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Abstract

Transcranial electrical stimulation (tES) is one of the oldest and yet least understood forms
of brain stimulation. The idea that a weak electrical stimulus, applied outside the head, can
meaningfully affect neural activity is often regarded as mysterious. Here, we argue that the
direct effects of tES are not so mysterious: Extensive data from a wide range of model sys-
tems shows it has appreciable effects on the activity of individual neurons. Instead, the real
mysteries are how tES interacts with the brain’s own activity and how these dynamics can
be controlled to produce desirable therapeutic effects. These are challenging problems,
akin to repairing a complex machine while it is running, but they are not unique to tES or
even neuroscience. We suggest that models of coupled oscillators, a common tool for study-
ing interactions in other fields, may provide valuable insights. By combining these tools with
our growing, interdisciplinary knowledge of brain dynamics, we are now in a good position to
make progress in this area and meet the high demand for effective neuromodulation in neu-
roscience and psychiatry.

Introduction

In 46 AD, the Roman physician Scribonius Largus reported that headaches and chronic pain
could be cured by placing a certain kind of fish near the affected area [1]. Similar prescriptions
appeared in medical texts for hundreds of years, but not everyone believed them: Galen, one of
the most prominent physicians of the second century, wrote that the fish in question “is said
by some to cure headache and prolapsus ani. I indeed tried both of these things and found nei-
ther to be true.” Even its advocates could not agree on a mechanism of action: popular theories
included magic, cold, and poison. Without an understanding of the mechanisms behind the
fish’s therapeutic effects, ancient physicians struggled to determine if, when, how, and for
whom treatment would be effective.

We now know that these fish, known as Atlantic Torpedoes, emit electrical pulses to stun
their prey. Scribonius had accidentally repurposed these defensive discharges to alter the activ-
ity of his patients’ nervous systems. In the 1700s, discoveries revealed that the brain uses
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Fig 1. Modern tES uses battery-powered stimulators to alter brain activity. (A) To create intracranial electric fields, weak currents are applied to the
user’s scalp. Different types of tES can deliver as different current waveforms, including tACS, tDCS, and tRNS. (B) Despite some early skepticism, it is
now clear that these fields do affect the activity of individual neurons. Each tick indicates the time of an action potential recorded from a basal ganglia
neuron in an awake monkey. Without stimulation, the neuron’s activity is disorganized and arrhythmic; the timing of the spikes is unrelated to the
phase of an ongoing brain oscillation (blue trace). During tACS, the neuron becomes entrained to the stimulation and fires during a specific part of its
cycle. The average activity over ten 1-s segments is shown in gray. The preferred phases of the neuron in each condition are shown in the polar
histograms (right). See [4] for experimental details. The head in Fig 1 was adapted from a CC-BY 3.0 licensed illustration by Servier/Biolcons. The
electric fields in the brain were generated with SimNIBS [5]. tACS, transcranial alternating current stimulation; tDCS, transcranial direct current
stimulation; tES, Transcranial electrical stimulation; tRNS, transcranial random noise stimulation.

https://doi.org/10.1371/journal.phio.3001973.9001

electrical impulses to transmit and process information. Shortly thereafter, researchers, clini-
cians, and charlatans all began exploring whether electricity could treat diseases, improve men-
tal performance, or experimentally perturb brain function. Recent years have seen a surge of
interest in this technique, now called transcranial electrical stimulation (tES).

In its modern form, tES uses a battery-powered stimulator to pass weak (1 to 4 mA) electri-
cal currents between electrodes attached to the scalp, as shown in Fig 1A. Various forms of tES
are distinguished based on how the current flows. One of the most common forms of tES is
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transcranial direct current stimulation (tDCS), which applies a constant current that continu-
ally flows in the same direction, from one electrode (the anode; see S1 Glossary) towards
another (the cathode), creating a static electrical field. Another common variant, transcranial
alternating current stimulation (tACS), instead applies current that regularly alternates direc-
tions, creating an electric field that oscillates. More exotic waveforms, including transcranial
random noise stimulation (tRNS), square or triangular pulses, or those mimicking brain activ-
ity, are also sometimes used.

