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Abstract
Noninvasive brain stimulation is attracting substantial attention due to its potential for safe
and effective modulation of brain network dynamics. Promising applications include cognitive
enhancement and treatment of disorders of the central nervous system. Recently, targeting of
cortical oscillations by brain stimulation with periodic electromagnetic waveforms has
emerged as a particularly appealing approach for understanding the causal role of cortical
oscillations in human cognition and behavior. Two main approaches exist: repetitive transcranial magnetic stimulation (rTMS) and transcranial alternating current stimulation (tACS);
rTMS is more widely used as a research and clinical tool but only recently has it been suggested to selectively engage frequency-matched cortical oscillations. In contrast, tACS is
an offspring of transcranial direct current stimulation and has been introduced with the specific
aim of engaging cortical oscillations. One of the main lessons that the field of noninvasive
brain stimulation has learned over the last few years is that without a mechanistic understanding of how stimulation engages neuronal circuits, little progress can be made toward the
rational design of individualized, adaptive stimulation treatments. Computer simulations of
cellular and network models from the field of computational neuroscience are a key tool to
gain such a mechanistic understanding. However, the insights gained from such modeling
strategies can only be fully leveraged when used in tight conjunction with experimental
approaches in both human and animal model studies. Here, I provide an in-depth review of
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the pioneering experimental and computational studies that together provide the basis for understanding how periodic noninvasive brain stimulation targets cortical oscillations to enable
the rational design of brain stimulation treatments for disorders associated with specific deficits in cortical oscillations.
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1 INTRODUCTION
Rhythmic patterns are a common finding in electrophysiological recordings of cortical network activity (Berger, 1929). Although many questions about the functional
role of cortical oscillations remain open, there is a growing consensus that oscillations are an organizing principle by which neurons and network of neurons communicate and thereby enable cognition and behavior (Buzsáki, 2006; Wang, 2010). For
example, classical experiments in animal models demonstrated that activity in visual
cortex is organized by oscillations in the gamma (>30 Hz) frequency band (Gray and
Singer, 1989). In addition to changes in oscillation power in a given frequency band,
findings of frequency-specific coherence between cortical areas as a function of behavioral demands, such as attention, provide further evidence for the possible role of
oscillations and functional connectivity in specific frequency bands (Buschman and
Miller, 2007). Yet, most studies that conclude that cortical oscillations play a functional role only provide evidence at the level of correlations; specific task conditions
recruit a certain oscillation (pattern) or the trial-to-trial variability of task performance correlates with trial-to-trial fluctuation of a certain oscillatory activity pattern.
As promising and important as these findings are, the lack of a causal demonstration
based on a perturbation, which directly and specifically modulates the observed oscillatory activity pattern and thereby the associated cognitive function, is a justified
concern.
Over the last decade, direct experimental modulation of brain oscillations has
emerged as a promising method for such study of the functional role of specific oscillatory activity patterns in cortex. This development was precipitated by several
independent technological advances that benefitted both human and animal model
studies. Of note, noninvasive brain stimulation with periodic electromagnetic waveforms has become readily available for use in humans: Repetitive transcranial magnetic stimulation (rTMS) applies a periodic train of stimulation pulses and was
developed with the goal of generating lasting, therapeutic effects (George et al.,
1995; Pascual-Leone et al., 1994, 1996). However, recent work has demonstrated
that such periodic stimulation can also be used to modulate ongoing cortical oscillations (Johnson et al., 2010; Romei et al., 2010, 2012; Thut et al., 2011a,b).

1 Introduction

In contrast, transcranial alternating current stimulation (tACS) has been developed with the goal of having a safe and effective technique to manipulate specific
oscillation patterns and to elucidate their underlying functional role in more detail
(Antal et al., 2008). tACS applies a weak sine-wave electric current to the scalp
through two or more electrodes (Fr€
ohlich, 2014; Herrmann et al., 2013). Similar
to the more studied transcranial direct current stimulation (tDCS), these currents generate a weak electric field that reaches the brain as determined by the electric properties of the head which can be captured in sophisticated computational modeling
(Bikson et al., 2012). Both stimulation modalities, rTMS and tACS, therefore provide tools to potentially modulate cortical oscillations in a safe and noninvasive way.
However, two fundamental questions have remained: What is the effect of periodic stimulation on neuronal oscillations? What is the impact on neural information
processing and ultimately behavior? Most studies have relied on the simple assumption that the stimulation frequency applied is the frequency that will be induced or
enhanced in the network. This approach rests on an implicit assumption about the
linearity of the stimulated system; in a linear system, the output assumes the same
frequency as the input (with possibly altered amplitude and phase). Despite the vast
success of such linear systems theory in engineering, there is little reason to assume
that the interaction of periodic stimulation with endogenous cortical network dynamics follows the same rules. Indeed, even the basic mechanism that determines if a cell
fires an action potential or not in response to an input is highly nonlinear (Hodgkin
and Huxley, 1952).
Here, I will focus on the interaction between periodic brain stimulation and network dynamics. First, I will summarize the most important qualitative principles
from systems theory about “periodic forcing”; not only does this provide us with
a well-defined vocabulary, but it also delimits the types of dynamic interaction principles that have been studied in other fields and can ideally be applied to the field of
periodic brain stimulation without reinventing the wheel. Second, I review the experimental work that provides clues to the principles that may govern the interaction
of oscillations and periodic stimulation; these studies provide important insights to
be included in mathematical models. Third, and lastly, I discuss if and how computer
simulation of neuronal networks can provide extra insight into how periodic stimulation interacts with cortical networks. The goal of this review is to bring together
relatively disjoint scientific communities and provide a framework for future research that will enable the rational design of brain stimulation patterns to modulate
cortical oscillations (Fr€
ohlich, 2014; Fr€
ohlich and Schmidt, 2013). Once the circuitlevel engagement of neuronal dynamics by periodic brain stimulation is understood,
these strategies can then be applied for the study of behavioral outcomes by optimally targeting specific oscillatory brain dynamics. Ultimately, such an approach
may enable future clinical applications in terms of novel therapeutics for neuropsychiatric illnesses that are characterized by specific deficits in meso- and macroscale
oscillatory activity patterns in cortex (Uhlhaas and Singer, 2012). However, it is currently unclear if stimulation paradigms that work in the healthy brain to sculpt a specific network rhythm will also work in the diseased brain. Without the kind of
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mechanism-driven approach reviewed and discussed here, this fundamental question
will remain unanswered and therefore an opportunity of tremendous clinical relevance potentially wasted.

