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ABSTRACT 

The ability of transcranial alternating current stimulation (tACS) to augment underlying 

rhythmic fluctuations of neuronal activity provides meaningful implications in the treatment of 

neuropsychiatric disorders characterized by aberrations in neural oscillations. However, in 

evaluating its clinical utility, evidence is lacking for the efficacy of tACS to induce long-term (> 

24 hours) plastic changes that translate to lasting behavioral outcomes. Here, we repeatedly 

administered alpha-frequency tACS across 4 consecutive days in 38 healthy adults to evaluate 

lasting changes in local alpha power and directed connectivity as well as clinically-relevant 

indices of anxious arousal and affective sensory processing. Replicating previous findings, 

participants who received active stimulation (vs. a sham control group) demonstrated transient 

increases in resting occipito-parietal alpha power that lasted 30 minutes post-stimulation, 

reflecting acute entrainment to the exogenous electrical stimulation. However, these effects were 

short-term, returning to baseline levels 24 hours after stimulation. Conversely, long-term 

increases in intrinsic posteriorfrontal alpha-frequency connectivity emerged and persisted 

across all 4 days, reflecting plastic-changes in directed cortico-cortical networks. These lasting 

connectivity changes were paralleled by sustained decreases in anxious arousal and increases in 

perceived pleasantness of auditory stimuli. These findings suggest that while local oscillatory 

activity may be constrained by a self-sustaining thalamo-cortical loop that restores cortical 

oscillations to baseline, long-range oscillatory connectivity may strengthen over time through 

plastic synaptic changes in intrinsic cortico-cortical networks. The lasting augmentation of this 

inter-areal oscillatory network via tACS provides meaningful implications in an array of 

affective and cognitive processes that are orchestrated through the integrity of these global 

networks. This provides novel extensions of tACS applications, shifting neuromodulatory targets 
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from local oscillations to global oscillatory networks to progress the clinical utility of this 

technology.    
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CHAPTER ONE 

INTRODUCTION 

 Humans live in a complex world rich with sensory information that requires efficient 

encoding and processing of incoming stimuli in the orchestration of higher-order cognitive 

processes. Current conceptualizations of the mechanism through which this information is routed 

through the processing hierarchy has placed great interest in neural oscillations. Generated by 

rhythmic changes in the level of depolarization in the dendritic and somatic membrane potentials 

of masses of neurons, neural oscillations are believed to reflect inherent fluctuations in neuronal 

inhibition and excitation. This provides a functional architecture for both the local encoding of 

sensory stimuli (Wolfgang Klimesch, Fellinger, & Freunberger, 2011) and the subsequent 

routing of information through the regulation of dynamic interactions between brain regions 

(Bonnefond, Kastner, & Jensen, 2017; Varela, Lachaux, Rodriguez, & Martinerie, 2001). 

Aberrations in these oscillatory networks have been implicated in an array of neuropsychiatric 

disorders (Basar, 2013), accounting for dysregulations in low-level sensory processing, as seen 

in posttraumatic stress disorder (PTSD) (Engel-Yeger, Palgy-Levin, & Lev-Wiesel, 2013; 

Stewart & White, 2008) and schizophrenia (Geyer, Krebs-Thomson, Braff, & Swerdlow, 2001; 

Park, Lim, Kirk, & Waldie, 2015; Thoma et al., 2003), that further disrupt higher-order cognitive 

and affective processes (Javitt, 2009).  

Accordingly, these neural oscillations have become novel targets for the correction of 

pathological human behavior, within both research and clinical settings. Guided by aims of 

restoring function to aberrant neural circuits, non-invasive brain stimulation has gained 

substantial traction in the modulation of underlying cortical activity. Specifically, transcranial 

alternating current stimulation (tACS) provides an efficient, non-invasive approach to directly 
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augment neural oscillations. By passing a weak, sinusoidal electrical current oscillating at a 

specified frequency, tACS can manipulate not only neuronal oscillations, but related perceptual 

and behavioral processes (Herrmann, Rach, Neuling, & Struber, 2013). These effects are both 

acute, reflecting the temporal entrainment of endogenous oscillations to exogenous stimulation 

(Thut, Schyns, & Gross, 2011), and lasting, reflecting plastic changes in synaptic connections 

through spike-timing dependent plasticity (STDP) (Vossen, Gross, & Thut, 2015; Zaehle, Rach, 

& Herrmann, 2010), suggesting tACS interacts with underlying rhythmic neuronal activity in a 

frequency-specific manner.  

Current applications of tACS have focused largely on oscillations within the alpha (8-12 

Hz) frequency. Considered the most prominent neural oscillation, maximal at rest over the visual 

sensory cortex, alpha oscillations are believed to index the functional inhibition of cortical 

activity through phases (~100 msec) of low and high neuronal excitability (Bonnefond & Jensen, 

2015; Spaak, Bonnefond, Maier, Leopold, & Jensen, 2012). Alpha activity has thus been 

proposed as the neural mechanism behind sensory gating (Foxe & Snyder, 2011; Jensen & 

Mazaheri, 2010) and the maintenance of vigilance or behavioral arousal (Sadaghiani et al., 

2010), providing a unique therapeutic target for psychopathologies rooted in hyperarousal and 

sensory sensitivity. While emerging evidence provides substantial support for the efficacy of 

alpha-tACS in inducing plastic changes in endogenous alpha activity and related behavioral 

processes (Cecere, Rees, & Romei, 2015; Helfrich, Schneider, et al., 2014), the clinical utility of 

tACS is hindered by the poor durability of these effects, which last no more than 70 minutes 

post-stimulation (Kasten, Dowsett, & Herrmann, 2016). Consequentially, the evidence for long-

term effects (>24 hours) remains unclear. 
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The absence of such clinically-relevant long-term neural plasticity may be dependent on 

the differential effects tACS has on the sources of alpha activity. Recent findings have 

demonstrated the presence of alpha generators within different layers of the sensory cortex itself 

(Fertonani & Miniussi, 2017; Helfrich, Schneider, et al., 2014; Kanai, Chaieb, Antal, Walsh, & 

Paulus, 2008). This expands upon decades of research highlighting an evolutionarily-preserved 

thalamic generator that drives cortical alpha activity through bidirectional thalamocortical relays 

(Andersen, Andersson, & Lomo, 1968; Hughes & Crunelli, 2005; Schreckenberger et al., 2004). 

Models of current flow through the cortex show the weak electrical current passed by tACS is 

incapable of reaching these deeper, subcortical, suggesting tACS effects are largely restricted to 

the cortical surface sources (Toralf Neuling, Wagner, Wolters, Zaehle, & Herrmann, 2012). 

Accordingly, little is understood about how the seemingly unaffected thalamocortical alpha 

activity interacts with exogenous modifications of superficial cortical oscillations over time in 

the maintenance of tACS aftereffects. The resistance of deep alpha generators to tACS could 

explain the limited durability of these aftereffects by resetting cortical alpha oscillations via 

strong thalamocortical driving inputs. 

 Beyond these thalamocortical relays are strong, intrinsic corticocortical networks through 

which sensory information is relayed from the sensory cortex to higher-order cortical regions 

(Harris & Shepherd, 2015; Markov et al., 2013). Importantly, recent evidence suggests such 

long-range communication is orchestrated through alpha oscillations, particularly in a 

feedforward, posterior-to-frontal direction at rest (Engel, Fries, & Singer, 2001; Hillebrand et al., 

2016; Sadaghiani et al., 2012; Tang et al., 2007; Wang, Rajagovindan, Han, & Ding, 2016). This 

provides a functional architecture for two predominant resting state networks, the default mode 

network (DMN) and salience network (SN) (Buzsáki & Draguhn, 2004; Laufs et al., 2003; 
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Sadaghiani et al., 2010), which are responsible for the efficient processing of external sensory 

information and the transition between states of rest and bottom-up arousal (Sridharan, Levitin, 

& Menon, 2008). Therefore, by modulating cortical alpha oscillations, alpha-tACS has the 

potential to regulate these major, large-scale neural networks, thereby making wide-spread 

impacts on cognition, emotion, and behavior.  

