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ABSTRACT OF DISSERTATION

WHEN BRAIN STIMULATION BACKFIRES
tDCS brain stimulation does not always work in the intended direction. It
has been found to sometimes worsen behavior rather than improve it. A
preliminary study shows that people high on sensation-seeking and lack of
premeditation were prone to reverse effects of tDCS on performance on a
Stop Signal Task. Both of these constructs are related to dopamine levels.
Study 2 seeks to intentionally cause a reverse effect of tDCS by increasing
participants’ dopamine levels via caffeine. There was not a significant
interaction between tDCS and caffeine on errors on the Stop Signal Task in
this study. However, other factors interacted with tDCS and caffeine
including lack of premeditation. This two study package suggests the effects
of tDCS are variable across individuals, with personality and
neurochemistry both affecting behavioral outcomes of tDCS.
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_____________________________________
Chapter 1
_____________________________________

Transcranial direct current stimulation (tDCS) helps targeted brain regions
work better. But what happens when you have too much of a good thing?
A recent meta-analysis on tDCS and social behavior highlights mixed
findings. Although it finds that tDCS is effective at changing behavior, the effect is
small at d=0.20 (Bell & DeWall, 2018). This small effect is largely driven by tDCS
sometimes making a behavior improve and sometimes making a behavior
worsen. The paper included a forest plot that paints a vivid picture of how often
these reverse effects of tDCS occur.
Although tDCS is not a drug, in many ways, it acts similarly to one. The
dose of tDCS used can change how it affects people (Chhatbar et al., 2016; Hoy
et al., 2013; Nitshe & Paulus, 2000). In addition, there is already strong evidence
that tDCS can affect different people in different ways (Chew et al., 2015; Datta,
2012; Kanai & Rees, 2011; Katz et al., 2017; Kim et al., 2014; Krause & Cohen,
2014). This is similar to how the same drug can affect two people in different
ways.
For an example case, consider melatonin. It promotes sleep, so people
who take it should feel more rested. However, in some people, it causes a
reverse effect, making them groggy upon awaking (Andersen et al., 2006; Boeve
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et al., 2003; Muller et al., 2006). In this way, the drug is a good thing for some
people, but too much of a good thing backfires for others.
It is becoming clear that tDCS is not a cure-all. Context and the individual
brain chemistry both matter. A variety of researchers have stumbled upon socalled reverse effects of tDCS, where brain stimulation causes behavior to
worsen rather than improve (see Fecteau et al., 2007; Gomez-Ariza, 2017;
McLaren, Nissim, & Woods, 2018; Monte-Silva et al., 2009). We are learning
more about the role of the situation and individual brain chemistry in how tDCS
works.
For another example, tDCS can be compared to caffeine. In the right
amount, it can increase productivity, but with too much, it can make people jittery
and anxious. In addition, some people do not respond well to caffeine at all,
which relates to individual differences in brain chemistry (Alsene et al., 2003;
Masi et al., 2016; Pickering & Kiely, 2018). This does not mean the effects of
caffeine have been debunked. Rather, overall caffeine can be helpful, as long as
it is administered in the right dose, the right setting, and to a person who
tolerates it well.
This paper will explain what we know about tDCS having reverse effects.
Then, I will discuss the neurochemistry related to impulsivity and tDCS. Next, I
will lead into a preliminary impulsivity experiment where tDCS had a reverse
effect. Finally, I will propose a new study extending the findings of this
preliminary study.
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How tDCS works
tDCS applies a tiny electrical current to a targeted region of the cortex,
making neurons in that region more likely to fire (Bennabi et al., 2015; Jacobson,
Kozlowsky, & Lavidor, 2012). The current is too small to cause a full action
potential, but it brings neurons closer to firing through partial depolarization via
the tDCS current (Brunoni et al., 2012; Fregni, 2005). Sham stimulation is used
as the placebo for tDCS; the device is turned on, but automatically turns off after
90 seconds (Brunoni et al., 2012; Filmer, Dux, & Mattingley, 2014).
Anodal stimulation applies an electrical current to a targeted area of the
brain, and the current leaves the brain in a neutral location called the reference
electrode. Cathodal stimulation can be characterized as the opposite of anodal
stimulation. In cathodal stimulation, electricity is applied to the neutral reference
electrode and leaves the brain in the targeted region (Brunoni et al., 2012;
Filmer, Dux, and Mattingley, 2014). Anodal stimulation is excitatory, whereas
cathodal stimulation is inhibitory (Brunoni et al., 2012; Filmer, Dux, and
Mattingley, 2014). This study uses anodal stimulation to increase excitation and
activity in the prefrontal cortex. Recent research suggests that excitatory tDCS
and motivation work together to enhance ability (Bell & DeWall, under review).
tDCS has been used in a variety of social behavior realms. tDCS can
reduce risk-taking behavior (Huang et al., 2017; Pripfl et al., 2013; Zheng et al.,
2017), racial bias (Gladwin et al., 2012; Sellaro et al., 2008), and overeating
(Georgii et al., 2017; Jauch-Chara et al., 2014; Ljubusavlevic et al., 2017).
However, tDCS does not always change behavior in a socially desirable way.
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This phenomenon is partially driven by tDCS causing reverse effects in certain
contexts.
These varied findings have sparked interest in how tDCS works in a
variety of contexts. In the meta-analysis referenced at the beginning of this paper
(Bell & DeWall, 2018), the effects of tDCS on the prefrontal cortex were
examined on multiple types of social behavior. tDCS affected these behaviors
overall (d=0.20), even when correcting for publication bias. In this meta-analysis,
six different types of social behavior were also examined individually, including
impulsivity.
In the meta-analysis, tDCS on the prefrontal cortex did not affect impulsive
behavior. This is largely due to the mixed findings in this area. Three studies
showed thattDCS made people more impulsive, whereas four studies showed
tDCS made people less impulsive, and the final study included was the present
study (Bell & DeWall, in press). To better understand these seemingly
inconsistent effects, I will examine how individual differences in neurochemistry
affect how tDCS works.
Reverse effects of tDCS
Medications including SSRIs (Kuo et al., 2016; Nitsche et al., 2009) and
amphetamines (Brunoni et al., 2012; Nitsche et al., 2004) can potentiate tDCS.
However, a variety of other medications have been found to reverse the direction
of tDCS effects. Medications that can cause reverse effects with anodal
stimulations include those that interact with GABA (McLaren, Nissim, & Woods,
2018; Monte-Silva et al., 2010) and dopamine (Kuo et al., 2008).
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tDCS has also caused reverse effects in a variety of realms of behavior
that relate to impulsivity. These include aggression, bias, and dishonesty.
According to the I3 model (Finkel et al, 2014), aggression is partially driven by
lack of inhibition. Inhibition, or lack thereof, is a key component of impulsivity
(Bari & Robbins, 2013; Kertzman et al., 2017).
Bias also relates to impulsivity. For example, Black Americans are more
likely to be shot erroneously by police officers than White Americans (Correll,
Urland, & Ito, 2006; Scott et al., 2017). However, this effect is reduced when
police have more practice shooting correctly rather than shooting impulsively
(Correll et al., 2017; Plant & Peruche, 2005). In light of these findings, impulsivity
is a key factor in this issue and related racial bias issues.
Finally, dishonesty has been found to increase when an impulsive state is
induced in participants. For example, Mead et al. (2009) mentally fatigued
participants to decrease inhibitory capacity, which resulted in more impulsive
cheating on a test. While aggression, bias, and dishonesty are different
behaviors, they share an underlying factor: impulsivity.
tDCS to the prefrontal cortex has been found to increase aggression
(Kelley et al., 2013), bias (Nord et al., 2017), and dishonesty (Colzaro et al.,
2015). Previous research shows that impulsivity is particularly vulnerable to
inconsistent or reverse effects (Bell & DeWall, 2018). This may be driven by
individual differences in impulsivity, which is closely linked to dopamine levels in
the brain.
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Impulsivity and reverse effects of tDCS
Impulsive thoughts can result in decisions that are not well thought
through, risky behaviors, and choices for short-term, small rewards over longterm, large rewards. Differing levels of dopamine are one of the driving factors in
individual difference in impulsivity (Buckholtz et al., 2010; Dalley & Roiser, 2012).
Dopamine levels that are too low or too high can cause impulsive behavior (see
Congdon et al., 2005 for review). This is why disorders related to impulsivity such
as ADHD are treated with drugs that change dopamine levels in the brain (Dalley
& Roiser, 2012; Solanto et al., 2012).
We also know that dopamine levels that are both too low and too high are
known to cause reverse effects in tDCS (McLaren, Nissim, & Woods, 2018;
Monte-Silva et al., 2009). Therefore, impulsivity is a perfect storm for tDCS to
cause reverse effects in some people due to differing levels of dopamine
between individuals. Three previous studies have already found tDCS to
indirectly make people more impulsive in delay-discounting tasks, gambling
measures, and error rates on a cognitive control task (Bell et al., in preparation;
Fecteau et al., 2007; Gomez-Ariza, 2017). The present study examines the effect
of tDCS on impulsivity.
Sensation-seeking and lack of premeditation
I hypothesized that people high in certain facets of trait impulsivity will
experience a reverse effect of tDCS. The UPPS impulsivity scale (Whiteside &
Lynam, 2001) measures five facets of impulsivity: positive urgency, negative
urgency, sensation-seeking, lack of premeditation, and lack of perseverance.
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Sensation-seeking and lack of premeditation are the two facets of the UPPS
most related to dopaminergic function (DeYoung, 2013).
The relationship between dopamine levels and sensation-seeking has
been clearly established (Derringer et al., 2010; Netter et al., 1996; Norbury et
al., 2013). People high in sensation-seeking tend to have both highly reactive
dopamine systems as well as weak serotonin and noradrenergic systems, which
combine to produce the strong approach motivation that leads to sensationseeking (Zuckerman, 1996).
A common trait of ADHD is lack of premeditation, which is why ADHD is
treated with medicine that changes dopamine levels (Arnsten, 1996; DeYoung,
2010). People with ADHD react to dopamine differently than other people.
Sometimes their dopamine levels are too low, and sometimes their dopamine
levels are too high. This is because they experience transient releases of
dopamine in bursts, rather than more of a steady stream like people without
ADHD (Aboitiz et al., 2014). One theory is that people with ADHD have low tonic
dopamine levels but have overly large bursts of dopamine (also called hyperbursts) when attending to certain stimuli (Yanofski, 2010). Yanofski (2010)
describes it as a problem of too little and too much dopamine. ADHD medication
helps correct for this problem by bringing up tonic dopamine levels, which
reduces the hyper-bursts of dopamine (Aboitiz et al., 2014). This type of
dopaminergic malfunction is on a continuum, with people exhibiting varying levels
of malfunction (Costa et al., 2013).
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Further evidence of the link between dopamine levels and lack of
premeditation is provided by research on the Barrett Impulsivity Scale. This scale
primarily assesses lack of premeditation (Cyders & Canli, 2005; Whiteside &
Lynam, 2001). Scores on this scale predict D2 binding in the brain, further
showing the link between dopamine and lack of premeditation (Buckholtz et al.,
2010; DeYoung et al., 2013; Zald et al., 2008).
The other three traits on the UPPS scale—positive urgency, negative
urgency, and lack of perseverance—show little relationship with dopamine
(DeYoung et al., 2013). Dopamine drives exploration and approach motivation
(Cohen et al., 2007; Daw et al., 2006) which relate to sensation-seeking and lack
of premeditation, but not much to the other three traits (DeYoung et al., 2013).
Dopamine levels that are too low or too high could cause reverse effects of
tDCS. Therefore, since only sensation-seeking and lack of premeditation are
strongly related to dopamine, and because dopamine levels are a precursor of
impulsivity, I hypothesized that tDCS will cause reverse effects on people high in
impulsivity in these two domains.
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_____________________________________
Chapter 2
_____________________________________