2 DYNAMIC SYSTEMS THEORY: PERIODIC FORCING OF
OSCILLATORS
Dynamic systems theory studies the behavior of systems that exhibit internal states
that evolve over time (i.e., internal dynamics) and how these systems interact with
exogenously applied input (often referred to as perturbations). The main language
used is differential equations that describe the evolution of a system by formalizing
how the state variables that describe the system change over time as a function of the
internal state and external input. Here, we limit ourselves to a qualitative introduction
and closely follow the excellent approach by Pikovsky et al. (2001) to provide the
fundamental vocabulary and concepts needed to then discuss the behavior of brains
in both experiments and computational simulation.
An oscillator is a system that generates a rhythmic activity pattern fueled by an
internal energy source. Importantly, the periodic motion of the oscillator is not simply the reflection of a periodic input since an oscillator is self-sustained. Oscillators
have an oscillation period T and the associated frequency f ¼ 1/T. The natural frequency denotes the oscillation frequency of an oscillator in the absence of external
input or perturbations. Synchronization can be defined as the change in rhythmic activity induced by interaction of an oscillator with another oscillating system (e.g.,
two oscillators, or an oscillator and external periodic stimulation). Phase locking
or entrainment denotes the behavior of two interacting oscillators that exhibit a
(near) constant phase offset (technically, 1:1 locking). In the context of this review,
synchronization of an oscillator by an external force is the key concept for which
dynamic systems theory provides important guidance for the mechanistic study
of brain stimulation for the perturbation of rhythms. In its most simple form,
both the oscillator and the periodic force can be described by a sinusoidal oscillation.
The frequency of the oscillator and the periodic force do not always match, and
the difference between the frequency of the oscillator ( f0, natural frequency)
and the frequency of the periodic input f is called detuning, f–f0. The response
of an oscillator to a periodic force then is typically described as a function of
the detuning and the strength of the perturbation, often denoted as an amplitude E.
For a given (weak) strength of the periodic perturbation, two distinct behaviors
can emerge as a function of the amount of detuning (Fig. 1). The force by the external
perturbation tries to get the system to synchronize to the driving oscillator such that
the difference in the phase between the oscillator and the perturbation is stable and
the phase of the oscillator locked. In contrast, the mismatch in frequency between the
oscillator and the periodic perturbation (i.e., the detuning) pushes the phase of the
two oscillators apart. At some point during an oscillation cycle, the perturbation
force acts in the opposite direction of the push by the detuning and—when in
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FIGURE 1
Synchronization of oscillators by external weak periodic perturbations. (A) In case of the
stimulation frequency matched to the natural (endogenous) frequency, the applied
perturbations alter the phase of the oscillation as a function of when the perturbation is
applied. As a result, the phase converges to a stable value (pink, gray in the print version) after
a series of phase advances (blue, dark gray in the print version) or phase delays (yellow (light
gray in the print version), green (black in the print version)). (B) In case of a difference
between natural and applied frequency (i.e., detuning), a rotational force (orange, light gray in
(Continued)
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balance—synchronization (entrainment) occurs such that the oscillation frequency
of the driven oscillator matches the stimulation frequency (synchronization). In
case of large detuning, the periodic force is not strong enough to counteract the
divergence of phase caused by detuning. Thus, the force is not strong enough to
enable synchronization and the resulting frequency of the system will be somewhere
between the natural and stimulation frequencies. However, the resulting dynamics
are more complicated since there is acceleration and deceleration; the oscillator
slows down in the region where the perturbation force and the detuning are closest
to canceling each other out and accelerates when in the region where the force and
the detuning are additive.
Of importance, this model assumes that perturbations only alter phase and do not
significantly alter the amplitude of the oscillator. In other words, the amplitude is
fixed (stable) and phase is (in the absence of an external perturbation) a free parameter. Also, the above reasoning applies to linear or “quasilinear” oscillators. Strongly
nonlinear oscillators exhibit no circular limit cycles, and the phase progresses at a
nonuniform rate.
Periodic external perturbation can often be conceptualized as a series of pulses.
Importantly, the same pulse can cause either a phase advance or a phase delay
depending on when it is applied. The larger the perturbation amplitude, the larger
the resulting phase change. Therefore, if pulses are applied such that they counteract
the phase difference that results from the detuning, the two systems can synchronize
at the frequency of the stimulation. The above introduced effects of stimulation amplitude and frequency lead to so-called Arnold tongues that describe the set of parameters that lead to synchronization (Fig. 1C). This parameter set can be
visualized as an area in a plot which exhibits stimulation frequency on the abscissa
and stimulation amplitude on the ordinate. The larger the stimulation amplitude, the
broader the range of stimulation frequencies at which the oscillator entrains to the
stimulation; thus, the area takes the shape of an inverted triangle (hence the name
“tongue”).
In the following sections, I will review human, animal model, and computer
simulation studies and discuss the findings in the context of the synchronization
mechanism described here. Schematic representations for the in-depth discussed
studies are presented in Figs. 2–4. Most findings fit the Arnold’s tongue

FIGURE 1—Cont’d the print version) is added to the model in (A). For sufficiently small
detuning, the phase shift induced by the perturbation can cancel the phase shift induced by
the detuning and a new stable phase emerges (synchronization). In the example shown, the
phase denoted with a green (black in the print version) star is now stable. If the detuning is
sufficiently strong (and the perturbation relatively weak), the two forces cannot compensate
for each other and no successful entrainment occurs. (C) Schematic representation of the
relationship between the stimulation (relative to the natural) frequency, the stimulation
(perturbation) amplitude, and the occurrence of synchronization (Arnold tongue). See
Pikovsky et al. (2001) for more details.
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FIGURE 2
(A–F) Schematic representation of human studies on perturbing cortical oscillations with
noninvasive brain stimulation. The stylized ink blot highlights discrepancies with a simple
entrainment model. Stars indicate the stimulation parameters studied. IAF, individual alpha
frequency; ISF, individual stimulation frequency.

conceptualization. However, as we will see, (1) most experimental studies (for practical reasons) do not provide sufficient parameterization and (2) several findings
likely require more sophisticated and less intuitive models (denoted as thoughtprovoking ink blots in Figs. 2–4).

3 MODULATION OF CORTICAL OSCILLATIONS IN HUMANS
3.1 TRANSCRANIAL MAGNETIC STIMULATION
The original motivation for the application of series of TMS pulses (rTMS) was to
enhance the effect size and in particular the duration of the behavioral response induced by stimulation. The question then arose if the temporal patterning, in particular
the stimulation frequency, has an impact on endogenous (cortical) oscillations. First,
a set of initial observations in motor cortex suggested that the choice of stimulation
frequency (1, 5, or 20 Hz) made little difference and all stimulation frequencies enhanced oscillations in motor cortex in both the alpha and beta band, typically defined
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FIGURE 3
(A–G) Schematic representation of animal model studies on perturbing cortical oscillations
with noninvasive brain stimulation. The stylized ink blot highlights discrepancies with a simple
entrainment model.

as 8–12 and 12–30 Hz, respectively (Brignani et al., 2008; Fuggetta et al., 2008).
This was interpreted as an inability of TMS to drive a specific oscillation due to
the lack of frequency specificity of the stimulation. Nevertheless, these studies provided the basis for thinking about rTMS in terms of its effect on cortical oscillations
instead of purely in terms of “facilitatory/inhibitory” changes with regard to motor
cortex excitability. This development cross-fertilized with stimulation studies that
demonstrated frequency-specific effects of rTMS that made intuitive sense since
the stimulation frequencies with positive behavioral outcomes were then ones that
matched the presumed underlying endogenous network oscillation frequency
(Klimesch et al., 2003; Romei et al., 2010, 2012; Sauseng et al., 2009). Also, single
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FIGURE 4
(A–D) Schematic representation of computer simulation studies on perturbing cortical
oscillations with noninvasive brain stimulation. The stylized ink blot highlights discrepancies
with a simple entrainment model.

TMS pulses were shown to trigger transient oscillations at different frequencies as a
function of cortical location (Rosanova et al., 2009), suggesting endogenous frequency tuning of thalamocortical networks. However, the direct demonstration of
frequency-specific modulation of network dynamics with periodic stimulation
was missing in these studies. A subsequent study then examined the effect of a brief
TMS pulse train (five stimuli) on oscillatory activity (Thut et al., 2011b). In this carefully controlled study, enhancement of alpha oscillations was demonstrated. Several
key aspects of the study design are noteworthy. First, the stimulation frequency and
the stimulation location were matched to the endogenous alpha oscillation (Fig. 2A).
The stimulation frequency was adjusted to the peak alpha frequency (to minimize
detuning), and the stimulation location was matched to the parietal alpha source
detected by MEG during an attention task that modulates alpha oscillation. Modulation of the endogenous alpha oscillation was evidenced by (1) an increase in spectral power in comparison to control with topography matching the stimulation
location and (2) an increase in inter-trial phase coherence during the second half
of the stimulation window. The authors refer to the effect as entrainment of endogenous oscillators since (1) the effect gradually increased during stimulation and (2)
the phase before onset of stimulation dictated the amount of intertrial phase coherence in the later part of the stimulation window. Of note, this study did not provide
insight into the implications of matching the stimulation frequency to the endogenous frequency since only a single stimulation frequency was used. Also, given
the lack of outlasting responses after completion of the stimulation train, artifacts
could theoretically still be contaminating the data collected during stimulation
(despite the comprehensive efforts undertaken). Of note, not all studies have found
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such an effect of 10 Hz rTMS on alpha oscillations (Johnson et al., 2010). Entrainment has been recently reviewed in detail elsewhere (Thut et al., 2011a), and I here
only recapitulate the major properties of entrainment by periodic stimulation: (1)
presence of neural oscillator, (2) periodic input, (3) synchronization, i.e., phase alignment of periodic perturbation and neural oscillator, and (4) direct interaction between
periodic force and neural oscillatory. Of note, entrainment is defined as phase alignment of intrinsic neuronal oscillators. Phase is a free parameter of self-sustained systems and therefore once such an oscillator has an adjusted phase (through)
stimulation, it is not expected to revert back to the prestimulation phase. Of course
over time, in the presence of noise, phase will exhibit increasing variability after offset of stimulation.