Given the large-scale dynamics of these inter-areal networks, it is unlikely that focal 

entrainment of alpha oscillations to exogenous stimulation would result in changes in long-range 

directed communication. Rather, these network dynamics would likely emerge through STDP, 

operating under Hebbian synaptic changes that would lead to long-term, plastic changes 

(Clopath, Büsing, Vasilaki, & Gerstner, 2010). It is important to note that while the strong 

thalamic alpha generator may be so stable that it corrects exogenous modulations of local cortical 

alpha power, these long-range corticocortical relays may operate independently of 

thalamocortical relays, supporting long-term effects of tACS, especially through repeated 

stimulations over a prolonged period of time. 

 Though current evidence for tACS-induced changes in networks dynamics does not 

inform directionality of connectivity changes (Bächinger et al., 2017; Helfrich, Knepper, et al., 

2014), such long-term plastic changes in connectivity would have strong clinical implications, 

especially if they emerge in the feedforward, directed alpha network. Recent evidence has 

implicated this sensory-to-frontal alpha network in a variety of cognitive functions through the 

coordination of lower-level, sensory representations in dynamic, higher-order cortical 

interactions (Helfrich & Knight, 2016; Johnson et al., 2017). Alpha oscillations orchestrate these 

processes through the inhibitory regulation of cortical arousal (Bollimunta, Chen, Schroeder, & 

Ding, 2008; Laufs et al., 2006; Laufs et al., 2003), facilitating the maintenance of tonic alertness 
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through the efficient filtering of sensory stimuli and directed allocation of attentional resources 

(Jensen & Mazaheri, 2010; Wolfgang Klimesch, Sauseng, & Hanslmayr, 2007; Sadaghiani & 

D'Esposito, 2015). Deficits in the propagation of this sensory inhibition can lead to the 

inundation of frontal cortical regions responsible for the detection and valuation of threat, 

resulting in symptoms of hypervigilance and higher-order disinhibition that elevate anxious 

arousal and promote the “scanning” of one’s environment for threat (Clancy, Ding, Bernat, 

Schmidt, & Li, 2017). Augmentations of this feedforward inhibition would therefore be expected 

to elicit reductions in behavioral arousal through the mitigation of higher-order surveillance for 

threat.  

 Furthermore, dysregulations in sensory cortical arousal, as indexed by reduced alpha 

power, can directly interfere with sensory processing and perception. While focal, sensory alpha 

power regulates low-level sensory encoding of stimuli (Wolfgang Klimesch et al., 2011; Lou, Li, 

Philiastides, & Sajda, 2014), the aforementioned sensory-to-higher-order alpha network is 

instrumental in integrating the functions of sensory, salience, and higher-order regions. Together, 

alpha local activity and long-range communication would impact the entire course of the 

progression of emotional processing of sensory stimuli, including how the information is 

encoded, valuated for the presence of threat, and ultimately subjected to affective appraisal of 

pleasantness (Forscher, Zheng, Ke, Folstein, & Li, 2016). Specifically, enhanced alpha activity 

via tACS may suppress higher-order threat-relevant processing, such that sensory stimuli are 

deemed less negative and elicit less arousal. Therefore, by regulating this feedforward sensory 

network and subsequently modulating arousal and affective sensory processing, focal tACS 

administration would afford novel applications in the treatment of neuropsychiatric disorders 

characterized by anxious arousal and hypersensitivity. 
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Study aims and hypotheses 

Our study thus aimed to evaluate the utility of tACS in inducing long-term, plastic 

changes in corticocortical network communication and subsequent, clinically-relevant behavioral 

processes. To this end, we employed a multi-session, randomized control tACS paradigm 

spanning 4 consecutive days to evaluate long-term (>24 hours), plastic increases in both 

posterior sensory alpha power as well as the targeted, feedforward alpha network. 

Occipitoparietal alpha power was measured as an inverse index of sensory cortical arousal, 

whereas Granger causality (GC) analysis was employed between posterior and frontal sites to 

assay the feedforward transmission of alpha activity from sensory to higher-order cortical 

regions. Moreover, we evaluated lasting effects on two related behavioral processes: anxious 

arousal and sensory processing of stimulus valence. In addressing effects of sensory processing, 

we specifically looked at two modalities that are particularly relevant to states of behavioral and 

affective arousal: audition and olfaction. Auditory processing is widely known to be highly 

sensitive to states of arousal and alertness, as demonstrated in its utility to elicit startle responses 

(Braff, Geyer, & Swerdlow, 2001; Grillon, Ameli, Woods, Merikangas, & Davis, 1991) and 

probe arousal-related sensory gating (Adler, Pang, Gerhardt, & Rose, 1988; Aston-Jones, 

Rajkowski, Kubiak, & Alexinsky, 1994; Baisley, Fallace, Rajbhandari, & Bakshi, 2012; Berridge 

& Waterhouse, 2003; Sherin & Nemeroff, 2011; Southwick et al., 1997). Similarly, olfaction has 

been demonstrated to be uniquely engrained within the limbic system through both structural and 

functional networks (Carmichael, Clugnet, & Price, 1994; Haberly, 2001; Krusemark, Novak, 

Gitelman, & Li, 2013). Affective states are believed to play an integral part in how both senses 

are processed, providing a unique opportunity to address both sensory and affective processes 

and their responsivity to alpha-tACS.  
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 Regarding specific hypotheses, we predict alpha-tACS administration will elicit acute, 

within-session augmentations in both posterior alpha power and feedforward alpha-GC lasting 

30 minutes post-stimulation. However, we expect sustained, long-term (>24 hours) effects, 

persisting across stimulation sessions, to emerge only in corticocortical feedforward alpha-GC, 

as the unaffected, subcortical thalamic alpha generator will “reset” sensory cortical alpha power 

over time. Lastly, we predict decreases in anxious arousal and perceived negativity of sensory 

stimuli will emerge across stimulation sessions, temporally aligning with augmentations of 

feedforward sensory inhibition (posteriorfrontal alpha-GC). Together, these results would 

provide compelling evidence for the clinical utility of alpha-tACS in the treatment of disorders 

characterized by anxious arousal and sensory sensitivity.  
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CHAPTER TWO 

METHODS 

Participants 

38 healthy volunteers (18 female, 19.7 ± 2.0 years of age) participated in this study after 

providing written, informed consent approved by the Florida State University Institutional 

Review Board. No participants reported a history of neurological or psychiatric disorders and all 

were deemed tACS compatible (e.g. no metal implants, neurological surgery, or pregnancy). 

Participants were randomly assigned to two groups, an Active (N = 21) and a Sham control 

group (N = 17). Groups did not differ in age or gender distributions (p’s > .14). Four Active 

participants did not complete the ratings or questionnaires due to technical difficulties, and were 

therefore excluded from the corresponding analyses. All participants were told they would 

receive stimulation, and were therefore blind to the presence of the sham control group. 

Following completion of the study, participants were debriefed on their group assignment and 

the aims of the study. 

