RUNNNG TITLE: Corticostriatal mechanisms of fooceking

Dissociable corticostriatal circuits underlie goaldirected
versus cue-elicited habitual food seeking after sation: Evidence from a
multimodal MRI study

Henk van Steenbergef) Poppy Watsot', Reinout W. Wierd®, Bernhard Homméf,
& Sanne de Wit

1. Leiden Institute for Brain and Cognition, The Netherlands
2. Leiden University Institute of Psychology, The Netherlands
3. Amsterdam Brain and Cognition, University of Amsterdam, The Netherlands
4. Department of Clinical Psychology, University of Amsterdam, The Netherlands
5.Addiction Development and Psychopathology (ADAPT) lab, Department of Devel opmental
Psychology, University of Amsterdam, The Netherlands

In press at
European Journal of Neuroscience

Corresponding author:

Henk van Steenbergen

Wassenaarseweg 52

2333 AK Leiden

The Netherlands

Phone number: +31 (0)71 527 3655

Fax number: +31 (0)71 527 3783

E-mail address: HvanSteenbergen@fsw.leidenuniv.nl

Author contributions:

All authors were involved in the design of this dstu HvS performed data collection and
analyses. HvS, PW and SdW interpreted the datavaoig a first draft of the article. All authors
provided critical revisions.

Acknowledgements:

We thank dr. John O'Doherty for his valuable inpuitan earlier version of this paper. We are
grateful to Christina Pfeuffer for her invaluablehin setting up this study. We thank Nienke
Pannekoek and Jelle van Leusden for their hel@ia dcquisition and Wouter Weeda for his
advice on the analyses. This research was mad#leolsg funding received from the
Netherlands Organization for Scientific ResearciV®{ 433-09-243).

Keywords:

Decision-making; Goal-directed behavior; Habituahavior; Pavlovian-Instrumental Transfer;
Food-seeking; Corticostriatal circuits; Functionslagnetic Resonance Imaging; Diffusion
Tensor Imaging;Voxel-Based Morphometry

Word count: 8813 (Main text)



Corticostriatal mechanisms of food seeking

Abstract

The present multimodal MRI study advances our wtdading of the corticostriatal
circuits underlying goal-directed versus cue-drivéabitual food seeking. To this end, we
employed a computerized Pavlovian-instrumentalsfieen(PIT) paradigm. During the test phase,
participants were free to perform learnt instruraémésponses (left and right key presses) for
popcorn and Smarties outcomes. Importantly, poothts test half of the participants had been
sated on popcorn and the other half on Smartiessulting in a reduced desirability of those
outcomes. Furthermore, during a proportion of th& trials, food-associated Pavlovian cues
were presented in the background. In line with ey studies, we found that participants were
able to perform in a goal-directed manner in theeabe of Pavlovian cues, meaning that specific
satiation selectively reduced responding for tloatdf However, presentation of Pavlovian cues
biased choice towards the associated food rewagdrakess of satiation. Functional MRI
analyses revealed that, in the absence of Pavl@uias, posteriorventromedial prefrontal cortex
tracked outcome value. In contrast, during cuedstrithe BOLD signal in the posterior putamen
differentiated between responses compatible amumpatible with the cue-associated outcome.
Furthermore, we identified a region in ventral anfglg showing relatively strong functional
connectivity with posterior putamen during the cuedls. Structural MRI analyses provided
converging evidence for the involvement of corttdasal circuits: diffusion tensor imaging data
revealed that connectivity of caudate-seeded whaé#er tracts to the ventromedial prefrontal
cortex predicted responding for still-valuable autes; and gray matter integrity in the premotor

cortex predicted individual Pavlovian cueing eféect
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Introduction

When sated on a particular food, humans and othierads typically no longer attempt to obtain
that food, indicating that the behavior is under ¢control of reward expectancy and evaluation of
its current desirability. In that case, behavioretsethe cognitive and motivational criteria of
goal-directed behavior as described by Dickinsod emlleagues (de Wit & Dickinson, 2009;
Heyes & Dickinson, 1990; but for an alternative idigbn of goal-directed behavior see
Hommel, 2015). However, under certain conditionsnest notably, following prolonged
repetition of the food-seeking behavior - food s$egkwill become habitual and will
consequentially continue despite satiation (Adab®82; Colwill & Rescorla, 1985, 1988). To
explain this loss of behavioral flexibility, duatgress models of action selection propose that
with repetition a transition takes place from flari value-driven goal-directed behavior towards
predominantly cue-driven habits that are triggenependently of the current desirability of the
outcome (Dickinsoret al., 1995; de Wit & Dickinson, 2009; Balleine & O’Dattg, 2010;
Hogarth & Chase, 2011; Hugsal., 2011; Hogarth, 2012).

