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Abstract

Impaired cognition is common in many neuropsychiatric disorders and
severely compromises quality of life. Synchronous electrophysiological
rhythms represent a core mechanism for sculpting communication dy-
namics among large-scale brain networks that underpin cognition and
its breakdown in neuropsychiatric disorders. Here, we review an emerg-
ing neuromodulation technology called transcranial alternating current
stimulation that has shown remarkable early results in rapidly improving
various domains of human cognition by modulating properties of rhythmic
network synchronization. Future noninvasive neuromodulation research
holds promise for potentially rescuing network activity patterns and im-
proving cognition, setting groundwork for the development of drug-free,
circuit-based therapeutics for people with cognitive brain disorders.
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Selective attention:
The process of
selecting certain
stimuli in the
environment to
process while ignoring
distracting
information

Working memory:

A limited-capacity
system for short-term
storage and
manipulation of
information for
goal-directed behavior

Executive control:

A set of cognitive
processes necessary for
the control of
information processing
and behavior using
proactive, reactive, or
inhibitory measures

Transcranial
alternating current
stimulation (tACS):
A noninvasive
neuromodulation
technique in which
alternating currents
are applied
transcranially,
entraining brain
networks to the
frequency of the
applied waveform

Phase
synchronization:

A synchronization
protocol in which
multiple brain regions
exhibit correlated
phases of rhythmic
activity at a common
frequency
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IMPAIRED COGNITION IN NEUROPSYCHIATRY

Cognitive dysfunction is characteristic of numerous neuropsychiatric disorders. Deficits in cogni-
tive domains such as selective attention, working memory, and executive control are symptomatic
presentations of various clinical conditions. Attentional impairments are observed in attention-
deficit/hyperactivity disorder (ADHD) (1), schizophrenia (2), autism spectrum disorders (ASD)
(3), and anxiety and obsessive-compulsive spectrum disorders (OCD) (4). Altered working mem-
ory and executive function manifest as poor planning in ADHD (1), inflexibility in ASD (3), im-
paired decision making and action initiation in major depressive disorder (MDD) (5), and prob-
lems with action inhibition in OCD (4) and bipolar disorder (6). Combinations of these with other
deficits are also common, for instance in schizophrenia (2). Given that cognitive impairments con-
tribute to real-world disability and are a core predictor of functional recovery (7), elucidating the
mechanisms that give rise to such impairments and developing effective interventions is of prime
interest in neuropsychiatric medicine.

While pharmacological interventions have been considerably successful in neuropsychiatric
rehabilitation, they offer limited benefits in improving cognitive symptoms (7). Consequently,
innovative interventions targeting cognitive dysfunction are urgently needed (8). Here, we
highlight research that has laid important groundwork for the potential development of novel,
drug-free, circuit-based therapeutics for cognitive improvement. We focus on a noninvasive
neuromodulation technique called transcranial alternating current stimulation (tACS). Over
the last decade, tACS has been shown to improve various cognitive functions by leveraging the
rhythmic functional architecture of cognitive networks (9, 10). We draw attention to specialized
tACS designs that manipulate interregional phase synchronization and cross-frequency phase-
amplitude coupling (PAC) to improve cognitive function. We briefly review the role of rhythmic
brain network synchronization in cognition and its breakdown in psychiatric disorders. We
discuss tACS methodology and putative mechanisms of action, and highlight several study design
considerations for improved rigor and reproducibility. Finally, we review how tACS can modulate
synchronization patterns in healthy humans to improve various cognitive functions that are also
implicated in psychiatric disorders, and we speculate on the future of the field with an eye toward
clinical applications.