Preliminary Study
Participants
124 participants were drawn from the University of Kentucky subject pool.
None of the participants took psychotropic medications. They also had to have
never had a seizure, concussion, migraine, psychiatric disorder, substance
abuse disorder, or learning disability. Demographics of these participants are
described in Table 1 at the end of this chapter.
Measures
The Stop Signal Task measures response inhibition (Logan, 1994;
Verbruggen et al., 2008). First, participants see a fixation circle. Then, an arrow
appears in the circle. The arrow points either to the right or the left. The
participant is instructed to rest her hands on right and left response keys and
respond accordingly when she sees the arrow. However, sometimes a signal
beep is played immediately after (250 milliseconds after) the arrow appears.
When this happens, the participant is supposed to inhibit her response and not
press any key. I used the probability of the participant pressing the response
button after hearing the signal beep, when responses were supposed to be
inhibited, as our outcome variable in this task.
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The Stop Signal tasks correlates to impulsivity in real life. It has been
shown to be significantly related to scores on the Classroom Observation Code,
a measure of impulsive and hyperactive behavior in school children (Solanto et
al., 2001). Children with ADHD perform slower on the Stop Signal Task than their
typically developing peers, d=0.64 (Nichols & Waschbusch, 2004). When taking
ADHD medication such as methylphenidate, this difference disappears (Nichols
& Waschbusch, 2004).
The Stop Signal Task sometimes has ceiling effects (Hsu et al., 2011;
Rubia et al., 1998). Depletion manipulations cause more errors on the Stop
Signal Task (Muraven, Rosman, & Gagné, 2006). Therefore, to avoid a ceiling
effect in this study, all of the participants underwent depletion measures during
tDCS stimulation. They performed the Stroop Task (Stroop, 1935) followed by
the Crossing Out E’s task (as described in DeWall et al., 2008) over 10 minutes.
Procedure
Participants arrived at the laboratory, completed the UPPS, and then were
exposed to the tDCS manipulation. By random assignment, participants
experienced either excitatory or sham tDCS over the right ventrolateral prefrontal
cortex (rVLPFC). The rVLPFC is a region of the brain implicated in impulsive
behavior (Cohen et al., 2013; Lieberman & Eisenberger, 2008; Narayan, 2010).
To stimulate the rVLPFC, direct current was applied to the rVLPFC using a
constant current regulator (DC-STIMULATOR, NeuroConn GmbH, Germany).
The current was transferred using a saline-soaked pair of surface sponge
electrodes placed on the participant’s scalp. The stimulation (anode) electrode
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was placed over F6 (Montreal Neurological Institute coordinates: 58, 30, 8),
whereas the reference (cathode) electrode was placed over the contralateral
supraorbital area. To increase focality of stimulation, the stimulation electrode
was 25 cm2 and the reference electrode was 35 cm2. All participants were told
that they would receive either real or sham (placebo) stimulation for 20 minutes.
Only half actually received a constant current of 1.5 mA (excitatory stimulation),
while the other half received sham stimulation.
After the electrodes were comfortably attached, the stimulation began.
Because tDCS takes about 10 minutes to become active in the brain (Riva et al.,
2014), participants watched a nature video as a filler task. At the 10-minute mark,
participants began depletion exercises for the remaining 10 minutes of
stimulation. They performed the Crossing Out E’s task and then the Stroop Task.
After the 10 minutes elapsed, participants stopped these exercises.
After 20 minutes of stimulation, the tDCS ramped down and turned off,
and the electrodes were removed from the participants. They then received
instructions for the Stop Signal Task and completed it. After the Stop Signal
Task, participants were fully debriefed.
Results of preliminary study
The mean probability of failure to inhibit on the Stop Signal Task was
50.21, SD=14.19, which gave me fine gradation to see differences in
performance across groups. I will refer to the mean probability to fail to inhibit on
the Stop Signal Task as impulsivity. I did not find a main effect of tDCS on
impulsivity (Mtdcs=51.71, SDtdcs=16.23 vs. Msham=48.61, SDsham=11.55), B=3.43,
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t(122)=-1.22, p=0.236, d=0.23. This is a similar to the d=0.20 effect size found in
the meta-analysis referenced in the beginning of this manuscript (Bell & DeWall,
2018).
I checked to see if there were significant differences between the sham
and tDCS groups on MCQ scores as well as on any of the five dimensions of
impulsivity. There were no significant differences between these two groups on
these personality measures.
Two facets of the UPPS significantly interacted with tDCS, both resulting
in tDCS increasing impulsivity in people high on these facets. Sensation-seeking
interacted with tDCS to increase impulsivity, B=2.16, t(122)=2.25, p=0.026,
d=0.16 (see Figure 1). To better understand the nature of this difference, I
performed a simple slopes test to examine the effect of sensation-seeking on
impulsivity among the sham and stimulation conditions, respectively. Among
participants in the control group, sensation-seeking did not increase impulsivity
on the Stop Signal Task, B=-0.52, t(122)=-0.89, p=0.378. But among participants
who received tDCS, sensation-seeking predicted greater impulsivity on the Stop
Signal Task, B=1.64, t(122)=2.17, p=0.032. To interpret this interaction, I tested
the simple effects of tDCS on people who had low and high scores on the
sensation-seeking task (one standard deviation below and above the mean;
Aiken & West, 1991). When looking at the people who were one standard
deviation below the mean or low on sensation-seeking, tDCS did not affect
impulsivity on the Stop Signal Task, B=-2.72, t(122)=-0.75, p=0.452. When
looking at the people who were one standard deviation above the mean or high
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on sensation-seeking, tDCS significantly increased impulsivity on the Stop Signal
Task, B=8.96, t(122)=2.48, p=0.014.
Lack of premeditation also interacted with tDCS on the Stop Signal Task,
B=3.43, t(122)=2.52, p=0.013, d=0.26 (see Figure 2). To better understand the
nature of this difference, I performed a simple slopes test to look just at the
control group and then just at the tDCS group. When looking at the control group,
lack of premeditation did not increase impulsivity on the Stop Signal Task, B=0.90, t(122)=-0.98, p=0.329. When looking at the group that received tDCS, lack
of premeditation did significantly increase impulsivity on the Stop Signal Task,
B=2.54, t(122)=2.51, p=0.014. I also tested the simple effects of tDCS on people
who had low and high scores on the sensation-seeking task (one standard
deviation below and above the mean; Aiken & West, 1991). When looking at the
people who were one standard deviation below the mean or low on lack of
premeditation, tDCS did not affect impulsivity on the Stop Signal Task, B=-2.97,
t(122)=-0.84, p=0.403. When looking at the people who were one standard
deviation above the mean or high on lack of premeditation, tDCS significantly
increased impulsivity on the Stop Signal Task B=9.75, t(122)=2.73, p=0.007.
These results do not correct for multiple comparisons. This is for two
reasons. The first is because these analyses are explicitly exploratory. The
second is to avoid type II errors in this exploration of the data (Gelman, 2012). A
more extended discussion of this can be found in chapter four of this manuscript.
In the introduction, I discussed how sensation-seeking and lack of
premeditation relate to dopamine levels, but the other three facets of impulsivity

