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Abstract

Self-control is of vital importance for human wellbeing. Hare et al. (2009) were
among the first to provide empirical evidence on the neural correlates of self-control.
This seminal study profoundly impacted theory and empirical work across multiple
fields. To solidify the empirical evidence supporting self-control theory, we con-
ducted a preregistered replication of this work. Further, we tested the robustness of
the findings across analytic strategies. Participants underwent functional magnetic
resonance imaging while rating 50 food items on healthiness and tastiness and mak-
ing choices about food consumption. We closely replicated the original analysis pipe-
line and supplemented it with additional exploratory analyses to follow-up on
unexpected findings and to test the sensitivity of results to key analytical choices.
Our replication data provide support for the notion that decisions are associated with
a value signal in ventromedial prefrontal cortex (vmPFC), which integrates relevant
choice attributes to inform a final decision. We found that vmPFC activity was corre-
lated with goal values regardless of the amount of self-control and it correlated with
both taste and health in self-controllers but only taste in non-self-controllers. We did
not find strong support for the hypothesized role of left dorsolateral prefrontal cortex
(dIPFC) in self-control. The absence of statistically significant group differences in
dIPFC activity during successful self-control in our sample contrasts with the notion
that dIPFC involvement is required in order to effectively integrate longer-term goals
into subjective value judgments. Exploratory analyses highlight the sensitivity of
results (in terms of effect size) to the analytical strategy, for instance, concerning the

approach to region-of-interest analysis.
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1 | INTRODUCTION

Self-control, the ability to prioritize long-term goals over immediate
urges, is of vital importance for human wellbeing (de Ridder
et al., 2012; Inzlicht et al., 2021; Metcalfe & Mischel, 1999). Uncover-
ing the neural underpinnings of self-control facilitates a full under-
standing of its mechanisms and, thus, contributes to improvement in
the prediction of (failure of) self-control and the development of
effective interventions. A seminal study by Hare et al. (2009) was
among the first to identify the neural correlates of self-control in the
context of food consumption. This study showed that a food's value is
encoded in the ventromedial prefrontal cortex (vmPFC) and that suc-
cessful self-control entails modulation of the vmPFC signal by activity
in left dorsolateral prefrontal cortex (left dIPFC). This work conducted
by Hare et al. has profoundly impacted interdisciplinary science, with
over 2000 citations on Google Scholar.! In the theoretical realm,
insights about the neural correlates of self-control derived from this
seminal work reinforced interest in neurobiologically informed value-
based choice models of self-control (Berkman et al., 2017), which
describe self-control as choices that are driven by differential value
responses to multiple choice attributes (e.g., food consumption
choices based on the healthiness and tastiness of the available food).
Despite its impact, the work conducted by Hare et al. (2009) has
never been replicated. As is true for many other studies relying on
functional magnetic resonance imaging (fMRI), the reliability of the
findings reported by Hare et al. requires independent confirmation
given important limitations of the original work including a small sam-
ple size (Button et al., 2013; Yeung, 2018) and potential effects of
analytical and experimental flexibility (Botvinik-Nezer et al., 2020). To
solidify the empirical evidence supporting self-control theory, we
aimed to directly replicate the study reported by Hare et al. (hereafter
referred to as the original study). In addition, we aimed to determine

the robustness of the findings across analytic strategies.

1.1 | A neurobiological, value-based decision
model of self-control

Self-control has been widely studied since its conception approxi-
mately 50 years ago (de Ridder et al., 2012; Inzlicht et al., 2021;
Metcalfe & Mischel, 1999). The definition of self-control
(Gillebaart, 2018; Milyavskaya et al., 2019), the models and theories
that explain it (Inzlicht et al., 2021), the methodology used to assess it
(Duckworth & Kern, 2011; Enkavi et al., 2019), and its distinction from
related concepts like self-regulation and cognitive control (Eisenberg
et al., 2019), have been under ongoing scrutiny and debate. Facilitated
by the development of advanced measurement techniques like fMRI
and Ecological Momentary Assessment (EMA), endeavors in both the
field of neuroscience and psychology have vastly proliferated models

of self-control. Despite these rapid developments, the field has faced
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several major setbacks due to nonreplication of highly influential
(behavioral) findings (Hagger et al., 2016).

By identifying neural correlates of self-control in the context of
food consumption, the original study reinforced interest in a neuro-
biologically informed, value-based choice model of self-control
(Berkman et al., 2017). Choice models assume that the subjective
value of an option equals “the weighted sum of choice-relevant attri-
bute values [...] which can vary by person, context and time”
(Berkman et al., 2017, p. 3). More specifically, the findings of the origi-
nal study gave rise to a single process model of self-control whereby
self-control is the outcome of multiple simple value calculations
(Kelley et al., 2015).

In the original study, participants' brains were scanned using fMRI
while they made consumption decisions about foods varying in two
choice-relevant attributes, namely the immediate reward (tastiness)
and the extent to which the food was in line with participants' long-
term goal of losing weight (healthiness). In participants who were rela-
tively successful self-controllers (SC; based on their choices during
the study) vmPFC activation correlated with both health and taste rat-
ings, while in nonsuccessful SCs vmPFC activation correlated only
with tastiness. This supported the view that vmPFC has a critical posi-
tion of arbiter that calculates and integrates the costs and benefits of
several factors (immediate rewards and long-term goals) which are
subjectively relevant to the decision-maker, before selecting the
option with the greatest value (Levy & Glimcher, 2011; Levy &
Glimcher, 2012; Rangel, 2013). In addition, the original study demon-
strated greater dIPFC activation in successful self-control trials and a
psychophysiological interaction (PPI) analysis showed that the dIPFC
was (indirectly), negatively, functionally connected to the vmPFC.
Combined, these findings led to the conclusion that the extent to
which the dIPFC modulates vmPFC activity determines to what extent
higher order factors, such as long-term health goals, are incorporated
into the vmPFC signal, and thus whether self-control is successfully

exercised.

1.2 | Replication in neuroimaging

Although growing concern about the reproducibility of scientific find-
ings (the “replication crisis”) has led to several replication projects in
fields like social psychology (Open Science Collaboration, 2015) and
biomedical research (Prinz et al., 2011), replication remains uncom-
mon in neuroscience. This is partly due to the high monetary and
time-investment costs of fMRI studies. Yet, current scientific consen-
sus generally highlights the value of replication and other transparent
practices in determining and increasing the robustness of research
findings (Zwaan et al., 2018). Empirical evidence suggests that such
developments are needed urgently. For instance, several meta-
analyses of fMRI studies have shown low to moderate overlap in find-
ings across different fMRI studies on the same issue (van der Laan
et al.,, 2011; van Meer et al., 2015). One source of unreliability are the
traditionally small sample sizes in neuroimaging research which lead

to underpowered statistical analyses, a reduced likelihood of detecting
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relevant effects, and increased the reporting of overestimated effect
sizes (Button et al., 2013; Poldrack et al., 2017). Another key concern
in neuroimaging is the high degree of analytical flexibility, which can
yield different results while analyzing the same data using different,
but similarly valid analysis strategies (Botvinik-Nezer et al., 2020;
Poldrack & Poline, 2015). Finally, it is important to validate neuroim-
aging findings because numerous studies rely on hypothesis-driven
region-of-interest (ROI) analyses (Baumgartner et al., 2011). Although
limiting the analyses to well informed ROls reduces the risk of “fishing
expeditions,” ROI definitions are often based on somewhat arbitrary
decisions and subsequent analyses employ more liberal statistical
thresholds for these ROIs which increases the chance to detect false
positives. Thus, it is crucial that the function of such a priori hypothe-
sized areas is well established.

1.3 | Impact of the original study

The original study had implications not limited to the study of self-
control. The results have been used to support hypotheses concerning
the role of the vmPFC (Diekhof et al., 2012; Lim et al., 2011; Smith
et al.,, 2014), the dIPFC (Hayashi et al., 2013; Hollmann et al., 2012),
or both (Baumgartner et al., 2011; Sokol-Hessner et al., 2012) in fMRI
studies on topics ranging from consumer choice (Enax et al., 2015;
Steinbeis et al., 2016) to social rewards (Smith et al., 2014) and risk-
taking (Losecaat Vermeer et al., 2014). For several of these studies,
the original study was used to justify the vmPFC and dIPFC as ROls.
Moreover, it has not only served as a basis for functional neuroimag-
ing studies, but also for studies that investigated brain anatomy and
connectivity (Qiu et al., 2014; Smith et al., 2014; Steinbeis
et al., 2016; Wang et al., 2016) (e.g., voxel-based morphometry, diffu-
sion tensor imaging, correlational connectivity) underlying the identi-
fied mechanisms. Also, studies with techniques that temporarily
stimulate or disrupt brain function were designed to study the role of
the vmPFC and dIPFC (e.g., transcranial magnetic stimulation)
(Baumgartner et al., 2011; Camus et al., 2009; Kekic et al., 2014). Fur-
thermore, results have been used to interpret brain activation during
rest (resting-state fMRI) (Camchong et al., 2013; Chen et al., 2016)
and even hypotheses concerning behavioral outcomes were derived
from the neural findings (Trendel & Werle, 2016). Finally, the findings
have been used to explain results of animal studies (Jentsch
etal, 2010).

14 | Current study

As illustrated above, the original study has been used extensively for
hypothesis building and interpretation of findings in a wide range of
topics in decision-making, not limited to self-control. To establish the
validity of the models, it is important that the findings they build on
are replicated, thereby contributing to the development of neurobio-
logically underpinned models of human behavior. Importantly, the

original study has never been directly replicated. Adapted versions of

the task used by Hare et al. have been applied to different (i.e., obese,
eating disordered) populations, however, these studies have not con-
sistently shown similar effects as in the original study (Foerde
et al., 2015; Medic et al., 2016), which is not unexpected as these clin-
ical populations differ in several aspects (e.g., psychological traits;
reward sensitivity (Frank et al., 2018; Meng et al., 2020)) from normal-
weight, noneating-disordered individuals. Therefore, the first goal of
the current study is to directly replicate the original study. To this end,
our first research question is identical to the research question of the
original study: What are the neurobiological underpinnings of self-
control in decision-making and how do these neural mechanisms dif-
fer between successful and unsuccessful SC? To answer this question,
the following four original hypotheses were tested (quoted from Hare
et al., 2009, p. 646).

Hypothesis 1. [A]ctivity in vmPFC should be correlated
with participants' goal values regardless of whether or not
they exercise self-control.

Hypothesis 2. [A]ctivity in the vmPFC should reflect the
health ratings in (participants who are relatively successful
SC [i.e., the SC group]) but not (participants who are rela-
tively unsuccessful SC [i.e., the non-self-controllers [NSC]
group]).

Hypothesis 3. [T]he dIPFC should be more active during

successful than failed self-control trials.

Hypothesis 4. dIPFC and vmPFC should exhibit func-
tional connectivity during self-control trials.

As mentioned above, fMRI data analysis is linked to a large degree
of analytical flexibility, so that different, but similarly valid approaches
to one data set may lead to different results and conclusions
(Botvinik-Nezer et al., 2020). For this reason, the second goal of this
project is to assess if the results of the original study are robust across
different analysis pipelines. To this end, we add several analysis
branches to the direct replication of the originally reported analysis
pipelines to further investigate the impact of important choices made
in the original study. Some of the additional methodologically driven
analysis branches are motivated by novel developments in what is
considered to be “best practice” in fMRI data analysis since the origi-
nal study was published (Nichols et al., 2017; Smeets et al., 2019). For
instance, we assess the impact of the ROI analysis approach on the
results. The authors of the original study chose to test some key
hypotheses based on neural activity extracted from single peak voxels
(identified per subject) within an ROl mask, thus focusing their statisti-
cal tests on the question of whether participants, on average, show a
hypothesized relationship in neural activity within at least one voxel
located in a larger region. An alternative approach is to average signals
from all voxels within an ROI for each participant to test the involve-
ment of a larger, static region rather than one specific voxel the loca-

tion of which varies across individuals. This latter approach also feeds
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more easily into follow-up research since it provides empirical support
for the involvement of a specific, anatomically identifiable ROl with-
out requiring future researchers to run localizer tasks for the identifi-
cation of individual peak voxels. In addition, the original study defined
functional ROIs based on data from the same sample and task exam-
ined during later ROI analysis. Since the publication of the original
study, novel tools (e.g., Neurosynth which provides meta-analytic
maps of regions associated with specific psychological processes;
Yarkoni et al., 2011)) have become available that allow easier access
to other, independently identified ROIs, not informed and potentially
biased by the current data set. The selection of (functional) ROIs is
nontrivial, but highly important (Poldrack, 2007), as ROls are reused
frequently by follow-up research and differing selection choices may
or may not lead to contradictory conclusions about the data. One
key danger that should be avoided in the selection of nonindepen-
dent ROIs (i.e., ROIs defined based on the data that is being ana-
lyzed) is the production of spurious results (Kriegeskorte
et al., 2010). Next to issues regarding ROI selection and analysis,
defaults in specific analytical software can impact analysis outcomes.
For instance, by default, SPM sequentially orthogonalizes all para-
metric modulators within the same model, which leads to potential
effects of the order in which variables are entered. These are rele-
vant in the type of choice models discussed here where multiple
parametric modulators can represent different decision inputs (here
healthiness and tastiness of food). We thus explore effects of vari-
able order in an additional analysis branch. Finally, we base an analy-
sis branch on novel findings obtained in our more highly powered

replication sample.

