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Self-Control in Decision-Making
Involves Modulation of the vmPFC

Valuation System

Todd A. Hare,™ Colin F. Camerer,’? Antonio Rangel*?

Every day, individuals make dozens of choices between an alternative with higher overall value and a
more tempting but ultimately inferior option. Optimal decision-making requires self-control. We propose
two hypotheses about the neurobiology of self-control: (i) Goal-directed decisions have their basis in a
common value signal encoded in ventromedial prefrontal cortex (vmPFC), and (ii) exercising self-control
involves the modulation of this value signal by dorsolateral prefrontal cortex (DLPFC). We used functional
magnetic resonance imaging to monitor brain activity while dieters engaged in real decisions about
food consumption. Activity in vmPFC was correlated with goal values regardless of the amount of
self-control. It incorporated both taste and health in self-controllers but only taste in non—self-controllers.
Activity in DLPFC increased when subjects exercised self-control and correlated with activity in vmPFC.

he concept of self-control in decision-

I making has occupied philosophers and sci-
entists throughout recorded history because

the ability to exercise it is central to human success
and well-being. Behavioral studies have examined
the problem of self-control and provided valuable
insights that suggest it is exhaustible in the short
term (/-3), can be enhanced by cognitive strat-
egies (4-7), and is correlated with measures of
intelligence (8—/0). However, little is known about
the neurobiological underpinnings of self-control
and how these neural mechanisms might differ be-
tween successful and unsuccessful self-controllers.
We investigated which neural processes are
responsible for the deployment of self-control and
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how these processes interact with the brain’s val-
uation and decision-making circuitry. We hypothe-
sized that goal-directed decisions have their basis
in a value signal encoded in the ventromedial pre-
frontal cortex (vmPFC). This hypothesis has its
basis in neuroimaging studies that have found a
correlation between activity in this area and be-
havioral measures of value (//-16), as well as find-
ings from electrophysiology studies (17, 18). We
also hypothesized that self-control involves mod-
ulation by the dorsolateral prefrontal cortex
(DLPFC) of the value signals computed in
vmPFC. This hypothesis has its basis in the role
of DLPFC in cognitive control (19, 20), working
memory (21, 22), and emotion regulation (23).
To test these hypotheses, we recruited self-
reported dieters and used functional magnetic res-
onance imaging (fMRI) to study the neural activity
in vmPFC and DLPFC while the participants made
real decisions about which foods to eat. Participants
performed three tasks in the scanner (Fig. 1A) (24).
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Fig. 1. (A) The task proceeded in three parts: taste ratings, health ratings, and
decisions. (B) Percentage of the time participants chose the food over the
reference item. The SC group chose not to eat liked-unhealthy food items more

In the first two parts, they rated 50 different food
items for taste and health separately. On the basis of
these ratings, we selected a reference item for each
subject that was rated neutral in both taste and
health. In the final part, subjects were asked to
choose between each of the foods and the reference
item. One decision was randomly selected and im-
plemented at the end of the study. Participants in-
dicated the strength of their decision by using a
five-point scale (strong no, no, neutral, yes, and
strong yes), which provided a measure of their rela-
tive value for eating that food instead of the reference
item. Following the previous literature (/7), we refer
to this measure as a goal value, which refers to the
amount of expected reward associated with consum-
ing the food. Note that dieters should be concerned
with the healthiness of the foods, and not only
with their taste, and that optimal decision-making
requires integrating these two separate concerns.

Participants were classified as self-controllers
(SCs; n=19) or non—self-controllers (NSCs; n =
18) on the basis of their decisions (24). There was
a stark difference between the SC and NSC groups
(Fig. 1B): Whereas SCs made decisions on the
basis of both health and taste, rejecting most
liked-but-unhealthy items, the NSC group made
decisions on the basis of taste alone.

We made four predictions about the patterns
of neural activity, which we tested by using the
fMRI data. First, activity in vmPFC should be
correlated with participants’ goal values regard-
less of whether or not they exercise self-control.
Second, activity in the vmPFC should reflect the
health ratings in the SC group but not in the NSC
group. Third, the DLPFC should be more active
during successful than failed self-control trials.
Fourth, DLPFC and vmPFC should exhibit func-
tional connectivity during self-control trials.

We tested the first prediction by estimating a
general linear model (GLM) of blood oxygen
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often than the NSC group did (**t3; = 12.5; P < 0.0000). The SC group also ate
liked-healthy food items more often than the NSC group did (*t;5 = 2.74; P <
0.05). Error bars denote standard errors.
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level-dependent activity that included a parame-
tric regressor for goal values at the time of eval-
uation. Activity in vmPFC was correlated with
goal values for all participants regardless of the
amount of self-control exercised (Fig. 2, A and B;
fig. S1; and table S2). The areas of vmPFC iden-
tified largely overlap with regions that have been
associated with valuation in other tasks that re-
quire no self-control (//-15) (Fig. 2C).