3.2 TRANSCRANIAL ALTERNATING CURRENT STIMULATION
The advent (or to be more precise, revival) of noninvasive brain stimulation with
weak electric currents (Nitsche and Paulus, 2000) has recently given rise to a research direction that uses sine-wave electric current with the goal of modulating endogenous brain oscillations (Antal et al., 2001). This stimulation technique is derived
from tDCS and is accordingly named tACS. The typical use of tACS in research studies is to identify a cortical oscillation pattern associated with a specific aspect of cognition or brain function and then to apply frequency-matched stimulation with
concurrent assessment of changes in the targeted behavior. Several intuitive and
quite promising successes have been achieved by using this strategy (reviewed in
Fr€
ohlich et al., 2015); however, very little is known about how stimulation modulates
neuronal activity (that in turn guides behavior). This missing knowledge is the main
gap preventing the use of rational design for the development of targeted and effective paradigms for modulating cognition, and ideally in the future, treatment of psychiatric illnesses associated with pathologically altered neuronal oscillations.
Importantly, knowing how to selectively target and modulate specific brain activity
patterns is insufficient, but provides the starting point to study the causal relationship
between these activity patterns and behavior.
In this section, I will review the few but important human studies that have combined tACS with neurophysiological measures of network dynamics, in particular
EEG. In subsequent sections below, I will then turn to animal experiments and computational models that have attempted to explain the mechanisms by which tACS
modulates cortical oscillations.
The first study that showed a clear modulation of a cortical oscillation with pure
tACS—in contrast to tDCS with a periodic pattern added to the waveform (not discussed here but see Marshall et al., 2006)—targeted alpha oscillations by stimulating
at the individual alpha frequency (Zaehle et al., 2010). Therefore, this study (Fig. 2C)
was based on the assumption that matching the stimulation frequency to the targeted
frequency (i.e., zero detuning) is important, although stimulation at mismatched frequencies was not studied and therefore no conclusions about the role of detuning can
be drawn. Stimulation was applied at an individualized amplitude below threshold
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for conscious detection of stimulation (for example by skin sensation or phosphene
induction). In contrast to the sham group that did not show an increase in individualized alpha power, the verum group displayed a 14% enhancement. Since there was
no stimulation at other frequencies, it cannot be excluded that this effect was due to a
nonspecific electric effect that changes vigilance and thereby modulates alpha oscillations that closely track levels of vigilance. No behavioral performance metrics for
the vigilance task used during stimulation were reported. Of importance in the framework of this review, this study employed frequency-matched, low-amplitude stimulation and demonstrated outlasting effects (on the timescale of minutes) that
appeared to be specific to the alpha frequency band. The relative strength of the alpha
oscillation at stimulation onset is unclear but is likely low given the engagement of
the participant in a visual vigilance task. In a follow-up study (Neuling et al., 2013), a
similar protocol was used on two different groups, one received stimulation with
eyes open and one with eyes closed. These two states are associated with low and
high levels of alpha power, respectively (Berger, 1929). Interestingly, only the group
that received stimulation with eyes open exhibited an increase in individual alpha
power and not the group that received stimulation with eyes closed (Fig. 2D). In
the eyes open group, stimulation effects (in comparison to sham stimulation) were
found for the entire 30 min of EEG data collected after stimulation. This study demonstrated that the state of the endogenous network (in terms of the targeted alpha
oscillations) shaped the outcome of stimulation. As in the previous study, the questions of effects during stimulation (would require online monitoring) and of the effect
of other stimulation frequencies and amplitudes remained unaddressed. In the most
recent follow-up study, the same group pioneered an algorithm to remove the stimulation artifact from the EEG during stimulation (Helfrich et al., 2014b). Again, a
behavioral task was included, specifically a visual oddball task. Stimulation amplitude was not individually titrated and the stimulation frequency was uniformly set to
10 Hz instead of the individual alpha frequency (IAF) used in the previous studies.
The authors found a significant enhancement of alpha activity both during and
after verum stimulation. Behavioral performance was stimulation phase dependent.
However, the mismatch between stimulation frequency and endogenous IAF did
not correlate with the percent enhancement of alpha power. These results thus
suggest that matching the IAF with the stimulation frequency may not be required.
Rather, across participants the variance of the peak frequency during stimulation was
significantly lower for the verum versus the sham group, indicating that across all
participants, the alpha generators shifted their frequency toward 10 Hz. Both
phase-locking of the stimulation waveform and the recorded (posterior) EEG and
intertrial phase coherence were selectively enhanced in the alpha frequency band.
Together, these studies provide important insights into how tACS can modulate
alpha oscillations. However, the mechanistic basis of the interaction between the
applied stimulation and the neuronal generators of the oscillation remains unclear.
To summarize, the key insights that appear to be central for subsequent mechanistic
studies are (1) the state-dependent effect of stimulation (endogenous oscillation
strength gates modulation by tACS) and (2) the shift in oscillation frequency toward
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stimulation frequency with little relevance of endogenous peak frequency (Fig. 2E).
Fundamentally, however, the mechanisms by which the stimulation altered the alpha
network dynamics remain unclear. In particular, effects during and immediately after
stimulation may arise from two different (possibly interrelated) mechanisms. To
probe if phase entrainment mediates outlasting effects, Vossen and colleagues applied brief bursts of tACS at the individual alpha frequency (Vossen et al., 2014) with
the breaks in between stimulation bursts that were of equal length as the stimulation
bursts. Most aspects of the overall experimental design followed the above discussed
studies. Four different conditions were studied with a within subject design: sham,
3 s bursts, 8 s bursts in-phase, and 8 s bursts phase scrambled. In essence, for the
in-phase condition, the entire stimulation waveform was continuous with the stimulation amplitudes in the breaks between burst set to zero. In contrast, for the 8 s
phase-scrambled condition, each burst started at one of four random phases such that
the overall signal exhibited phase jumps at stimulation onset. Stimulation with
phase-aligned bursts was hypothesized to lead to more pronounced enhancement
than stimulation with the phase-scrambled waveform; however, no difference was
found. The authors interpreted their finding as an indication for the absence of stable
entrainment after stimulation. Importantly, the authors found that their stimulation
frequency was not always matched to the endogenous peak frequency on a given
day (despite their attempt to match it based on the first session). In fact, outlasting
enhancement was only detectable at the individual alpha frequency, suggesting that
the stimulation enhanced the endogenous alpha oscillation without entrainment to
the stimulation. Of note, most participants exhibited an IAF higher than the individual alpha stimulation frequency chosen from the initial baseline screen. Although
differences in the stimulation paradigm do not allow a direct comparison to the studies that used continuous stimulation, it is nevertheless remarkable that in this study
the endogenous frequency dominated and enhancing activity at the stimulation frequency failed (in terms of outlasting effects). Clearly, these dynamics fail to fit the
dynamic system framework since no phase entrainment yet an enhancement of the
endogenous dynamics was found (Fig. 2F).
In summary, tACS with stimulation frequencies in the alpha band appears to quite
robustly enhance alpha oscillations in comparison to sham stimulation. The proposed
mechanism, in particular in terms of the importance of the endogenous frequency
relative to the stimulation frequency, remains unclear. Some studies propose that
the oscillation adjusts to the stimulation frequency (Helfrich et al., 2014b), whereas
one study shows that only the endogenous frequency is enhanced; however, targeting
the endogenous frequency appeared to be counterproductive (Vossen et al., 2014).
The main reason for these discrepancies is likely due to the fact that the field rests
on a very small number of studies and that there is a dearth of principled, computational models that transform speculations about underlying mechanisms into carefully tested hypotheses (Bestmann et al., 2015).
Furthermore, it is unclear how these effects translate to tACS at other stimulation
frequencies for targeting other types of cortical oscillations. A few recent studies
combined tACS with EEG to elucidate modulation of gamma oscillations (>30 Hz)

4 Modulation of oscillations in animal models

by tACS in the gamma-frequency band. In the first study (Helfrich et al., 2014a), interhemispheric gamma-frequency coherence was targeted with bilateral stimulation with
one condition applying the standard bihemispheric electrode location from previous
studies and one stimulation condition using a “high-definition” montage with
in-phase local stimulation of both hemispheres (see also Struber et al., 2014 for a
similar, earlier study by the same group). Indeed, in the in-phase condition, interhemispheric coherence was enhanced, with the most profound effects in the gammafrequency band. Gamma power per se was not increased. However, during stimulation,
the distribution of the phase of the EEG signal was less uniform during verum than
sham stimulation, a sign that the oscillation phase was entrained by the applied stimulation equally for the antiphase and the in-phase stimulation. Antiphase tACS of two
interconnected networks can lead to a whole host of different temporal interaction
dynamics between two cortical networks as shown in computational models
(Kutchko and Fr€
ohlich, 2013). So far, no link has been found to unify these human
and computational findings. Furthermore, 40 Hz tACS reduced alpha power. The
second study (Voss et al., 2014) showed increases in gamma oscillation power during
low-amplitude 40 Hz tACS during rapid eye movement (REM) sleep (to enhance lucid
dreaming). Of note, in the case of these two 40 Hz tACS studies that provide
simultaneously recorded EEG data, the stimulation artifact is removed with a simple
bandstop filter (of high order) centered on the stimulation frequency. Independent demonstration of successful and selective artifact removal is missing but urgently needed.
In summary, the above discussed human studies have quite convincingly
demonstrated that alpha and gamma oscillations can be targeted and enhanced by
tACS in humans. The overall small number of studies (that at least partially conflict
with each other) leaves many gaps in knowledge that need to be addressed. Perhaps
most importantly, that lack of parameterization in human studies leaves even the
most basic questions about to what extent tACS indeed induces phase synchronization and entrainment unanswered.

