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ABSTRACT

Transcranial electrical stimulation (tES) is traditionally framed as a purely cortical intervention, and weak direct
or alternating currents delivered through scalp electrodes are assumed to modulate excitability or entrain os-
cillations directly under electrodes. However, a growing body of evidence suggests that this transcranial view is
incomplete. We synthesized converging human and animal evidence showing that tES also co-stimulates cranial
and cervical nerves, especially branches of the trigeminal and greater occipital nerves, which engage deep
brainstem neuromodulatory nuclei, such as the locus coeruleus and raphe. Activation of these transcutaneous
pathways can mediate many behavioral and physiological effects attributed to direct cortical polarization. We
propose an integrated dual-route framework in which tES outcomes reflect the weighted sum of (i) local electric
field effects on the cortex, and (ii) brainstem neuromodulation initiated transcutaneously. This model explains
spatial-specificity paradoxes, low-intensity effects, and sham inconsistencies and mandates revised control
conditions that mask both routes. Recognizing the transcutaneous contribution not only explains the mixed

findings but also introduces new opportunities that can ultimately improve therapeutic efficacy.

1. Introduction

Transcranial electrical stimulation (tES) is a non-invasive method of
stimulating the brain, encompassing various modalities such as trans-
cranial direct current stimulation (tDCS) and transcranial alternating
current stimulation (tACS) [1]. Despite its popularity, the exact mech-
anisms through which tES changes neuronal activity and shapes neural
circuits remain largely unknown [2].

For many years, the dominant theory of tES has emphasized the
direct effects of electrical stimulation on cortical neurons, a process
hereafter referred to as the transcranial mechanism [1,3,4]. An electric
field produced inside the skull by low-amplitude current flowing be-
tween scalp electrodes can change the membrane potential of cortical
neurons (tDCS) or entrain endogenous neural oscillations to the fre-
quency of the applied current, synchronizing the timing of neuronal
firing with the stimulation waveform (tACS) [1,5,6]. This perspective
holds that changes in cognitive or behavioral functions are caused by
this induced shift in neuronal excitability or neuronal entrainment
[7-10]. In this framework, tES is considered a “cortical stimulator.”
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Based on the assumption that the applied electrical current exerts
non-uniform effects across cortical circuits—with relatively stronger
modulation in regions located beneath and between the
electrodes—researchers have targeted specific brain areas, such as the
motor cortex for neurorehabilitation and the dorsolateral prefrontal
cortex (DLPFC) for the modulation of working memory [11,12]. Ac-
cording to current-flow models, the brain's electric field under tDCS is
weak (about 0.2-0.5 V/m in cortical tissue) but strong enough to
modulate neuronal membrane potentials over minutes, thereby priming
neural plasticity or network dynamics, even at conventional intensities
(1-5 mA) [13,14]. It has been implicitly assumed that these direct
in-brain electric fields cause the observed cognitive or therapeutic ef-
fects of tES [13,14].

The current model has several important limitations, despite suc-
cessfully guiding research in the field. Whether the weak electric fields
generated by tES can reliably produce reported changes in cognition and
behavior remains a subject of scientific debate [15-17]. Additionally,
some tES effects, particularly in cognitive studies, have shown vari-
ability across tasks, protocols, and laboratories [18-20]. These
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differences indicate that tES outcomes are likely influenced by multiple
factors, including montage, stimulation dose, individual anatomy, brain
state, task demands, outcome measures, and possibly peripheral
co-activation [21].

A growing body of evidence shows that the traditional
explanation—direct modulation of cortical tissue beneath the
electrode—might not suffice to explain all changes observed following
tES. Earlier work had raised the possibility that indirect effects of tES,
including peripheral stimulation, should be more carefully investigated
in experimental designs [22,23]. Building on this line of thought, recent
studies have provided converging evidence from both human and ani-
mal studies, further supporting the involvement of peripheral pathways
[13,24-26]. In particular, researchers are beginning to “look outside the
cranium” to explain how tES causes cognitive and behavioral changes
[27,28]. Importantly, although we use tES here as an umbrella term
encompassing modalities such as tDCS, tACS, and tRNS, the empirical
evidence reviewed in this article is currently strongest for tDCS, with
additional but more selective support from tACS studies, whereas the
relevance to tRNS remains less well established. The next section ex-
amines limitations of the transcranial paradigm and presents evidence
supporting peripheral mechanisms of action in tES neuromodulation
(hereafter referred to as the transcutaneous mechanism).