An experimental model of cue-driven instrumentabich behavior is provided by the
(outcome-specific) Pavlovian-instrumental transi@lT) paradigm, which was originally
developed in animal research (Estes, 1948; Col&ilRescorla, 1988a) and more recently
translated to humans (Brayal., 2008; Allmanet al., 2010; Hogarth & Chase, 2011; Preveist
al., 2012; Watsoret al., 2014; Eder & Dignath, 2015). The idea behind tmsadigm is that
reward-associated cues will tend to trigger belravibat are associated with those rewards. For
example, the influence of commercials and advemt$ood seeking and consumption (see e.g.,

Harris, Pomeranz, Lobstein, & Brownell, 2009) coblkel mediated by such a mechanism. To
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illustrate, the well-known golden arches could mnetnone of cheeseburgers, which could in turn
inspire a visit to McDonald’s to purchase one.

To study this form of cue-driven behavior, a typiP4T task consists of three separate
stages (see Figure 1 for an example). In the {irgtrumental) stage, participants learn to
respond (R) for certain outcomes (O), which shdeltl to the formation of O-R associations
(e.g., Smarties> left key press; popcors> right key press). In the second (Pavlovian) stage,
they learn to associate a set of neutral stimuliwBh the same outcomes as in instrumental
training, leading to S-O associations (e.g., tdang Smarties; circle> popcorn). In the final
transfer test phase, the effect of stimulus prediemt on action selection is tested. Many studies
have shown that the Pavlovian cues tend to bigsoneng in the direction of the signaled
outcome (e.g., an increase in responding for cladealhen the triangle is presented), implying
cue-driven behavior that is mediated by indiredD-& associations (see Figure 1C for an
illustration).

The question arises whether the cue-driven behawidhe PIT paradigm provides a
model of habitual behavior, in the sense that treddehavior is insensitive to current outcome
value. In support of this idea, several studieshahserved that actions driven by Pavlovian cues
are resistant to devaluation of the outcome thrdaglkexample satiation, both in rodents (Colwill
& Rescorla, 1990; Rescorla, 1994; Holland, 2004tb@at al., 2007) and humans (Hogarth et
al., 2012; Hogarth & Chase, 2011; Watson et all42@or notable exceptions, see Aliman et al.,
2010; Eder & Dignath, 2015). Because of this latknamediate sensitivity to changes in the
motivational significance of an outcome, PIT isupgbt to be mediated mainly by the sensory as
opposed to hedonic features of the outcome (seanizér & Oakeshott, 2007). The sensory
features of the outcomes signaled by the Pavlogigmulus are likely encoded in ventral

amygdala (Balleine & Killcross, 2006) as was relyeadnfirmed in a high-resolution functional
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magnetic resonance imaging (fMRI) in humans (Preebsl., 2012). In turn, the posterior
putamenhas been implicated in overtrained, habitual respoding that is insensitive to
devaluation (Tricomi et al., 2009) but also to the PIT effect (Brayt al., 2008).

The aim of the present study was to replicate atdné the available evidence on the
neural mechanisms underlying Pavlovian cue-drivetioa control (via sensory outcome
representations) and to compare it directly with véue-driven, goal-directed actions in the
absence of a cue. To this end, we used a modifiedrsion of a combined PIT/outcome
devaluation paradigm that was recently employed byur group (Watsonet al., 2014). This
experimental design measures instrumental responsés food rewards in the presence and
absence of food-associated cues, allowing us tonty brain regions specifically involved in
cue-driven behavior. Furthermore, in order to reved regions involved in value-driven
behavior, value will be manipulated by sating parttipants selectively on one of the food
rewards. With regard to the behavioral results, we expecepdicate the findings by Watson and
colleagues (Watsoet al., 2014), who showed that satiation reduces respgnior the devalued
food outcome in the non-cued condition (indicatagon selection based on expected value) but
does not affect outcome-specific transfer in thedceonditions (indicating action selection
driven by the cue). We adopt a multimodal MRI apgtoto investigate neural activity as well as
individual differences in brain structure that urideuncued goal-directed versus cued habitual
behavior. The functional MRI analyses aimed to alyecompare neural activity related to
responding for valuable (versus devalued) outcomébe presence and absence of outcome-
associated stimuli (during cued and non-cued ftria@spectively). We hypothesized that goal-
directed actions during non-cued trials should im&othe ventromedial prefrontal cortex
(vmPFC), as observed in previous studies (Gottietead., 2003; Valentiret al., 2007; de Witt

al., 2009; Glascheet al., 2009). On the other hand, we expected that owtegpecific transfer