NETWORK SYNCHRONIZATION UNDERPINS HUMAN COGNITION

Human cognition emerges from the coordinated activity of distributed large-scale brain networks
operating at different spatiotemporal scales (11). Successful coordination of neural activity de-
pends on transient synchronization (or temporal correlation) among distinct brain rhythms, ob-
servable in meso- and macroscale electrophysiological recordings, such as electroencephalography
(EEG), magnetoencephalography (MEG), electrocorticography (ECoG), and local field potentials
(LFPs) (12-15). Synchronization is remarkably flexible and precise and has been implicated in the
neural communication and plasticity underlying flexible goal-directed action and cognition (12—
14). By establishing excitability windows, synchronization gates the transmission of information
in the form of phase-coordinated local neuronal spiking within or between spatially segregated
regions. Synchronization also promotes spike timing—dependent plasticity through correlated tim-
ing of pre- and postsynaptic potentials, increasing the probability of inducing synaptic plasticity
between regions over time. For these reasons, synchronization is considered a core mechanism
to sculpt communication dynamics and plasticity of brain-wide networks that underpin human
cognition.

Many synchronization protocols exist for intra- and interregional coordination of neural ac-
tivity during cognition. One of the most-studied protocols is cross-frequency PAC, which occurs
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a Asynchronous rhythmic activity

Weak interregional phase synchronization Weak intraregional phase-amplitude coupling

b tACS rescues synchronization

Phase synchronization enhanced using tACS Phase-amplitude coupling enhanced using cross-frequency tACS

Figure 1

(@) Asynchronous rhythmic activity in the brain during cognition. Left: The blue and magenta signals reflect rhythmic activity from the
corresponding cortical regions. Weak interregional phase synchronization manifests as inconsistent relative phases between the two
signals over time, evident in the different phases at which one signal reaches its peak relative to the other signal. Right: During
cross-frequency phase-amplitude coupling (PAC), the amplitude of a high-frequency rhythm is phase-locked to the phase of a
low-frequency rhythm. In this example, the magenta signal from the corresponding cortical region shows high-frequency activity that s
only weakly phase-locked to the underlying low-frequency rhythm, thereby exhibiting weak PAC. Although here we show intraregional
PAC, PAC can also be observed across regions. () Synchronous rhythmic activity following transcranial alternating current stimulation
(tACS). Left: Phase-specific multisite tACS at the regions of interest leads to enhancement in interregional phase synchronization
reflected in the consistent relative phases between the two regions over time following stimulation. Right: Delivering cross-frequency
tACS at the region of interest leads to phase-locking of high-frequency activity to the low-frequency rhythm reflecting enhanced PAC.

when the amplitude of a high-frequency brain rhythm (proposed to index local neuronal spiking)
is synchronized or coupled to the phase of a low-frequency rhythm (proposed to control neuronal
excitability) (Figure 1a, right; Figure 1b, right) (16). PAC represents a flexible mechanism for
how dynamic information can be integrated across spatiotemporal scales within a nested cortical
network (13). In human cognition and goal-directed action, PAC has been observed in, over, or .
. . X Phase-amplitude
between a variety of brain structures, such as the temporal cortex (17-20), basal ganglia (21), me- coupling (PAC):
dial frontal cortex (22), prefrontal-motor (23), medial-lateral prefrontal (24), and frontoparietal A synchronization
areas (25). PAC has been recorded using MEG (17, 18, 20), extracranial EEG (18, 19, 22, 24),  protocol in which the
and intracranial EEG (18, 21, 23, 25), and it has been linked to numerous cognitive processes, afnplimde ofa
such as selective attention (25), working memory (18-20), memory sequencing (17), abstract goal ?ﬁgiﬁieigunizii{ﬂate d
maintenance (23), reward processing (21, 24), and feedback valence coding or decision making byythe phase of a
(22). The multiple converging lines of evidence across spatial scales, recording techniques, and low-frequency rhythm
cognitive domains support PAC as an important synchronization protocol for the coordination of

large-scale neuronal activity underlying cognition.

www.annualreviews.org o Realigning Rhythms Improves Cognition — 22.3



Annu. Rev. Med. 2021.72. Downloaded from www.annualreviews.org
Access provided by Boston University on 12/21/20. For personal use only.