To test the second prediction, we estimated a
new GLM that included parametric regressors for
health and taste ratings. The beta values for both
parametric regressors were extracted from the
voxels in vmPFC that exhibited the strongest cor-
relation with goal values for each participant. In
the SC group, vmPFC activity was modulated by
both health (¢;5 =4.20, P <0.001) and taste (¢ =
3.31, P < 0.005) (Fig. 2D), whereas in the NSC
group it was only modulated by taste (¢;7 = 7.28,
P <0.001). We tested this relationship further by
estimating a linear regression of the impact of
health ratings on each participant’s behavior against
a measure of the impact of health ratings on the
participant’s vmPFC activity (regression co-
efficient = 0.847, ;5 = 5.57, P < 0.001) (Fig. 2E).

We tested the third prediction by comparing
the neural responses during the decision period in
three different types of trials: those in which self-
control was not needed, those in which self-control
was successfully deployed, and those in which
participants failed to use self-control. We found
greater left DLPFC activity [inferior frontal gyrus
(IFG) and Brodmann’s area (BA) 9 (IGF/BA9)]
in the SC group than in the NSC group during
successful self-control trials (Fig. 3A and table S3).
However, both groups had greater activity in this
region for successful self-control trials compared
with that of failed self-control trials (SC group #,4=
2.29, NSC group 3 = 2.62, P <0.05) (Fig. 3B).

We tested the fourth prediction by performing
a linear regression of left DLPFC activity during

A 6 B
B 15 D
1.0}
0.5}
o
g o 3
0.5 |
1.0 |
1.5
StrongNo No Neutral Yes Strong Yes

www.sciencemag.org

0.8

self-control trials on the response of vmPFC to
the presentation of liked-but-unhealthy food items
(regression coefficient = —0.688, t;; = —2.26; P <
0.05) (Fig. 3C). Self-control in this type of trial
requires ramping down the weight given to taste
in computing the goal value. A similar decrease
in vmPFC activity was seen in gamblers who
chose not to gamble in losing conditions (25).

We also investigated whether left DLPFC and
vmPFC exhibited task-related functional connec-
tivity. An initial analysis of the psychophysiolog-
ical interactions (PPI) using left DLPFC as the
seed showed connectivity with several regions
(fig. S4 and table S4), including the left IFG/BA46
but not the vmPFC, which ruled out direct mod-
ulation from DLPFC. However, DLPFC might
modulate the vimPFC through its effect in a third
region, such as [IFG/BA46. This area was of par-
ticular interest because it is involved in working
memory and goal maintenance (21, 22), it has
anatomical connections to vmPFC (26), and pre-
vious studies have shown that IFG/BA46 activity
is correlated with goal values (11, 13). Thus, we
used this area as the seed for a second PPI analysis
and found positive task-related functional con-
nectivity with the vmPFC (fig. S3 and table S5). A
conjunction analysis confirmed that this was the
same area of vmPFC that was correlated with goal
values. Thus, the vmPFC was functionally con-
nected to the left DLPFC through a two-node
network (Fig. 4, B and C).

The results provide insight into two open
questions in behavioral neuroscience. First, they
suggest that self-control problems arise in situa-
tions where various factors (e.g., health and taste)
must be integrated in vimPFC to compute goal
values and that DLPFC activity is required for
higher-order factors, such as health, to be incor-
porated into the vmPFC value signal. We specu-
late that the vmPFC originally evolved to forecast
the short-term value of stimuli and that humans

m
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developed the ability to incorporate long-term con-
siderations into values by giving structures such as
the DLPFC the ability to modulate the basic value
signal.

Second, a fundamental difference between suc-
cessful and failed self-control might be the extent
to which the DLPFC can modulate the vmPFC.
Individual differences in the ability of DLPFC to
modulate vmPFC might be due to differences with-
in the DLPFC or to differences in connectivity be-
tween the DLPFC and other areas. The areas of
DLPFC that we have found to play a role in self-
control are similar to areas that are at work in cog-
nitive control (27, 28) and in emotional regulation
(23, 29). Our results are consistent with previous
theories of the role of DLPFC in cognitive control,
which posit that it sends signals to other brain re-
gions to promote task-relevant processing and sup-
press irrelevant activity (20). Thus, our findings
could be the start of an explanation for why general
intelligence, cognitive control, and emotional regu-
lation are all correlated with various behavioral
measures of self-control (5, 8—10).

