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ABSTRACT

The role of glucose in self-control has been under heated debate. Recent studies
have suggested that both swishing and ingesting glucose can improve self-control,
casting doubt on the idea that reduced self-control results from depleted blood glucose
levels. However, no studies have directly compared the effects of rinsing and ingesting
glucose on self-control. Furthermore, despite a multitude of behavioral evidence that
glucose restores self-control, the mechanisms behind this restoration effect remain
unknown. In two studies examining the effects of glucose on self-control, participants
received one of three beverages that contained either glucose or aspartame. Two of the
beverages were identical glucose solutions, but one group ingested it and the other group
rinsed their mouths with the liquid and spit it out.

In the first study participants completed a task that did or did not require the use
of self-control before being asked to drink or swish the beverage. Participants then
completed a series of tasks to assess self-control, emotional responding, and future
discounting. Among participants who exerted self-control, both swishing and ingesting
glucose solutions improved subsequent self-control performance. Furthermore, swishing
glucose increased self-reported arousal to all images and reduced discounting of future
rewards.

The design for Study 2 was nearly identical to Study 1, except that all
participants exerted self-control on the initial task, the tasks were counterbalanced in a

different order, and participants no longer rated their subjective reactions to the



emotional images. Instead, electroencephalography was used to assess emotional
processing as well as various cognitive processes occurring before and after responses
on the dependent measure of self-control. Both glucose conditions caused lower
emotional processing for all image types, contrasting with Study 1. No effects of
drinking glucose were found for self-control or future discounting, due in part to
insufficient sample size. Emotional reactions were linked to self-control performance.
Furthermore, blood glucose levels were related to action monitoring processes following
self-control failure, despite not predicting self-control performance in either study. These
results include some of the first direct evidence of processes affected by glucose
following self-control exertion and provide a glimpse into the underlying mechanisms

behind self-control restoration.
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CHAPTER |

INTRODUCTION

The human capacity for self-control has receivetaasing research attention in
the past decade, which is not surprising giventitdy. Most theorists agree that self-
control involves altering (e.g., stopping, modifyjror replacing) an impulsive or
habitual response tendency (Baumeister, Heathe8tdimge, 1994). Whether it is
resisting the temptation to eat an unhealthy dessédighting off the oppressive urges of
a drug addiction, self-control is a valuable a$isat increases behavioral flexibility and
facilitates the pursuit of distant or higher-legehls.

Valuable assets are often limited, and this algeears to be the case with self-
control. Research suggests that the capacity toideempulses can only be used for a
limited period of time before it declines. Thisexft has been termed the ego depletion
effect (Baumeister, Vohs, & Tice, 2007) and hasteplicated in numerous studies,
such that individuals who engage in one self-cotérgk perform worse on a subsequent
self-control task, even if the two tasks are otheewinrelated (e.g., Muraven &
Baumeister, 2000; Muraven, Tice, & Baumeister, 13$hmeichel & Baumeister,
2004).

This reliable pattern of results has led reseascteeconclude that all self-control
draws upon a single limited resource that functidkesa muscle and grows fatigued
with use (Muraven & Baumeister, 2000). But whatis resource? Based on the fact

that the body and the brain both rely on the mdisiinoof glucose for energy, Gailliot
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and colleagues (2007) proposed that glucose sas/tige physiological resource fueling
self-control. They reported evidence that actsetffcontrol deplete blood glucose
levels, and that the lower glucose levels predtietdecrease in self-control capacity
stemming from ego depletion.

As reviewed below, the claim that glucose enabidfscontrol was both
influential and controversial. Many researchersstjoeed whether completing a brief
self-control task could cause a deficit in glucdadeed, some studies have failed to find
that exercising self-control depletes blood gludesels (e.g., Molden et al., 2012),
casting doubt on the idea that drops in blood glacre responsible for the ego
depletion effect. Other studies have found thatetyeswishing glucose in the mouth and
spitting it out — without digesting and metabolgim — is sufficient to restore self-
control following depletion (e.g., Hagger & Chataiantis, 2013), thereby weakening
the argument for a resource model based on glublsertheless, evidence has
continued to accumulate suggesting that adminrggegiucose can improve self-control,
and alternative models have arisen to explain goedepletion effect and the role of
glucose in self-control. However, few models halentified specific mechanisms for
either the depletion or the replenishment of wipgtears to be a limited resource
underlying self-control. The current investigatmymbines measures of blood glucose,
cognitive performance, and electroencephalograBES) to find evidence for specific

processes underlying the effects of sugar on selfrol.



CHAPTER I

RESOURCE MODEL OF SELF-CONTROL

The term “ego depletion” was coined by the propesienthe resource model
(also known as the strength or energy model) dfcgritrol to suggest that willpower
relies on an internal energy source that is useshvame engages in self-control
(Baumeister & heatherton, 1996; Baumeister, hetthe& Tice, 1994; Muraven &
Baumeister, 2000). The basic ego depletion effastdeen replicated over a hundred
times across various self-control tasks (see Hayyeod, Stiff, & Chatzisarantis,
2010). For example, down-regulating emotional resps in the first phase of an
experiment has been found to reduce persistencprarsical stamina on subsequent
tasks (Muraven et al., 1998). The opposite forrarabtion regulation, namely up-
regulating or exaggerating emotions, has been fooiiecduse poorer performance on a
cognitive fluency task afterwards (Schmeichel, DesagRobinson, & Pu, 2006). These
studies and many others have repeatedly foundahlas requiring the alteration of a
response appear to deplete a limited inner respoocepared to similar tasks that do not
require self-control.
Neural underpinnings of ego depletion

The vast majority of research on the resource mioaelsought to document the
ego depletion effect using different behaviorak$aas depletion manipulations and as
dependent measures, but relatively few studies pemeded strong evidence for the

mechanisms behind self-control depletion. One aggr@o studying the relevant
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mechanisms behind the behavioral evidence for egéetion is to examine brain
responses during self-control tasks. This methlmivalresearchers to identify brain
regions and networks that are responsible for exmastlf-control, and perhaps more
importantly, to identify regions related to selfatl deficits.

Only a few studies have examined brain responstéginontext of ego
depletion. Two studies assessed the effect of egtetion on the error-related negativity
(ERN), a neural signal assessed using EEG thapecelly large after making a
mistake. The ERN is thought to be generated batierior cingulate cortex (ACC;
Kiehl, Liddle, & Hopfinger, 2000) and may serveaaseurological index of action
monitoring (see Falkenstein, Hoormann, Christ, &Hisbein, 2000). Exercising self-
control to suppress emotions on an initial taskideen found to reduce ERNs on a
subsequent Stroop task (Wang & Yang, 2014), anagcesi ERNs have been found to
mediate the decrements in Stroop performance stegifrom ego depletion (Inzlicht &
Gutsell, 2007). These patterns suggest that afercesing self-control, the capacity to
monitor action is reduced.

Conceptually similar studies have been conductedyudanctional magnetic
resonance imaging (fMRI) in an attempt to pinpaipecific brain regions affected by
using self-control. One such study had participarescise self-control to suppress
emotions before completing a Stroop task (Friesajd3, Luechinger, Boesiger, &
Rasch, 2013). Exercising self-control did not affctivity in the dorsal ACC (the

proposed generator for the ERN) during the Strasg but did reduce activity in the



right dorsolateral prefrontal cortex (DLPFC), aicggthought to be responsible for top-
down, effortful control (Cohen, Berkman, & Lieberm&013; Lieberman, 2007).

Other recent fMRI studies induced ego depletiomisyructing participants to
ignore words appearing on-screen during a videsgmtation. Afterwards, brain activity
was measured while participants viewed negativetioma images (Wagner &
Heatherton, 2013) or images of delicious foodsa(gample of dieters; Wagner, et al.,
2013). Both studies found increased activity in Bamal centers of the brain (i.e.,
amygdala and orbitofrontal cortex) in responséntarget images among those who
had previously exercised self-control. Prior eSat self-control did not appear to
influence subsequent activity in the DLPFC, but Waxget al. reported less functional
connectivity between the DLPFC and the emotiongilores after participants had
exercised self-control. Thus, both studies fourehtgr neural reactivity associated with
emotional responding under ego depletion, and tudy $ound evidence of weaker
reciprocal influence between brain regions impédain emotions and top-down control.

The evidence from EEG and fMRI studies points tsgille mechanisms
underlying the behavioral aftereffects of exertaaif-control. Reductions in self-control
may be caused by reduced functionality of the ses necessary for overriding a
dominant response. This perspective is consistghtheth the strength model view that
the capacity for control is reduced under ego depieand with evidence from EEG
studies that have observed reduced action monifdrie., reduced ERN magnitudes)
after effortful acts of self-control. Alternativelig may be the case that dominant

response tendencies that would otherwise be suggmtese intensified after initial
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efforts at self-control. This possibility is supped by evidence that neural regions
associated with reward show increased activati@ppetitive stimuli after effortful acts
of self-control (Wagner, Altman, Boswell, Kelley, l8eatherton, 2013; Wagner &
Heatherton, 2013). It is also possible that otkeay.( emotional) factors influence
motivational processes that reduce the participdetsre to engage in self-control.
Perhaps the most likely explanation is that thedsetion effect reflects some mixture
of each of these processes. In addition to undetstg how self-control can be
depleted, neural evidence also suggests startimgsgor understanding how self-

control may be restored.



CHAPTER IlI

RESTORING DEPLETED SELF-CONTROL

Muraven and Baumeister (2000) likened self-cort@ muscle because the
evidence for diminished self-control after prioedsllows a similar pattern as tired
muscles. However, whereas the metabolic processbslying muscle activity are
relatively clear, it is currently unknown what faedelf-control. Given its central role as
a source of energy for bodily and brain functiagiacose seemed to be a logical starting
point, and some evidence suggests that consumilcgsg can restore self-control under
ego depletion.