ME72CH22_Reinhart  ARjats.cls September 30, 2020 14:38

Spike timing—
dependent plasticity:
A form of synaptic
plasticity dependent
upon the relative
timing of pre- and
postsynaptic spiking,
hypothesized to
underlie tACS effects
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Another dominant synchronization protocol critical for orchestrating spatiotemporal neuronal
activity relevant to cognition is within-frequency phase synchronization (12, 14, 15, 18). Phase
synchronization is the process during which two or more rhythmic neuronal signals oscillate with
consistent relative phase angles at the same frequency (Figure 14, left; Figure 15, lef?). Such syn-
chronization is commonly observed between spatially segregated cortical areas and is thought to
facilitate integration of information across long distances in the brain. Patterns of interregional
synchronization have been observed intracranially (26), as well as in EEG/MEG recordings in
humans (19, 20, 27). During cognition, phase synchronization has been observed in various fre-
quency bands including theta (4-8 Hz) (19, 20, 27, 28), alpha (8-12 Hz) (29, 30), beta (12-30 Hz)
(29, 31), and gamma (>30 Hz) (29) range; across various regions including frontoparietal (27, 29,
31), frontotemporal (19, 20, 26), medial-lateral prefrontal (28), and thalamocortical areas (30); and
during various cognitive processes such as working memory (19, 20, 27,29, 31), selective attention
(30), memory retrieval (26), and adaptive or executive control (28). Since synchronized interre-
gional activity is observed during many cognitive functions, its role in facilitating communication
across the brain has received considerable interest.

Cross-frequency PAC and interregional phase synchronization are two mechanisms deemed
essential for coordinating communication across the brain. In certain instances, breakdown of one
mechanism can also have downstream effects on the other, with a significant impact on cognition
(19, 32). Their breakdown may form the mechanistic basis of a variety of cognitive deficits in many
neuropsychiatric disorders.

ABNORMAL NETWORK SYNCHRONIZATION UNDERPINS
COGNITIVE DYSFUNCTION

Altered structural and functional connectivity is a fundamental feature of the pathophysiology of
many neuropsychiatric conditions (33). As brain rhythms facilitate temporal coordination among
functional networks (12, 34), disruptions in establishing these networks and coordinating commu-
nication among them may be a consequence of disturbances in these brain rhythms (Figure 14)
(35, 36). Indeed, abnormal synchronization among functionally relevant brain rhythms across dif-
ferent spatiotemporal scales has been documented in various neuropsychiatric conditions (35-41),
in addition to the significant alterations in the strength of localized brain rhythms during cogni-
tion (37). Here, we document some critical observations of impaired network synchronization
during cognitive dysfunction.

Schizophrenia is characterized as a “disconnection syndrome” marked by abnormal interac-
tions among large-scale cortical networks (40). As rhythmic synchronization coordinates these
interactions, evidence of disconnection might be instantiated in atypical synchronization during
cognition. Indeed, schizophrenia patients show global hyperconnectivity at rest, which leads to
inflexibility in changing the synchronization patterns as per task demands (42—44). Inability to
change global synchronization patterns dynamically contributes to impairments in sustained at-
tention (42), detection of infrequent stimuli (43), selection of competing responses through cog-
nitive control (44), and maintenance and manipulation of information in working memory (45).
Cognitive deficits are further associated with disruptions in cross-frequency PAC. Executive con-
trol deficits may arise when gamma activity (46) and theta phase (47), estimated to derive from
lateral prefrontal cortex, fail to synchronize with theta phase over anterior cingulate cortex. Work-
ing memory impairments are accompanied by reduced coupling between theta phase and gamma
amplitude in frontal regions (48). Imprecise synchronization reduces the efficiency and increases
the metabolic costs of synchronous networks, ultimately disrupting working memory (49). These
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observations suggest significant presence of suboptimal and atypical synchronization patterns as-
sociated with cognitive deficits as predicted by the disconnection hypothesis of schizophrenia.

