care framework that in-
cludes active human supervision (Cohen Kadosh et al.,, In press).
Securing human-factors by maintaining a clinician or researcher in the
loop is essential to ensure safety, contextual interpretation of data, and
clinical accountability.

RS-tES rules balance rigor with the need for flexibility. For example,
the requirement for televisits during tES will vary between RS-tES
addressing different indications and patient groups, ranging from at
every session to only during orientation and certification. In contrast to
self-directed home use, RS-tES requires ongoing professional supervi-
sion. For this reason, devices for RS-tES cannot continue to operate if
professional supervision is discontinued (e.g., they are remotely
deactivated).

Several additional studies support the safety and feasibility of RS-
tDCS. Ruffini et al. (2024) showed that 34 of 35 patients successfully
completed an 8-week program of left DLPFC stimulation for depression,
including 4 weeks of daily treatment, with a 73 % response rate and no
AEs. Park et al. (2024) studied 19 patients for improvement in MCI after
two weeks of tDCS therapy to the dorsal frontal cortex, with 3 patients
experiencing minor burns that resolved over time. Ghazi-Noori et al.
(2024) studied 44 persons with bipolar depression over 6 weeks with
moderate success and mild AEs—mainly skin reactions such as redness
(40.6 %) or burning (26.5 %).

One publication summarized six clinical trials in which home-
stimulation was performed. Pilloni et al. (2022) amalgamated 308
subjects covering various disorders and 6779 RS-tDCS sessions. Partic-
ipants tolerated treatment well, with only minimal mild AEs such as
tingling (68 %), itching (41 %), and warmth (42 %), equally reported in
active and sham conditions. Class I RCTs demonstrated rapid enroll-
ment, high adherence, and preserved blinding. Another review by Palm
et al. (2017) amalgamated 22 clinical studies, again confirming minimal
AEs.

Global feasibility of RS-tDCS is also being demonstrated. Silva-Filho
et al. (2022) discussed successful availability of RS-tDCS in middle-
income countries, such as Brazil. Vogelmann et al. (2024) outlined a
roadmap to developing at-home tDCS into a scalable tool for depression
treatment.

As above, while tDCS remains under investigation status in the
United States, a clinical care model for home-based tDCS has been
successfully implemented at NYU Langone Health and other institutions
offer both onsite and remotely accessible services under models of
innovative care and outside of insurance coverage. Similarly, two
studies were successfully conducted within the UK NHS using a RS-tDCS
system complemented by digital psychological intervention, to treat
major depressive disorder (and RCT with 174 participants (Woodham
et al., 2024)) and perinatal depression (an open-label study with 25
participants (Griffiths et al., 2025)). Mild transient AEs occurred mostly
in the active arm of the RCT and no serious adverse events were
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reported. This allows for the future of a prescription-based model for
tDCS and tES treatment at home, typically paired with digital thera-
peutics and/or other rehabilitative exercises.

Recommendation: We recommend the adoption of the RS-tES
guidelines, including provisions for staff and patient training and
specialized equipment, in all clinical and research applications of RS-tES
conducted under medical prescription or within research settings. This
recommendation is supported by evidence from over 60 trials and
thousands of RS-tDCS sessions across adult and pediatric populations
with varying levels of disability, demonstrating that adherence to the
eight RS-tES guidelines (detailed below) ensures safety and feasibility
without compromising scalability or accessibility.

RS-TES Guidelines:

(1) General and study/treatment-specific tES training and certifica-
tion of staff.

(2) Criteria and procedures for screening and selection of patients/
participants and/or caregivers, concerning their capability to
participate in RS-tES-based interventions (include cognitive,
psychological, physical and contextual prerequisites).

