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Julie Marie Fratantoni, PhD 
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ABSTRACT 

 
 
 Supervising Professor:  John Hart, MD 
 
 
 
 
Cognitive control refers to a set of functions serving to configure the cognitive system to execute 

difficult, novel, or complex tasks. Previous research has established a correlational relationship 

between cognitive control and the electroencephalography oscillatory frequency of theta 

localized to frontal midline regions. This study used high definition-transcranial alternating 

current stimulation (HD-tACS) to entrain frontal midline theta in 47 healthy young adults to see 

if stimulation would enhance behavioral performance during three semantically cued Go/NoGo 

tasks. We used a 3-treatment 3-period crossover design; participants received theta HD-tACS, 

sham, and an active control frequency (alpha). Results showed theta entrainment increased Go 

accuracy across all three semantic Go/NoGo tasks, thus, enhancing response selection. There 

were no differences for NoGo accuracy or reaction time. This study lays a foundation for further 

exploration into the use of HD-tACS to enhance cognitive control in the healthy brain and has 

implications for treatment of clinical populations with dysfunctional oscillatory activity. 
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CHAPTER 1 

INTRODUCTION 

Cognitive control encompasses a set of functions that configure the cognitive system for 

the performance of difficult, novel, and complex tasks (Botvinick, Braver, Barch, Carter, & 

Cohen, 2001). Response selection and response inhibition are two components of cognitive 

control necessary to function in daily life. Response selection is the cognitive process of 

choosing an appropriate action in response to a given stimulus while response inhibition is the 

process of suppressing a response (Botvinick et al., 2001; MacDonald, Cohen, Stenger, & Carter, 

2000; Miyake et al., 2000). Response inhibition is a mechanism that can help individuals prevent 

potentially detrimental situations – for example, braking when a car suddenly changes lanes or 

refraining from making an inappropriate comment during a job interview. Many clinical 

populations such as individuals with traumatic brain injury or Gulf War veterans demonstrate 

deficits in cognitive control, specifically response inhibition (Larson, 2008; Tillman et al., 2010). 

Before examining cognitive control in the disordered brain, we must first seek to better 

understand these cognitive processes in the healthy brain. Electroencephalography (EEG) studies 

in healthy adults have found increased frontal theta oscillatory rhythms to be a key mechanism 

involved during cognitive control tasks (González Villar & Carrillo de la Peña, 2017; Hanslmayr 

et al., 2008). Recently, Chander and colleagues demonstrated the ability to entrain cortical 

oscillations at the theta band power, using transcranial alternating current stimulation (tACS) 

(Chander et al., 2016). The purpose of this study is to investigate how entraining frontal midline 

theta with tACS modulates cognitive control.  
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1.1 Background 

1.1.1 Frontal Midline Theta and the dorsal Anterior Cingulate Cortex 

The functional architecture of the brain is rhythmic (Helfrich & Knight, 2016). Rhythms 

of the brain vary depending on the task, anatomic cortical region, and state of the individual. By 

studying patterns of electrical activity, known as frequency bands, we can gain insight into the 

underlying mechanisms of different cognitive functions. For the purpose of this study we are 

interested in how frontal neural oscillations, specifically theta (4-8 Hz), are engaged during tasks 

that require cognitive control. Many researchers using EEG have observed relationships between 

frontal midline theta (FMT) and cognitive control performance. For example, a study by 

Gonzalez and colleagues (2017) using EEG found larger FMT power in interference trials 

compared to control trials on a cognitive control task (Multi Source Interference Task) in healthy 

adults (González Villar & Carrillo de la Peña, 2017). This finding suggests FMT has an 

important role in modulating cognitive control processes. Another EEG study used a cognitive 

control Stroop task that had four different conditions - each condition increased the amount of 

interference. Using time frequency and source localization they found theta power localized to 

the anterior cingulate cortex (ACC) increased linearly with increasing interference conditions 

(Hanslmayr et al., 2008). Additionally, many studies have found an increase in FMT activity 

during Go/NoGo tasks (Alegre et al., 2004; Kamarajan et al., 2006; Yamanaka & Yamamoto, 

2010) and increased theta power specifically in NoGo (inhibitory) trials (Kirmizi-Alsan et al., 

2006).  Together, these studies provide ample evidence of a correlation between FMT 

oscillations and aspects of some cognitive control processes. 
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Several imaging studies have identified the ACC as a key region that is active during 

cognitive control tasks (George Bush, Luu, & Posner, 2000; Hanslmayr et al., 2008; Sheth et al., 

2012; Soeda et al., 2005). A meta-analysis of activations and deactivations during cognitive and 

emotional studies show a distinction between the dorsal ACC (dACC) and the rostral ACC. The 

dACC is activated by cognitively challenging tasks while the rostral ACC is activated by tasks 

that engage affect (George Bush et al., 2000). Furthermore, Braver and colleagues (2001) 

demonstrated the dACC is sensitive to inhibition (Braver, Barch, Gray, Molfese, & Snyder, 

2001). There is strong evidence to support the involvement of the dACC in cognitive control 

operations. Taken together, research suggests both theta power and the dACC are promising 

targets for neuromodulation due to their involvement in cognitive control.  

1.1.2 Semantic Go/NoGo Task 

The Go/NoGo task is a paradigm that has been widely used to measure response 

inhibition and elicit activity in the dACC (Nieuwenhuis, Yeung, Van Den Wildenberg, & 

Ridderinkhof, 2003; Perner, Lang, & Kloo, 2002; Simmonds, Pekar, & Mostofsky, 2008; 

Simpson & Riggs, 2006; Swick, Ashley, & Turken, 2011; Weintraub, 2000). For this task 

participants are typically asked to press a button for certain stimuli items (Go) and to inhibit their 

response for other stimuli items (NoGo). The ratio of items is usually set around 80% Go to 20% 

NoGo, therefore setting up a prepotent Go response and making inhibition more challenging.  

There is a semantic version of the Go/NoGo task that requires participants to make a 

semantic category judgment prior to deciding whether to respond or withhold a button press 

(Brier et al., 2010; Chiang et al., 2013; Maguire et al., 2009; Maguire, White, & Brier, 2011; 

Mudar et al., 2015; Tillman et al., 2010). In the semantic Go/NoGo task used by Maguire and 
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colleagues (2009) there were different levels starting first with basic perceptually based 

categories that used two items to decide weather to “Go” or “NoGo” (ex: Go for a car, NoGo for 

a dog) and increasing difficulty to categories that require semantic-conceptual information in 

order to make a decision (ex: Go for objects, NoGo for animals). Healthy adults had longer 

reaction times and more errors for the more semantically complex levels (Maguire et al., 2009). 

This finding demonstrates that semantic complexity influences response inhibition in a 

systematic way.  

Brier and colleagues (2010) used this same semantic Go/NoGo task while recording EEG 

to examine time frequency. They found greater frontal midline theta amplitudes for NoGo trials 

compared to Go trials and that theta amplitudes attenuated as semantic complexity increased 

(Brier et al., 2010). This shows that the semantic Go/NoGo task has the ability to elicit changes 

in frontal theta oscillatory activity based on semantic complexity. Therefore, this task is ideal for 

investigating the effects of FMT entrainment on response selection and inhibition. We used this 

same semantically cued Go/NoGo task for the current study. A study using tACS to entrain FMT 

during a semantic Go/NoGo task has not yet been done. The benefit of using a Go/NoGo task 

with differing levels semantic complexity is that it will allow us to investigate how the semantic 

system in conjunction with inhibition may be affected by theta entrainment.  