2 | MATERIALS AND METHODS

2.1 | Study design

We conducted a preregistered (https://osf.io/qzyxm) direct replica-
tion of the data collection and analysis procedures described by Hare
et al. (2009). Although we replicated all procedures as closely as possi-
ble, a few deviations from the original procedure were necessary to
preserve the intended experience for study participants. These

included:

1. Differences in the cultural context of the original study and this
replication led to preregistered adjustments of stimuli. Details are
described below.

2. The current study included additional measurement instruments
that were not collected in the original study. All additional mea-
sures were collected after those required for replication in order to
avoid biasing key responses. Additional measures are beyond the
scope of the current manuscript.

3. The original study analyzed the data using SPM5, whereas we
relied on SPM12.

4. Preprocessing of neuroimaging data was performed using SPM in

the original study and fMRIPrep in this replication study.

Uncertainties in the interpretation of the original publication were
resolved through e-mail conversations with the lead author of the
original study. Additionally, exploratory analyses were performed to
further investigate potential causes of nonreplication of original study
findings.

All procedures were approved by the ASCoR ethics committee of
the University of Amsterdam (registered under: 2018-PC-9107) and
all participants provided fully informed consent.

Deviations from preregistration include the above points 3 and
4. Personal communication with the authors (after preregistration)
yielded a few small discrepancies between the methods described in
the supplemental materials of the original study and the actual con-
duct for the inclusion criteria and general linear model (GLMs). For
these we deviate from the preregistration but the procedures we
employed here are equal to the original study. These deviations from
the preregistration are clearly described in the respective methods
sections. Further, in the preregistration, we mentioned we would add
several analysis branches to the direct replication of the originally
reported analysis pipelines to assess the robustness of the findings
but these analyses were not described in detail yet. These exploratory

(nonpreregistered) analyses are clearly marked in the results section.

2.2 | Participants

Here, 80 participants (40 females, mean age 24.94 years; age range
18-43 years) completed this experiment, which was conducted in the
Netherlands. After adjusting the group definition criteria (see details
below), 15 participants qualified as SC (group) based on their food
choices during the scanner task (9 female, mean age = 254,
range = 20-34, mean BMI = 22.22, SD = 2.50) and 65 for as NSCs
group (31 female, mean age = 24.83, range = 18-43, mean
BMI = 22.89, SD = 2.64). SC and NSC groups did not differ signifi-
cantly in gender distribution (y(1) = 0.328, p =.567), age (t
(78) = —0.399, p = .691) or BMI (t(77) = 0.897, p = .373). A power
analysis, employing the fMRI power package (Mumford &
Nichols, 2008), can be found in the preregistration.

2.2.1 | Recruitment strategy

Similar to the original study, participants were recruited at local gyms
and sportclubs, through online sports and fitness groups, and on cam-
pus. Participants received 50 euro as reimbursement. This is a similar

amount as in the original study.

222 | Inclusion criteria

An online screening survey was used to assess eligibility for the study.
Participants were eligible for the study if they self-reported (like par-
ticipants in the original study) that “they enjoyed eating sweets, choc-

olate, and other ‘junk food’ even though they might be restricting
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them from their current diet” (Hare et al., 2009, supplemental mate-
rials). We also replicated the other (self-reported) inclusion criteria
from the lab manual of the original study: being between 18 and
45 years old, being right-handed, being healthy, not having a history
of psychiatric, neurological of metabolic iliness, not using medication
that interferes with fMRI, not being allergic to any of the foods used
as stimuli, not being vegan, not being claustrophobic, not having any
unremovable metal in the body.

In addition to the (preregistered) inclusion criteria reported in the
original study manuscript, two additional criteria were implemented
based on personal communication with the original study team. First,
participants in the original study all indicated they are currently diet-
ing to reduce their weight or to maintain their current weight.? All par-
ticipants in our replication sample fulfilled this criterion. Second,
participants had either successfully lost weight in the past month or
lost weight in the past and have maintained this lower weight in the
past month. Six out of 80 participants in our replication sample ful-
filled this criterion as well.

2.2.3 | Participant classification

Study participants were categorized as successful SC (the SC group)
and unsuccessful SC (the NSC group) based on their choices in the
fMRI task. In the original procedure, Hare et al. (2009) applied three
criteria: (1) participants exercised self-control in more than 50% of tri-
als that required it (declining Liked-Unhealthy items or choosing
Disliked-Healthy items); (2) in a multiple regression model estimated
regressing food decisions on health and taste ratings for each individ-
ual participant, the effect of health ratings was larger than that of
taste ratings; and (3) the R? of a simple regression fit to data from indi-
vidual participants, regressing food decisions on health ratings is larger
than the R? of a simple regression, regressing food decisions on taste
ratings. Participants who met all three criteria were classified as the
SC group and those who did not meet any of the criteria as the NSC
group. In our sample, only 6 out of 80 participants qualified as suc-
cessful SC according to these criteria and 8 participants did not clas-
sify as either SC or NSC group. In order to guarantee sufficient power
for analyses requiring group comparisons, we preregistered the devia-
tion from this procedure by basing the subject classification exclu-
sively on a minimally relaxed version of one of the three criteria
described by Hare et al. (2009), namely: Participants were classified as
SC if they successfully executed self-control on at least (compared to
“more than” in the original study) 50% of trials that required self-
control (i.e., decline liked-unhealthy items or choose disliked-healthy
items). As shown in Figure 3, the SC group defined based on this sin-
gle criterion showed behavioral responses to the stimuli that are com-
parable to those reported in the original publication. For this analysis,
Strong No and No responses were counted as a “no,” and Strong yes

and yes responses were counted as a “Yes” (Hare et al., 2009, S, p. 2).

2In the supplemental materials of the original study, it was mentioned that also “individuals
who self-reported no current monitoring of their diet” were included.

2.3 | fMRItask and stimuli

231 | fMRltask

The fMRI paradigm consisted of three parts, namely a health rating
block, a taste-rating block and a decision block and fully replicated the
design of the original study. All subjects started with the rating blocks.
The order of the rating blocks was counterbalanced: half of the partic-
ipants first completed the health block, the other half started with the
taste block. In each block, a total of 50 different food items was
shown, including junk foods (e.g., chips or candy bars) as well as
healthy snacks (e.g., apples or carrots). In the health rating block, par-
ticipants were instructed to indicate the healthiness of the foods
regardless of their taste on a 5-point scale with as options: Very
unhealthy—Unhealthy—Neutral—Healthy—Very healthy.

In the taste-rating block, participants were instructed to indicate
the taste of the foods regardless of their healthiness on a 5-point rat-
ing scale with options: Very bad—Bad—Neutral-Good—Very good.
The scale was shown below each food item. During each trial, the
food stimulus and rating scale were presented for a maximum of 4 s
and participants could indicate their rating with a button press. Imme-
diately after responding, a feedback screen (0.5 s) was shown indicat-
ing their response, followed by a random intertrial interval with a
duration uniformly distributed between 4 and 15 s.

Subsequently, participants were shown a reference food which
they had rated neutral on both taste and health. If such a reference
did not exist, a stimulus neutral on taste and healthy on the health
scale was presented as a reference. Prior to the decision block, partici-
pants were instructed that on each trial they would have to choose
between eating the food item shown in that trial or the reference
food. They were also instructed that they would be required to eat
the food they chose in a randomly selected trial at the end of the
study session. Subjects were asked to indicate the strength of their
preference on a 5-point scale with as option: Strong no (=choose ref-
erence)—No (=choose reference)—Neutral—Yes (=choose shown
item)—Strong yes (=choose shown item). The decision ratings are also
referred to as the goal value of the food item. Equal as in the rating
blocks, during each trial the food stimulus and rating scale were pre-
sented for a maximum of 4 s and participants could indicate their rat-
ing with a button press. Immediately after responding, a feedback
screen (0.5 s) was shown indicating their response, followed by a ran-
dom intertrial interval with a duration uniformly distributed between
4 and 15 s. For all three parts of the fMRI paradigm, the mapping of
the response options (left-right) was counterbalanced across subjects.

The task trial structure is depicted in Figure 1.

23.2 | Stimuli

Because this replication was conducted more than a decade after the
original study several brands and products no longer existed. Further,
the original study was conducted in a different cultural context and

several of the original (U.S. American) stimuli are not sold or typically
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FIGURE 1 Task trial structure
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eaten in the Netherlands, the country where this replication was con-
ducted. For these reasons, we developed a new set of stimuli for the
replication study. To elicit similar value and self-control related
responses as in the original study it is important that the replication
stimulus set has a similar mean and variation in health and taste rat-
ings as the original set. Similar to the original study, the replication set
consisted of junk foods as well as healthy snacks, bland foods, and
dieting products; and included both packaged and unpackaged foods.
We selected images from the validated F4H image set (Charbonnier
et al., 2016). These stimuli were supplemented with 10 newly created
stimuli including packaged foods and dieting products to represent
the full range of products presented in the original study. The stimuli
were pretested in an online and a lab pilot study (with exactly the
same design as the fMRI study but no fMRI measurements were
taken). These pilot studies showed that the mean level of healthiness
and tastiness of the replication study's stimuli was similar to that of
the original study. In the replication fMRI study, the mean healthiness
rating was —0.35 (SD = 1.41) and the mean tastiness rating was 0.57
(SD = 1.10).3 For comparison, in the original study, the mean healthi-
ness rating was —0.29 (SD = 1.29) and the mean tastiness rating was
0.57 (SD = 0.52). Differences between the two stimulus sets in terms
of health ratings (95%CI[—0.606, 0.466]; t(98) = 0.259, p = .796) and
taste ratings (95%CI[—0.342, 0.342]; t(98) = 0, p = 1) were not signifi-
cant. Furthermore, the proportion of trials requiring self-control, liked
healthy, unliked healthy, liked unhealthy and unliked unhealthy trials
was highly similar as well. Please see Tables S1 and S2 for a more
complete description of the health and taste ratings of the stimuli in
the pilot studies. Figure 2 shows example stimuli from the original

study and the replication.

24 | Procedures

After inclusion, participants were invited to the lab for a scan session.

Participants were asked to refrain from eating for 3 h before the scan

SRecoded to —2 = very unhealthy/very bad and 2 = very healthy/very good.

session. After arriving in the lab, participants were instructed about the
study procedures and they completed informed consent. Thereafter, par-
ticipants were scanned with a 3 Tesla Philips Achieva scanner (Philips
Healthcare, Best, Netherlands). First, a T1-scan was collected, followed
by functional runs during which the fMRI task was carried out. Finally,
resting-state data were collected (these data are reported elsewhere;
Speer et al., 2022). After leaving the scanner, participants completed a
questionnaire on trait self-control (Tangney et al., 2004), reward sensitiv-
ity (BIS/BAS), the occurrence of food in social interactions, smoking sta-
tus, use of (hormonal) contraceptives, educational level, and they
performed a go-no-go task. In the week after the experiment, the per-
ceived temptation strength of the personal food environment was mea-
sured with EMA. The questionnaires and task completed after the scans

and the EMA data are beyond the scope of the current manuscript.

2.5 | fMRI data acquisition

A T1-weighted structural scan was acquired for each participant
(TR = 82 ms, TE = 3.9 ms, flip angle = 8°, slices = 220, voxel
size = 1 x 1 x 1 mm, total scan duration = 363 s). A T2*-weighted
echoplanar imaging (EPI) sequence was used for the functional scans
(TR = 2000 ms, TE = 27.63 ms, flip angle = 76.1°, slices = 36, voxel
size = 3 x 3 x 3 mm, volumes = 343 per run, interleaved acquisition,
field of view = 240 x 240 mm).

2.6 | fMRI data analysis

As with all other procedures, our fMRI data analysis pipeline mirrored

the procedures described in the original study as closely as possible.

2.6.1 | Preprocessing

Results included in this manuscript come from preprocessing per-
formed using fMRIPprep 1.1.7 (Esteban, Markiewicz, et al., 2018,
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FIGURE 2
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FIGURE 3 Proportion of “yes” and “strong yes” answers per type of food compared to the reference item for self-controllers (SC) and non-
self-controllers (NSC) (a) in the original study from Hare et al. (2009), reprinted with permission from AAAS, (b) in the replication sample applying
the full set of categorization criteria, and (c) in the replication sample applying only one classification criterion. Error bars denote standard errors.