Various other cognitive disorders show synchronization deficits. Similar to schizophrenia,
ADHD individuals show global hyperconnectivity at baseline, which limits their ability to ad-
just theta-band connectivity during cognitive control (50). Impairments in working memory have
been linked with disruptions in a synchronization framework involving alpha, theta, and gamma
frequency activity. Deficits in interregional alpha synchronization are observed during working
memory in ASD (51) and Parkinson’s disease (52). Atypical phase-locking of alpha rhythms to
gamma rhythms has also been associated with working memory deficits accompanying aging
(53). Such deficits have also been linked to reduced interregional phase synchronization in the
theta-band and theta-gamma PAC in older adults (19), with the latter also observed during mild
cognitive impairment and Alzheimer’s disease (54). In addition to impaired synchronization in
cortical networks associated with working memory processing, aberrant synchronization among
task-irrelevant networks in the beta band has been reported in MDD (55), suggesting a broad shift
in global synchronization architecture. Beyond working memory, impairments in alpha-gamma
PAC have also been reported during face processing (56) and joint attention (the ability to share a
point of view with another person) (57) which may contribute to deficits in social cognition. Tak-
ing the observations of these studies together, a significant prevalence of impaired synchronization
during cognitive dysfunction in multiple neuropsychiatric conditions becomes evident.

Association of cognitive dysfunction with atypical patterns of synchrony, particularly in
schizophrenia and ASD, has led to an emerging perspective where patterns of synchrony are in-
creasingly recognized as endophenotypes of these disorders (40), bridging behavioral and neu-
rological scales of pathology. We further propose that these synchrony patterns are a promising
target for next-generation neuromodulation in medicine. By targeting these synchrony patterns
(Figure 1), we can improve the precise timing of communication among dysfunctional brain net-
works to enhance cognition.

NONINVASIVE RHY THMIC NEUROMODULATION

TACS is a noninvasive technique designed to perturb macroscopic brain network dynamics (58—
60). Low-intensity, sinusoidal electric currents are delivered on the scalp to modulate the activity
of an underlying cortical region. Neuronal populations at the targeted region are then entrained
to the frequency of the applied alternating current (9, 61, 62). For optimum entrainment, ad-
vanced designs using high-definition tACS (HD-tACS) allow optimization of stimulation sites
and current amplitudes to maximize the intensity or focality of stimulation at the target region.
Side effects of tACS are minimal, limited to itching, tingling, and warming sensations for a few
seconds during the ramping phases at the beginning and end of the stimulation (63). These effects
can be controlled for using sham stimulation which mimics the ramping of the current but does
not typically deliver any current during the rest of the stimulation period (commonly twenty to
thirty minutes). In addition, “active” sham protocols are being increasingly used to test frequency
and location specificity of the observed effects and rule out potential contributions of peripheral
costimulation, such as transretinal or transcutaneous effects (19, 27, 28, 64-68). In sum, tACS
allows safe, noninvasive, placebo-controlled, and frequency-specific entrainment of neuronal
activity.

The physiological mechanisms that underlie tACS inform its potential as a tool for rehabili-
tative neuromodulation. During tACS, spiking activity in the targeted regions becomes increas-
ingly phase-locked to the externally applied rhythmic electric field (61). As a consequence, the
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High-definition
tACS (HD-tACS):
An advanced tACS
technique with
improved spatial
resolution and greater
control over intensity
and orientation of the
electric field delivered
to targeted regions

Entrainment: The
temporal alignment of
neuronal activity
driven by an external
rhythmic source such
as an alternating
current
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neuronal networks are entrained to the applied frequency (62). If the applied frequency is sim-
ilar to the intrinsic frequency of the network, even weak electric fields can lead to entrainment
of the network (60). Computational modeling suggests that entrainment at frequencies closer to
the intrinsic frequency leads to strengthening of synaptic weights due to spike timing—dependent
plasticity (69). As a result, effects observed during stimulation can persist beyond the duration of
stimulation (70). Interestingly, cognitive dysfunction in neuropsychiatric disorders is associated
with deficits in both rhythmic activity (37) and changes in synaptic plasticity in cortical areas (71).
Through frequency-specific temporal realignment of ongoing neuronal activity and consequent
modulations in synaptic plasticity, tACS may be well suited for rehabilitative neuromodulation in
neuropsychiatric populations.

