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Abstract

Noninvasive brain stimulation (NIBS) techniques are widely used tools for the study and rehabilitation of cognitive
functions. Different NIBS approaches aim to enhance or impair different cognitive processes. The methodological
focus for achieving this has been on stimulation protocols that are considered either inhibitory or facilitatory.
However, despite more than three decades of use, their application is based on incomplete and overly simplistic
conceptualizations of mechanisms of action. Such misconception limits the usefulness of these approaches in the basic
science and clinical domains. In this review, we challenge this view by arguing that stimulation protocols themselves are
neither inhibitory nor facilitatory. Instead, we suggest that all induced effects reflect complex interactions of internal
and external factors. Given these considerations, we present a novel model in which we conceptualize NIBS effects
as an interaction between brain activity and the characteristics of the external stimulus. This interactive model can
explain various phenomena in the brain stimulation literature that have been considered unexpected or paradoxical.
We argue that these effects no longer seem paradoxical when considered from the viewpoint of state dependency.
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Introduction patients with brain lesions, the acute transient effect of
online stimulation leaves the brain no time for functional
reorganization and is thus not confounded by chronic pro-
cesses of functional recovery. In contrast to such direct
interference, offline protocols are usually given before a
task to modulate activity in the targeted area for a longer
time, outlasting the stimulation duration for up to 1 h
(Chung and others 2016). In some cases, offline stimula-
tion may also be given after a task—for example, to modu-
late consolidation processes in learning paradigms.

Across the last decades, noninvasive brain stimulation
(NIBS) has become an increasingly popular tool to modu-
late motor and behavioral function in basic and clinical
research. NIBS protocols can be used to disrupt or facili-
tate processing and enable the researcher to probe the
causal relevance of specific brain regions for a given task.
When applied in a plasticity-inducing fashion, stimulation
effects may outlast the stimulation duration, which is par-
ticularly interesting for learning and training interventions.
Common NIBS approaches include transcranial magnetic
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Box . Basic Principles of Different Noninvasive Brain Stimulation Approaches.

Transcranial magnetic stimulation (TMS) is based on the principle of electromagnetic induction. A brief electric current
produces a strong time-varying magnetic field in the TMS coil, which penetrates the scalp without attenuation and induces
a flow of electric current in the stimulated tissue (Hallett 2000). TMS pulses thereby cause electro-magneto-electric
stimulation of neuronal axons, particularly in superficial regions of the cortex that can temporarily excite or inhibit the
stimulated area. When applied over the primary motor cortex, TMS can depolarize corticospinal tract neurons and evoke
contralateral hand muscle movements. The size of such motor-evoked potentials reflects the excitability of the corticospinal
system. TMS protocols range from the application of single or double pulses to short or long bursts of repetitive TMS with
different frequencies. Importantly, the induced electric field of a TMS pulse has a short duration in the range of hundreds
of microseconds (see Salvador and others 2015) and decreases rapidly with increasing distance from the coil. Hence, only a
few regions on the cortical surface can be directly stimulated with TMS while deep brain structures might only be indirectly
targeted. The induced electric field dose mediates the physiologic effects of all noninvasive brain stimulation protocols.
Yet, no direct in vivo measurements of the induced electrical field in the human brain are possible. Therefore, biophysical
modeling and simulation studies are used to estimate the spatial stimulation patterns induced by different noninvasive
brain stimulation protocols (e.g., Neggers and others 2015; Saturnino, Thielscher, and others 2019). During TMS, induced
electric fields around 100 V/m are thought to induce suprathreshold polarizations at bends and terminations of neurons in
the cortex, provided that they are correctly aligned with the applied electric field (see Opitz and others 2015; Salvador and
others 2015).

With respect to the strength of the induced stimulation effects, electric field simulations show that numerous factors
influence the current flow in the brain, including individual tissue resistivity and cerebrospinal fluid, gyral shapes and gray
matter boundaries, as well as electric field direction and magnitude (e.g., Bungert and others 2017). Aside from the strong
interindividual variability in the induced electric field strength, there is variability among different cortical sites, which is
usually ignored if the stimulation intensity is calibrated to the individual resting motor threshold. For example, stimulation at
100% resting motor threshold has been demonstrated to induce considerably higher electrical field strengths in the primary
motor cortex when compared with the dorsolateral prefrontal cortex in the same set of participants (Caulfield and others
2021b), arguing for the need to adjust and personalize electric field dosing depending on the targeted area.

Transcranial direct current stimulation (tDCS) relies on the continuous application of weak direct electrical currents
of | to 2 mA to the scalp via two or more surface electrodes for usually up to 20 to 30 min (Kuo and Nitsche 2012). The
induced electric field of transcranial electrical stimulation in the cortex is typically <IV/m in strength (e.g., Laakso and
others 2015; Opitz and others 2016) and thus considerably lower than for TMS. Electric field simulation studies show strong
variability for individualized tDCS doses, with a range of 3.75 to 9.70 mA being necessary to produce | V/m (Caulfield and
others 2021a). Unlike TMS, the long-lasting low-intensity currents applied during tDCS bring about subthreshold membrane
polarizations of the cellular body of pyramidal neurons in the cortex, which cause synaptic plasticity changes (Nitsche
and others 2003; Salvador and others 2015). Specifically, surface-anodal polarization of the cortex with the anode near
the dendritic poles of radially oriented neurons is thought to increase the firing rates of spontaneously active cells, while
cathodal polarization should have the opposite effect. A common assumption is that anodal tDCS increases the overall
activity in a brain region while cathodal tDCS decreases it, which should map onto the respective behavioral consequences
(improvement vs. disruption) (Krause and others 2013). tDCS does not cause spontaneous firing but is thought to primarily
work via passive changes in the resting membrane potential. Modeling studies indicate that a large area under the electrode
is polarized (Miranda and others 2006) and functional effects engage distant neural networks (Nitsche and others 2005).