Esteban, Blair, et al., 2018; RRID:SCR_016216) with standard
options, which is based on Nipype 1.1.3 (Gorgolewski et al., 2011,
2017; RRID:SCR_002502). Specifically, both preprocessing pipelines
included correction for slicetime acquisition, motion correction, spa-
tial normalization to the Montreal Neurological Institute EPI tem-
plate, smoothing with an 8 mm FWHM Gaussian kernel, intensity
normalization, and high-pass temporal filtering (using a filter with
128 s cut-off).

2.6.2 | General linear models

We used SPM12 to fit first-and second-level models to the MRI data.
All whole-brain maps and tables are thresholded in accordance with
the original study at p <.001 and/or p < .005 (uncorrected). In addi-
tion, we report maps corrected for multiple comparisons at FDR
p <.05.

First-level models

For each participant, we estimated five GLMs with AR(1) to replicate
the analyses presented in the original study. Table 1 presents a list of
regressors included in each first-level GLM as well as the task period
which is modeled by the respective GLM. All feedback durations were
not modeled and thus included in the baseline rest period, following
procedures applied in the original study. All boxcar regressors were
modeled with a duration equal to the participants' reaction time for
that trial. All models further included six motion parameters and ses-
sion constants as regressors of no interest.

We estimated two versions of GLM3 as a methodologically driven
branch extending the replication analyses in order to estimate order
effects with regards to the two parametric modulators included in the
model. Note that GLM5 was not preregistered or described in the
original manuscript. We inferred its structure based on descriptions in
the original manuscript (Hare, Science, 2009), which could not have
been created based on GLMs 1-4.
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Second-level models

To fully replicate the analyses reported in the original study, we esti-
mated second-level models based on GLM1 and GLM4 (see Table 1).
Specifically, for GLM1, we estimated a second-level one-sample t test
including all subjects using SPM12. For GLM4, we estimated a two-
sample t test on successful self-control trials comparing the SC to the
NSC group using SPM12. All whole-brain maps are presented at two
thresholds, following the original publication: p <.001, uncorrected,
and p < .005 uncorrected. No second-level models were estimated for
GLM2, 3, and 5 as these models were not needed to replicate the ana-
lyses presented in the original manuscript or to answer the research
questions.

TABLE 1
regressors of no interest)

2.6.3 | PPlanalysis

We replicated the PPI analysis based on the procedure described in
Hare et al. (2009), using the SPM software (version 12). To extract left
dIPFC activity during self-control, we computed individual average
time-series within a 4 mm sphere surrounding individual subject peaks
within a meta-analytically defined seed region involved in self-control
in left dIPFC (see Figure S2 for details). Variance associated with the
six motion regressors was removed from the extracted time-series.
The location of the peak voxels was based on a GLM specifically
designed for this PPI analysis and modeled based on descriptions in
the original study. As per the original procedure, this GLM was

Task period and key regressors per GLM (note that all models further included six motion parameters and session constants as

Task
GLM  period Regressors
1 All trials e Three boxcar regressors indicating, respectively:
o Health trials
o Taste trials
o Decision trials
o Three regressors representing the product of each of the three boxcar regressors named above and a parametric modulator
of goal value (i.e., decision trial ratings for each food item).
o A boxcar regressor indicating trials with missing goal value ratings and/or missing taste/health ratings, respectively.
2 Decision o Six boxcar regressors indicating:
trials o “Strong Yes” decisions
o “Yes” decisions
o “Neutral” decisions
o “No” decisions
o “Strong No” decisions
o Trials with missing goal value ratings.
3a All trials e Three boxcar regressors indicating:
o Health trials
o Taste trials
o Decision trials
o Six regressors representing the product of each of the three boxcar regressors named above with each of two parametric
modulators:
o Health rating
o Taste rating
o A boxcar regressor indicating trials presenting food items with missing health or taste ratings.
In this model, the parametric modulator “health rating” was entered first.
3b All trials Model 3b is identical to Model 3a, except for the order of parametric modulators. In Model 3b, the parametric modulator
“taste rating” was entered first.
4 Decision e Four boxcar regressors indicating:
trials o Trials in which self-control was successfully employed
o Trials in which self-control was not required
o Trials in which a neutral response was given
o Trials depicting food items for which any of the three ratings (health, taste, decision) was not available, since all ratings
were necessary to categorize trials as described above.
5 Decision o Five boxcar regressors:
trials o Trials presenting liked, unhealthy items

o Trials presenting disliked, healthy items
o Trials which did not require self-control

o Trials in which a neutral response was given

o Trials depicting food items for which any of the three ratings (health, taste, decision) was not available, since all ratings
were necessary to categorize trials as described above
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estimated on decision block trials only and included two regressors:
one boxcar function identifying trials where a healthy food was
shown, and one identifying trials in which an unhealthy food was pre-
sented, with motion parameters as regressors of no interest. Individual
subject peaks within the left dIPFC self-control mask were then iden-
tified based on voxels with the strongest positive response in
unhealthy foods in that GLM. The seed time-courses were then
deconvolved in order to construct a time series of neural activity at
that region.

For the first PPl analysis (PPI1), a second GLM (again estimated
on decision block trials only) had the following regressors: (a) an inter-
action between the neural activity in the seed region and an indicator
function for unhealthy trials; (b) an indicator function for unhealthy
trials; and (c) the neural activity in the seed region. The first two
regressors were convolved with a canonical form of the hemodynamic
response. The model also included motion parameters as regressors of
no interest.

For the second PPI analysis (PPI2), we identified a cluster in left
IFG/BA46 in PPI1 as seed region. This analysis was identical to

PPI1, except that the time-series were extracted from that seed

region.
3 | RESULTS
3.1 | Classification into SC and NSC

Although we applied identical recruitment criteria and methodology,
the proportion of SC, given the original three-criteria definition was
much lower in the replication (SCs, N = 6; NSCs, N = 66) compared to
the original sample (SCs N = 19; NSCs N = 18). To guarantee suffi-
cient power to determine between-group effects, we report results
based on a preregistered less stringent definition of SC (N = 15) and
NSC (N = 65) participants (see Section 2 for details).

Under this one-criterion definition (applying self-control in at
least 50% of trials that require it), the SC and NSC participants in our
replication study behaved substantially similar compared to partici-
pants in the original study as well as compared to replication partici-
pants grouped according to the full three-criteria definition used in
the original study (see Figure 3). In both one- and three-criteria group
definitions, the proportion of "Yes" and "Strong Yes" answers to liked
unhealthy items was much lower in SC participants (Ma_criteria = 0.16;
M _criterion = 0.19) compared to NSC participants (Ms_criteria = 0.72; t
(70) = 6.28, p <.0001; M1 _criterion = 0.73, t(78) = 9.59, p < .0001),
replicating original study results. In other words, SC participants
exhibited more self-control than NSC participants. Further, similar to
the original study, group differences in responses to disliked,
unhealthy and disliked, healthy food items were not significant. Over-
all, choice probabilities are similar across both one- and three-criteria
group definitions in the replication sample and across the original and
replication samples. We were not able to replicate differential group
responses to liked, healthy items in the one- or three-criteria group

definitions.

Further replicating the original findings, SC and NSC participants
did not differ significantly in their mean health ratings (t(78) = 0.469,
p =.640). In an additional analysis, extending the original analysis
pipeline, we further found very high correlations between average rat-
ings per stimulus between groups for both health (r = .989, 95%CI
[0.981-0.994], t(48) = 47.31, p <.0001) and taste (r = .913, 95%Cl
[0.852, 0.950], t(48) = 15.55, p < .0001) ratings. Together, these two
analyses indicate that the groups showed similar awareness of the
foods' healthiness and had similar perceptions of the stimulus set (see
supplementary Table S3 for group-wise reaction time data). Overall,
the behavioral data show that the responses of the replication sample
to the scanner task were substantially similar to those in the original
sample despite the novel stimulus set, different cultural context, and

overall lower proportion of participants classified as SC.

3.2 | Gender

Before testing the main hypotheses, we followed procedures outlined
in the original study to examine gender effects as a potential con-
found in the main analyses. Similar to findings reported in the original
study, our SC group contained somewhat more females (60%) than
males. We thus examined the role of gender in SC-NSC differences.
First, we replicated a regression analysis, relating the effect of stimu-
lus health ratings on decision ratings of the same stimuli to the effect
of health ratings on vmPFC activity in response to the same stimuli
during decision trials (as estimated in GLM1), including gender as a
predictor. Replicating results reported in the original study, the gender
effect was not significant (B = 0.011, SE = 0.101,t = 0.113, p = .910)
while the relationship between health and decision ratings remained
significant (B = 0.636, SE = 0.221, t = 2.877, p = .005). Second, we
found that gender was unrelated to the extent to which vmPFC activ-
ity during decision trials scaled with health (t(78) = —1.371, p = .174)
and taste ratings (t(78) = 0.721, p = .473) as estimated in GLM3.

3.3 | Hypothesis 1: Activity in vmPFC is correlated
with participants' goal values regardless of whether or
not they exercise self-control

Our data support the first hypothesis, largely replicating the original
results. Specifically, interrogating GLM1, we found that brain activity
within vmPFC was more strongly correlated with goal value (i.e., food
choices self-reported during the decision block of the scanner task)
during decision compared to taste-rating trials. Significant clusters
within vmPFC in our sample were located in close proximity to those
reported in the original study (Figure 4, Table S4). Activity extracted
from the vmPFC cluster shown in Figure 4b (thresholded at p < .005,
uncorrected) was further significantly associated with goal value in
both the SC and NSC groups (see Figure S1). In contrast to the original
study, we additionally found significant associations between goal
value and brain activity in bilateral striatum in the same contrast.

Extending the original analysis pipeline, Figure 4b further highlights
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FIGURE 4 Representation of goal value in ventromedial prefrontal cortex (vmPFC) (a) in the sample collected by Hare et al. (2009); reprinted
with permission from AAAS and (b) in the present sample. All maps in this figure are thresholded at p < .005 and p < .001, uncorrected.

Additionally, panel (b) is thresholded at p < .05 FDR

voxels in which the relationship between brain activity and goal value
remained significant under multiple comparison correction (FDR
p < .05). Only voxels in vmPFC, but not striatum were significant at
that threshold.

Further replicating the original study, GLM2 results showed a
clear differentiation in brain activity between goal value levels
(“Strong no”—*“Strong yes” decisions) within peak voxels (individually
identified per participant within the vmPFC cluster shown in
Figure 4b, thresholded at p < .005, uncorrected (see Figure 5).

Note that the analysis decisions made in the original study and
replicated here are optimized to produce the pattern shown in
Figure 5a (the published result from the original study). The analysis
focuses on a single voxel within a larger vmPFC area which shows the
strongest positive correlation with goal value for each individual par-
ticipant. In other words, these results show that, on average, study
participants have at least one voxel in vmPFC that shows the pattern
of interest. To further test the generalizability of this finding, we
added an analysis branch not included in the original study where we
examine whether this step-wise representation of goal value is pre-
sent more broadly across the entire vmPFC region that was found to
correlate significantly (at p <.005, uncorrected) with goal value (see
Figure 4b). Indeed, we found conceptually similar results after averag-
ing voxel-wise estimates across the vmPFC mask in Figure 4b for each
study participant (Figure 5c). Of note, “Strong no” responses showed
somewhat unexpected neural responses given this ROI definition and
overall beta estimates were substantially smaller than in the original
study (Figure 5a) and replication of the original analysis pipeline
(Figure 5b), suggesting that more data are necessary to identify goal
value representations within a broader vmPFC mask. This is important
information for power calculations of follow-up work relying on these
findings for ROI definitions, because most follow-up studies will be
unable to include a goal value localizer task to identify individual-level
subject peak voxels.

In a second analysis branch extending the pipeline of the original
study, we further examined the representation of goal value within
the striatum clusters identified in Figure 4b. We applied the analysis
approach of the original study and extracted data from individual sub-
ject peaks within the striatal clusters. These striatal clusters are the

voxels within the mask of the GLM 1 whole-brain map (thresholded at

p < .005, uncorrected) that fall within the AAL bilateral caudate mask.
Figure 5d supports the idea that the neural representation of goal
value is not fully unique to vmPFC. Even in individual peak-voxels
within our caudate ROI, we see some evidence of differentiation
between individual levels of goal value, at least when applying the
optimized analysis procedure of identifying individual peak voxels.
Table S5 provides means and standard deviations per goal value level
for Figure 5b-d.