2. Cracks in the paradigm: challenging the transcranial
mechanism

The idea that tES acts only through direct cortical modulation has
been increasingly complemented by studies examining additional
pathways [25-27]. Importantly, tES can stimulate peripheral excitable
elements along its current path, in addition to brain tissue [23,29,30].
This does not imply that peripheral pathways explain all variable or
inconsistent tES findings, but it does indicate that they should be
considered when interpreting stimulation effects. To further understand
the source of tES-induced cutaneous sensations, we now discuss evi-
dence that DC can activate skin afferents not only through the applied
current itself, but also through electrochemical products generated at
the electrode-skin interface. Martinsen et al. [31] showed that percep-
tion of cutaneous DC depends on total current and spatial summation
rather than current density alone, and that sensations may persist after
current offset, suggesting a contribution from current-induced chemical
products [31]. This is important for tDCS because commonly reported
sensations such as tingling, itching, warmth, burning, or pinching may
reflect activation of different cutaneous afferents through both electrical
and electrochemical mechanisms [30,32,33]. Thus, peripheral activa-
tion during tES is influenced by waveform, intensity, electrode area,
polarity, electrolyte composition, and montage, and should be taken into
account when assessing physiological effects as well as sham blindness
[34,35]. Hence, these peripheral pathways may confuse or even over-
power the intended direct cortical effects if they have downstream
neural effects [2]. Several lines of evidence have raised concerns that the
transcranial model is insufficient to fully account for observed
phenomena.

e Spatial Specificity and shared peripheral pathways: tES montages
intended to target different cortical regions may occasionally pro-
duce comparable behavioral or physiological effects. This does not
by itself prove peripheral nerve involvement, because similar out-
comes may also reflect distributed cortical current flow, network-
level effects, task dependence, or inter-individual variability [36,
37]. Nevertheless, such findings make a strictly local cortical inter-
pretation less straightforward and raise the possibility that different
montages may partly recruit shared peripheral pathways, such as
trigeminal branches over the frontal and temporal scalp [38,39].
This possibility should be tested directly using route-specific con-
trols, including bipolar skin/peripheral nerve-targeting montages,
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peripheral nerve block conditions, or transcutaneous-only
stimulation.

Residual Effects in Sham: Participants still experience initial tingling
under “sham” tES conditions, in which the current is momentarily
increased and then turned off to simulate sensation [40,41].
Accordingly, sham does not fully eliminate peripheral nerve activa-
tion, but rather shortens its duration. Although the brief exposure
used in the sham is unlikely to reproduce the full neuromodulatory
consequences of sustained active stimulation, it may not be entirely
physiologically inert. As discussed later in this review, activation of
trigeminal and related peripheral pathways can recruit brainstem
neuromodulatory nuclei such as the locus coeruleus and dorsal
raphe, producing downstream effects on cortical and hippocampal
activity [24,26,27]. In animal studies, peripheral nerve stimulation
has been shown to induce prolonged changes in brainstem firing and,
in some paradigms, brief post-learning peripheral stimulation was
sufficient to enhance later memory performance [27]. Thus, tran-
sient peripheral co-activation during sham may partially reduce the
contrast between sham and active conditions, complicating
interpretation.

Low-Intensity Effects: Some studies have found physiological or
cognitive effects at tES intensities so low that the intracranial electric
field can be considered negligible. For instance, currents < 1 mA or
montages that probably produce little cortical current have been
shown to improve mood or attention [42,43]. Given that transcranial
stimulation at these amplitudes is unlikely to directly evoke local
cortical action potentials, it may instead modulate ongoing neuronal
activity through subthreshold membrane polarization [13]. Such
results should be interpreted within a dual-route framework rather
than taken as evidence for one mechanism alone.

Together, these observations suggest that tES effects may reflect both
cortical electric-field effects and peripheral co-activation, with the
relative contribution depending on modality, montage, and stimulation
intensity. The relative weighting of these routes is likely modality-
specific. In tDCS, polarity-dependent cortical excitability changes may
coexist with peripheral neuromodulatory influences [25,44]; in tACS,
rhythmic peripheral recruitment may interact with cortical entrainment
[13]; and in tRNS, the extent of peripheral contribution remains to be
determined. Recognizing this dual mechanism is crucial, as it affects
how experiments are designed and how results from previous studies are
interpreted. If peripheral pathways are involved in how tES affects the
brain, which pathways are involved, and how do they function? To
answer this, we focus on the often-neglected trigeminal and greater
occipital nerves (GON) and review emerging data that support their role
in neuromodulation.

3. Peripheral pathways to the brain: the neglected routes

A growing body of evidence suggests that tES may inadvertently
stimulate the cranial/peripheral nerves, offering an additional neuro-
modulation pathway [13,24,25,27]. These transcutaneous pathways
include the GON [27] and branches of the trigeminal nerve on the face
and scalp (Fig. 1) [13].