Our findings also have implications for an on-
going debate in decision neuroscience and psy-
chology. McClure et al. (30, 31) have proposed
that intertemporal choice involves the interaction
of multiple independent valuation systems (some
characterized by very large discount rates and a
hypersensitivity to immediate rewards and others
that are more patient and thus more sensitive to
long-term considerations) that compete with each
other for behavioral control. They have also pro-
posed that the shortsighted valuation network in-
cludes the vimPFC and that the foresighted one
includes the DLPFC. In contrast, Kable and
Glimcher (/2) have argued that there is a com-
mon valuation system and that the values that
guide behavior are computed in the vimPFC-striatal
network. However, they do not provide any theory
or evidence about which neural mechanisms

Fig. 2. (A) Regions of
vmPFC in which activity
correlated with goal val-
ues across all participants
and regardless of their
degree of self-control.
See tables S1 to S5 for
the statistics corrected
.  for multiple comparisons.
(B) Beta values in vmPFC
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reflecting goal values in
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the current study (yellow) overlaps with several areas that have been
found to correlate with goal values in previous studies [dark blue
(12), light blue (14), red (13), and green (11)]. (D) Correlations
between vmPFC activity and health and taste ratings (**P < 0.005,
t test). (E) Robust linear regression showing a strong relationship
between a measure of the effect that health ratings have on vimPFC
activity and a measure of the effect that the health ratings have on
decisions. Each point represents a participant. All error bars
denote standard error. Images and coordinates are in Montreal

Neurological Institute (MNI) space.
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Fig. 3. (A) Region of left DLPFC showing greater activity in successful self-control trials in the SC than the
NSC group. Images and coordinates are in MNI space. (B) Both groups showed greater activity in DLPFC
for successful versus failed self-control trials (*P < 0.05, paired t test). (C) Activity in left DLPFC (IFG/BA9)
was negatively correlated with vmPFC activity in the SC group during trials in which liked-but-unhealthy
foods were avoided. Each point represents a participant in the SC group.

Fig. 4. (A) Left IFG/BA46 showed
negative task-related functional
connectivity with the left DLPFC
during decisions about unhealthy
items by the SC group. (B) Con-
junction analysis showing voxels
that were correlated with goal
values and exhibiting significant
positive task-related functional
connectivity with IFG/BA46 (re-
ported P values based on the PPI
analysis). (C) Diagram summariz-
ing the results of the PPI analyses
and illustrating the path through
which the left DLPFC might mod-
ulate activity in the vmPFC. Blue
lines represent negative inter-
actions, and red lines represent
positive ones. Images and coor-
dinates are in MNI space.

modulate the value signal in order to exercise self-
control. Our results bring a substantial amount of
resolution to this debate. Like Kable and Glimcher,
we find strong evidence for the existence of a
common valuation signal in the vimPFC that drives
choices regardless of the degree of self-control
deployed by the participants. Like McClure ef al.,

Negative |
Interaction |

! Postive
Interaction

our results suggest that the DLPFC plays a critical
role in the deployment of self-control. Contrary to
their theory, however, we show that this is not
because an alternative value signal is encoded in
DLPFC, which in our experiment would require a
nonexistent correlation between activity in this
area and the health ratings (fig. S5). Instead, the

DLPFC influences self-control by modulating the
value signal encoded in vimPFC.

Lastly, an improved understanding of the neu-
robiology of self-control in decision-making will
have applications to clinical practice in domains
such as obesity and addiction, to economic and
public policy analysis in problems such as sub-
optimal savings and health behaviors, and to legal
thinking about which criteria should be used in
determining if an individual is in full command of
his decision-making faculties and thus accountable
to the law.
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Materials and Methods

Subjects. Fifty-two subjects participated in the experiment. However 15 subjects did not meet
our a priori inclusion criteria based on their behavioral data (see details below). 37 subjects were
included in the analysis (20 females, mean age= 25.0 years; age range= 19 — 35 years). Subjects
were divided into two groups based on their behavioral data: successful self-controllers (the SC
group) and non-self-controllers (the NSC group). The SC group included 19 subjects (14 female,
mean age= 26.2 years, age range= 21 — 33 years; mean BMI = 24.8 + 5.2) and the NSC group
included 18 subjects (6 female, mean age= 23.4 years, age range= 19-35 years, mean BMI = 23.2
+ 5.1). All subjects were right-handed, healthy, had normal or corrected-to-normal vision, had no
history of psychiatric diagnoses, neurological or metabolic illnesses, and were not taking
medications that interfere with the performance of fMRI. Subjects had no history of eating
disorders or food allergies to any of the items used in the experiment. Subjects were told that the
goal of the experiment was to study food preferences among dieters and gave written consent
before participating. We recruited two types of subjects: 1) individuals who self-reported being
on a diet to lose or maintain weight, and 2) individuals who self-reported no current monitoring
of their diet. All subjects reported that they enjoyed eating sweets, chocolate, and other “junk
food” even though they might be restricting them from their current diet. The review board of the
California Institute of Technology approved the study.

Stimuli. Subjects rated and made decisions on 50 different food items including junk foods (e.g.,
chips or candy bars) as well as healthy snacks (e.g. apples or broccoli). The foods were presented
to the subjects using high-resolution color pictures (72 dpi). The stimulus presentation and
response recording was controlled by E-prime. The visual stimuli were presented using video

goggles.

Task. Subjects were instructed not to eat for three hours before the experiment, which is known
to increase the value that is placed on food (1).