(3) Training procedures and materials for participants and/or care-
givers, including instructional materials, intervention adminis-
tration and assessment of training effectiveness. Minimum
competencies should be assessed by the research team/health-
care professionals, confirming suitability of the user. Consent
forms for RS-tES, should include i) information importance of
using equipment as directed, ii) data privacy, iii) information
about remote monitoring and opt-out procedures.
Techniques for electrode preparation and placement to minimize
risk of wuser error, including consistent montage for
reproducibility
(5) Equipment and procedures for reliable control of the prescribed
stimulation dosage per session and across the entire intervention
protocol. This includes all aspects of tES dose (Peterchev et al.,
2012) (e.g. current intensity, waveform/time)
Routine monitoring strategies should be in place (with a schedule
appropriate to the study objects and populations) to ensure
adherence to the protocol, including consistent device setup,
electrode saturation and placement, stimulation parameters and
predefined corrective steps in case of deviations. When software
is used to automate and manage dosing, procedures for staff
oversight (review and changes) must be in place.

Methods for detecting, recording, managing and reporting any

intervention-emergent AEs during or after tES sessions. RS-tES

interventions should include procedures for access to a trained
clinician or researcher, either in-person or via teleconference.

Protocols should include standardized troubleshooting in-

structions and emergency response measures to manage potential

AEs or protocol deviations.

(8) Criteria for when individual sessions are discontinued such as due
to discomfort, technical issues, or personal request, while
remaining in the intervention, and criteria for when the inter-
vention is discontinued (for instance, missing more than 20 % of
sessions (e.g., >4 of 20) or >3 consecutive sessions). All com-
munications between patients, staff, and devices should protect
guidelines for confidentiality and cybersecurity.

(€]
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10.5. Safety and ethical aspects of freely available (direct-to-consumer)
brain stimulation

Direct-to-consumer devices for brain stimulation are widely avail-
able for purchase online (Wexler, 2015, 2020), at least in some societies.
To date, there have been three studies of users of direct-to-consumer tES
devices (Jwa, 2015; Wexler, 2016; Wexler and Reiner, 2018). All found
that users generally adhered to the current levels (1-2 mA) and typical
length of stimulation session (20 min) used in scientific studies at the
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time. Home users did, however, depart from conventional protocols with
regard to number of sessions: Wexler (2018) found that 40 % of re-
spondents had self-administered over 21 sessions of tDCS. Among them,
8 % were “super-users” who reported over 100 sessions of tDCS.
Approximately one-third of respondents reported skin irritation and 3 %
of users reported significant skin burns (Wexler and Reiner, 2018). Thus,
while to some extent, home users adhere to the current levels employed
in scientific studies, they tend to experiment with the conventional
duration and number of sessions. This of course raises questions of
safety, effectiveness and unintended effects on the users. Even if the use
is typically well tolerated during a session, this does not preclude the
possibility of long term AEs arising due to frequent and/or repeated
stimulation, particularly in the case of “super-users” who experience a
large cumulative 'dose’ (see also (Riggall et al., 2015)).

Aside from self-reported studies of users, there is little peer-reviewed
scholarship examining the safety or effectiveness of direct-to-consumer
tES devices. One study found that stimulation with the Foc.us v1 device
caused subjects to perform worse on the accuracy component of a
working memory task than subjects who received sham (Steenbergen
et al., 2016); other studies have assessed the efficacy of Halo Sport for
enhancing aspects of athletic performance (Jiang et al., 2022; Lu et al.,
2021) or the Thync device (Paneri et al., 2016). However, none of these
devices are currently available on the market.

One company, Flow Neuroscience, exemplifies how the lines be-
tween medical use and the freely available direct-to-consumer devices
are increasingly blurred. The company markets a CE-certified tDCS de-
vice, which has shown mixed results for depression in clinical studies
(Borrione et al., 2024; Woodham et al., 2024). Flow is sold directly to
consumers in the EU, UK, Norway, and Hong Kong, accompanied by a
smartphone app offering behavioral therapy. The device includes built-
in usage restrictions: during the first three weeks, users can administer
up to five sessions per week, followed by a limit of two sessions per week
thereafter.