4. Trigeminal nerve: A gateway from skin to brainstem

The forehead, scalp, and face receive sensory innervation from the
ophthalmic and maxillary branches of the trigeminal nerves. Impor-
tantly, these are the exact areas where tES electrodes are frequently
positioned (Fig. 1) [45]. It has been shown that, in addition to gener-
ating an electric field in the cortex, tES also generates a stronger electric
field in the scalp, which stimulates peripheral nerves [13,22]. tES acti-
vation of the trigeminal nerve and its afferent fibers sends signals to the
trigeminal nuclei in the brainstem (the principal sensory nucleus, spinal
trigeminal nucleus, and mesencephalic nucleus of the trigeminal nerve)
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Fig. 1. Proposed peripheral pathways for trigeminal nerve-induced neuromodulation. This schematic illustrates how transcranial electrical stimulation (tES)
may indirectly influence brain function through peripheral cranial nerves, particularly the branches of the trigeminal nerve. Electrical current applied via scalp
electrodes (+, -) can activate superficial branches of the trigeminal nerve (V1, V2, infraorbital, supraorbital, and mental nerves), which project to sensory brainstem
nuclei, including the trigeminal principal sensory nucleus (NVsnpr) and mesencephalic trigeminal nucleus (MeV). These brainstem relays connect to the locus
coeruleus (LC) and raphe nuclei, major neuromodulatory centers that release norepinephrine and serotonin, respectively. Ascending projections from these nuclei
(blue, transcutaneous pathways; purple, transcranial pathways) influence widespread cortical and subcortical regions such as the hippocampus (HPC), motor cortex
(MTC), and dorsolateral prefrontal cortex (DLPFC). This model challenges the traditional view that tES effects are exclusively transcranial, highlighting instead that
activation of peripheral nerves—including trigeminal and cervical spinal afferents (C1-C3)—can engage central neuromodulatory circuits and thereby modulate

cognition, mood, and behavior.

[25,46]. These brainstem nuclei connect to the locus coeruleus (LC), a
pons nucleus that widely releases norepinephrine (noradrenaline)
throughout the brain [24]. It has been demonstrated that trigeminal
nerve stimulation increases the brain's LC activity [24] and norepi-
nephrine release [29,47]. This is noteworthy because cortical excit-
ability, synaptic plasticity, and cognitive functions, such as memory,
arousal, and attention, are all strongly modulated by the
LC-noradrenergic (LC-NE) system [48]. The release of norepinephrine
from an activated LC can improve learning and memory formation by
enhancing glutamate-dependent plasticity and long-term potentiation
(LTP) in cortical circuits [49-51]. By acting on p-adrenergic receptors,
norepinephrine lowers the threshold for LTP induction through a
mechanism called metaplasticity, which initiates signaling cascades.
The synaptic strength and plasticity necessary for memory consolidation
are improved by this modulation [49]. Norepinephrine can also increase
general cortical excitability and cognitive flexibility [52]. Accordingly,
if tES enhances working memory or attention, it might be partially due
to LC-driven neuromodulation, which raises the signal-to-noise ratio in
cortical networks (gain modulation), as opposed to (or in addition to)
directly depolarizing cortical neurons [53]. One would anticipate
downstream effects on memory-related areas (such as the hippocampus)
through increased noradrenaline signaling in active tES conditions that
stimulate the trigeminal nerve (Fig. 1) [2]. However, such neuro-
modulatory cascades do not occur in true sham conditions with no pe-
ripheral activation, which could theoretically lead to different cognitive
outcomes [28].

The trigeminal pathway theory is supported by research in both
humans [23,27] and animals [17,21]. Direct stimulation of trigeminal

nerve fibers (TN-DCS) has been shown to increase activity in the LC and
other brainstem nuclei in animal models [21], resulting in heightened
arousal and neuroplastic alterations [47,53]. For instance, applying
tDCS-like currents to the trigeminal nerve (TN-DCS) elicits responses in
the LC region and causes prolonged changes in neural firing, as
demonstrated in recent brainstem recording experiments in rats [24]. In
humans, external trigeminal nerve stimulation (eTNS) devices, which
send pulses to the ophthalmic (or V1) branches in the forehead, are
currently used in clinical settings to treat epilepsy [54] and are being
investigated for attention-deficit/hyperactivity disorder (ADHD) [54]
and depression [55]. Although these devices were developed for thera-
peutic purposes distinct from tDCS, they both utilize the same bottom-up
pathway: trigeminal afferents, the brainstem, and widespread neuro-
modulation [23]. According to a recent review, trigeminal nerve stim-
ulation has shown potential for enhancing cognition through a
bottom-up noradrenergic mechanism; however, outcomes differ, and
procedures require refinement [56]. Together, these findings indicate
that the trigeminal nerve serves as a vital conduit between the cranium
and brain, transforming an electrical stimulus applied at the skin into
neurochemical changes within subcortical regions [13]. Numerous tES
studies have unintentionally engaged in this pathway [57]. Under-
standing its function clarifies why tES can have long-lasting effects on
mood and memory that extend beyond stimulation, which exemplifies
the characteristics of neuromodulator-driven plasticity (such as
LC-induced noradrenergic effects), rather than simple electric field
perturbation [48]. Importantly, many conventional tES montages place
electrodes over regions innervated by trigeminal branches; it is plausible
that some protocols partially engage this pathway. However, this
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possibility should be evaluated in relation to montage, electrode size,
current intensity, and modeled extracranial electric fields, and should
not be inferred from nominal current intensity alone.