1.1.3 Neuromodulation 

Transcranial alternating current stimulation (tACS). TACS is a form of noninvasive 

neuromodulation that can entrain cortical regions at specific frequencies (Antal et al., 2008; 

Antal & Paulus, 2013b; Helfrich, Knepper, et al., 2014; Herrmann, Rach, Neuling, & Strüber, 

2013; Miniussi & Ruzzoli, 2013; Santarnecchi et al., 2015). Traditional tACS uses two large 
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externally placed electrodes - an anode and a cathode. A weak electric current enters the cortical 

tissue through the anode electrode and is directed out through the cathode electrode. The 

direction of current flow flips back and forth by 180 ̊ for every half-wave (Neuling, Wagner, 

Wolters, Zaehle, & Herrmann, 2012). This results in the entrainment of neurons at a chosen 

frequency (Fröhlich & McCormick, 2010). EEG studies have shown the efficacy of tACS to 

increase the power of oscillations in a target region and cause them to synchronize with 

incoming stimulation (Antal & Paulus, 2013a; Zaehle, Rach, & Herrmann, 2010; Zaghi, Acar, 

Hultgren, Boggio, & Fregni, 2010). Research has also shown tACS has the ability to penetrate 

the cortex and reach brain structures as deep as the thalamic nuclei (Ferdjallah, Bostick, & Barr, 

1996; Zaghi et al., 2010). Further benefits of tACS are that it does not induce side effects of 

muscle twitching or loud noises; it is portable and well tolerated by participants (Antal & Paulus, 

2013b). No serious adverse effects have been reported in either healthy subjects or patients 

(Donnell et al., 2015; Fregni et al., 2015; Villamar et al., 2013). These characteristics make tACS 

an ideal method of neuromodulation for investigating neural oscillations. 

Exact mechanisms of the effects of tACS on the brain remain to be understood. Scientists 

posit that when a synapse is “exposed to a rapidly alternating electrical field, the associated 

biochemical mechanisms are altered, such as accumulation of calcium in the presynaptic nerve 

terminals leading to short-term synaptic plasticity effects” (Antal & Paulus, 2013b; Citri & 

Malenka, 2008). Some other potential mechanisms of tACS are the release of neurotransmitters, 

interrupting ongoing oscillatory activity, and secondary effects by peripheral nerve stimulation 

(Zaghi et al., 2010). The neurophysiology and exact mechanisms of action of alternating current 

have been understudied and there is a need for further research in this area. 
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High Definition-tACS. The downside of the traditional method using two large 

electrodes is that often more than the target area receives stimulation (Heise et al., 2016). High 

definition-tACS (HD-tACS) uses a multiple electrode montage and therefore has the ability to 

stimulate the target area while, at the same time, minimizing stimulation to the surrounding 

areas. HD-tACS also reduces side effects felt by the participant which is advantageous for 

placebo-controlled studies (Heise et al., 2016). The present study used HD-tACS for it’s focal 

montage and effective blinding capability.  

A previous study has shown HD-transcranial electric stimulation can successfully 

modulate dACC function (To, Eroh, Hart, & Vanneste, 2018).  To and colleagues (2018) found 

increases in beta frequency band in the dACC after stimulation as measured by resting state EEG 

as well as faster response times on incongruent trials during a cognitive Counting Stroop task. 

The participants tolerated high definition stimulation well and there were no reported 

complications or adverse effects.  

To put the current study into perspective in the field of neuromodulation, little work has 

been done using tACS compared to other forms of stimulation (i.e., transcranial magnetic 

stimulation, transcranial direct current stimulation). Nearly ten years ago, in 2007, there was just 

one study published that used tACS (Tavakoli & Yun, 2017). This number grew to 69 published 

tACS studies in the year 2016 (Tavakoli & Yun, 2017), however, there is only one tACS study 

entraining FMT specifically for the purpose of investigating cognitive control (described in the 

following section) (van Driel, Sligte, Linders, Elport, & Cohen, 2015). It is important to note that 

these studies all used traditional tACS rather than HD-tACS. To our knowledge there are no 

published studies using HD-tACS. There is rapidly increasing momentum behind 
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neuromodulation research and this study is at the forefront of exploring alternating current for 

the purpose of enhancing cognitive control function. 

Entraining Theta. Theta entrainment has been used thus far to target several different 

cortical areas to modulate various cognitive functions such as working memory (Meiron & 

Lavidor, 2014; Polanía, Nitsche, Korman, Batsikadze, & Paulus, 2012), memory and sleep 

(Marshall, Helgadóttir, Mölle, & Born, 2006; Marshall, Kirov, Brade, Mölle, & Born, 2011), and 

risk-taking behavior (Sela, Kilim, & Lavidor, 2012). In frontal regions, studies have found theta 

tACS resulted in an increase of theta power and improvement in memory and measures of 

general intelligence (Antonenko, Faxel, Grittner, Lavidor, & Flöel, 2016; Pahor & Jaušovec, 

2014; Wischnewski, Zerr, & Schutter, 2016). Vosskuhl and colleagues (2015) examined the 

effect of FMT tACS on short-term memory and working memory task performance (Vosskuhl, 

Huster, & Herrmann, 2015b). Theta amplitude, as measured by EEG, increased post-stimulation 

and participants had higher accuracy scores during stimulation compared to before or after 

stimulation. This demonstrates the ability of tACS to successfully entrain theta oscillations as 

well as induce positive behavioral changes. Additionally, Chander and colleagues (2016) 

stimulated FMT in participants at their individual peak theta frequency. Using 

magnetoencephalography they found that FMT tACS disrupted working memory performance 

and influenced task-related FMT power changes (Chander et al., 2016). These studies affirm the 

effectiveness of tACS to entrain FMT and alter behavioral performance.  

The only previous study that has used tACS to entrain FMT during a cognitive control 

task (Simon task) was conducted by van Driel and colleagues (van Driel et al., 2015). Healthy 

college-aged students were tested on two different occasions, one time they received theta 
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stimulation and one time they received alpha stimulation. Stimulation was set to each 

individual’s peak frequencies calculated from pre-stimulation EEG. The study found that for 

theta stimulation (and not alpha) the conflict effect typically elicited by the Simon task was 

reduced which was driven by longer response times on low-conflict trials (van Driel et al., 2015). 

This finding highlights differences between theta and alpha band entrainment and demonstrates 

the unique role of FMT in modulating cognitive control task performance. Expanding on this line 

of reasoning we hypothesize entrainment of FMT will improve performance on a cognitive 

control Go/NoGo task in healthy young adults.  

1.2 Objectives 

This study applied theta HD-tACS, sham, and an active control frequency (alpha HD-

tACS) while healthy adults performed a semantic Go/NoGo task. In order to account for 

individual differences, we used individual peak frequencies for stimulation based on a pre-

stimulation EEG measurement (Haegens, Cousijn, Wallis, Harrison, & Nobre, 2014; van Driel et 

al., 2015; Zaehle et al., 2010). 

We hypothesize participants will demonstrate improved behavioral cognitive control 

performance on a semantic Go/NoGo task as measured by: 

1. Less errors of omission (failure to respond to a Go item) for theta HD-tACS compared to 

sham. 

2. Less errors of commission (responding to a NoGo item) for theta HD-tACS compared to 

sham. 

3. A decrease in RT for theta HD-tACS compared to sham. 
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           We hypothesize performance during the control frequency of alpha HD-tACS will be 

either the same or worse compared to sham. We also predict there will be a stimulation by 

semantic level interaction with the greatest amount of change in the most semantically complex 

level. 

These hypotheses are supported by previous literature demonstrating the role of FMT in 

cognitive control. This study is a first step to investigate the potential of HD-tACS to alter and/or 

improve response inhibition in healthy individuals. The information gained from this study may 

then be used to develop novel rehabilitation or treatment methods for clinical populations. 
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CHAPTER 2 

METHODS 

2.1 Participants 

A total of 47 participants (25 male) from The University of Texas at Dallas were 

recruited using the university’s Sona system. Participants were between 18 and 25 years of age, 

right-handed, proficient in English, and all normal or corrected-to-normal vision. Participants 

received course credits for completion of the study. All participants signed an informed consent 

prior to participation in the study in accordance with the Institutional Review Board of The 

University of Texas at Dallas. This study was conducted according to the Good Clinical Practice 

Guidelines, The Declaration of Helsinki, and the U.S. Code of Federal Regulations. 