The voltage gradient in the target region induced by the applied electric field is an important
factor influencing the ability of tACS to modulate neuronal activity. Early studies using in vitro
and in vivo rodent models suggested a variable range of 0.2—1 V/m as necessary for neuromodula-
tion via temporal realignment of neuronal activity (72, 73). Subsequent examination in nonhuman
primate models and human intracranial studies suggested that scalp currents of 1-2 mA, as com-
monly used in human tACS studies, produced voltage gradients of 0.12—0.8 V/m at the target sites
(74-76), in agreement with the observations in rodent models. Recently, Krause and colleagues
have reported corroborating evidence in primate models that voltage gradients as low as 0.2 V/m
are effective in reliably locking neuronal activity to the phase of the externally applied electric
fields by altering neuronal spike timing, without changing the spiking rate (61). It is important
to note that entrainment is a consequence of modulation of neuronal spike timing, and not alter-
ations in spiking rate, which generally require stronger gradients (77). Current intensities needed
to achieve voltage gradients sufficient to modulate spiking rate in the target region are well within
the limits deemed safe for human use, and no serious adverse events have been reported so far
(63). Thus, tACS produces voltage gradients that are sufficient to entrain the neuronal activity in
a given target region in a safe and noninvasive manner.

Several factors motivate the need for personalized neuromodulation designs to improve the
effectiveness of tACS. Anatomical differences across individuals can lead to variable voltage gra-
dients in the target regions (78), which can be improved by developing personalized neuromodu-
lation designs via MRI-guided current-flow modeling. Physiological differences across individuals
must also be taken into account because neuromodulation has been shown to be superior when
tailored to the intrinsic frequency of behaviorally relevant brain networks (19, 64, 70) as predicted
by computational models (69). The effects of tACS can also differ with the state of the brain
during neuromodulation (79, 80), motivating closed-loop tACS designs where the neuromodu-
lation parameters are adjusted on the fly according to the brain state at a given time. With due
consideration of these factors, tACS designs can be personalized to be maximally effective for an
individual.

IMPROVING COGNITION BY EXTERNALLY MODULATING
NETWORK SYNCHRONIZATION

Over the past decade, multiple studies have used tACS to modulate rhythmic brain activity and be-
havior. In many such studies, tACS is directed to a single region of interest at one frequency, so as to
modulate the rhythmic activity in that region and improve perceptual and cognitive functions (9,
10). Recently, more complex tACS protocols have been developed which manipulate interregional
synchronization and cross-frequency PAC. Phase-specific multisite neuromodulation (Figure 15,
left) through application of alternating currents at various cortical sites with precisely controlled
relative phases has been shown to influence the degree of entrainment of cortical networks
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(28, 81) and consequent behavior (19,27, 28, 82, 83). Cross-frequency PAC can be induced within
a region using alternating-current waveforms that mimic the PAC profiles relevant for cognition
(Figure 1b, right) (65, 84). Here, we elaborate studies which manipulate interregional phase syn-
chronization or cross-frequency PAC to improve cognitive function.

Improvements in working memory have been reported following interregional synchroniza-
tion of rhythms using tACS. Polania and colleagues (27) applied a sinusoidally varying current in
the theta frequency over the left frontal and parietal sites. Crucially, the currents delivered at the
two sites were either inphase (i.e., with 0° relative phases across sites) or antiphase (i.e., with 180°
relative phases). Inphase synchronization of frontoparietal areas improved the response speed in
a working memory task compared to sham stimulation. Desynchronizing the two areas using an-
tiphase stimulation increased the response speed compared with sham stimulation, suggesting the
effects to be acutely specific to the relative phases between frontoparietal areas. A subsequent study
added further support. Violante and colleagues (83) synchronized the right frontoparietal network
in the theta band in participants performing verbal working memory tasks of varying complexity.
Inphase synchrony among the right frontoparietal sites led to faster response speeds in the more
complex two-back working memory task. Functional neuroimaging during bursts of tACS in a
subsequent experiment showed phase-dependent changes in the local activity and connectivity
pattern in the frontoparietal network. Converging observations from both studies suggest that
phase-specific manipulation of synchronization within the frontoparietal network can improve
working memory.