13

(positive urgency, negative urgency, and lack of perseverance) show little
relationship with dopamine. None of the three facets of impulsivity unrelated to
dopamine interacted with tDCS (positive urgency: B=1.81, t(122)=1.66, p=0.099;
negative urgency: B=0.46, t(122)=0.48, p=0.629; lack of perseverance: B=1.65,
t(122)=1.06, p=0.291).
Discussion of preliminary study
In this study, I examined the effect of tDCS to the prefrontal cortex on
error rate on the Stop Signal task, which measures impulsivity. In addition, I
studied how trait levels of impulsivity affected the relationship between tDCS and
performance on the Stop Signal task. Using the UPPS, I examined 5 subdomains of trait impulsivity: positive urgency, negative urgency, sensationseeking, lack of premeditation, and lack of perseverance (Whiteside & Lynam,
2001). I examined whether tDCS differently affected people who were high on
these facets (+1SD) and low on these facets (-1SD).
For people low on any of the 5 facets of impulsivity, tDCS had no effect on
performance on the Stop Signal Task. However, a different pattern emerged for
people high on both sensation-seeking and lack of premeditation. People high on
these two facets experienced a reverse effect of tDCS, behaving more
impulsively by making more errors on the Stop Signal Task.
Sensation-seeking and lack of premeditation are the only two facets of the
UPPS impulsivity scale that relate to dopamine levels in the brain; the other three
facets have little relationship to dopamine levels (DeYoung et al., 2013). People
high on these two facets have different levels of dopamine in the brain than
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people low in these two facets on average (Buckholtz et al., 2010; Derringer et
al., 2010; DeYoung et al., 2013; Norbury et al., 2013).
These findings show that individual differences in trait impulsivity
influenced how tDCS affected people on the Stop Signal Task. These findings
indirectly suggest that the effects of tDCS may depend on individual differences
in dopamine levels. This mirrors previous research linking dopamine levels to
reverse effects of tDCS (McLaren, Nissim, & Woods, 2018; Monte-Silva et al.,
2009).
While the results of this study suggest that dopamine levels affect how
different people react to tDCS, I did not collect or manipulate dopamine levels in
this experiment. A study that either collects dopamine levels or influences
dopamine levels with medication would be a logical next step in studying the
relationship between neurochemistry and the effects of tDCS.
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Table 1, Demographics of the Preliminary Study.
Age
Race

Gender

Mean
18.6 years old
Asian
Biracial
Black
Hispanic
Other race
White
Man
Woman
Other

SD
1.2 years

16

Range
18-22 years old
2%
3%
12%
4%
3%
76%
25%
75%
0%

Figure 1, Sensation-Seeking and tDCS.

tDCS increased impulsivity in people who are high on sensation-seeking.
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Figure 2, Lack of Premeditation and tDCS.

tDCS increased impulsivity in people who have a hard time premeditating their
actions.
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____________________________________
Chapter 3
_____________________________________