5. Greater occipital nerve and other peripheral players

The trigeminal nerve is a key component of the new tES framework,
but neuromodulation can also be mediated by other peripheral path-
ways as well [27]. Depending on the electrode montage and current
pathways, additional cranial and cervical nerves probably play a role.
Cervical nerves such as the GON (a branch of the C2 spinal nerve that
innervates the back of the scalp) can be stimulated by tES montages that
apply electrodes to the scalp close to the back of the head or neck (for
example, stimulating the visual cortex or cerebellum) or any tES
montage that has a reference on the mastoid or a return electrode on the
neck or shoulder [27]. Similar to trigeminal afferents, GON fibers send
sensory information to the brainstem through cervical spinal pathways,
which in turn affects LC activity and reticular formation [27]. Vanneste
et al. (2020) showed that, in humans, DC stimulation of the GON acti-
vated the LC, which in turn improved associative memory by increasing
arousal and activating circuits linked to memory. Concurrent changes in
the three interconnected proxy indicators of LC-NE activity—pupil
diameter, salivary alpha-amylase (sAA), and event-related potentials
(ERP)—supported this finding (Fig. 1) [27]. These results were consis-
tent with resting-state fMRI (rsfMRI) findings, which showed that
memory-related  regions are functionally coupled  with
stimulation-induced LC activation. Increased connectivity between the
LC and the right amygdala and right hippocampus during stimulation, as
well as between the LC and the right hippocampus after stimulation, was
demonstrated by both seed-based and region-of-interest (ROI)-to-ROI
analyses [27]. This improved connectivity most likely represents a
neuromodulatory mechanism through which LC-driven arousal im-
proves memory consolidation [27], given the critical role of the amyg-
dala in regulating emotional memory through its dynamic interaction
with the hippocampus [54].

6. Vestibular co-activation

Another well-established peripheral route relevant to tES is the
vestibular apparatus. As emphasized in the galvanic vestibular stimu-
lation (GVS) literature, weak transcutaneous currents delivered near the
mastoids can reliably activate vestibular afferents and alter posture, self-
motion perception, gaze control, and vestibular cortical processing.
These findings demonstrate that electrical stimulation of the head does
not exclusively affect the cortex [58]. A 2010 review explicitly described
GVS as a variant of tDCS in which electrodes are placed over the mas-
toids to stimulate the vestibular system, emphasizing the close concep-
tual overlap between conventional tES and peripheral vestibular
activation [59]. More broadly, recent mechanistic reviews of TES have
also listed the vestibular apparatus among the non-cortical structures
that can be affected by scalp-applied current [17]. Although vestibular
co-activation is not the primary focus of the present review, it should be
incorporated into the transcutaneous framework because it can influ-
ence perception, autonomic state, balance-related behavior, and
potentially experimental blinding depending on montage and current
path [60].

7. tACS retinal phosphenes route

Activation of the retinal pathway represents an important peripheral
route of tES that cannot be overlooked, particularly in the context of
tACS. The manuscript already notes that retinal cells can be activated
during tES, as reflected by phosphene reports. Prior work has shown that
phosphenes that are activated by electrical stimulation over the visual
cortex can originate from the retina instead of the cortex [61]. This is
highly supported by evidence from temporal-frequency tuning and
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electrophysiological recordings obtained near the eye. Recent work has
further sharpened this interpretation by arguing that retinal phosphenes
are not merely incidental side effects of tACS but important mechanistic
confounds, because current spread to the eyes and possibly the optic
nerve can alter retinal excitability and, in turn, influence visual pro-
cessing even below conscious phosphene threshold [62]. Incorporating
this retinal pathway into the broader paradigm is thus critical, not just
for interpreting visual-system outcomes, but also for sham design,
participant blinding, and avoiding overattribution of visual or oscilla-
tory effects to direct cortical entrainment alone.

Together, these observations suggest that multiple peripheral routes
may be engaged during tES, with partly distinct downstream conse-
quences. Somatosensory cranial and cervical afferents, such as the tri-
geminal and greater occipital nerves, may influence cognition through
brainstem neuromodulatory nuclei, including the locus coeruleus and
dorsal raphe, whereas retinal and vestibular co-activation may more
directly affect sensory processing, perception, participant blinding, and
interpretation of physiological outcomes. Having outlined these pe-
ripheral pathways and their neuroanatomical relationships, we next
review animal and human evidence that supports this broader trans-
cutaneous framework.