 

Ratings and questionnaires 

Pleasantness ratings 

Auditory and olfactory stimuli were rated for perceived pleasantness on a visual analog 

scale presented on a computer monitor (0-100). Auditory stimuli included a neutral (flat tone) 

and two negative (screaming and vomiting) sounds, delivered through headphones for one 

second each, and olfactory stimuli included a neutral (acetophenone; 5% dilution in mineral oil) 

and a negative (burning rubber; ScentAir™, Charlotte, NC) odor, delivered through a bottle. All 

stimuli were presented at three different intensities: weak, medium, and strong.  
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Subjective units of anxious arousal 

Participants rated their current state of anxious arousal using a visual analog scale from 0 

(not at all) to 100 (extremely), in accordance with standard ratings of Subjective Units of 

Distress (Wolpe & Lazarus, 1966). Similar ratings on additional emotional and cognitive states 

were acquired to control for extraneous effects resulting from hypothesis guessing or 

experimenter expectancies (e.g., drowsy, relaxed, concentrated, happy, bored, irritable).  

 

Behavioral Inhibition Scale (BIS) 

The BIS (Carver & White, 1994) consists of 7 items assessing behavioral avoidance and 

trait anxiety using a 4 point Likert scale to indicate how much each individual disagrees (1) or 

agrees (4) with each statement (e.g. “If I think something unpleasant is going to happen I usually 

get pretty worked up”). This measure was collected at the beginning of the first session and was 

entered into omnibus ANOVAs assessing changes in state anxiety as a covariate to control for 

individual differences in trait anxiety. 

 

Adverse Effects Questionnaire (AEQ) 

 The AEQ (Brunoni et al., 2011) consists of 9 items addressing the experience of common 

transcranial electrical stimulation symptoms or side effects using a 4 point Likert scale to address 

the severity of each symptom (1 = absent, 4 = severe) and a 5 point Likert scale to assess the 

likelihood these sensations are related to the stimulation (1 = none, 5 = definite). Sensations 

include headache, neck pain, scalp pain, tingling, burning, skin redness, sleepiness, trouble 

concentrating, and acute mood change. 

 



 
 

10 

tACS  

tACS was administered using a Soterix Medical 4x1 high-density (HD) transcranial 

electrical stimulation system (New York, NY, USA). Stimulation electrodes were placed in a 4x1 

montage over occipitoparietal sites, with the central electrode receiving electrical current from 

the four surrounding electrodes (Figure 1A). Stimulation sites were selected to maximally target 

the dorsal extrastriate, where deficient alpha oscillations in PTSD patients have been previously 

observed (Clancy et al., 2017). Electrical current flow modeling (Soterix Medical HDExplore 

Software, New York, USA) indicated maximal electric field intensity (0.21 V/m; with a 2mA 

stimulation current) in the dorsal occipital cortex (peak voxel: 29, -91, 18; Montreal 

Neurological Institute Coordinates; Fig. 1A). Electric field intensity did not exceed 0.02 V/m in 

frontal regions.  

Stimulation was administered for 30 minutes with a 2mA sinusoidal current oscillating at 

individuals’ baseline occipitoparietal peak alpha frequency (PAF). Based on the first EEG during 

the initial session, PAF was identified as the peak frequency within the alpha-range (8-12 Hz) 

with a 0.5 Hz frequency resolution across occipitoparietal electrodes during the initial (session 1) 

baseline EEG recordings. Individual PAFs ranged from 8 to 11.5 Hz (M = 9.93, SD = 0.66 Hz). 

The two groups did not differ in PAF (p = .853) All participants were familiarized with tACS-

induced skin sensations with a brief, 30 second pulse of random noise stimulation. During 

stimulation, the current was ramped up to 2 mA over a span of 10 seconds. Stimulation was then 

discontinued in Sham participants, and reintroduced during the last 10 seconds to mitigate 

awareness of experimental group. 
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Procedure 

The experiment consisted of four sessions, each separated by 24 hours (Figure 1B). 

During the first and last sessions, participants started with a subjective rating of anxious arousal, 

followed by a two-minute resting, eyes-open EEG recording and then pleasantness ratings of 

sensory stimuli. Participant then underwent a tACS session, and then repeated a set of arousal 

rating, resting EEG recording, and pleasantness ratings. After a 30-minute break, participants 

again repeated a set of arousal rating, resting EEG recording, and pleasantness ratings. The 

second and third sessions included 30 minutes of tACS, along with pre- and post-stimulation 

ratings of anxious arousal. 

 

EEG acquisition and analyses 

EEG data were recorded from a 32-channel BrainProducts actiChamp system (1000 Hz 

sampling rate, 0.05 – 200 Hz online bandpass filter, referenced to the FCz channel). Electro-

oculogram (EOG) was recorded using four electrodes with vertical and horizontal bipolar 

derivations. EEG/EOG data were downsampled to 250 Hz, high-pass (1 Hz) and notch (60 Hz) 

filtered. We applied the Fully Automated Statistical Thresholding for EEG artifact Rejection 

(FASTER) algorithm for artifact detection and rejection (Nolan, Whelan, & Reilly, 2010). 

 

Spectral power analyses 

EEG oscillation powers were computed for individual channels for each epoch (1-sec) 

using the multitaper spectral estimation technique (Mitra & Pesaran, 1999; Thomson, 1982). 

Alpha (8-12 Hz) powers were normalized by the mean power for the global spectrum (1-50 Hz) 

within each epoch. Alpha powers were extracted from occipitoparietal (right, middle, and left) 
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electrodes, where they are maximally distributed (Foxe & Snyder, 2011; W. Klimesch, 2012; 

Palva & Palva, 2007). 

 

Directed alpha-frequency connectivity (Granger causality) analyses 

Alpha-frequency Granger causality (GC) analysis (Mingzhou Ding, Chen, & Bressler, 

2006; Geweke, 1982) was performed to assess posteriorfrontal relay of alpha oscillatory 

activity. To mitigate adverse effects of volume conduction and shared electrical source on 

connectivity analyses (Srinivasan, Winter, Ding, & Nunez, 2007), we first transformed scalp data 

into reference-free, current source density (CSD) data using the surface Laplacian algorithm 

(Perrin, Pernier, Bertrand, & Echallier, 1989). CSD data of ipsilateral frontal-posterior pairs were 

then submitted to bivariate autoregressive (AR) modeling, from which spectral granger causality 

(GC) analysis (Brovelli et al., 2004; M. Ding, Bressler, Yang, & Liang, 2000; Geweke, 1982) 

was performed.  

GC is a measure of causal connectivity based on time-series prediction (M. Ding et al., 

2000; Geweke, 1982), or the extent to which one signal, Y, is influenced by past values of a 

different signal, X. GC is quantified by how much better one signal predicts future values of a 

different signal than previous values of that same signal (Seth, Barrett, & Barnett, 2015). Given 

two bivariate autoregressive processes, GC from signal X to Y can be quantified as the ratio of 

the error variance of the univariate autoregressive process within signal Y alone and of the 

bivariate autoregressive model between signals X and Y. Thus, the better signal X predicts signal 

Y, the smaller the bivariate error term variance, and thus the greater GC. 
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Statistical analyses 

Occipitoparietal alpha power and feedforward alpha GC at each time point (t) were 

decibel-normalized relative to the initial (i), first-session pre-tACS, baseline values [powerdb = 

10*log10(powert/poweri); GCdb = 10*log10(GCt/GCi) ] to control for variations in baseline 

activity (M. X. Cohen, 2014; Kasten et al., 2016; Vossen et al., 2015). The decibel-normalized 

values were submitted to omnibus repeated-measures analyses of variance (rANOVAs; with 

Greenhouse-Geisser corrections) of Site (power: left, middle, right; GC: left, right hemisphere), 

Session (initial, final), Time (pre, post, post-30 minutes), and Group (active, sham). Of particular 

relevance to our hypotheses are the interactions of Group with Time and/or Session, reflecting 

within-session (immediate and 30 minutes after) and between-session (accumulative and lasting) 

effects, respectively.  