Evidence for glucose as a resource

Several lines of evidence have suggested that gguicoproves performance on
tasks that require self-control. For instance, aamag glucose has been found to speed
up responses on the Stroop color-word interferéasie without causing a corresponding
drop in accuracy (Benton, Owens, & Parker, 199d4¢d2). Consuming glucose has
also been found to facilitate rapid responses #&edttonal focus on other cognitive
tasks (Jones, Sunran-Lea, & Wesnes, 2012), inajudisks that require controlled
processing. For instance, individuals who had coreliglucose (versus aspartame)
performed better (i.e., responded more quickly aathmaking more errors) on a flanker
task (Brandt, Gibson, & Rackie, 2013). However,thaostudy found the opposite
pattern of results, such that glucose consumptmmesi responses on a flanker task

(Hope, Seiss, Dean, Williams, & Sterr, 2013). Thiasdings are relevant to
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understanding self-control insofar as the Stroap feanker tasks, by requiring
participants to ignore salient stimuli to produceoarect response, require the exertion
of cognitive control. The beneficial effects of soming glucose have also been
observed in many other self-control tasks, inclgdurture discounting (Wang &
Dvorak, 2010), sharing behavior (Aarge & Peter@0i3), and regulating prejudices
and stereotypes (Gailliot, Peruche, Plant, & Basteej 2009).

One study found that consuming glucose facilitgtedormance on a working
memory task, and declining glucose levels (afteritlitial spike) predicted better
performance (Martin & Benton, 1999), hinting at gessibility that the demanding
memory task consumed glucose. Extending this lirikioking, Fairclough and Houston
(2004) administered two versions of the Stroop sk found that participants who
completed a version of the task including only mgauent trials (requiring control
processes) showed a greater decrease in bloodsglleeels compared to those who
completed a version including only congruent trigé&guiring automatic processes).
This finding suggested that cognitive processesirgg self-control may require more
glucose than other processes.

Following Fairclough and Houston (2004) an influahseries of studies found
that self-control tasks consume glucose to a greatent compared to other cognitive
tasks (Gailliot et al., 2007). For example, Gailkd al. showed participants a video with
words occasionally appearing on a corner of theesgrand found that pointedly
ignoring the words caused bigger drops in bloo@dagge levels compared to viewing the

video normally. Furthermore, drops in blood gluctesesls predicted the behavioral
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aftereffects (e.g., poorer Stroop performance)@ated with ego depletion. Last, they
found evidence that ingesting glucose appeareéeiemish self-control capacity
following ego depletion. For example, suppressimg&ons led to reduced persistence
on a frustrating task, unless participants consuangidicose-rich beverage before the
frustrating task. Taken together, the findings regabby Galilliot et al. strongly
implicated glucose as a physiological basis forlitnéed resource for self-control.

Several independent researchers have attempteglicate elements of the
Gailliot et al. (2007) findings. One study succaéigfreplicated the evidence that the
ego depletion effect is predicted, and even (dartimediated by drops in blood glucose
levels (Dvorak & Simons, 2009), supporting the itleat drops in glucose are related to
reduced self-control capacity. In addition, otheidges found that behaviors that wane
under ego depletion are restored after glucosestroge such as helpful behavior (De
Wall, Baumeister, Galilliot, & Maner, 2008; Xu, Béegiusauve, & Bushman, 2014).

A now decade-old meta-analysis calculated the e$iee for glucose
administration on cognitive performance and foumdaalerate-sized effect (Riby,
2004). A more recent meta-analysis (Hagger e2@llp) found that the effect size for
glucose administration on self-control tasks spealify wasd = 0.75 (95% CI [0.48,
1.03]), a large effect by common standards (Coh887). Altogether, the evidence
reviewed in this section supports a causal linkveen glucose consumption and self-
control, lending support to the idea that the boaisws upon glucose as a resource for

self-control (Gailliot & Baumeister, 2007; Gailliet al., 2007).



Evidence against glucose as a resource

The glucose evidence, in combination with the resemodel of self-control,
suggests that self-control requires a certain lef/glucose in the bloodstream ready for
the brain to use. Although evidence that participgerform better at self-control tasks
after ingesting more of the purported “fuel” suppdhis claim, other studies have found
alternative methods of preventing or reversingethe depletion effect without giving
participants sugar. These studies call into queshie necessity of glucose for good self-
control.

Multiple studies from independent sources have dahiat incentives for good
performance eliminate the ego depletion effect ok, Meijman, & Lorist, 2006;
Muraven & Slessareva, 2003; Schmidt et al., 20IBat is, simply providing a reason
for maintaining good performance (e.g., with reverabpears to motivate depleted
participants to perform well on a subsequent t@gker studies have found similar
results by showing participants a comedy videoiwng them a surprise gift (Tice,
Baumeister, Shmueli, Muraven, 2007). Even showiggeted participants images of
natural scenery has been found to restore self@qieute & de Kort, 2014). Many
other manipulations have been observed to accomiplessame outcome, from
affirming core values (Schmeichel & Vohs, 2009¥itooking cigarettes (Heckman,
Ditre, & Brandon, 2012). These findings are difftdo explain from a limited resource
point of view because it is not obvious how thegerventions would restore a glucose-

based resource.
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Perhaps the most convincing arguments against gguae a self-control energy
source came from Kurzban (2010), who reviewed exadeefuting several assumptions
that are necessary to support a resource modelfetantrol. First, if self-control is
fueled by glucose, then using self-control mustioedglucose levels more than a task
not using self-control. Kurzban (2010) reanalyZesldata reported by Gailliot et al.
(2007) on this point and was unable to reprodueseotiginal findings. Several
laboratories have also been unable to replicatérideng that tasks requiring self-
control deplete more glucose relative to othergaBkr example, one study had
participants perform an attention-demanding comtirsuperformance test (AX-CPT) for
90 minutes or had participants simply watch videonghe same amount of time. Those
who completed the AX-CPT did not show a greateucéidn in blood glucose levels
compared to the control group (Marcora, Statian®&nning, 2009). Thus, using self-
control did not influence blood glucose levels mitv@ completing a passive viewing
task.

In addition, although brain functions require eryedgrived from glucose, no
simple linear relationship exists between mentreind glucose expenditure (Gibson,
2007; Messier, 2004). Even if it were the case thatte effortful tasks consumed more
glucose from the bloodstream, the amount of gluceseled for normal cognitive
functions (including self-control tasks) is minimamounting to less than the calories
contained in some of the placebo substances ussttain studies, including the
influential studies of Gailliot et al. (2007) (skarzban, 2010). Lastly, there is no

perfect relationship between glucose in the brashglucose in the bloodstream

11



(Raichle & Mintun, 2006), though the majority ofidtes on the glucose-consuming
effects of self-control have involved measureslotgse levels in the bloodstream
acquired from the periphery (e.g., fingertips).

Perhaps taking inspiration from Kurzban’s (2010jiaque, direct evidence
refuting the glucose-as-willpower hypothesis emérgfeortly thereafter. In an attempt to
ascertain the metabolic versus motivational effe€giucose, Molden and colleagues
(2012) used highly precise laboratory measuredaafdbglucose levels and failed to find
an effect of exercising self-control on carbohyenatetabolization. Furthermore, they
found that having participants swish and spit oglugose-sweetened drink reversed the
ego depletion effect for both physical and cogeitimeasures of self-control.
Specifically, following an ego depletion maniputatj swishing glucose led to more
persistence on a hand-grip task (Study 2) and extlunterference on the Stroop task
(Study 3) relative to swishing a sweet non-glucgsation. Other studies have
replicated these patterns, finding that swishinggse improves performance on a
working memory task (Carter & McCollough, 2013) asiter self-control tasks (Hagger
& Chatzisarantis, 2013) following prior exertionsself-control.

Though proponents of the glucose-as-willpower vieay suggest that a small
portion of glucose is ingested even from swishmgging the mouth with glucose versus
aspartame does not appear to influence blood giueosls, as indexed by highly
precise glucose lactate measurements (Molden, &(d12, Study 4) or by insulin
responses (Teff, Devine, & Engelman, 1995). Furtluee, a conceptual replication of

the Molden et al. swishing study found evidencebemeficial effects of swishing
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glucose during (not before) the second self-cortérslk (Sanders, Shirk, Burgin, &
Martin, 2012). Given that glucose takes approximyat® minutes to metabolize to the
brain (Donohoe & Benton, 1999), the self-contratdiits of swishing in this study
could not have been due to energy supplied by gkicbhus, although glucose is a vital
energy source for the body and brain, the metamatisglucose does not appear to be
necessary to enhance self-control. Merely rindggnhouth with glucose is enough to
eliminate the ego depletion effect.
Alternative explanations

Given the growing evidence against a pure resauagel of self-control, some
theorists have provided alternative accounts femtlany variables that restore self-
control from the putative depleted state. If glicesores are not significantly depleted
(i.e., to a point of crisis) by exerting self-casitrand the replenishment of glucose stores
IS not necessary to restore self-control, then dadgs self-control appear to be depleted?
After all, if a muscle has ample energy availabledffective functioning, then it should
be able to contract with the desired force.

Beedie and Lane (2012) proposedesour ce allocation model, which suggests
that humans are capable of directing limited resesistrategically to address goal-
relevant needs. In this view self-control is gitissible after prior exertion, but the
energy necessary to maintain self-control may leeated towards something else
insofar as individuals are no longer motivatedxerecontrol to the same degree. For

example, an individual may resist a tempting cupcékt if they anticipate having to
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exert additional effort in the future, they maye@iw to temptation and eat it. Such a
strategy may help to conserve energy resourcdstiare challenges.

Evidence for putative resource conservation has bbeerved in experiments in
which participants are given three self-controksa® perform. In one set of
experiments, half of the participants were toldythveuld later have to do a third
difficult self-control task, and those participaptsformed worse on the second task but
performed better on the subsequent (third) seltrobtask compared to those who were
not warned of a third self-control task (Muravehngieli, & Burkley, 2006). This
pattern provides evidence that participants wholiesth warned of an impending
challenge conserve resources for later use. Thelres allocation model also accounts
well for other studies that have found restoretis@htrol among participants who were
incentivized to perform well, such that even preabiy depleted participants allocated
more energy to an effortful task if they had a cettipg reason to do so (e.g., Boksem,
Meijman, & Lorist, 2006; Muraven & Slessareva, 2088hmidt et al., 2012).