Corticostriatal mechanisms of food seeking

during cued trials should involve the posteriorgooén and ventral amygdaia, line with the
idea that PIT provides a mechanism for cue-drivenhabitual responding(Bray et al., 2008;
Prevost et al., 2012) The structural MRI analyses were conducted tb ttes prediction that
individual differences in value- and cue-driven &abr relate to dissociable corticostriatal white
matter connectivity and gray matter integrity (Rale & O’Doherty, 2010) as identified by
Diffusion Tensor Imaging (DTI) tractography and \é»Based Morphometry (VBM),
respectively.Support for two dissociable corticostriatal networks comes indirectly from
studies that have used white matter tractography taeveal connections between vmPFC
and caudate, and between posterior putamen and prestor cortex (Lehéricy et al., 2004;
Draganski et al., 2008). Furthermore, one study reported that the stimated strength of
these anatomical connections was related to individl differences in the balance between
flexible, goal-directed behavior and habitual respoding, respectively (de Witet al., 2012;
for partial replication, see Delormeet al., 2016). Here, v tested for the first time whether
goal-directed action (during the non-cued trialsyl &abitual responding (during the cued PIT
trials) were related to neural integrity in theseidate-vmPFC and posterior putamen-premotor

cortex circuits, respectively.
Materials and Method
Participants

Thirty healthy right-handed volunteers (age 18—28rg; 6 males) with normal vision and
no dental braces participated in the study. Wendidcontrol for the menstrual cycle phase of the
female subjects. All participants were asked toareffrom eating for at least two hours before
the start of the experiment. The volunteers gavtemrinformed consent and they were paid 25

euros for participation in this experiment whiclokcabout 90 minutes in total. The experiment



Corticostriatal mechanisms of food seeking 7

was approved by the medical ethics committee oflLiiden University Medical Center. Six
participants were excluded from further analysesabse they scored at or below 50% chance
level on the instrumental query trials presentddrahe test phase, which indicated a failure to
learn the correct response-outcome associationeleetihe two response keys and the popcorn
and Smarties outcomes. One other participant wasexdcluded because of a failure to respond
to the no-outcome stimulus. In addition, due t@ehhical issue, scanning data were not stored
for one other participant.

Of the remaining 22 participants (4 males) used tfeg behavioral analysis, three
participants were excluded for the functional MR&lysis on goal-directed behavior to preclude
empty cells in the event-related model (these @pent never preferred the devalued response
during the non-cued trials). All other fMRI analgs@cluded this same set of 19 participants (4
males), except for: the functional MRI analysisaricome-specific transfer which excluded an
additional eight participants (these participargsar made an incongruent response to the valued
and/or devalued cue) resulting in 11 participadtsn@les) being included for analysis; and the
functional connectivity analysis which excluded auditional three participants (these
participants never made any incongruent responssn wbllapsing valued and devalued cues)
resulting in 16 participants (4 males) being inelddor analysis. For the structural MRI analyses,
one participant out of the 22 participants was @detl because of a technical issue with the DTI

acquisition.
Study Procedure and Pavlovian-Instrumental Transfer(PIT) task

We replicated a study design recently developedMayson et al. (2014). We used real
food outcomes: mini chocolate Smarties (Nestle, ddlbries per 104), and salted popcorn

(Albert Heijn, 525 calories per 1@). The study consisted of instrumental and Paglowaining
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phases and a satiation manipulation outside thenscaFigure 1A) followed by a test phase

inside the scanner (Figure 1C). At the start ofdkperiment, participants sampled the Smarties
and popcorn and rated on Likert scales how much diesired eating each food (TO). They were
also asked to rate their hunger. The participamisopned the training phases in a supine
position with a head coil and viewed the stimutotigh a mirror, thus mimicking the subsequent
test phase in the MRI scanner.