Pleasantness and anxious arousal ratings at each time point (t) were normalized using the 

difference-over-sum method to the initial (i) baseline [(ratingt – ratingi)/(ratingt + ratingi)] to 

similarly account for variations in baseline ratings (M. R. Cohen & Maunsell, 2010). 

Pleasantness ratings were submitted to omnibus rANOVAs of Valence (neutral, threat), Intensity 

(strong, medium, weak), Session (initial, final), Time (pre, post, post-30 minutes), and Group. 

Ratings of anxious arousal were submitted to an omnibus rANOVA of Session (initial, second, 

third, final), Time (pre, post) and Group. As ratings were acquired only before and immediately 

after tACS in the second and third sessions, we collapsed the immediate and 30-minute ratings 

for the initial and final sessions into a single post-stimulation rating. Individual differences in 

trait anxiety were accounted for by entering BIS scores as a covariate. The four Active 

participants who did not complete sensory or anxious arousal ratings were excluded from these 

and subsequent analyses involving these ratings. 
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Finally, to isolate baseline shifts from the initial to the final session, thereby indicating 

long-term tACS effects (> 24 hours), we performed rANOVAs of Session and Group on the pre-

stimulation (baseline) data for all the dependent variables. 
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CHAPTER THREE 

RESULTS 

Sham control participants were unaware of their group assignment 

 Across both groups, the most common side-effects experienced during and after 

stimulation were scalp tingling (52.6%) and feelings of sleepiness (47.4%). All participants 

endorsing scalp tingling attributed it to the stimulation, whereas 83.5% of those endorsing 

sleepiness thought it was related to the stimulation. Group differences in the experience of tACS-

induced symptoms or side effects emerged only in the presence of scalp burning and the ascribed 

likelihood that sensations of scalp pain and burning could be attributed to the tACS 

administration. Importantly, compared to the Active group (M = 1.00, SD = 0.00), the Sham 

group (M = 1.35, SD = .77) endorsed increased severity of scalp burning, t34 = -3.13, p = .004. 

Additionally, the Sham group attributed the sensations of scalp pain (M = 2.53, SD = 1.66) and 

burning (M = 2.00, SD = 1.54) to the perceived stimulation more so than the Active group (pain: 

M = 1.47, SD = 1.17; burning: M = 1.00, SD = 0.00), t’s < -.22, p’s < .033. The groups did not 

differ in ratings of any other symptoms (p’s > .114). Therefore, these results indicate that the 

sham group was not aware of the sham stimulation. 

 

tACS induced immediate and short-term increases in occipitoparietal alpha power  

An omnibus rANOVA of Site (left, middle, right), Session (initial, final), Time (pre, post, 

post-30 minutes), and Group (active, sham) on alpha power revealed a significant interaction of 

Time x Group (F1.99, 71.79 = 3.35, p = .041, ηp² = .09), such that, across occipitoparietal sites and 

the two sessions, an effect of Time arose in the Active group (F1.55, 30.98 = 7.99, p = .003, ηp² = 

.29) but not the Sham group (p = .485; Figure 2A). Follow-up contrasts within the Active group 
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demonstrated power increases both immediately (p = .0003) and 30 minutes (p = .006) after 

stimulation. Additionally, a marginal interaction of Session x Group emerged (F1, 36 = 2.89, p = 

.098, ηp² = .07), which was substantiated by power reduction in the Sham group from the initial 

to final session (p = .059) while no difference between the two sessions was observed in the 

Active group (p = .669; Figure 2B). Furthermore, the baselines for the two sessions did not differ 

in either group (p’s > .598), failing to support a long-term baseline shift in alpha power. There 

was no three way (Session x Time x Group) interaction (p = .268). Overall, the results confirmed 

that tACS produced an immediate increase in alpha power, which lasted 30 minutes post-

stimulation. 

 

tACS induced immediate and long-term increases in feedforward alpha connectivity 

An omnibus rANOVA of Site (right, left hemisphere), Session (initial, final), Time (pre, 

post, post-30 minutes), and Group (active, sham) on posteriorfrontal alpha GC showed a 

significant four-way interaction of Site x Session x Time x Group (F1.98, 71.13 = 4.18, p = .020, ηp² 

= .10). A follow-up ANOVA (Session x Time x Group) in the left hemisphere showed an 

interaction of Session x Time x Group (F1.99, 71.58 = 2.84, p = .065, ηp² = .07), which was 

substantiated by an interaction of Session x Time in the Active (F1.99, 39.81 = 3.13, p = .055, ηp² = 

.14) but not Sham (p = .363) group. Specifically, the Active group exhibited an effect of Time in 

the initial session (F1.96, 39.28 = 3.87, p = .030, ηp² = .16), where a transient increase in alpha GC 

appeared immediately after stimulation (p = .065) and returned to baseline 30 minutes later (p = 

.504). No effect of Time emerged in the final session (p = .730), suggesting no lasting effect of 

stimulation in the left hemisphere. 
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A similar three-way ANVOA for the right hemisphere revealed a Session x Group 

interaction (F1, 36 = 7.71, p = .009, ηp² = .18; Figure 2D), which was substantiated by a 

significant increase from the initial to the final session in the Active (F1, 20 = 12.11, p = .002, ηp² 

= .38) but not Sham (p = .487) group, demonstrating a cumulative effect of tACS on feedforward 

alpha connectivity. Importantly, the Active group (but not the Sham group, p = .225) 

demonstrated a significant baseline shift from the initial to the final session (F1, 20 = 18.46, p = 

.0004), highlighting a long-term (> 24 hours) effect of tACS. We did not observe significant 

interactions involving Time and Group in the right hemisphere (p’s > .147). However, as 

illustrated in Figure 2E, this lack of Time-by-Group interactions were rather caused by the 

markedly elevated GC at the baseline of the final session, which caused a ceiling effect limiting 

further increases in the final session. To unmask the Time effect, we contrasted the initial 

baseline (of the initial session) with all subsequent assessments, demonstrating augmented GC at 

all assessments in the Active group (t’s < -2.28, p’s < .034), a phenomenon nevertheless absent 

in the Sham group (p’s > .190).  

 

Correlations between alpha power and GC 

Subject-wise correlation analysis indicated a positive correlation between posterior alpha 

power and posteriorfrontal GC in the right hemisphere at baseline in both the initial (r36 = 

.417, p = .009) and final (r36 = .475, p = .003) sessions, suggesting a robust intrinsic relationship 

between these two neural indices that persisted despite exogenous modulation. However, 

consistent with the different patterns of tACS effects for these two neural activities, changes in 

alpha power and alpha GC did not correlate either within the Active group or across the entire 

sample (p’s > .340), suggesting dissociable neural mechanisms underpinning these changes. 
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tACS reduced anxious arousal 

An omnibus rANOVA of Session, Time and Group on anxious arousal ratings revealed a 

main effect of Group (F1, 32 = 4.64, p = .039, ηp² = .13): following the initial baseline, the two 

groups diverged in anxious arousal ratings, with the Active (vs. Sham) group showing 

consistently lower ratings (Figure 3A). Importantly, indicating baseline shifts, an ANOVA 

(Session x Group) on the baseline ratings revealed an interaction between Session and Group 

(F2.72, 84.42 = 2.62, p = .062, ηp² = .08): anxious arousal in the Active group dropped at the second 

(p = .003), third (p = .021), and final (p = .005) baselines from the initial baseline (Figure 3A). 