Some studies using these modern devices report dramatic improvements in the symptoms
of devastating psychiatric conditions, like major depressive disorder. However, these results
often prove difficult to replicate and extend, hindering their transition from the lab to the
clinic. For example, a large meta-analysis recently concluded that existing data demonstrate
“probable” or “possible” benefits of tES for depression and chronic pain, while cautioning that
these studies do not yet provide the “definitive evidence” needed to make it part of routine
clinical practice [2]. Promising but not decisive neuroenhancement results have also been
reported in healthy users [3]. Thus, although we have come a long way from the fish-based
treatments of the Romans, concerns about reproducibility and mechanism still limit the appli-
cation of tES.

Ongoing work from many labs is attempting to demystify why and how external electrical
impulses affect behavior. Most recent attempts have overwhelmingly focused on one question:
Are the electric currents used during tES strong enough to affect brain activity? This is cer-
tainly an important question, but one that we believe has now been answered thoroughly. Con-
vincing evidence demonstrates that tES, as used in humans, does indeed alter neural activity.
Armed with these data, the more pressing question is how can we harness this knowledge to
produce long-lasting, beneficial effects on the brain? This is the unsolved mystery of modern
tES.

Yes, tES does affect brain cells!

To be useful, any form of brain stimulation must somehow affect the spiking activity of neu-
rons, the currency of communication within the brain. Somewhat alarmingly, there have been
suggestions that tES does not even meet this minimal criterion [6-8], because much of the
electrical current is shunted through the skin and never reaches the brain at all. This has led to
a search for alternate explanations for the apparent influence of tES on behavior, including pla-
cebo effects, off-target stimulation (e.g., of the skin), and poor research practices. These kinds
of claims have generated a great deal of skepticism about the technique, and consequently, its
potential effects on behavior have been regarded as somewhat mysterious.

It might therefore surprise some readers to know that studies directly measuring brain
activity overwhelmingly support the idea that tES alters the spiking activity of neurons. In fact,
studies in isolated brain slices, e.g., [9,10]; rodents, e.g., [11]; ferrets, e.g., [12]; and non-human
primates [4,13-15] have largely converged on the specific finding that tES alters the timing,
but not the rate, of single-neuron spiking activity at field strengths found in human brains
[16,17].

The effectiveness of tES is most evident in the application of tACS (Fig 1A). Neurons
become entrained to the sinusoidal currents, shifting their spikes towards certain phases of the
sinusoid’s waveform and away from others (Fig 1B). Control experiments have shown that this
entrainment occurs independently of stimulation of peripheral nerves in the skin [14] or the
retina [4], even though stimulating these structures sometimes produces similar effects. A
related criticism is that spiking activity only changes once the electric field reaches a certain
minimum strength. However, there is no plausible mechanism that would impose such a
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threshold, and direct measurements indicate that electric fields exert a graded, linear effect on
neural activity [6]. Thus, we do not consider the ability of tES to influence individual neurons
to be a mystery.

How does tES affect brain circuits?

Lone neurons rarely affect behavior. Instead, each contributes to the activity of larger brain cir-
cuits responsible for perception, cognition, and action. Neural activity within these circuits
creates structured patterns of activity, often in the form of oscillations in which large groups of
neurons fire together rhythmically. Many oscillations are so widespread that they can be mea-
sured non-invasively on the scalp with electroencephalography (EEG), allowing oscillations to
be linked with behavioral and clinical states. For example, within a single individual, moment-
to-moment changes in the so-called “alpha” frequency band (8 to 12 Hz) of the EEG have been
associated with changes in attention and arousal. Faster oscillations, in the 16 to 24 Hz “beta”
band, instead reflect changes in a person’s motor preparation or control. Oscillations also dif-
fer between patients and healthy controls in the same behavioral states, suggesting that changes
in oscillatory activity may be implicated in various clinical conditions as well.