The task had three parts, all of them done in the scanner. Subjects first rated all 50 food items for
both their taste and healthiness in two separate blocks (a taste-rating block and a health-rating
block). The order of the rating blocks was counterbalanced across subjects and the food items
were presented in random order. Ratings were made using a five-point scale that was shown on
the screen below each item. The health rating scale was: Very Unhealthy, Unhealthy, Neutral,
Healthy, Very Healthy. The taste rating scale was: Very Bad, Bad, Neutral, Good, Very Good.



To preclude responses of no interest in motor areas, the mapping of ratings to button presses was
also counterbalanced across subjects. For example, for half of the subjects Very Bad
corresponded to a ‘1’ button press and Very Good to a ‘5’ button press, whereas for the other
half the opposite order was used. Before the taste-rating block subjects were instructed to “rate
the taste of each food item without regard for its healthiness”. Before the health-rating block they
were instructed to “rate the healthiness of each food item without regard for its taste”. Subjects
had a maximum of 4 seconds to enter their rating and the trial terminated as soon as they did so.
Trials were separated by a random ITI with duration distributed uniformly between 4 and 15
seconds.

Following the two rating blocks, one item that was rated as neutral on both health and taste was
selected as the reference food for that subject. Examples of such reference items included wheat
crakers, jello, raisins, granola bars, and yogurt. A small number of subjects did not have an item
that was rated neutral in both dimensions. In these cases we selected an item that was rated
neutral on the taste scale and healthy on the health scale as the reference item. A neutral healthy
item was selected because it would still have greater overall value than a liked but unhealthy
item for a subject who made decisions based on taste information.

The final session of the experiment was a decision phase. At the beginning of this phase subjects
were shown a picture of the reference item and told that on each trial they would have to choose
between eating the food item shown in that trial and the reference food. Subjects had a maximum
of 4 seconds to enter their decision and the trial terminated as soon as they did so. Trials were
separated by a random ITI with duration distributed uniformly between 4 and 15 seconds. Each
food item was shown once for a total of 50 trials. Subjects cared about their choices because they
were required to eat the food that they chose in a randomly selected trial at the end of the
experiment. Note that because subjects did not know which trial would count, their optimal
strategy was to treat each decision as if it were the only one that counted. Although this is a
binary decision task, subjects were asked to express the strength of their preferences using a five-
point scale: Strong No (=choose reference), No (=choose reference item), Neutral, Yes (=choose
shown item), Strong Yes (=choose shown item). In the trials in which the subjects choose
‘Neutral’ a coin was flipped to determine the decision.

Subject classification.

Subjects were classified as self-controllers (SC) or non-self-controllers (NSC) based on their
behavior during the experiment, and not on their self-reports about diet status during the
recruiting process. In order to be classified as SC, subjects had to meet all of the following three
criteria:

1. The subject had to use self-control on more than 50% of the trials in which self-control
was required (i.e. decline Liked-Unhealthy items or choose Disliked-Healthy ones). For
this analysis, Strong No and No responses were counted as a ‘no’, and Strong Yes and
Yes responses were counted as a ‘yes’.

2. In a linear regression model of the decision strength on the health and taste ratings, the
coefficient for health had to be greater than the coefficient for taste.



3. The R” of a linear regression of the decision strength on the health ratings had to be
greater than the R? of a linear regression of the decision strength on the taste ratings.

The combination of these three stringent criteria was imposed to make sure that subjects labeled
as SCs were exercising self-control in a majority of the experimental trials. Note that subjects in
the NSC group used in the data analysis below failed to meet all of the three criteria, and that
subjects who met only one or two of the criteria, and thus fell in a gray area between SC and
NSC, were excluded from the final analysis.

Note also that there were more females than males in the SC group. To ensure that differences
between the SC and NSC groups were not driven by sex differences we conducted the following
tests:

1. To test for an effect of sex on the relationship between the effect that health ratings have
on vmPFC activity and the effect that the health ratings have on decisions (Fig 2E). We
repeated the robust linear regression analysis including sex as an independent variable.
The coefficient for sex was not significant (t = 1.12) indicating that sex did not influence
this relationship. The relationship between the neural beta for health ratings and the
behavioral beta for health ratings remained significant (t = 5.00, p < .001)

2. To test for an effect of sex on BOLD signal in our main regions of interest we conducted
three two sample t-tests. There was no difference between males and females in DLPFC
activity (t = -0.38), taste rating fit to vimPFC activity (t = 0.48), or health rating fit to
vmPFC activity (t=-0.54).

Behavioral data analysis.

Fig. 1B depicts the frequency with which the subjects chose the food item over the reference
food in four distinct categories: Disliked-Unhealthy, Disliked-Healthy, Liked-Unhealthy, and
Liked-Healthy. Note that the two middle categories require the exercise of self-control, but the
first and last do not. There was no difference in mean health ratings (t = -1.51, p = .14, two-
sample t-test) between the SC and NSC groups, indicating that subjects in both groups were
equally aware of the health characteristics of the food items. Table S1 lists the reaction time data
for both groups.

fMRI data acquisition.