Many models of self-control fatigue tend to agreat motivation (including the
drive to conserve energy and the drive to obtaiards) plays a central role in what
appears to be resource depletion and its restar@idolden et al., 2012; see Robert &
Hockey, 1997 for a review). Most of these modelgliekly reject the connection
between a decline in self-control and the depletibglucose levels in the bloodstream.
However, there are also some discrepancies amengjfferent models on the nature of
the underlying processes relating to depletion. &tmorists have drawn from

economic models of opportunity costs, claiming thdtviduals calculate the effort
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needed for a task to determine whether that efautd be better used doing something
else (Kurzban, Duckworth, Kable, & Myers, 2013)h@ttheorists have suggested that
very little computation actually occurs but thattmational priorities switch from
“have-to” goals (e.g., obligations) to “want-to”a@se (i.e., leisure) following the use of
self-control (Inzlicht, Schmeichel, Macrae 2014)ssgibly due to a shift in valuation of
the different response options (Inzlicht et al.piass). No matter the process, several
researchers agree that ego depletion is not amaditeability or low glucose, but rather

of shifting priorities.
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CHAPTER IV

NEURAL UNDERPINNINGS OF GLUCOSE EFFECTS

Even if glucose is not the energy source underliiegresource model of self-
control, administering glucose may yet be usefuldietermining the processes
underlying self-control depletion and its restayatiDespite studies rebutting the ideas
that a) exerting self-control reduces blood glucase b) blood glucose levels mediate
the depletion of self-control capacity, adminigstgrglucose nevertheless influences self-
control performance. Furthermore, there is mucdewe pertaining to the effects of
glucose on neural activity that may be useful inrdng the process by which glucose
consumption influences self-control.

Drinking or briefly rinsing with a glucose-sweeténeeverage both appear to
undo the ego depletion effect. There are a fewiplessxplanations for this pattern. The
first and arguably the most intuitive explanatisrithat glucose improves the ability to
exert self-control. Baseline glucose metabolismidesen related to activity in the ACC
and right fronto-temporal regions of the brain, #mese regions have been associated
with self-control (Pizzagalli, Oakes, & Davidso®(3; see Banfield, Wyland, Macrae,
Minte, & Heatherton, 2004). Also, glucose (but aificial sweeteners) has been found
to activate oral receptors that stimulate brainaeg associated with motor control,
action monitoring (Chambers, Bridge, & Jones, 2Q@kendrup & Chambers, 2010),

and sensory perception (Chambers, Bridge, & J&9; Jeukendrup & Chambers,

16



2010; Turner, Byblow, Stinear, & Gant, 2014), ahese changes in brain activity may
benefit self-control ability.

Another possibility is that glucose influences redvarocessing and motivation
to complete tasks. Glucose activates the braimsure circuitry (Hommel et al., 2006;
Volkow & Wise, 2005) in a manner akin to some ratianal drugs (Avena, Rada, &
Hoebel, 2008), and glucose-sensitive oral recephbatslink to motor control and action
monitoring also stimulate brain regions relatedetward and motivation (Chambers et
al., 2009; Jeukendrup & Chambers, 2010). Accorgimglglucose rinse has been found
to increase activity in the striatum (a region assted with reward; Kringelbach, 2004).
Glucose may thus signal a heightened reward vdltleedask completed in proximity to
glucose administration (Hagger & Chatzisarantid30which may reduce the
aversiveness of the task and increase task matnati

In addition, the ego depletion effect may be dupart to participants feeling as
though they have fulfilled their obligation to thtidy or the experimenter by exercising
self-control on the first task, and this feelingymuastify “slacking off” for the rest of the
study (Inzlicht & Schmeichel, 2012). Providing ghse to participants may serve as a
type of compensation for working hard on the inhitask, thereby motivating
participants to perform well on subsequent tasksil&ly, glucose may signal that
resources are (imminently) abundant, which may boense for the allocation of
resources toward self-control tasks (Beedie & L2094 2).

Glucose also influences brain regions related écettperience of emotions,

including limbic circuits (Turner, Byblow, Stinea&, Gant, 2014). Assuming that
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emotions influence self-control and self-controkgon (Schmeichel & Inzlicht, 2013),
glucose may influence self-control by influencingaions. For instance, glucose could
reduce the aversiveness of self-regulatory exe(bgnnhibiting negative affect or
increasing positive affect), or it may increaseftiotarelated negative affect that has
been found to facilitate cognitive effort (e.g.u8ders & Inzlicht, in press), either of
which could serve to enhance self-control. Hagger @hatzisarantis (2013) suggested
that glucose consumption may enhance self-conyrstimulating the ACC or the
dopaminergic system of the ventral striatum. Alifpoglucose ingestion may stimulate
multiple areas of the brain, it is unclear whetther effects of glucose on self-control are
limited to one or several neural circuits and wkethe neural effects of consuming
glucose differ from the effects of swishing glucose
Source of the neural signal

Although evidence from glucose swish studies suggésat the detection of
glucose by oral receptors is sufficient to revehseego depletion effect, no studies have
directly compared the effects of swishing versgesting glucose. Thus, it is unknown
whether ingesting glucose affects self-control aand beyond the effects of swishing
glucose. Even after oral receptors send signalsetbrain that reduce ego depletion, the
pancreas or liver may send further signals to thenl{Gibson & Green, 2002; Messier,
2004) after glucose consumption that provide matglor additive effects to self-control
that do not occur when glucose is merely swishedko&nt study provided support for

this possibility insofar as glucose and fructoskicl are processed by the liver, had
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similar effects on task persistence even thougttdse does not influence blood glucose

levels (Miller, Bourrasseau, & Blampain, 2013).
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CHAPTER V

DISSERTATION STUDY |

Despite taking issue with a literal resource actomany researchers have
presented alternative models using similar languBgeinstance, instead of referring to
resources being depleted, some models suggegtahiaipants run out of motivation.
Although most theorists would agree that motivai®mportant for self-control, Young
(1961) cautioned that general motivation by itsélbuld not be considered a driving
force for behavior; we cannot simply substitute inadton for glucose as the fuel for
self-control. Instead, we should focus on spegfmcesses influenced by ego depletion.
This includes all the processes that underlienitgtion, maintenance, and regulation of
action (Hockey, 1997) including attentional, emn#f) and motivational processes.

To begin to isolate the processes underlying thexebdf glucose administration
on self-control, the current study sought to sysiically replicate and extend past
studies. We paired physiological measures with aehal ones and also compared the
effects of glucose ingestion versus swishing omwdlglucose levels and self-control
performance. In this way we hoped to provide carecesidence for the role of oral (or
otherwise located) glucose receptors versus glutetabolism on self-control, in
addition to identifying possible mechanisms of -selftrol failure and replenishment of
regulatory processes.

We conducted an initial study in which we manipedethe requirement to

exercise self-control on an initial task. Then va@eg participants a beverage sweetened
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with sugar or aspartame to consume, or we asked simaply to swish the sugar
beverage in their mouth and spit it out. After aak period to allow the digestion of
glucose, participants completed tasks to assesgefdiscounting, reactivity to
emotional stimuli, and self-control. This alloweslto assess behavioral indexes of
reward valuation and sensitivity, emotional reattivand shifts in the operation of
control mechanisms, respectively—potential mechasisf ego depletion and glucose
consumption effects that have been suggested opreresearch. This initial study
also paved the way for a subsequent study incluchegsures of electrical activity in the
brain.

We tested six hypotheses: (1) completing a comtmioNriting task will not
reduce blood glucose more than completing a fregngrtask, (2) consuming glucose
will increase measured blood glucose levels retatvswishing glucose and consuming
aspartame, (3) glucose (vs. aspartame) will aéifreported reactivity to emotional
pictures, (4) glucose (vs. aspartame) will redutere discounting, (5) glucose (vs.
aspartame) will improve performance on the flartksk, and (6) blood glucose levels
will not predict flanker performance, future disating, or emotional reactivity. The
implication of the last hypothesis is that glucesasing (either via drinking or
swishing), not the metabolic energy supplied bygse, is chiefly responsible for the
effects of glucose on self-control.

We also anticipated that swishing glucose wouldipce the same effects as
ingesting glucose (relative to aspartame), thobhghetfects of swishing versus ingesting

glucose may differ in magnitude, such that the gbecingestion effects surpass the
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glucose swish effects (possibly due to additiomaltcbutions of the pancreas or liver in
the glucose ingestion condition). We therefore cateld analyses contrasting glucose
swishing versus glucose ingestion.

In addition, we conducted several exploratory asedywithout priori
predictions. First, regarding the flanker task,tteeperformance” may be apparent in
reaction time, response accuracy, or post-erravistp We did not make specific
predictions about which area(s) would be most impddoy the glucose manipulation,
nor which facets of performance would relate tceotiasks. For the picture viewing
task, we had competing hypotheses about the direofiglucose’s effect on self-
reported emotional responding. Glucose may a) aietikeward regions of the brain
(Kringelbach, 2004), resulting in greater reacyita appetitive images and possibly also
reduced reactivity to aversive images, b) increasdlict-related negative affect
(Saunders & Inzlicht, in press), which may potdeti@sponding to aversive images, or
c) reduce affective responding, limiting the apjpetiand aversive contributions to self-
control failure. Lastly, we explored the interr@atships among the major dependent
variables included in the study, namely flankef@®nance, emotional reactivity to

pictures, and future discounting.
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CHAPTER VI

METHOD

Participants

One hundred fifty-three undergraduate studentsn(&6, 85 women, 12
unreported) completed a laboratory experiment igang the effects of sweeteners
and sugar on cognitive ability and decision-makifgey received credit toward a
psychology course requirement for participating.pdrticipants were asked to refrain
from eating for 4 hours prior to the experimenthé&dp to ensure equivalent levels of
blood glucose levels at the start of the experimExtlusion criteria included diabetes
or other blood-related diseases. Eight additionalents participated in the study but
were excluded from analyses: three were excludeceforting they had diabetes, four
participants declined to finish the entire studyd ane participant was excluded for
being aware of the purpose of the study.
Procedure and materials

Participants were randomly assigned to conditioa I(free writing vs.
controlled writing) x 3 (glucose ingest, aspartangest, glucose swish) between-
subjects design. After providing informed consemtigipants completed several
personality questionnaires. Next, they completediing task that did versus did not
require them to exercise self-control, and they tieeeived a beverage to drink or
swish. After the beverage manipulation, particisasdmpleted another set of

guestionnaires to allow for any glucose to be maiabd. Then participants viewed
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IAPS pictures and completed a future discountisg {¢he order of these tasks was
counterbalanced across participants) before comglatflanker task (the flanker task
was administered last because it required the uselfecontrol, and we wanted to avoid
additional self-control exertions before administgrthe other measures). Baseline
blood glucose measurements were taken right b€fdneand right after the writing task
(T2) to assess changes in blood glucose due taisikway self-control, as well as
following a short delay after the beverage (T3a$ses changes in blood glucose

following the beverage manipulation). See Figuferla diagram of the procedure.