Recreating desirable patterns of brain activity may therefore provide a way to restore—or
even enhance—normal brain function. Like most brain oscillations, tES is structured in time
(Fig 1B) but diffuse in space (Fig 1A), and some forms of it, like tACS, produce frequency-spe-
cific changes in spike timing. Thus, it could potentially replace an oscillation that is somehow
malfunctioning. This is the logic behind most current tACS interventions. For example,
Marchesotti and colleagues observed weakened 30 Hz oscillations in the left auditory cortex of
patients with dyslexia as compared to controls [18]. They therefore applied 30 Hz tACS to that
location, after which patients’ reading performance improved. They interpret these results as
demonstrated that tES successfully reinstated the dyslexia-impaired 30 Hz oscillation, and
therefore brought the patients’ brains closer to a healthy state.

Similar efforts are now underway in several countries to develop tES as a treatment for a
wide range of medical conditions, including depression, schizophrenia, and epilepsy [19,20].
Early work in this area seems promising, but studies sometimes find that the same stimulation
produces different, or even opposite, effects. For example, 10 Hz tACS increased frontal lobe
alpha power in people with schizophrenia [21], but decreased alpha power in patients with
major depressive disorder [22]. While neither study met its symptomatic end points, there was
a trend towards reduced symptoms in both groups, suggesting tES may usefully alter brain
activity.

But the question of mechanism continues to loom large. How could the same intervention
produce opposite effects on brain activity—and improve brain function in both cases? The
answer may lie in the preexisting patterns of brain activity. Patients with schizophrenia have
abnormally small alpha oscillations while depression is associated with pathologically large
ones. Since the direct effects of tES are relatively weak, it often cannot completely replace
ongoing brain activity, but must instead interact with it in some way.

A recent study demonstrates how these state-dependent effects may occur [15]. Krause and
colleagues recorded the activity of individual neurons in non-human primates receiving tACS,
under conditions that closely matched human use. When ongoing oscillations were weak, they
found that tACS successfully entrained neurons, as shown in Fig 1B. Surprisingly, applying
the same stimulation when ongoing oscillations were stronger instead led to a paradoxical
decrease in oscillatory spiking. Since even stronger stimulation could subsequently re-entrain
these neurons (though at a different phase), they interpret these data as showing that tACS and
ongoing brain activity compete for control over when a neuron spikes. The same stimulation
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could therefore cause categorically different neural effects due to the state of the brain, just as
in the clinical studies described above.

Natural variations in brain state may therefore limit the effectiveness of tES. Ongoing oscil-
latory activity varies between individuals, in ways related to age, clinical conditions, and sex.
Even within an individual, factors such as attentiveness and behavioral goal affect the oscil-
latory state of the brain and thus, its response to tES. Moreover, these oscillations are produced
by interactions between complex networks at scales ranging from intracellular compartments
to synaptic networks spanning the entire brain. Mathematicians have known for centuries that
the dynamics of such complex systems can be difficult to predict and that they often react to
perturbations in startling ways [23,24]. As a result, state-dependent effects of brain stimulation
abound (reviewed in [25]), and so we cannot simply expect tES to impose a stimulation wave-
form directly onto the activity of a dynamic, living brain.

An aside on complex systems theory

The problem of controlling complex systems is hardly unique to tES or even to neuroscience.
It was described as a general challenge for science by Warren Weaver in 1948 [26] and in the
context of economics by Friedrich Hayek in his 1945 essay “The Use of Knowledge in Society”
[27]. Hayek claimed that economic theories are limited to what can be measured, and that
these measurements might not be relevant to the overall health of the economy. Consequently,
he concluded that economists often lack the ability to predict the outcome of particular poli-
cies. (This argument has subsequently been used to justify certain political causes, which we
certainly are not promoting here.)

These problems might seem familiar to practitioners of tES: We can easily measure neural
oscillations, but we can seldom be sure if they are causally related to specific brain functions.
We can deliver controlled interventions, but often cannot precisely predict their effects.
According to both Weaver and Hayek, these problems exist in any system that exhibits “orga-
nized complexity”—behaviors that depend on the precise properties of the system’s compo-
nents and their interactions. Weaver drew a contrast between systems with “organized
complexity” and those exhibiting “simple” dynamics or “disorganized complexity,” where only
the behavior an individual component (simple) or their overall average behavior (disorganized
complexity) is of interest.