8. Bridging mechanistic insights from animals to humans

Emphasizing how animal and human trials agree on this concept is
essential for embracing the role of neglected peripheral pathways in tES.
Here, we summarize the most important data from these fields.

9. Animal studies — causal mechanistic evidence

Animal models have provided direct evidence for the transcutaneous
route of neuromodulation [24-27]. In previous studies, the mandibular
branch of the trigeminal nerve was stimulated with TN-DCS in anes-
thetized rats while simultaneously recording brainstem activity
[24-26]. In anesthetized rats, applying 0.5-3 mA TN-DCS to the mar-
ginal branch of the trigeminal nerve sharply and dose-dependently
increased single-unit firing in both the principal sensory (NVsnpr) and
mesencephalic (MeV) trigeminal nuclei, whereas conventional scalp
tDCS failed to alter their activity [25]. Under the same protocol of
TN-DCS, tonic firing rates also significantly increased in both the dorsal
raphe nucleus and the LC, while the LC also showed increased phasic
bursts (increase in the number of bursts and decrease in the inter-burst
intervals), strengthening evidence for a causal link between brainstem
arousal centers and peripheral nerve activation [24]. In addition, hip-
pocampal neurons showed downstream changes consistent with
increased neuromodulator release [26]. Systemic administration of the
adrenergic agonist clonidine abolished the TN-DCS-evoked increase in
hippocampal firing, and the same effect was repeated when clonidine
was microinjected transcranially into the LC, ruling out off-target ef-
fects. After the drug's action had worn off (~60 min), TN-DCS once again
elevated the hippocampal spike rate, providing reversible, causal evi-
dence that LC-NE output is necessary to drive the downstream hippo-
campal response [26]. Behavioral animal studies have also confirmed
that activating the cranial/peripheral nerve-LC pathway is necessary to
improve the downstream hippocampal response [27,63]. Vanneste et al.
implanted a cuff electrode on the GON and demonstrated that short
GON-tDCS administered immediately after learning improved long-term
memory in rats: treated animals explored novel objects longer and dis-
played greater inhibitory-avoidance retention 24 h later than sham
controls, despite identical acquisition performance [27]. Furthermore,
tES-induced alterations in these brain regions were largely eliminated
when trigeminal nerve input was blocked by a local anesthetic, high-
lighting the peripheral origin of the effect [24,26]. These animal find-
ings offer mechanistic evidence that many phenomena commonly
attributed to the transcranial route can be reproduced by stimulating
cranial/peripheral nerves. They serve as the basis for reinterpreting tES
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results in light of peripheral co-stimulation [21].

10. Human studies - Translational and correlative evidence

Although it is not possible to invasively record brainstem activity
during tES in humans, the peripheral pathway model is supported by
accumulating evidence [55,56]. Based on the assumption that
trigeminal-driven LC-NE activation increases arousal, eTNS trials for
epilepsy and ADHD have coincidentally reported improvements in mood
and cognitive alertness [57,64,65]. Majdi et al. (2023) reassessed the
tDCS working-memory literature and suggested that some benefits in
working memory tasks may be due to cranial/peripheral nerve
co-stimulation, in addition to transcranial effects. They found that
electrode placement locations in effective tDCS paradigms often corre-
spond to major nerve distributions, thus predicting cognitive improve-
ments [21]. Subtle physiological, behavioral, and electrophysiological
markers in tES subjects that correlate with stimulation periods further
imply that brainstem arousal systems are active [66]. The markers are
described in detail below.

11. Physiological indicators of LC-NE engagement

11.1. Pupillometry

Pupil diameter is a well-established proxy for LC-NE activity in
humans, as LC activation drives sympathetic dilator effects on the pupil
[67]. Changes in pupil size that are consistent with LC-NE engagement
have been reported in several tES studies [27,63,66]. For example, oc-
cipital nerve tDCS (ON-tDCS, which uses electrodes over the C2
dermatome close to the occipital nerve) resulted in a significant pupil
dilatation during stimulation (mean pupil area increased from ~12.7 to
13.6 mm? under ON-tDCS, versus a slight decrease under sham) when
compared to sham [27]. Similarly, a pilot study using a single left pre-
frontal tDCS session revealed that pupils were noticeably more dilated
following active tDCS (post-stimulation pupil size increase, p < 0.01) in
comparison to baseline and sham conditions [66].

11.2. Salivary alpha-amylase

sAA is an enzyme that is sensitive to adrenergic activity and is often
used as a peripheral index of central norepinephrine release [68].
Human fMRI studies have shown that LC activation correlates with
rising sAA during arousing experiences [27]. Consistent with LC-NE
activation, ON-tDCS in healthy adults significantly elevated sAA levels
during (~263 U/mL vs. ~121 U/mL in sham, p < 0.001) and immedi-
ately after stimulation (~305 U/mL vs. 138 U/mL in sham, p < 0.001)
compared to sham [27]. Notably, the magnitude of pupil dilation and
the increase in sAA were positively correlated across individuals
(R? = 0.17, p = 0.032) [27]. Together, the changes in sAA during tES
provide biochemical evidence of LC-NE system involvement.