4 MODULATION OF OSCILLATIONS IN ANIMAL MODELS
The paucity of human studies that demonstrate objective changes to the targeted millisecond timescale dynamics measured by EEG is matched by a similar paucity of
experimental animal studies that elucidate the mechanisms by which tACS (or at
least sine-wave electric field stimulation) modulates endogenous network dynamics.
In principle, animal model systems provide many fundamental advantages but are
also accompanied by limitations that require explicit discussion. Most fundamentally, animal experiments, whether performed in the intact animal in vivo or in a
reduced in vitro brain slice preparation, offer the advantage of more detailed electrophysiological measurement that provides insights into micro- and mesoscale
dynamics in response to stimulation. Also, some of these measures, as discussed
below, provide easier and more convincing approaches for the removal of electric
stimulation artifacts.
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Electrophysiological recordings can be classified as either extracellular or intracellular measurements. Extracellular measurements detect changes in the electric
field that are caused by neuronal activity. Low-frequency signals are referred to
as the local field potential, LFP (or EEG if recorded from the skull/scalp), and are
likely dominated by changes in the electric field caused by synaptic current
(Buzsaki et al., 2012). In addition, individual action potentials are accompanied
by a brief, low-amplitude “extracellular spike” that can be detected after high-pass
filtering the recorded signal to eliminate the slower LFP signal. Extracellular measurements are relatively easy to achieve by inserting electrodes made of metal, silicon, or other suitable materials into the brain for signal collection with differential
amplification. In contrast, intracellular recordings require the targeted penetration of
the cell membrane with a glass micropipette (patch clamp or sharp microelectrode
techniques) and in return provide direct access to the electric state of a single neuron.
Out of all these strategies, recording of action potentials enables the straightforward
interpretation of tACS-induced modulation since the stimulation artifacts occur in a
different frequency band (for sine-wave periodic stimulation waveforms). For example, high-pass filtering of extracellular recordings, in particular for low-frequency
“tACS,” yields “clean” traces with no doubts about the neuronal original of the
recorded action potentials. Limitations of the in vivo approach focus on how the geometry of a much smaller animal head together with a different macroscopic brain
structure (e.g., lissencephalic brain in the typical lab rodents) translates to the human
application.
Simple questions such as what a good model for a tACS electrode with a
5 " 7 cm2 size would be for stimulation of a rat or another similarly small animal
model species have remained virtually nondiscussed and clearly need to be resolved.
Likely, the field could benefit from closer interaction with the TMS field where similar concerns arise; even with a smaller stimulation coil, animal TMS targets a relatively much larger cortical territory in a small mammal than in humans. Limitations
of the in vitro approach are centered on the fact that the application of a homogenous
electric field to a small, relatively deafferented network may be very different from
what happens during stimulation in the intact animal or human. In addition, most
slice preparations, in particular from neocortical tissue, exhibit much reduced activity levels and therefore significantly different dynamics than the intact brain. This is
of particular concern given the above discussed findings of potential state-dependent
effects of tACS, with vastly different effects of tACS as a function of the activity
pattern just before and during stimulation. With these limitations in mind, I will first
review the in vitro literature followed by the in vivo literature.

4.1 IN VITRO STUDIES
Originally, the interest in the effect of weak, sine-wave electric fields on neuronal
network activity was motivated by questions about the biosafety of power lines
and about possible mechanistic roles of endogenous electric fields. Application of
sine-wave electric fields built on a substantial literature on the effects of constant
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electric fields (not reviewed here). Deans et al. (2007) studied the net change in neuronal membrane voltage as a function of the frequency of the electric field (amplitudes from 0.5 to 16 V/m, lower end most applicable for understanding tACS) and
demonstrated an exponential decrease of the effect of stimulation on the membrane
voltage as a function of stimulation frequency, in agreement with the low-pass filtering properties of the passive cell membrane. The interaction between gamma oscillations in CA3 of hippocampal slices and weak sine-wave electric fields was
studied by activation of the slice with kainic acid. The endogenous oscillation typically peaked at around 30 Hz and the stimulation was applied at 50 Hz since the
study was motivated to understand the effect of line-frequency signals (in Europe).
Interestingly, the oscillation synchronized with the stimulation but at half the frequency, around 25 Hz. For lower amplitudes (up to 2 V/m, peak-to-peak), the oscillation frequency decreased to an intermediate value between the endogenous
frequency and half the stimulation frequency. The locking of the oscillation to the
applied electric field was determined by detecting individual peaks in the LFP trace,
a method that is associated with the potential concern that the recordings are contaminated by stimulation artifacts. No information on action potential firing is provided
in the study. Conceptually, these results fit the theoretical framework here (Fig. 3A)
in that during weaker stimulation, endogenous dynamics dominate while, during
stronger stimulation, entrainment occurs (albeit to a subharmonic).
Along similar lines, Fujisawa et al. (2004) used hippocampal slice cultures to
study the effect of a weak sine-wave electric fields (stimulation frequency: 40 Hz;
amplitude about 5 V/m) on evoked responses in the membrane voltage of CA3 pyramidal neurons triggered by stimulation of the stratum radiatum (in the presence of
picrotoxin). Evoked responses (synaptic potentials) exhibited a distinct peak as a
function of the stimulation frequency. Importantly, the peak enhancement was found
around 30 Hz, close to the gamma frequency elicited by carbachol application. These
results therefore demonstrate preferred enhancement for stimulation frequencies
matched to the endogenous gamma frequency in the circuit. Mismatching the stimulation frequency did not lead to an enhancement (Fig. 3B). Conceptually, these results agree with the Deans study; however, they look at two slightly different
dynamic systems phenomena. Deans and colleagues used a stimulation frequency
mismatched to the endogenous frequency and showed that enhancement occurred
at the endogenous frequency. In contrast, Fujisawa scanned a broad range of frequencies and found maximal enhancement for stimulation with minimal detuning (that
matches the natural frequency of the system).
Reato et al. (2010) followed up on these earlier studies on the modulation of hippocampal gamma oscillations in vitro. The authors combined computer simulations
(discussed below) and in vitro slice experiments to elucidate the underlying mechanisms. In their experimental work (Fig. 3C), they found that stimulation in the
gamma-frequency range caused appearance of subharmonic peaks (at half the stimulation frequency) as a function of the strength of the applied field. Data from two
slices are shown where spike timing is phase-locked to the applied stimulation for
stimulation frequencies closely matched to the endogenous network frequency for
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low-amplitude stimulation (<1 V/m). Whereas the detection of subharmonics was
based on the recorded LFP (after subtraction of a sine-wave for artifact correction),
the phase entrainment of the spiking was determined by gold-standard intracellular
recordings. However, no systematic variation of the stimulation frequency around
the endogenous oscillation frequency was tested. Furthermore, the pronounced occurrence of subharmonics may have been partially caused by overly aggressive removal of stimulation artifact at the stimulation frequency.
A second set of in vitro studies focused on modulating lower-frequency oscillations such as the so-called “slow oscillation” that is associated with slow-wave sleep
(Steriade et al., 1993). Focus on these slow rhythms had been motivated by (1) the
relatively pronounced endogenous electric field during slow-wave sleep and anesthesia, (2) results from one group that periodically patterned transcranial current
stimulation (together with a DC offset) enhanced low-frequency oscillations measured by EEG and sleep spindles (Marshall et al., 2006), leading to enhanced
memory consolidation in a declarative memory task, and lastly (3) the ability to generate in vivo-like oscillations by choice of recording conditions (Sanchez-Vives and
McCormick, 2000) or through optogenetic activation of Layer V pyramidal cells
(Fr€
ohlich and Schmidt, 2013). The first study (Fr€
ohlich and McCormick, 2010)
showed entrainment at all frequencies tested for 4 V/m field strength and demonstrated (1) lack of susceptibility to detuning and (2) the phase as a stable attractor.
In contrast, enhancement of the oscillation was reduced as a function of detuning for
the weak field strength 2 V/m (Fig. 3D). Of note, the average oscillation frequency
was quite low in the slice preparation used and there exists no obvious way to adjust
the endogenous dynamics in this preparation. In a later study, targeted optogenetic
stimulation of layer V pyramidal cells was used to induce in vivo-like slow oscillations (optogenetic stimulation at 1 Hz) (Schmidt et al., 2014). This preparation
allowed to adjust the “strength” of the endogenous oscillation (i.e., change the properties of the “oscillator”) and thereby provided a new, different perspective on
the effects of sine-wave electric field application. The pronounced “endogenous”
oscillations only showed enhancement at 1 Hz, for all stimulation frequencies tested
(0.8, 1.0, 1.2, and 2.0 Hz). However, in the case of reduced light stimulation (less
pronounced “endogenous oscillation”), electric field stimulation enhanced the
frequency structure at the stimulation frequency. Also, for the case of stimulation
amplitudes higher than what tACS is expected to generate in the human brain
(8 V/m), the stimulation again succeeded in increasing spectral power around the
stimulation frequency (Fig. 3E). Importantly, all analyses were based on single unit
data from multielectrode array recordings and are therefore free of possible artifacts
by stimulation or artifact removal algorithms. Of note, the slice under optogenetic
stimulation may represent a different type of oscillating system than a slice in which
intrinsic mechanisms give rise to oscillations. Together, these two studies highlight
the importance of considering the targeted endogenous oscillator when studying
the effects of sine-wave electric fields such as the ones used in tACS. Clearly, the
“strength” of the oscillator is an important dimension in addition to the amount of
detuning and the amplitude of the stimulation. However, in contrast to detuning
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and stimulation amplitude, the “strength” of the oscillator is a poorly characterized
aspect that does not allow simple parameterization with a single number. However,
given the deafferented nature of the slice preparation, it is likely that oscillations in
slices are less “strong” than the oscillations that occur in the intact brain. This view is
supported by the fact that, at least in the case of the slow oscillation in vitro, the oscillation frequency is often lower than what would be observed in vivo (Fr€
ohlich and
McCormick, 2010; Sanchez-Vives and McCormick, 2000).