Exclusion criteria for this study were: 

• History of epilepsy and seizures, brain injury, language or learning disorders, psychiatric 

disorders.  The purpose of the study was to understand how a healthy brain responds to HD-

tACS. 

• Standard exclusion criteria per tACS protocols, such as presence of metallic implants and/or 

devices in the head, pregnancy, skin lesions, and/or certain medications (To, Hart, De Ridder, 

& Vanneste, 2016; Villamar et al., 2013). 

Out of the initial 47 participants, one female did not complete the second and third sessions 

due to illness and one male missed his third session because of scheduling. Table 1 provides 

some basic information about the participants. 
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Table 1. Study Participants 

 

2.2 Experimental Procedure 

This study used a double-blind three period crossover design with an active control 

condition. Participants attended three sessions 48 hours apart (Figure 1). Each participant was 

randomly assigned to a counterbalanced order for sham, theta HD-tACS, and alpha HD-tACS. 

After signing informed consent participants completed a few questionnaires. Next, we put on the 

cap and recorded resting EEG. We used individually calculated peak alpha and theta from the 

EEG recording to set stimulation parameters. We then began the HD-tACS and participants 

performed the Go/NoGo task during stimulation (online). Immediately after completion of the 

Go/NoGo task stimulation ended and participants filled out two more questionnaires. Details 

regarding each aspect of the experimental procedure follow.  

 

DEMOGRAPHICS ALL 
Number of Participants 47 
Hispanic or Latino 4 
Race 

 White / Caucasian 16 
African American 5 
American Indian or Alaska Native 1 
Asian 22 
Native Hawaiian or other Pacific Islander 1 
Multiracial 2 

Age Mean (Standard Deviation) 20.4 (1.93) 
Male / Female 25 / 22 
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Figure 1. Study Protocol: Participants completed three sessions; each session was scheduled 48 
hours apart. 
 
2.2.1 Questionnaires 

Session 1 

Participants completed the following questionnaires: 

• Demographic Information: Participants answered basic questions about their age and 

education.  

• Neuropsychological Screening Form: Participants circles yes/no to questions about basic 

medical history.  

Control Assessments:  

Because the target stimulation area, the dACC, is so close to the rostral ACC we had participants 

answer questionnaires about affect and anxiety pre and post stimulation to measure any changes.  

• State-Trait Anxiety Inventory Y1 and Y2 (STAI): Participants rated how anxious they 

generally feel (trait) and how anxious they feel in the current moment (state).   

• Positive and Negative Affect Schedule (PANAS): Participants answered questions about 

their feelings and emotions using a 5-point scale. 

Session 2 

• PANAS pre- and post-stimulation 
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• STAI - Y1 pre- and post-stimulation 

Session 3 

• PANAS pre- and post-stimulation 

• STAI - Y1 pre- and post-stimulation 

• Side Effect Exit Questionnaire: At the end of the final session participants assessed the 

intensity with which they experienced sensations (i.e. tingling, itching, sleepiness) 

through a 4-point scale and then separately indicated if they believed those sensations 

were related to the tACS on a 5-point scale.  

2.2.2 Electroencephalography (EEG) and peak frequency detection 

Participants put on a cap with eight electrodes inserted into it (AF4, C4, F3, F4, FC5, 

FPZ, FZ, CZ), placed according to the 10-10 EEG system for electrode positioning, using one 

earlobe as a reference (Starstim, Neuroelectrics, Barcelona, Spain). Quik-Gel Conductive Gel 

was inserted under each electrode to make contact with the scalp (3.1 cm2 per electrode). 

Participants sat still for three minutes with their eyes closed while Starstim (Neuroelectrics, 

Barcelona, Spain) recorded at a sampling rate of 500 samples/second.  

We chose to entrain participants at their own peak frequency rather than a fixed 

frequency to account for individual variability because alpha frequency has been found to vary 

widely based on age, brain volume, genetic make up and task demands (Haegens et al., 2014; W. 

Klimesch, 1999; Krause & Cohen Kadosh, 2014; Li, Uehara, & Hanakawa, 2015; van Driel et 

al., 2015; Vogel, 2000; Zaehle et al., 2010). We used EEGLAB version 14-1-1b (Bell & 

Sejnowski, 1995) running under Matlab R2015a 8.5.0.197613 (MATLAB and EEGLAB 

Toolbox Release 2010b, The Mathworks, In., Natick, MA) to calculate each individual’s peak 
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alpha. The continuous EEG data were offline high-pass filtered at 0.5 Hz and low-pass filtered at 

30 Hz using a finite impulse response (FIR) filter. The EEG data were then visually inspected 

and any high frequency muscle noise or other irregular artifacts were removed. To calculate 

individual peak alpha we wrote code in Matlab and used the find function to detect the peak 

amplitude between 8 and 13 Hz at electrode FZ (Figure 2a) (W. Klimesch, 1999). Peak theta was 

calculated by dividing individual peak alpha by two. The individual frequencies were then used 

for stimulation. The range of individual alpha peak frequencies used was 9 Hz– 11.35 Hz, the 

mode was 9 Hz and the mean was 9.73 Hz (Figure 2b). 

a)                                                                              b) 

 

Figure 2. a) EEG power spectrum of one participant, with alpha frequency (blue circle) used for 
HD-tACS. b) The group average (line) of used frequencies for alpha (blue) and theta (red) HD-
tACS, with the range peak frequencies (open circles).  
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2.2.3 HD-tACS 

Participants continued wearing the same cap from the EEG portion with the same 

electrode configuration for HD-tACS (Figure 3a). For stimulation, a wireless battery-driven 

multi-channel stimulator (Starstim, Neuroelectrics, Barcelona, Spain) delivered alternating 

current through the electrodes. The direction of current flow flipped back and forth by 180 ̊ for 

every half-wave. This montage was developed by Stimweaver (Neuroelectrics, Barcelona, Spain) 

and allowed for focal delivery of alternating current to the dACC (Figure 3b). Current was set to 

not exceed 1 mA per electrode (4 stimulation sites). The current ramped up over the first 60 

seconds and then maintained an alternating current for the duration of all three levels of the 

Go/NoGo task, which lasted about 21 minutes in total. In order to induce cortical excitability and 

activity alterations we allowed the stimulation to run for five minutes before beginning the task 

(Nitsche, Kuo, Paulus, & Antal, 2015). Stimulation was manually shut off after completion of 

the final task level. For the sham condition the same electrode configuration was used and the 

current ramped up but then shut off after 60 seconds (to induce the initial tingling sensation of 

current flow felt in the active conditions). This is an effective blinding method, as it is 

indistinguishable from active stimulation by study participants (Gandiga, Hummel, & Cohen, 

2006; Loo et al., 2012; Nitsche et al., 2005). This study was double blind; neither the research 

assistant nor participants were aware of the stimulation mode (alpha, theta, or sham). The 

sessions took place in a quiet and illuminated room.  
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a) 

  
b)  

 
Figure 3. a) Stimulation electrode set-up. b) Optimized montage i: Anterior dorsal midcingulate 
cortex, IMax = 1.0mA. From Left to right: Normal component of the E-field En (V/m), target E-
field (V/m), target weight and ERNI* (mV2/m2) for grey matter. (Stimweaver, Neuroelectrics, 
Barcelona, Spain) 
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2.2.4 Semantic Go/NoGo Task 

We chose a Go/NoGo task for its ability to evoke increases in frontal theta (Kirmizi-

Alsan et al., 2006; Yamanaka & Yamamoto, 2010). The experiment was performed on a laptop 

using Presentation® software (Version 18.0, Neurobehavioral Systems, Inc., Berkeley, CA, 

www.neurobs.com). Written instructions were presented on the screen at the beginning of each 

level. Instructions for the Single and Multiple Car Levels: “You are going to see pictures of cars 

and dogs. Press the space bar as fast as you can for cars. Do not press for anything else.” 