In contrast to tDCS, transcranial alternating current stimulation (tACS) and transcranial random noise stimulation (tRNS)
are presumed to modulate oscillations of cortical networks in a frequency-specific (tACS) or random (tRNS) manner
(Vosskuhl and others 2018). The ability to modulate cortical oscillations may provide a causal link between oscillatory activity
and specific cognitive processes. tACS is usually applied with sinusoidal currents, but the waveforms can be customized.
Depending on the applied frequency, tACS can synchronize or desynchronize cortical oscillations and induce plastic
effects in the stimulated areas. Most studies apply tACS at fixed frequencies. Intermittent closed-loop applications have
recently been introduced, which continuously match the stimulation frequency to the prevalent individual peak frequency
of a specific frequency band (e.g., individual alpha) obtained from electroencephalography recordings (Stecher and others
2021). However, first results from these authors suggest that fixed intensities may be more effective to produce persistent
synaptic changes, and the efficacy of such individualized closed-loop approaches remains to be determined. Other promising
approaches include the combination of multiple frequencies via cross-frequency tACS (e.g., Alekseichuk and others 2016;
Riddle and others 2021), which can be used to mimic endogenous phase-amplitude coupling activity patterns (see Riddle and
others 2021). Such protocols allow us to probe the causal relevance of cross-frequency coupling, which has been linked to
various cognitive processes, such as cognitive control and working memory.

Unlike tACS, tRNS is applied with a broad-frequency spectrum (0.1-640 Hz) and a random noise distribution to cover
physiologic brain oscillations. At the physiologic level, it is assumed that tRNS may induce cortical plasticity by augmenting
the activity of neuronal sodium channels in the stimulated parts of the brain (Kuo and Nitsche 2012).

For an illustration of each approach, see Figure |.
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A Transcranial Magnetic Stimulation
(TMS)

(tACS)

C Transcranial Alternating Current Stimulation D Transcranial Random Noise Stimulation

B Transcranial Direct Current Stimulation
(tbCS)

(tRNS)

Figure |. lllustration of different noninvasive brain stimulation approaches. (A) Transcranial magnetic stimulation. (B-D)
Different transcranial electrical stimulation techniques illustrated as bilateral montages. (B) Anode = red, cathode = blue.

The present review mainly focuses on online applica-
tions of TMS to illustrate brain state—dependent stimula-
tion effects for different cognitive domains. However, we
argue that such effects are important to consider for
offline protocols. Consequently, our framework intro-
duces some general mechanisms of action for the applica-
tion of any NIBS protocol.

NIBS in the Study of Cognition

The era of NIBS in cognitive neuroscience began with the
classic work of Amassian and others (1989) on visual
perception. In these studies, single-pulse TMS was
applied over the occipital cortex during a letter detection
task at different time windows after the presentation of
the target stimulus. TMS induced a disruption of task per-
formance at a specific time window, with a temporal res-
olution of 10 to 20 ms. Furthermore, when the coil was
moved laterally, impairments were induced in different
visual field positions. This seminal study demonstrated
that TMS can be used to impair cognitive function with
high temporal resolution and relatively good spatial reso-
lution. It became a popular tool among neuroscientists
and psychologists as it enabled “virtual” neuropsychol-
ogy, creating “reversible brain lesions” (e.g., Pascual-
Leone and others 2000; Walsh and Cowey 2000).

The 20 y of NIBS research on perception and cogni-
tion following this classic work have been referred to as
the “point and shoot” era (see Pitcher and others 2021). A
typical experiment in this period attempted to draw causal
inferences, linking cognitive processes to specific brain
regions by using TMS to disrupt performance in behav-
ioral tasks (Fig. 2). Such studies usually follow the logic
of asking “Is region A causally involved in task X?”
While this approach has made significant contributions to
cognitive neuroscience, response modulation by TMS
appears to be more complex.

Challenges with TMS as a Disruptive Tool

The conceptualization of online TMS as a tool for disrup-
tion of cognitive processes has always been difficult to
reconcile with the fact that modulatory effects are sensi-
tive to a range of factors. As discussed later, intensity,
stimulation timing, task difficulty, and baseline brain
state strongly influence the nature of behavioral effects
induced by any NIBS protocol. For example, some stud-
ies show that changing the stimulation intensity may turn
behavioral impairment into facilitation (see Role of
Stimulation Intensity section). In some cases, behavioral
effects are observed only when the task is at a certain
level of difficulty. A modulatory effect on a given task
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Causal inference in neurostimulation studies
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task X task Y

performance

"Area A is causally relevant for task X"

Figure 2. Typical rationale for noninvasive brain stimulation
studies. Inhibitory noninvasive brain stimulation applied to
area A significantly decreases performance in task X but not
in task Y (control task). This leads to the conclusion that area
A is causally relevant for task X. lllustrated for transcranial
magnetic stimulation.

can disappear by simply asking participants to shift their
attention to another stimulus. What is particularly chal-
lenging for the interpretation of modulatory NIBS effects
is that their impact may not only be nonlinear (with
respect to disruption vs. facilitation of task performance)
but may also interact with the current brain state. For
example, the effect of stimulation intensity on task per-
formance may be different when given directly before or
during a task.

Traditionally, unexpected beneficial TMS effects have
been referred to as “paradoxical facilitation,” reflecting
the conceptualization of TMS as a tool for inducing dis-
ruption in cognitive tasks (Walsh and Cowey 2000).
Facilitatory effects were unexpected and traditionally
considered “secondary effects,” which may have resulted
from disruption of competing or distracting processing
(“addition by subtraction”). Yet, facilitation may arise
from unspecific stimulation effects or the direct modula-
tion of a cortical area or network that leads to more effi-
cient processing (see Luber and Lisanby 2014).
Importantly, these outcomes arise from an interaction
between internal and external factors. Ignoring the impact
of such factors and their interaction on NIBS-induced
modulation contributes to the overall lack of reliability
and replicability of the behavioral effects of different
NIBS protocols (e.g., Horvath and others 2015).

To explain why this problem arose, it is informative to
go back to the parameters used in the original study by
Amassian and others (1989). In that study, TMS was
applied at a relatively high intensity, at 90% to 100% of
stimulator output, during a task in which baseline perfor-
mance level was high—conditions in which behavioral
disruptions are most likely to arise (as discussed later).
The key point is that this is just one possible combination
of parameters, yet it shaped the way that the technique

was generally used. In recent years, the parameter space
of modulatory brain stimulation effects has been explored
in more detail, challenging the conventional view of TMS
as a mere disruption tool in the study of cognition (e.g.,
Bergmann and Hartwigsen 2021; Luber and Lisanby
2014; Silvanto and Cattaneo 2017 for discussion).