10 min

Writin
Questionnaires —> T1 —> T kg —>| T2 —>{ Beverage —> Questionnaires
as

Delay discountingtask —{ Picture viewing task

T3 { ]——> Flanker task
Picture viewing task —| Delay discountingtask

Figurel.

Flow chart of the procedure. T1, T2, and T3 indidathe points of the blood glucose

measurements.

Questionnaires. We assessed participants’ demographic informatnch a
administered a collection of personality questioresato obscure the variable of
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interest' The measure of interest was the trait self-corsttale (Tangney et al., 2004),
which is a 13-item measure that asks participanéssess their capacity for self-control
(e.g., “I am good at resisting temptation,= .81) using a 1npt at all like me) to 5 {ery
much like me) scale. The mean score in the current sample &4 D = 7.46).

Blood glucose. We took blood samples with Accu-Chek Safe-T-Rngls-use
lancets (1.8 mm depth, 23 gauge/0.63 mm) and aedlytood samples with an Accu-
Chek Aviva blood glucose monitor. Participants wasked to rub their finger for a few
seconds to facilitate blood flow, after which thgerimenter cleaned the finger with an
alcohol pad before using the lancet to prick thgdrtip. The experimenter then applied
pressure to get a blood sample, taking the thiogh df blood to reduce contamination
from the skin. The experimenter wore latex glov@spn-latex in cases of allergies)
while taking blood samples.

We assessed blood glucose prior to the writing &%k, following the writing
task (T2), and following a 10-minute questionnaiession after the beverage
administration (T3). We obtained unstandardizedited values from regressions
predicting T2 scores from T1 scores (to repredenthange in blood glucose from the
writing task) and predicting T3 scores from T2 &softo represent the change in glucose
from the beverage manipulation). Positive resida#les indicated increases in blood
glucose levels.

Wkiting task. After the first blood glucose measurement, paréinis were
instructed to write a story on a blank sheet ofgpdipr 6 minutes (see Schmeichel,

2007). Participants in tHeee writing condition were instructed to “Write a story about a
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recent trip you have taken. It may be a trip todtwee, Ohio, or another country —
wherever! Please write until the experimenter gsksto stop.” Those in theontrolled
writing condition received an additional instruction: “Very importiaRlease do not use
the lettersa or n anywhere in your story.” Thus, one group was nexglito exercise self-
control during the writing task but the other groaugs not. This manipulation has been
used previously to induce ego depletion (e.g., Sttinel, 2007). Immediately after the
writing task the experimenter took a post-task dighucose measurement as described
above.

Beverage manipulation. After the second blood glucose measure, all ppants
were asked to sample a beverage that “may contigar ©r sweetener.” The
experimenter explained that the drink may contagas and that diabetics should not
participate. Participants received either a glutose@n aspartame solution. Those in the
glucose ingest condition received 369 of sugar in a 400 mL solution (9%cewrtration)
to consume. Participants in thkicose swish condition received 25 mL of the same
solution to rinse their mouths with and then spit @after approximately 5 seconds.
Those in theaspartame condition received a taste-matched aspartame solution (8g of
aspartame in a 400 mL solution; 2% concentratiortpnsume.

Following the administration of the beveragesipguants answered a few
guestions regarding their experience of the satut8pecifically, they indicated whether
they liked the beverage (yes or no), if they thdubbkre was sweetener in it (yes or no),
the approximate concentration of the sweeteneOf@)3and the type of sweetener used

(sugar or Equal). Participants also completed petgy questionnaires for 10 minutes
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to allow any glucose to digest. Participants whmpleted the questionnaires before 10
minutes had elapsed were asked to wait quietlyhi®experimenter to set up the rest of
the study (until the 10 minute mark). Those whdttmmger than 10 minutes were
gently urged to complete their questionnaires. Aapblood glucose measurement was
taken following the questionnaires to check thecess of the drink manipulation. Then
participants either viewed pictures or completedemsure of future discounting in
counterbalanced order.

Picture viewing. Participants passively viewed pictures from thernational
Affective Picture System (IAPS; Lang, Bradley, &t@obert, 1990). Following a fixation
cross presented for 3 s, positive, negative, anttaepictures were presented for 3500-
6000 ms with an ITI ranging from 2-12 s. They vieM& pictures presented in three
blocks of 19. Approximately equal numbers of apgpatipictures (e.g., desserts, erotica)
aversive pictures (e.qg., attackers with weapongties, predators, toilets) and neutral
pictures (e.g., tools, buildings, neutral facesjenatermixed within each block.
Participants viewed each picture for 6 seconddowaitg each picture participants saw
self-assessment manikin rating scales for valendeasousal that prompted them to rate
how happy (valence) from hdt happy) to 7 (appy) and how calm or excited (arousal)
from 1 (calm) to 7 xcited) the picture made them feel.

Future discounting task. Participants chose between pairs of hypothetical
monetary rewards in 22 trials, split equally intmttypes. In thelelay trials participants
chose between $50 immediately versus other datteruaits in three months, with

values ranging from $50 to $100 in increments ofi3heacceleration trials
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participants chose between $75 in three monthaisefrious dollar amounts
immediately, from $75 to $25 in $5 increments. \¥sessed the indifference point as
the value at which participants switched from tgkiine immediate reward to taking the
greater, but delayed reward. For delay trials, @diglalues indicated that participants
required more money to accept a 3 month delayttamlhigher values indicate greater
discounting of future rewards. For acceleratioal$tilower values indicate more
discounting of the future, as participants woukktaven a small amount of money to
avoid having to wait 3 months for a larger amount.

Flanker task. After the picture viewing and future discountingks, we
administered a version of the flanker task (Erik&dfriksen, 1974) using left and right-
facing arrows surrounded by groups of arrows fatiegsame direction (congruent
trials; e.g., > > > > >) or the opposite direct{amcongruent trials; e.g., > > <>>).
Participants were instructed to quickly press akeyd button indicating the direction
of the middle arrow, ignoring the surrounding (#arg) arrows.

Trials began with the appearance of the surrogndirows for 15 ms followed
by the center arrow until the participant respondetértrial intervals ranged from 800
ms to 1100 ms, with 90% of the trials depictinggaent arrows and 10% of the trials
depicting incongruent arrows. Following a pracsession of 30 trials, participants
completed 240 experimental trials in randomizedenrdfter every 30 trials a reminder
appeared on the screen prompting participants asldast and accurate as possible.

We scored flanker performance by calculating thegr@age of correct

responses to congruent, incongruent, and all tfi@s accuracy) as well as the average
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reaction time overall and to each trial type (ispged). We also calculated flanker
interference scores by subtracting RTs to congrinats from RTs to incongruent trials.
In addition, we assessed post-error slowing byragbhg the average reaction time on
correct trials immediately preceding an error fribia average reaction time on trials
immediately following an error, based on the recandations of Dutilh et al. (2012).
Greater difference scores represented more pastsawing, such that participants
responded more slowly after making a mistake. lindi&ls tend to slow down following
an error, and this slowing pattern has been at&thto increased response caution (e.g.,
Dutilh et al., 2012) and good self-regulation (eRpbinson, Schmeichel, & Inzlicht,
2010). Thus, an increase in post-error slowinglmnonsidered an indicator of good
self-control.
Data analysis strategy

First we assessed the effect of the writing tasklood glucose levels
immediately after the task to test the hypothdsas ¢xercising self-control does not
consume more blood glucose than a comparable ltgglothesis 1). Next, we assessed
the effects of the beverage manipulation on bldadase levels measured 10 minutes
after the beverage manipulation (Hypothesis 2).dewmost crucial analyses we ran 2
(free vs. controlled writing) x 3 (glucose ingestpartame ingest, glucose swish)
between-subjects ANOVAs on the primary dependeratsmes (Hypotheses 3-5). We
also examined the correlations between blood gkisosres and our outcome measures
to assess the relationship between both drink-iedtood glucose change (T2 to T3)

and absolute blood glucose levels (T3) with thenpriy dependent measures
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(Hypothesis 6). Lastly, we conducted exploratorglgses on the relationships among
performance on the flanker task and the delay atifgration and emotional picture
viewing measures.

We also took individual differences in self-contiiaio account. People differ in
their capacity for self-control, and individual féifences in trait self-control have been
found to predict performance on self-control ta@kg., Schmeichel & Zell, 2007).
Therefore, we controlled for trait self-controlanalyses when the outcome variable was
correlated with trait self-control, so that we abakcertain the effects of our

manipulations above and beyond the contributiortsaitf self-control.
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CHAPTER VII

RESULTS

Blood glucose

First, we assessed the extent to which the writing manipulation influenced blood
glucose levels. Six participants were excluded from analyses for having baseline or
residual blood glucose scores > 3s32om the mean. Blood glucose dropped a small but
statistically significant amount from baseline (T1:7\88.01, SD= 11.76) to
immediately following the writing task, (T2; M 96.64, SD= 11.52), {(146) = 2.07, =
.04, d=0.12. However, an ANOVA revealed no main effect of writing condition on
glucose residuals (T1 to T2), F (1, 145) = 0.4, 52, 1 = .003. Thus, consistent with
Hypothesis 1, the controlled writing task did not cause larger drops in blood glucose
compared to the free writing task.

Second, we verified that the drink manipulation influenced blood glucose levels
(T2 to T3). A 2 (free writing vs. controlled writing) x 3 (glucose ingest, aspartame
ingest, glucose swish) ANOVA revealed a main effect of drink condition, F (2, 141) =
14.14, p< .001, # = .17.LSD post-hoc tests revealed higher residualized blood glucose
values for those who ingested glucosex4.93,3D = 12.24) compared to those who
ingested aspartam® (= 0.90, SD= 9.68), p= .05, d= 0.34, who in turn showed a larger
increase in blood glucose levels relative to those who swished glidesex(88, SD=
7.68), p= .001, d= 0.783 Figure 2 displays the raw blood glucose values.

We also checked to see if participants could distinguish between the two
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solutions. An ANOVA revealed a main effect of drioéndition on participants’ liking
of the beverages (2, 145) = 4.49p = .01,n; = .06. Post-hoc tests revealed that
participants who ingested a beverage liked glu¢ibbke 1.53,SD = 0.50) and aspartame
(M =1.40,9D = 0.50) equallyp = .19. However, those who swished glucose liked th
beverageNl = 1.69,9D = 0.47) morghan those who drank aspartampe;, .003,d =

0.60. Swishing glucose was also rated as morelékhlan drinking glucose, though this
effect failed to reach statistical significanpes .10. There was no effect of drink
condition on how confident participants were thaéstener was usef,(2, 145) = 0.02,
p=.98,n5 <.001, or the concentration of sweetener in thekageF (2, 145) = 0.34p
=.71,n; = .005. Finally, a chi-square test for indepeneéemvealed that participants
were unable to identify the type of sweetener usgdrdless of which drink they
received X (2) = 3.88p = .14.