On a general level, the debate about treatment versus enhancement
is still ongoing and use of these direct-to-consumer devices for
enhancement have their own ethical aspects (Voarino et al., 2016). This
debate also bears relevance to health care systems and there are argu-
ments for promoting access to technologies that increase well-being
regardless of whether they are for treatment or enhancement purposes
(Zohny, 2014). Engineering (manufacturers) standards have been pro-
posed that apply to all limited-output tES devices including direct-to-
consumer products (LOTES), which suggest medical-grade risk man-
agement and precise labeling (Bikson et al., 2018, 2023).

Conclusions and recommendation: More data is needed regarding
the safety and efficacy of direct-to-consumer brain stimulation devices
marketed to the general public. In some tES “super-users,” engagement
with direct-to-consumer devices may escalate to patterns characteristic
of behavioral addiction. We recommend distinguishing between direct-
to-consumer devices manufactured respecting medical-device standards
and those with no evidence for quality control.

10.6. Blinding efficacy — placebo stimulation

Establishing adequate sham conditions and maintaining blinding
integrity are critical for ensuring the validity of safety data in random-
ized controlled trials using tES. Inadequate blinding may not only
compromise the interpretability of efficacy results, but also obscure
whether reported SEs or AEs are attributable to the stimulation itself or
to psychological or other nonspecific factors. Despite this importance,
the evaluation of blinding success has historically been neglected in
clinical research in general; only 2 % of randomized trials across medical
disciplines tested blinding success as of 2001.

In tES studies, participants may perceive physical sensations such as
scalp tingling or itching, potentially enabling them to correctly guess
whether they are receiving active stimulation. Neuromodulation
studies, including those using tES, are susceptible to this issue (Knotkova
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et al., 2021). A review of screened papers consisting of 35 randomized
controlled trials published after the previous tES safety guideline
examined whether blinding integrity was assessed. Of these, 16 studies
(45.7 %) included assessments of blinding success, typically by asking
participants whether they believed they received real or sham stimula-
tion (Cherney et al., 2021; daSilva Morgan et al., 2022; Flynn et al.,
2024; Gehrman et al., 2024; Lee et al., 2022; Leffa et al., 2022; Manor
et al., 2018; Nikolin et al., 2020; Pereira et al., 2021; Sampaio-Junior
et al.,, 2018; Shaw et al., 2020; Smeele et al., 2023; Valiengo et al.,
2017, 2020; Wandrey et al., 2023; H. Wang et al., 2019). The remaining
19 did not report such assessment.

While most of these studies reported blinding success, notable ex-
ceptions exist. For example, Leffa et al. (2022) observed that partici-
pants in the active tDCS group guessed their condition more accurately
than expected by chance. Cherney et al. (2021) reported that all four
participants in the sham group mistakenly believed they received active
stimulation. Nikolin et al. (2020) found statistically significant differ-
ences in participant guesses between sham and active tRNS groups,
indicating inadequate blinding despite limited impact on outcome
measures.

The effectiveness of a sham will depend on several factors: 1) the
goals of the trial and how sham is assessed (e.g. subject’s guess on
condition), 2) the equipment (electrodes) and other protocol details (e.g.
participant instructions, distractors), and 3) the sham protocol itself.
Given this variability, sham designs may reasonably vary across trial
contexts. Typically, sham stimulation is implemented using a “fade-in,
short-stimulation, fade-out” approach, in which current is ramped up
and down as in active tES, but stimulation at target intensity is delivered
only briefly (e.g., less than one minute) (Turi et al., 2019). Comparisons
between active and sham tES are therefore relative: AEs observed under
the sham condition may reflect effects of brief current delivery and/or
nonspecific factors, rather than the active protocol’s specific
parameters.

However, the literature indicates that, when participants are
explicitly asked, physical sensations during tDCS and sham stimulation
are often different, potentially leading to decrease blinding efficacy
(Bjekic et al., 2024; Greinacher et al., 2019; Turi et al., 2019). This
highlights the need for context-specific validation of sham protocols and
transparent reporting of blinding integrity.