Phase 1: Instrumental Training (R-O learning).Upon presentation of a purple box in
the center of the screen (the availability windoparticipants could press on one of two keys
using one finger of their right hand to obtain popcor Smarties (response—outcome relationship
counterbalanced). Participants were instructed tmateach trial only one of the two food
outcomes would be available which was to be lealmettial and error. They were instructed to
continue trying both keys until they won somethinghdicated by a popcorn or Smarties image
on the screen. Participants were asked to try @auach lthe relationships between the keys and the
food outcomes and were told that they occasionathyld be tested on this. The amount of
specific key presses needed to show the imageeofotbd outcome available on that trial was
determined by a variable ratio schedule of 10 xd&sges. The image remained on the screen for
1s and then was followed by a 1.5 s inter-trial ivé (ITl) during which the box turned dark
grey. Every fourth time that a specific food imagas presented, a sound indicated that the
experimenter would provide the participant one @ietthat food (popcorn or chocolate Smartie)
to be consumed immediately. The ITI was 6s aftes¢heating’ trials. The instrumental training
phase presented four blocks in which the two dffiéfood outcomes were both available three
times, in random order (24 trials in total). Theesn background was always a black and white
checkerboard and all stimuli were overlaid on thaskground. The checkerboard used the same

distribution of black/white pixels as the stimuwi énsure matched luminance. At the end of the
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second and fourth instrumental blocks, four insental query trials (each food outcome
presented twice in random order) were presentddstothe knowledge about response-outcome
contingencies. On each query trial a picture diexitpopcorn or Smarties was presented, upon
which the participant was asked to press the katygheviously yielded that food outcome. After
participants pressed a key, they received feedbacteir choice by presentation of the words
‘correct’ or ‘incorrect’ for 2s, which was followealy a 0.5-s ITI.

Phase 2: Pavlovian Training (S-O learning).This phase involved learning the
relationships between three counterbalanced Pariasiies (black and white patterns) and three
different food outcomes (popcorn, Smarties, or nteome) while participants passively viewed
the screen. They were asked to pay attention bedhey would be occasionally tested on their
knowledge of the relationships between the pattants the food outcomes. During each trial,
one of the three Pavlovian cues was presentedsfoariti was then overlaid with the picture of
the food (or the word “nothing”) outcome for 1s.eTA| was 1.5s. during which a fixation cross
was presented in the middle of the screen. Evargtlidime that a specific food outcome picture
was presented, a sound signaled that during theegukent 6-s ITI the participant should
consume a piece of that food that was presentethdyexperimenter. The Pavlovian training
phase contained four blocks. During each blockttitee cues were presented three times in
random order (36 trials in total). At the end of gecond and fourth block, Pavlovian query trials
tested the participants on their knowledge of the-outcome contingencies. On each query trial,
one of the Pavlovian cues was presented, upon wthelparticipant had to select the picture of
the outcome that had followed this cue using a mouRarticipants received feedback by
presentation of the words ‘correct’ or ‘incorreftt 2s along with the image of the correct food
outcome that had been signaled by the cue. Duranh délock of query trials the three cue-

outcome combinations were presented twice in ranolalar (six trials in total).
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Phase 3: Satiation Manipulation. Following these training phases, participants were
seated in a comfortable chair and filled in hungied food wanting ratings for the second time
(T1). Then participants watched 10 minutes of teeeS 1 Episode 2 of the popular American
TV show “Modern Family” while trying to eat 100 gna of either smarties or popcorn (type of
satiated food counterbalanced across subjects)se§ukntly, the participants completed the
hunger and food wanting ratings again (T2) anddrdtew much they enjoyed watching the
show.

Phase 4: Non-cued and Cued Test Trial®articipants were brought to the MRI scanner
where the test phase of the PIT task was run imabelgti after a reference scan of the brain was
made. During this test phase participants weretfyeespond on the popcorn and Smatrties keys
as often as they liked in order to win these foottomes. No food was in sight during this phase
of the task. During the non-cued trials, we assksbeice behavior in the absence of Pavlovian
cues to see whether participants would respondviali@e-directed manner (i.e. try to win food
outcomes they had not been sated on). During ted tnials, we assessed whether presentation
of the different Pavlovian cues would bias respogdin different keys (via S-O-R associations).

Before the test phase started, participants westeuicted that they could push on either
key as often as they liked in order to win popcorrchocolate Smarties during 3-s periods in
which a purple box was presented. They were todd, ths before, only one of the two food
outcomes would be available on each trial but tiiattime they would not be told after each trial
which food they had won. Instead, they would find at the end of the test phase how many
Smarties or pieces of popcorn they had earned laey would then eat thes@he test was
therefore conducted in nominal extinction. Discontiuing to present the (devalued and still-
valuable) outcomes contingent upon responding in #htest phase is crucial in order to

prevent novel learning. Outcome-devaluation as welds PIT studies therefore typically
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conduct the critical test phase in extinction, to kow investigation of immediate adjustments

of choice behavior on the basis of value (as manifated by satiation) and cues (as measured
on uncued versus cued PIT trialsParticipants were instructed that they would oarzaly see
patterns appear on the screen but they should piyniacus on the purple box indicating the
availability to respond for food outcomes. The teistis were presented in ten blocks with two
trials of each of the three Pavlovian cues andna-cued trials, in random order (amounting to
80 trials in total). During each inter-trial intev(jittered duration between 2.2s and 8.2s.), the
screen contained a black and white checkerboardhmluas overlaid by a grey box. After this
inter-trial interval, the grey box turned purple ® seconds, and the background either changed
into a checkerboard with flipped colors (non-cuedlg) or presented one of the Pavlovian
background cues (cued trials).