Functional imaging was conducted using a 3.0 Tesla Trio MRI scanner to acquire gradient echo
T2*-weighted echoplanar (EPI) images with BOLD contrast. To optimize functional sensitivity
in the orbitofrontal cortex (OFC), a key region of interest, we acquired the images in an oblique
orientation of 30° to the anterior commissure—posterior commissure line (2). In addition, we used
an eight-channel phased array coil which yields a 40% increase in signal in the OFC over a
standard head coil. Each volume of images had 44 axial slices. A total of 777 volumes were
collected over three sessions in an interleaved-ascending manner. The imaging parameters were
as follows: echo time, 30 ms; field of view, 192 mm; in-plane resolution and slice thickness, 3



mm; repetition time, 2.75 s. Whole-brain high-resolution T1-weighted structural scans (1 x 1 x 1
mm) were acquired for each subject, coregistered with their mean EPI images, and averaged
across subjects to permit anatomical localization of the functional activations at the group level.

fMRI data analysis.

Preprocessing

Image analysis was performed using SPM5 (Wellcome Department of Imaging Neuroscience,
Institute of Neurology, London, UK). Images were corrected for slice acquisition time within
each volume, motion corrected with realignment to the first volume, spatially normalized to the
standard Montreal Neurological Institute EPI template, and spatially smoothed using a Gaussian
kernel with a full width at half maximum of 8 mm. Intensity normalization and high-pass
temporal filtering (using a filter width of 128 s) were also applied to the data.

General linear models (GLMs)

We used several GLMs with AR(1) to analyze the data.

GLM 1. This model was designed to identify regions in which BOLD activity was parametrically
related to goal values, and was estimated on the three parts of the experiment. The model
included the following regressors:
1. An indicator function denoting a rating or a decision trial';
2. An indicator function denoting a rating or a decision trial multiplied (i.e., modulated) by
the subject’s goal value for the food item shown in that trial.”

Note that both regressors were modeled as box-car functions with a duration equal to the
subject’s reaction time for that trial. The model also included motion parameters, session
constants, and missed trials as regressors of no interest. The regressors of interest and missed
trial regressor were convolved with a canonical form of the hemodynamic response.

Note that this GLM makes use of parametric regressors. These types of regressors are used to
look for areas in which the BOLD response varies with the magnitude of a variable of interest (in
this case the goal value). The estimated coefficient for such regressors can be roughly interpreted
as a measure of the strength of the association between the BOLD response and the variable of
interest.

! The indicator function equals 1 whenever the event occurred, and equals 0 otherwise.

% The goal value for each item was measured by the decision strength (strong no — strong yes).
Although decisions were only made during the decision block, the goal value measures were
transferred to the corresponding food items in the health and taste rating blocks to create the
regressor for all blocks.



Single subject contrasts were calculated for the difference between the parametric regressor for
goal value in the decision block and the parametric regressor for goal value in the taste-rating
block. This contrast was motivated by previous work by Plassmann et. al. (3) and it identifies
regions where BOLD activity is more correlated with the goal values in choice trials, when a
goal value needs to be computed by the brain, than in rating trials, in which some aspect of the
item was evaluated without having to make a decision.

We then estimated a second-level mixed effects analysis over all of the subjects (both SC and
NSC) by computing one-sample t tests on the single-subject contrast coefficients. The results are
shown in Fig. 2A and reported in Table S2. For visualization purposes only, all of the images
shown in the paper and supplementary materials are thresholded at p < .001 and p < .005
uncorrected. For inference purposes, the areas reported in Table S2 are whole brain corrected at
the cluster level based on the algorithm implemented in the CorrClusTh program by Thomas
Nichols (http://www.sph.umich.edu/~nichols/JohnsGems5.html). All anatomical localizations
were performed by overlapping the t-maps on a normalized structural image averaged across
subjects, and with reference to an anatomical Atlas (4).

Fig. S1 shows the average beta values (i.e., the estimated coefficients) for goal value within the
vmPFC region of interest (ROI) shown in Fig. 2A for the SC and NSC groups separately. Beta
values were extracted from individual subject peaks within this ROI to allow for variability
between subjects. The mean and standard error of these betas were computed for each group.

GLM 2. In order to explore further the results depicted above, we estimated an additional post-
hoc GLM using the data from the decision session only. This model included the following five
regressors:
1. An indicator function denoting a ‘Strong-No’ trial;
An indicator function denoting a ‘No’ trial;
An indicator function denoting a ‘Neutral’ trial;
An indicator function denoting a ‘Yes’ trial;
An indicator function denoting a ‘Strong-Yes’ trial;

Aol

Note that all of the regressors were modeled as box-car functions with a duration equal to the
subject’s reaction time for that trial. The model also included motion parameters and missed
trials as regressors of no interest. The regressors of interest and the missed trials regressor were
convolved with a canonical form of the hemodynamic response.