We also examined whether the type of drink paréiotp believed they had
received influenced how their blood glucose lewdlanged as a result of consuming or
swishing the drink. A 2 (expected glucose or exgeetspartame) x 3 (glucose ingest,
aspartame ingest, glucose swish) between-subjéd¢@®\A\ predicting glucose residuals
(T2 to T3) found a main effect of drink conditidh(2, 135) = 13.64p < .001,75= .168.
The effect of expected drink was not significdn{1, 135) = 0.66p = .42,n,=.005,
nor was the Drink x Expected Drink interactién(2, 135) = 0.16p = .85,n;= .002.

Thus, participants’ beliefs about the solution thegeived did not influence their blood

glucose levels.
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Figure 2.

Blood glucose levels from baseline (T1) to after the depletion task (T2) to 10 minutes
following beverage administration (T3) by drink condition.

Picture viewing

As a manipulation check we examined the arousal and valence ratings for
emotional versus neutral pictures. As expected, positive pictures induced more positive
valence M = 4.81, SD= 0.72) and negative pictures induced more negative valbhce (
= 2.08, SD= 0.65) compared to neutral picturds € 3.98, SD=0.43), $ > 13.00, p <
.001, & > 1.35. Furthermore, neutral pictures were rated as less arodsmg.48, SD

= 0.92) than both positivé( = 4.46, SD= 1.02) and negative\(= 4.51,SD = 1.08)
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pictures;ts > 22.00ps < .001ds > 2.00. Arousal ratings did not differ betweesipee
and negative pictures(151) = 0.53p = .60,d = 0.05. Thus, the different picture types
elicited the intended emotional responses.

Next, we assessed the effects of the drink andngrdonditions on self-reported
emotional reactivity to the pictures using a miXddOVA with drink condition and
writing condition as between-subject predictors #maarousal ratings for positive,
negative, and neutral pictures as within-subjeatsables. Aside from the main effect of
picture type on arousal (see abowejl, 146) = 690.32) < .001,7;5 = .83, we found no
linear or quadratic interactions including picttype, drink condition, or writing
condition,Fs < 2.35ps > .105s < .03. However, we did find a main effect of &rin
condition on arousak, (1, 146) = 4.39 = .01,77,2, = .06. Post-hoc tests revealed that
those who swished glucose gave higher arousabsatioross picture typesi (= 4.06,

D =0.79) relative to those who ingested aspartdvhe 8.59,9D = 0.81),p=.004,d =
0.59. Arousal ratings among those who ingestedogkei@/1 = 3.82,SD = 0.79) did not
differ from the arousal ratings of participantshe other two conditiongs > .13.

We repeated these analyses with the valence rdtngsch picture type. No

significant effects were found for any within-sutiginteractions or between-subjects

effects,Fs < 1.80ps > .17 njs < .03. See Figure 3.
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Arousal (a) and valence (b) ratings by conditiod prtture type.
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Future discounting

We then examined the effects of the drink andimgitonditions on future
discounting rates. First, we calculated inversealiat scores for the acceleration trials,
so that greater values indicated more discountmg@tch the delay scores). Then we
standardized the scores for both the delay aneéitied) acceleration trials. These two
values were strongly correlatad(148) = .70p < .001, so we averaged them together to
arrive at a discounting index. Higher values ondiseounting index indicate increased
discounting of the future (i.e., greater impulsiess).

A 2 (free writing vs. controlled writing) x 3 (gtose ingest, aspartame ingest,
glucose swish) ANOVA revealed no main effects afiklicondition,F (2, 145) = 1.94p
=.15,n; = .03, writing conditionf (1, 145) = 0.51p = .48,77,2, =.004, but the Drink x
Writing interaction was significanE, (2, 145) = 3.46p = .03,n; = .05.

To probe this interaction, we examined the effé@mnk separately by writing
condition. The effect of Drink was not significantthe free writing conditiorf: (2, 78)
=0.13,p = .88,n; = .003, but there was a significant effect of Rrin the controlled
writing condition,F (2, 67) = 4.94p = .01,n; = .13. LSD post-hoc tests revealed that
those who swished the glucose solution discoutteduture lessM = 0.29,SD = 0.23)
relative to those who ingested glucoske= 0.54,9D = 0.33),p =.004,d = 0.88, or
aspartameM = 0.49,9D =0.31),p=.02,d = 0.73.

Flanker task
Five participants were outliers (>s from the mean) on the percentage of

correct responses to congruent trials on the flatdsk and thus were excluded from
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flanker-related analyses. Within each participeggponses faster than 200 ms or slower
than 800 ms were excluded from analyses. As exgesl@wver responses were
correlated with higher accuraay(147) = .51p < .001. Furthermore, accuracy was
correlated with trait self-contral,(144) = .22p = .01.We controlled for reaction times
on correct trials and trait self-control in subsegfuaccuracy analyses.

Accuracy. First, we checked for accuracy effects by tiypktwith a 2 (free
writing vs. controlled writing) x 3 (glucose ingeaspartame ingest, glucose swish) x 2
(incongruent vs. congruent trial) mixed-model ANC®With reaction time and trait
self-control as covariates. The Writing x Drink®al Type interaction was not
significant,F (2, 136) = 1.23p = .30,77,2, = .02, nor were any other interactions
involving trial type,Fs < 0.60ps > .40.

Next, we assessed overall accuracy via a 2 (fréeng/vs. controlled writing) x
3 (glucose ingest, aspartame ingest, glucose sWiNKOVA with reaction time and
trait self-control as covariates. We found a mdfeat of writing conditionF (1, 136) =
4.674,p = .032,n; = .03, such that those who were in the controleiting condition
performed more accuratelyl(= 92.61,SD = 3.79) than those in the free writing
condition, M =91.07,SD = 4.74),d = 0.36. This effect was qualified by a significant
Writing x Drink interactionF (2, 136) = 3.68p = .03,n;, = .05. To probe this
interaction we examined incongruent trial accurseyarately by writing condition. The
drink manipulation did not influence the percentafeorrect responses on incongruent
trials in the free writing conditiorks (2, 75) = 1.70p = .19,n; = .04. In the controlled

writing condition, however, the drink manipulatidid influence accuracy on
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incongruent trialsk- (2, 59) = 4.66p = .03,n; = .11. LSD post-hoc tests revealed that
participants who swished glucose had higher acguidc= 93.75,SD = 3.21) compared
to those who drank aspartanv € 91.26,SD = 34.00),p = .01,d = 0.69. The glucose
ingestion condition also showed higher accur&dy(92.60,SD = 2.54) versus the
aspartame ingestion condition, though this diffeeefell just short of standard levels of
statistical significancey = .06,d = 0.40. The two glucose conditions did not diffes
46.

Overall, participants who had previously exerciself-control gave more correct
responses on the flanker task if they receivedagesolutions. Although the two
glucose conditions showed similar patterns, swiglgincose appeared to be more
effective at facilitating performance overall. Segble 1 in the Appendix.

Soeed. We next assessed the extent to which the drinkaaitithg manipulations
influenced how quickly participants responded anttsk, controlling for accuracy. We
found no main effects of writing conditioR,(1, 136) = 1.91p = .17,n; = .014, or drink
condition,F (2, 136) = 0.3% = .68,77,2, = .006, on reaction times overall. The Writing x
Drink condition interaction trended towards sigraince in predicting overall reaction
times,F (2, 140) = 2.56p = .08,n;, = 0.04. Drink condition also did not influence the
interference effect (2, 142) = 1.12p = .33,n;, = 0.02.

Post-error slowing. Controlling for trait self-control, post-error slavg
correlated with the flanker accuracy141) = .32p < .001.Thus, consistent with

previous research, slowing down after an erroitedl#o better performance.
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We assessed the extent to which the experimentaipolations influenced post-
error slowing. There were no main effects of diwokdition,F (2, 141) = 0.55p = .57,

TI;Z; = .01, or writing conditiont- (1, 141) = 0.27p = .60,n; = .002, and no interactiok,
(2, 141) = 1.02p = .37,n; = .01. However, descriptively, participants whgested
=46.16,3D = 30.62) or swished = 42.04,SD = 37.96) glucose more following errors
than those who ingested aspartaie=39.37,SD = 30.80).

Correlations among tasks

Finally, we examined the relationships among pertorce on the flanker task,
future discounting, and subjective responding epitture viewing task, as well as their
relation to blood glucose levels. The purpose ©f &imalysis was to find possible
connections among self-control performance andcleEmotional or valuation processes.
Given the exploratory nature of these analysesyteeshould be interpreted with
caution.

Flanker accuracy correlated with valence ratinga@utral images, (146) = .24,

p = .004. This suggests that more positive reactiomzutral pictures related to better
performance on the flanker task.

The percentage of incongruent trials participansagered correctly was
negatively correlated with the discounting indexl45) = .-.22p = .008, such that the
less individuals discounted the future, the bdttey later performed on the flanker task.

Baseline glucose levels did not relate to trait-sehtrol,r (145) = .05p = .59.
Glucose residuals (T2-T3) and T3 scores also didmwelate with trait self-control,
picture ratings, discounting rates, or flanker &alesrs < .12 ps > .15.
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CHAPTER VI

DISCUSSION

This study sought to replicate and extend previeasarch on glucose and self-
control. We found no evidence that exercising selitrol influenced blood glucose
levels more than a similar non-self-control taskisTresult coincides with other null
findings (e.g., Marcora et al., 2009; Molden et 2012) and casts additional doubt on
the hypothesis that exercising self-control conssimerdinate amounts of blood
glucose. Regarding the drink manipulation, swiskargjucose solution did not increase
blood glucose levels whereas ingesting the samgigoldid. Ingesting aspartame also
led to an increase in blood glucose levels relatvewishing glucose, but not to the
same extent as glucose ingestion. Increases inggutid not relate to our measures of
future discounting, flanker performance, or ematiceactivity, nor did absolute blood
glucose levels assessed 10 minutes after the oramkpulation. These results coincide
with previous findings that the effects of glucaseself-control and control-related
responding are not a matter of metabolizing gluc@ge will next review our findings
for each measure and examine the implicationseobtiserved effects.