Instructions for the Semantic Object Level: “You are going to see pictures of objects and 

animals. Press the space bar as fast as you can for objects. Do not press for anything else.” 

Participants were instructed to use their right hand to press the space bar to register go responses 

and record reaction time (RT). 

The three semantic levels (Figure 4): 

1) Single Car (SC): Participants made Go/NoGo decisions based on a single image of a car 

(Go) and a dog (NoGo).  

2) Multiple Car (MC): Participants made Go/NoGo decisions based on multiple exemplars 

of cars (Go) and dogs (NoGo). 

3) Semantic Objects and Animals (OA): Participants made decisions based on multiple 

exemplars of objects (Go) and animals (NoGo) involving superordinate categorization.  

Each task had 160 (80%) Go stimuli and 40 (20%) NoGo stimuli. Stimuli was presented 

for 300 ms followed by a fixation cross (+) for 1700 ms. All of the stimuli were black line 

drawings fitted to a white 600x600 pixel square. See Maguire and colleagues (2009) work for 

more detail on the development of these tasks (Maguire et al., 2009). 
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Each session participants completed all three levels of this task during stimulation/sham 

(online). The sequence of the stimuli in each task was pseudo-randomized so that there were no 

two NoGo trials in a row. There were three different fixed-random versions of each level (SC1, 

SC2, SC3, MC1, MC2, MC3, OA1, OA2, OA3). Task level order and number were 

counterbalanced for each participant to mitigate order effects.  

 

Figure 4. Semantic Go/NoGo task stimuli for the three levels of semantic complexity (derived 
from Maguire et al., 2009).  
 

2.3 Statistical Analysis 

This study used three-treatment three-period crossover design. Participants were 

randomly assigned to one of six sequences for HD-tACS order (A = sham, B = alpha, C = theta). 

The six possible sequences were: ABC, ACB, BCA, BAC, CAB, and CBA.  The orders were 

counterbalanced so that every stimulation condition follows the other two stimulation conditions 

in equal proportion. This design allowed us to compare theta HD-tACS to an active control 

(alpha HD-tACS) and to detect stimulation effects unaliased from carryover effects. Two 
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examples, using the sequence/period means from Table 2, are given below to show how this 

design can separate treatment effects from carryover effects.  

Analysis consisted of a mixed effects linear model. The following factors were included 

in the model: S = sequence, P = period, T = treatment, L = semantic level, T*L = 

treatment*semantic level interaction, and C = carryover.  The model is represented by this 

equation: y =  µ + S + P + T + C + L + T*L, where y = reaction time, Go accuracy, or NoGo 

accuracy.  

We hypothesized there would be a treatment effect for theta HD-tACS (and not alpha 

HD-tACS) and that there would be a decrease RT and increase in accuracy for Go and NoGo 

trials compared to sham. To test if there was a treatment effect in RT, Go accuracy and NoGo 

accuracy we used a t-test to compare the following (TS = Sham treatment, TA = Alpha treatment, 

TT =Theta treatment): 

TS – TA 

TS – TT  

TA – TT  

We hypothesized that there would be a treatment by semantic level interaction for TT but not for 

TA. To test if there was a treatment*semantic level interaction in RT, Go accuracy, or NoGo 

accuracy we used a t-test to compare the following: 

(TS – TT)SC - (TS – TT)OA 

(TS – TA)SC - (TS – TA)OA 

(TS – TT)SC - (TS – TT)MC 

(TS – TA)SC - (TS – TA)MC 
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Covariance. There were different levels of variances that existed within subjects. For 

example, there were stronger correlations within a subject for their scores on the different 

semantic levels during the same session than between sessions. The statistical model accounted 

for these differences. 

Table 2. Sequence/period means modeled by effects from the crossover design 

 
µ = overall mean, S = sequence effect, P= period effect, T = treatment effect (HD-tACS), C = 
carryover effect 
 
An example, using Table 2 means, to obtain a treatment effect between treatment A and 

treatment B unaliased from the carryover effect: 

TA - TB = !
!"

 [5µ11 - 2µ12 - 3µ13 + 4µ21 + 2µ22 - 6µ23 - 5µ31 + 2µ32 + 3µ33 - 4µ41 - 2µ42 + 6µ43 - µ51 

+ 4µ52 - 3µ53 +  µ61 - 4µ62 + 3µ63] 

An example, using Table 2 means, to obtain a carryover effect from treatments A and B 

unaliased from the treatment effect: 

 CA – CB = !
!
 [µ11 + 2µ12 - 3µ13 + 0µ21 + 2µ22 - 2µ23 - µ31 - 2µ32 + 3µ33 + 0µ41 - 2µ42 + 2µ43 - µ51 + 

0µ52 + µ53 +  µ61 + 0µ62 - µ63] 

 Period 1 Period 2 Period 3 
Sequence 1: ABC µ11 = µ + S1 + P1 + TA µ12 = µ + S1 + P2 + TB + CA µ13 = µ + S1 + P3 + TC + CB 
Sequence 2: ACB µ21 = µ + S2 + P1 + TA µ22 = µ + S2 + P2 + TC + CA µ23 = µ + S2 + P3 + TB + CC 
Sequence 3: BAC µ31 = µ + S3 + P1 + TB µ32 = µ + S3 + P2 + TA + CB µ33 = µ + S3 + P3 + TC + CA 
Sequence 4: BCA µ41 = µ + S4 + P1 + TB µ42 = µ + S4 + P2 + TC + CB µ43 = µ + S4 + P3 + TA + CC 
Sequence 5: CAB µ51 = µ + S5 + P1 + TC µ52 = µ + S5 + P2 + TA + CC µ53 = µ + S5 + P3 + TB + CA 
Sequence 6: CBA µ61 = µ + S6 + P1 + TC µ62 = µ + S6 + P2 + TB + CC µ63 = µ + S6 + P3 + TA + CB 
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CHAPTER 3 

RESULTS 

3.1 Behavioral Means 

The data analysis and output for this study were generated using SAS software, Version 

9.4 of the SAS System for Unix. (Copyright © 2002-2012 SAS Institute Inc. SAS and all other 

SAS Institute Inc. product or service names are registered trademarks or trademarks of SAS 

Institute Inc., Cary, NC, USA.) Accuracy for Go and NoGo trials, and reaction time (RT) for Go 

responses were analyzed using a 3 period (time 1, time 2, time 3) by 3 treatment (sham, alpha, 

theta) cross-over design. A linear model revealed the mean estimates for the three stimulation 

conditions and three task levels reported in Table 3. These results are discussed in further detail 

in the subsequent sections. 

Table 3. Mean (standard error) for stimulation conditions and task levels. 
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3.2 Errors of omission 

An error of omission is defined as failing to respond to a Go trial. It was predicted that 

the behavioral measure of Go accuracy would reveal an effect of stimulation for theta but not for 

alpha. Hypothesis 1 was tested using a t-test and the mean estimates and t statistics are reported 

in Table 4. When participants received theta stimulation their mean Go accuracy score increased 

by .89% relative to sham (Figure 5). There was a significant effect of stimulation for theta on all 

three task levels p = .029, but not for alpha p = 0.423. Figure 6 shows the three semantic task 

levels relative to zero.  Table 5 shows the treatment effect means and t statistics separated by 

semantic task level. There was no significant treatment*level interaction (Table 6). 

 

Figure 5. Go accuracy mean percent correct scores separated by semantic level. There was no 
significant stimulation x semantic level interaction. Error bars represent 1 standard error. 
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Figure 6. Percent correct differences for Go accuracy between theta and sham and between alpha 
and sham separated by semantic levels: Single Car (SC), Multiple Car (MC), and Object Animal 
(OA). Error bars represent 1 standard error. 
 