When one is attempting to explain neurostimulation
effects, a conceptualization of such effects as interaction
between an external stimulus and ongoing brain activity
is required, with the outcome depending on the strength
of the stimulus and the susceptibility of the brain to be
activated by it. Furthermore, if we think about these
effects as an interaction between neural excitability and
the strength of the external signal, then we explicitly
acknowledge that we are studying stimulation effects for
one specific combination of conditions.

Here, we attempt to discuss the parameters that modulate
NIBS effects and integrate them into a model that considers
such effects an interaction between external and internal fac-
tors. We provide examples from low-level sensory percep-
tion (e.g., color perception) and higher-level cognitive
functions (e.g., language) to demonstrate how variables such
as timing, task difficulty, stimulation intensity, and brain
state determine behavioral effects of brain stimulation.

Interactions between External and Internal
Factors Modulate NIBS Effects

There is an ongoing debate regarding the lack of reliabil-
ity and replicability of behavioral NIBS effects (e.g.,
Horvath and others 2015). One important but often
neglected aspect that may explain some of the inconsis-
tency is the nonlinear nature in which NIBS protocols
interact with brain activity. Numerous factors determine
NIBS effects, including stimulation intensity, frequency,
and prior state of brain activity (e.g., Romei and others
2016). With “brain state,” we here refer to the current
state of excitability of the brain, which may be different at
rest or during different tasks with varying cognitive load.
The current brain state may also be influenced by previ-
ous tasks, fatigue, and internal factors and may show
strong interindividual variability. Particularly noteworthy
is the way that these factors interact, which is often
unknown or ignored. For example, altering TMS inten-
sity or brain state (e.g., rest vs. task) might turn a disrup-
tive TMS effect into a facilitatory one (see Silvanto and
Cattaneo 2017). Such nonlinearities are important
because they may fundamentally change the conclusions
about “necessity” or “causality” of a given area in a cog-
nitive task. While NIBS studies usually involve control
sites or montages and control tasks to demonstrate func-
tional and regional specificity of the induced effects,
these tend to control for only a small amount of the
parameter space involved in determining NIBS effects.



Hartwigsen and Silvanto

In the next sections, we discuss different factors that
influence the stimulation outcome. To foreshadow the
most important take-home message, we argue that rather
than focusing on a single factor, the stimulation outcome
is always shaped by the interaction of different factors.

External Factors That Modulate
NIBS Effects

Role of Stimulation Intensity

Valid models of NIBS effects need to consider nonlineari-
ties of brain stimulation effects that have been observed
at the neural level. For example, a first study (Moliadze
and others 2003) reported that whereas low-intensity
TMS induces a facilitation in neural activity and visually
induced neural firing lasting up to 200 ms, high TMS
intensities reversed the early facilitation into a suppres-
sion of neural activity. Likewise, nonlinear dependencies
between intensity and motor cortical excitability were
found for gamma tACS (Moliadze and others 2012) and
tDCS (Jamil and others 2017). Moliadze and others
(2012) found that low-stimulation intensities of gamma
tACS resulted in cortical inhibition, while high intensities
facilitated cortical excitability and decreased motor
thresholds. Notably, no significant effects were observed
for intermediate intensities, presumably indicating that
inhibitory and excitatory effects canceled each other out
at such intensities. In a systematic investigation of differ-
ent stimulation intensities, Jamil and others (2017)
reported equal effects of lower and higher tDCS intensi-
ties on motor excitability, independent of the stimulation
polarity. Other work in the motor system showed strong
interindividual variability in the response direction to
plasticity inducing TMS protocols (Sasaki and others
2018). Those subjects who demonstrated the expected
inhibition of motor cortical excitability after conventional
low-intensity continuous theta burst stimulation (¢TBS)
showed facilitation with higher intensities. Yet, some
subjects who demonstrated facilitation by low-intensity
stimulation showed inhibition when stimulation intensi-
ties were further decreased, which may reflect intrinsic
differences in the recruitment of cortical neurons, point-
ing to the impact of individual differences in cortical
excitability and recruitment.

Silvanto and Cattanco (2017) contend that when
such nonlinearities in response to NIBS are considered,
the strong variability in behavioral NIBS effects can be
accounted for in terms of inhibitory and facilitatory
effects. These authors argue that the combination of
stimulation strength and neural excitability determines
whether behavior is facilitated or impaired. Indeed,
some studies on visual perception demonstrate selective
facilitatory TMS effects on near-threshold stimuli

(e.g., Abrahamyan and others 2011), which turn into inhi-
bition when stimulation intensity and visual stimulus
intensity are increased (Schwarzkopf and others 2011). In
the latter study, the authors found that TMS facilitated the
detection of weak motion signals when given at low
intensities, whereas higher intensities selectively
impaired the detection of stronger motion signals. These
findings suggest that TMS adds noise to neuronal pro-
cessing, which may synchronize with the task-related
activity. It should be noted that the exact mechanisms by
which TMS and other NIBS protocols modulate cogni-
tive functions are unknown. The idea behind the noise
hypothesis is that stimulation-induced excitation of ran-
dom neural elements causes neuronal noise in the stimu-
lated circuits (e.g., Walsh and Pascual-Leone 2003).
Noise pervades all levels of information processing in the
nervous system, from receptor signal transduction to
behavioral responses (Faisal and others 2008). The artifi-
cial induction of noise may impair or delay task-relevant
neuronal computations because neural activity needs to
be sampled longer to discriminate signal and noise.
Alternatively, noise may be synchronized with the ongo-
ing task signal and thereby improve processing. This
means that adding noise to a nonlinear system such as the
human brain may produce opposite effects (see Bergmann
and Hartwigsen 2021). An appropriate amount of noise
can add to the weak neuronal signal of a subthreshold
stimulus, elevate it above threshold, and result in behav-
ioral facilitation (Schwarzkopf and others 2011). In con-
trast, exceeding noise levels may rather mask the
task-relevant neuronal signal. Importantly, the NIBS-
induced activity or neural noise is not totally random
(Ruzzoli and others 2010) and not independent of the
task-induced neural activity or brain state. Depending on
the activated neuron population, the induced activity can
even be considered noise and part of the signal (Miniussi
and others 2010). Unfortunately, these factors are rarely
considered before an experiment and often unknown,
implying that they are mainly used as post hoc explana-
tions for unexpected findings in most cognitive studies.