Fig. 2B shows the estimated betas in the vmPFC for each of the regressors. This plot was
constructed as follows. First, for each individual and type of trial we measured the associated
beta value at the peak voxel for the goal value contrast (GLM 1) inside the vmPFC ROI shown in
Fig. 2A. The individual subject peaks were selected from within this ROI to allow for variability
between subjects. Second, the mean and standard error of these betas were computed for each
type of trial.



GLM 3. An additional GLM was estimated to explore the extent to which taste and health
considerations were reflected in the activity of the vmPFC. The model was estimated in the three
parts of the experiment. It included the following regressors:
1. An indicator function denoting a rating or a decision trial;
2. An indicator function denoting a rating or a decision trial multiplied by the subject’s
health rating;
3. An indicator function denoting a rating or a decision trial multiplied by the subject’s taste
rating.

Note that subjects’ health and taste ratings were not correlated (SC group mean r = 0.033; NSC
group mean r = -0.040). All of the regressors were modeled as box-car functions with a duration
equal to the subject’s reaction time for that trial. The model also included motion parameters,
session constants, and missed trials as regressors of no interest. The regressors of interest and
missed trial regressor were convolved with a canonical form of the hemodynamic response.

Fig. 2D shows the average beta values for the parametric regressors for health and taste in the SC
and NSC groups in the vmPFC. To maximize the comparability of the results, the beta values
were extracted from the same individual subject peaks used in Fig. 2B.

GLM 4. This model was designed to identify regions whose activity increased during successful
self-control. Self-control can only be exercised during the act of choosing, and therefore, the
model was estimated only on the decision block. It included the following regressors:
1. An indicator function denoting a trial in which self-control was required (i.e. Healthy-
Disliked and Unhealthy-Liked trials) and successfully deployed.
2. An indicator function denoting a trial in which no self-control was required (i.e.
Unhealthy-Disliked and Healthy-Liked trials);
3. An indicator function denoting a trial in which self-control was required but not
deployed.
4. An indicator function denoting a trial in which the subject selected the “neutral” response
and therefore did not make a decision.

Note that all of the regressors were modeled as box-car functions with a duration equal to the
subject’s reaction time for that trial. The model also included motion parameters and missed
trials as regressors of no interest. The regressors of interest and missed trial regressor were
convolved with a canonical form of the hemodynamic response.

The following contrasts were computed for each subject: (1) successful self-control, (2) failed
self-control, and (3) the difference between successful and failed self-control trials.

We then estimated a second-level contrast by performing a two-sample t test on successful self-
control trials between the SC and the NSC groups (three subjects from the NSC group were
excluded from this contrast because they never used self-control). The results are shown in Fig.
3A and reported in Table S3. The areas reported in Table S3 are small volume corrected at the
cluster level (cluster size 21 voxels, Z = 2.74). The small volume correction was based on a



bilateral mask of the voxels in DLPFC that were active in the SC group for successful self-
control trials versus baseline at p < .05 after FWE correction.

Fig. 3B shows the beta values for successful self-control trials and failed self-control trials for
both groups. The beta values were extracted from the individual subject peaks for the contrast
successful minus failed self-control within the ROI in Fig. 3A. Four subjects from the SC group
were excluded from this analysis because they always used self-control, and three subjects from
the NSC group were excluded from this contrast because they never used self-control.

Psychophysiological interactions (PPIs)

We also estimated the following PPI models.

PPI 1. The goal of this analysis was to investigate if activity in the left DLPFC (IFG/BA 9) was
correlated with activity in the vimPFC during decision trials requiring self-control.

The analyses proceed in three steps.

First, we computed individual average time-series within a 4mm sphere surrounding individual
subject peaks within the functional mask of left IFG/BA 9 shown in Fig. 3A. Variance associated
with the six motion regressors was removed from the extracted time-series. The location of the
peak voxels was based on a post-hoc GLM was that computed for the sole purposes of this PPI
analysis. This GLM was estimated on the decision block and included two separate regressors:
one for trials where a healthy food was shown, and one for trials in which an unhealthy food was
presented.’ Individual subject peaks within the left IFG/BA9 mask were then identified based on
the areas having the strongest positive response in unhealthy trials. The seed time-courses were
then deconvolved, based on the formula for the canonical hemodynamic response, in order to
construct a time series of neural activity in left IFG/BA9. This was done following the
procedures described in Gitelman et al. (5).

Second, we estimated a GLM with the following regressors in the decision block only:
1. An interaction between the neural activity in the seed region and an indicator function for
unhealthy trials;
2. An indicator function for unhealthy trials;
3. The original BOLD eigenvariate. (i.e. the average time-series from the 4mm sphere)

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.

? This model was used in place of GLM 4 in order to increase the number of trials used in the
analysis and the variability of activity in the seed region. Note that self-control is mostly
exercised by the SC group during trials with Unhealthy-Liked items.