After receiving the above instructions, particigafitrst received five demo non-cued
trials. After the demo, the test trials were présdnwhile EPI scans were acquired and the
number of presses on each key was recorded. Aenleof the test phase, a block of four
instrumental query trials tested whether the paditts remembered the instrumental response—
outcome relationships from the instrumental tragnsession. The timing was the same as
reported previously, but the participants did remieive feedback on these query trials. Following
the scan session of anatomical scans, participaogsved their earned food rewards, weight and

height were measured and the participant was paldrenked for participation.
Behavioral analyses

We conducted repeated-measures ANOVAs on dataviya labeled in terms of valued
and (to-be) devalued outcomes/responses/cues. &tveedn-subjects factor satiation group

coded whether participants were satiated on chteaa popcorn All within-subject factors
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used for the specific analyses are mentioned in thhespective Results section&reenhouse-
Geisser correction was applied when assumptiosploéricity were violated. In these cases, we
report corrected p-values along with the originegides of freedom. All significant effects (p <
0.05) are reported. We also report t-tests for egisnt planned comparisons. Pearson
correlations between self-report data and behaviodices are also reported (see Results). We

report two-tailed p-values throughout the paper.
MRI Data Acquisition

Scanning was performed with a standard whole-heddn a 3-T Philips Achieva MRI
system (Best, The Netherlands) in the Leiden Usit)eiMedical Center. During the task, 312
T2*-weighted wholebrain EPIs were acquired, inchgd? dummy scans preceding the scan to
allow for equilibration of T1 saturation effectsRT= 2.2 s; TE = 30 ms, flip angle = 80°, 38
transverse slices, 2.75 x 2.75 x 2.75 mm +10% shter gap). Stimuli were projected onto a
screen that was viewed through a mirror at the le@aidof the scanner. After the functional runs,
a high-resolution EPI scan (TR = 2.2 ms; TE =30z angle = 80°, 84 transverse slices, 1.964
x 1.964 x 2 mm) and a BO field map were acquireddgistration purposes. This was followed
by a 3D T1l-weighted scan (TR = 9.8 ms; TE = 4.6 ftisangle = 8°, 140 slices, 1.166 x 1.166
x 1.2 mm, FOV = 224.000 x 177.333 x 168.000) amiffasion-weighted scan using spin-echo
echo planar imaging (TR = 7.316 s; TE = 69 ms; #h&-thick axial slices; matrix size 128 x
128; in-plane resolution, 1.875 x 1.875 MnDTI data were acquired in two scans in an aoteri
to-posterior and posterior-to-anterior directiomttBscans were acquired along 30 directions and

also included a baseline image having no diffuswerghting (b = 0).

fMRI Preprocessing
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FMRI data analysis was carried out using FEAT (FMEpert Analysis Tool) Version
5.98, part of FSL (FMRIB’s Software Library, www.fib.ox.ac. uk/fsl) (Smitlet al., 2004). The
following pre-statistics processing was applied: tiomo correction, BO unwarping, brain
extraction, spatial smoothing using a GaussiandteshFWHM 8.0 mm, grand-mean intensity
normalization of the entire 4D dataset by a singleltiplicative factor, high-pass temporal
filtering (Gaussian-weighted least-squares stralgig fitting, with sigma = 60.0 s). In native
space, the fMRI time series were analyzed usingvamt-related approach in the context of the
general linear model with local autocorrelationreotion. The different models used to test our
hypotheses are described in detail below. All m®dedre high-pass-filtered (Gaussian-weighted
least-squares straight-line fitting, with sigma &.@®s). For all models, the trial type regressors
used square-wave functions to represent stimuluastidn and were convolved with a canonical
HRF and its temporal derivative. After confirmirtgat individual runs were registered correctly
and did not indicate excessive motion, the rele@@PE images were transformed to standard
space via a high-resolution EPI image and T1 infagang FLIRT) and were then merged into a

single 4D file for statistical analyses.
Specification of fMRI models to test brain-activity hypotheses