3.4 | Hypothesis 2: Activity in the vmPFC should
reflect the health ratings in the SC group but not in the
NSC group

Analyses based on our data replicated results presented in connection
to Hypothesis 2 in the original study. First, please note that the origi-
nal study did not explicitly limit this analysis to decision trials. How-
ever, we feel that this is the most logical choice from a theoretical
standpoint and also find clearer replicated results in decision trials
rather than when extending the analysis to all trials. For purposes of
comprehensiveness and transparency, Figure 6b presents the results
when including data from all trials in the analysis. However, we focus
our discussion on results presented in Figure 6c-f, which exclusively
include data from decision trials. In accordance with Hypothesis 2 and
with findings reported in the original study, results based on GLM3
indicated that during decision trials SC participants showed significant
encoding of health ratings in vmPFC (M = 0.369, 95% CI[0.007;
0.732], t(14) = 2.184, p = .046), whereas NSC participants did not
show this effect (Figure 6c). In our data, there is no significant differ-
ence between the extent to which SC and NSC participants showed a
relationship between vmPFC activity and health ratings (Mg = 0.276
95%CI[—-0.048; 0.599]; t(78) = 1.698, p = .093). This direct compari-
son (which is necessary to statistically establish a difference in the
effects; Nieuwenhuis et al., 2011) was not reported in the original
study.

Further, in line with the original study, NSC participants showed
significant encoding of taste ratings (M = 0.638, 95% Cl[0.477,
0.799], t(64) = 7.917, p < .0001), but, in contrast to the original publi-
cation, SC participants did not show this relationship in our replication
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Encoding of goal-value in ventromedial prefrontal cortex (vmPFC) and striatum. (a) Findings of the original study based on

individual peak voxels within the region-of-interest (ROI) in Figure 4a, from Hare et al. (2009), reprinted with permission from AAAS, (b) findings
derived from the present study based on individual peak voxels within the ROI in Figure 4b intersected with an anatomical vimmPFC mask,

(c) findings derived from the present study based on average beta values across voxels within the ROl in Figure 4b intersected with an anatomical
vmPFC mask, and (d) findings derived from the present study-based individual peak voxels within the ROI in Figure 4b intersected with an

anatomical caudate mask

study. Extending the original analysis pipeline, we found that these
results are robust to the order with which parametric modulators
were added to the model (Figure 6d). This is likely due to the fact that,
like in the original study, health and taste ratings are not strongly cor-
related with each other (SC-group: mean r = .032, NSC-group mean
r = .032). Additionally, we again examined the impact of the ROI
analysis strategy, by averaging activity across all voxels within the
vmPFC mask rather than identifying single voxel individual subject
peaks (Figure 6e). Again, this analysis shows a similar pattern of
results as the more optimized analysis pipeline which Figure 6a-d
are based on, but the effect size is substantially smaller and the rep-
resentation of health ratings in vmPFC among SC does not reach

conventional levels of significance in this relatively large fMRI

sample. Finally, an additional exploratory analysis showed a similar
pattern of results when extracting activity from peak voxels in our
caudate mask, but effect sizes were somewhat smaller than in
vmPFC (Figure 6f).

Further in support of H2, we replicated the positive linear rela-
tionship between the effect of health ratings on decisions and the
impact of health ratings on vmPFC activity as extracted from GLM3
(robust regression coefficient = 0.639, SE = 0.219, p =.005;
Figure 7).

In sum, data from the replication study are in line with the idea
that vmPFC activity represents health ratings, but group differences
in this relationship are not significant in the replication sample and

were not tested in the original study.
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3.5 | HS3: The dIPFC should be more active during emerge as statistically significant at the thresholds used in the original

successful than failed self-control trials

Our data are not consistent with the hypothesized role of dIPFC in
self-control. Specifically, when comparing SC and NSC participants
during trials that require self-control compared to baseline, only

regions in which activity is negatively associated with this contrast

study (Figure 8b). Specifically, among others, clusters in (primarily left)
dIPFC and vmPFC showed more negative activation during self-
control compared to rest. Of note, none of these clusters remained
significant when applying more stringent correction for multiple com-
parisons. This suggests that behavioral self-control in our sample was

associated with a weaker subjective value response for a given food
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FIGURE 8

Self-controllers > non-self-controllers (SC > NSC) during successful self-control trials compared to rest in (a) the original

publication (Betas in colored voxels are positive, meaning that activity is stronger during self-control compared to rest.) footnote 1, from Hare

et al. (2009), reprinted with permission from AAAS, and (b) in the replication sample (Betas in colored voxels are negative, meaning that activity is
stronger during rest compared to self-control.). All maps in this figure are thresholded at p < .005 and p < .001, uncorrected. Note that in panel
(b), no voxels survive correction for FDR p < .05. This figure is based on GLM4. Footnote 1: The region identified in this analysis was labeled in
the original paper as “dorsolateral prefrontal cortex,” but comparison of this activation location (MNI coordinates —48, 15, 24) shows that this
region is much more likely to fall in the inferior frontal gyrus (which is generally not considered to fall within the dorsolateral region). However,
for consistency with the original report, we will continue to use the dorsolateral prefrontal cortex (dIPFC) label

item as well as weaker dIPFC involvement rather than by enhanced
dIPFC activity.

In the original publication, several follow-up analyses focused on
the cluster identified in the analysis presented in Figure 8a. A key
motivation for these follow-up analyses was to examine interactions
between vmPFC and dIPFC as a potential mechanism of self-control.
Although we did not find evidence for the hypothesized role of aver-
age activity in dIPFC during self-control, it is conceivable that this
region still impacts self-control decisions through functional connec-
tivity with vmPFC. To allow us to test this hypothesis in the absence
of a replication of the finding shown in Figure 8a, we deviated from
the analysis pipeline reported in the original publication. Specifically,
instead of further examining a dIPFC cluster retrieved from the analy-
sis presented in Figure 8b, we created a new ROI mask which meta-
analytically represents processing associated with self-control in
dIPFC. Specifically, we intersected a mask taken from www.
neurosynth.org with an anatomical mask of left dIPFC (see Figure S2).
The anatomical dIPFC mask was based on the ROI definition from an
earlier study (Gozzi et al., 2009): it was constructed by first combining
the superior, middle, and inferior frontal gyri, and subsequently trim-
ming the ROl atx > 10 or X < 10 and z > 1.

Using this intersected mask, we first followed the original analysis
pipeline and identified individual subject peaks within the ROI for the
contrast successful > unsuccessful trials which required self-control as
estimated in GLM4 and extracted signal from these peak voxels for
the contrasts successful self-control > rest and unsuccessful self-
control > rest. Even though Figure 8 shows a nonreplication with
regards to average dIPFC activity during self-control in a whole-brain
analysis, Figure 9b (Table S6) shows test results that replicate the orig-
inal findings when examining activity in individually identified peak-
voxels within dIPFC. Using this analysis approach, we found greater
dIPFC involvement in successful (vs. rest) compared to unsuccessful

(vs. rest) self-control trials in both SC and NSC participants.

As highlighted above, the replicated analysis pipeline is optimized
to show that, on average, participants have at least one voxel in a gen-
eral dIPFC area that shows a difference between successful and
unsuccessful self-control trials. Is the replicated finding in Figure 9b
purely a result of the analysis strategy or meaningful evidence for the
role of dIPFC in self-control? To answer this question, we replicated
the same analysis procedure, using a ROI that should not be differen-
tially involved in successful and unsuccessful self-control, namely
white matter voxels. As shown in Figure 9c, when extracting signal
from individual peak voxels in white matter, we seemingly produce
evidence suggesting that white matter voxels are differentially
involved in successful (vs. rest) compared to unsuccessful (vs. rest)
self-control trials in both SC and NSC participants.

In a final test examining the potential role of average dIPFC activ-
ity in self-control processes in our sample with more stringent statisti-
cal methods, we implemented an additional analysis branch that was
not included in the original study. Specifically, we extracted average
activation across our meta-analytically defined left dIPFC ROI rather
than choosing the peak voxel per subject (see Figure 9c). This analysis
demonstrates that, in our sample, activity within a left dIPFC ROI that
is meta-analytically associated with the concept of self-control is not
differentially involved in successful and unsuccessful self-control
trials.

3.6 | H4:dIPFC and vmPFC should exhibit
functional connectivity during self-control trials

Does dIPFC play a role in self-control through its functional connec-
tion with vmPFC rather than through average activation? This replica-
tion study produced mixed evidence with regards to H4. The first
replicated test of H4 required a linear regression of left dIPFC activity

during self-control trials on activity within vimPFC in response to liked,
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FIGURE 9 Brain activity in successful and unsuccessful self-
control trials (compared to rest) in self-controllers (SC) and non-self-
controllers (NSC), (a) activity extracted from individual subject peak
voxels within a GLM 4 dorsolateral prefrontal cortex (dIPFC) region-
of-interest (ROI) originally reported by Hare et al. (2009), reprinted
with permission from AAAS, (b) activity extracted from individual
subject peak voxels within a meta-analytically defined dIPFC (“self-
control”) ROl in the current sample, (c) activity extracted from
individual subject peak voxels within white matter in the current
sample, and (d) average activity across a meta-analytically defined
dIPFC (“self-control”) RO in the current sample

unhealthy food items. This analysis is based on GLM5. Using our
meta-analytic left dIPFC mask, we do not replicate the negative rela-
tionship between dIPFC and vmPFC activity that was reported in the
original study among SC participants (robust reg. coef. = —0.024,
SE = 0.213, p = .912). We do see a significant interaction effect so
that the dIPFC-vmPFC relationship is more positive in the NSC than
the SC group (robust reg. coef. = 0.544, SE = 0.254, p = .035,
Figure 10).

The final analysis in the original manuscript tested whether left
dIPFC and vmPFC exhibited task-related functional connectivity.
Again, we relied on our meta-analytically defined left dIPFC mask for
this analysis. As in the original analysis, individual peak voxel for activ-
ity in response to unhealthy food within left dIPFC were used as seeds
in the PPI analysis. Maps were thresholded at p < .005 uncorrected,
following the original publication. In the original study, the authors
expected to find a direct, negative connection between left dIPFC and
vmPFC activity, but the data did not support that hypothesis. Instead,
the authors reported a negative interaction between left dIPFC and
IFG/BA46 (PP1) and, in a second step, a positive interaction between
IFG/BA46 and vmPFC (PPI2). Of note, the whole brain table for PPl in
the supplementary materials of the original publication (original study
Table S4) does highlight a cluster in medial frontal gyrus (MNI coordi-
nates 12, 51, 3) in which activity positively correlated with left dIPFC
activity, contrary to expectations. This coordinate overlaps with the
vmPFC region that was sensitive to goal value in our replication sam-
ple (Figure 4). In other words, in the original study, there was some
unexpected evidence of positive connectivity between dIPFC and
vmPFC activity.

Replicating the original analysis pipeline, but deviating on the
choice of left dIPFC ROI, we did not replicate the finding of negative
functional connectivity between the left dIPFC seed voxels and left
IFG/BA46 in PPI1 (Figure 11, Table S7). This could be evidence of
nonreplication or a lack of statistical power, given the limited sample
size of our SC group (N = 15). To create optimal conditions for repli-
cation, we again deviated from the original analysis and included all
participants who exhibited any self-control during the scanner task
(N = 59) in the PPI analysis.

Within this sample, we found a small cluster of vmPFC voxels
(peak [—15 33 -18], k = 12 voxels) in which activity was negatively
correlated with activity in left dIPFC. In addition, consistent with the
original findings, we found a small cluster around the left IFG/BA46
region ([—45 45 1], k = 10) in which activity was negative correlated
with activity in left dIPFC.

Given the replication of PPI1 findings in left IFG/BA46 for the full
sample of participants who exhibited any self-control, we proceeded
with PPI2, using the new left IFG/BA46 seed ([—45 45 1]) obtained in
PPI1 (Figure 12, Figure S4, Table S8). Applying the original analysis
pipeline to only SC group participants (N = 15), we again did not repli-
cate the original findings of negative associations with vmPFC activity.
However, when including all 59 participants in PPI2, we found posi-

tive task-related functional connectivity with a cluster (peak [0 18 -2],
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k = 114) in vmPFC, although this cluster was somewhat more dorsal
than the one found in the original study.

In sum, we find evidence that a cluster in left dIPFC that is meta-
analytically associated with self-control showed direct negative, func-
tional connectivity with a vmPFC cluster and also indirect (through
left IFG) negative functional connectivity with another vmPFC cluster.
Both of these results are in line with Hypothesis 4, but only the latter
was actually found by the original authors. Further, both results only
emerged when a larger proportion of participants were included in the
analysis, pointing to potential issues with statistical power and/or the
fact that these results may not be specific to the SC group.

4 | DISCUSSION

Hare et al. (2009) were among the first to provide empirical evidence
on the neural correlates of self-control. Since then, this seminal study
has had profound impact on theory and empirical work across multiple
fields, but it has never been directly replicated. We performed a prere-
gistered, direct replication of this experiment with two goals: (1) to
further strengthen the evidence base for self-control theory and
research, and (2) to test the robustness of the original results across
analytical choices. The results of the four key hypothesis tests are
summarized in Table 2.