By contrast, no change from the initial baseline was observed in the Sham group (p’s > .317). 

Overall, tACS lead to a consistent and lasting reduction in anxious arousal across the 4-day 

period.  

 

tACS reduced perceived negativity of sensory stimuli 

Auditory stimuli 

An omnibus rANOVA (Valence, Intensity, Session, Time, and Group) on valence ratings 

of auditory stimuli revealed a main effect of Group (Active > Sham; F1, 32 = 4.19, p = .049, ηp² = 

.12), which was further characterized by a Session x Time x Group interaction (F1.57, 50.17 = 3.84, 

p = .038, ηp² = .11; Figure 3B). Breaking down the interaction by Session, an interaction of Time 

x Group emerged in the initial (F1.70, 54.28 = 4.10, p = .028, ηp² = .11) but not final (p = .707) 

session. That is, following the initial tACS (but not sham stimulation, p = .644), auditory stimuli 

were perceived as more pleasant (F1.35, 21.59 = 4.10, p = .045, ηp² = .20), immediately (p = .073) 

and 30 minutes (p = .040) after stimulation. Similar to the GC results, as illustrated in Figure 2E, 

this lack of Time effect in the Active Group for the final session was related to the increased 
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sound pleasantness at the final baseline (vs. the initial baseline, t = -2.43, p = .027), causing a 

ceiling effect limiting further increases in the final session. In fact, both of the two post-

stimulation ratings in the final session for the Active group were significantly higher than the 

initial baseline (p’s < .083). No such between- or within-session changes were seen in the Sham 

group (p’s > .572). Therefore, sound pleasantness ratings paralleled anxious arousal ratings, such 

that they increased after the initial tACS and persisted to the last assessment on Day 4. 

 

Olfactory stimuli 

A similar omnibus rANOVA on valence ratings of olfactory stimuli revealed an 

interaction of Valence x Group (F1, 32 = 8.51, p = .006, ηp² = .21), which was further qualified by 

a Valence x Time x Group interaction (F1.75, 55.95 = 5.20, p = .011, ηp² = .14; Figure 3C). Follow-

up ANOVAs revealed a Time x Group interaction for threat (F1.82, 58.10 = 4.60, p = .017, ηp² = 

.13) but not neutral (p = .230) odor ratings. That is, the Active group showed increases in 

pleasantness of threat odors (F1.88, 30.14 = 3.15, p = .060, ηp² = .16) both immediately (p = .050) 

and 30 minutes (p = .066) after stimulation. In contrast, the Sham group showed an opposing 

decrease in pleasantness of threat odors (F1.72, 27.56 = 3.32, p = .058, ηp² = .17) that emerged only 

30 minutes post-stimulation (p = .029), but not immediately (p = .952).   There were no Session 

x Group interactions (p’s > .202) such that evidence for long-term, between-session effects was 

unclear. Overall, pleasantness ratings for negative (but not neutral) odors immediately (but not 

lastingly) increased after tACS. 
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Correlations between alpha, GC and anxious arousal, sensory sensitivity 

Subject-wise correlation analyses indicated no relationship between increases in alpha 

power or connectivity and decreased ratings of anxious arousal or perceived negativity of 

sensory stimuli across all subjects (p’s > .281) or within the Active group alone (p’s > .209). 
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CHAPTER FOUR 

DISCUSSION 

 Through the repeated administration of alpha-tACS over four days, we demonstrated both 

immediate and lasting effects on local and global oscillatory networks. Replicating previous 

findings of acute increases in oscillatory power, local occipito-parietal alpha power within the 

active (vs. sham control) group increased transiently, lasting 30 minutes post-stimulation. These 

acute power increases were paralleled by short-lived increases in perceived pleasantness of 

olfactory stimuli. Conversely, posterior  frontal alpha-frequency connectivity demonstrated 

long-term increases that persisted at least 24 hours post-stimulation, resulting in a shifted 

baseline of posterior-frontal interactions. These lasting changes were paralleled by decreases in 

anxious arousal and increases in perceived pleasantness of auditory stimuli, both immediately 

and 24 hours after tACS. Expanding upon previous studies demonstrating tACS-induced 

modulations of oscillatory activity and related cognitive processes (Bergmann, Karabanov, 

Hartwigsen, Thielscher, & Siebner, 2016; Herrmann et al., 2013; Struber, Rach, Trautmann-

Lengsfeld, Engel, & Herrmann, 2014), the present study identifies long-term (> 24 hours) effects 

of tACS, reflecting plastic changes that align with clinically-relevant emotional changes. 

Together, these findings provide strong support for the utility of tACS in clinical interventions, 

the effects of which are explicated by the dissociative mechanisms underpinning the acute and 

long-term effects of tACS. 

Alpha oscillations are known to fluctuate with an individual’s mental and arousal states, 

depending on environmental and cognitive demands. Moreover, ratings of anxious arousal would 

naturally reduce as participants become familiarized with experimental procedures over time, 

and ratings of sensory stimuli would habituate with repeated presentations. However, the 
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reported effects are supported by the specific comparison with a separate sham control group, 

thereby ruling out non-stimulation-related time effects and behavioral confounds. Notably, 

results from the tACS Adverse Effects Questionnaire indicated that the sham group was unaware 

of the sham stimulation, excluding potential expectation effects. Overall, our effects were highly 

specific to our experimental targets, as changes in alpha power and GC connectivity were 

concentrated within the alpha range (Figures 2A, 2D) and maximal over the targeted occipito-

parietal cortex (Figures 1A, 2C) and long-range oscillatory networks of interest (Figure 2F). 

The acute (immediate and 30 minutes after stimulation) enhancement of local (occipito-

pareital) alpha power corroborates previous reports of immediate augmentations in posterior 

alpha oscillations in response to alpha-tACS (Herrmann et al., 2013; T. Neuling, Rach, & 

Herrmann, 2013; Vossen et al., 2015) that last up to 70 minutes post-stimulation (Kasten et al., 

2016). Interestingly, bin-by-bin examination of tACS effects across the entire frequency 

spectrum (1-50 Hz) selectively isolated power enhancement within the lower half of the alpha 

range (8-10.5 Hz; Figure 2A), consistent with previous reports of left-ward shifting of alpha 

peaks by alpha-tACS (Kasten et al., 2016). As such, accruing evidence appears to converge that 

local cortical alpha activity is reliably response to rhythmic electric fields exerted by tACS 

(Bollimunta et al., 2008; Bollimunta, Mo, Schroeder, & Ding, 2011; Haegens et al., 2015), 

resulting in acute, within-session augmentations of cortical activity. 

Nevertheless, we failed to observe long-term (> 24 hours) changes in local alpha power 

despite the administration of repeated stimulations over four consecutive days. It is possible that 

the current dosage of 30 minutes for four days may be at the lower end of the dose-response 

curve such that an insufficient dose of alpha-tACS may account for the lack of lasting effects. 