Role of vmPFC in goal-directed action controlIn order to test the involvement of the
vmPFC in goal-directed action control in the abgefcersus presence) of cues, a first model
crossed the trial type (cued fealued outcome, cued fodevalued outcome, ancehon-cued) with
the preferred response for each trial. Six sepamgeessors modelled valued (VALR) and
devalued responses (DEVR) during the valued-cuéd_JVdevalued-cued (DEV), and non-cued
trials (NON). Nuisance regressors for the no-oute@ondition and trials with missing responses

were added separately. We hypothesized that thé=@hRacks the outcome value of a response
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in the context of non-cued trials, but not whers ttesponse is elicited by a Pavlovian cue (cued
trials). Our interaction contrast focused therefore brain activity related to preferring the
valuable (versus devalued) response in the non-caedition in comparison to preferring the
valuable (versus devalued) response when it isdrby a compatible cue. The full contrast can
be described as [NON-VALR minus NON-DEVR] minus [VA/ALR minus DEV-DEVR].

We also tested whether vmPFC was generally morgeaduring non-cued trials in
comparison to cued trials (valued and devalued aedmpsed) regardless of the response
preferred. To analyze this contrast we build a sgpamodel that included regressors for each
trial type that collapsed across valued and dedatesponses. Nuisance regressors for the no-
outcome condition and trials with missing respongese added separately.

Role of posterior putamen in outcome-specific trarfer. In order to test whether
posterior putamen is involved in outcome-specifit &uring the cued trials, we used the model
that crossed trial type (valued, devalued and nadkt with the preferred response, as specified
above. In order to test the hypothesis that théepios putamen is more active during responses
compatible versus incompatible with the cue (a®ntep by Brayet al., 2008), we computed the
following contrast: [DEV-DEVR,VAL-VALR] minus [DEVVALR,VAL-DEVR].

Functional connectivity between amygdala and poster putamen during cued
trials. In order to identify candidate neural structureat tinight show functional connectivity
with posterior putamen, we first contrasted braitivity during cue presentation related to food
outcomes versus no outcome, using the model tiohtded each trial type and collapsed across
valued and devalued responses, as specified afdwe. analysis revealed a region in the
amygdala (see Results). Within this area we sulesgtyutested for differential functional
connectivity with the posterior putamen (physiotadi variable) during compatible versus

incompatible responses during cued trials (psydiocsb variable) using a psychophysiological
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interaction (PPIl) model. The physiological regressdracted time-course information based on
a sphere (radius 8 mm) centered at the peak dotivat posterior putamen (x = -30,y =-22, z =
4 mm; see Results).The convolved psychologicalessgpr represented the contrast compatible
trials minus incompatible trials, collapsed acrdabe two food-related cues, i.e. [DEV-
DEVR,VAL-VALR] minus [DEV-VALR,VAL-DEVR]. The PPI egressor was computed as the
product of the demeaned physiological time coursg #he centered psychological regressor
(O'Reilly et al., 2012). Note that the physiological regressor was not orttlgonal to the
psychological regressor because the regions used fihe first was identified using the
contrast that defined the latter. However, this isno reason for concern because we added
the psychological regressor to the model, so the PRegressor will detect functional
connectivity effects over and above (orthogonal tojhe psychological regressor (for a
detailed explanation, see text and Figure 1 in O’'Réy et al., 2012). Following standard
recommendations, a separate main effect regreissofPEV-DEVR,VAL-VALR] plus [DEV-
VALR,VAL-DEVR, was added in order to partition osthared variance. Nuisance regressors for
the remaining trials were also modeled. Repeatiegsame approach, we also built a second PPI
model that included the same physiological regrebsib instead compared cued to non-cued

trials (responses collapsed) as a psychologica¢ssgr.
DTI Preprocessing and Probabilistic Tracking

Standard FSL protocols for DTI preprocessing waiwed including correction for
susceptibility-induced distortions, brain extraotigmanually checked and re-extracted if
necessary), eddy correction, averaging of the wams and the fitting of diffusion tensors. Then
diffusion parameters were sampled for each voxglgusSL bedpostX (Behrergt al., 2007)

which was followed by probabilistic tractographyings FSL probtrackX (5000 samples;
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curvature threshold, 0.2; no waypoint, exclusiontesmination masks; no advanced options)
from within each participant’s diffusion space. IBaling the approach described by Aarts and
colleagues (Aartgt al., 2012), we created seed-masks for the caudatgastrior putamen

using automatic subcortical segmentation as imphéatein FSL FIRST (Patenaudeal ., 2011).