Conclusion: Sham protocols used in the field do not raise safety
concerns per se. However, proper sham and blinding procedures are
essential for evaluating the safety of tES. Building consensus toward the
harmonization of sham methodology remains an important goal to
support valid and ethical safety evaluations.

11. Training and certification programs: assuring safety in the
future

The favorable safety profile and ease of use of tES make it appealing
for clinical applications and research. Still, proper training is necessary
to ensure the correct use of the device, knowing how to prevent possible
AEs and how to deal with them should they arise. While clinical treat-
ments should obviously be supervised by respective health care pro-
fessionals there is no requirement for a specific occupation for persons
doing the stimulation or medical supervision in a research setting if
proper training has been ensured.

The proper training ensures the acquisition of theoretical and prac-
tical knowledge about tES. For example, researchers need to know the
principles of tES and the physiology of its wanted and unwanted effects.
Furthermore, researchers, technicians and even research participants/
patients themselves, in the setting of home use, would need to know how
to set up the equipment, how to place the electrodes correctly, and how
to assure the prescribed dose of stimulation. After a period of instruc-
tion, individuals should be assessed to make sure they can do all the
procedures correctly. It might help compliance in certain settings to
have the instructor and the trainee sign the same document confirming
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the satisfactory completion of the training. Specialized training in tES
can be formally recognized trough certification programs.

It is of note that improper protocols may be associated with subjec-
tive reports of atypical pain, so protocols may include a session termi-
nation rule based on a pain level. Though the perception of heat is not
associated with a risky increase in skin temperature (Khadka et al.,
2018), proper training is necessary to ensure adequate reaction. In
certain circumstances, it would be appropriate to know how to deal with
cognitive or emotional changes that also may occur, such as partici-
pants/patients feeling uneasy or anxious during the procedure. Persons
performing tES should follow SOPs, that prescribes notification paths
and procedures for reporting AEs.

12. Statement from tES manufacturers/manufacturers
perspective

“THE HEALTH AND WELL-BEING OF MY PATIENT will be my first
consideration” This is an excerpt of the physician’s pledge from the
Declaration of Geneva (“Declaration of Geneva,” 2025), which describes
the many ethical implications to which physicians are bound. These
ethical standards apply to the development of devices for our field of
low-intensity tES. Most of our companies work already according to ISO
13485 standard, which outlines a Quality Management System (QMS)
for the medical device industry. This standard emphasizes patient safety
by maintaining consistent quality throughout the entire lifecycle of
medical devices and it is recognised globally by various organisations
and regulatory bodies (International Organization for Standardization,
2016). We believe that a well-regulated market is essential for the sus-
tainable growth of industry, and we welcome regulation based on
principles like the EU’s Better regulation framework (Antal et al., 2024).
However, any legislation must be based on real, solid scientific evidence
or comprehensive data from all market participants and not on arbitrary,
quickly compiled and superficial data. Everyone must be able to rely on
official authorisations as a reliable indicator of the safety, efficacy and
reliability of products.

Safety of patients and users is of paramount importance (for us)
when developing devices for medical, non-medical and research use.
This involves rigorous testing, clinical and safety trials and continuous
post-marketing surveillance of devices.

Developers from our industry must ensure that devices do not pose
unnecessary risks and that potential risks are clearly communicated to
providers, users and patients. Therefore, we as the manufacturers of
those devices must identify the hazards associated with the medical
device and devices without an intended medical purpose, to estimate
and evaluate the associated risks, to control these risks to the maximum
technical possible, and to monitor the effectiveness of the controls. The
requirements of the risk analysis are applicable to all phases of the life
cycle of a medical device. The process described in the standard applies to
risks associated with a medical device, such as risks related to biocom-
patibility, data and systems security, electricity, moving parts, radiation,
and usability. A risk management process is therefore mandatory for
every tES device brought to the market, ensuring safety and perfor-
mance (International Organization for Standardization, 2019). Further,
manufacturers of low-intensity tES devices already provide their users
with instructions for safe handling of the technology, the proper labeling
as well as the duration and strength of the applications as well as in-
formation on SEs and contraindications.