Our data provide further support for the now widely accepted
notion that decisions are associated with a value signal in vmPFC,
which integrates relevant choice attributes to inform a final decision
(Hypotheses 1 and 2; Table 2). Specifically, like Hare et al. (2009), we
found positive correlations between participants' goal values (choices
for food items) and activity within vmPFC, regardless of whether par-
ticipants exercised self-control. We were also able to replicate find-

ings which were reported in the original study in support of the idea

that vmPFC prioritizes choice attributes that are consistent with each
individual's subjective values. Specifically, as in the original study,
activity in vmPFC was associated with the perceived healthiness of
food items in participants who were relatively more successful at
exercising self-control in the experimental task but not in participants
who were relatively less successful. However, we did not find evi-
dence of significant differences between the two groups. Overall,
these results are in line with a broader set of literature in neuroeco-
nomics, which has described the role of vmPFC in valuation across
diverse types of stimuli (e.g., money, consumer goods, etc., for a
review see (Bartra et al., 2013)). The present study is the first to pro-
vide a direct replication of this effect in the context of food-related
decision-making. Thus, this replication study increases the confidence
in choice models of self-control which describe self-control as a
value-based choice (Berkman et al., 2017).

In addition to the replication of the originally reported analyses,
we added several analysis branches to further test the robustness of
these results. First, in a follow-up analysis to the whole-brain search
for brain regions associated with goal value (Figure 4), Hare et al.
(2009) highlight the fact that individual scale points (—2 -2) of goal
value are neatly distinguished in a step-wise pattern in their vmPFC
ROI, suggesting that the ROI can be used to precisely distinguish and
predict choices. However, the original analysis approach was opti-
mized to demonstrate this effect and requires individual-level choice
data to identify individual peak-voxels within a larger vmPFC ROI. In
addition, this analysis supports the limited conclusion that, on average,
most study participants show this step-wise encoding of goal value in
at least one voxel within a larger vmPFC area. We added an alterna-
tive analysis approach by averaging signal extracted from all voxels
within the vmPFC ROI in which activity was associated with goal
value in our replication sample. We show that the step-wise encoding

of choice behavior is largely preserved in this more general analysis,
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but that the effect size is substantially smaller. Similarly, when examin- the SC group despite the relatively large size of this replication sam-
ing relationships between health and taste ratings and average signal ple. In other words, future studies that are interested in reusing these
within vmPFC, we do not find significant encoding of health ratings in vmPFC ROIs as indicators of goal value without the luxury of an
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controllers (SC) group; (b) regions showing task-related functional connectivity with the left IFG/BA46 region (—45 45 1) among the SC group in

current study (N

= 15), thresholded at p < .005 uncorrected; and (c) regions showing task-related functional connectivity with peak voxels the left

IFG/BA46 region (—45 45 1) among all participants in the current study (N = 59), thresholded at p < .005 uncorrected

TABLE 2 Hypothesis test overview

Hypothesis (quoted from Hare et al., 2009, Replication
p. 646) findings
1. [Activity] in vmPFC should be correlated Supported

with participants' goal values regardless of
whether or not they exercise self-control

2. [Alctivity in the vmPFC should reflect the
health ratings in the SC group but not in the
NSC group.

3. [T]he dIPFC should be more active during
successful than failed self-control trials.

4. dIPFC and vmPFC should exhibit functional
connectivity during self-control trials.

Supported, with
reservations

Not supported

Mixed evidence

Abbreviations: dIPFC, dorsolateral prefrontal cortex; NSC, non-self-
controllers; SC, self-controllers; vmPFC, ventromedial prefrontal cortex.

individual-level localizer task that allows them to identify individual
peak voxels per person likely require a much larger sample to be
appropriately powered than implied by the original publication.

Further, next to vmPFC and in contrast to the original study, we
identified positive associations between goal value and activity in
clusters within the striatum at a relatively lenient statistical threshold
(p <.001, uncorrected) used in the original study. This discovery is
likely a function of the increased power in the larger replication sam-
ple and largely in line with the neuroeconomics literature on subjec-
tive valuation which regularly identifies clusters in both vmPFC and
striatum (Bartra et al., 2013). Following up on this finding, we found
some evidence of differentiation between individual levels of goal
value, even within our caudate ROI when applying the optimized anal-
ysis procedure reported in the original study. This adds to the findings
in prior work suggesting that vmPFC is not the exclusive locus of goal
value representation in the human brain.

We did not find strong evidence in support of the second set of
hypotheses (Hypotheses 3 and 4, Table 2) proposed by Hare et al.

(2009), which highlight the role of left dIPFC in self-control. First, we
examined average activity levels in left dIPFC. Even though there
were clear (and replicated) behavioral differences between partici-
pants who were relatively more and those who were relatively less
successful at exercising self-control in the scanner task, we did not
find hypothesized, statistically significant group differences in dIPFC
activity during successful self-control trials in a whole-brain analysis.
Instead, we observed relative deactivation across multiple brain
regions in NSC relative to SC, including, but not limited to, areas that
are involved in processing of subjective values such as vmPFC. One
possible alternative hypothesis supported by our data thus is that SC
do not rely on more intensive executive processing indicated by
higher dIPFC activity to downregulate subjective value in self-control
situations, they simply perceive less intensive subjective value for
“tempting” food items to begin with. Another alternative explanation
is that this null finding is due to power limitations in our data, given
that only 15 participants (compared to 19 in the original sample) quali-
fied as SC. In other words, there is a possibility that positive activa-
tions in dIPFC during self-control are simply more subtle than the
resulting deactivation in value-related areas. Although we cannot con-
clusively disentangle these contradictory ideas, note that we exclu-
sively found negative (although nonsignificant) coefficients within
dIPFC in this sample.

Next, we followed procedures reported by Hare et al. (2009) to
examine the role of dIPFC in self-control in terms of its functional
connectivity with brain activity in vmPFC. Since we were unable to
identify a functionally defined dIPFC cluster in which average activity
was involved in self-control in the replication sample, we relied on a
meta-analytically defined map from www.neurosynth.org (Yarkoni
et al., 2011) associated with the term “self-control” and intersected it
with an anatomical, left dIPFC mask. Our analyses which fully repli-
cated the original work by focusing exclusively on processes in partici-
pants who were relatively more successful SC during the scanner task
did not replicate the original findings which suggested a negative
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indirect relationship between dIPFC and vmPFC activity through
IFG/BA46 during self-control. We followed up on this null-result by
rerunning the PPI on the full sample of participants who exercised any
self-control in the scanner task (N = 59) to address concerns about
statistical power. This path was chosen given the absence of strong
theoretical arguments that the mechanisms that drive successful self-
control differ qualitatively (rather than just in intensity) between peo-
ple who are successful more often and those who are successful rela-
tively less often. Indeed, in this larger sample, we do find some
evidence of replication. Stronger still, we found evidence of direct,
negative correlations between activity within our meta-analytic left
dIPFC seed and an area within vmPFC, which was hypothesized, but
not found by Hare et al. (2009). It is important to note, however, that
we simultaneously found evidence for unexpected positive associa-
tions between activity in the left dIPFC ROI and another, more dorsal
MPEC cluster. Of note here is that the whole-brain table for this anal-
ysis in the original publication revealed a similar positive association
with an MPFC cluster in almost the exact same location (see
Figure 11). While there was (minimal) overlap between the unex-
pected MPFC cluster that showed positive functional connectivity
with left dIPFC and the vmPFC ROI that was associated with goal
value in our sample, we did not find such overlap between the vmPFC
cluster that showed the hypothesized negative association with
dIPFC. In other words, the first PPI, at best, provides mixed evidence
regarding the nature of the relationship between dIPFC and vmPFC
activity during self-control. Hare et al. (2009) proceeded to follow-up
on the lack of a negative direct association between dIPFC and
vmPFC in their first PPI by identifying a cluster in BA46 that was neg-
atively associated with dIPFC as the seed region for a second PPI. Fol-
lowing this analysis approach, we were able to replicate the original
findings, identifying a cluster in vmPFC that was positively associated
the BA46 seed identified in PP1 based on the full replication sample
(N=59) and thus indirectly negatively associated with the meta-
analytic dIPFC ROI. In sum, our replication data provides mixed evi-
dence with regards to Hypothesis 4 regarding a negative relationship
between dIPFC and dIPFC activity during self-control.

These mixed results highlight the need for additional work to fully
understand the role of the dIPFC in food-related decision-making and
in theories of self-control more generally. Overall, our findings are
most in line with a conceptualization of self-control as a simple form
of value-based decision-making in which different choice attributes
(here health and taste considerations) are encoded and integrated in
vmPFC according to subjective values of the decision-maker
(Berkman et al., 2017). This contrasts with the model that the findings
of Hare gave rise to, wherein longer-term goals (here health consider-
ations) required dIPFC involvement in order to be effectively inte-
grated into subjective value judgments (Hare et al., 2009).

A frequently voiced explanation for failed replications is that the
(cultural) context differed between the original and replication study
(Zwaan et al., 2018). In our case, the original study was performed in
the United States before 2009 and the replication in the Netherlands,
approximately 10 years later. Thus far, we are not aware of any strong

theoretical or empirical claims that the brains or fundamental

psychological processes surrounding self-control of US subjects are
different from those of Dutch study participants or that the basic neu-
ral processes of valuation and self-control have changed over the past
decade. However, what could differ between US and Dutch individ-
uals and what could have changed over the past decade is the role of
food and dieting in society, and more specifically, to what extent food
choices can generate a self-control conflict and how people cope with
that. This may—in theory—influence the way in which people respond
to the task and stimuli. Naturally, for a self-control dilemma to occur
one should have the goal to diet or eat healthy. It could be argued that
stronger goal commitment may strengthen attempts of overruling
impulses and therefore amplify control-related responses. Observa-
tional studies showed that the prevalence of dieting is higher in
Europe than in the United States (Santos et al., 2017) and a large pro-
portion of the Dutch population self-reports to diet or actively
restrain their food intake (de Ridder et al., 2014). This would speak
against this being an explanation for the null finding. It should how-
ever be noted that self-reports of dieting and dietary restraint have
been shown to be unrelated or weakly related to actual intake
(de Ridder et al., 2014; Stice et al., 2004) which casts doubt on this
measure being a reliable proxy of goal strength. We cannot rule out
but we also cannot support that goal commitment was stronger for
the successful SC in the original study compared to the current repli-
cation study.

Another important conclusion from this project is that analytical
flexibility can influence fMRI results. Specifically, for H1 and H2 we
presented two sets of results produced using two different analysis
strategies. While the overall patterns of results remained similar,
increasing confidence in the directionality of effects, effect sizes dif-
fered significantly. This has important implications for follow-up
research which may rely on existing work for power calculations. Pre-
vious work has shown that not only analytical flexibility but also dif-
ferent preprocessing approaches to the fMRI data (e.g., different
software packages and varying parameters) may affect task-based
fMRI results (Bowring et al., 2022; Mikl et al., 2008; Triana
et al., 2020). In this replication study we employed a state-of-the-art,
standardized, and optimized preprocessing pipeline provided by fMRI-
prep, which was not available to the authors of the original study
(Esteban, Markiewicz, et al., 2018). As much as possible, we chose
parameters similar to those used in the original study (e.g., the same
smoothing kernel). Though submitting the data through different pre-
processing pipelines was outside of the scope of the current study,
we acknowledge that doing so could potentially further inform the
field about the (in)variability of individual results to specific choices
made by the researchers. Unpreprocessed data for this project is
available on OpenNeuro and would support such an investigation for

those interested.

4.1 | Impacton theory

Our findings are relevant for future theorizing on self-control. Specifi-

cally, this replication data set supports the conceptualization of self-
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control as either a very simple form of value-based decision-making
(Berkman et al., 2017) or as automatic “effortless” self-control
(Gillebaart & de Ridder, 2015) rather than a dual-system which
involves conscious effortful control.

In psychology, self-control has traditionally been explained with
dual-system theories (e.g., Hofmann et al, 2008; Metcalfe &
Mischel, 1999). These theories are characterized by the notion of two
(competing) systems for processing information, namely a “hot”/auto-
matic/impulsive system and a “cold”/rational/reflective system.
According to these dual-system models, self-control is successful
when the impulses arising from the “hot” system are overcome and,
consequently, behavior is in line with long-term goals. In this tradi-
tional approach, the dilemma first must be identified and, subse-
quently, effortful and conscious inhibition is required to overcome it
(Fujita, 2011). A neurobiological parallel to these dual-system models
has been proposed in which self-control involves a balance between
brain regions representing the reward, salience and emotional value of
a stimulus and prefrontal regions associated with (effortful) inhibition
and cognitive control (Heatherton & Wagner, 2011). In this traditional
perspective, effortful and conscious impulse inhibition is a necessary
or defining feature of (successful) self-control.