4.2 IN VIVO STUDIES
Although electric stimulation was a central tool used by neuroscientists to manipulate brain function for many decades, very few studies have examined the effect of
weak sine-wave stimulation on endogenous oscillations. From a historical perspective, the reason for this—at least partially—is the fact that by the time cortical oscillations became a mainstream research topic, more specific perturbation
techniques that are mostly limited to animal models had emerged, most prominently
optogenetics. As a result, systems neuroscientists who are interested in understanding the functional role of oscillations have leveraged the advantages of optogenetic
stimulation such as precise targeting of specific cell types and mostly abandoned
electric stimulation (Cardin et al., 2009; Siegle et al., 2014; Sohal et al., 2009). In
contrast, the brain stimulation community that is interested in human research and
clinical applications typically lacks the infrastructure to perform preclinical animal
model studies. I will here review studies that are important as demonstrations that the
experimentally observed effect of weak electric fields on neuronal networks is not
just limited to the reduced in vitro (slice) preparation.
Ozen et al. (2010), in a similar approach to the above discussed in vitro work,
focused on slow rhythmic activity in neocortex and the hippocampus of the rat.
One issue that should be considered for all of the here discussed in vivo animal studies is the concern about the spatial scale and type of electrodes used in comparison to
those used in humans. Initially, there existed a large difference between small electrodes (e.g., skull screws) used in animals and large, saline-soaked sponge–rubber
electrodes in humans. With the recent advent of smaller electrodes used for human
studies, some of these concerns may be reduced. Ozen and colleagues used a variety
of electrodes, including stainless steel wires, silver wires, and epidural grids in several different spatial configurations. Stimulation strength is provided in volts and
therefore no direct comparison can be made since no current density is reported.
The main result of the study is a modulation of the phase of action potential firing
by the applied stimulation for electric field amplitudes estimated to be around 1 V/m.
The fraction of phase-modulated units increased with stimulation strength. Interestingly, the authors propose a direct impact of stimulation on hippocampal units since
they also phase-locked to the applied field waveform with a similar phase to the cells
in neocortex—in contrast to the phase-lag between units in hippocampus and neocortex observed in the absence of stimulation. Also, the phase modulation was
not specific to putative excitatory cells since putative inhibitory cells exhibited
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similar phase preference. Given that inhibitory interneurons are less susceptible to
applied electric fields (Radman et al., 2009), this result could indicate that the entrainment of interneurons was secondary to the entrainment of the excitatory cells.
Importantly, in the context of this review, the authors also compared the effect of the
same stimulation during two different states of the rat that are associated with different dominating oscillation frequencies: the slow oscillation during sleep and
the theta oscillation during exploratory behaviors (about 8 Hz). In agreement with
the concept of severe detuning preventing modulation of an ongoing oscillation,
stimulation-induced phase preference was only found during slow-wave sleep (stimulation frequency 1.25 Hz, Fig. 3F). No stimulation with frequencies matched to the
theta oscillation was reported. Overall, this study demonstrated that weak electric
fields can modulate ongoing slow cortical oscillations by inducing a preferred phase
of action potential firing. No systematic exploration of stimulation frequency is presented. The findings agree with the previous report by Fr€
ohlich and McCormick on
how weak periodic electric fields modulate the slow oscillation in vitro and in vivo
(Fr€
ohlich and McCormick, 2010). Similar successful modulation of anesthesiainduced slow oscillation was also demonstrated by Ali and colleagues who pursued
a different stimulation approach (Ali et al., 2013). Stimulation was applied though
two bilaterally positioned silver-chloride plates aligned along the anterior–posterior
axis of the ferret skull. The choice of the model species was, among others reasons,
motivated by the fact that electric stimulation with relatively large electrodes (as typically done in human studies) targets multiple gyri and sulci. As a result, the change
in membrane voltage will not be uniform across neurons given the importance of the
alignment of the main somato-dendritic axis with the electric field lines (Tranchina
and Nicholson, 1986). The ferret brain is gyrencephalic in contrast to the mouse and
rat. By computing the spectrum based on the recorded multiunit spike trains, both the
change in oscillatory power and the occurrence of a phase preference were assessed.
The change in spectral power and phase-locking was limited for the lower stimulation frequencies (0.5 and 1 Hz), but for the higher stimulation frequencies
(1.5–2.5 Hz, highest frequency studied), a clear enhancement of power and phaselocking was found (Fig. 3G). Together, these studies demonstrate that the findings
from in vitro studies translate to the intact animal preparation; however, many of the
questions raised by slice experiments have remained unanswered. The main concerns
are the lack of any established animal model species and stimulation delivery modality for tACS in animal models.