Our field of low-intensity tES and software for Digital Health will
come closer together. The medical device industry will be undergoing a
transformation in the future. With artificial intelligence, wearables,
digital diagnostics, connected health platforms, and robotics, devices in
our field are becoming smarter, more precise, and deeply integrated into
patient care. This brings new ethical and legal challenges to the devel-
opment of low-intensity tES in the future. However, these technologies
will offer significant benefits, such as personalized treatments, but they
also raise concerns about algorithmic bias, transparency, and
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accountability.

Post market surveillance is a tool to monitor safety, performance and
effectiveness of any device placed on the market and to install a pro-
active and systematic process as required in ISO 13485 / MDR / FDA in
order to derive the necessary corrective and preventive action (CAPA).
Companies in our sector often have large data sets on the real-world use
of NIBS devices, which could provide insights into their safety and
performance to regulators monitoring them, but also to researchers and
the public (International Organization for Standardization, 2016).

Recommendations: Compliance with established regulatory and
quality management standards (e.g. FDA, MDR or ISO 13485) demon-
strates the ability of manufacturers to design, develop, manufacture,
market, install and maintain safe devices for low-intensity tES. Ac-
cording to international understanding, the classification of medical
devices is a risk-based system that takes into account the vulnerability of
the human body and the potential risks associated with the devices
(Antal et al., 2024). By following the regulation and state of the art,
there is no a priori difference in risk between medical, NIBS devices
without an intended use including research devices. Different classifi-
cations on safety within a regulatory framework are therefore unnec-
essary since the risk level is the same. Technical standards on low-
intensity tES are necessary to address specific aspects of safety and
performance for various types of such devices (Bikson et al., 2023). Post
Market Surveillance data sets from manufacturers of medical devices
and devices without an intended medical purpose for our field of low-
intensity tES should be included in publications on safety since they
include basic information on quality and safety and maybe also on
performance. Open cooperation with all stakeholders must be sought in
order to find an efficient set of rules for all parties involved in the
ongoing digitalization of our field. The FDA's very pragmatic approach
in the US, which already allows the local ethics committee to classify
low-intensity tES studies as non-significant risk studies (Food and Drug
Administration, 2018), will continue to make it easier for local scientists
to expand the parameter range of low-intensity tES devices as in
(Cassara et al., 2025) or to study their interactions with other modalities
when a NIBS device is classified as a non-significant risk device. In this
way, preclinical, safety and efficacy data can continue to be obtained
quickly and efficiently, which is essential for successful collaboration
between industry and academia to enrich the overall research process.

13. Monitoring procedures for tES
13.1. Note on serious and unexpected side and adverse events

As with any research or clinical intervention, participants may
experience AEs that occur during the course of the study or treatment
but are unrelated to the intervention itself. This may include physical
accidents, psychological distress, decreased well-being, disease onset, or
any other unfortunate life events that coincide temporally with tES
application. In this regard, Kumar et al. (2022), who combined 2 mA
anodal tDCS daily over 5 days with swallowing exercises in post-stroke
dysphagia reported that three patients did not complete the study on
dysphagia due to unrelated deaths, which were appropriately docu-
mented as part of good clinical reporting. A self-described case report
(Boccard-Binet and Sen, 2020) summarizes the emergence of lucid
dreams, deja vu, anxiety, and panic attacks 3 weeks after a cognitive tES
experiment. This person later developed neurological symptoms and
was diagnosed with epilepsy, but no link between symptoms and tES has
been established. Regardless of the severity, the procedures for moni-
toring and reporting of AEs must be rigorously implemented. On this
note, Vogelmann et al. (2025) reported the premature termination of a
clinical trial of home-use tES in depression treatment due to an accu-
mulation of AEs. Several patients experienced skin lesions and safety
monitoring was insufficient to detect or prevent AEs. Skin burns can
occur if electrodes are improperly designed or employed and so are not
an expected AE in conventionally designed tES interventions (Woods
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et al., 2016).