Individual masks were then transformed to standaate and for each individual the posterior
putamen was delineated at y < -1 (Aattal., 2012). Tracking was performed in diffusion space,
after the seed masks were linearly transformed fetamdard space and visually inspected.
Tractography results were then transformed backtémdard space to produce a wholebrain
image for each seed region, showing for each véxelnumber of received samples. These
individual 3D images were normalized for the siZethee seed region and then merged into a

single 4D file for statistical analyses.
VBM Preprocessing

FSL BET was applied to automate extraction of trens from the T1 images, which
were manually checked and re-extracted if not sssfoé FSL VBM tools (Smittet al., 2004;
Douaudet al., 2007) with an optimized VBM protocol (Goad al., 2001) were then used to
create a study-specific gray matter template basethe individual T1 scans using non-linear
registration. Following tissue-type segmentatiorgygmatter was registered to the standard
MNI152 brain and then averaged across participa8ubsequently, individual participant gray
matter images were then nonlinearly re-registecethé group template and smoothed using a
Gaussian kernel of 4 mm. Finally, individual papants' 3D files were merged into a single 4D

file for statistical analyses.

Specification of structural MRI analyses to test bain-structure hypotheses
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To relate individual differences in behavior taustural differences in white matter tracts
and gray matter integrity, we calculated a behaiscore of goal-directed behavior (mean
number of valued responses minus mean number dflukxV responses during the non-cued
trials) and a behavioral score of outcome-spedriasfer (mean number of compatible versus
incompatible key presses during the valued andldeslecues). These two behavioral regressors
were then demeaned and included in a model sulghiitté-SL randomise to assess significant
positive voxel-wise correlations between the betwaliscores on the one hand and DTI and
VBM data on the other hand. Because initial scregoif these scores revealed that the index of
goal-directed behavior was not normally distribytéds score was first transformed using log
transformation (Shapiro-Wilk test of non-normalibgfore transformation: p < 0.001, after

transformation: p = 0.463).
Statistical Inference and Thresholding

For all functional and structural analyses, nonpetaic voxelwise permutation-based
statistical testing was performed using FSL randenib,000 permutations). In order to test our a
priori hypotheses concerning the role of cortidastt mechanisms, and to protect against false
positives, analyses were constrained to small ame#dly defined volumes of interest (these
masks are depicted in blue in Figures 2-5). We wsedomical masks of the vmPFC (volume:
4593 voxels, 36,744 minthat included medial orbitofrontal cortex andaagint ventral medial
cortex (combining rectus gyrus from the AAL atlasldrontal medial cortex from the FSL atlas,
respectively) for the analyses concerning goaletid@ action. We used a posterior-putamen
mask (volume: 2120 voxels, 16,960 fmputamen in FSL atlas delineated at y < -1), anpter
cortex mask (volume: 5970 voxels, 47,760 injuxtapositional lobule cortex in FSL atlas), and

a bilateral amygdala mask (volume: 2967 voxels728,mn¥; amygdala in FSL atlas) for the
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analyses concerning outcome-specific transfer. @dyanalyses within these a-priori regions of
interest are featured in the results. Given thatregions of interest contained relatively few
voxels, for all analyses we used a significanceeadn of p < 0.01 and a cluster extent threshold
> 15 contiguous voxels (Cohen, Elger, & Weber, 30Q8less noted otherwise. In addition, DTI
and VBM data were retained only for those voxelsvhiich at least half of the participants had
tracts to that voxel from the seed mask (usingstree approach as de Wtal., 2012) and for
those voxels that were part of the VBM templateaygnatter mask, respectively. This further
reduced the volume of interest and the associdtadoe to observe false positives. We present
descriptive plots showing mean tractography andnnggay matter values of significant voxels
correlated against the behavioral scores, usingedhrscores that are robust against skewed
distributions and outliers (Van den Briekal., 2014).

For reasons of completeness, we also report FSfguld (Smith & Nichols, 2009)
threshold-free-cluster-enhanced and family-wiseorerrcorrected results confined to small
volumes using a sphere of 8 mm centered at codsediress reported in an earlier related study by
Glascher and colleagues (2009), see Results. Eointbrested reader, exploratory whole-brain
analyses are presented in supplementary Table [&keTanalyses use a threshold of p < 0.001
and a cluster threshold > 15 contiguous voxelss&hehole-brain analyses should be considered

preliminary and are not further discussed in tlaipgy.
Results
Behavioral Results

A summary of the experimental design and behaviesllts is presented in Figure 1.
Phase 1: Instrumental Training (R-O learning). All participants included in the

behavioral analysis learned the correct R-O mappiihg average accuracy of R-O knowledge
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assessed during the last block of query trialsndutthis phase was 100%, for both the valued and
the to-be devalued outcome.