However, the long-term effects in alpha connectivity seem to refute this account, indicating that 
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the administered dosage was sufficient for generating lasting neural plasticity. Therefore, the 

short-lived alpha power increases are likely reflective of processes related to transient neural 

entrainment, through which alpha power is boosted by the temporal synchronization of 

endogenous occipito-parietal cortical oscillations to the exogenous stimulation frequency 

(Helfrich, Schneider, et al., 2014; Reato, Rahman, Bikson, & Parra, 2013). Previous literature 

asserts cortical alpha oscillations are controlled by a thalamo-cortical network which operates as 

a unitary system via dense, bidirectional connections (Bazanova & Vernon, 2014; Hughes & 

Crunelli, 2005). Therefore, in the absence of additional plastic changes in this subcortical alpha 

generator, such local cortical entrainment to exogenous currents can be reversed by the driving 

inputs from deep thalamic oscillators, thus restoring activity to the endogenous level. 

It is known that alpha oscillations dominate the awake restful state and play critical roles 

in various neural and mental processes (Bollimunta et al., 2008; Foxe & Snyder, 2011; W. 

Klimesch, 2012; Shaw, 2003). Aberrations in this resting alpha activity have been observed in 

multiple neuropsychiatric disorders (Basar, 2013; Clancy et al., 2017), reflecting a pathological 

perturbation of a regulatory network that is integral in the orchestration of necessary neural 

processes. The observed resistance of cortical alpha oscillations to exogenous modulation 

accentuates the stability of this endogenous, self-regulating thalamo-cortical network in healthy 

individuals (Bazanova & Vernon, 2014; Hughes & Crunelli, 2005; McCormick & Bal, 1994; 

Mease, Krieger, & Groh, 2014). Such qualities implicate a conserved, closed-loop system of 

alpha oscillations that serves an essential function in preserving neural homeostasis and 

maintaining cognitive stability (Sterling, 2014). 

 In contrast to the transient increases in local oscillatory power, posteriorfrontal GC 

connectivity within the alpha frequency exhibited both immediate and lasting changes, 
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representing some of the first empirical evidence for long-term plastic changes induced by tACS. 

Local alpha power and alpha connectivity are highly correlated (Clancy et al., 2017), findings of 

which were confirmed in the current study. However, the dissociation between their respective 

changes over time suggests distinct mechanisms through which tACS elicited change. 

Specifically, tACS did not induce lasting local power enhancement, ruling out the possibility that 

augmented alpha connectivity resulted from a stronger posterior sender (i.e. the occipito-parietal 

cortex). Rather, the evidence favors the interpretation that tACS improved the efficiency through 

which alpha oscillations propagated across long-range intrinsic networks, such that with alpha 

power at the sender remaining constant, directed transmission of alpha oscillations to the distant 

receiver was intensified. 

 This improved efficiency of directed transmission would likely be mediated by synaptic 

plasticity induced by tACS through mechanisms such as spike-timing dependent plasticity 

(STDP) (Frohlich & McCormick, 2010; Polanía, Nitsche, Korman, Batsikadze, & Paulus, 2012; 

Reato, Rahman, Bikson, & Parra, 2010; Vossen et al., 2015; Zaehle et al., 2010), which are 

known to be conducive to enduring Hebbian synaptic changes in lasting cortico-cortical 

oscillatory interactions (Clopath et al., 2010; Liebe, Hoerzer, Logothetis, & Rainer, 2012; 

Sacchet et al., 2015; Siegel, Donner, & Engel, 2012). As such cortico-cortical networks operate 

outside of the relatively encapsulated thalamo-cortical loop that constrains local oscillatory 

power, plasticity in this oscillatory connectivity could outlast the effect of local oscillatory 

entrainment to exogenous stimulation. This coincides with the notion that tACS modulates 

electric fields within the neocortex and thus directly modifies feedforward and feedback 

interactions across neurons to the extent that the dynamics of macroscopic, global networks are 

altered (Frohlich & McCormick, 2010; Reato et al., 2010). In this manner, alpha-tACS 
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augmented rhythmic electric fields within the alpha-frequency across the occipito-parietal cortex, 

culminating in facilitated connectivity over long-range, large scale networks that are orchestrated 

by alpha oscillations. In particular, the posteriorfrontal connectivity exhibited maximal gain, 

reflective of its dominance at rest in long-range alpha oscillatory networks. Conversely, tACS 

elicited minimal change in the opposing frontalposterior direction (see Appendix C). 

 Paralleling the alpha GC connectivity increases, anxious arousal reduced both 

immediately and 24 hours after tACS. Notably, these reductions persisted at every time point 

across the four days, demonstrating a reliable and robust clinical effect. Evidently, these changes 

outlasted local power enhancement, reflecting a temporal alignment with the strengthening of 

posteriorfrontal alpha connectivity despite a lack of subject-wise relationships between the two 

measures. Long-range alpha oscillatory projections are thought to orchestrate two major resting-

state networks, the default mode network (DMN) and the salience network (SN), whose 

activation levels are positively correlated with the strength of alpha oscillations (Buzsáki & 

Draguhn, 2004; Laufs et al., 2003; Mantini, Perrucci, Del Gratta, Romani, & Corbetta, 2007; 

Mo, Liu, Huang, & Ding, 2013; Sadaghiani et al., 2010; Zhan et al., 2014). Both DMN and SN 

play critical roles in arousal response and emotion processing (Raichle et al., 2001; Sridharan et 

al., 2008), aberrations of which are implicated in an array of affective disorders (Greicius, 2008; 

Manoliu et al., 2013; Sripada et al., 2012). Therefore, through the long-term facilitation of the 

activity of these networks, tACS is capable of eliciting lasting modulations of anxious arousal. 

 The lasting increases in directed alpha connectivity were additionally accompanied by 

long-term changes in the perceived pleasantness of sounds, especially negative sounds, in the 

active (vs. sham) group (Figure 3B). Alpha oscillations are known to regulate sensory processing 

and perception (Foxe & Snyder, 2011; Wolfgang Klimesch et al., 2011; Lou et al., 2014; Palva 
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& Palva, 2007), such that altered alpha activity via alpha-tACS could modify the sensory 

analysis of these auditory stimuli. Additionally, auditory processing is widely known to be 

sensitive to states of arousal and alertness, as demonstrated by its utility in indexing startle 

responses (Braff et al., 2001; Grillon et al., 1991) and arousal-related sensory gating (Adler et al., 

1988; Aston-Jones et al., 1994; Baisley et al., 2012; Berridge & Waterhouse, 2003; Sherin & 

Nemeroff, 2011; Southwick et al., 1997). Therefore, reductions in arousal through tACS, 

potentially via augmentations of the DMN and SN, would mitigate aversive responses to 

auditory stimuli. 

 Interestingly, the effects of perceived valence lasted in the auditory domain alone, as 

perceived pleasantness of negative olfactory stimuli increased transiently, akin to the temporal 

profile of alpha power enhancement. Unlike the auditory system, which is neocortical and 

demonstrates direct functional and anatomical connections with the visual cortex (the current 

target of tACS) (Clavagnier, Falchier, & Kennedy, 2004; Falchier, Clavagnier, Barone, & 

Kennedy, 2002; Kayser, Petkov, & Logothetis, 2008; Novak, Gitelman, Schuyler, & Li, 2015), 

the olfactory system is largely subcortical or paleocortical, without known direct connections 

with the visual cortex (Carmichael et al., 1994; Haberly, 2001; Krusemark et al., 2013). This lack 

of intrinsic connectivity with the modulated cortical region (visual cortex) would limit the gain in 

olfactory affective perception via tACS-induced facilitation of cortico-cortical connectivity. 

Moreover, as olfactory perception is highly integrated with limbic-based emotion processing 

(Carmichael et al., 1994; Krusemark et al., 2013), it is unsurprising that these short-lasting 

effects emerged predominantly in negative odors. Situated within the limbic/paralimbic system, 

relatively removed from the manipulated cortico-cortical networks, olfactory affective perception 

is likely to exhibit only brief adaptations, presumably mediated by transient effects of alpha 
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entrainment. Like the restoration of local oscillatory activity by the encapsulated thalamo-

cortical loop, it is possible the unaffected subcortical hubs of the olfactory system maintain a 

level of homeostatic processing over time, restoring affective processing to its endogenous level. 