In conclusion, while serious or unexpected AEs can occur in any
clinical or research context, particularly among older or medically
complex populations, there is no evidence to suggest these are caused by
tES itself. Still, even if unrelated, these rare incidents should be reported
in line with good research and clinical practice and following national
and institutional regulatory standards.

13.2. Participant/Patient screening

Prior to including a participant in a study or a patient for treatment
using tES, investigators or clinicians should assess the exclusion criteria
using a standard questionnaire. Consensus was reached for the following
self-report questionnaire (Table 3). The current screening questionnaire
is an updated version of the one proposed in Antal et al. (2017) and is

Table 3
Screening questionnaire for transcranial electrical stimulation.

Screening Questions Yes No

Absolute exclusion criterion

1 Do you have open wound(s), preexisting skin disease (e.g., nevi,
angiomas or previous burns/scars, neurodermitis, etc.), or active
infection at [specify the stimulation sites e.g. on the head]?
If yes, please specify the issue and location:

Note: Assess if it can lead to increased risk of skin irritation, damage,
or secondary infection associated with tES and/or the use of
conductive gel/paste/solution; if yes — exclude.

Relative exclusion criteria

1 Do you have any metal or electronic implants (e.g. splinters,
fragments, clips, cochlear implants, deep brain stimulation,
metallic tattoo, etc.) in the brain/skull. If yes, please specify the
type of metal and the location.

Note: Tooth fillings and braces are no exclusion criteria

2 Do you have metal or any electronic device at other sites in the
head, neck, or chest area, such as a cardiac pacemaker or
traumatic metallic residual fragments? If yes, please specify the
location or device

3 Have you ever had unexplained or repeated loss of
consciousness? If yes, please describe:

4 Have you ever had seizures and/or seizure activity in the past
year? If yes, please describe:

5 Have you ever had a head trauma followed by impairment of
consciousness?

6 Do you have a history of migraines or frequent headaches?

7 Do you have known neurological or psychiatric disorders

(including alcohol, medication, and drug dependence or abuse).
If yes, please specify:

8 Are you currently pregnant or is there a chance that you might
be?
9 Are you breastfeeding?

10 Do you have a history of surgical procedures involving your
head or spinal cord? If yes, please specify the locations:

11  Did you have major surgical procedures in the past 2 months. If
yes, please specify:

12 Do you take medication? If yes, please specify:

13  Did you have low tolerability of previous tES applications? If

you have never had tES before answer NA

The questions 2 through 13 are proposed as a question pool that can be expanded
or reduced depending on the specific context and purpose of the tES application.
An affirmative answer to one or more of these questions does not constitute an
absolute contraindication to tES. In line with the Declaration of Geneva, it is the
responsibility of the Principal Investigator or the attending physician to assess
each participant’s health and well-being as their primary concern.
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recommended for use, when applying tES in research and clinical set-
tings. An affirmative answer to the first question (i.e., skin) constitutes
an absolute contraindication to tES and the rest of the questions listed
refer to relative exclusion criteria depending on the study population
and the objectives or the clinical goals (see Section 8). In line with the
Declaration of Geneva, it is the responsibility of the principal investi-
gator or the attending physician to assess each participant/patient’s
health and well-being as their primary concern.

13.3. Side effect and adverse event reporting

One of the crucial measures in ensuring safety and tolerability of the
stimulation protocols in a study using tES is the active query of SEs and
AEs [refer to Section 2.1 for further details on understanding SEs and
AEs]. Standardized questionnaires implementing numerical scales to
assess and rate the severity of AEs have been previously recommended
(Antal et al., 2017; Brunoni et al., 2011; Fertonani and Miniussi, 2017;
Poreisz et al., 2007). However, the internationally adopted standardized
approach for SE/AE recording and reporting is yet to be established.