11.3. Other autonomic markers

tES has also been connected to other physiological indicators of
arousal. When tES was delivered in phasic “bursts” during a reaction-
time task study, skin conductance, which is a gauge of sympathetic
activation, was observed. In line with increased autonomic arousal,
participants' skin conductance response (SCR) increased concurrently
with active stimulation bursts when compared to sham [69]. Although
not always stated in detail, the same study found that the heart rate
tended to slightly increase with stimulation [69]. Along with pupil and
sAA findings, these autonomic alterations clearly show that tES can
access brainstem arousal circuits, most likely through LC-NE sympa-
thetic outflow [69].
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12. Behavioral and mental effects suggesting LC-NE involvement
12.1. Mood and arousal

Subjective state changes caused by LC-NE activation, which typically
increase alertness and, in some cases, improve mood, can be produced
by acute tES. Anodal tDCS over the left prefrontal cortex dramatically
enhanced the pre-competition mood profile of elite athletes in a placebo-
controlled study [70]. Compared with sham, anodal tDCS recipients
reported higher vigor, lower tension and fatigue, and reduced anxiety
[70]. Another study in stroke patients with fatigue found that active
tDCS mitigated subjective fatigue over the course of a task; under sham,
participants’ self-rated fatigue deteriorated significantly, whereas with
real tDCS, they showed no significant increase in fatigue by the session
end [66]. These patterns are consistent with an optimal arousal boost,
possibly through the noradrenergic pathways.

12.2. Cognitive performance

12.2.1. Sustained attention and reaction time

Mauri et al. showed that arousal can be increased, and attention
performance can be enhanced by administering tES bursts time-locked
to a continuous performance task [69]. Participants were given short
tES currents that matched warning signals during a go/no-go task.
Compared to no-stimulation trials, the outcome showed a significant
decrease in reaction times during active stimulation bursts, along with
an increase in SCR [69]. Faster responses coupled with increased skin
conductance indicate enhanced phasic arousal attributable to the
recruitment of LC-NE systems that improve alertness [69].

12.2.2. Memory and learning

The LC-NE system is involved in modulating memory consolidation,
in part via its projections to the hippocampus and amygdala [71,72].
The transcutaneous LC-NE pathway hypothesis for memory enhance-
ment during tES was directly tested by ON-tDCS during learning [27].
Participants who received ON-tDCS at 1.5 mA during the encoding and
early consolidation phases demonstrated better memory performance at
retrieval in a face-name association memory paradigm. In particular, the
ON-tDCS group had a significantly higher percentage of learned faces
than the sham stimulation group (~68% vs. ~58% of faces recognized,
p = 0.013) [27].

13. Rethinking tES: an integrated conceptual framework

In the updated framework we present, tES functions through two
interconnected pathways: a transcutaneous pathway (brainstem neuro-
modulation via peripheral nerve activation) and a transcranial pathway
(electric fields acting on cortical neurons beneath the electrodes) [2]. In
most tES applications, these routes most likely occur together; they are
not mutually exclusive. Individual anatomical and stimulation param-
eters (waveform, electrode montage, and intensity) may affect balance.
According to our model, the total contribution from both pathways
represents the final cognitive or clinical impact of tES [2].

e The transcranial route induces distributed but non-uniform changes
in cortical excitability and cortical network dynamics beneath and
between electrodes (tDCS) or works by entraining endogenous neu-
ral oscillations to the frequency of the applied current, synchronizing
the timing of neuronal firing with the stimulation waveform (tACS)
[1,10]. This can bias ongoing brain activity across engaged cortical
networks, with relatively stronger effects in some regions than others
(e.g., slightly biasing a task-related network toward excitation or
inhibition) [38].

The transcutaneous route involves one or more cranial/cervical
nerves, which in turn activate deep neuromodulatory systems (LC for
noradrenaline, dorsal raphe for serotonin, basal forebrain via NTS for
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acetylcholine, etc.) [2]. This leads to a diffuse modulation of the
brain state, for instance, elevating arousal, facilitating plasticity, or
modulating oscillatory rhythms, which then interact with the
cognitive processes of interest [2].

Understanding both pathways guarantees that we create stimulation
paradigms that, when necessary, isolate or optimize their synergy
(Table 1).