Table 4. t Statistics for Treatment Effect on the Mean of All Three Tasks 

 

Table 5. t Statistics for Treatment Effect by Semantic Level 
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Table 6. t Statistics for Treatment by Semantic Level Interaction 

 

The residuals were non-Gaussian (Figure 7) so in order to check the robustness of the 

statistics we used a non-parametric test, a permutation. The permutation revealed the same 

results for Go accuracy: theta HD-tACS was significant for Go accuracy (p = .013) and alpha 

HD-tACS was not (p = .294). Likewise, theta HD-tACS was not significantly different from 

alpha HD-tACS (p = .154). 

a)                                                  b)                                                      c) 

 

Figure 7. Residual distribution plots for a) Reaction time b) Go accuracy c) NoGo accuracy. 
 
3.2.1 Outliers 

There were 2 outliers for Go accuracy (Figure 7b). Reported results were with the outliers 

removed. Table 7 shows p-values for Go accuracy with and without the outliers. 
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Table 7. Stimulation effect for Go accuracy with and without outliers. 

 

3.3 Errors of commission 

An error of commission is defined as failing to withhold a response for a NoGo trial 

(false positive). Hypothesis 2 was tested with a t-test that showed there were no significant 

stimulation effects for theta (p = .706) or alpha (p = .852) on NoGo accuracy (Figure 8). The t-

statistics are reported in Table 8. 

Table 8. t Statistics for Stimulation Effect on NoGo Accuracy 

 

 

Figure 8. Mean NoGo accuracy separated by semantic level. Error bars represent 1 standard 
error. 
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3.4 Reaction Time 

Reaction times (ms) were obtained for Go trials from the onset of each stimulus to the 

participant’s button push. Only correct responses were included in analysis. To identify outliers 

Matlab’s gamma fit function (gamfit) was used because the reaction time data was right-skewed. 

If a reaction time was greater than the 99.5th percentile of a fitted gamma function to each 

participant’s reaction time distribution the trial was rejected. The mean number of outliers was 

1.45 (mode = 1, median = 1). No more than 7 trials (n = 2) were rejected per participant per 

condition.  

Hypothesis 3 was tested using a t-test that revealed no significant stimulation effects for 

theta (p = .437) or alpha (p = .559) on reaction time for the Go condition (Figure 9). 

Additionally, we tested RT without gamma outlier correction and instead used a log 

transformation and then averaged the RTs. The results showed the same outcome of no 

significant stimulation effect for theta (p = .354) or alpha (p = .952). Table 9 shows t statistics for 

both gamma outlier corrected RTs and log transformed RTs. 

 
Figure 9. Mean reaction times separated by semantic level. Error bars represent 1 standard error. 
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Table 9. t Statistics for Stimulation effect on Reaction Time 

 

3.5 Power 

For Go accuracy this study had enough power to detect a change of about 1% (1 

percentage point = 1.6 trials) (Figure 10a). NoGo accuracy was powered to detect a change of 

about 4% (Figure 10b). For RT we had sufficient power to detect change of about 25-30 ms 

(Figure 10c). A previous study using FMT HD-tACS found a difference of about 50 ms during a 

cognitive control task (DeLaRosa & Fratantoni submitted for publication). Therefore, if there 

was a change in RT this study should have been able to detect it. 

a)                                                b)                                                 c) 

 
Figure 10. Power curves for a) Go accuracy b) NoGo accuracy c) Reaction time. 
 
3.6 Stimulation by Semantic Level Interaction 

           We hypothesized that there would be an interaction between level of semantic complexity 

and stimulation, with the greatest room for improvement in the most difficult level (OA).  The 
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results revealed no significant stimulation by semantic interaction effect for SC and OA (theta p 

= .576; alpha p = .905) and SC and MC (theta p = .876; alpha p = .983). 

We replicated previous findings for this task showing a main effect of semantic level for all 

behavioral data: Go accuracy (F(2,92) = 11.14, p < .0001), NoGo accuracy (F(2,92) = 9.37, p = 

0.0002) and reaction time (F(2, 92) = 49.10, p < .0001) (Figure 5, Figure 8, Figure 9). 

3.7 Control Assessments 

             There were no significant differences in mood based on the PANAS questionnaire 

pre/post stimulation for theta HD-tACS on measures of positive affect (p =  .394) and negative 

affect (p = .870), likewise for alpha neither were significantly different (positive affect p = .919; 

negative affect p = .487). For measures of trait anxiety on the STAI Y-1 there were no significant 

stimulation effects between pre/post stimulation for theta (p = .411) or alpha (p = .350). Means 

and standard error for pre/post differences are reported in Table 10.  

Table 10. Difference between pre- and post-stimulation affect and anxiety scores  

 

3.8 Carryover 

Carryover is described as HD-tACS induced neurophysiological changes that persist after 

stimulation has ended. Studies of direct current stimulation have found that the relationship 

between stimulation duration and aftereffects on cortical excitability is nonlinear (Monte-Silva et 

al., 2013; Nitsche et al., 2003; Nitsche & Paulus, 2001). Given this nonlinear relationship and the 
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paucity of studies with HD-tACS it is unclear how long the excitability effects persist after 

stimulation. We designed the study sessions to be 48 hours apart to allow for a stimulation 

washout period between sessions. However, to be thorough, we wanted to measure any potential 

stimulation carryover. If a stimulation carryover effect existed the statistical model we used 

could measure it unaliased from stimulation effects. There were no significant carryover effects 

for theta or alpha compared to sham for Go accuracy, NoGo accuracy, or RT. There was a 

significant difference between theta and alpha stimulation (p = .03) for Go accuracy. Mean 

carryover and p-values are reported in Table 4. We only measured carryover from the session 

immediately before. It should be noted that this design holds the assumption that there is not 

carryover from the first session still remaining in the third session. Mean values and p-values are 

reported in Table 11. 

Table 11. Mean carryover and p-values for behavioral measurements 

 

3.9 HD-tACS Experience 

Participants completed an exit questionnaire at the end of their last session. They were 

asked to report any side effects they experienced from HD-tACS over all three sessions. Overall, 

participants tolerated HD-tACS without complaint. The most commonly reported symptoms 

were tingling, itching, and sleepiness. The full list of symptoms from the questionnaire and 

number of participants who reported them is shown in Table 12. 
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Table 12. The side effects experienced from HD-tACS. n = number of participants. 
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CHAPTER 4 

DISCUSSION 

            The goal of this study was to investigate how entraining FMT with HD-tACS modulates 

cognitive control, specifically response selection and response inhibition, during a semantic 

Go/NoGo task. The central finding was theta HD-tACS increased accuracy for Go trials but did 

not change NoGo accuracy or RT. The increased Go accuracy scores were found across all three 

task levels of semantic complexity demonstrating a domain general effect on response selection. 

These results add to existing literature indicating the role of the dACC and FMT in response 

selection. This study creates the groundwork for further exploration into the use of HD-tACS to 

enhance cognitive control.  

4.1 Cognitive control and response selection 

Response selection is defined as the process of choosing the appropriate action to take in 

response to a given stimulus (Mostofsky & Simmonds, 2008) and is understood to be the 

cognitive process underlying Go trials. In line with our hypothesis we found increases in Go 

accuracy compared to sham for theta HD-tACS but not for alpha HD-tACS. Our results fit with 

previous research that has shown the dACC is active in the process of selecting, preparing and 

executing motor responses (Paus, Petrides, Evans, & Meyer, 1993; Turken & Swick, 1999). 

More specifically studies indicate the dACC is active during attention (Fallgatter, Bartsch, & 

Herrmann, 2002), response selection and decision (action) selection (Downar, Blumberger, & 

Daskalakis, 2016; Venkatraman, Rosati, Taren, & Huettel, 2009), and during correct responses 

(Carter et al., 1998). Furthermore a lesion study found that the ACC facilitates the execution of 

appropriate manual responses (Turken & Swick, 1999) and damage to the ACC has caused 
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akinetic mutism where spontaneous initiation of behavior is severely decreased (Devinsky, 

Morrell, & Vogt, 1995). There is a link between dACC function and successful response 

selection.  