Role of Stimulation Frequency

Frequency-specific repetitive TMS (r'TMS) effects are
well described in the motor system, with the general
assumption that frequencies <1 Hz decrease motor corti-
cal excitability while frequencies >1 Hz cause facilita-
tory effects (e.g., Hallett 2000; Wassermann and others
1998). Yet, this does not necessarily hold for cognitive
functions. Indeed, numerous studies describe inhibitory
effects of high-frequency rTMS protocols (=10 Hz), at
least when given during a task (e.g., Hartwigsen 2015 for
review in the language system). One study addressed
potential conditioning effects of rTMS protocols at
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different frequencies on a language detection task (Andoh
and others 2008). Specifically, these authors explored if
1-Hz rTMS or ¢TBS applied before the task would modu-
late the effects of subsequent low-frequency rTMS dur-
ing word detection. As a main finding, priming with 1-Hz
rTMS facilitated the detection of native words, whereas
priming with ¢TBS facilitated the detection of foreign
words. Accordingly, it was suggested that the priming
frequency of the TMS protocol plays a crucial role in
word detection in the auditory stream, with the facilita-
tory effects of cTBS likely depending on a larger network
stimulation effect. However, it remains unclear if these
effects depend on the combination of TMS protocols or
would also occur without additional online stimulation.

Frequency-specific effects are reported for tACS, with
theta tACS being associated with performance improve-
ments across several cognitive domains, including work-
ing memory, executive functions, and declarative memory
(see Klink and others 2020 for review). Individual adjust-
ment of stimulation frequency based on preceding EEG
recordings may be advisable to increase stimulation effi-
ciency (Vosskuhl and others 2018). Yet, most existing
tACS and rTMS studies did not include a control fre-
quency, questioning the frequency specificity of the
observed effects. Moreover, the impact of a given stimu-
lation frequency on task performance likely interacts with
the current brain state (e.g., rest or task; Moliadze and
others 2021), which may contribute to the strong variabil-
ity of stimulation effects for different frequencies across
studies.

Role of Stimulation Duration

Stimulation duration is particularly important for the
after-effects of plasticity-inducing NIBS protocols. Dose-
dependent effects have been reported for different NIBS
protocols (see Gamboa and others 2010). Early tDCS
work proposed a linear relationship between stimulation
duration and after-effects on motor cortical excitability
for single-session anodal tDCS (e.g., Nitsche and Paulus
2000, 2001). Accordingly, conventional tDCS protocols
usually employ stimulation durations of 15 to 20 min.
Recent work shows that the facilitatory after-effects of
anodal tDCS on motor excitability vanish or reverse after
stimulation durations =26 min (e.g., Hassanzahraee and
others 2020; Monte-Silva and others 2013; Vignaud and
others 2018). Similar effects on motor cortical excitabil-
ity have been demonstrated for theta burst stimulation.
Conventional inhibitory cTBS effects reversed into facili-
tation when the stimulation duration was doubled, while
facilitatory intermittent TBS resulted in inhibition after
doubling the stimulation duration (Gamboa and others
2010). Such reversal effects may be explained in terms of
counterregulatory homeostatic mechanisms, which might

prevent excessive brain activation (homeostatic plastic-
ity; see next section). Moreover, stimulation duration was
shown to interact with the current brain state. Another
study (Gentner and others 2008) found that cTBS-induced
inhibition turned into facilitation when only half of the
protocol (300 pulses) was applied. Yet, when voluntary
muscle contraction was performed before stimulation,
both the short and conventional protocol induced inhibi-
tion. Stimulation duration further affected the duration of
the after-effects, which lasted up to 20 min for the short
protocol and up to 1 h for the conventional one.

Less is known about the impact of stimulation dura-
tion on cognitive tasks. One study in older adults showed
that anodal offline tDCS over the bilateral dorsolateral
prefrontal cortex improved attentional control when
applied for only 10 min, while the conventional 20-min
protocol had no significant effects (Hanley and others
2020). This is surprising given that neural plasticity is
thought to decrease with age. As no young control cohort
was included, it remains unclear whether these effects
reflect age-related changes in homeostatic plasticity or a
more general interaction of such effects with the task-
induced brain state and the specific bilateral electrode
montage employed in that study.

Internal Factors That Modulate NIBS
Effects

Role of the Current Brain State

The difference between active and resting motor thresh-
old is a simple yet impressive example for the role of the
current brain state for the observed stimulation outcome:
a single TMS pulse that is just suprathreshold for evoking
a motor response induces a considerably larger motor
response in the target muscle if the subject performs a
slight voluntary precontraction (see Siebner and others
2009). In other words, lower-stimulation intensities are
already sufficient to induce motor-evoked potentials
under precontraction, while higher intensities are required
to evoke a visible response at rest, demonstrating the
interaction between brain state and stimulation intensity.

Moving beyond the motor system, some studies have
shown that “classical” inhibitory TMS protocols can
result in facilitation if the current brain state changes. For
example, Andoh and others (2006) reported a site- and
condition-specific facilitation in response speed when
1-Hz rTMS was applied over the left posterior superior
temporal gyrus during a language-fragment detection
task. Likewise, 10-Hz rTMS—a protocol that is often
reported to disrupt performance when applied during a
language task (Hartwigsen 2015)—resulted in condition-
specific facilitation of native words when applied over
the left posterior superior temporal gyrus before task
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Box 2. Combination of Noninvasive Brain Stimulation with Different Readouts.