5 COMPUTATIONAL MODELS
Given the limitation of experimental studies to delineate the mechanisms that determine the effect of weak electric fields on endogenous oscillations, mathematical
models and computer simulations provide a unique tool to (1) generate mechanistic
hypotheses of what processes could explain the observed dynamics and (2) allow for
rapid “prototyping” of a large set of stimulation waveforms for different brain
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structures and different “endogenous” network dynamics. In this section, I will review the key modeling studies that have helped to elucidate the mechanisms by
which periodic stimulation alters ongoing oscillations. The discussion will focus
on closing the (perceived) gap to the experimental results discussed earlier in this
review. I will conclude with a set of limitations of current work that are important
to be addressed to facilitate rational design of noninvasive brain stimulation
(Bestmann et al., 2015; Fr€
ohlich and Schmidt, 2013).
In order to determine if a small change to the membrane voltage can explain the
mesoscale effects observed upon electric field application, Fr€
ohlich and McCormick
(2010) presented a Hodgkin–Huxley style conductance-based model. The use of a
conductance-based model was motivated by the attempt to closely match the experimental data to the model simulations. The network model consisted of 400 pyramidal cells arranged on a two-dimensional grid and 64 fast-spiking inhibitory
interneurons similarly arrange on a grid. The network included AMPA-, NMDA-,
and GABA(A)-type synaptic connections. The applied electric field was modeled
as an equivalent, injected somatic current that caused a change in membrane voltage
of about 0.5 mV. In agreement with the in vitro data on constant (direct current, DC)
electric fields, increased simulated field strength led to an increase in the oscillation
frequency that was mostly due to a decrease in the duration of the DOWN state
(period of quiescence). The effect of AC electric fields provided evidence for most
pronounced enhancement of overall activity levels for stimulation that was matched
to the endogenous oscillation period. The model served to qualitatively demonstrate
the effects observed in experiments and in particular then was used to demonstrate the
enhancing effect of a “feedback field.”
Ali et al. (2013) employed a large-scale (several hundred-thousand neurons)
model of a cortical network that consisted of excitatory and inhibitory Izhikevich
model neurons (Izhikevich, 2003) to examine the underlying mechanisms and dynamic principles that enable the response of active networks to applied stimulation
(Figs. 4A and 5). In the absence of simulated stimulation, the network exhibited a
pronounced #3 Hz oscillation that resembled slow rhythmic activity during slowwave sleep and anesthesia. The authors modeled, in agreement with previous work,
the effect of tACS by a small current injection that induced a submillivolt change in
the somatic membrane voltage. Stimulation that matched the endogenous oscillation
frequency caused a marked increase in spectral power at the stimulation frequency in
contrast to tDCS of the same amplitude that barely changed the oscillation power.
The enhancement of the oscillation occurred by the emergence of additional “hot
spots” at the end of the “DOWN state,” the half cycle of quiescence in the network
(Fig. 5A). These additional hot spots then rapidly merged into a network-wide activation, corresponding to the UP state. Intriguingly, in these simulations, stimulation
recruited nearly all pyramidal cells in contrast to the control condition (and also
tDCS application) in which only about half of the neurons were activated. Therefore,
the occurrence of multiple hot spots enhanced synchronization. Of note, the connectivity of the pyramidal cells (PYs) exhibited a mix of local and random connections
within the PY network. The authors then asked why there were more hot spots that
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FIGURE 5
(A) Entrainment of a low-frequency cortical oscillation by simulated tACS. Top: Time-course
of pyramidal cell (PY) activation. Bottom: Time-course of number of hot spots (spatially
discrete areas of network activation). Entrainment was associated with a peak in hot spots at
the onset of the UP state that enabled synchronized network activation. (B) Entrainment as a
function of the fraction of PYs subject to simulated tACS. Simulations of eight networks
(different instantiations of random processes that simulate biological variability of model
parameters) show that for less than 50% of PYs stimulated, the entrainment outcome varied
substantially. (C) Color-coded time-courses of PY activation as a function of stimulation
amplitude and stimulation frequency. Areas of synchronization resemble Arnold tongues
centered at the endogenous frequency (#3 Hz) and its first harmonic. (D) Spectrograms for a
subset of the stimulations shown in (C). In case of pronounced detuning, discrete moments of
enhancement occurred.
Figure is adapted with permission from Ali et al. (2013).
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caused the more synchronized emergence of the next consecutive UP state. Synaptic
depression of PY–PY synapses, which mediated the activity-dependent negative
feedback that support the endogenous oscillation in the first place, was allowed to
recover more during the hyperpolarizing phase of the stimulation due to the suppression of the limited (but not zero) levels of activity during the DOWN state. Therefore,
the excitatory connection was strengthened (less synaptic depression), which in turn
enabled the amplification of the initial activity that initiated the next UP state.
Clearly, other negative feedback mechanisms are also at play during the DOWN state
and there is an unresolved debate about the exact mechanism that leads to the
occurrence of the subsequent UP state (Bazhenov et al., 2002; Compte et al.,
2003). However, this model provides a novel mechanistic hypothesis that arose
from the use of larger networks with sufficient local connectivity to exhibit both local
(hot spots) and global (UP states) spatial dynamics. Thus, this model illustrated the
importance of considering not only time but also space as important dimensions for
the study of how periodic perturbations modulate network oscillations. The authors
then proceeded to perform the ideal “experiment” that all of the above discussed human studies still lack: (Fig. 5C) a complete mapping of the stimulation response as a
function of the stimulation frequency and stimulation amplitude (amplitude of equivalent injected current). The network was entrained (1:1 phase-locking) to the stimulation as a function of these two parameters. For low stimulation amplitudes, only
stimulation at the endogenous frequency entrained the network. For increased stimulation amplitudes, the network was entrained at an increased range of stimulation
frequencies. The resulting inverted triangle, the so-called Arnold tongue, is a classical effect of how oscillators respond to periodic perturbations as discussed above.
Similar behavior was found for stimulation at twice the stimulation frequency (1:2
locking). Equally important is the behavior of the network for stimulation frequencies that exhibited maximal detuning (between the base frequency and the first harmonic) such as, for example, 4.5 and 5 Hz. In these cases, the spectrogram revealed
both oscillation suppression and transient brief enhancement at the stimulation
frequency interleaved with periods of endogenous oscillations. Such transient locking is referred to as phase slipping since the oscillation is transiently in phase with the
applied perturbation but then falls out of synchronization due to the pronounced
detuning (Fig. 5D). Also, the steady-state effect of stimulation was independent
of the difference in phase between the endogenous oscillation and the applied stimulation but had a clear phase dependence of how long it took to develop.
How do these results relate to the human and animal model studies discussed
above? First, there is no guarantee that the principles found in a simulation of
neocortical low-frequency oscillation translate, for example, to modulation of alpha
oscillations that likely emerge through thalamocortical interactions. Several similarities can nevertheless be identified. In agreement with human, in vitro, and in vivo
studies, oscillation frequency can only be adjusted by sufficiently strong stimulation
that enables phase entrainment of the endogenous oscillation to the periodic perturbation. However, the model did not exhibit outlasting effects of stimulation, which
are typically observed in human studies. Of further interest in regard to the
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FIGURE 6
(A) Computational model of two large-scale cortical networks connected by long-range
projections with physiological propagation delays. (B) Time-course of PY activation for the two
interconnected networks in response to simulated in-phase tACS. Networks synchronized
and stayed synchronized after stimulation termination due to the multistable nature of the
interconnected networks.
Figure is adapted with permission from Kutchko and Fröhlich (2013).