Emotional reactivity

We measured emotional reactivity to pictures tottes extent to which glucose
influenced emotional responding. Specifically, wanted to know if glucose would
potentiate reward processes (i.e., reactions tayaoditive images) or influence

negative affectivity. First, the writing manipulati did not influence emotional
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reactivity. This was not particularly surprisingofar as participants had not been
instructed to exercise self-control during the peaspicture viewing task; thus, no ego
depletion effect was expected. However, the driakipulation did affect reactivity to
the pictures. Specifically, participants reportied highest arousal levels regardless of
picture type if they had swished glucose, follovilydhose who ingested glucose,
followed by those who ingested aspartame. Valeategs did not differ as a function
of drink condition. These results may suggest $\ashing glucose increases the
subjective impact of emotional images. This conoluss consistent with the suggestion
that swishing glucose results in greater negatifeet(Saunders & Inzlicht, in press),
and also with the suggestion that glucose activateard circuits (e.g., Hagger &
Chatzisarantis, 2013). However, picture type ditdfactor in to the effect of drink
condition on arousal. Thus, the observed increasedusal was not driven by
participants reacting more or less toward one tfpmage. Instead, those who swished
the glucose drink reported greater arousal acibssage types. This pattern suggests
that swishing glucose caused a non-specific ineremarousal during the picture-
viewing task, relative to consuming a glass of wktden with glucose or aspartame.
Our exploratory analyses revealed a connectiondetvemotional responding to
pictures and performance on the flanker task. Sipalty, more positive ratings on
neutral pictures were associated with better perémce on the flanker task. Thus,
whereas the drink manipulation influenced arouatihgs, valence seemed to be more

related to self-control (as assessed by the flatalsdr).
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Future discounting

We assessed future discounting to test the paissibiat exerting self-control
and then consuming or swishing glucose would imftgethe extent to which
participants devalued future rewards. Although dirog a larger delayed reward over a
smaller immediate reward is thought to require-setitrol, no studies to our knowledge
have examined the effect of ego depletion on futliseounting. However, discounting
has been found to be influenced by glucose consamftvang & Dvorak, 2010). The
current study yielded a null effect of prior exerts of self-control on future discounting.
However, participants in the current study did extmeductions in future discounting
rates after swishing, but not ingesting glucoshke beneficial effects of swishing
glucose were not surprising, however we did notlistehe null effects of glucose
ingestion. This divergence in the effects of swaghversus ingesting glucose brings up
the possibility of multiple and potentially antaggtic pathways towards influencing
self-control.
Salf-control

Lastly, we examined behavior on the flanker taskjeasure requiring
participants to focus on the direction of a cerswrabw and ignore distracting arrows.
Given that performance on the flanker task requmessed attention and cognitive
control, we expected to find that the writing mangtion of ego depletion would
undermine flanker performance. We did not find ewice to support this prediction, but
writing condition did interact with drink conditic influence flanker performance.

More specifically, in the free writing conditiontink type did not influence flanker
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performance, suggesting that the different drinkshdt influence performance in the
absence of previous self-control exertions. Inatetrolled writing condition, however,
differences did emerge whereby both swishing agdsting glucose improved
performance relative to ingesting aspartame. Sigallyf, after performing the controlled
writing task, swishing glucose led to fewer misskeerall and to responding correctly
on more incongruent trials. Among those who hadopered the controlled writing task,
participants in both glucose conditions outperfaimparticipants in the aspartame
condition. Ingesting glucose also increased pastrstowing to some degree,
suggesting that participants who ingested glucomg Imve been more cautious after
making errors.

Glucose thus appeared to increase either the ntiotiv use self-control or the
capacity to exercise self-control on the flankskidut only in the controlled writing
condition. The lack of an effect of the drink maurigdion in the free writing condition
was somewhat unexpected given that previous sthdes found beneficial effects of
glucose on flanker performance among non-depletesbps (e.g., Brandt, et al., 2013).
However, other studies have found beneficial effettglucose administration only
among participants who had previously exercisedcseitrol (e.g., Molden et al., 2012),
even when the previous exercise of self-controlnditiresult in evidence of an ego
depletion effect on task performance (e.g., C&tbtcCollough, 2013). Likewise, in
the current study we did not find that exercisietj-sontrol undermined flanker
performance, but we did observe that glucose adtnation enhanced flanker

performance among participants who had previoustyased self-control.
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Glucose ingesting versus rinsing

The overall pattern of results points to benefieféécts of glucose over
aspartame particularly among participants who hagipusly exercised self-control.
The differences between swishing versus ingestimgpge were mixed. Swishing
(versus ingesting) glucose led to increased aroasiags for pictures and better
performance on incongruent trials on the flankekténgesting (versus swishing)
glucose prompted more post-error slowing on thekiéa task. These patterns do not
clearly establish or rule out any contributionsioh-oral glucose receptors in glucose

effects.
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CHAPTER IX

DISSERTATION STUDY I

In Study 1 study we found preliminary evidence tjlatose influences
performance on a cognitive control task (i.e., Kiamtask) and emotional reactivity to
picture stimuli. However, these particular outcordesiot clearly point to underlying
processes, which limits our ability to make conduos about what mechanisms are
driving the observed effects. We conducted anathety to replicate the results from
Study 1 and to help specify underlying processdbhebbserved glucose effects using
EEG. To our knowledge, this study represents tisé dittempt to find neural effects of

glucose administration under ego depletion.
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CHAPTER X

METHOD

Participants

One hundred sixteen undergraduate students (4358emomen, 15 unreported)
participated in a laboratory experiment investiggthe effects of sweeteners and sugar
on cognitive ability and decision-making. They riged credit toward a psychology
course requirement for participating. All partiaipg were asked to refrain from eating
for 4 hours prior to the experiment to help ensgeivalent levels of blood glucose
levels at the start of the experiment. Exclusioteda included diabetes or other blood-
related diseases. Seven additional students peatiead in the study but were excluded
from analyses: two were excluded for reporting thag diabetes, two participants did
not follow directions on the writing task, one peigant reported they also participated
in Study 1 in a prior semester, one participant Wasd did not complete the study, and
one participant’s condition was not recorded.
Procedure

We ran a follow-up study using nearly identicadgedures as Study 1 and
including EEG to measure brain activity. Becaugerttost compelling effects from the
initial study emerged in the controlled writing citon, the current study did not
include a “non-depletion” condition. Fewer companisonditions also provided the
benefit of greater statistical power. Also, to agtiofor potential order effects, we made

slight modifications to the order of the tasks byrging the order in which the flanker
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task was completed in relation to the other tadékamely, participants completed either
the Flanker or picture viewing task in counterbatahorder before completing the
future discounting task.

EEG recording and analyses. Participants were fitted with an EEG cap that
recorded signals from 59 tin electrodes mounted stretch-lycra electrode cap
(Electro-Cap International, Eaton, OH). Impedaneeee kept under 500Q, and
impedances at homologous sites were within Q@3 each other. Signals were
amplified (60-Hz notch filter), bandpass filterédQ5-100 Hz) and digitized at 500 Hz.
Signals were manually scored for artifacts beforegaession-based eye movement
correction was applied (Lindsley & Wicke, 1974)] Apbochs were extracted through a
Hamming window.

Picture viewing task. The picture viewing task was similar to the pietuiewing
task used in Study 1. The same pictures were shan¢hparticipants were asked to
passively view the pictures. Instead of ratingglatures, we assessed the late positive
potential (LPP) during picture viewing. The LPRaigvaveform occurring after stimulus
presentation and is sensitive to emotionally intestamuli. Specifically, the LPP is
greater following both pleasant and unpleasans(i&neutral) stimuli (Hajcak & Olvet,
2008; Schupp, Cuthbert, Bradley, Cacioppo, Ito,aag, 2000) and is thought to
indicate emotional processing, as well as motivatedi controlled attention (Hajcak,
Dunning, & Foti, 2009). The data were epoched fdd@ ms prior to 1000 ms following
picture presentation, and low-pass filtered at ¥§12 dB). The LPP was quantified as

the maximum peak amplitude from the central el@srat which the LPP was largest
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(Pz) in a time window from 500-1000 ms after stinsubnset. Amplitudes were
averaged within positive, negative, and neutralgriThis measure provided a
physiological index of emotional arousal to compéernand extend the use of the self-
report measure of arousal in Study 1.

Flanker task. The flanker task was similar to the flanker tas&dig Study 1. All
of the stimuli and timing parameters were identitda only difference was that
participants completed 510 experimental trialsaadtof 240, in order to increase the
likelihood of mistakes to assess neural indexesroir processing. We assessed the N2
and ERN on the flanker task. The N2 is a wavefashioding stimulus presentation that
is thought to represent conflict monitoring andiieatest on high-conflict trials, such as
the incongruent (versus congruent) trials on taekér task. The data were epoched
from 200 ms prior to 400 ms following stimulus pretation. We then applied a band-
pass filter from 1-15 Hz (24 dB), and quantified tH2 as the minimum deflection 220-
350 ms following stimulus presentation at the ete#d with the greatest deflection
amplitude (FCz).

The ERN is a negative deflection following an eeous response. The data
were epoched from 200 ms prior to 500 ms followpagticipants’ responses and band-
pass filtered from 1-15 Hz (24 dB). The ERN wasmjili@d as the minimum deflection
0-100 ms (ERN) after the response at electrode thélgreatest deflection amplitude
(FCz). Averages were computed within correct amgirect responses.

Future discounting. Previous research has observed that glucose roqtisun

can alter future discounting rates (Wang & Dvoi2].0), and Study 1 found this effect
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only for rinsing with a glucose beverage. We attesdpo find an effect of glucose on

future discounting again in the current study, didtnot assess EEG during this task.
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CHAPTER XI

RESULTS

Blood glucose

Blood glucose levels were measured at 3 time pdiet®re the depletion task
(T1), following the depletion task (T2), and 10 nies following the administration of
the drink (T3). Data from four participants werelkexied for having blood glucose
levels or fluctuations in blood glucose greatentBastandard deviations away from the
mean.