Complementing the investigation of stimulation effects at the behavioral level, noninvasive brain stimulation (NIBS) can be
combined with functional neuroimaging or electrophysiologic techniques to map stimulation-induced changes at the neural
network level and identify neural markers of stimulation effects (Fig. 3). Neuroimaging or electrophysiologic techniques may
be more sensitive to capture stimulation-induced modulation, even when stimulation effects are not strong enough to induce
behavioral changes. Such combinations can be separated in time and space but can also be performed concurrently. For
example, functional magnetic resonance imaging (fMRI) before NIBS can be used to localize target areas for subsequent NIBS
application (Fig. 3A). This is particularly interesting for most target areas outside the motor system where the stimulation
site cannot be determined functionally. Such combinations are often used in “classical” perturbation studies to probe the
functional relevance of the observed activity patterns in specific areas for a given task. Targeting accuracy may be highest
if individual functional localizers are used (see Bergmann and others 2016). Likewise, localizers with electrophysiologic
techniques (magneto- or electroencephalography [M/EEG]) can be used to inform subsequent NIBS applications with
respect to task-specific oscillatory frequencies or electrophysiologic markers of interest.

In the second approach, plasticity-inducing NIBS protocols are given prior to fMRI or M/EEG to map lasting neurostimulation
effects at the neural network level (Fig. 3B). When separated in time, one needs to bear in mind that the after-effects of a
specific NIBS protocol decrease after a certain period. The exact duration of such after-effects outside the motor cortex
is unknown and likely depends on the interaction of internal and external factors, as discussed in this review. Nevertheless,
strong NIBS-induced changes in task-related activity and connectivity as well as electrophysiologic parameters have been
described for different cognitive domains (e.g., Bergmann and others 2016; Hartwigsen 2016 for an overview). Such changes
have been associated with task-related modulation induced by different NIBS protocols. Relative to the study of behavioral
effects, such combinations provide insight into the underlying modulation at the network level.

Finally, NIBS protocols can also be combined concurrently with fMRI or EEG to map immediate consequences of the
stimulation (Fig. 3C). The simultaneous combination of transcranial magnetic stimulation (TMS) and magnetoencephalography
is technically not feasible yet. Concurrent combinations of NIBS and fMRI or EEG can be used to map changes in activity,
connectivity, and other electrophysiologic responses across the time course of a specific task—for example, during learning
paradigms. Subsequent and concurrent combinations of NIBS and neuroimaging have demonstrated that the stimulation
effects are not as focal as often assumed, challenging the simplistic notion that changes at the behavioral level are always
caused by a modulation in the stimulated area. Indeed, concurrent TMS-fMRI studies in the motor system reported remote
effects outside the stimulated area even for single-pulse TMS, including changes in neighboring cortical areas and in distant
cortical and subcortical regions (Bestmann and others 2003; see also Bestmann and Feredoes 2013). Offline TMS-fMRI
studies point toward the behavioral relevance of stimulation-induced changes in remote connected areas for different
cognitive functions (e.g., Hartwigsen and others 2017; Herz and others 2014).

performance (Andoh and Paus 2011). However, it remains
an open question how such changes in task performance
are reflected at the underlying neural level.

Effects of NIBS on task-related activity and connec-
tivity can be mapped with neuroimaging and electrophys-
iologic techniques, as summarized in Box 2. Behavioral
improvements and impairments induced by different
NIBS protocols have been associated with decreased
task-related activity in the stimulated area and network
during language tasks (e.g., Fiori and others 2018;
Hartwigsen and others 2017; Holland and others 2011),
although such activity decreases likely reflect different
processes. Indeed, decreased task-related activity during
facilitatory stimulation is often explained in terms of
more efficient task processing (Holland and others 2011).
In contrast, decreased activity after inhibitory NIBS pro-
tocols likely reflects neural inhibition (see Hartwigsen
2016). As discussed in the Conclusions section, a better
understanding of the neural underpinnings of brain state—
dependent NIBS effects may give new insight into modu-
latory stimulation effects at the systems level.

Other examples for the role of the current brain state
on the stimulation outcome can be derived from studies
on picture naming. For example, when given immedi-
ately before or early during a task, TMS was reported to
facilitate picture naming, likely by a priming effect that
increased activity in the target area to a level that was
optimal for task performance (e.g., Topper and others
1998). In contrast, TMS impaired performance when
applied during picture naming (e.g., Flitman and others
1998; Wassermann and others 1999).

Brain state—dependent effects further shape the impact
of plasticity-inducing NIBS protocols on learning and
training studies. For example, it was demonstrated that
anodal tDCS applied during or after motor learning
improves motor consolidation (e.g., Reis and others 2009;
Stagg and others 2011). In contrast, when given before
learning, tDCS decreased motor learning (Stagg and oth-
ers 2011). The latter effect may be explained in terms of
regulatory metaplasticity, which refers to the variation of
synaptic plasticity depending on the history of a neuron’s
postsynaptic activity and is thought to prevent cortical



The Neuroscientist 00(0)

A NIBS after fMRI/ EEG

Figure 3. Combination of noninvasive brain stimulation
(NIBS) with neuroimaging (green maps) or electrophysiologic
readouts (oscillations). (A) NIBS can be given after functional
magnetic resonance imaging (fMRI) or electroencephalography
(EEG) to probe the functional relevance of a specific area or
electrophysiologic parameter (e.g., neural oscillations, event-
related potentials) for a given task. (B) Plasticity-inducing NIBS
can be applied before fMRI or EEG to map lasting after-effects
at the neural network level. Subsequent combinations in A
and B can also be combined with magnetoencephalography.
(C) Concurrent combination of NIBS with fMRI or EEG

can be used to map the immediate consequences of the
stimulation at the neural network level. All combinations
illustrated for transcranial magnetic stimulation.

network destabilization (Abraham and Bear 1996). While
the impact of metaplasticity on NIBS effects is not well
understood, homeostatic metaplasticity may explain why
the application of the same priming and test rTMS proto-
cols may reverse the effect of the test protocol, whereas
priming with the opposite protocol may increase the effect
of a test protocol (Mastroeni and others 2013; Murakami
and others 2012). Yet, depending on the timing of the
application, repeated rTMS protocols may also have addi-
tive effects on motor excitability (Goldsworthy and others
2015). How such effects interact with NIBS during cogni-
tive processes remains to be explored.