As an intuitive example of this complexity, consider a heating system that maintains a
house at a particular temperature (Fig 2A). It has 2 interacting parts: a furnace that generates
heat and a thermostat sensor that adjusts the furnace’s output. Now, suppose the system mal-
functions and it becomes too cold in the house. What is the appropriate intervention for some-
one who does not have access to the individual components of this system? One might guess
that the problem is the sensor: it is overestimating the temperature. In that case, a simple inter-
vention is to open a window near the sensor, letting in some cold air (Fig 2B). Locally decreas-
ing the temperature near the sensor will then trigger an increase in the furnace’s output,
thereby warming the house globally. However, if that intuition is wrong and the problem is a
faulty furnace instead, opening a window simply allows more cold air into the house, decreas-
ing the temperature throughout (Fig 2C). Thus, the same intervention (opening a window) for
the same observation (low indoor temperature) can have opposite effects because of a system’s
internal dynamics.

A heating system has simple dynamics, but for more complex systems, the results of differ-
ent interventions can defy intuition. This is true even when the components and connectivity
are known [28]. As a result, interventions aimed at producing a particular goal often produce
unpredictable or even perverse outcomes. Examples abound in the social and biological
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Fig 2. Internal dynamics can cause very simple systems to respond differently to the same intervention. (A) Suppose a heating system, comprised of
a thermostat sensor and furnace malfunctions and the house is too cold. (B) If the sensor is defective, opening a window near the sensor might
“stimulate” it, thereby increasing the furnace’s output and warming the house. (C) However, if the furnace is broken, this cools the house instead.

https://doi.org/10.1371/journal.pbio.3001973.g002

sciences: Rent control policies often decrease housing supply; designating a species as endan-
gered can increase market demand for the protected animals. A humorous variant is the so-
called Streisand effect, named after the singer whose attempts to suppress a photograph
attracted publicity, causing the same photo to be widely shared.

Despite Hayek’s pessimism and many examples of failures to control complex systems, the
example of the thermostat shows that it is possible—at least sometimes—to understand them.
At a minimum, one needs a mechanistic model of the dynamics of the system and its responses
to external inputs. The heating system seems tractable in this regard. So, is tES more like eco-
nomics or home heating?

How can one control a complex system?

The analogy between tES and an artificial system like a thermostat has obvious limitations. For
example, a technician who wanted to fix a heating system would probably start by turning it
off, permitting a careful inspection and adjustment of the individual parts. Nothing similar
can be done with a living brain, so any attempt at neuromodulation must consider the orga-
nized complexity of brain’s internal dynamics and their response to the stimulation.

Weaver suggested that data and computation are the keys to addressing such complexity,
and for tES, there is certainly no shortage of possible kinds of data, even just considering sig-
nals that can be detected with EEG [29]. From a single EEG electrode, one can extract the
power and phase at every frequency band, as well as the envelope of its changes through time.
Any one of these signals can maintain a specific relationship with signals recorded from nearby
or distant brain areas, and such local or long-range coherence is often also considered a type of
signal in its own right. Some tES applications attempt to influence these signals [30-32].
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In most cases, the experimenter sets the stimulator to produce output resembling the
desired effect on a particular brain area, based on a preexisting hypothesis about how that
region should behave. The tES is then applied in an open-loop configuration, which does not
adapt it in response to changes in its neural or behavioral effects. This approach can alter neu-
ral activity, but it is not difficult to see how it can lead to variable results: Oscillation frequen-
cies are different for different subjects, and even small errors in estimating the appropriate
frequency can lead to categorical changes in the influence of tES [15]. Moreover, the appropri-
ate frequencies often change, so that even an initially well-designed protocol might wane in
effectiveness over time. Perhaps most importantly, the brain’s own dynamics powerfully influ-
ence the response to stimulation. As a result, open-loop stimulation necessarily contains many
hidden sources of variability.

Further technological advances could allow for closed-loop tES devices. These would act
much like sophisticated thermostats, continually measuring neural activity and adapting stim-
ulation parameters to produce a desired brain state. However, building such a system is a
daunting engineering task. EEG recordings made during stimulation will contain both real
neural signals and stimulation artifacts, as well as environmental noise, often within the same
frequency band. Efforts are currently underway to develop methods for isolating brain activity
from these signals (e.g., [33]), but there is not yet a clear consensus about the best way to do so
[34]. On top of this, the system must respond quickly to changes in brain activity, which itself
changes in response to stimulation and external events.