Synchronizing brain rhythms may be particularly useful for individuals with suboptimal work-
ing memory. Reinhart & Nguyen (19) examined synchronization patterns underlying working
memory deficits in older adults. Compared with young adults, older adults exhibited poorer work-
ing memory performance associated with reduced theta—gamma PAC in the temporal cortex. Fur-
ther, local PAC deficits in the temporal cortex arose due to reduced theta-phase synchroniza-
tion between the frontotemporal areas. Using HD-tACS, the authors synchronized activity in the
frontotemporal areas at the intrinsic theta frequency of the frontotemporal network individually
determined for each participant. Inphase synchronization improved working memory in older
adults, and in younger adults with poorer baseline performance, by restoring the deficient PAC
in the temporal cortex. Control experiments underscored the crucial role of intrinsic synchrony
between the two areas, as neither modulating the frontal cortex or the temporal cortex alone nor
inducing synchrony at nonpersonalized frequencies yielded benefits. In young adults, antiphase
synchronization was accompanied by impairments in working memory performance. This ob-
servation confirms the effects to be sensitive to the relative phase between the frontotemporal
areas and suggests that bidirectional control over these circuits could be achieved by manipulat-
ing the relative phase among these sites. These findings demonstrate that improving the temporal
coordination among functionally relevant networks in a frequency- and phase-specific manner
improves working memory in older adults and in poor-performing young adults. Additionally,
preferential benefits in individuals with weak working memory have also been reported through
synchronization of the parietal cortices. In a series of studies, Tseng and colleagues (68, 85) have
shown that synchronizing bilateral parietal cortices inphase in the theta band or antiphase in the
gamma band improves working memory performance only in individuals with low working mem-
ory capacity. Alpha synchronization within the parietal cortices has been shown to improve inhi-
bition of irrelevant information during working memory maintenance in aging populations (67).
Therefore, synchronizing brain rhythms may be most beneficial to populations with suboptimal
cognition.

Enhancing coupling among brain regions is also beneficial for other cognitive abilities. The
medial frontal cortex synchronizes with the lateral prefrontal cortex in the theta band when there
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is an increased need for executive control following various events in learning or decision-making
contexts, such as motor errors, punishing feedback, conflict, or novel stimuli (86). If the two
regions are synchronized by applying inphase HD-tACS, the ability to adapt and learn from
feedback improves (28), subject to the intrinsic brain state of the individual (80). Further, desyn-
chronizing the circuit between the medial and lateral frontal cortices with antiphase HD-tACS
causes impairments in adaptive control and learning, which can be promptly recovered using
inphase HD-tACS (28). These observations indicate that when the coupling across brain net-
works is precisely targeted, behavioral improvements can be rapidly induced. The importance of
timing across frontoparietal cortices is also evident in improving attentional abilities, as pushing
the beta connectivity between the left frontal and right parietal cortices out of phase improves
target detection (87). In addition to the relative phase of the alternating current, the precise
spatial targeting of the relevant cortical circuit appears to play a vital role in determining the
effectiveness of tACS in causing bidirectional changes during attention-demanding tasks (88, 89).
Other higher-order individual traits such as creativity and intelligence, which are hallmarks of
human cognition, can be modulated by inphase stimulation of the bilateral frontal cortices in the
alpha band (90). In sum, synchrony modulation among neuronal networks has been demonstrated
to impact various cognitive abilities and can be potentially generalized to a broad category of
neuropsychiatric conditions where such abilities are most impaired.

In the work summarized, two or more brain regions received sinusoidal stimulation at a particu-
lar phase relationship in a given frequency to nudge the brain networks to function synchronously
in that frequency (Figure 15, /ef?). It is also possible to manipulate temporal coordination across
frequency bands and deliver more complex neuromodulation waveforms (Figure 15, ight). Alek-
seichuk and colleagues (65) delivered cross-frequency tACS over the frontal cortex to enhance
working memory by modulating the coupling between theta phase and gamma amplitude. The
protocol reflected a summation of theta-frequency alternating current and a theta phase-specific
gamma-frequency alternating current. Improvements in working memory performance were ob-
served when the gamma power was synchronized with the peaks of the theta wave. Such phase-
specific cross-frequency modulations can be useful for populations like older adults who exhibit
differences in cross-frequency phase relationships (19, 53). A similar cross-frequency manipulation
has been shown to impact decision making. Polania and colleagues (84) manipulated local PAC
in the medial frontopolar and parietal cortices and the relative phases between them. Gamma-
frequency alternating currents at each site were modulated by a theta-frequency envelope, with
the relative phase of the envelope manipulated between the two sites. Parametric modulations
of value-based decision making were observed as a function of the relative phases between the
sites, suggesting that local PAC manipulations, when combined with phase-specific interregional
synchronization, can further improve the effectiveness of tACS. These reports demonstrate the
flexibility of tACS in manipulating complex rhythmic interactions such as cross-frequency PAC
underlying cognitive function.