Particularly important for the study of cognition, a
previous task may modulate the effects of a subsequent
NIBS protocol. Stefan and others (2006) demonstrated

that the capacity of the motor cortex to undergo long-term
potentiation-like plasticity induced by paired associative
stimulation was abolished immediately after a motor
training. This example illustrates the impact of a previous
task on the outcome of a subsequently applied NIBS pro-
tocol. Such effects are usually ignored in the study of
cognition, despite their potential relevance, especially for
training and therapeutic applications that rely on plastic-
ity-inducing NIBS protocols.

Given the discussed results, we suggest that the impact
of stimulation timing on the observed outcome can be
explained by differences in the current brain state. For
example, the impact of online and offline protocols may
differ because the brain state changes from rest to activa-
tion. Such state-dependent effects are impressive examples
for the interaction between external and internal factors.

Moreover, it is reasonable to assume that state-depen-
dent NIBS effects are strongly influenced by internal cog-
nitive and emotional factors such as attention, fatigue, or
arousal. Indeed, the subject’s attentional focus has been
shown to influence the magnitude of stimulation effects
(see Ridding and Ziemann 2010 for an overview). One
study found that a cognitive task during tDCS reduced
stimulation-induced changes in motor cortical excitabil-
ity in response to facilitatory and inhibitory protocols
applied over the motor cortex (Antal and others 2007).
These effects were suggested to reflect a deactivation of
cortical areas that were not engaged in the task, which
might have interfered with stimulation-induced plasticity.
However, such effects are hard to control and are subject
to strong interindividual variability. Their impact is usu-
ally ignored in NIBS studies.

Role of Baseline Performance

Recent work emphasizes the crucial role of baseline per-
formance for the stimulation outcome (e.g., Silvanto and
others 2017). In that study, a color detection task was
combined with TMS over the early visual cortex to probe
the interaction between baseline activity and stimulation
intensity (Fig. 4). In each trial, participants were pre-
sented with a visual prime (a grating with a specific com-
bination of color and orientation), which was followed by
the target grating (Fig. 4A). The target grating could be
fully congruent with the prime (color and orientation
matched), fully incongruent (color and orientation dif-
fered), or partially congruent (either color or orientation
of the target matched that of the prime). Single-pulse
TMS was applied over the early visual cortex (Fig. 4B)
within the “classic” TMS-masking time window, 100 ms
after target onset. The results showed that at the group
level, TMS facilitated the detection of fully incongruent
targets, while having no statistically significant effect on
other stimulus types (Fig. 4C). Such a selective effect on
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Figure 4. Using transcranial magnetic stimulation (TMS) to probe state dependency. lllustration of two studies on visual

priming that used TMS to probe the interaction of brain state and stimulation intensity. (A) Experimental paradigm. lllustration
of a fully congruent trial (prime and target match for color and orientation). Each trial started with a fixation screen (500 ms).
Participants were then presented with a prime (100 ms) that was either a red-black or green-black grating, tilted either clockwise
or counterclockwise. A blank screen (300 ms) was followed by a target (20 ms) that could be fully congruent with the prime (the
same stimulus), fully incongruent (color and orientation differed), or partially congruent (either color or orientation matched

the prime). A mask was presented after the target until response initiation. Participants had to indicate the color of diagonals of
the stimulus target (red or green). Single-pulse TMS was delivered at 100 ms after target onset over V1/V2 or over the vertex
(baseline). (B) Stimulation site over the left visual cortex (area VI/V2). (C) Stimulation effects in the initial experiment (Silvanto
and others 2017). Relative to vertex stimulation, TMS over V1/V2 significantly delayed the median response speed for correct
trials in the fully incongruent condition. (D) Reanalysis based on individual baseline performance (Silvanto and others 2018). TMS
had differential effects in high and low performers, as illustrated in the different panels. Values are presented as median response

times +/— | SEM. *P < 0.05. Adapted from Silvanto and others (2018).

a specific congruency category is the hallmark of state-
dependent TMS effects and was taken as evidence for
priming modulation of early visual cortical activity.

How “selective” are such effects? Further analyses
(Silvanto and others 2018) revealed a significant linear
relationship between baseline performance and the direc-
tion and magnitude of the induced TMS effect. Specifically,
low baseline performance was associated with TMS-
induced facilitation and high baseline performance with
impairment (Fig. 4D). In other words, as performance
level increased, TMS effects turned from facilitation to
impairment. The key finding was that this relationship
was present for all prime-target congruencies: the TMS
effect was no longer selective for fully incongruent trials,
as had been originally concluded. Incongruent trials did
however differ from other trial types in terms of the transi-
tion point from TMS-induced facilitation to impairment:

facilitation was obtained until a higher level of perfor-
mance than for other prime-target congruencies.

Other work suggests that lower initial baseline perfor-
mance predicts stronger tDCS-induced modulation of verbal
learning, highlighting a possible mediator of between-sub-
ject variability in stimulation response (Perceval and others
2020). When attempting to explain such effects, the consid-
eration of NIBS effects as an interaction between an external
stimulus and ongoing brain activity is important, with the
outcome depending on the strength of the stimulus and the
response sensitivity of the brain.

Role of Sex, Genetics, and Age

Variability in response to NIBS protocols has been asso-
ciated with sex differences, genetic polymorphisms, and
age-related changes in brain structure and functions
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(e.g., Ridding and Ziemann 2010). These factors are gen-
erally not well understood and likely show complex inter-
actions with modulatory NIBS effects. Sex-dependent
differences in cortical excitability and in response to dif-
ferent plasticity-inducing NIBS protocols may be related
to differences in brain anatomy and hormone levels (e.g.,
Kuo and others 2006). Such differences affect cognitive
performance. For example, previous work reported sex
differences in response to prefrontal tDCS in verbal
working memory, with female subjects demonstrating
behavioral improvements under right prefrontal stimula-
tion while male participants selectively benefited from
left hemispheric tDCS (Meiron and Lavidor 2013). This
double dissociation emphasizes the impact of sex differ-
ences in cerebral lateralization on the individual respon-
siveness to NIBS. While numerous previous findings
point toward sex differences in response to NIBS with
females being often somewhat more responsive (Ridding
and Ziemann 2010), their impact is rarely investigated in
cognitive NIBS studies.