In the present study, I manipulated dopamine levels via caffeine. It has
long been established that caffeine intake increases dopamine (Acquas et al.,
2002; Cauli et al., 2005; Fredholm, 1995; Quarta et al., 2004; Solinas et al.,
2002). More specifically, caffeine increases the available levels of dopamine in
the shell of the nucleus accumbens (Quarta et al., 2004; Solinas et al., 2002).
This is analogous to the effect of amphetamines on dopamine levels because
amphetamines also increase dopamine levels in the shell of the nucleus
accumbens (Boye, Grant, & Clark, 2001; Parkinson et al., 1999).
The shell of the nucleus accumbens primarily contains medium spiny
neurons with D1 or D2 receptors (Gruber & O’Donnell, 2009; Lee et al., 2006; Li,
Kolb,& Robinson, 2003). The relationship between impulsivity and dopamine
helps explain why activity in the nucleus accumbens is also closely linked with
impulsive behavior (Basar et al., 2010; Dalley et al., 2007; Galtress & Kirkpatrick,
2010). Brain stimulation itself also increases dopamine levels (Tanaka et al.,
2013, Strafella, 2001). This has made it an exceptionally promising treatment for
people with Parkinson’s disease who have dopamine levels that are too low
(Benninger et al., 2010; Boggio et al., 2006; Fregni et al., 2006). However, it may
not be a good thing for impulsive people who often already have levels of
dopamine that are too high (Buckholtz et al., 2010; Congdon et al., 2005; Dalley