It is important to address the fact that in the vast majority of studies,
AEs are assessed after stimulation only, and no baseline assessment of
potential AEs as already existing symptoms is done. This is why, when
only “after-tES” assessments are done, many times it is difficult to decide
whether an AE is related to tES or simply this symptom (e.g., tiredness)
has already existed before the session. This could be one of the expla-
nations for the discrepancies in the AE frequencies reported across
studies.

Recommendation: Given the reported SE/AE, researchers and cli-
nicians are strongly advised to monitor and evaluate the following
symptoms before, during and after tES application: skin sensations
(tingling, itching), headache/scalp pain, pressure under electrode, fa-
tigue/sleepiness/trouble concentrating, warming sensation/heat, nega-
tive mood, neck pain/stiffness, nausea, lightheadedness, flickering
lights, vibration perception under the electrodes. Furthermore, it is
advisable to monitor and record not only potentially unpleasant but also
possible positive SEs such as alertness, calmness, positive mood, sense of
wellbeing, increased concentration. The protocols should be established
so that if negative SEs or AEs persist beyond the immediate post-
stimulation period, participants can notify the investigator, who will
then assess the severity and decide whether to continue the stimulation
or take another appropriate action.

13.4. Acceptability of tES

Studying patient’s acceptability of an intervention is important in
health innovation, as higher acceptability by patients and health pro-
fessionals increases the adherence to prescribed recommendations,
including safety procedures by patients/careers and clinicians/pre-
scribers/technical assistants, consequently improving overall results
(Borrelli et al., 2005; Hommel et al., 2013; Peters et al., 2013; Proctor
et al., 2009). Importantly, acceptability assessments in tES need to go
beyond drop-out rates and limitations to accessibility. The Theoretical
Framework of Acceptability (Sekhon et al., 2017) offers a broader
definition of acceptability that include seven components: the affective
attitude, burden, perceived effectiveness, ethicality, intervention
coherence, opportunity costs and self-efficacy.

Moreover, as tES in health innovation moves increasingly toward
digital health, with growing reliance on remote clinical oversight with
Al-based systems for diagnosis and personalization of treatment, new
challenges emerge that should be integrated in acceptability measures.
Key factors related with hybrid and digital interventions are outlined in
the Digital Therapeutic Alliance framework (Malouin-Lachance et al.,
2025) and include empathy and trust, personalization, therapeutic
agreement, treatment goals, and ethical concerns.

Recommendation: Future clinical studies should include well-
grounded and comprehensive assessments of acceptability. Theoretical
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models such as the Theoretical Framework of Acceptability and the
Digital Therapeutic Alliance framework (for studies involving digital
components) provide reliable foundations for developing such
measures.

14. Summary and final conclusions

In conclusion, this review provides an updated and comprehensive
synthesis of the safety evidence for low-intensity tES, based on studies
published between 2017 and 2024. It integrates data from animal
studies, computational modeling, and human trials in both healthy and
clinical populations, including vulnerable groups (children, older adults,
pregnant women) and special stimulation conditions (e.g., home-based
use). Overall, common mild AEs associated with low-intensity tES
include skin redness (erythema) and paraesthesias (e.g., tingling, itch-
ing, burning), whilst other symptoms reported in the literature (e.g. skin
sensations, headache, fatigue, etc.) are typically same as those seen with
sham protocols. Before stimulation starts, carefully inspecting the skin
for diseases or focal lesions in the area of stimulation, is advised.

Current evidence supports the continued classification of tES as a
low-risk intervention when used within established safety parameters.
As such tES can be used in research and clinical settings by trained non-
medical and medical professionals. Still, the current safety guidelines
highlight several domains where the available evidence remains
inconclusive and additional systematic data are required. First, the
interaction of tES with pharmacotherapy across different clinical pop-
ulations lacks robust, large-scale clinical trials; existing studies are
typically small and feasibility-oriented, precluding definitive conclu-
sions regarding pharmacodynamic interactions or synergistic effects.
Evidence in specific populations, such as pregnant and postpartum
women and children, also remains insufficient. Furthermore, the long-
term and cumulative effects of repeated or multiple daily stimulation
sessions need more systematic data. Additional uncertainty concerns the
safety of emerging digital, Al-assisted, and home-based stimulation
systems, for which real-world post-market surveillance data remain
scarce. Finally, the absence of universally standardized frameworks for
AE monitoring and reporting across studies limits comparability and
meta-analytic synthesis. Collectively, these gaps delineate priority areas
where coordinated, large-scale, and methodologically harmonized
research is essential to inform future guideline updates.