Genetic factors have been associated with differences
in response to NIBS protocols. Genetic polymorphisms
of neurotrophins significantly influence the induction of
plasticity by NIBS over the motor cortex (Ridding and
Ziemann 2010). For example, carriers of common single-
nucleotide polymorphisms in the brain-derived neuro-
trophic factor gene do not show the expected depression
of motor cortical excitability after cTBS (e.g., Cheeran
and others 2008). Brain-derived neurotrophic factor mod-
ulates glutamatergic transmission in the striatum and is
associated with several cognitive processes, including
learning, memory, and reward processing. With respect to
the impact of genetic polymorphisms on NIBS effects in
cognitive studies, it was suggested that the individual
genetic profile may also modulate behavioral effects of
plasticity-inducing NIBS protocols (Wiegand and others
2016). Considering individual differences in genetic pat-
terns may help to increase the behavioral efficiency of
different NIBS approaches.

Another important modulatory factor for the individ-
ual responsiveness to NIBS protocols is age. Aging is
generally associated with impairments in learning and
memory as well as executive functions. Such changes
may be related to an overall altered capacity for synaptic
plasticity. Indeed, some studies indicate that the capacity
for NIBS-induced plasticity decreases with age (see
Perceval and others 2016 for review), and the response to
neurostimulation is more variable in the aging brain.
Likewise, older participants often show higher resting
motor thresholds, reflecting a general hypoexcitability
(Bhandari and others 2016). Accordingly, tDCS mon-
tages, which usually improve performance in young par-
ticipants, did not significantly influence behavior or even
resulted in impairments in older adults in some previous

studies (Perceval and others 2016). Such changes likely
reflect alterations in brain function and structure, includ-
ing changes in activity patterns and cortical atrophy.
However, some studies show that older adults seem to
profit equally or even stronger than young participants
from certain plasticity-inducing NIBS protocols (e.g.,
Meinzer and others 2013). These effects likely reflect dif-
ferences in baseline performance, with older subjects
benefiting more due to an overall lower performance
level while younger subjects may perform closer to ceil-
ing. Accordingly, some of the neural changes associated
with aging may entail the potential for greater effect sizes
of NIBS protocols in older adults because the aging brain
may perform further away from a homeostatic optimum
(Habich and others 2020). Indeed, Meinzer and others
(2013) demonstrated that a single session of anodal tDCS
over the left prefrontal cortex improved performance in a
word generation task in older subjects to the level of a
young control group. Moreover, behavioral improve-
ments were associated with reduced bilateral hyperactiv-
ity during fMRI and a normalization of network
interactions toward a more “youth-like” pattern at rest.

Such age-related differences in response to plasticity-
inducing NIBS protocols are particularly relevant for
interventions against age-related cognitive decline.
However, one challenge when planning NIBS applica-
tions in older participants is to identify whether age-
related changes in task-related activity and connectivity
patterns reflect compensatory reorganization or general
dedifferentiation due to aging. Perturbation approaches
may help to disentangle such mechanisms at the behav-
ioral level.

A Framework for State-Dependent
NIBS Effects

As outlined in the previous sections, many variables
influence and mediate the impact of brain stimulation on
motor excitability and cognitive performance. How can
one bring these together in a common framework? We
propose that to develop such a framework, one requires a
conceptualization of brain stimulation effects as an inter-
action between an external stimulus and ongoing brain
activity. The neural and behavioral outcome depends on
the strength of the stimulus and the susceptibility of the
brain to be activated by it—in other words, neural excit-
ability. When we look at the wide range of variables listed
earlier, all of them can be reduced to an increase or
decrease of neural excitability (i.e., the ability of a neuron
to be activated) or the strength of the external stimulus
(i.e., the intensity of brain stimulation).

A particular reason why it is so important to consider
NIBS effects as an interaction between internal and exter-
nal factors is the nonlinear nature of their interaction.
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Figure 5. A model for state dependency in noninvasive
brain stimulation studies. Noninvasive brain stimulation

has distinct ranges of behavioral/neural facilitation as a
function of the strength of the applied current, illustrated for
transcranial magnetic stimulation. These ranges are shifted

by changes in neural excitability. Consequently, at a given
transcranial magnetic stimulation intensity, either facilitation
or impairment can be obtained, depending on current neural
excitability level. Adapted from Silvanto and Cattaneo (2017).

Changes in intensity, task difficulty, or state of adapta-
tion can turn a disruptive effect of brain stimulation into
facilitation. Nonlinearites have also been observed in
the neural effects of TMS in single-cell recordings. As
discussed earlier, low-intensity TMS can induce a facili-
tation in early visually induced neural firing, which
turns into a suppression of neuronal activity at high
TMS intensities (Moliadze and others 2003). To explain
the nonlinear interactions between stimulation intensity
and neural excitability, Silvanto and Cattanco (2017)
proposed a model in which the combination of stimula-
tion strength and neural excitability determines whether
behavioral responses are facilitated or impaired. This
model is shown in Figure 5. It is based on the idea that
there are specific intensity ranges at which TMS either
enhances or inhibits neural activity and behavior. The
key issue is that these ranges are shifted by changes in
neuronal excitability. As illustrated on the right side of
the model, a consequence of excitability reduction
induced by adaptation is the shift of facilitatory-inhibi-
tory ranges toward higher-stimulation intensities. If
excitability is increased by engagement of attention,
lower intensities are needed to obtain similar effects
than is the case at “baseline.” The outcome is that a
TMS intensity, which at “baseline” facilitates behavior,
can have a disruptive effect when excitability has been
increased. This occurs because the shift in the facilita-
tory-inhibitory range modulates whether a given TMS
intensity is facilitatory or suppressive.