19

& Roiser, 2012). Because too much dopamine has been found to cause reverse
effects of tDCS (Kuo et al., 2008; McLaren, Nissim, & Woods, 2018; Monte-Silva
et al., 2009), we believe that caffeine administration during tDCS will increase
dopamine levels too much, resulting in a reverse effect of tDCS.
History of manipulating dopamine
Only 70 years ago, dopamine was believed to be merely a byproduct in
the synthesis of tyrosine to adrenaline and noradrenaline (Iverson & Iverson,
2007). In 1957, in a hospital on the outskirts of London, Arvid Carlsson and his
colleagues were conducting research with reserpine (Yeragani et al., 2010).
Reserpine is used to treat blood pressure (Matson & Mahen, 2010). In higher
doses, this drug can cause people to be unable to move or talk (Matson &
Mahen, 2010). Because of this undesirable side effect, Carlsson and his
colleagues experimented with giving people L-Dopa after taking resperidine
(Yeragani et al., 2010).
Carlsson and his colleagues noticed that this L-Dopa treatment diminishes
akinetic side effects of resperidine (Iverson & Iverson, 2010). This discovery lead
Carlsson and others to begin to see dopamine not merely as a byproduct in the
synthesis of other neurotransmitters but also as potentially a neurotransmitter
itself (Iverson & Iverson, 2007; Yeragani et al., 2010). This discovery began the
journey toward our modern understanding of dopamine.
Carlsson developed a way to measure dopamine levels using an assay
(Carlson & Waldeck, 1958). This led to the discovery of the link between
schizophrenia and maladaptively elevated dopamine levels (Carlsson &
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Lindqvist, 1963). Haldol was invented to help treat schizophrenia by partially
blocking some dopamine receptors, reducing the amount of available dopamine
in the brain (Carlsson & Lindqvist, 1963; Carlsson, 1988). Now, we still use
Haldol to treat schizophrenia, and more commonly use Seroquel, which works
similarly to Haldol (Arvanitis & Miller, 1997; Copolov et al., 2000). Schizophrenia
is primarily treated by manipulating dopamine levels.
This dopamine and schizophrenia link is related to a psychiatric
emergency called amphetamine induced psychosis. In this type of psychosis, a
person consumes too much amphetamine, elevating their dopamine to a
psychiatrically dangerous level. Their behavior closely mimics a person with
schizophrenia (Bramness et al, 2012; Robinson & Becker, 1986).
Carlsson also discovered the link between dopamine levels and
Parkinson’s disease by manipulating dopamine levels. He dramatically depleted
dopamine in an experiment, which lead his participants to exhibit many of the
effects of Parkinson’s disease (Carlsson & Carlsson, 1990; Yaragani et al.,
2010). This lead to him developing a treatment for Parkinson’s disease which
involves manipulating dopamine levels. This treatment is still used today (Iverson
& Iverson, 2007).
Because of Carlsson’s work manipulating dopamine levels, other scholars
have learned much more about the properties of dopamine, including its link to
ADHD and impulsivity in general (Arnsten, 2006; Dalley & Roiser, 2012; Solanto
et al., 2012). People need the right amount of dopamine to function healthily
(Buckholtz et al., 2010; Congdon et al., 2005). Carlsson’s research suggests that
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manipulating dopamine is a powerful way to understand the effect of dopamine
on behavior.
The present study
In the preliminary study, we saw that tDCS caused a reverse effect in
impulsive people. I suspect that this was because elevated dopamine levels are
associated with impulsivity (Buckholtz et al., 2010; Congdon et al., 2005; Dalley
& Roiser, 2012). In the dissertation study, I manipulated dopamine levels to see if
I could intentionally cause a reverse effect of tDCS. This effect would help
explain the interplay between impulsivity, dopamine, and brain stimulation.
Methods of dissertation study
Participants
To determine how many participants were needed for this study, I
conducted an a priori power analysis. I based this analysis on the size of the
interaction in the preliminary study. I considered using the effect size of caffeine
on behavior in this analysis, but I chose not to because I hypothesized that the
brain stimulation would interact with caffeine to most closely mirror the effect
found in the preliminary study. In addition, I hypothesized that caffeine would
have a reverse effect on people who also receive brain stimulation. There are no
existing studies to my knowledge that study reverse effects associated with
caffeine. For that reason, basing the analyses on the effect seen in the
preliminary study seemed most logical.
I conducted an a priori power analysis in G*Power version 3.1 (see
Erdfelder, Faul, & Buchner, 1996 for a description of their G*Power program).
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The parameters included a linear regression model, an expected effect size of f 2
=0.04, and three predictors (caffeine, brain stimulation, and their interaction). To
achieve 80% power, I needed to test 190 people. I ultimately tested 202
participants to leave room for potential outliers. These participants were drawn
from University of Kentucky’s subject pool. Table 1 describes the demographics
of the participants. The same safety criteria used in the preliminary study were
used for this study.
All participants verified they were not regular drug users as part of the
consent process. They let us know they had not had “any use of illicit drugs in the
past 30 days” and “any history of weekly or more often drug use”. This was
compared to questions asked in a questionnaire in the study which asked how
often they used marijuana, stimulants, and cocaine. The choices were never,
occasionally, weekly, and daily.
Procedures
Upon completing the consent process, participants were randomly
assigned to consume a caffeine pill containing 300 mg of caffeine or a placebo
pill. 300 mg is a dose of caffeine that has been found to increase striatal
dopamine receptor availability in humans by approximately 20% (Volkow et al.,
2015). The caffeine takes 60 minutes to reach peak levels (Volkow et al., 2015).
After taking the caffeine or placebo, before it has had enough time to
begin to work in a meaningful way, participants completed the UPPS scale used
in the preliminary study. After completing the UPPS, which takes approximately
10 minutes, the participant completed additional questionnaires. These
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measured things such as how much caffeine they normally drink, their
recreational drug use, how hungry they were, adherence to study guidelines,
their height and weight, and other relevant variables to the study. This
questionnaire took about 15 minutes. After this, the participants waited in the
laboratory for about 15 minutes as the caffeine began to build in their
bloodstream.
At the 40 minute mark, tDCS was attached to the participants. By random
assignment, participants were exposed to either excitatory or sham tDCS over
the right ventrolateral prefrontal cortex (rVLPFC). It took about 5 minutes to
attach the tDCS. All attachment procedures will be identical to the ones used in
the preliminary study.
After the electrodes were safely and comfortably attached, a 20 minute
stimulation period will begin. Because tDCS takes about 10 minutes to become
active in the brain (Riva et al., 2014), participants watched the Planet Earth
neutral video, which was also used in the preliminary study. At the 10-minute
mark, participants did depletion exercises for the remaining 10 minutes of
stimulation as in the preliminary study. They performed the Crossing Out E’s task
and then the Stroop Task. After the 10 minutes had elapsed, participants stopped
these exercises.
As in the preliminary study, the purpose of these depletion tasks was to
mentally fatigue participants to avoid a ceiling effect on the dependent variable,
which is the Stop Signal Task, also used in the preliminary study. After 20
minutes of stimulation, the tDCS ramped down and turned itself off, and the
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electrodes were removed from the participants. The tDCS continued to affect
people for approximately 30 minutes (Filmer, Dux, and Mattingly, 2014). At this
point, the caffeine was ingested 60 minutes prior, and had now reached peak
levels in the body. The participants then received instructions for the Stop Signal
Task and completed it. After the Stop Signal Task, the participants were
debriefed.
Planned analyses
I hypothesized that people who received tDCS but no caffeine would have
less errors on the Stop Signal Task than people who received sham stimulation
and no caffeine. Likewise, I hypothesized that people who received sham
stimulation and caffeine would have less errors on the Stop Signal Task than
people who received sham stimulation and no caffeine. Finally, I expected a
different effect for people who received both caffeine and brain stimulation. I
thought people in this group would have more errors on the Stop Signal Task
than people in any of the other three groups. I planned to use simple slopes tests
and simple effects test to probe the hypothesized interaction between caffeine
and brain stimulation.
To test these hypotheses, I used a regression analysis that tests for
moderation. The predictors were brain stimulation, caffeine, and the interaction
between brain stimulation and caffeine. These analyses were pre-registered on
osf.io at osf.io/uqepn/register/5771ca429ad5a1020de2872e. This means I
created a public, time-stamped document that shows what my hypotheses were
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before I began the study. Pre-registration helps a researcher demonstrate that
their hypotheses were a priori.
The analyses that were not pre-registered are considered to be
exploratory. This means they were not hypothesized a priori. Multiple
comparisons are not corrected for in these analyses. The rationale for this is
discussed in chapter four of this manuscript.
Results
When looking at the four conditions, there were not significant differences
in error rates. People who received sham stimulation and the placebo had an
average error rate of 50.32% (SD=14.81) on the Stop Signal Task. People who
received tDCS and the placebo had an average error rate of 50.22% (SD=16.55).
People who received sham stimulation and caffeine had an average error rate of
54.12% (SD=18.14). People who received tDCS and caffeine had an average
error rate of 51.86% (SD=18.37).
There was no interaction between caffeine and tDCS on error rate on the
Stop Signal Task, B=-2.16, t(199)=-0.45, p=0.657, d=0.13. There was no main
effect of tDCS on error rate, B=-0.10, t(199)=-0.03, p=0.977. There was no main
effect of caffeine on error rate, B=3.80, t(199)=1.11, p=0.268.
To test for the effectiveness of random assignment, I used one-way
ANOVAs to see if there were differences among the four groups on MCQ scores
and the five dimensions of impulsivity (positive urgency, negative urgency, lack of
premeditation, lack of perseverance, and sensation-seeking). There was one
significant difference among groups on lack of premeditation, F(3,189)=2.74,
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p=0.045. A Fisher’s least squares difference test determined that the caffeine
and sham stimulation group (M=5.80, SD=1.49) was significantly lower on lack of
premeditation than the placebo and tDCS group (M=6.67, SD=2.09),
Mdifference=0.87, SE=0.39, p=0.028.
Exploratory results
Lack of premeditation.
There was a significant interaction among tDCS, caffeine, and lack of
premeditation, B=7.27, t(196)=2.75, p=0.007, d=0.44 (see Figure 4). To better
understand the nature of this interaction, I examined the simple slopes of each of
the four lines in Figure 4. In the condition with sham stimulation and the placebo,
there was a significant positive slope of lack of premeditation on error rate,
B=2.74, t(196)=2.50, p=0.016. In the condition with sham stimulation and
caffeine, there was a marginal negative slope of lack of premeditation on error
rate, B=-3.35, t(196)=-1.87, p=0.068. In the condition with tDCS and placebo,
there was no significant relationship between lack of premeditation and error
rate, B=-1.17, t(196)=-1.11, p=0.27. In the condition with tDCS and caffeine,
there was no significant relationship between lack of premeditation and error
rate, B=0.10, t(196)=0.01, p=0.994.
I also looked at simple effects in this model. First, I looked at the people
who were high on lack of premeditation. In this model, there was a simple effect
of tDCS, B=23.24, t(196)=2.05, p=-.041. There was also a simple effect of