A major criticism of this traditional perspective is that successful
self-control does not always require effortful inhibition or conscious
control. It has been proposed that there are many different routes to
self-control, only some of which involve effortful inhibition
(Fujita, 2011). Research has indicated that people can automate goal-
striving behaviors in response to contextual cues (Bargh et al., 2001;
Chartrand & Bargh, 1996). For instance, providing cues related to the
long-term goal (e.g., dieting cues) promotes goal-congruent choices
through goal priming (Fishbach et al., 2003; Papies, 2016; Van der
Laan et al., 2017), which is thought to occur without requiring con-
scious deliberation or effort. Further, by systematically repeating
(healthy) behaviors (healthy) habits can be created. It has been shown
that successful SC do not necessarily exert more effort; they perform
healthy behaviors automatical because of healthy habits (Galla &
Duckworth, 2015; Gillebaart, 2018).

This has led to alternative conceptualizations of self-control
which do not include or at least attenuate the role of effortful inhibi-
tion. As mentioned, recently, successful self-control has been concep-
tualized as being at least partly an automatic process in which
responses to environmental cues that are routinized (or automatically
triggered) in the direction that is in line with their long-term goals
(Fujita, 2011; Gillebaart, 2018). A second theory, which recently has
gained more traction, is to consider self-control as a simple value-
based choice (Berkman et al., 2017). Value-based decision-making
involves choosing an option from a set based on its relative subjective
value. This process involves calculating a value for each option by
evaluating various attributes—gains (e.g., improved health) and costs
(e.g., less food enjoyment), assigning weights to these attributes, and
enacting the most valued option. It should be noted that this is a
dynamic process. That is, the weight of each attribute is sensitive to

attentional shifts (e.g., being explicitly guided toward certain attributes

like health), contextual effects and framing of the choice set. Within
this conceptualization of self-control, there is nothing special about
long-term goals: attributes related to short- and long-term goals trea-
ted similar in this equation though the relative weights may be differ-
ent based on the aforementioned factors. This discussion in
psychology intersects with the ongoing debate in decision neurosci-
ence and temporal discounting where Kable and Glimcher (2007) sug-
gested there is one common valuation in vimPFC while McClure et al.
(2004) suggested that separate neural systems encode value for
immediate versus longer-term attributes.

The study of Hare conceptualizes self-control as a value-based
decision (H1, H2) but in line with traditional dual-system models it still
posi that there are dual motives and that the future part is “special™
integrating longer-term considerations into the value system, that is,
changing the weight of long-term attributes, requires involvement
from control-related areas (i.e., the dIPFC; H3, H4). Their hypothesis
about the role of the dIPFC had its basis in the role of dIPFC in cogni-
tive control and emotion regulation. The authors speculated that
vmPFC originally evolved to predict the short-term value of stimuli
and that humans developed the ability to incorporate long-term con-
siderations into values by giving structures such as the dIPFC the abil-
ity to modulate this value.

Our mixed findings regarding dIPFC involvement highlight the
need for more research to understand the role of dIPFC in assigning
weight to these longer-term consequences. The replication results
rather point to the conceptualization of self-control as either auto-
matic and “effortless” or as a (simple) form of value-based decision-
making. At a minimum, our results support the idea that that it is not
the dIPFC that is responsible for increasing the weight of the longer-
term attributes into the choice. In support of the latter: when compar-
ing successful to unsuccessful trials that required self-control in all
participants, we observed a deactivation of vmPFC, which suggests
that successful self-control in this sample may be driven by a weaker
subjective value for a given food item rather than by more intensive
control driven by dIPFC. The finding, that in successful SC, vmPFC
reflects health ratings, even though dIPFC is not active, suggests that
dIPFC activation is not needed to incorporate health into the vmPFC
value signal. Thus indeed, in line with the proposition of self-control
as a simple form of value-based decision-making (Berkman
et al., 2017), decisions may just be the result of multiple single value-

calculations.

AUTHOR CONTRIBUTIONS

Christin Scholz: Conceptualization, formal analysis, visualization, data
curation, validation, writing - original draft, writing - review and edit-
ing. Han Y. Chan: Formal analysis, writing - original draft. Russell
A. Poldrack: Conceptualization, writing - review and editing. Denise
T. D. de Ridder: Conceptualization, methodology, writing - review and
editing. Ale Smidts: Conceptualization, methodology, writing - review
and editing. Laura Nynke van der Laan: Conceptualization, methodol-
ogy, validation, investigation, writing - original draft, writing - review

and editing, project administration, funding acquisition.



4 | WILEY

SCHOLZ T AL

ACKNOWLEDGMENT
The authors would like to thank Nadine van der Waal and Timo Mat-

zen for their help with the data collection.

FUNDING INFORMATION

This work is supported by a governmental research grant: the call for
Replication studies of the Dutch Science Foundation (NWO) (grant
number: 401.16.023). The funding source had no role in the design of
this study, the data collection, analysis and interpretation of data; in
the writing of the report; and in the decision to submit the article for
publication.

CONFLICT OF INTEREST

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
The data are publicly available at OpenNeuro (accession number:
ds002643).

ORCID
Christin Scholz
Hang-Yee Chan
Russell A. Poldrack
Denise T. D. de Ridder
Ale Smidts

Laura Nynke van der Laan

https://orcid.org/0000-0001-6567-7504
https://orcid.org/0000-0001-7179-9436
https://orcid.org/0000-0001-6755-0259
https://orcid.org/0000-0002-8237-9506
https://orcid.org/0000-0002-6699-1172
https://orcid.org/0000-0003-4307-0888

REFERENCES

Bargh, J. A., Lee-Chai, A., Barndollar, K., Gollwitzer, P. M., & Trotschel, R.
(2001). The automated will: Nonconscious activation and pursuit of
behavioral goals. Journal of Personality and Social Psychology, 81,
1014-1027. https://doi.org/10.1037/0022-3514.81.6.1014

Bartra, O., McGuire, J. T., & Kable, J. W. (2013). The valuation system: A
coordinate-based meta-analysis of BOLD fMRI experiments examining
neural correlates of subjective value. Neurolmage, 76, 412-427.
https://doi.org/10.1016/j.neuroimage.2013.02.063

Baumgartner, T., Knoch, D., Hotz, P., Eisenegger, C., & Fehr, E. (2011).
Dorsolateral and ventromedial prefrontal cortex orchestrate normative
choice. Nature Neuroscience, 14, 1468-1474. https://doi.org/10.
1038/nn.2933

Berkman, E. T. Hutcherson, C. A, Livingston, J. L, Kahn, L. E, &
Inzlicht, M. (2017). Self-control as value-based choice. Current Direc-
tions in Psychological Science, 26, 422-428. https://doi.org/10.1177/
0963721417704394

Botvinik-Nezer, R., Holzmeister, F., Camerer, C. F., Dreber, A., Huber, J.,
Johannesson, M., Kirchler, M., lwanir, R., Mumford, J. A., Adcock, R. A,,
Avesani, P., Baczkowski, B. M., Bajracharya, A., Bakst, L., Ball, S,
Barilari, M., Bault, N., Beaton, D., Beitner, J., ... Schonberg, T. (2020).
Variability in the analysis of a single neuroimaging dataset by many
teams. Nature, 582, 84-88. https://doi.org/10.1038/s41586-020-
2314-9

Bowring, A., Nichols, T. E., & Maumet, C. (2022). Isolating the sources of
pipeline-variability in group-level task-fMRI results. Human Brain Map-
ping, 43, 1112-1128. https://doi.org/10.1002/HBM.25713

Button, K. S., loannidis, J. P. A., Mokrysz, C., Nosek, B. A, Flint, J,
Robinson, E. S. J., & Munafo, M. R. (2013). Power failure: Why small
sample size undermines the reliability of neuroscience. Nature Reviews.
Neuroscience, 14, 365-376. https://doi.org/10.1038/nrn3475

Camchong, J., Stenger, V. A., & Fein, G. (2013). Resting state synchrony in
long-term abstinent alcoholics with versus without comorbid drug
dependence. Drug and Alcohol Dependence, 131, 56-65. https://doi.
org/10.1016/j.drugalcdep.2013.04.002

Camus, M., Halelamien, N., Plassmann, H., Shimojo, S., O'Doherty, J.,
Camerer, C., & Rangel, A. (2009). Repetitive transcranial magnetic
stimulation over the right dorsolateral prefrontal cortex decreases val-
uations during food choices. The European Journal of Neuroscience, 30,
1980-1988. https://doi.org/10.1111/j.1460-9568.2009.06991.x

Charbonnier, L., van Meer, F., van der Laan, L. N., Viergever, M. A, &
Smeets, P. A. M. (2016). Standardized food images: A photographing
protocol and image database. Appetite, 96, 166-173. https://doi.org/
10.1016/j.appet.2015.08.041

Chartrand, T. L., & Bargh, J. A. (1996). Automatic activation of impression
formation and memorization goals: Nonconscious goal priming repro-
duces effects of explicit task instructions. Journal of Personality and
Social Psychology, 71, 464-478. https://doi.org/10.1037/0022-3514.
71.3.464

Chen, S., Dong, D., Jackson, T., Su, Y., & Chen, H. (2016). Altered frontal
inter-hemispheric resting state functional connectivity is associated
with bulimic symptoms among restrained eaters. Neuropsychologia, 81,
22-30. https://doi.org/10.1016/j.neuropsychologia.2015.06.036

de Ridder, D., Adriaanse, M., Evers, C., & Verhoeven, A. (2014). Who diets?
Most people and especially when they worry about food. Appetite, 80,
103-108. https://doi.org/10.1016/j.appet.2014.05.011

de Ridder, D. T. D., Lensvelt-Mulders, G., Finkenauer, C., Stok, F. M., &
Baumeister, R. F. (2012). Taking stock of self-control. Personality and
Social Psychology Review, 16, 76-99. https://doi.org/10.1177/
1088868311418749

Diekhof, E. K., Nerenberg, L., Falkai, P., Dechent, P., Baudewig, J., &
Gruber, O. (2012). Impulsive personality and the ability to resist imme-
diate reward: An fMRI study examining interindividual differences in
the neural mechanisms underlying self-control. Human Brain Mapping,
33, 2768-2784. https://doi.org/10.1002/hbm.21398

Duckworth, A. L., & Kern, M. L. (2011). A meta-analysis of the convergent
validity of self-control measures. Journal of Research in Personadlity, 45,
259-268. https://doi.org/10.1016/J.JRP.2011.02.004

Eisenberg, I. W., Bissett, P. G., Enkavi, A. Z., Li, J.,, MacKinnon, D. P,
Marsch, L. A., & Poldrack, R. A. (2019). Uncovering the structure of
self-regulation through data-driven ontology discovery. Nature Com-
munications, 10, 1-13. https://doi.org/10.1038/s41467-019-10301-1

Enax, L., Hu, Y., Trautner, P., & Weber, B. (2015). Nutrition labels influence
value computation of food products in the ventromedial prefrontal
cortex. Obesity, 23, 786-792. https://doi.org/10.1002/0by.21027

Enkavi, A. Z., Eisenberg, I. W. Bissett, P. G, Mazza, G. L,
MacKinnon, D. P., Marsch, L. A., & Poldrack, R. A. (2019). Large-scale
analysis of test-retest reliabilities of self-regulation measures. Proceed-
ings of the National Academy of Sciences, 116, 5472-5477. https://doi.
org/10.1073/PNAS.1818430116

Esteban, O., Blair, R., Markiewicz, C. J,, Berleant, S. L., Moodie, C., Ma, F,,
Isik, A. I., Erramuzpe, A., Kent, J. D., Goncalves, M., DuPre, E., Sitek, K.
R., Gomez, D. E. P., Lurie, D. J, Ye, Z., Salo, T., Poldrack, R. A.,
Valabregue, R., Gorgolewski, K. J. (2018). FMRIprep: 1.1.7 software
Zenodo. https://doi.org/10.5281/ZENODO.1435099

Esteban, O., Markiewicz, C. J., Blair, R. W., Moodie, C. A, Isik, A. |,
Erramuzpe, A., Kent, J. D., Goncalves, M., DuPre, E., Snyder, M.,
Oya, H., Ghosh, S. S., Wright, J., Durnez, J., Poldrack, R. A, &
Gorgolewski, K. J. (2018). fMRIPrep: A robust preprocessing pipeline
for functional MRI. Nature Methods, 161(16), 111-116. https://doi.
org/10.1038/s41592-018-0235-4