comparison to human studies is that when only a (random) subset of neurons were
stimulated, for less than 50% of the neurons receiving stimulation there was a marked
variability in the oscillation enhancement across simulations of networks that mimicked different brains (Fig. 5B). Such studies could therefore provide tools to mechanistically understand at least some of the heterogeneity observed in human studies.
The reduction of a large-scale cortical network and its response to stimulation to a
simple quasilinear oscillator that exhibited classical entrainment as a function of
stimulation amplitude and detuning provided a fundamental model of how to conceptualize the effect of tACS (Ali et al., 2013). Yet, given the rather broad spread
of the electric field in transcranial current stimulation, a more realistic model should
consider how stimulation modulates the interaction of different, interconnected cortical networks. To address is gap, Kutchko and Fr€
ohlich (2013) expanded the previously used model by interconnecting two such oscillating model networks by
excitatory long-range projections (LRPs) (Fig. 6A). In the absence of propagation
delays in the LRPs, the two networks synchronized with zero phase offset. However,
in the presence of physiologically plausible propagation delays (investigated values
ranged from 1 to 50 ms), the overall dynamics of the two networks were fundamentally different. First, not all networks synchronized anymore; rather a subset of simulations exhibited qualitatively different spatiotemporal dynamics; in addition to the
spatially synchronized activation of the two networks (rapid fire), slowly propagating waves and spiral waves were found. The relative frequency of occurrence of
these other activity patterns increased for the larger (and likely more physiological)
values of the LRP delay parameter. Similarly, the frequency of a state transition was
highest for the longest delay value investigated (0.14 Hz transition frequency for
50 ms delays). Given this slow cycling between these metastable states, the power
at 3 Hz (the endogenous frequency of the unconnected network) accordingly
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exhibited fluctuations at the same timescale of the frequency of state transitions since
the three different states (“rapid fire,” “slow propagating,” and “spiral waves”) all
exhibited differential power levels at the oscillation frequency, mostly because during both propagating wave patterns only a limited fraction of neurons was active at
any given moment in time.
As a consequence, such modeling work emphasizes that ignoring the underlying
complexity of the interaction between endogenous network dynamics and applied
periodic stimulation can lead to flawed stimulation paradigms and hampered progress toward the development of effective stimulation approaches. Clearly, even this
more advanced model is still a vast abstraction of the complex dynamics in the human cortex. However, these simulations exhibit as emergent properties several key
features of mammalian network dynamics that are not captured by the typical models
that only represent a single network. First, the interconnected networks (with plausible propagation delay values) are not limited to a single, oscillatory activity state as
most models that are used for the study of brain stimulation. Rather, the networks
traverse different states (importantly in the absence of an explicit, built-in slow timescale) and therefore embody a richness of dynamics with transitions between different states; a behavior that has often been associated with brain networks that are
proposed to operate close to criticality between low-dimensional synchronized,
global activity and random activity (Chialvo, 2010). Second, the two additional
states (characterized by waves) have been identified in both human and animal
models for slow rhythmic activity, for example, during slow-wave sleep
(Massimini et al., 2004). Given the multistable nature of the observed dynamics
in the model and the partial failure of the two interconnected networks to synchronize, the effect of tACS on such interconnected networks was likely not to follow the
simple principles identified for a single network. Inspired by a human tACS study
that employed in-phase and out-of phase multielectrode tACS (Polania et al.,
2012), the authors applied in-phase and 180° out-of phase (antiphase) stimulation
to the two networks. No other stimulation frequencies or amplitudes were evaluated
in that study. Across all simulations with different parameter values, about 2/3 of all
simulations exhibited enhanced power at 3 Hz both during and after stimulation
(Fig. 6B). Therefore, in contrast to other computational models, the two interconnected networks demonstrated outlasting effects of stimulation, conceptually similar
to what has been reported in the human studies discussed here. Importantly, no plasticity mechanism had to be fine-tuned for this effect to occur. In fact, the model did
not include any synaptic plasticity besides short-term depression of excitatory synapses. Rather, the outlasting effects resulted from state transitions between different
(meta)stable states that were induced by the stimulation. As a result, the stimulation
duration could be very short (few seconds) and still an outlasting effect was observed. Of note, this mechanism is fundamentally different from entrainment where
the phase alignment dissipates after stimulation and also different from the proposed
synaptic plasticity that would be specifically recruited by a given stimulation frequency. The authors also investigated if antiphase stimulation can reduce synchronization of the two networks and found that the two networks exhibited either strong
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antiphase oscillatory activity, disrupted intermitted antiphase synchronization (interspersed weak), or even switch away from the “rapid fire” synchronized network
state. The latter was able to outlast stimulation and was more likely to occur in case
of low number of LRPs between the networks but in contrast was not very sensitive to
the value of the propagation delay.
Together, these results demonstrate that indeed antiphase stimulation can induce
a temporal offset (phase synchronization with a nonzero phase offset) but that other
behaviors, including cessation of synchronized network activation that outlasts stimulation can occur. This study provided several new hypotheses about the mechanism
of action of tACS. However, even these more realistic models (at least in terms of
their network structure) remain a strong oversimplification of the true biological processes that are modulated by tACS in humans. Also, the study was limited to investigating the (rather complex) effect of frequency-matched stimulation at 3 Hz; it
remains to be seen how two such interconnected networks respond to periodic stimulation with detuning. Although it is important to keep these limitations of computational modeling of neuronal dynamics in mind, it is quite clear that this approach
has so far provided the most principled understanding of the mechanisms by which
periodic stimulation interacts with neuronal network oscillations.
The above discussed modeling work was limited to low frequency, neocortical
activity patterns. However, as seen above, the most neurophysiological evidence
of tACS targeting neuronal oscillations stems from experiments that targeted alpha
oscillations in humans. Alpha oscillations are mechanistically not fully understood
but likely rely on interaction dynamics between the thalamus and cortex (Hughes and
Crunelli, 2005). The only studies that have so far investigated the effect of tACS on
alpha stimulation however have used rather abstract (or even conceptual) models that
did not fully incorporate corticothalamocortical connectivity and dynamics. For example, Merlet and colleagues have built a simplified population model that exhibited
oscillatory activity in the alpha frequency band (Merlet et al., 2013). Of importance,
the oscillation in this model results from the excitatory and inhibitory interaction
(achieved through parameter tuning of decay time constants for synaptic transmission). The aim of this study was to simulate EEG activity and therefore they used a
set of such tuned, nonconnected oscillators that all received a common “thalamic
drive” that reproduced the slower timescale fluctuations in alpha amplitude. The authors applied stimulation at different frequencies in their model and found that the
strongest enhancement occurred at frequency-matched 10 Hz stimulation and that a
stimulation frequency with detuning caused a reduced enhancement of the oscillation
power at the stimulation frequency. No information on stimulation-induced changes
on phase is provided, and the effect of stimulation did not outlast the stimulation. No
data on systematic variation of the stimulation amplitude are provided, and therefore
the presence of an Arnold tongue can be presumed but not ascertained (Fig. 4C). In
comparison to the experimental results, it is of note that the main property of the system appears to be to entrain to the provided stimulation and is in agreement with the
human results for the eyes open condition from the Herrmann group. However, the
power of alpha oscillations in the simulated traces more closely resembles the EEG
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of an individual with eyes closed. Such discrepancies are common and can only be
address through interdisciplinary work that combines experiments and models.
Zaehle et al. (2010) used a network of Izhikevich-type neurons to demonstrate
how spike-time-dependent plasticity (STDP) could create outlasting effects after
tACS in the alpha frequency band. The model needs to be interpreted as a proofof-concept demonstration (conceptual model) since—in contrast to the above discussed models—the main value of the model was to demonstrate how the authors’
hypothesis could lead to the discussed phenomenon. In other words, the model was
built in a way to achieve a given outcome instead of the model being designed based
on biological principles and then studied in terms of its emergent behavior. Of note,
both modeling strategies are legitimate approaches that can help to understand complex biological processes. The model consisted of a single excitatory neuron that was
reciprocally connected with 2500 excitatory units. The connections exhibited propagation delays such that the total round-trip time was between 20 and 160 ms. All
synapses were excitatory; they exhibited short-term dynamics, STDP, and two
forms of homeostatic plasticity. Thus, the chosen modeling strategy is orthogonal
to the approaches discussed above that focused on intrinsic, emergent dynamics
and included neither of the latter two forms of plasticity. STDP was tuned to the
alpha frequency band (15 and 20 ms time constants for long-term potentiation
(LTP) and long-term depression (LTD), respectively). Homeostatic plasticity was
used to limit otherwise unbounded growth/decay of synaptic weights, a standard
approach in such modeling work. The “driving neuron” received an input train of
5 ms pulses at 10 Hz. As a result, synaptic weights for loops with round-trip time
of less than 100 ms increased since the “presynaptic spike” from the matched
“hidden neuron” arrives before the “postsynaptic” spike caused by the next input
pulse. Interestingly, for loops with longer delay times, all weights converged to zero,
likely because of the way that the homeostatic plasticity rule was set up. Therefore,
this model demonstrates that “slow” round-trip times (order of magnitude 100 ms)
slightly mismatched to the stimulation frequency could lead to synaptic strengthening. There are a number of caveats with this model. First, it is unclear what biological
network the model represents since it was designed as a conceptual model. Second,
the model does not exhibit any endogenous network dynamics and therefore cannot
be used to understand the interaction between network activity patterns and stimulation, the emerging common denominator for most of the experimental studies discussed in the context of this chapter (Figs. 2–4). Third, superthreshold driving of a
neuron may potentially lead to differential effects than low-amplitude subthreshold
modulations. Despite these concerns, this conceptual model provided an elegant
starting point to consider the role of longer delay interactions between stimulated
and unstimulated neuronal subpopulations.
Vossen et al. (2014) slightly modified the above discussed model by introducing
a preferred oscillation frequency. In essence, the synaptic connections for the
100 ms round-trip time loop were initialized with larger values such that stimulation
at 10 Hz preferentially enhanced the activity. This represents resonance in the
narrow definition of differential responses of a system that endogenously does

65

66

CHAPTER 3 Experiments and models of cortical oscillations

not exhibit an oscillation. Overall the effects appear very similar to the model from
Zaehle and colleagues, although not enough detail is provided about the model in
either case as it is limited to the discussion section in each paper. Vossen and colleagues however do emphasize that such models exhibit asymmetric behavior.
Namely, stimulation at frequencies below the IAF leads to an enhancement of
the synaptic weights, whereas stimulation at faster frequencies has the opposite
effect; this phenomenon has not yet been experimentally described. These simple
and conceptual models provide important guiding principles, but at the same time,
the question remains if the oversimplification has led to an exclusion of key biological processes that need to be taken into account for understanding a phenomenon
such that effect of periodic brain stimulation on cortical oscillations. I will revisit
this fundamental question about how complex biological models need to be in the
concluding section of this chapter.
Reato et al. (2010) applied computational neuroscience techniques to understand
the effect of weak sine-wave electric current stimulation on carbachol elicited
gamma oscillations in hippocampus CA3 in vitro (Fig. 4D). The model consisted
of 800 pyramidal cells and 200 fast-spiking inhibitory interneurons. In the absence
of simulated stimulation (somatic current injection), the network oscillated at about
25 Hz; the fast-spiking inhibitory interneurons fired on every cycle of the oscillation,
whereas the pyramidal cells typically fired on every third cycle. The somatic current
that mimicked the effect of the applied electric field was calibrated based on the slice
results for DC fields and resulted in a value of about 0.25 mV of membrane voltage
depolarization per V/m of applied electric fields. Interestingly, the authors added an
additional low-pass filter to process the “equivalent somatic current injection” with
the argument that the Izhikevich model does not exhibit sufficient low-pass filtering
properties to transform the current time-course into an appropriate voltage timecourse. Importantly, the authors demonstrate that indeed there is amplification of
the applied stimulation through network interaction. Specifically, they compared
the firing rate as a function of stimulation amplitude for the intact model network
and for the case where the synaptic input (in the absence of stimulation) to a specific
cell was recorded and the injected into a synaptically isolated cell that also received
stimulation. In the case of simulated tACS, low-frequency stimulation (e.g., 2 Hz)
did not alter the firing rate (averaged over time). In contrast, stimulation close to
the endogenous oscillation frequency of the slice induced the occurrence of subharmonic oscillations (6 V/m) and thus a change in oscillation power. For weak electric
field stimulation, coherence between the stimulation waveform and the spiking activity was uniquely found for stimulation frequencies close to the endogenous network frequency in the model.
The strength of the above discussed computational models lies in their ability to
examine a more comprehensive parameter space for the tACS paradigms such as frequency and amplitude and to reveal cellular and synaptic mechanisms by virtue of
“unlimited” access to all biological state variables in contrast to experimental studies. The challenge that most of these models suffer from is that they are derived in
relative isolation of biological facts and thereby are not always equally easy to relate
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to experimental findings. In the future, models that reveal the dynamic interaction
between stimulation and endogenous dynamics will need to be connected to cognitive function and behavior such that they can be used to predict the effects of
stimulation not only on network dynamics but also on network function.