caffeine, B=39.82, t(196)=3.12, p=0.002. There was a significant interaction
between tDCS and caffeine, B=-44.99, t(196)=2.18, p=0.009. To better
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understand the nature of that interaction, I tested simple slopes. For people high
on lack of premeditation, in the anode condition, there was not a significant effect
of caffeine in the simple slopes test. For people high on lack of premeditation, in
the sham condition, there also was not a significant effect of caffeine in the
simple slopes test. I also tested simple effects in this interaction. There were no
significant simple effects for people high on lack of premeditation in the anode
condition or the sham condition.
Next, I tested simple effects in the people who were low on lack of
premeditation. There was a marginal simple effect of tDCS, B=-8.95, t(196)=1.94, p=0.054. There was also a marginal simple effect of caffeine, B=-10.33,
t(196)=-1.75, p=-.081. There was a significant interaction between tDCS and
caffeine, B=14.85, t(196)=2.06, p=0.041. To probe that interaction, I tested
simple slopes. For people low on lack of premeditation, in the sham condition,
there was a significant effect caffeine in the simple slopes test, B=18.68,
t(196)=2.95, p=0.007. For people low on lack of premeditation, in the anode
condition, there was not a significant effect of caffeine in the simple slopes test. I
also tested simple effects in this interaction. For people low on lack of
premeditation, in the sham condition, there was a significant simple effect of
caffeine, B=18.80, t(196)=2.38, p=0.023. For people low on lack of premeditation,
in the anode condition, there was not a significant simple effect of caffeine.
After that, I tested simple effects in the people who got anodal stimulation.
There were no significant simple effects or interactions in this model.
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I also tested simple effects in the people who got sham stimulation. There
was a significant simple effect of caffeine in this model, B=40.27, t(196)=3.12,
p=0.002. There was also a significant simple effect of lack of premeditation,
B=2.78, t(196)=2.19, p=0.30. There was a significant interaction between tDCS
and lack of premeditation, B=-6.17, t(196)=-2.93, p=0.004. To probe this
interaction, I first did a simple slopes test. Among people who got the sham
stimulation, who got the placebo pill, there was a significant effect of lack of
premeditation, B=2.74, t(196)=2.50, p=0.016. Among people who got sham
stimulation, who got the caffeine pill, there was a marginal effect of lack of
premeditation, B=-3.35, t(196)=-1.87, p=0.068. Next, I tested simple effects.
There were no significant simple effects in this interaction.
Next, I tested simple effects in the people who got caffeine. There was no
simple effect of tDCS in this model. There was a marginally significant effect of
lack of premeditation, B=-3.14, t(196)=-1.95, p=0.053. There was not a significant
interaction of tDCS and lack of premeditation.
Finally, I tested simple effects in the people who got the placebo. There
were no significant simple effects or interactions in this model.
Sensation-seeking.
There was not a significant interaction among tDCS, caffeine, and
sensation-seeking, B=-0.05, t(196)=-0.03, p=0.980. There were no significant
main effects in this model.
Stimulant use.
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There was a significant 3-way interaction among tDCS, caffeine, and
stimulant use, B=27.26, t(196)=2.01, p=0.045, d=0.84 (see Figure 5). The group
with the highest error rate was people who used stimulants, received caffeine,
and got tDCS had the highest error rate at 61%, 4% higher than any of the other
groups. When combined with tDCS and caffeine, stimulant use was significantly
maladaptive to performance on the Stop Signal Task. Frequencies about
participant drug use can be found in Table 2.
To better understand the nature of this interaction, I examined the simple
slopes of each of the four lines in Figure 5. In the condition with sham stimulation
and the placebo, there was no significant relationship between stimulant use and
error rate, B=1.82, t(196)=0.30, p=0.765. In the condition with sham stimulation
and caffeine, there was no significant relationship between stimulant use and
error rate, B=-5.42, t(196)=-0.65, p=0.52. In the condition with tDCS and placebo,
there was no significant relationship between stimulant use and error rate, B=2.43, t(196)=-0.67, p=0.504. In the condition with tDCS and caffeine, there was a
significant positive slope of stimulant use on error rate, B=17.59, t(196)=2.10,
p=0.041.
I also looked at simple effects in this model. First, I looked at people who
were stimulant users. There were no significant simple effects or interactions in
this model. This could be driven by there being only 19 stimulant users in the
study. This makes this model underpowered.
In addition, I looked at people who do not use stimulants. There were no
significant simple effects in this model. However, there was a marginally
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significant interaction between tDCS and caffeine, B=-16.76, t(196)=-1.93,
p=0.056. To better understand the nature of this interaction, I performed simple
slopes tests. There were no significant simple slopes in this model. I also
performed simple effects tests. There were no significant simple effects in this
model.
Following that, I looked at the people who got anodal stimulation. There
were no significant simple effects in this model. However, there was a significant
interaction between caffeine and stimulant use, B=19.75, t(196)=2.28, p=0.024.
To probe this interaction, I performed simple slopes tests. There were no
significant simple slopes in this model. I also performed simple effects tests.
There were no significant simple effects in this model.
Next, I looked at the people who got sham stimulation. There were no
significant simple effects or interactions in this model.
After that, I looked at the people who got caffeine. There were no
significant simple effects in this model. However, there was a significant
interaction between tDCS and stimulant use, B=22.06, t(196)=2.06, p=0.040. To
probe this interaction, I tested simple slopes. There were no significant simple
slopes in this model. I also tested simple effects. There was not a significant
simple effect of stimulant use among people who got caffeine and were in the
sham stimulation condition. However, there was a significant simple effect of
stimulant use among people who got caffeine and were in the anode stimulation
condition, B=17.36, t(196)=1.95, p=0.042.
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Finally, I looked at the people who got the placebo. There were no
significant simple effects or interactions in this model.
Hunger.
There was a significant interaction among tDCS, caffeine, and hunger,
B=6.18, t(196)=2.16, p=0.032 (see Figure 6). There was a main effect of caffeine
in this model, B=20.56, t(196)=2.38, p=0.018. There was also a significant
interaction between tDCS and caffeine when controlling for hunger, B=-26.24,
t(196)=-2.25, p=0.026, d=0.35.
To better understand the nature of this interaction, I examined the simple
slopes of each of the four lines in Figure 6. In the condition with sham stimulation
and placebo, there was no significant relationship between hunger and error rate,
B=1.86, t(196)=1.58, p=0.12. In the condition with sham stimulation and caffeine,
there was no significant relationship between hunger and error rate, B=-2.48,
t(196)=-1.48, p=0.147. In the condition with tDCS and placebo, there was no
significant relationship between hunger and error rate, B=1.52, t(196)=1.11,
p=0.275. In the condition with tDCS and caffeine, there was a significant positive
relationship of hunger on error rate, B=3.35, t=2.21, p=0.032.
I also looked at simple effects in this model. First, I looked at the people
who were hungry (1 SD above the mean on hunger). There was not a significant
simple effect of tDCS in this model. There was a significant simple effect of
caffeine, B=13.16, t(196)=2.37, p=0.019. There was a significant interaction
between tDCS and caffeine, B=-15.73, t(196)=-2.10, p=0.038. To probe this
interaction, I first tested simple slopes. There were no significant simple slopes in
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this model. Next, I tested simple effects. There were no significant simple effects
in this model.
Additionally, I looked at the people who were not hungry (1 SD below the
mean on hunger). There was not a significant simple effect of tDCS in this model.
There was a significant simple effect of caffeine, B=27.95, t(196)=2.34, p=0.020.
To probe this interaction, I first tested simple slopes. There were no significant
simple slopes in this model. Next, I tested simple effects. There were no
significant simple effects in this model.
Following that, I looked at the people who got anodal stimulation. There
were no significant simple effects or interactions in this model.
After that, I looked at the people who got sham stimulation. There was a
simple effect of caffeine in this model, B=20.81, t(196)=2.29, p=0.018. There was
not a simple effect of hunger and no significant interaction in this model.
As a next step, I looked at the people who got caffeine. There was a
simple effect of tDCS in this model, B=-23.28, t(196)=-2.77, p=0.006. There was
no simple effect of hunger. There was a significant interaction between tDCS and
hunger, B=5.62, t(196)=2.75, p=0.007. To probe this interaction, I performed a
simple slopes test. Among people who got caffeine and sham stimulation, there
was no significant effect of hunger. Among people who got caffeine and anodal
stimulation, there was a significant effect of hunger, B=2.25, t(196)=2.21,
p=0.032. Next, I performed a simple effects test. Among people who got caffeine
and sham stimulation, there was not a significant simple effect of hunger. Among
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people who got caffeine and anodal stimulation, there was a significant simple
effect of hunger, B=3.30, t(196)=2.18), p=0.032.
Finally, I looked at people who got the placebo. There were no significant
simple effects or interactions in this model.
Marijuana.
There was no significant interaction among tDCS, caffeine, and marijuana
use, B=4.13, t(196)=0.55, p=0.585. There were no significant main effects in this
model.
Eating before the study.
There was no significant interaction among tDCS, caffeine, and following
the study rule of abstaining from food for four hours before the study, B=12.91,
t(196)=0.848, p=0.397. In this model, there was a main effect of caffeine,
B=22.89, t(196)=2.10, p=0.037. There was a marginal but nonsignificant
interaction between caffeine and abstaining from food for four hours before the
study, B=-21.04, t(196)=-1.83, p=0.069.
Weight.
There was not a significant interaction among tDCS, caffeine, and weight,
B=-0.19, t(196)=-1.12, p=0.264. There were no significant main effects in this
model.
Gender.
There was not a significant interaction among tDCS, caffeine, and gender,
B=-3.69, t(195)=-0.33, p=0.744. There were no significant main effects in this
model. This analysis only included men and women and excluded people of
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other gender identities (n=1), because the sample size of people of other
genders was too small to be appropriate for this type of analysis.
Drug use overall.
A logistic regression was used to see if there were a significantly different
amount of drug users in each of the four groups used in the primary analysis in
this study: placebo and sham, placebo and tDCS, caffeine and sham, and
caffeine and tDCS. There was no significant difference on how many drug users
there were in this group. For the tDCS category, B=0.11, χ2 =0.011, p=0.972. For
the caffeine category, B=0.48, χ2 =2.51, p=0.113.
I ran an additional analysis examining the interaction between tDCS and
caffeine in only participants who never use marijuana or stimulants (the only
drugs asked about in the survey). There were no significant interactions and no
main effects in this model, B=-3.94, t(133)=-0.59, p=0.577.
Model controlling for significant interactions.
There were three variables in this study that significantly interacted with
tDCS and caffeine: lack of premeditation, stimulant use, and hunger. I ran a
model about how tDCS and caffeine interact with error rate on the Stop Signal
Task controlling for these factors. There was not a significant interaction between
tDCS and caffeine even when controlling for these factors, B=-1.34, t(195)=-0.28,
p=0.779.
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Table 2, Demographics of the tDCS and Caffeine Study.