Even if these issues were resolved, the problem remains that, in the absence of a mechanistic
model of the relevant brain function, each tES intervention might be valid only for the individ-
uals and conditions on which the algorithms were trained; other conditions or users might
require different control policies. We therefore suspect that improved technology alone will
not be sufficient.

Instead, we suggest that the next step should be the development of tractable models of
brain dynamics that predict the outcome of particular interventions and help select the desired
outcome for specific goals. Producing useful models of brain function is no simple task, but
the goal should not be to produce a detailed account of the underlying biology. We simply
need to capture interactions between the relevant brain signals and tES. For example, a simple
mathematical model of coupled oscillators [15] (Fig 3A) provided insight into the often unin-
tuitive interaction between an oscillator with its own dynamics (such as the brain) and an
external input that also oscillates (the stimulation). That model has only a few free parameters
and requires less than a second to simulate with a standard laptop. Indeed, it is not much more
complicated than the furnace example of Fig 2. Nevertheless, it qualitatively reproduced the
full range of tACS’s effects on neural activity (Fig 3B), including several categorically different
regimes.

Using such a model, it is possible to predict the effects of tES before applying the stimula-
tion, simply by collecting some basic diagnostic information, which is also what an HVAC
technician would do! Specifically, by measuring each participant’s peak oscillation frequency
and the power at that frequency, one could derive parameters that would either increase an
oscillation’s amplitude, decrease it, or shift the timing of spikes within a cycle.

The mathematics of coupled oscillators is, to the best of our knowledge, seldom used in
studies of tES, but we and a few others [35] consider this to be a potentially fruitful direction
for future research. Coupled oscillators are a well-developed set of mathematical tools that can
nevertheless exhibit complex behaviors and are frequently used as models in other areas of sci-
ence and medicine [36,37]. A promising approach might therefore be to compare large data-
sets of neural recordings to the properties of different mathematical oscillators in order to find
models and parameters that capture the effects of tES. For example, many oscillators exhibit an
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https://doi.org/10.1371/journal.pbio.3001973.9003

“Arnold Tongue” [38]: a narrow range of parameters where stimulation enhances ongoing
oscillations (see Fig 3B). However, the size and shape of this region, as well as the presence of
suppressive flanks, varies between models [15]. Candidate models that could be easily interro-
gated to predict the likely effects of stimulation could provide a roadmap for future experi-
ments. A recent example of this approach [39] used Kuramoto oscillators to successfully
predict a patient’s response to deep brain stimulation (DBS).

One immediate suggestion from these models is that stimulation should be tailored to each
individual user. Many studies already adjust the stimulation amplitude and/or location of tES
electrodes to control for anatomical variations (e.g., skull or brain shape) that affect how the
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current flows through the head (e.g., [5,40]). This ensures that the resulting electric fields
remain consistent across participants, an improvement over merely matching the stimulators’
outputs. It may be equally important to consider individual differences in physiology. Each
user has their own idiosyncratic brain rhythms, which may interact differently with a fixed
stimulus protocol. Preliminary data suggest that doing so can increase the reliability and effi-
cacy of tES effects (e.g., [3]).

One advantage of oscillator models is that they provide a unifying framework for account-
ing for many factors that may affect tES. In addition to considering individual differences in
rhythms, they can also be extended to including varying brain state, especially when viewed as
a physiological factor rather than a behavioral one. For example, it may seem mysterious that
tES has different effects when a recipient’s eyes are open or closed. However, knowing that this
happens because eye closure increases alpha power reveals the similarity between this effect
and the depression/schizophrenia difference described above. Similar approaches could be
used to include factors like disease state and concurrent treatment with medication, which
alter brain dynamics and may therefore also change the effects of stimulation.

Future work should also extend the models to areas outside the focus of stimulation. The
electric fields produced during tES generally cannot directly affect firing rates, especially at
the current levels matching human use, but theoretical work suggests that synchronizing
neurons in one area can potentially influence both synchrony and firing rates in connected
regions [41]. If true, this would allow one to tailor stimulation protocols to produce an
even wider range of neural effects. All of these predictions, of course, still must be validated
experimentally.