Taken together, these studies highlight that many cognitive abilities can be improved if
synchronization in behaviorally relevant networks is modulated through tACS. Specifically
targeting interregional phase synchronization and cross-frequency PAC may further enhance
the effectiveness of single-site tACS designs that have been shown to induce significant but
modest improvements in cognition (10). Despite the encouraging evidence from these studies
in healthy humans, such improvements have not yet been translated to clinical populations. To
our knowledge, no studies have yet been conducted that have modulated interregional synchro-
nization or cross-frequency PAC in clinical populations. Few pilot studies have examined the
effectiveness of synchronous multisite neuromodulation in patients with MDD (66), schizophre-
nia (91), and therapy-resistant OCD (92). However, these studies observed mixed effects on broad
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symptom profiles due to small sample sizes and did not explicitly examine improvements in cog-
nitive symptoms. Future research should leverage the prevalent evidence of aberrant synchroniza-
tion in cognitively impaired populations and examine the effectiveness of synchronizing within-
and cross-frequency dynamics in behaviorally relevant networks in improving cognitive deficits
sustainably.

CONCLUSION AND THE FUTURE

Cognitive dysfunction is a disabling feature of many neuropsychiatric disorders, affecting abilities
such as selective attention, working memory, executive control, and decision making (8). Here, we
have reviewed the potential of noninvasively modulating synchronization among brain rhythms
using tACS to improve cognition. Such interventions are rooted in decades of basic science sug-
gesting that the functional architecture of cognition rests upon coordinated communication across
different spatiotemporal scales in the brain (12). The importance of coordinated communication is
evidenced by synchronized rhythmic activity in healthy individuals during cognition and by rhyth-
mic disorganization in clinical disorders (40). We propose that the search for noninvasive, safe, and
targeted interventions for improving cognition can be accelerated by capitalizing on neuromod-
ulation therapeutics that selectively target the physiological patterns of synchronization impaired
during cognitive dysfunction. While different disorders are characterized by patterns of hyper-
connectivity and hypoconnectivity (39), tACS allows bidirectional manipulation of connectivity,
suggesting its potential in a wide variety of clinical disorders (19, 28). Additionally, subthresh-
old neuronal modulation during tACS alleviates any risk of significant discomfort and side effects
such as seizures (63). Its safety is complemented by its portability, cost-effectiveness, and ease of
administration. These factors make tACS-based neuromodulation of neuronal synchronization
particularly attractive for improving cognitive deficits in clinical populations.

Several lines of ongoing research seek to improve our understanding of the mechanisms of
tACS and the factors that can improve its effectiveness. Various studies have sought to pair tACS
with concurrent neuroimaging such as EEG (62), MEG (93), and functional brain imaging (83),
with extensive discussions on how these concurrent measurements can be improved (94), comple-
menting work from animal models examining in vivo effects of electrical neuromodulation (61).
Concurrent electrophysiology and neuroimaging also facilitate technical and analytical advance-
ments in the development of closed-loop tACS designs (95). In such designs, neuromodulation
parameters are adjusted online according to the physiological characteristics of the networks un-
derlying a cognitive activity to improve the effectiveness of the neuromodulation. Particularly for
multisite neuromodulation (Figure 14, left; Figure 1b, left), better understanding of the spatial
distribution of electric fields at different relative phases can lead to improved neuromodulation
designs (96, 97) with longer-lasting outcomes. The effects of neuromodulation can be further
characterized by examining cognitive networks using graph-theoretic approaches from network
science to holistically elucidate the large-scale communication dynamics in the brain (98). Al-
though the field of rhythmic synchronization is still in its infancy, technical advancements that
allow sophisticated multimodal neuromodulation designs for performing and analyzing the ef-
fects of tACS (see the sidebar titled Subcortical Neuromodulation with Temporal Interference)
will inform its best applications in clinical populations.