 Conceptualizations of such plastic changes in both neural and affective processes would 

be incomplete without acknowledging the potential role of various neurotransmitter systems. 

Previous literature has demonstrated stimulation-induced alterations in the balance between 

excitatory and inhibitory neurotransmitters, specifically glutamate and GABA, that are believed 

to orchestrate the rhythmic fluctuations of neural oscillations (Clark, Coffman, Trumbo, & 

Gasparovic, 2011; Liebetanz, Nitsche, Tergau, & Paulus, 2002; Stagg et al., 2009). Given their 

integral role in the emergence of synaptic plasticity, it is reasonable to implicate these 

neurochemical changes in the emergence of the long-term, plastic changes induced by tACS. 

Moreover, fluctuations of stress hormone and monoaminergic systems have been implicated in 

fluctuations of intrinsic alpha oscillatory activity (Bazanova & Vernon, 2014; Celada, Puig, & 

Artigas, 2013; Sannita et al., 1999; Tops, van Peer, Wester, Wijers, & Korf, 2006), findings of 

which coincide with known dysregulations of neuroendocrine and serotonergic systems in post-

traumatic stress disorder and related symptomatologies of elevated arousal and sensory 

aberrations (Adler et al., 1990; Sherin & Nemeroff, 2011; Southwick et al., 1999). These 

endocrine and monoaminergic systems are known to interact with glutamate and GABA 

(Ciranna, 2006; Van Den Pol, Wuarin, & Dudek, 1990), and perturbations of this interaction are 

implicated in the lasting effects of stress and excess arousal on the human brain (McEwen et al., 

2015; Popoli, Yan, McEwen, & Sanacora, 2011). Therefore, the extent to which plastic changes 

in oscillatory network dynamics influence, or are influenced by, changes in these 
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neuromodulatory systems may elucidate a mechanistic understanding through which tACS elicits 

lasting behavioral changes in arousal and sensory perception. 

 Increasing recognition of the role oscillatory dynamics have in the pathology of various 

neuropsychiatric disorders has spawned strong interests in directly modulating the endogenous 

oscillations within these “oscillopathies” (Basar, 2013; Schnitzler & Gross, 2005; Uhlhaas & 

Singer, 2012). Our recent findings of deficient posterior alpha power and posteriorfrontal 

alpha directed connectivity in posttraumatic stress disorder (PTSD), the latter of which was 

directly related to the PTSD symptom of heightened sensory hypervigilance (American 

Psychiatric Association, 2013; Clancy et al., 2017), provide a specific neurophysiological target 

for tACS protocols. The current findings provide strong laboratory support that such deficient 

alpha oscillatory activity, and related symptoms of anxious arousal and sensory sensitivity, can 

be mitigated using alpha-tACS. Broadly speaking, as a non-invasive procedure that directly 

modulates underlying neural processes, tACS promises to yield a novel, mechanism-based line 

of treatment to address the increasingly identified symptomatology of neuropsychiatric disorders 

rooted in aberrant oscillatory networks. Mitigation of these neuropathologies and restoration of 

deficient neural networks may subsequently augment the therapeutic efficacy of current 

psychotherapies rooted in the cognitive-behavioral domain, such as cognitive processing therapy 

(Resick & Schnicke, 1992) and prolonged exposure (Foa, Hembree, & Rothbaum, 2007). Future 

studies are therefore called to evaluate the clinical utility of alpha-tACS in augmenting 

therapeutic outcomes of empirically-supported treatments for psychotherapies characterized by 

aberrations in arousal and sensory sensitivity through the restoration of critical, intrinsic neural 

networks. 
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To this end, the lasting changes in large-scale oscillatory connectivity, compared to the 

transient increases in local power, call for keen attention to changes in cortico-cortical oscillatory 

dynamics in future tACS research application. Increasing recognition of the role network 

dynamics play in the regulation of various cognitive, affective, and behavioral processes place 

profound importance on these inter-areal interactions. As neural oscillations provide the 

functional architecture from which these neural networks emerge, tACS provides a particularly 

powerful approach to modulate these networks through direct interactions with endogenous 

oscillatory activity. Future applications of tACS in both the clinical and research domain are 

therefore encouraged to consider long-term, plastic changes in network dynamics when assessing 

the utility of tACS in eliciting meaningful cognitive and behavioral changes. 
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APPENDIX A 

TABLES 

Table 1. Participant Demographics and Baseline Measures 
 Stimulation Group 
 Active Sham 

N 21 17 

Age (years) 20.62 
(0.74) 

19.18 
(0.31) 

Gender (female/male) 12/9 
 

6/11 
 

Trait Anxiety (BIS) 18.18 
(4.05) 

19.94 
(4.18) 

Baseline Posterior Alpha Power 
(a.u.) 

3.23 
(0.23) 

3.72 
(0.30) 

Baseline PosteriorFrontal 
Alpha GC (a.u.) 

0.01 
(0.01) 

.02 
(0.01) 

Baseline Anxious Arousal (a.u.) 32.80 
(15.43) 

30.62 
(19.25) 

Baseline Sensory Valence 
Ratings 

  

     Auditory - Neutral 48.60 
(1.76) 

51.46 
(3.11) 

     Auditory - Threat 18.35 
(3.20) 

17.77 
(2.96) 

     Olfactory - Neutral 53.08 
(3.37) 

47.87 
(2.38) 

     Olfactory - Threat 30.01 
(2.58) 

31.96 
(2.88) 

Note: BIS = Behavioral Inhibition Scale. Standard deviations appear in parentheses below all 
means. No significant differences in any variable emerged between the two stimulation groups 
(p’s > 0.10). 
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APPENDIX B 

FIGURES 

 

 

Figure 1. Stimulation setup and experimental protocol. A) tACS montage, with stimulation 
electrodes placed over occipito-parietal sites. B) Modeled current flow of tACS through the 
cortex demonstrates maximum electrical field intensity over dorsal occipital cortex. C) 
Participants completed 4 sessions of tACS or sham stimulation, each separated by 24 hours. 
tACS was administered for 30 minutes at individuals’ peak alpha frequency. Eyes-open resting 
state EEG data and ratings of anxious arousal and perceived pleasantness of auditory and 
olfactory stimuli were acquired before, immediately, and 30 minutes after stimulation.  
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Figure 2. Changes in posterior alpha power and posteriorfrontal alpha GC. A) Spectra of 
normalized power over occipito-parietal electrodes for each group at the three time points, 
averaged across the initial and final sessions. The grey line at the top of the waveforms indicates 
the frequency bins (.25 Hz each) showing a significant Time-by-Group interaction. The 
interaction effect appeared selectively in the lower half of the targeted alpha range (8-10.5 Hz). 
B) Alpha power magnitudes, decibel-normalized to the initial baseline, for each group. C) Scalp 
topographical maps of normalized alpha power at the initial baseline (surrounded by a black box 
and associated with its own color scale), and subsequent changes at each time point thereafter, 
with electrodes included in occipito-parietal sites bolded. D) Spectra of posteriorfrontal 
Granger causality for each group, averaged across time points. The grey line at the top of the 
waveforms indicates frequency bins (.5 Hz each) showing a significant Session-by-Group 
interaction. The effect covered largely the entire alpha band (8.5-12 Hz). E) Magnitudes of 
posteriorfrontal alpha GC, decibel-normalized to initial baseline, for each group. F) Scalp 
topographical maps of alpha GC sent from right occipito-parietal electrodes at the initial baseline 
(surrounded by a black box and associated with its own color scale), and subsequent changes at 
each time point thereafter. Sending occipitoparietal and receiving frontal electrodes are bolded. 
Shaded ribbons = standard error of the mean (SEM); Error bars = SEM. *p < .05; **p < .01; *** 
p < .005. 
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Figure 3. Changes in clinically-relevant outcomes. A) Anxious arousal ratings, normalized to 
initial baseline ratings, for each group at each time point over the four sessions/days. 
Pleasantness ratings of neutral and negative B) sounds and C) odors, normalized to initial 
baseline ratings. Error bars = SEM. *p < .05; **p < .01; *** p < .005; † p < .1 
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APPENDIX C 