While there is sufficient evidence supporting dACC activity during response selection 

there is less research focusing on FMT. Studies show theta activation during many aspects of 

cognitive control including error adjustment, adaptive control following errors, performance 

monitoring and attentional engagement (Debener et al., 2005; Kao, Huang, & Hung, 2013) but 

none discuss theta’s role in response selection. At rest, theta is the most dominant type of 

oscillation found in the lateral central, temporal, and frontal areas and it is important for general 

cortical function and mediating communication between brain regions (Groppe et al., 2013). One 

possible explanation for the increase in Go accuracy is that FMT entrainment enhanced the 

salience network. The salience network is made up of the dACC and anterior insular and is 

responsible for monitoring the salience of external inputs and internal cortical events (Bressler & 

Menon, 2010; Downar et al., 2016). There is a need for more extensive exploration of FMT 

during response selection to form a conclusive interpretation for the results of this study. 

The executive function of response selection is critical for daily life in which we must 

constantly select an appropriate response given dynamic environmental contexts. Our data 

demonstrates FMT HD-tACS has a specific enhancement effect on response selection during a 

Go/NoGo task. The ability to modulate response selection may have clinical implications for 

individuals with deficits in this aspect of cognitive control. 

It has proved difficult to enhance a healthy brain using neuromodulation. A quantitative 

review of single session tDCS (direct current) in healthy populations found no evidence of 
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cognitive effects (Horvath, Forte, & Carter, 2015). Although this review was of direct current 

and not alternating current it provides context to show our finding of improved accuracy in 

healthy participants is noteworthy. The fact that HD-tACS caused even a small increase in 

accuracy for healthy young adults holds promise for clinical populations who are performing 

below normal limits. Exploring the use of HD-tACS in individuals with oscillatory dysfunction 

may provide an opportunity to gain a clearer picture of how theta entrainment enhances response 

selection. 

4.2 Cognitive control and response inhibition  

Activation of theta frequency band in the midfrontal region is considered a neural 

signature of cognitive control (González Villar & Carrillo de la Peña, 2017; Hanslmayr et al., 

2008). EEG studies using source localization provide evidence of ACC involvement during 

response conflict (Hanslmayr et al., 2008; Lavric, Pizzagalli, & Forstmeier, 2004; Nieuwenhuis 

et al., 2003) and its role in regulating theta based on task difficulty (Brier et al., 2010). Based on 

this literature, this study targeted the dACC with HD-tACS to entrain FMT during a semantic 

Go/NoGo task. Contradictory to our hypothesis there was not a significant stimulation effect on 

NoGo accuracy (false positives) for theta HD-tACS or alpha HD-tACS. Given that cognitive 

control has been repeatedly associated with increases in FMT (González Villar & Carrillo de la 

Peña, 2017; Hanslmayr et al., 2008) and dACC activity (G Bush, Shin, Holmes, Rosen, & Vogt, 

2003; Nieuwenhuis et al., 2003), the present results contrast the notion that FMT entrainment 

facilitates improved response inhibition performance. 

Response inhibition, like all higher-level cognitive processes, involves complex 

oscillatory activity “reflected by band power changes in different and rather narrow frequency 
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bands over localized regions in the brain,” (Klimesch, Doppelmayr, Pachinger, & Russegger, 

1997). These power band changes involve precise timing, amplitude, and coherence across brain 

regions. A previous study that used EEG with the same semantic Go/NoGo task found increases 

in frontal theta power amplitude for NoGo trials compared to Go trials in healthy adults (Brier et 

al., 2010). Therefore, one possible interpretation of our findings is that entraining continuous 

theta at the frontal midline region does not enhance inhibitory performance because theta 

amplitude increases are only helpful in the NoGo condition. In other words, entraining theta 

throughout the entire task does not improve inhibition; rather, it may be that theta oscillations 

facilitate inhibition only at a specific timing during NoGo trials. Second, the pattern of 

oscillatory activity observed by Brier and colleagues (2010) may be reflective of the precise 

amount of theta amplitude needed for inhibitory control on NoGo trials in this task. We posit that 

varying the amplitudes of stimulation for the NoGo trials may have an effect on performance. A 

third possible reason we did not find changes in NoGo performance may be due to a lack of 

coherence between the dACC and the frontal pole. The above-mentioned EEG study by Brier 

and colleagues (2010) found theta band coherence between the frontal midline region and the 

frontal pole during NoGo trials only. In this study we entrained only one region - the dACC. It is 

important to note that entrainment cannot dictate the direction or cortical location the dACC 

sends the signal to once it is entrained. Therefore future studies should consider coherence with 

other regions of the brain when using HD-tACS. 

We used alpha as a control frequency because midfrontal alpha band increases have not 

been correlated with cognitive control. By entraining alpha with HD-tACS we would predict 

neural activity to be suppressed at the dACC and therefore interfere with performance because 
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increased alpha is typically associated with decreased cortical activity (Compton, Arnstein, 

Freedman, Dainer‐Best, & Liss, 2011; Compton, Huber, Levinson, & Zheutlin, 2012; Goldman, 

Stern, Engel Jr, & Cohen, 2002). There were no changes in behavioral performance for alpha 

entrainment. Our findings suggest that focally applying alpha is not a disruptive rhythm for task 

performance. This is somewhat at odds with the notion that tACS interrupts ongoing oscillatory 

activity (Zaghi et al., 2010). Moreover, it has been shown that attenuated alpha power over 

midfrontal regions occurred equally in both Go and NoGo trials (Brier et al., 2010) suggesting 

decreases in alpha power amplitude contributes to both successful response inhibition and 

response selection on this task. We postulate the reason alpha HD-tACS did not hinder accuracy 

or RT could be that when participants volitionally engaged in the task they were able to 

desynchronize alpha and, because they are healthy participants, the amount of voltage delivered 

was not enough to impede this process. From our results we can conclude that for a NoGo trial 

entraining theta and alpha with HD-tACS does not disrupt accuracy in healthy populations.   

4.3 Response selection and response inhibition – distinct or connected? 

Response selection and response inhibition have been viewed as two sides of the same 

coin (Mostofsky & Simmonds, 2008). Mostofsky and Simmonds (2008) describe response 

inhibition as the process of selecting to not act. Meaning both processes are in essence a form of 

response selection. The findings from this study are at odds with this view. We found that theta 

HD-tACS caused a change in response selection but not response inhibition suggesting there are 

distinct mechanisms engaged during Go trials versus NoGo trials and they can be differentially 

affected by stimulation. If response inhibition is a form of selection then we should have also 

found changes in response inhibition. Furthermore, EEG evidence shows differences in 
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oscillatory activity such as increased theta amplitude for NoGo trials compared to Go trials 

(Brier et al., 2010). To tease these constructs apart one idea for a follow up study would be to use 

the same protocol but swap the trials from 80% Go/20% NoGo to 80% NoGo/20% Go. Changing 

the ratio could reveal more about the independent or nature of response selection and inhibition. 

4.4 Neuromodulation and Reaction Time 

Contrary to our hypothesis that theta HD-tACS would cause faster RT there were no 

changes in RT as a result of entrainment. This finding is conflicting with research that has found 

quicker motor responses were associated with large frontal low-theta band (4.5 Hz) complexes 

(Delorme, Westerfield, & Makeig, 2007). The result that RT was not significantly different rules 

out the possibility of speed-accuracy trade off being responsible for the increase in Go accuracy. 

Additionally, the RT pattern across semantic difficulty levels remained the same across 

stimulation conditions. The fact that RT was not significantly different from sham or alpha 

entrainment shows the specificity of the effect theta HD-tACS to increase the accuracy of 

response selection without increasing processing speed. 