Descriptively, blood glucose levels dropped from(l= 92.79,9D =10.70) to
T2 M =90.95D =10.06)t (78) = 1.87p = .07,d = 0.18, but this effect did not reach
conventional levels of statistical significance xtyeve assessed the effect of drink
condition on blood glucose changes from T2 to T&. ikt obtained residual values
from a regression predicting T3 blood glucose valfvem T2 values. Next, we ran a
one-way ANOVA predicting residual blood glucoserssofrom drink condition. This
effect was significant: (2, 75) = 12.99p < .001,n7;,= .26. LSD post-hoc tests revealed
a greater increase in blood glucose from ingedioty glucoseNl =7.89,3D =18.41)
and aspartameM = 0.65,SD = 10.64), relative to the glucose swish condifigh= -
10.95,9D = 7.57),ps < .005. Ingesting glucose resulted in a gredterdoglucose
increase than ingesting aspartanges,.05,d = .48. This pattern of changes in blood

glucose levels closely mirrors the results fromHhet study, see Figure 4.
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Figure4.
Blood glucose levels from baseline (T1) to after depletion task (T2) to 10 minutes
following beverage administration (T3) by drink cltion [Dissertation study Il].

We also checked to see if participants could dystish between the glucose and
aspartame solutions. An ANOVA revealed a main ¢fééclrink condition on
participants’ liking of the beveragEk,(2, 99) =5.16p = .007,n§ =.09. Post-hoc tests
revealed that participants liked swishing glucdde=(1.77,SD = 0.43) more than
drinking aspartameV{ = 1.40,SD = 0.50),p = .002. They also liked swishing glucose
more than drinking an identical glucose solutibh= 1.61,SD = 0.49),p = .06, though

this effect failed to reach conventional levelsttistical significance. The two ingest
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conditions did not differ on participant liking,= .17, suggesting equivalent liking for
the glucose drink and the aspartame drink. Theseneaeffect of drink condition on

how confident participants were that sweetenerwsasl F (2, 100) = 0.43p = .65,
=.009, or how much sweetener participants believasiin the beveragg, (2, 100) =
0.92,p = .40,n; = .02. Finally, a chi-square test for independervealed that
participants were unable to identify the type okstener used regardless of which drink
they receivedX (2) = 0.02p = .99.

We also examined whether the type of drink paréiotp believed they had
received influenced how their blood glucose lewdlanged as a result of consuming or
swishing the drink. A 2 (expected glucose or expaeispartame) x 3 (glucose ingest,
aspartame ingest, glucose swish) between-subjéd@\A predicting glucose residuals
(T2 toT3) found a main effect of drink conditidn(2, 66) = 11.51p < .OOl,nf,: .26.
The effect of expected drink was also signific&n(1, 66) = 1.93p = .27,n;=.03.
Those who thought they received glucose showeeéagrincrease in blood gluco$é (
=5.63,5D = 17.07) relative to those who thought they readi@spartameM = -2.56,
SD =13.39)t (70) = 2.26p = .027,d = 0.53. The non-significant interaction terdm(2,
66) = 0.98p = .38,n,= .03, suggests that participants’ beliefs aboetsthiution they
received influenced blood glucose levels regarddésghich solution participants
actually received.
Picture viewing task

Replicating a standard and robust pattern, the wB#greatest following

negative pictured = 13.88,SD = 7.11), followed by positive picturebi(= 11.60,SD
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=6.79),t (87) =4.15p < .001,d = 0.33, and LPP to positive pictures were likewise
greater than those for neutral pictures= 5.75,SD = 6.24),t (87) = 10.80p <.001,d

= 0.90 (Figure 5).
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Figure>5.

Late positive potentials across condition. Epogiansrom 100ms pre-stimulus to
1000ms after picture presentation.

We subtracted neutral LPP amplitudes from bothtpesand negative LPP
scores, and submitted these difference score$ft@NOVA with drink condition as a
predictor. Drink condition did not predict LPPseither positive pictures; (2, 85) =
1.04,p = .36,n,= .24, or negative pictures, (2, 85) = 2.50p = .09,n;=.06. As an
exploratory analysis, we then combined the glucaslitions and ran the analysis

again. This analysis yielded a significant efféc{l, 86) = 4.44p = .04,n;= .05, such
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that participants who received glucose had smhféts to negative picturesi(= 7.44,
D = 4.959) relative to those who ingested aspart@ie 9.59,3D = 3.09),d = 0.52,
see Figure 6. Participants who received glucoselas smaller LPPs to positive
pictures M = 5.31,3D = 4.61) relative to those who ingested aspartavhe 6.99,SD =
5.89),d = 0.32, but this effect failed to reach convendildevels of statistical

significancef (1, 86) = 2.10p = .15,n,= .02.
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Figure6.

Late positive potentials by condition. The glucdsiek and glucose swish conditions
were combined for this chart.
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Flanker task

Eleven patrticipants were outliers (38Bs from the mean) on the percentage of
correct responses to congruent trials on the flatdsk or the number of trials they did
not respond to and thus were excluded from flam&kated analyses. Within each
participant, responses faster than 200 ms or sltveer 800 ms were excluded from
analyses. As expected, slower responses were a@i@aealith higher accuracky,(91) =
24,p=.02.

Accuracy. We assessed overall flanker accuracy as well agacgon
incongruent and congruent trials separately usmgMCOVA including reaction times
on correct trials as a covariate. Drink conditioh ot predict overall accurack, (2,

87) = 0.29p = .75,n; = .007, accuracy on incongruent trid#s(2, 87) = 0.02p = .98,
np = .001, or accuracy on congruent tridl2, 87) = 0.57p = .57,n; = .013.

Spoeed. Participants responded more slowly on incongrugalstM = 461.54 5D
= 63.15) versus congruent triaM € 316.833D = 44.09),t (90) =29.11p<.001,d =
0.82, showing the classic interference effect. Hffisct was not influenced by drink
condition,F (2, 88) = 0.28p = .75,n; = .006.

We next assessed the extent to which the drink podation influenced how
quickly participants responded on the task, coligfor accuracy. We found no effect

of drink condition on response times overgl(2, 87) = 0.48p = .62,n; = .01, on
incongruent trialsk (2, 87) = 0.006p = .99,1;5 <.001, or on congruent trials,(2, 88)

=0.33,p=.72,72 = .008.
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Post-error slowing. Post-error slowing (i.e., the average RT increastials
immediately following an error) correlated with thercentage of correct responses on
incongruent trialst (91) = .22p = .04, as well as with overall accuracy91) = .23p =
.03. Thus, consistent with previous research, sigwliown after an error was related to
better accuracy. Drink condition did not influerpmest-error slowingk (2, 87) = 0.22p
=.81,n; =.005.

Neural indexes

We examined neural responses indicating confliatitoang prior to button
presses (N2) as well as neural indicators of efedtection and action monitoring
following error commission (ERN). We averaged peakies for correct and incorrect
trials within each participant. We confirmed th& dalues on correct incongruent trials
(M =-5.02,SD =4.92) were greater (more negative) than thosedmect congruent
trials M = 0.20,SD = 3.03),t (76) = 9.50p < .001,d = 1.28 (Figure 7). ERN scores on
incorrect trials 1 = -3.90,SD = 5.09) also showed a greater deflection tharettms
correct trials1 = 0.11,SD = 2.82),t (74) = 7.17p < .001,d = 0.98, as expected (Figure
8).

N2. We calculated difference scores for N2 average pahles by subtracting
values for correct incongruent trials from those@ifrect congruent trials. Thus, greater
values indicate a greater N2 for incongruent vecsungruent trials. Greater N2
amplitudes (congruent minus incongruent) predigiedter accuracy,(76) = .26p =
.02, but were not related to reaction times ngrdst-error slowingrs < .20,ps > .09.
Drink condition did not predict N2 amplitudds(2, 74) = 0.84p = .43,n; = .02.

56



Descriptively, those who ingested glucose showedytkeatest N2 = 4.07,9D =
4.79), followed by the glucose swish conditidvh € 3.07,SD = 4.52), followed by the

aspartame ingest conditiokl (= 2.39,SD = 4.89).
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N2 peaks across condition. Epochs span from 200aistpnulus to 400ms after picture
presentation.
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Figure8.
Error-related negativity across condition. Epogbesrsed from 200ms pre-
response to 400ms after button press.

ERN. We calculated ERN difference scores then by ERNesbn incorrect
trials from correct trials. Thus, greater valuadicate a greater ERN for incorrect versus
correct trials. Greater ERN difference scores ptedi greater accuraay(74) = .43p <
.001, but were not related to reaction times ngrdst-error slowing;s < .20,ps > .10.
Drink condition did not predict ERN amplitudds(2, 72) = 0.42p = .66,n; = .01.
Descriptively, those who ingested glucose showedjtkeatest ERNIM = 2.89,3D =
4.46), followed by the aspartame ingest conditiddn=(2.24,SD = 5.18), followed by

the glucose swish conditioM(= 1.76,3D = 3.55).
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Given that both pre-action (N2) and post-error (BERBuUral indexes were related
to accuracy on the flanker task, it is perhapssnoprising that N2s and ERNs were also
positively correlated, (74) = .25,p =.03.

ERNSs were correlated with glucose residuals (TB)oT(56) = .32p = .02, as
well as with raw blood glucose levels at T3 (follag/ the drink)r (56) = .39 =.003.

We found no such relationship between blood gluemgeN2sys < .12 ps > .35. Thus,
blood glucose levels were related to post-errapagnonitoring rather than conflict
monitoring before each response. Controlling faoll glucose residuals did not
influence the null effect of drink condition on EBNF (2, 52) = .47p = .63,n,= .02.
Future discounting

We then examined the effect of drink conditionfature discounting rates. First,
we calculated inverse discount scores for the acagbn trials, so that greater values
indicated more discounting (to match the delaye€piThen we standardized the scores
for both the delay and (inverted) accelerationdridhese two values were highly
correlatedr (95) = .51p < .001, so we averaged them together to arrivedigcounting
index. Higher values on the discounting index iatkdncreased discounting of the
future (i.e., greater impulsiveness).

A one-way ANOVA revealed no significant effect afrik condition,F (2, 92) =
1.44,p = .24,n; = .03. However, the pattern of means closely netdhose of Study 1,
such that those who swished glucose showed redutig@ discountingNl = 0.37,3D
= 0.29) versus those who ingested glucdde=(0.48,3D = 0.29) or aspartamdi(=
0.49,5D = 0.27).
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Correlations among tasks

One of the goals of this study was to explore gilde mechanisms by which
glucose may influence self-control. To do this,la@ked for relationships between
various aspects of flanker performance and emdtmm@ward-related decision making
processes. We also assessed the possible effegitecose on these processes.