Note that the first regressor identifies areas that exhibit task-related functional connectivity with
IFG/BA9. In particular, it identifies areas in which the correlation in BOLD activity with
IFG/BA9 increases during unhealthy trials.

Third, single subject contrasts for the first regressor were calculated, and then a second level
analysis was performed by calculating a one-sample t test on the single-subject contrast
coefficients. The results of the second level contrast at p < .005 uncorrected and a 15 voxel
extent threshold are depicted in Fig. 4A and Table S4.

As shown in Table S4, this first PPI analysis identified multiple regions in which activity
correlated with left IFG/BA 9 during the trials in which subjects made decisions about unhealthy
foods. We chose an area of left IFG/BA 46 as a seed for a further PPI analysis. This area was
selected for the reasons mentioned in the text. Additionally, a post-hoc two-sample t-test showed
that there was stronger task related connectivity between the left IFG/BA9 and IFG/BA46 areas
in the SC than in the NSC group (t = 2.88, p < .01, Fig. S4). This t-test was based on the average
beta value across all voxels in the IFG/BA 46 region at p <.005.

PPI 2. We carried out a PPI analysis using the left IFG/BA 46 as a seed. This PPI analysis was
identical to the previous one, except that the average time-series used in the first step of the
analysis were extracted from individual subject peaks within the functional ROI in the left
IFG/BA 46 identified by the first PPI analysis at a threshold of p < .005 uncorrected. Individual
subject peaks were identified based on the strength of correlation between activity isn the left
IFG/BA46 and the left IFG/BA9. The results are described in Table S5.

To further investigate the results of this PPI analysis, we carried out a conjunction analysis by
finding the intersection of voxels that were significant in contrast for goal value at p < .05 whole
brain cluster corrected and that also exhibited significant task related functional connectivity
with left IFG/BA 46 at p < .005 uncorrected with an extent threshold of 15 voxels. The results
are depicted in Table S5 and Fig. 4B.

Note that the regions illustrated from top to bottom in Fig 4C. are 3D projections of the
functional ROIs shown in Figs 3A, 4A, and 4B, respectively.

Post-hoc robust regressions

We performed two post-hoc robust linear regressions to explore the results further.

First, we regressed a behavioral measure of the influence that health considerations had on
decisions on a neural measure of the impact that health ratings had on vmPFC activity. Each
subject was an observation. The behavioral measure was given by the estimated coefficient for
health in a regression of health and taste ratings on decision strength (goal value). The neural
measure was the beta value for health rating at the individual subject peaks in vmPFC as
described in the procedures for Fig. 2B. The results of this analysis are depicted in Fig. 2E.

Second, we regressed a neural measure for activity in left [IFG/BA 9 on a measure of neural
activity in vmPFC during decision trials for liked-unhealthy items. Each subject was an



observation. The independent variable was the beta value for successful self-control trials at
individual peak voxels from the left IFG/BA 9 ROI in Fig. 3B. The dependent variable was
estimated using a post-hoc GLM were decision trials were spilt into four regressors based on the
health and taste ratings (Disliked-Unhealthy, Disliked-Healthy, Liked-Unhealthy, Liked-
Healthy). The dependent variable was given by the beta value for each subject for the liked-
unhealthy regressor extracted at individual peak voxels from a vmPFC ROI.
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Fig. S1. Average betas representing the correlation between vmPFC activity and goal
values in both groups. The blue bar shows the mean =+ standard error for the SC group (t;s=
5.44, p <.0001) and the red bar shows the mean + standard error for the NSC group (t;7=

6.96, p <.0001).
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Fig. S2. A) Statistical parametric map displaying all regions showing negative task related
functional connectivity with IFG/BA 9 in the SC group at p < .005 and an extent threshold
of 15 voxels. The IFG/BA 46 region is circled in red. B) Areas of IFG in which activity has
been shown to correlate with goal values in previous studies. Light blue: the area of
IFG/BA 46 from part (A). Green: taken from Plassmann et. al. (3). Yellow: taken from
Hare et. al. (6). Red: area correlating with goal values (p < .005 unc.) in the current study
for a contrast that includes all subjects. Note that for ease of comparability the sign of the
x-coordinates has been inverted for the areas reported in (3, 6) so that they show up on the
left side (in the original papers the peaks of activation occurred in the right IFG).
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Fig. S3. Statistical parametric map of voxels in the vmPFC showing task related functional
connectivity (PPI) with IFG/BA 46 in the SC group.
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Fig. S4. Average beta values measuring the correlation between BOLD activity in

IFG/BA9 and IFG/BA46 in the SC and NSC groups (t =2.88, p <.007). The blue bar
shows the mean + standard error for the SC group. The red bar shows the mean =+ standard

error for the NSC group.
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Fig. S5. Effect sizes for the parametric regressor for health ratings from GLM 3 in [IFG/BA
9. The blue bar shows the mean and confidence interval for the SC group. The red bar
shows the mean and confidence interval for the NSC group. Average beta values were
extracted from all voxels within the IFG/BA 9 ROI shown in Fig. 3A at p <.005

uncorrected.
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Table S1. Mean reaction times by rating and self-control status.