As the field expands and its applications diversify, a key challenge is
to maintain an appropriate balance between regulatory oversight and
scientific advancement. Regulatory frameworks must ensure human
protection and minimize the risk of misuse, while simultaneously
enabling and facilitating basic and translational research. Overly strin-
gent or misapplied regulations, particularly in non-clinical research
settings involving healthy volunteers, may impede methodological
innovation and hinder the development of the field, including the
advancement of therapeutic applications of tES. In contrast, inadequate
oversight and regulation may lead to misuse and expose people,
particularly those with mental health problems, to physical, psycho-
logical, and financial harm. Accordingly, this review highlights the need
for clear, nuanced guidelines that distinguish between clinical and non-
clinical use, and take into account contextual factors such as setting,
population characteristics and stimulation protocols. In addition, the
implementation of standardized SE and AE monitoring and reporting
practices, harmonized regulatory procedures, and structured training
requirements are essential to ensure the responsible, safe, and effective
use of tES in both research and clinical settings.
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Annexes

Literature search syntax.

PubMed.

syntax: ((((((safety[Title/Abstract]) OR (side effect*[Title/Ab-
stract])) OR (adverse effect*[Title/Abstract])) OR (tolerability[Title/
Abstract])) AND ((((((((tES[Title/Abstract]) OR (transcranial electric*
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stimulation[Title/Abstract])) OR (tDCS[Title/Abstract])) OR (trans-
cranial direct current stimulation[Title/Abstract])) OR (tACS[Title/Ab-
stract])) OR (transcranial  alternating current stimulation[Title/
Abstract])) OR (transcranial random noise stimulation[Title/Ab-
stract])) OR (tRNS[Title/Abstract]))) AND (2017/1/1:3000/12/12
[pdat]))

Examples of topic specific searches:

Ageing:

The following search string was used: ((((((safety[Title/Abstract])
OR (side effect*[Title/Abstract])) OR (adverse effect*[Title/Abstract]))
OR (tolerability[Title/Abstract])) AND ((((((((tES[Title/Abstract]) OR
(transcranial electric* stimulation[Title/Abstract])) OR (tDCS[Title/
Abstract])) OR (transcranial direct current stimulation[Title/Abstract]))
OR (tACS[Title/Abstract])) OR (transcranial alternating current stimu-
lation[Title/Abstract])) OR (transcranial random noise stimulation
[Title/Abstract])) OR (tRNS[Title/Abstract]))) AND (2017/1/1:3000/
12/12[pdat]) AND ((Healthy aging) OR (healthy ageing) OR (older
adults) OR (elderly))

Combination with nonpharmacological treatments:

(((((safety[Title/Abstract]) OR (side effect*[Title/Abstract])) OR
(adverse effect*[Title/Abstract])) OR (tolerability[Title/Abstract]))
AND ((((((((tES[Title/Abstract]) OR (transcranial electric* stimulation
[Title/Abstract])) OR (tDCS[Title/Abstract])) OR (transcranial direct
current stimulation[Title/Abstract])) OR (tACS[Title/Abstract])) OR
(transcranial alternating current stimulation[Title/Abstract])) OR
(transcranial random noise stimulation[Title/Abstract])) OR (tRNS
[Title/Abstract]))) AND (2017/1/1:3000/12/12[pdat]) AND ((training)
or (exercise) or (diet) OR (repetition) OR (practice) OR (neuro-
enhancement) OR (neuro-enhancement) OR (enhancement) OR
(combination)).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.clinph.2025.2111436.
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