In conclusion, rhythmic neuromodulation using tACS presents an exciting opportunity for the
development of interventions that derive from rigorous observations of large-scale electrophysiol-
ogy during cognition. Synchronization of functionally relevant brain rhythms may provide robust
and sustained relief from cognitive deficits in various neuropsychiatric disorders.
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SUBCORTICAL NEUROMODULATION WITH TEMPORAL INTERFERENCE

Noninvasive electrical stimulation tools have accelerated the development of targeted therapeutics for cognitive im-
pairments. However, the neuronal targets of these therapeutics are limited to the cortical surface at safe stimulation
intensities, leaving subcortical structures relevant for cognition outside the scope of direct modulation. Recently, a
form of neuromodulation specifically designed to target subcortical structures has been proposed and validated in
rodent models (99). The technique, called temporal interference (TI), uses multisite application of high-frequency
oscillatory currents differing in their frequencies by a small amount. On its own, a high-frequency oscillatory current
is unable to influence neuronal activity due to the low-pass filtering by neuronal membranes. However, if multi-
ple oscillatory sources differing in frequency by a small amount are placed so as to converge at a deep brain site,
their destructive interference produces electric fields oscillating at a frequency slow enough to modulate neuronal
activity, without modulating activity in the surrounding tissue. The stimulation target can be steered within the sub-
cortical space by adjusting the current ratios in the stimulating electrodes, providing unprecedented control during
online stimulation. Ongoing efforts to adapt this exciting conceptual breakthrough to humans may revolutionize
the efforts to enhance cognition impacted by subcortical pathologies.

1. Cognitive dysfunction is central to many neuropsychiatric disorders, and there is an ur-
gent need to develop safe therapeutics for cognitive enhancement.

2. Interregional phase synchronization and cross-frequency phase-amplitude coupling
(PAC) are synchronization protocols fundamental to coordinated communication dy-
namics in the brain during healthy cognitive function.

3. Deficits in selective attention, working memory, and executive control in various
neuropsychiatric conditions are marked by atypical phase synchronization and cross-
frequency PAC.

4. Transcranial alternating current stimulation (tACS) is a safe and noninvasive neuro-
modulation technique to precisely manipulate the synchronization patterns underlying
cognition.

5. Manipulation of behaviorally relevant synchronization patterns is associated with im-
provements in attention, working memory, and executive control in healthy humans.

6. Modulating synchronization patterns using tACS has potential for correcting atypical
synchronization underlying cognitive impairments in a variety of neuropsychiatric dis-
orders, paving the way for safe, noninvasive, and drug-free interventions for cognitive
dysfunction.

1. Can synchrony modulation using tACS be validated as a viable intervention for cogni-
tive enhancement in clinical populations, both alone and in conjunction with existing
treatments?
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. Anatomical and physiological personalization might be key to improve the effectiveness
of synchrony modulation. Can we map the anatomical and physiological variables that
can enhance the strength and sustainability of the induced enhancements?

. Cognitive impairments can manifest in complex patterns across disorders. Can the func-
tional physiological profile be integrated with the characteristic behavioral and symp-
tom profiles from a clinical examination to develop clinically relevant neuromodulation
designs?

4. How are the strength and sustainability of tACS-induced improvements associated with

parameters such as intensity, duration, or repetition of dosage of the intervention?

5. Cognitive function relies on coordinated activity of large-scale networks. Can we develop

sophisticated neuromodulation designs capable of stimulating more than two locations
simultaneously to target larger brain networks?

6. Can innovations in neuromodulation technology allow improved flexibility and con-

trol over the spatiotemporal profile of the alternating current, including complex cross-
frequency waveforms, during multisite stimulation to alter more intricate network in-
teractions and the direction of information flow as per cognitive demands?
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