Crucially, our framework explains the need for a review of the sham
controls. In an active condition, both routes are continuously engaged,
whereas in a typical sham, the transcutaneous route is only slightly
activated (a few seconds), and the transcranial route is off [75,76].
Therefore, future research should use better sham conditions that ac-
count for peripheral nerve activation (please see the following section).
Our integrated model encourages scientists and medical professionals to
consider tES as a form of combined brain-nerve stimulation rather than
just brain stimulation. This change in perspective may inspire a new
experimental design. We believe that this model will encourage the
more efficient use of tES because it more accurately represents reality
(Fig. 2).

14. Dual-route model in tES: experimental design and control
recommendations

To rigorously test and apply the dual-route model, future studies
should refine their experimental designs and include new control con-
ditions to isolate each pathway. The key recommendations are as
follows:

1. Nerve-block “sham” condition: Incorporate a control where pe-
ripheral nerve activation is pharmacologically or physically blocked
while current is applied. For example, a topical scalp anesthetic can
be applied under electrodes to block cutaneous afferents [21]. Under
these conditions, any cognitive or neural effects would presumably
arise from the transcranial route alone. Initial evidence shows that
this approach is feasible: applying lidocaine on the scalp markedly
reduces tES effects (e.g., attenuates tremor entrainment by tACS)
compared with normal stimulation [13,77]. We recommend
including such a “transcranial-only” arm, particularly in studies that
aim to make mechanistic claims about direct cortical stimulation, or
in paradigms where peripheral co-stimulation is likely to contribute
substantially to the observed outcome [77]. This approach may be

Table 1

Empirical underpinnings of the transcranial versus transcutaneous mechanisms
of transcranial electrical stimulation. The table lists representative peer-
reviewed studies that anchor each side of the dual-mechanism framework.

Evidence supporting the transcranial Evidence supporting the
route transcutaneous route

Weak scalp DC can bidirectionally shift
human motor-cortex excitability
(anodal 1, cathodal |), consistent with
direct cortical modulation [1]

Trigeminal nerve stimulation (TNS)
modulates cortical processing: lowers
P300 amplitude while maintaining
performance, consistent with NE-
driven gain control [47]

Nightly external TNS improved ADHD
symptoms in an RCT; EEG showed
frontal theta/beta enhancement
(attentional network) [64]
Greater-occipital nerve tES (ON-tES)
boosts episodic-memory encoding;
salivary a-amylase (sAA) and theta-
band EEG increase, linking effect to LC-
NE up-regulation [56]

Burst-mode frontal tES increases skin-

Early animal intracellular recordings
proved that static polarization directly
depolarizes/hyperpolarizes cortical
neurons [73]

tACS can entrain endogenous cortical
oscillations, supporting a direct
transcranial influence on neuronal
timing [10]

Modern electric-field modelling shows
1 mA tDCS induces ~0.4-0.5 Vm ™! in conductance responses and shortens
cortical tissue—sufficient for local shifts ~ reaction times in a continuous-

[74] performance task, in line with an LC-
mediated alertness improvement [69]
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especially informative when the electrode montage overlaps with
major cutaneous afferent territories, for tACS/tDCS studies of
arousal, attention, or sensory processing, and for experiments
explicitly designed to dissociate transcranial from transcutaneous
effects. By contrast, such controls may not be necessary in every tES
study, particularly when mechanistic separation of pathways is not
the primary aim.

2. Transcutaneous-only stimulation control: Conversely, studies can
include a condition designed to preferentially engage the relevant
cranial or cutaneous afferent pathway while minimizing current flow
through the intended cortical target. [24,25]. This control should be
anatomically matched to the proposed pathway rather than deliv-
ered at an unrelated extracephalic site. For example, when testing
whether a frontal tDCS montage partly acts through trigeminal
co-stimulation, a focal bipolar montage over another trigeminal
branch or nearby cranial cutaneous region could be used to engage
trigeminal afferents while avoiding substantial current flow through
the frontal cortex. Such a transcutaneous-control condition would
allow researchers to test whether activation of a comparable pe-
ripheral pathway can reproduce part of the physiological or behav-
ioral effect attributed to the original tES montage [24,25].

Importantly, we need to note that no single sham or control condi-
tion is likely to isolate all forms of peripheral co-activation during tES.
Rather, the most appropriate control should be selected according to the
stimulation montage, waveform, and primary outcome measure. For
example, somatosensory nerve-block or transcutaneous-only control
approaches may be informative when testing contributions from tri-
geminal or greater occipital pathways. Still, these designs would not
adequately control for retinal or vestibular co-activation. Studies
examining visual or oscillatory outcomes may therefore require phos-
phene- or retinal-matched controls, whereas montages positioned near
the mastoids or posterior head regions should explicitly consider
vestibular confounds. Thus, the choice of control condition should be
route-specific and guided by the particular peripheral pathway(s) most
likely to be engaged in a given experiment.