Fishbach, A., Friedman, R. S., & Kruglanski, A. W. (2003). Leading us not
into temptation: Momentary allurements elicit overriding goal activa-
tion. Journal of Personality and Social Psychology, 84, 296-309. https://
doi.org/10.1037/0022-3514.84.2.296


https://orcid.org/0000-0001-6567-7504
https://orcid.org/0000-0001-6567-7504
https://orcid.org/0000-0001-7179-9436
https://orcid.org/0000-0001-7179-9436
https://orcid.org/0000-0001-6755-0259
https://orcid.org/0000-0001-6755-0259
https://orcid.org/0000-0002-8237-9506
https://orcid.org/0000-0002-8237-9506
https://orcid.org/0000-0002-6699-1172
https://orcid.org/0000-0002-6699-1172
https://orcid.org/0000-0003-4307-0888
https://orcid.org/0000-0003-4307-0888
https://doi.org/10.1037/0022-3514.81.6.1014
https://doi.org/10.1016/j.neuroimage.2013.02.063
https://doi.org/10.1038/nn.2933
https://doi.org/10.1038/nn.2933
https://doi.org/10.1177/0963721417704394
https://doi.org/10.1177/0963721417704394
https://doi.org/10.1038/s41586-020-2314-9
https://doi.org/10.1038/s41586-020-2314-9
https://doi.org/10.1002/HBM.25713
https://doi.org/10.1038/nrn3475
https://doi.org/10.1016/j.drugalcdep.2013.04.002
https://doi.org/10.1016/j.drugalcdep.2013.04.002
https://doi.org/10.1111/j.1460-9568.2009.06991.x
https://doi.org/10.1016/j.appet.2015.08.041
https://doi.org/10.1016/j.appet.2015.08.041
https://doi.org/10.1037/0022-3514.71.3.464
https://doi.org/10.1037/0022-3514.71.3.464
https://doi.org/10.1016/j.neuropsychologia.2015.06.036
https://doi.org/10.1016/j.appet.2014.05.011
https://doi.org/10.1177/1088868311418749
https://doi.org/10.1177/1088868311418749
https://doi.org/10.1002/hbm.21398
https://doi.org/10.1016/J.JRP.2011.02.004
https://doi.org/10.1038/s41467-019-10301-1
https://doi.org/10.1002/oby.21027
https://doi.org/10.1073/PNAS.1818430116
https://doi.org/10.1073/PNAS.1818430116
https://doi.org/10.5281/ZENODO.1435099
https://doi.org/10.1038/s41592-018-0235-4
https://doi.org/10.1038/s41592-018-0235-4
https://doi.org/10.1037/0022-3514.84.2.296
https://doi.org/10.1037/0022-3514.84.2.296

SCHOLZ ET AL

WILEY_L%

Foerde, K., Steinglass, J. E., Shohamy, D., & Walsh, B. T. (2015). Neural
mechanisms supporting maladaptive food choices in anorexia nervosa.
Nature Neuroscience, 18, 1571-1573. https://doi.org/10.1038/nn.
4136

Frank, G. K. W., DeGuzman, M. C., Shott, M. E., Laudenslager, M. L.,
Rossi, B., & Pryor, T. (2018). Association of brain reward learning
response with harm avoidance, weight gain, and hypothalamic effec-
tive connectivity in adolescent anorexia nervosa. JAMA Psychiatry,
75, 1071-1080. https://doi.org/10.1001/JAMAPSYCHIATRY.2018.
2151

Fujita, K. (2011). On conceptualizing self-control as more than the effortful
inhibition of impulses. Personality and Social Psychology Review, 15,
352-366. https://doi.org/10.1177/1088868311411165

Galla, B. M., & Duckworth, A. L. (2015). More than resisting temptation:
Beneficial habits mediate the relationship between self-control and
positive life outcomes. Journal of Personality and Social Psychology,
109, 508-525. https://doi.org/10.1037/PSPP0000026

Gillebaart, M. (2018). The ‘operational’ definition of self-control. Frontiers
in Psychology, 0, 1231. https://doi.org/10.3389/FPSYG.2018.01231

Gillebaart, M., & de Ridder, D. T. D. (2015). Effortless self-control: A novel
perspective on response conflict strategies in trait self-control. Social
and Personality Psychology Compass, 9, 88-99. https://doi.org/10.
1111/SPC3.12160

Gorgolewski, K., Burns, C. D., Madison, C., Clark, D., Halchenko, Y. O,
Waskom, M. L., & Ghosh, S. S. (2011). Nipype: A flexible, lightweight
and extensible neuroimaging data processing framework in python.
Frontiers in Neuroinformatics, 5, 13.

Gorgolewski, K. J., Esteban, O., Ellis, D. G., Notter, M. P., Ziegler, E.,
Johnson, H., Hamalainen, C., Yvernault, B., Burns, C., Manh3es-
Savio, A., Jarecka, D., Markiewicz, C. J., Salo, T., Clark, D., Waskom, M.,
Wong, J., Modat, M., Dewey, B. E., Clark, M. G,, ... Ghosh, S. (2017).
Nipype: A flexible, lightweight and extensible neuroimaging data pro-
cessing framework in Python. 0.13.1. https://doi.org/10.5281/
ZENODO.581704

Gozzi, M., Raymont, V., Solomon, J., Koenigs, M., & Grafman, J. (2009).
Dissociable effects of prefrontal and anterior temporal cortical lesions
on stereotypical gender attitudes. Neuropsychologia, 47, 2125-2132.
https://doi.org/10.1016/j.neuropsychologia.2009.04.002

Hagger, M. S., Chatzisarantis, N. L. D., Alberts, H., Anggono, C. O,
Batailler, C., Birt, A. R, Brand, R., Brandt, M. J., Brewer, G,
Bruyneel, S., Calvillo, D. P., Campbell, W. K., Cannon, P. R,
Carlucci, M., Carruth, N. P. Cheung, T. Crowell, A, De
Ridder, D. T. D., Dewitte, S., ... Zwienenberg, M. (2016). A multilab pre-
registered replication of the ego-depletion effect. Perspectives on Psy-
chological  Science, 11, 546-573.  https://doi.org/10.1177/
1745691616652873

Hare, T. A.,, Camerer, C. F., & Rangel, A. (2009). Self-control in decision-
making involves modulation of the vmPFC valuation system. Science,
324, 646-648. https://doi.org/10.1126/science.1168450

Hayashi, T., Ko, J. H., Strafella, A. P., & Dagher, A. (2013). Dorsolateral pre-
frontal and orbitofrontal cortex interactions during self-control of ciga-
rette craving. Proceedings of the National Academy of Sciences of the
United States of America, 110, 4422-4427. https://doi.org/10.1073/
pnas. 1212185110

Heatherton, T. F., & Wagner, D. D. (2011). Cognitive neuroscience of self-
regulation failure. Trends in Cognitive Sciences, 15, 132-139. https://
doi.org/10.1016/j.tics.2010.12.005

Hofmann, W., Friese, M., & Wiers, R. W. (2008). Impulsive versus reflec-
tive influences on health behavior: A theoretical framework and empir-
ical review. Health Psychology Review, 2, 111-137. https://doi.org/10.
1080/17437190802617668

Hollmann, M., Hellrung, L., Pleger, B., Schlégl, H., Kabisch, S., Stumvoll, M.,
Villringer, A., & Horstmann, A. (2012). Neural correlates of the voli-
tional regulation of the desire for food. International Journal of Obesity,
36, 648-655. https://doi.org/10.1038/ijo.2011.125

Inzlicht, M., Werner, K. M., Briskin, J. L., & Roberts, B. W. (2021). Integrat-
ing models of self-regulation. Annual Review of Psychology, 72, 319-
345. https://doi.org/10.1146/annurev-psych-061020-105721

Jentsch, J. D., Woods, J. A., Groman, S. M., & Seu, E. (2010). Behavioral
characteristics and neural mechanisms mediating performance in a
rodent version of the balloon analog risk task. Neuropsychopharmacol-
ogy, 35, 1797-1806. https://doi.org/10.1038/npp.2010.47

Kable, J. W., & Glimcher, P. W. (2007). The neural correlates of subjective
value during intertemporal choice. Nature Neuroscience, 10, 1625-
1633.

Kekic, M., McClelland, J., Campbell, ., Nestler, S., Rubia, K., David, A. S., &
Schmidt, U. (2014). The effects of prefrontal cortex transcranial direct
current stimulation (tDCS) on food craving and temporal discounting
in women with frequent food cravings. Appetite, 78, 55-62. https://
doi.org/10.1016/j.appet.2014.03.010

Kelley, W. M., Wagner, D. D., & Heatherton, T. F. (2015). In search of a
human self-regulation system. Annual Review of Neuroscience, 38,
389-411. https://doi.org/10.1146/annurev-neuro-071013-014243

Kriegeskorte, N., Simmons, W. K., Bellgowan, P. S., & Baker, C. I. (2010).
Circular inference in neuroscience: The dangers of double dipping.
Journal of Vision, 8, 88. https://doi.org/10.1167/8.6.88

Levy, D. J., & Glimcher, P. W. (2011). Comparing apples and oranges: Using
reward-specific and reward-general subjective value representation in
the brain. The Journal of Neuroscience, 31, 14693-14707. https://doi.
org/10.1523/JNEUROSCI.2218-11.2011

Levy, D. J., & Glimcher, P. W. (2012). The root of all value: A neural com-
mon currency for choice. Current Opinion in Neurobiology, 22, 1027-
1038. https://doi.org/10.1016/J.CONB.2012.06.001

Lim, S.-L., O'Doherty, J. P., & Rangel, A. (2011). The decision value compu-
tations in the vmPFC and striatum use a relative value code that is
guided by visual attention. The Journal of Neuroscience, 31, 13214-
13223. https://doi.org/10.1523/JNEUROSCI.1246-11.2011

Losecaat Vermeer, A. B., Boksem, M. A. S., & Sanfey, A. G. (2014). Neural
mechanisms underlying context-dependent shifts in risk preferences.
Neurolmage, 103, 355-363. https://doi.org/10.1016/j.neuroimage.
2014.09.054

McClure, S. M., Laibson, D. I., Loewenstein, G., & Cohen, J. D. (2004). Sep-
arate neural systems value immediate and delayed monetary rewards.
Science, 306, 503-507.

Medic, N., Ziauddeen, H., Forwood, S. E., Davies, K. M., Ahern, A. L.,
Jebb, S. A., Marteau, T. M., & Fletcher, P. C. (2016). The presence of
real food usurps hypothetical health value judgment in overweight.
People, 3, 412-427. https://doi.org/10.1523/ENEURO.0025-16.2016

Meng, X., Huang, D., Ao, H., Wang, X., & Gao, X. (2020). Food cue recruits
increased reward processing and decreased inhibitory control proces-
sing in the obese/overweight: An activation likelihood estimation
meta-analysis of fMRI studies. Obesity Research & Clinical Practice, 14,
127-135. https://doi.org/10.1016/J.0RCP.2020.02.004

Metcalfe, J., & Mischel, W. (1999). A hot/cool-system analysis of delay of
gratification: Dynamics of willpower. Psychological Review, 106, 3-19.
https://doi.org/10.1037/0033-295x.106.1.3

Mikl, M., Marecek, R., Hlustik, P., Pavlicova, M., Drastich, A., Chlebus, P.,
Brazdil, M., & Krupa, P. (2008). Effects of spatial smoothing on fMRI
group inferences. Magnetic Resonance Imaging, 26, 490-503. https://
doi.org/10.1016/J.MRI1.2007.08.006

Milyavskaya, M., Berkman, E. T., & De Ridder, D. T. D. (2019). The many
faces of self-control: Tacit assumptions and recommendations to deal
with them. Motivation Science, 5, 79-85. https://doi.org/10.1037/
MOT0000108

Mumford, J. A., & Nichols, T. E. (2008). Power calculation for group fMRI
studies accounting for arbitrary design and temporal autocorrelation.
Neurolmage, 39, 261-268. https://doi.org/10.1016/j.neuroimage.
2007.07.061

Nichols, T. E., Das, S., Eickhoff, S. B., Evans, A. C., Glatard, T., Hanke, M.,
Kriegeskorte, N., Milham, M. P., Poldrack, R. A., Poline, J.-B., Proal, E.,


https://doi.org/10.1038/nn.4136
https://doi.org/10.1038/nn.4136
https://doi.org/10.1001/JAMAPSYCHIATRY.2018.2151
https://doi.org/10.1001/JAMAPSYCHIATRY.2018.2151
https://doi.org/10.1177/1088868311411165
https://doi.org/10.1037/PSPP0000026
https://doi.org/10.3389/FPSYG.2018.01231
https://doi.org/10.1111/SPC3.12160
https://doi.org/10.1111/SPC3.12160
https://doi.org/10.5281/ZENODO.581704
https://doi.org/10.5281/ZENODO.581704
https://doi.org/10.1016/j.neuropsychologia.2009.04.002
https://doi.org/10.1177/1745691616652873
https://doi.org/10.1177/1745691616652873
https://doi.org/10.1126/science.1168450
https://doi.org/10.1073/pnas.1212185110
https://doi.org/10.1073/pnas.1212185110
https://doi.org/10.1016/j.tics.2010.12.005
https://doi.org/10.1016/j.tics.2010.12.005
https://doi.org/10.1080/17437190802617668
https://doi.org/10.1080/17437190802617668
https://doi.org/10.1038/ijo.2011.125
https://doi.org/10.1146/annurev-psych-061020-105721
https://doi.org/10.1038/npp.2010.47
https://doi.org/10.1016/j.appet.2014.03.010
https://doi.org/10.1016/j.appet.2014.03.010
https://doi.org/10.1146/annurev-neuro-071013-014243
https://doi.org/10.1167/8.6.88
https://doi.org/10.1523/JNEUROSCI.2218-11.2011
https://doi.org/10.1523/JNEUROSCI.2218-11.2011
https://doi.org/10.1016/J.CONB.2012.06.001
https://doi.org/10.1523/JNEUROSCI.1246-11.2011
https://doi.org/10.1016/j.neuroimage.2014.09.054
https://doi.org/10.1016/j.neuroimage.2014.09.054
https://doi.org/10.1523/ENEURO.0025-16.2016
https://doi.org/10.1016/J.ORCP.2020.02.004
https://doi.org/10.1037/0033-295x.106.1.3
https://doi.org/10.1016/J.MRI.2007.08.006
https://doi.org/10.1016/J.MRI.2007.08.006
https://doi.org/10.1037/MOT0000108
https://doi.org/10.1037/MOT0000108
https://doi.org/10.1016/j.neuroimage.2007.07.061
https://doi.org/10.1016/j.neuroimage.2007.07.061