One possible explanation for not finding changes in RT is that because the study 

participants were healthy young adults there was a ceiling effect. Studies have shown that 

individuals who are already high performing are less likely to benefit from transcranial electric 

stimulation and stimulation has more of an effect on more difficult tasks (Berryhill, Peterson, 

Jones, & Stephens, 2014; Blumberg, Peterson, & Parasuraman, 2015; Bullard et al., 2011; 

Foroughi, Blumberg, & Parasuraman, 2015; Hsu, Tseng, Liang, Cheng, & Juan, 2014; 

Learmonth, Thut, Benwell, & Harvey, 2015; Tseng et al., 2012). Our results are consistent with 
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the view that both individual baseline and the complexity of the task largely influence 

stimulation effects on behavior. 

As the field of HD-tACS is in its infancy, there are few studies with which to interpret the 

RT results in light of. There is one study by Van Driel and colleagues (2015) that used theta 

tACS during a cognitive control Simon task and found relatively slower response times on low 

conflict trials (van Driel et al., 2015). It is important to note that frequency bands vary depending 

on task, area of the brain, and state of the individual (Battleday, Muller, Clayton, & Cohen 

Kadosh, 2014). When comparing studies using cortical entrainment we must consider the task 

being used. While both a Go/NoGo task and Simon task are considered under the umbrella of 

cognitive control, these tasks probe slightly different aspects of this general class of tasks. The 

Simon task measures response conflict while a Go/NoGo task more specifically addresses 

response selection and inhibition. Therefore it is difficult to draw conclusions because of task 

differences. An additional difference is that Van Driel and colleagues (2015) used traditional 

tACS while our study used HD-tACS. 

Our RT findings fall in line with a few neuromodulation studies that have used tDCS 

(direct rather than alternating current). However, these results should be compared with caution, 

as scientists have not yet established how the neurophysiological effects on neural activity differ 

between direct and alternating current (Zaghi et al., 2010). An additional difference to note is the 

following studies stimulated prior to the task (offline) while our study stimulated during the task 

(online). Miller and colleagues (2015) found that they successfully increased FMT amplitude 

with tDCS but there were no behavioral changes on a Go/NoGo task – though it should be noted 

that the sample size was quite small (8 people) (Miller, Berger, & Sauseng, 2015). Another study 
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used tDCS with a Stop Signal Task (SST) but stimulated the pre-supplementary motor area (pre-

SMA) and did not find any changes in reaction time (Hsu et al., 2011). This study by Hsu and 

colleagues (2011) is relevant because our stimulation montage for the dACC passes through the 

pre-SMA. While it is interesting that other transcranial stimulation studies have not found 

changes or decreases in RT on inhibition tasks it is difficult to interpret because of differing 

neuromodulation methodology and target regions.  

4.5 Semantic complexity and HD-tACS 

We chose to use a semantic Go/NoGo task because it offers three levels of complexity 

and two clear response outputs (Go and NoGo) that provide more of a challenge to healthy 

young adults and has the ability to give more insight into neuromodulation effects. We 

hypothesized, based on previous EEG work using the same semantic Go/NoGo task by Brier and 

colleagues (2010), that there would be differences in inhibition as a function of semantic 

complexity (Brier et al., 2010). We found that theta HD-tACS had an effect on Go trials 

regardless of semantic level. This indicates that FMT HD-tACS has a domain general effect on 

semantic complexity, suggesting that it is not differentially affecting semantic processing at the 

site of HD-tACS delivery. 

4.6 Focality of HD-tACS 

Our stimulation montage was designed to entrain only the dACC and minimize 

entrainment to any surrounding areas. The dACC is in close proximity to the rostral ACC which 

has been associated with affect and emotion (George Bush et al., 2000). In order to measure if 

the rostral ACC was affected by stimulation we had the participants complete questionnaires 

about their mood and anxiety immediately before and after stimulation each session. There were 
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no significant changes found for affect (based on the PANAS questionnaire) or trait anxiety 

(STAI Y-1 questionnaire) for theta or alpha. This provides behavioral evidence for the focal 

abilities of HD-tACS to entrain specific areas without disturbing nearby cortical regions. 

In studies using neuromodulation it is beneficial to learn what changes behavioral 

performance and it is equally as helpful to learn what behavior is not affected. In our study we 

found that FMT HD-tACS did not affect response speed, response inhibition, and did not 

differentially affect level of semantic categorization. These results allow us to begin to tease 

apart what FMT entrainment does and does not do when healthy adults are engaged in a 

semantically cued Go/NoGo task. Conversely, the stimulation did not impair performance by 

decreasing accuracy or slowing response times. The results of this study add a novel contribution 

by demonstrating FMT entrainment selectively influenced response selection. Our findings 

corroborate the pervious literature that you can entrain theta with tACS and modulate behavioral 

performance (Chander et al., 2016; Jacobson, Ezra, Berger, & Lavidor, 2012; Vosskuhl, Huster, 

& Herrmann, 2015a). 

4.7 Limitations and Recommendations for Future Studies 

With any neuromodulation study there are limitations regarding individual variability in 

anatomy (i.e., skull thickness, brain size and shape) and the challenge of ensuring each 

participant receives the same dosage of current to the target brain region. Additionally, any 

stimulation parameter that targets a deep cortical structure has to pass through the surrounding 

superficial tissue to reach the target area. In the case of our set up, in order to entrain the dACC, 

the current must pass through the pre-SMA. Our montage was carefully engineered by 

Stimweaver (Neuroelectrics, Barcelona, Spain) to excite the target area (dACC) while keeping 
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the surrounding cortical areas at a magnitude of less than .1 volts per meter. Although other 

studies have demonstrated the ability to modulate the dACC (To et al., 2018) and structures of 

equivalent depth (Hsu et al., 2011; Jeffery, Norton, Roy, & Gorassini, 2007; Sellaro et al., 2015) 

with transcranial stimulation we cannot definitively know which areas were entrained in our 

study without recording EEG. It is important to note that we recorded baseline EEG only for the 

purpose of calculating peak frequencies for each participant in order to account for individual 

differences. We did not measure EEG during HD-tACS or after, therefore, we are unable to 

conclusively prove that increases in FMT amplitude are responsible for the Go accuracy changes. 

Although many studies have confirmed the ability of tACS to entrain frequency bands in target 

areas (Abd Hamid, Gall, Speck, Antal, & Sabel, 2015; Helfrich, Schneider, et al., 2014; Neuling 

et al., 2015; Vosskuhl et al., 2015a; Woods et al., 2016; Zaehle et al., 2010) there is more work 

to be done in order to answer questions about oscillatory behavior and how it modulates 

cognitive control. The use of concurrent EEG and HD-tACS is important for future studies in 

this field and our lab is currently exploring this technique. 

            Using a crossover study design allowed us to measure carryover effects separate from 

any stimulation effects. We did not find any carryover effects for alpha or theta compared to 

sham, however there was a significant difference between theta carryover and alpha carryover 

for Go accuracy (p = .03). The session following alpha HD-tACS participants performed .97% 

worse than sham (trending towards significance, p = 0.1) whereas the session following theta 

participants scored .29% higher than sham (p = .63). This shows that entrainment carryover 

effects vary depending on the frequency of stimulation. The purpose of this study was to 

understand how cognitive control was modulated during online stimulation but this finding is 
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important for future studies that aim to establish dosage protocols. For example, further studies 

are needed to determine exactly how long (i.e., 20 or 25 minutes), how much voltage (i.e., 1 mA 

or 1.5 mA), and how often (i.e., 5 or 10 days in a row) entrainment is necessary to achieve 

different desired amounts of lasting oscillatory changes. 