Emotional processes. Flanker accuracy was related to LPP amplitude for
positive,r (74) = -.25p = .03, neutral; (74) =-.30p =.009, and negative images,
(74) =-.29, p = .01. Thus, accuracy on the flaritkek appeared to be tied to general
affective processing, such that those who were mocarate showed less emotional
reactivity.

Future discounting. Although future discounting was not significantgduced
by glucose, lower discounting factors were nevéeserelated to better accuracy on
congruent trials of the flanker task(79) = -.24p = .03. Thus, participants who were
more accurate on the flanker task discounted theduess.

Blood glucose. Blood glucose levels at T3 or the residual frontd T3 was not
correlated with flanker accuracy or speexi< .10,ps > .40, nor LPPs towards any
picture typers < .12ps > .30, and there was no relationship betweendoghacose
levels and future discounting(61) = -.04p = .75. However, individuals tended to
show larger ERNs if they had greater levels of ghecat T3r (56) = .39p = .003, as
well as greater residuals from T2 to T356) = .315p = .018. As blood glucose
increased in both the glucose and aspartame iogaditions, we examined the

correlations within each drink condition. Only tjl@cose ingest condition showed
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correlations between ERN amplitudes and gluco38at (21) =.40,p = .08, or glucose
residualsr (21) = .38p = .09, though these correlations fell just shorstatistical
significance. Correlations between blood glucoseERNSs were not significant in

either the aspartame or glucose swish conditimsanged from -.05 to .2ps > .25.
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CHAPTER XII

GENERAL DISCUSSION

Across both studies we found no evidence thatogsiag self-control consumes
blood glucose. As expected, ingesting a glucosdtisol led to an increase in blood
glucose levels. As in Study 1, this increase watkheal by a comparable increase in
blood glucose among those who ingested aspartardeyachange among those who
only swished a glucose solution.

Emotional reactivity

We asked participants to passively view emotiomalges and assessed their
neural responses to the images, as indexed byRRe Relative to the aspartame
condition, those who received glucose showed retiteactivity toward emotional
stimuli, especially aversive pictures.

This pattern contrasts with the results of Studyherein swishing glucose led
to increased self-reported arousal toward all dtifivie did not ask participants to self-
report their arousal in Study 2, so it is uncle&etier the two studies found opposite
effects, or whether glucose decreased emotionakgsing at the neural level but
increased subjective emotional arousal. Assumingagle produced divergent emotional
reactions at the neural and subjective level, whald suggest that glucose reverses the
effects of depletion on emotion found by Wagner Hedtherton (2013), who observed

that exerting self-control increases emotional tigig at the neural level.
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Future discounting

Study 1 revealed that rinsing with a glucose bagereduced future discounting
rates. Further, discounting rates were relatee@lfecentrol performance on the Flanker
task. In Study 2, we observed no effects of gluasé&uture discounting, though the
pattern of means closely matched those of Studyné.null effects of glucose ingestion
observed in the present studies contradict puldighvedence that glucose reduces delay
discounting (Wang & Dvorak, 2009). Many differencesnethodology exist that may
explain the inconsistent findings. For example, @and Dvorak did not deplete
participants prior to administering glucose, arglbrsion of future discounting they
used included larger amounts of money in additothé chance that participants would
obtain one of their choices. By contrast, in theent study all participants completed a
self-control task in the first phase of the stualyd the future discounting measure
included only hypothetical rewards.
Salf-control

Lastly, we examined both behavioral measureslétsatrol (performance
accuracy, speed, and post-error slowing) as welkasal indexes of conflict and action
monitoring (N2, ERN) on the flanker task. Unlikeu8y 1, trait self-control did not
predict performance in Study 2, nor did the drirknipulation, though the pattern of
means was in the predicted direction. As the samvpkesmaller in Study 2 than in
Study 1, we lacked the necessary statistical poovdetect the former effects. Further,

we did not find an effect of drink condition on theural measures, though again the
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pattern of means was in the predicted directian, (glucose increasing neural indicators
of conflict and action monitoring).
Glucose ingesting versus rinsing

Both studies found comparable effects of swishimgjiagesting glucose on self-
control performance, as well as on emotional amdird-related tasks. Study 1 found
greater benefits of swishing glucose versus consgmither aspartame or glucose on
flanker accuracy without compromising speed, whefady 2 found a potential
pathway of ego replenishment through blood-gludoflated ERNs. At this stage, these
patterns do not clearly establish or rule out amytrcbutions of non-oral glucose
receptors in glucose effects.
Mechanisms of self-control

Glucose as a resource. Blood glucose levels and fluctuations did not eslat
emotional reactivity, future discounting, or setfrtrol in Study 1 or Study 2. However,
in Study 2, post-drink blood glucose (T3) and theréase in blood glucose from T2-T3
were both related to increased ERNSs. This cormlaguggests that circulating levels of
glucose in the bloodstream are related to the madmiof error-related neural activity.
This implication is consistent with the idea thtapse can enhance self-control, insofar
as the ERN reflects control-related processes.

Control through emotional processes. Various theories suggest possible
influences of reward-related positive affect, catftelated negative affect, or emotions
in general on self-control performance. Our exglomaanalyses from Study 1 suggested

greater subjective positivity toward neutral imagesy be related to self-control
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performance. Study 2 yielded a different pattenchsthat lower emotional reactivity
toward all picture types was related to better-setftrol. Neither the self-report results
from Study 1 nor the neural indexes of emotionatteity from Study 2 provide clear
support for the idea that negative affect in patéic(i.e., related to conflict) is enhanced
by the glucose manipulation, which may in turn litatie cognitive control (Saunders &
Inzlicht, in press). Further studies are needellidhicg both subjective and neural
measures to clarify the implications of the curnemted pattern of results.

Discounting of future reward. The finding that discounting of future rewards was
related to accuracy on incongruent (Study 1) amdyjaeent (Study 2) trials of the
Flanker task reinforces theoretical connections/ben future discounting and reflexive
measures of self-control. However, we found thdy ansing glucose appeared to
reduce future discounting following ego depletiand future studies should probe this
effect further to address the potential pathwaysvbich glucose influences self-control.
Limitations

Given the inconsistencies in results betweenwlestudies and the exploratory
nature of some of the significant effects, the entresults should be interpreted with
care. Our study design would benefit from a lagganple size to accommodate the
number of comparison conditions; effects that vegaificant only in Study 1 may have
been too small to detect in Study 2. Indeed, a p@analysis revealed that in order to
obtain the main effect of drink condition on flankeriables and future discounting we
found in Study 1 with a medium effect size and weoof 0.80, we would have required

a sample greater than 150 participants in Studly this light, it is perhaps not
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surprising that we did not find a significant maifect of drink on self-control or future
discounting in Study 2.

Regarding the flanker task, although it is pur@diio tap into control processes,
it is an uncommonly used task in the ego depldtierature. Furthermore, flanker
performance may only represent a portion of whabremonly defined as self-control.
Specifically, the flanker task evaluates how quiakhe can quash the tendency to
respond in a way that is 1) primed by global stiranld 2) habitual due to the high
proportion of congruent trials. While performancetbe flanker task may reflect
success at inhibitory control, it lacks the motegaand sustained control that is
characteristic of tasks measuring persistence, {engossible puzzle or anagram tasks)
and other more ecologically valid measures (etppsing healthy versus unhealthy
food) of self-control. The current study may onpply toward a portion of the umbrella

construct referred to as self-control.
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CHAPTER XIlI

CONCLUSIONS

The current studies attempted to provide evideacenEchanisms behind the
restoration of self-control following self-contrekertion. We approached this endeavor
from two angles. First, we included both a glucioggest and a glucose swish condition,
as no prior studies have directly compared thectffef the two manipulations on self-
control. Overall, we found evidence for the effeetiess of both consuming and rinsing
the mouth with glucose, although they may faciita¢lf-control through different
mechanisms. Second, we invited participants to ¢etapasks delving into potential
emotional and reward-related processing, and delfeceurophysiological data to
complement the behavioral and subjective resultsngon in the literature. This data
suggested that in addition to processes relatawbtatoring of actions, glucose may also
influence self-control through emotional proces3é® resulting patterns are complex,

but provide a crucial step in examining the proesghat may influence self-control.
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NOTES

1We included other questionnaires assessing cotsthet may be related to self-
control. These included the behavioral inhibitiowl dehavioral activation scales
(BIS/BAS; Carver & White, 1994), approach-avoidatemperament questionnaire
(Elliot & Thrash, 2002), a handedness questionntiePANAS-X, (Watson & Clark,
1994), the Barratt impulsiveness scale (Barra$9)9and the Berkeley expressivity
guestionnaire (BEQ, Gross & John, 1995). Data penigto these scales are available
upon request.

2 \We created the solutions using table sugar (sagrasich is digested by the small
intestine into glucose and fructose. We refer tosmlution as “glucose” in keeping with
the literature.

3 An increase in blood-glucose resulting from aspag ingestion has been observed
in other studies. Such an increase has been aédlo individual differences in insulin
responses due to the sweetness of the drink, ddbpilack of carbohydrates (e.qg.,
Melanson, Westerterp-Plantenga, Campfield, & S&899), although this explanation
is in doubt. Some theorists have suggested thartaspe ingestion produces a sort of
“caloric crisis” in which the body expects nutris@nd receives none (Swithers, 2013).
Further, increases in blood glucose following agrae ingestion could be influenced
by individual differences in artificial sweetenamsumption.
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APPENDIX

Tablel.
Flanker performance as a function of experimerdgatdion.
Controlled writing Free writing
Incongruent Congruent Incongruent Congruent
M SD M SD M SD M SD
Accuracy (% correct)
glucose drink 60.42 1419 97.88 1.35 61.79 20.79 96.69 3.10
aspartame drink 59.15 1794 96.22 3.35 60.96 23.16 96.75 3.85
glucose swish 70.48 11.23 98.2¢ 1.52 57.16 18.68 95.15 4.30
Reaction times (ms)
glucose drink 431.26 49.60 291.05 32.67 450.63 46.63 311.43 32.34
aspartame drink  450.34 58.14 307.42 38.35 43447 58.06 295.60 36.32
glucose swish 441.17 38.62 297.39 28.65 419.69 62.00 299.49 37.66

Note. Means within columns with different subscriptfeti atp < .05.
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