21 | WILEY

SCHOLZ T AL

Thirion, B., Van Essen, D. C., White, T., & Yeo, B. T. T. (2017). Best
practices in data analysis and sharing in neuroimaging using MRI.
Nature Neuroscience, 20, 299-303. https://doi.org/10.1038/NN.4500

Nieuwenhuis, S., Forstmann, B. U., & Wagenmakers, E. J. (2011). Errone-
ous analyses of interactions in neuroscience: A problem of signifi-
cance. Nature Neuroscience, 14, 1105-1107. https://doi.org/10.1038/
NN.2886

Open Science Collaboration. (2015). Estimating the reproducibility of psy-
chological science. Science, 349, aac4716. https://doi.org/10.1126/
SCIENCE.AAC4716

Papies, E. K. (2016). Health goal priming as a situated intervention tool:
How to benefit from nonconscious motivational routes to health
behaviour. Health Psychology Review, 10, 408-424. https://doi.org/10.
1080/17437199.2016.1183506

Poldrack, R. A. (2007). Region of interest analysis for fMRI. Social Cognitive
and Affective Neuroscience, 2, 67-70. https://doi.org/10.1093/scan/
nsmO006

Poldrack, R. A., Baker, C. I., Durnez, J., Gorgolewski, K. J., Matthews, P. M.,
Munafo, M. R, Nichols, T. E., Poline, J. B., Vul, E., & Yarkoni, T. (2017).
Scanning the horizon: Towards transparent and reproducible neuroim-
aging research. Nature Reviews. Neuroscience, 18, 115-126. https://
doi.org/10.1038/nrn.2016.167

Poldrack, R. A., & Poline, J. B. (2015). The publication and reproducibility
challenges of shared data. Trends in Cognitive Sciences, 19, 59-61.
https://doi.org/10.1016/j.tics.2014.11.008

Prinz, F., Schlange, T., & Asadullah, K. (2011). Believe it or not: How much
can we rely on published data on potential drug targets? Nature
Reviews Drug Discovery, 10, 712. https://doi.org/10.1038/nrd3439-c1

Qiu, Y.-W., Lv, X.-F., lJiang, G.-H., Su, H.-H., Yu, T, Tian, J.-Z,
Zhang, X.-L., & Zhuo, F.-Z. (2014). Reduced ventral medial prefrontal
cortex (vmPFC) volume and impaired vmPFC-default mode network
integration in codeine-containing cough syrups users. Drug and Alcohol
Dependence, 134, 314-321. https://doi.org/10.1016/j.drugalcdep.
2013.10.023

Rangel, A. (2013). Regulation of dietary choice by the decision-making cir-
cuitry. Nature Neuroscience, 16, 1717-1724. https://doi.org/10.1038/
nn.3561

Santos, I, Sniehotta, F. F., Marques, M. M., Carraca, E. V., & Teixeira, P. J.
(2017). Prevalence of personal weight control attempts in adults: A
systematic review and meta-analysis. Obesity Reviews, 18, 32-50.
https://doi.org/10.1111/0br.12466

Smeets, P. A. M., Dagher, A, Hare, T. A,, Kullmann, S., Van Der Laan, L. N.,
Poldrack, R. A., Preissl, H., Small, D., Stice, E., & Veldhuizen, M. G.
(2019). Good practice in food-related neuroimaging. The American
Journal of Clinical Nutrition, 109, 491-503. https://doi.org/10.1093/
ajen/nqy344

Smith, D. V., Clithero, J. A, Boltuck, S. E., & Huettel, S. A. (2014). Func-
tional connectivity with ventromedial prefrontal cortex reflects subjec-
tive value for social rewards. Social Cognitive and Affective
Neuroscience, 9, 2017-2025. https://doi.org/10.1093/scan/nsu005

Sokol-Hessner, P., Hutcherson, C., Hare, T., & Rangel, A. (2012). Decision
value computation in DLPFC and VMPFC adjusts to the available deci-
sion time. The European Journal of Neuroscience, 35, 1065-1074.
https://doi.org/10.1111/j.1460-9568.2012.08076.x

Speer, S. P. H., Smidts, A., & Boksem, M. A. S. (2022). Individual differences
in (dis)honesty are represented in the brain's functional connectivity at
rest.  Neurolmage, 246, 118761. https://doi.org/10.1016/J.
NEUROIMAGE.2021.118761

Steinbeis, N., Haushofer, J., Fehr, E., & Singer, T. (2016). Development of
behavioral control and associated vmPFC-DLPFC connectivity
explains children's increased resistance to temptation in intertemporal

choice. Cerebral Cortex, 26, 32-42. https://doi.org/10.1093/cercor/
bhu167

Stice, E., Fisher, M., & Lowe, M. R. (2004). Are dietary restraint scales valid
measures of acute dietary restriction? Unobtrusive observational data
suggest not. Psychological Assessment, 16, 51-59. https://doi.org/10.
1037/1040-3590.16.1.51

Tangney, J. P., Baumeister, R. F., & Boone, A. L. (2004). High self-control
predicts good adjustment, less pathology, better grades, and interper-
sonal success. Journal of Personality, 72, 271-324. https://doi.org/10.
1111/j.0022-3506.2004.00263.x

Trendel, O., & Werle, C. O. C. (2016). Distinguishing the affective and cog-
nitive bases of implicit attitudes to improve prediction of food choices.
Appetite, 104, 33-43. https://doi.org/10.1016/j.appet.2015.10.005

Triana, A. M., Glerean, E., Saramaki, J., & Korhonen, O. (2020). Effects of
spatial smoothing on group-level differences in functional brain net-
works. Network Neuroscience, 4, 556-574. https://doi.org/10.1162/
NETN_A_00132

van der Laan, L. N., de Ridder, D. T. D. Viergever, M. A, &
Smeets, P. A. M. (2011). The first taste is always with the eyes: A
meta-analysis on the neural correlates of processing visual food cues.
Neurolmage, 55, 296-303. https://doi.org/10.1016/j.neuroimage.
2010.11.055

Van der Laan, L. N., Papies, E. K., Hooge, I. T. C., & Smeets, P. A. M. (2017).
Goal-directed visual attention drives health goal priming: An eye-
tracking experiment. Health Psychology, 36, 82-90. https://doi.org/10.
1037/hea0000410

van Meer, F., van der Laan, L. N., Adan, R. A. H., Viergever, M. A, &
Smeets, P. A. M. (2015). What you see is what you eat: An ALE meta-
analysis of the neural correlates of food viewing in children and ado-
lescents.  Neurolmage, 104, 35-43. https://doi.org/10.1016/j.
neuroimage.2014.09.069

Wang, Q., Chen, C,, Cai, Y., Li, S., Zhao, X., Zheng, L., Zhang, H., Liu, J.,
Chen, C., & Xue, G. (2016). Dissociated neural substrates underlying
impulsive choice and impulsive action. Neurolmage, 134, 540-549.
https://doi.org/10.1016/j.neuroimage.2016.04.010

Yarkoni, T., Poldrack, R. A., Nichols, T. E., Van Essen, D. C., & Wager, T. D.
(2011). Large-scale automated synthesis of human functional neuroim-
aging data. Nature Methods, 8, 665-670. https://doi.org/10.1038/
NMETH.1635

Yeung, A. W. K. (2018). An updated survey on statistical thresholding and
sample size of fMRI studies. Frontiers in Human Neuroscience, 12, 16.
https://doi.org/10.3389/FNHUM.2018.00016/BIBTEX

Zwaan, R. A, Etz, A, Lucas, R. E., & Donnellan, M. B. (2018). Making repli-
cation mainstream. The Behavioral and Brain Sciences, 41, 1-50.
https://doi.org/10.1017/50140525X17001972

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Scholz, C., Chan, H.-Y., Poldrack, R. A.,
de Ridder, D. T. D., Smidts, A., & van der Laan, L. N. (2022).
Can we have a second helping? A preregistered direct
replication study on the neurobiological mechanisms
underlying self-control. Human Brain Mapping, 43(16),
4995-5016. https://doi.org/10.1002/hbm.26065



https://doi.org/10.1038/NN.4500
https://doi.org/10.1038/NN.2886
https://doi.org/10.1038/NN.2886
https://doi.org/10.1126/SCIENCE.AAC4716
https://doi.org/10.1126/SCIENCE.AAC4716
https://doi.org/10.1080/17437199.2016.1183506
https://doi.org/10.1080/17437199.2016.1183506
https://doi.org/10.1093/scan/nsm006
https://doi.org/10.1093/scan/nsm006
https://doi.org/10.1038/nrn.2016.167
https://doi.org/10.1038/nrn.2016.167
https://doi.org/10.1016/j.tics.2014.11.008
https://doi.org/10.1038/nrd3439-c1
https://doi.org/10.1016/j.drugalcdep.2013.10.023
https://doi.org/10.1016/j.drugalcdep.2013.10.023
https://doi.org/10.1038/nn.3561
https://doi.org/10.1038/nn.3561
https://doi.org/10.1111/obr.12466
https://doi.org/10.1093/ajcn/nqy344
https://doi.org/10.1093/ajcn/nqy344
https://doi.org/10.1093/scan/nsu005
https://doi.org/10.1111/j.1460-9568.2012.08076.x
https://doi.org/10.1016/J.NEUROIMAGE.2021.118761
https://doi.org/10.1016/J.NEUROIMAGE.2021.118761
https://doi.org/10.1093/cercor/bhu167
https://doi.org/10.1093/cercor/bhu167
https://doi.org/10.1037/1040-3590.16.1.51
https://doi.org/10.1037/1040-3590.16.1.51
https://doi.org/10.1111/j.0022-3506.2004.00263.x
https://doi.org/10.1111/j.0022-3506.2004.00263.x
https://doi.org/10.1016/j.appet.2015.10.005
https://doi.org/10.1162/NETN_A_00132
https://doi.org/10.1162/NETN_A_00132
https://doi.org/10.1016/j.neuroimage.2010.11.055
https://doi.org/10.1016/j.neuroimage.2010.11.055
https://doi.org/10.1037/hea0000410
https://doi.org/10.1037/hea0000410
https://doi.org/10.1016/j.neuroimage.2014.09.069
https://doi.org/10.1016/j.neuroimage.2014.09.069
https://doi.org/10.1016/j.neuroimage.2016.04.010
https://doi.org/10.1038/NMETH.1635
https://doi.org/10.1038/NMETH.1635
https://doi.org/10.3389/FNHUM.2018.00016/BIBTEX
https://doi.org/10.1017/S0140525X17001972
https://doi.org/10.1002/hbm.26065

	Can we have a second helping? A preregistered direct replication study on the neurobiological mechanisms underlying self-co...
	1  INTRODUCTION
	1.1  A neurobiological, value-based decision model of self-control
	1.2  Replication in neuroimaging
	1.3  Impact of the original study
	1.4  Current study

	2  MATERIALS AND METHODS
	2.1  Study design
	2.2  Participants
	2.2.1  Recruitment strategy
	2.2.2  Inclusion criteria
	2.2.3  Participant classification

	2.3  fMRI task and stimuli
	2.3.1  fMRI task
	2.3.2  Stimuli

	2.4  Procedures
	2.5  fMRI data acquisition
	2.6  fMRI data analysis
	2.6.1  Preprocessing
	2.6.2  General linear models
	First-level models
	Second-level models

	2.6.3  PPI analysis


	3  RESULTS
	3.1  Classification into SC and NSC
	3.2  Gender
	3.3  Hypothesis 1: Activity in vmPFC is correlated with participants' goal values regardless of whether or not they exercis...
	3.4  Hypothesis 2: Activity in the vmPFC should reflect the health ratings in the SC group but not in the NSC group
	3.5  H3: The dlPFC should be more active during successful than failed self-control trials
	3.6  H4: dlPFC and vmPFC should exhibit functional connectivity during self-control trials

	4  DISCUSSION
	4.1  Impact on theory

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENT
	FUNDING INFORMATION
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