An additional issue, particularly relevant for studies using neuro-
imaging endpoints, is that tES may also influence vascular tone and
neurovascular coupling [78]. Because BOLD fMRI reflects hemodynamic
rather than neural activity directly, stimulation-related changes in the
BOLD signal should not automatically be interpreted as evidence of
purely neuronal modulation [78]. Recent work suggests that tES may
induce both secondary vascular effects through neurovascular coupling
and more primary vascular responses involving perivascular nerves and
endothelial mechanisms [79]. Consistent with this possibility, ASL-fMRI
studies have reported polarity- and intensity-dependent changes in ce-
rebral blood flow during and after tDCS [80]. Thus, in imaging-based
studies, especially those relying on BOLD measures, vascular and neu-
rovascular contributions should be considered alongside transcranial
and transcutaneous neural mechanisms when interpreting stimulation
effects.

15. Future research priorities and open questions

The dual-route model of tES opens up several exciting research di-
rections and unresolved questions that future work should address. As
the field moves toward more precise and personalized neuromodulation,
investigations should aim to disentangle and exploit both transcranial
and transcutaneous contributions in real-time. Key priorities include:

16. Developing real-time biomarkers of tES pathway
engagement

Future work should focus on approaches that directly help dissociate
transcranial and transcutaneous contributions. Peripheral measures,
such as pupil diameter, salivary alpha-amylase, heart rate, and skin
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Fig. 2. Conventional versus integrated paradigms for transcranial electrical stimulation (tES). (A) conventional tES model. A cathode (blue, "-") and an anode
(red, "+") are placed on the scalp in standard montages to apply weak direct or alternating currents that alter the underlying cortex's membrane polarization.
Excitability is decreased by sub-threshold hyperpolarization beneath the cathode and increased by depolarization beneath the anode. These effects are primarily top-
down and spread along cortico-cortical networks. (B) The integrated tES paradigm. Peripheral leads engage ascending afferent pathways that project to brain-stem
neuromodulatory centers like the locus coeruleus (LC) and raphe nuclei by targeting cranial nerves, as shown here for the trigeminal (yellow) and occipital (yellow)
branches, in addition to the cortical electrodes. It is hypothesized that the combination of transcutaneous and transcranial stimulation will couple bottom-up
neuromodulatory drive with top-down modulation of cortical circuits, potentially stabilizing and enhancing network-level plasticity. The direction of membrane-
potential shifts and a representative change in evoked-potential amplitude (lower right graphs) for each polarity are schematically shown in the insets. LC, locus

coeruleus, and tES, transcranial electrical stimulation.

conductance, may provide indirect indices of arousal or sympathetic/
noradrenergic engagement, but they do not by themselves establish a
central locus coeruleus origin [27]. Central measures, such as EEG or
fMRI, can capture cortical oscillatory, evoked, or hemodynamic
changes, but these signals may reflect either direct cortical electric-field
effects or downstream consequences of peripheral afferent activation.
Therefore, route attribution requires combining physiological readouts
with appropriate control conditions, such as nerve-block, trans-
cutaneous-control, retinal/phosphene-matched, or vestibular-control
designs, depending on the montage and outcome measure.

17. Multimodal and computational modeling of dual-route
effects

To fully understand and predict tES outcomes, we need models that
encompass both the physics of current flow and the physiology of neural
systems. Finite element models of tES have advanced our knowledge of
electric field distributions in the brain [81,82], but future models should
also estimate current densities in the skin and thresholds for peripher-
al/cranial nerve recruitment. Combining these with neural mass models
or network simulations could yield a “systems model” of tES: one that
simulates how a given electrode montage produces a certain cortical
field (transcranial effect) and how it activates specific cranial nerves
(transcutaneous effect), and then how those inputs propagate through
brain circuits.

18. Conclusion

The tES was located at a critical juncture. What began as a simple
method to polarize the cortex has proven to be more complex, involving
a network of peripheral pathways connected to the deepest modulatory
centers of the brain. This review has traced the journey “from cranium to
brain,” demonstrating how electrical currents can travel along cranial
nerves to influence memory, learning, and mood via the LC, raphe, and
other hubs. Recognizing these overlooked routes is not merely an aca-
demic exercise; it is a crucial step in developing, interpreting, and
applying tES. We urge cognitive neuroscience and neuromodulation
researchers to rethink their approaches to tES in several ways. To
accurately assess tES's impact on the brain, we must first acknowledge
and control transcutaneous effects. Instead of ignoring the

transcutaneous pathways, intentionally focusing on them could enhance
the desired outcomes. Additionally, different levels of transcutaneous
activation may explain some inconsistent tES results. Educating the
clinical community about this framework could alert practitioners to the
risk that certain tES montages might unintentionally activate the cranial
or peripheral nerves. Understanding this potential can help clinicians to
incorporate supplementary considerations into treatment planning,
safety assessments, and protocol development. Only by accounting for
all the pathways involved in the journey of tES from the cranium to
cognitive and behavioral changes can we fully realize its potential.
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