Food Rating SC group NSC Group

Disliked-Unhealthy 1390 (SEM=77) 1882 (SEM=183)
Disliked-Healthy 2175 (SEM=173) 1651 (SEM=197)
Liked-Unhealthy 1710 (SEM=83) 1708 (SEM=103)
Liked-Healthy 1591 (SEM=102) 1732 (SEM=119)

Values are in milliseconds.
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Table S2. GLM 1. Areas exhibiting a stronger correlation with goal values during decision
trials than during taste-rating trials.

MNI
Region Side BA Coordinates Z
Anterior Cingulate /Medial Frontal Gyrus R 10/32 351 3 3.54*
Anterior Cingulate /Medial Frontal Gyrus L 10/32 -345 6 3.34*
Medial Orbital Frontal Cortex R 11 3 36-12 2.99*
Middle Frontal Gyrus L 9/10 -30 42 18 3.1
Anterior Cingulate L 32 -3 39 21 2.95

*significant at p < .05 after whole brain cluster correction with a t threshold of 2.72 and an
extent of 156 voxels (4212 mm®)
For completeness, peaks are reported for all clusters > 25 voxels at p <.005 unc.
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Table S3.GLM 4. Areas exhibiting a stronger response in successful self-control trials in
the SC group than in the NSC group.

MNI

Region Side BA Coordinates Z

Inferior Frontal Gyrus L 9 -48 15 24 3.63*
Precentral Gyrus R 4 27-27 66 4.04
Inferior Parietal/Superior Temporal Gyrus R 40/42 60 -36 18 3.87
Precentral Gyrus L 4 -48 -12 48 3.84
Medial Frontal/Cingulate Gyrus R 6/24 12 -18 42 3.7
Inferior Parietal/Superior Temporal Gyrus L 40/42  -60-33 21 3.69
Putamen L -21 -3 -3 33
Precuneus L 5 -12-42 60 3.29
Precentral Gyrus L 6 -21 -21 66 3.27
Putamen R 18 0 O 3.21
Precentral Gyrus R 4/6 42 -12 45 3.06

*significant at p < .05 after on small volume correction at the cluster level with a t
threshold of 2.72 and an extent of 21 voxels (567 mm®). Small volume correction was
based on a bilateral functional mask of voxels in DLPFC that were active in the SC group
for successful self-control trials versus baseline at p <.05 after FWE correction.

For completeness, peaks are reported for all clusters > 25 voxels at p <.005.

17



Table S4. PPI 1. Regions showing task related functional

connectivity with the left

IFG/BAO.
MNI

Region Side BA Coordinates
Positive
Medial Frontal Gyrus R 10 12513 291
Negative
Inferior and Superior Parietal Lobule L 7/40 -27-60 51 4.1
Middle Frontal Gyrus R 9 54 30 30 3.94
Cerebellum-Culmen R 42 -48 -30 3.78
Lingual Gyrus R 18 9-90 -3 3.75
Inferior Frontal Gyrus' L 46 -45 42 12 3.74
Cerebellum-Vermis L -3-42-15 3.69
Fusiform Gyrus L 37 -42 -51 -24 3.66
Cerebellum-Vermis R 3-54-33 3.59
Cerebellum-Declive R 9-84-24 3.57
Parahippocampal Gyrus/Midbrain L -12-27-15 3.51
Fusiform Gyrus R 19 33-78 -21 3.48
Medial Frontal Gyrus L 8 -3 24 45 3.43
Inferior and Superior Parietal Lobule R 7/40 33-66 45 3.39
Middle Frontal Gyrus R 9 -54 15 36 3.36
Middle Occipital Gyrus R 17 -9-96 -3 3.28
Cuneus R 30 -9-63 6 3.17
Cingulate Gyrus R 23 -3-27 33 3.01
Middle Occipital Gyrus L 37 -48 -69 -6 2.98

Threshold: 15 voxels, p <.005 uncorrected.

1 seed region for PPI analysis reported in Table S5.
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Table S5. PPI 2. Regions showing positive task related functional connectivity with the left
IFG/BA46 region.

MNI
Region Side BA Coordinates Z
Medial Orbitofrontal Cortex R 11 3 33-12 3.25%
Anterior Cingulate/Medial Frontal Gyrus L 10/32 -3 48 12 3.04
Medial Frontal Gyrus R 10 12 51 0 3.01

Threshold: 15 voxels, p <.005 uncorrected.

* peak for conjunction analysis of all voxels showing 1) significant task related functional
connectivity with the left IFG/BA46 at p<.005 uncorrected and 2) a significant correlation
with goal value at p<.05 whole brain cluster corrected.
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