What about other forms of tES?

While all forms of tES are somewhat mysterious, in our opinion, tACS is the closest to being
understood. There is a clear hypothesis about how it acts—adjusting spike timing in a fre-
quency-specific manner—and the neurophysiological data overwhelmingly agree that it does
so. A hundred years of EEG research suggests potential targets for stimulation, and the well-
developed theory of coupled oscillators provides a principled mathematical framework for pre-
dicting how brain oscillations and tACS might interact. Thus, we believe that tACS is currently
the most tractable form of tES to study.

Other forms of tES seem more mysterious, but similar approaches may help understand
them. For example, tDCS applies constant current to the scalp. This is often said to polarize
neurons, causing those near the anode to become more excitable. This is certainly true biophy-
sically and is supported by evidence from in vitro studies using high field strengths. However,
when applied to living brains, the effects are more complicated: Sensory responses and synap-
ses are modified, but firing rates remain largely unchanged [42-44]. Moreover, it is not clear
how increasing overall neural excitability would affect a living brain. Excitatory and inhibitory
neurons often interact to maintain stable firing rates [45-47]. Increasing excitability in both
groups might therefore be expected to yield no net effect on firing rate, but could cause oscilla-
tions or other changes in spike timing, which have indeed been observed during tDCS [42]. As
with tACS, understanding the effects of tDCS likely requires understanding the dynamic inter-
actions between neurons and the stimulation. Models proposed for sensory systems, which
also maintain homeostasis despite massive changes in input, may provide a useful starting
point.

The situation with other forms of stimulation, such as tRNS, is even less clear. Noise is
thought to produce “stochastic resonance” that amplifies weak signals by occasionally pushing
them over a neuron’s spiking threshold. Despite promising behavioral findings [48,49], no in
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vivo physiological data is yet available and it is not obvious how this effect generalizes to net-
works of neurons with their own dynamics.

How can we produce durable effects?

The approaches described above cause immediate changes in brain activity. Some potential
applications, like treating diseases, require long-lasting changes in neural activity that persist
well after the stimulation is turned off. Many studies applying tACS to humans do indeed
report long-lasting EEG aftereffects, which persist for minutes to hours after stimulation [50],
though similar effects have not been found in the single-unit literature [4,11-13].

While it is possible that tES reverberates through neural networks, a more likely mechanism
for enduring effects is plasticity. Neural plasticity depends on the timing of neural activity, the
general principle being “neurons that fire together wire together.” Changes in connectivity
could therefore be produced by applying stimulation that promotes rhythmic firing, such as
tACS sometimes does (Fig 1B). This appears sufficient to produce lasting changes in connec-
tivity in vitro, but the situation is far more complicated in vivo [51], where neurons receive
inputs from thousands of different sources. Intriguingly, some theories of plasticity argue that
weak, sub-threshold inputs (like tES) are essential for remodeling synaptic weights [52], while
synchronized oscillations also facilitate learning on very short time scales [53]. Thus, instead of
attempting to precisely tune tES for individual behaviors, it may be fruitful to search for stimu-
lation techniques that increase plasticity generally. These could then be paired with behavioral
interventions for specific deficits, in the hopes of amplifying their effects. Early data is promis-
ing [48], but our ability to extend these effects is limited by our understanding of how tES
affects neural activity during stimulation, when synaptic rewiring presumably occurs.

Long-lasting effects could also be produced by changing the brain’s chemistry. For example,
Heimrath and colleagues found that tDCS increases inhibitory tone for 30+ minutes after stim-
ulation [54]. Interestingly, this change in inhibition is hard to reconcile with data from isolated
neurons, but it is exactly consistent with some theories of network effects (see “What about
other forms of tES?”, above). These neurochemical changes could indicate altered patterns of
spiking activity, but may reflect effects on non-neuronal cells; astrocytes [43] and the blood-
brain barrier [55] are both affected by electric fields and the former play a critical role in synap-
tic plasticity.

Why bother with tES?