6 SYNTHESIS AND OUTLOOK
This chapter has reviewed how periodic stimulation is thought to modulate cortical
oscillations: human, in vivo and in vitro animal experiments, and computer stimulation studies that combined tACS or rTMS (or some model thereof ) with recordings
of the neurophysiological activity. Encouragingly, convergence between these different approaches is starting to arise, especially in terms of the mechanistic gap they
attempt to bridge. However, because of the current paucity of studies, significant
gaps in our knowledge exist about how modulation of oscillations affects neural systems and the resulting behavior these systems produce. Below, some of the key areas
where progress is required are surveyed, as a starting point for further research in this
important field.
(1) Mapping of stimulation frequency and amplitude in human (and animal) studies.
One common theme in the work discussed here is the dependence of the
effects of periodic brain stimulation on the amplitude of the stimulation and the
detuning of the stimulation (frequency mismatch between endogenous
oscillation and perturbation). Yet, very few studies provide a characterization of
the stimulation effects as a function of these two parameters. Such twodimensional “effect maps” are easy to generate in computer simulation and
should become standard in modeling studies on neuronal oscillations as a target
for brain stimulation. Of note, different oscillators (or interconnected oscillators)
will exhibit different effect maps. Ideally, a growing library of effect maps
would enable the empirical classification of different canonical response types.
Such maps could then be used to constrain and guide choice of stimulation
parameters in animal and human studies where comprehensive
parameterizations are difficult to achieve. Such an approach will require a partial
rethink of how the field performs human tACS studies. Today’s tACS studies
either use a fixed frequency at a fixed amplitude (no parameterization) or
parameterize stimulation frequency in the sense that two distinct, biologically
different oscillation frequencies are targeted (e.g., gamma and theta band
targeted with 40 and 6 Hz tACS, respectively). In addition, in the majority of
human studies, amplitudes are either fixed at a single value or individually
determined. In contrast to TMS where there is some physiological
normalization of the stimulation amplitude (motor threshold), there is currently
no clear way to calibrate tACS amplitude. The vast majority of predictions
about the effects of stimulation amplitude from computational models indicate
that the “relative strengths” of the perturbation and the oscillator define the
type of modulation of the endogenous brain dynamics.
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(2) The cellular and synaptic properties that mediate different cortical oscillations
targeted by brain stimulation.
Although the detailed underlying mechanisms of most cortical oscillations
remain unknown, it is clear that different cell types with different types of
synaptic and intrinsic ion channel complements and with different connectivity
patterns enable the occurrence of different oscillatory activity patterns. For
example, the slow oscillation is a predominantly cortical rhythm that is driven by
layer V pyramidal cells (Beltramo et al., 2013; Chauvette et al., 2010; SanchezVives and McCormick, 2000). In contrast, the alpha oscillation is a
thalamocortical activity pattern (Hughes and Crunelli, 2005). Again different,
the gamma oscillation emerges from local synaptic interactions between
pyramidal cells and fast-spiking inhibitory interneurons (Buzsaki and Wang,
2012). Given these different cellular mechanisms, in particular the different
cell types that drive the oscillation, it can be expected that the response dynamics
to periodic perturbations may differ. However, the modeling work discussed
here is mostly based on highly simplified models that are attractive due to their
low computational cost but inherently difficult to adapt to specific biological
properties. It is imperative for the field to move to biologically more plausible
models that enable a better integration with experimental data.
(3) Convergence between experimental and computational work.
Since the early days of computational neuroscience (Hodgkin and Huxley,
1952), some of the biggest discoveries have resulted from a tight interaction
between computational and mathematical approaches and experimental
neurophysiology strategies. Unfortunately, however, the field has mostly failed
to fully leverage the advantage by complete integration of the two approaches.
Most models are limited to an oversimplified, “conceptual” model with little
experimental support or biological motivation. Models need to be sufficiently
realistic that they can be used to produce experimentally testable hypotheses
about the mechanisms by which periodic stimulation engages oscillating
cortical networks.
(4) Cellular effects other than changes to somatic membrane voltage by stimulation.
All computational modeling studies discussed here modeled tACS by
injecting a (filtered) “equivalent” somatic current time-course that reflected the
modeled electric field. However, change in somatic membrane voltage is
only one aspect of the effects of weak electric fields on neurons. For example,
any somatic depolarization induced by electric field stimulation is balanced
by a matched, antagonistic hyperpolarization in the apical dendrites. It is
completely unknown if and how these effects contribute to changes in network
dynamics. By using detailed, biophysical models (possibly with multiple
compartments), these questions could be relatively easily addressed.
(5) Understanding of effects of tACS on interconnected networks (both cortical and
subcortical).
The modeling studies discussed here have almost exclusively focused on
modeling the effects on a single, monolithic network. However, given the
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broad electric field distribution caused by (relatively large) scalp electrode, it is
fair to assume that several functional effects of tACS can and should be
understood in the context of modulation of the interaction dynamics between
networks. Again, computer simulations provide a unique tool to at least generate
hypotheses on how—at a mechanistic level—stimulation alters large-scale
internetwork dynamics. Such modeling work is of particular interest given
the studies that argue for a change in coherence between interconnected
networks (Helfrich et al., 2014a).
(6) Unclear mechanism(s) of outlasting effects after completion of stimulation.
Due to the demonstration of outlasting neurophysiological effects of tDCS
(Nitsche and Paulus, 2000), a prevalent hypothesis is that tACS can also induce
outlasting changes to network dynamics. Several of the fundamental, early
studies that combined EEG and tACS indeed (at least for participants in a
certain state) showed outlasting effects. Nevertheless, several basic properties
such as duration of these effects (and more importantly the mechanism)
remain poorly characterized.
Together, these limitations also prescribe a fruitful agenda for further research to
accelerate the emergence of a more complete mechanistic understanding of the effects
of periodic brain stimulation on cortical oscillations. Importantly, an integrated approach that combines simulations and experiments is required. Such work is urgently
needed for subsequent rational design of stimulation paradigms for the treatment of
neuropsychiatric disorders that exhibit relatively well-defined deficits in the occurrence
and structure of cortical oscillations. Computational modeling can play a unique role in
defining the mechanisms of target engagement for one of the most promising new
approaches to the treatment of disorders of the central nervous system. In particular,
there remains quite a gap between the emerging field reviewed in this chapter
and the potential therapeutic application of noninvasive brain stimulation that targets
oscillations. To close that gap, there are two fundamental issues that need to addressed:
(1) Differences and similarities in target engagement of physiological and
pathological network dynamics.
It remains unknown if neuronal circuits that exhibit impaired or altered
oscillatory network dynamics respond in the same way and are guided by the
same mechanisms as the physiological networks studied in the work reviewed in
this chapter. Even simple questions remain unstudied such as whether
pathologically reduced oscillation power can be rescued with tACS or whether
the pathology that impairs the endogenous oscillation also precludes an
enhancement by brain stimulation. Computational models of impaired networks
represent an important tool in tackling this question, possibly together with
studies in human patient populations.
(2) Despite the growing literature on specific deficits in oscillation structure in
disorders of the central nervous system, it remains unclear if renormalizing such
activity (assuming the point presented above can be resolved) indeed leads to
symptom improvement.
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In conclusion, network oscillations in the brain represent a promising target for noninvasive brain stimulation. I have here reviewed in detail both experimental and computational studies of this emerging field and have found that computational
neuroscience is a powerful tool for the study of brain stimulation. I have identified
several challenges at the level of the specifics of how such research endeavors are
approached and have concluded with two more fundamental points that will likely
define how ultimately successful the approach reviewed here will be in terms of improving the human condition. No doubt, computational neurostimulation, the fusion
of computational neuroscience with the study of brain stimulation, will play a central
role in advancing the field and ultimately overcoming the challenges discussed here.
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