Age
Race

Gender

Sexual
orientation

Mean
19.1 years old
Asian
Biracial
Black
Hispanic
Other race
White
Man
Woman
Other
Heterosexual

SD
1.1 years

Sexual minority

Range
18-24 years old
6%
6.5%
12%
6%
1%
68%
26.6%
72.9%
0.5%
91.5%
8.5%

Demographic information about participants in study 2.
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Table 3, Recreational Drug Use in the tDCS and Caffeine Study.
Never

Occasionally

Weekly

Daily

Marijuana

71.0%

24.5%

1.5%

3.0%

ADHD

91.0%

8.5%

0.5%

0%

98.0%

1.5%

0.5%

0%

medication
Cocaine

Recreational drug use in participants.
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Figure 3, tDCS and Caffeine’s Effects on Error Rate.

tDCS and caffeine alone or together did not have any significant effects on error
rate on the Stop Signal Task.
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Figure 4, Lack of Premeditation and Error Rate.
A.

Figure description following B. panel.
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Figure 4, Lack of Premeditation and Error Rate.
B.

tDCS, caffeine, and lack of premeditation had a significant 3-way interaction,
B=7.27, t(196)=2.75, p=0.007. People receiving caffeine who were also low on
lack of premeditation and in the sham condition had the highest error rate.
People receiving the placebo who were also low on lack of premeditation and in
the sham condition had the lowest error rate.
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Figure 5, Stimulant Use and Error Rate.
A.

Figure description following B. panel.
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Figure 5, Stimulant Use and Error Rate.
B.

Significant 3 way interaction among tDCS, caffeine, and use of stimulants, as
defined by use of cocaine, recreational amphetamines, or both. 10% of the
sample used stimulants (n=19). 7 of them received sham stimulation and the
placebo. 2 of them received sham stimulation and caffeine. 5 of them received
tDCS and the placebo. 5 of them received tDCS and caffeine.
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Figure 6, Hunger and Error Rate.
A.

Figure description following B. panel.
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Figure 6, Hunger and Error Rate.
B.

Significant 3 way interaction among tDCS, caffeine, and hunger. Not hungry
means 1 standard deviation below the mean on hunger. Hungry means 1
standard deviation above the mean on hunger.
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_____________________________________
Chapter 4
_____________________________________