4.7.1 Clinical implications 

When the dACC is impaired through disease, injury, or selective neuromodulation we 

observe deficits in cognitive control (George Bush et al., 1999; Soeda et al., 2005; To, De 

Ridder, Menovsky, Hart, & Vanneste, 2017) making the dACC a promising target for therapeutic 

stimulation. In fact, the dACC has been found to be one of the core brain regions affected across 

most psychiatric disorders (De Ridder, Joos, & Vanneste, 2016; Downar et al., 2016). This study 

was conducted with healthy participants but our findings suggest that HD-tACS may be used to 

modulate oscillatory changes among clinical populations. Abnormal FMT activity characterizes 

disorders such as attention deficit hyperactive disorder (Mazaheri et al., 2014), depression 

(Olbrich & Arns, 2013), schizophrenia (Kallel, Mondino, & Brunelin, 2016; Lynn & Sponheim, 

2016), and traumatic brain injury (Dockree & Robertson, 2011; Roche et al., 2004). HD-tACS 

could offer an alternative treatment method for individuals with disorders linked to dysfunctional 

neural oscillations.
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CHAPTER 5 

CONCLUSION 

In this study we took a step toward dissecting correlation from causation for the cognitive 

mechanisms underlying response selection and response inhibition in the healthy brain. Using 

HD-tACS to entrain FMT during a Go/NoGo task we found that accuracy increased for Go trials, 

indicating a domain general causal relationship between frontal theta oscillations and response 

selection. These findings provide a basis for future exploration of HD-tACS to modulate 

cognitive control in clinical populations. 
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APPENDIX A 

STATE-TRAIT ANXIETY INDEX 

 

Mnvn Glnnrr.l
Palo Alto, Califurnia

SELF-EVALUATION QU ESTION NAI RE
Please provide the following information:

Name Date

Age

STAI Form Y-1

Gender (Circle) M

O Copyright 1968,1977 by Consulting Psychologists Press, Inc. All rights reserved. . STAIP-AD Test Form Y
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SELF-EVALUATION QUESTIONNAIRE
STAI Form Y-2

Name Date

DrREcrfoNs U ,, \r"^
A number of slalements which people have used to describe themselves are given below. %*,'% Orb
Read each statement and then circle the appropriate number to the right of the statement to "+, 9^ A * ^
indicate how you ge nenlly feel. fhete are no right or wrong answers. Donotspend too Ab^,4o "4,.'br^
much time on any one statement but give the answer which seems to describe how you til oO ? 

'b
generally feel.
21. l fee lp leasant . . . . . . . . . . . . . . . . . . . . . . . . . .

2 2 . I f e e l n e r v o u S a n d r e S t l e S S . . . . . . . : . . . . . . .

23.I feel satisfied with myself ...

24. Iwish I  could be as huppy as others seem to be. . . . . . . j . . . . . . . . . . . . . .  . : . . . . . . . . . . . . . .

4

4

2 3 4

2 3 4

25. |feel like a failure

26. I feel rested .. . . . . . . . . . .

27. I  am "calm, cool, and col lected" . . . . . . . . . . . . . . . .  I
i

28. I  feel that dif f icult ies are pi i ing up so that I  cannot overcome them :.. . . . . . . . . . . . . . . . . . . . . . . : . . . . . . . . . .  1

29. I worry too much over something that really doesn't matter.... ......... 1

30 .  I  am happy . . . . . . . . . : . . . .  . . . . . . . . . . . . ,  I

31. I  have disturbing thoughts... . . . . . . .  . . . . .  I

32.  I  lack se l f -conf idence. , . . . . . . . .  . . . . . . . . . . .  1

33 .  I  fee l  secure . . . . . . . . . . .  . . . . . : . .  . . . . . . . . . . . . . .  I

34.  Imake decis ions easi lv . . . . .  . . . . . . . . . . . . . .  I

35. I  feel inadequate .. . . . . . . . .  . . . .

36 .  I  am con ten t . . . . . . . . . . .  . . . . . . . . . . . . .  I

37. Some unimportant thought runs through my mind and bothers me.. ........ ..... I

38. I take disappointments so keenly that I can't put them out of my mind ...,..... I

39.  I  arna steady person. . .  . . . . . . . . . . . . . . . . .  I

40. I get in a state of tension or turmoil as I think over my recent concerns and interests......... 1

2 3

2 3

2 3

2 3

2

2

2

2

2
,,

2

2

z

3 4

3 4

3 4

3 4

3 4

3 4

3 4

3 4

3 4

4

4

4

4

@ Copyright 1968,1977 by Consulting Psychologists Press, Inc. All rights reserved. STAIP-AD Test FormY
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APPENDIX B 

POSITIVE AND NEGATIVE AFFECT SCHEDULE 

 

Therapist’s Guide to Positive Psychological Interventions52

    Worksheet 3.1         The Positive and Negative Affect Schedule (PANAS; 
Watson et al., 1988) 

    PANAS Questionnaire 
 This   scale consists of a number of words that describe different feelings and 
emotions. Read each item and then list the number from the scale below 
next to each word.  Indicate to what extent you feel this way right now, 
that is, at the present moment    OR    indicate the extent you have felt this 
way over the past week (circle the instructions you followed when taking 
this measure) 

   1  2  3  4  5 
   Very Slightly or Not 

at All 
 A Little  Moderately  Quite a Bit  Extremely 

    __________  1. Interested  __________ 11. Irritable 

   __________ 2. Distressed  __________ 12. Alert 

   __________ 3. Excited  __________ 13. Ashamed 

   __________ 4. Upset  __________ 14. Inspired 

   __________ 5. Strong  __________ 15. Nervous 

   __________ 6. Guilty  __________ 16. Determined 

   __________ 7. Scared  __________ 17. Attentive 

   __________ 8. Hostile  __________ 18. Jittery 

   __________ 9. Enthusiastic  __________ 19. Active 

   __________ 10. Proud  __________ 20. Afraid 

    Scoring Instructions: 
 Positive   Affect Score: Add the scores on items 1, 3, 5, 9, 10, 12, 14, 16, 
17, and 19. Scores can range from 10  –  50, with higher scores represent-
ing higher levels of positive affect. Mean Scores: Momentary      !      29.7 
( SD       !      7.9); Weekly      !      33.3 ( SD       !       7.2)  

 Negative   Affect Score: Add the scores on items 2, 4, 6, 7, 8, 11, 13, 15, 
18, and 20. Scores can range from 10  –  50, with lower scores represent-
ing lower levels of negative affect. Mean Score: Momentary      !      14.8 
( SD       !      5.4); Weekly      !      17.4 ( SD       !      6.2)    

Copyright © 1988 by the American Psychological Association.  Reproduced with permission.  
The official citation that should be used in referencing this material is Watson, D., Clark, L. A., & 
Tellegan, A. (1988). Development and validation of brief measures of positive and negative affect: 
The PANAS scales. Journal of Personality and Social Psychology, 54(6), 1063–1070.

10_P374517_Ch03.indd   5210_P374517_Ch03.indd   52 6/3/2009   7:25:39 PM6/3/2009   7:25:39 PM
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APPENDIX C 

HD-TACS EXIT QUESTIONNAIRE 

 

	 Subject	number:…………………………..	

	
HD-tACS	Exit	Questionnaire	

	
	

Do	you	experience	any	of	the	following	symptoms	or	side	effects?	

	 Enter	a	value	(1-4	in	
the	space	below)	
	
(1=absent,	2=mild,	
3=moderate,	4=severe)	

If	present,	
Is	this	related	to	HD-tACS?	
	
(1=none,	2=remote,	
3=possible,	4=probable,	
5=definite)	

Notes	

Headache	 	 	 	

Neck	pain	 	 	 	

Scalp	pain	 	 	 	

Tingling	 	 	 	

Itching	 	 	 	

Burning	sensation	 	 	 	

Skin	redness	 	 	 	

Sleepiness	 	 	 	

Trouble	concentrating	 	 	 	

Acute	mood	change	 	 	 	

Other	(specify)	 	 	 	

	

Did	you	experience	any	cognitive	changes?		 YES	 NO	

If	YES,	explain	__________________________________________________________________	

______________________________________________________________________________	

	

Did	you	experience	any	photic	stimulation	(flashing	light)?			YES			NO	
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