We argue that this model can be generalized to other
NIBS protocols as the underlying mechanisms reflect
general interactions between the current brain state and
the modulatory input of a given NIBS protocol. While
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Figure 6. Different factors that influence the impact of
noninvasive brain stimulation on task performance. Internal
factors are illustrated in red and external factors in blue.
These factors strongly interact and influence each other

and the outcome of a given noninvasive brain stimulation
protocol, which may result in inhibition or facilitation of task
performance. lllustrated for transcranial magnetic stimulation.

intensity is usually kept constant in transcranial electrical
stimulation studies, some previous work points to nonlin-
earities in response to different tDCS and tACS intensi-
ties (Moliadze and others 2012) and a strong interaction
with the current cognitive task (Antal and others 2007).
Moreover, as outlined earlier, other external factors such
as stimulation frequency and stimulation duration have
been demonstrated to interact with internal factors and
are thus crucial for the observed outcome (Fig. 6).
However, research on brain state—dependent NIBS effects
is still at its infancy, and it is too early to make strong
predictions regarding the exact outcome of such interac-
tions in different experimental settings.

Conclusions and Future Directions

NIBS protocols are powerful tools for the modulation of
motor and cognitive functions in the human brain. As out-
lined in this review, the impact of a specific protocol
strongly depends on the complex interaction of internal
factors (e.g., brain state, age, sex, attention, and fatigue)
and external factors (e.g., stimulation intensity, duration,
and frequency), which often results in unexpected find-
ings or null effects. Considering such interactions may
explain effects that have been traditionally considered
paradoxical, such as unexpected facilitation of behavioral
responses. Future studies in large cohorts are required to
explore the impact of such interactions and identify those
factors that contribute to the strong interindividual vari-
ability in motor and cognitive tasks. We note that our con-
clusions are limited because we did not perform a
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systematic review of all NIBS studies on cognition that
support our conceptualization of NIBS effects as an inter-
action between external and internal factors. While a sys-
tematic review was beyond the scope of our article, a
future study would benefit from such an approach to illus-
trate the influence of these factors on the outcome of NIBS
effects. Our framework currently lacks precision because
there are no ways to measure cortical excitability validly
and objectively outside the motor cortex in the human
brain. However, this does not preclude a systematic inves-
tigation of the impact of different stimulation intensities or
different brain states on the observed outcome. The dis-
cussed examples suggest that this would be a crucial next
step for the implementation of our framework. For exam-
ple, future studies could vary task load and stimulation
intensity for standardized cognitive tasks and test the
impact of such modulations at the outcome level.

Importantly, brain state—dependent effects should not
only be considered at the behavioral level but also the
neural network level. The notion that a given NIBS pro-
tocol will have its strongest impact at the stimulated
area appears to be too simple because strong remote
effects in distant connected areas have been demon-
strated already for single-pulse TMS (e.g., Bestmann
and others 2003) and the behavioral relevance of remote
effects has been shown for different cognitive processes
(e.g., Hartwigsen and others 2017). The combination of
NIBS with different neuroimaging and electrophysio-
logic techniques can provide insight into such effects
beyond the behavioral level.

Additionally, directly comparing the impact of NIBS
on different brain states, such as rest and task, at the neu-
ral level can provide insight into state-dependent effects
at the network level. Indeed, it has been suggested that
stimulation-induced modulation of network activity may
be different for task and rest states, as reflected in the
modulation of different large-scale networks during
either state (Li and others 2019). Future approaches may
consider individual response patterns during different
brain states and relate individual response profiles at rest
to the modulation of task-related activity and connectiv-
ity. Such approaches could help to identify responders
and individual-specific response profiles.

Statistical models that may be used to infer different
states in a system may help to better characterize network
effects and interindividual variability in response to dif-
ferent NIBS protocols. First applications suggest that
only few spontaneous brain states may be susceptible to
tACS-induced modulation (Kasten and Herrmann 2020).
Identifying such brain states may increase the current
understanding of stimulation effects and may, in the long
run, contribute to increasing the stimulation efficiency.

Another way forward will include more precise and
realistic modeling of the induced electrical field of

different NIBS protocols to increase the reliability and
reduce the variability observed in neurostimulation stud-
ies. Recent advances in biophysical modeling have con-
siderably improved the localization of the cortical area
effectively stimulated by NIBS (e.g., Saturnino, Madsen,
and others 2019; Weise and others 2019). Such approaches
should be transferred from the motor cortex to other areas
and cognitive domains in future studies. Electrical field
simulations have also been used to predict intersubject
variability after NIBS at the electrophysiologic level. For
example, a recent study showed that the variability in
response to tACS-induced power increases in the alpha
band could be predicted by the variability of the individ-
ual electrical field induced by the stimulation (Kasten and
others 2019). This example illustrates the relevance of
individualizing stimulation parameters to optimize tar-
geting and dosing of a given NIBS protocol. Optimized
targeting is particularly relevant when studying cognitive
functions where no direct output can be induced by the
stimulation, precluding functional localization. A priori
modeling of the induced electrical field at the individual
subject level may help to individually guide coil and elec-
trode placement and calibrate the stimulation intensity to
a level that may be optimal to modulate task performance.
Yet, so far, electric field modeling is not a standard proce-
dure in NIBS studies and is, if at all, mainly performed
post hoc to localize stimulation effects. Indeed, first post
hoc computational simulations of the TMS-induced cur-
rent flow in cognitive studies have revealed that stronger
stimulation of the target area was associated with stronger
behavioral impairments in a language task (Kuhnke and
others 2020). As a next step, a priori simulations outside
the motor cortex would be needed to optimize target
localization and dosing. However, dose optimization is
tricky because the excitability of areas outside the motor
cortex is not known. As a first approximation, it may be
helpful to optimize these parameters based on the stimu-
lation intensities in the motor cortex and then systemati-
cally test the impact of different intensities for specific
target areas and cognitive domains.

Finally, brain state—dependent stimulation effects
should be considered for altered brain states—that is, in
lesioned and diseased brains. Considering the interaction
between internal and external factors may help to advance
treatment of network disorders with different NIBS pro-
tocols and may be particularly helpful for explaining the
strong variability in the observed effects. Such consider-
ations are important steps toward more effective individ-
ualized treatment with NIBS.
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