In the preliminary study, we observed the interplay between trait levels of
impulsivity and error rate on the Stop Signal Task. Trait levels of impulsivity were
associated with an increased error rate in people who also received tDCS. I
hypothesized that this effect occurred because of the high levels of dopamine
associated with both impulsivity and reverse effects of tDCS. The dissertation
study manipulated dopamine levels in order to replicate and extend the findings
of the preliminary study.
There was no effect of brain stimulation and caffeine on error rate in the
Stop Signal Task as predicted. This has an array of implications for this two study
package. Perhaps dopamine levels were not raised enough by caffeine to cause
the hypothesized reverse effect. Likewise, perhaps personality is driving the
effect seen in study 1 rather than the dopamine associated with impulsive
personalities.
Another reason we see different results in study 1 and study 2 could be
due to a group level personality difference among participants across the two
studies. There was a significant difference between the two groups on their
scores on the Monetary Choice Questionnaire, a measure of impulsivity and
delay discounting (Kirby, 1996). People in study 2 were significantly more
impulsive than people in study 1, t(314)=2.20, p=0.029. Since the dependent
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variable was also a measure of impulsive behavior, this difference could be a key
factor in the different results seen in these two studies.
An additional reason we see different results in study 1 and study 2 could
be due to variability in neurotransmitter levels in chemicals other than dopamine.
Serotonin is known to potentiate tDCS (Kuo et al., 2016), and GABA has been
associated with reverse effects of tDCS (McLaren, Nissim, & Woods, 2018;
Monte-Silva et al., 2010). Therefore, while the present study focused on the
interaction between dopamine levels and tDCS, other neurotransmitters almost
certainly are interacting with tDCS as well.
Lack of premeditation.
There was a significant interaction among tDCS, caffeine, and lack of
premeditation (see Figure 4). Generally speaking, caffeine was helpful to people
who were high on lack of premeditation, but maladaptive to people who were low
on lack of premeditation. One potential reason for this is because people high on
lack of premeditation sometimes have dopamine levels that are too low. This
relates to people with ADHD, who are also high on lack of premeditation, being
treated by stimulants that adaptively increase their dopamine levels. However,
people low on lack of premeditation do not have the same problems with
baseline dopamine levels as their more impulsive counterparts. In these cases,
the caffeine may be maladaptively raising their dopamine levels to be too high,
causing them to become more impulsive and make mistakes on the task.
Another way to think of this phenomenon is thinking of caffeine as being
somewhat like an amphetamine, in that both amphetamines and caffeine raise
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dopamine levels. This is helpful to people who have dopamine levels that are too
low. This is maladaptive to people who already have healthy dopamine levels.
tDCS had a similar effect as caffeine with regard to it differently affecting
people high on lack of premeditation and people low on lack of premeditation.
tDCS is known to raise dopamine levels (Tanaka et al., 2013, Strafella, 2001).
When people high on lack of premeditation got tDCS, their potentially low
baseline levels of dopamine were adaptively raised. When people low on lack of
premeditation got tDCS, their already appropriate dopamine levels were
maladaptively raised. In this way, tDCS is also acting like a stimulant. Because
both caffeine and tDCS raise dopamine levels, it is not surprising that they had a
similar effect on people who were high on lack of premeditation and a similar
effect of people who were low in lack of premeditation.
When tDCS and caffeine were combined, there was not a significant
difference in errors on the Stop Signal Task as compared to receiving just tDCS.
This suggests that the effects of tDCS and caffeine may not be purely additive.
Instead, having just tDCS or just caffeine seems to have almost the same effect
as having both.
An additional factor in this effect could be the significantly lower scores on
lack of premeditation in the sham and caffeine group as compared to the tDCS
and placebo group. Caffeine was generally maladaptive for people low on lack of
premeditation, and this group had a larger number of people who were one
standard deviation below the mean on lack of premeditation. This could be one
reason why the error rate was elevated in this group.
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Stimulants.
We found a reverse effect of tDCS and caffeine in our exploratory
analyses (see Figure 5). This relates to the idea of too much of a good thing.
Being stimulated by tDCS, caffeine, and being a recreational cocaine or Adderall
user was found to be maladaptive to error rate. All three of these increase
dopamine, and too much dopamine is linked to impulsive behavior (Buckholtz et
al., 2010; Dalley & Roiser, 2012).
This begets the question of why cocaine and amphetamines are causing
this effect when presumably the participants are not using them during the time
of the study. One possibility is byproducts of the stimulants remaining in the
participants’ bodies. If they had used up to a couple days before the experiment,
this is a distinct possibility (Nestler et al., 2005; White et al., 1995).
Another possibility is that the participants have experienced lasting brain
changes from their recreational stimulant use. This includes changes in the
glutamate system, which is important for learning and memory as well as longterm potentiation (Baker et al, 2003; Conrad et al., 2010). Chronic stimulant use
also affects the orbitofrontal cortex, which is important for judgment and decision
making (Kiyatin et al., 2012; Prisciandaro et al., 2014).
A third possibility is that the different effect of tDCS and caffeine on
recreational stimulant is not driven primarily by the stimulants themselves.
Rather, people who choose to use drugs such as Adderall and cocaine
recreationally may have different personalities than others in the experiment.
Evidence shows that stimulant users are likely to be aggressive and develop
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personality disorders (Gillespie et al., 2018; Moeller et al., 2002; Weiss et al.,
1993). The neurochemistry related to these problems could also be driving this
effect.
Hunger.
When people received sham stimulation and caffeine, and were also
hungry, there was a significantly lower error rate than when they were not
hungry. Hunger increases the bioavailability of caffeine (Brachtel & Richter,
1988). Likewise, lack of hunger would stand to decrease the bioavailability of
caffeine, making it as if the person had taken a smaller dose of caffeine.
When tDCS and caffeine were combined, the opposite finding occurred. In
this case, the not hungry people did significantly worse than the hungry people.
One theory is that the tDCS is tempering the maladaptive effects of caffeine. The
second part of this theory is that a lower dose of caffeine is more adaptive than a
very high dose, like the 300 mg used in this study.
Think of the hungry person as a person who had a higher dose of caffeine
because of their empty stomach. Think of the not hungry person as a person who
had a lower dose of caffeine because of their full stomach. The hungry person,
an analog for a high dose of caffeine, does well with just caffeine. However,
when adding tDCS to this mix, their dopamine level may become maladaptively
high, leading to an elevated error rate. Likewise, the not hungry person, an
analog for a low dose of caffeine, does poorly with just caffeine. However, when
adding tDCS to this mix, their dopamine level may become adaptively elevated,
leading to a decreased error rate.
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To further test this theory, I would need to combine tDCS and different
doses of caffeine. I would also need to have better control over what the
participants were eating before the study. All participants said during the consent
process that they abstained from food for four hours before the study. Otherwise,
we would not have moved forward with the experiment. However, 12% of them
went on to admit they did not follow these instructions during the private survey in
the experiment. A hospital setting would be an ideal place to use a variety of
caffeine doses because the hospital could both better control food intake before
the study as well as treat adverse effects that could result from higher doses of
caffeine than were used in the present study.
Limitations and future directions
One limitation of this study relates to the relatively modest effect of
caffeine on dopamine. A dose of 300 mg of caffeine only raises dopamine levels
by approximately 20% (Solinas et al., 2002). It would be more direct to study this
paradigm with a drug such as amphetamines to further raise dopamine levels.
Another limitation is that we did not measure dopamine levels. An
extension of this work would be to do an exact replication of the preliminary study
but collect dopamine levels at baseline as well as after stimulation. This would
answer two questions: to what extent are dopamine levels in impulsive people
elevated, and what is the magnitude that tDCS further increases dopamine
levels?
Use of the Stop Signal Task is also a limitation in these studies, as it is
only one conceptualization of impulsivity that relies heavily on inability to inhibit a
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prepotent response. An alternative measure of impulsivity that could be used in
conceptual replications of this study would be a delay of gratification task. Delay
of gratification tasks measure impulsivity in a way that avoid a confound with
attention span (Nichols & Waschbusch, 2004).
An additional limitation is that I did not correct for multiple comparisons in
the exploratory analyses. Using a correction method such as the Bonferroni
method on these analyses would have perhaps been overly conservative for the
number of tests I conducted. In his paper “Why we (usually) don’t have to worry
about correcting for multiple comparisons”, Gelman (2012) describes flaws in
correcting for multiple comparisons. Most notably, the Bonferroni test decreases
type I errors but can greatly increase type II errors. A caveat of exploratory (nona priori) analyses is that they are not confirmatory. A prior hypothesis is needed
in order to avoid violating the rules of null hypothesis testing. Therefore, my
exploratory analyses merely suggest directions for future research and do not
confirm a phenomenon.
31% of the participants said they smoke marijuana at least occasionally.
However, only 4.5% of them smoked it on a weekly or daily basis. Marijuana has
a much longer half-life than almost all other recreational drugs (Johansson &
Halldin, 1989). The interactive effects of brain stimulation and marijuana are
unknown. It is also possible that participants are underreporting their marijuana
use, and even more than 31% of the sample is using marijuana. The exact
definition of what occasional drug use means to the individuals in our research is
not known. We do not know if most of them use a couple of times a month or a
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couple times per year. Because of this, a narrower study might only include
people who do not smoke marijuana as determine by a confidential drug test to
avoid this potential interactive effect. While we did not find significant effects of
marijuana use in our analyses, further research could examine the relationship
between marijuana and brain stimulation.
A final limitation is the dose of tDCS used. Perhaps a dose of 1.5 mA is
too subtle to cause the hypothesized interaction, especially if marijuana use in
some participants is decreasing the efficacy of tDCS. People used to only use
tDCS doses on 1-2 mA, but very recently, people have begun experimenting with
doses of 3 mA and 4mA (Gebodh et al., 2019; Nikolin et al., 2019). A follow up
study could replicate the dissertation study with doses of 1 mA, 2 mA, 3 mA, and
4 mA to see if this is a dose-dependent effect.
Concluding remarks
tDCS does not always work in the intended direction. The preliminary
study shows tDCS having a paradoxical effect on people with impulsive
personalities, which is related to dopamine levels in the brain. In study 2,
however, increasing dopamine levels did not result in the hypothesized reverse
effect. This suggests more work needs to be done about when and why tDCS
causes reverse effects.
tDCS is similar to a drug in that it affects different people in different ways.
tDCS is not a universal remedy. It can cause decreased performance in certain
individuals as seen in the preliminary study. The extent to which this is related to
individual differences in dopamine levels remains an open question.
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Failure to inhibit is a problem that plagues a variety of people, especially
police officers and military personnel who have to make life or death decisions in
a time crunch. The military is experimenting with using tDCS to increase
performance, but these two studies suggest it is possible for this to backfire.
tDCS can cause deleterious reverse effects in certain individuals and should be
used with this potential side effect in mind.
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