It may seem as though tES is a lost cause: Its effects are neither strong, nor focal, nor easy to
predict. However, many of these challenges outlined here are not specific to tES. Every form of
brain stimulation, including non-invasive methods like transcranial magnetic stimulation
(TMS) and focused ultrasound (fUS), as well as invasive approaches like DBS and optoge-
netics, must contend with ongoing neural activity. Those techniques are often so strong that
they can overwhelm that activity, rather than having to compete with it. However, the brain’s
ongoing dynamics also subserve important functions like the routing of information [30],
which would be disrupted by stronger stimulation. The consequences of such a disruption
remain unclear, but they may be as problematic as the condition the stimulation is intended to
resolve. From this point of view, the relatively gentle nature of tES stimulation might be con-
sidered a positive quality. Alternately, stronger forms of stimulation may need to be carefully
applied to preserve important aspects of ongoing activity, as has been proposed for TMS [56].
Another advantage of tES is that it is ready for immediate translation. Other forms of non-
invasive brain stimulation require large and expensive base infrastructure: a TMS apparatus
costs hundreds of thousands of dollars and requires bulky, non-portable hardware, as does
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fUS. Invasive approaches are also expensive, laborious, and require the patient to be in rela-
tively good health, but for the one condition being treated. In contrast, tES devices are rela-
tively cheap (as little as US$15) and have already been made into form factors like a baseball
cap or headband that can be used outside the home during activities of daily living. Several
studies have also found that patients can use tES devices independently or with support from a
telehealth professional. Moreover, tES has an excellent safety record, with most non-behavioral
side effects limited to mild skin irritation. Thus, it represents a flexible and easy deploy alterna-
tive to non-invasive—and certainly to invasive—approaches.

The diffuse nature of tES effects may also sometimes be beneficial. In many situations,
undesirable brain states are not limited to a single region, but instead reflect a more wide-
spread problem. This is especially true in pathological conditions: epilepsy involves excess syn-
chrony throughout the brain; aberrant global oscillations may be implicated in the symptoms
of Parkinson’s disease and depression as well. More focal techniques, like DBS, must identify
specific “chokepoints” to have widespread effects throughout the brain.

In situations where the desired effects are produced by small, spatially localized groups of
neurons, extremely local invasive stimulation can reliably drive behavioral effects by overpow-
ering the brain’s ongoing activity. Stimulating a face patch, for example, can encourage an ani-
mal to see faces, even where none exist [57]. We cannot expect tES to yield the same level of
power or precision, but there are relatively few situations where brain organization, on a scale
of millimeters, corresponds so obviously to a behavioral goal.

Conclusion: Torpedoes away!

When and how should we use tES is obviously the central mystery. We believe that there is
now overwhelming evidence that weak electric fields, of the sort produced during tES, can
have meaningful effects on the activity of neurons. There is no longer any need to evoke the
magical properties of torpedo fish—or the placebo effect—as the mechanism behind tES’s
apparent effects. However, the nature of those effects remains mysterious because they are so
strongly shaped by interactions with the brain’s ongoing activity that the same stimulation,
applied in different situations, can produce categorically different effects. The mysteries of tES
are therefore intimately tied up with the mysteries of the brain itself.

We have scarcely touched on how tES affects specific behaviors. The literature is full of
attempts to use tES to alter physical, cognitive, and emotional processes, but there are few
direct replications and even fewer successful ones. The approaches we describe here may offer
a way to develop tES interventions that produce reliable and desirable effects, but we are also
limited by our understanding of the relationship between neural activity and behavior, which
remains one of the largest open questions in neuroscience.

This assessment highlights our current state of ignorance about the mechanistic effects of
tES, but things are not nearly as bad as they may sound. A lack of mechanistic understanding
has not prevented many interventions, including aspirin, from becoming effective—or even
essential—treatments [58]. Empirical studies of tES can still yield valuable data about treat-
ments for specific conditions, and tES is easy and safe enough to apply that it may often be
worth trying. However, generalizing from these data will require practitioners to reckon
with the organized complexity of the brain. In the case of neural oscillations, the mathemati-
cal framework of coupled oscillators provides a principled way to do so. Future tES interven-
tions should combine these tools with our still-growing knowledge of neural oscillations to
develop methods that can robustly alter behavior across a wide range of individuals and
situations.
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