SUPPLEMENTAL ANALYSES 

No changes in feedback alpha connectivity from frontal regions in the Active Group 

 An omnibus rANOVA of Site (right, left hemisphere), Session (initial, final), Time (pre, 

post, post-30 minutes), and Group (active, sham) on frontal  posterior alpha GC showed a 

main effect of Time (F1.92, 69.10 = 8.37, p = .001, ηp² = .19) that was substantiated by a marginal 

Time x Group interaction (F1.92, 69.10 = 2.92, p = .063, ηp² = .08). Follow-up ANOVA’s within 

each group revealed a main effect of Time in the sham group (F1.72, 27.48 = 6.72, p = .006, ηp² = 

.30), such that top-down alpha connectivity increased immediately (p = .065) and 30 minutes 

after (p = .001) sham stimulation. No such effect was seen in the active group (F1.96, 39.15 = 1.94, 

p = .158, ηp² = .09). 

 

Late decreases in frontal gamma power 

In assessing the effects increased right hemisphere posterior  frontal alpha connectivity 

has on frontal excitatory activity, a rANOVA (Session x Time x Group) on right frontal gamma 

activity revealed no within-session (Time x Group: p = .295) or between-session (Session x 

Group: p = .446) changes in the Active group compared to Sham. However, within the Active 

group, a trending effect of Session emerged (F1, 20 = 2.97, p = .100, ηp² = .129), such that frontal 

gamma powers in the final session were less than those in the initial session. This was 

substantiated by a baseline decrease in frontal excitation (F1, 20 = 4.46, p = .047, ηp² = .18). This 

effect was stronger in the 18 active individuals who demonstrated tACS-induced increases in 

posterior-->frontal alpha GC (F1, 17 = 6.01, p = .025, ηp² = .261), and not seen in the Sham group 

(p = .408). Furthermore, exploratory post-hoc analyses revealed these right frontal gamma power 
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decreases persisted 30 minutes after the final stimulation (t20 = -2.77, p = .012). No such 

decreases were seen in the Sham group at any time point (p's > .408). 

In further assessing the influence of long-term increases in feedforward inhibition on 

frontal excitation, a Pearson's Correlation between final baseline feedforward alpha GC and right 

frontal gamma revealed a negative relationship in all subjects (r19 = -.43, p = .007), and Active 

subjects alone (r36 = -.38, p = .091), suggesting an intrinsic influence of feedforward inhibition 

on frontal excitation that can be exogenously modified through tACS. 
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APPENDIX D 

INSTITUTIONAL REVIEW BOARD APPROVAL 

The Florida State University 
Office of the Vice President For Research 
Human Subjects Committee 
Tallahassee, Florida 32306-2742 
(850) 644-8673, FAX (850) 644-4392 
 
RE-APPROVAL MEMORANDUM 
 
Date: 5/11/2017 
 
To: Wen Li [wenli@psy.fsu.edu]  
 
Address: 4301 
Dept.: PSYCHOLOGY DEPARTMENT 
 
From: Thomas L. Jacobson, Chair 
 
Re: Re-approval of Use of Human subjects in Research 
Neuromodulation of Cortical Activity via Brain Stimulation â€“ Emotion-Cognition Interactions 
in Anxiety: Behavioral and Electrophysiological Evidence 
 
Your request to continue the research project listed above involving human subjects has been 
approved by the Human Subjects Committee. If your project has not been completed by 
5/9/2018, you must request renewed approval by the Committee. 
 
If you submitted a proposed consent form with your renewal request, the approved stamped 
consent form is attached to this re-approval notice. Only the stamped version of the consent form 
may be used in recruiting of research subjects. You are reminded that any change in protocol for 
this project must be reviewed and approved by the Committee prior to implementation of the 
proposed change in the protocol. A protocol change/amendment form is required to be submitted 
for approval by the Committee. In addition, federal regulations require that the Principal 
Investigator promptly report in writing, any unanticipated problems or adverse events involving 
risks to research subjects or others. 
 
By copy of this memorandum, the Chair of your department and/or your major professor are 
reminded of their responsibility for being informed concerning research projects involving 
human subjects in their department. They are advised to review the protocols as often as 
necessary to insure that the project is being conducted in compliance with our institution and 
with DHHS regulations. 
 
Cc: Jeanette Taylor, Chair [taylor@psy.fsu.edu] 
HSC No. 2017.20700
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The Florida State University 
Office of the Vice President For Research 
Human Subjects Committee 
Tallahassee, Florida 32306-2742 
(850) 644-8673, FAX (850) 644-4392 
 
APPROVAL MEMORANDUM 
 
Date: 5/13/2016 
 
To: Wen Li [wenli@psy.fsu.edu]  
 
Address: 4301 
Dept.: PSYCHOLOGY DEPARTMENT 
 
From: Thomas L. Jacobson, Chair 
 
Re: Use of Human Subjects in Research 
Neuromodulation of Cortical Activity via Brain Stimulation â€“ Emotion-Cognition Interactions 
in Anxiety: Behavioral and Electrophysiological Evidence 
 
The application that you submitted to this office in regard to the use of human subjects in the 
research proposal referenced above has been reviewed by the Human Subjects Committee at its 
meeting on 05/11/2016. Your project was approved by the Committee. 
 
The Human Subjects Committee has not evaluated your proposal for scientific merit, except to 
weigh the risk to the human participants and the aspects of the proposal related to potential risk 
and benefit. This approval does not replace any departmental or other approvals, which may be 
required. 
 
If you submitted a proposed consent form with your application, the approved stamped consent 
form is attached to this approval notice. Only the stamped version of the consent form may be 
used in recruiting research subjects. 
 
If the project has not been completed by 5/10/2017 you must request a renewal of approval for 
continuation of the project. As a courtesy, a renewal notice will be sent to you prior to your 
expiration date; however, it is your responsibility as the Principal Investigator to timely request 
renewal of your approval from the Committee. 
 
You are advised that any change in protocol for this project must be reviewed and approved by 
the Committee prior to implementation of the proposed change in the protocol. A protocol 
change/amendment form is required to be submitted for approval by the Committee. In addition, 
federal regulations require that the Principal Investigator promptly report, in writing any 
unanticipated problems or adverse events involving risks to research subjects or others. 
 
By copy of this memorandum, the Chair of your department and/or your major professor is 
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reminded that he/she is responsible for being informed concerning research projects involving 
human subjects in the department, and should review protocols as often as needed to insure that 
the project is being conducted in compliance with our institution and with DHHS regulations. 
 
This institution has an Assurance on file with the Office for Human Research Protection. The 
Assurance Number is FWA00000168/IRB number IRB00000446. 
 
Cc: Jeanette Taylor, Chair 
HSC No. 2016.18285 
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