Phase 2: Pavlovian Training (S-O learning).Participants learned the correct S-O
mapping as the average accuracy of S-O knowledggssasd during the last block of query trials
during this phase was 100% for the valued outconte &/.7% (SD = 2.3 %) for the to-be
devalued outcome. No main effect of satiation groap interactions involving this factor were
observed.

Phase 3: Satiation Manipulation.During TV watching, participants in the Smarties-
satiation group ate on average 75g of chocolatertg&yagSD: 27g) and those in the popcorn-
satiation group ate on average 43g of popcorn (BXy). Figure 1B depicts the food desire
ratings. As expected, repeated measures ANOVA esethatings for the valued and devalued
food before versus after the TV watching phasev@isus T2), revealed a significant interaction
between Food value and Time, F(1,20) = 66.5, MSR47, p < 0.001. Follow-up t-tests showed
that participants reported significantly less dedor the devalued food relative to the still-
valuable food after satiation, t(21) = 7.8, p <01.0but not before, , t(21) = 0.3, p = 0.769. No
main effect of satiation group nor further interacs involving this factor were observed.
Additional repeated measures ANOVA on the hungénga before (T1, M = 46.0) and after
satiation (T2, M = 32.0) revealed a reduction ofdper, F(1,20) = 35.2, MSE = 61.3, p < 0.001,
and no effect of satiation group or interactiontiiRgs of the TV show (M = 76.6) were not
different for the two satiation groups (F < 1).

Phase 4: Non-cued and Cued Test TrialsThe average number of presses to the four
randomly-presented trial types in the test phase webmitted to a repeated-measures ANOVA
with the factors response type (valued or devalueid) type (non-cued, no-outcome, valued, or

devalued) and satiation group (see Table 1 fordiecriptive statistics). Analyses revealed a
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main effect of response type, F(1,20) = 5.2, MSR2:3, p = 0.034, indicating an overall
preference to respond more often with the key aatamt with the valued (unsatiated) outcome.
There was also a main effect of trial type, F(38®.0, MSE = 0.406, p = 0.024, and subsequent
planned comparisons revealed overall lower respeigge (measured by the average number of
key presses per trial) during the no-outcome cusugethe other three conditions (< 0.05). No
main effect of satiation group, nor interactionwalving this factor were observed. Most
importantly, there was a significant interactiortvieen response type and trial type, F(3,60) =
25.7, MSE = 11.4, p < 0.001. Subsequent ANOVAs were to characterize responses
specifically to the non-cued trials and the cuedr All other factors remained the same.

Non-cued trials were analyzed to investigate ga@eted behavior (see Figure 1C, left
panels). During non-cued trials, a main effectedponse type was observed at statistical trend
level, F(1,20) = 3.3, MSE = 11.9, p = 0.084, rewrgph tendency to prefer the valued key (action
selection based on value.). To further examine-dwatted action during non-cued trials, we
assessed whether the difference score (numberleédraesponses minus number of devalued
responses, ranked-transformed to correct for nomality) during the non-cued trials was
associated with an increased reduction of wantihghe devalued versus valued food (T2
wanting scores valued food minus T2 wanting scde&lued food). This was indeed the case.
As is shown in Figure 1D (left scatterplot), papants who showed a stronger devaluation
effects in terms of wanting also exhibited a redupeeference for the devalued response during
the non-cued trialg(22) = 0.535p = 0.010.

Cued trials were analyzed to investigate outconseifip (PIT) transfer (see Figure 1C,
right panels). Consistent with earlier outcome-gpe®IT findings, the ANOVA revealed an
interaction between trial type (valued or devalusat) response, F(1,20) = 38.2, MSE =22.7, p <

0.001, indicative of outcome-specific transfer. Sduent t-tests, showed that there were more
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compatible responses (i.e., responses associatiédtivd outcome signaled by the cue) than
incompatible responses (i.e., responses associatiecbutcomes other than that signaled by the
cue) in response to both the valued cue, t(21P7®< 0.001, and the devalued cue, t(21) = 4.8,
p < 0.001. The analysis also revealed an intenadbetween trial type and satiation group,

F(1,20) = 6.6, MSE = 0.073, p = 0.018. Subsequeatyaes revealed that participants in the
popcorn satiation group pushed generally more wiggly during the valued trials than the

devalued trials , F(1,10) = 15.5, MSE = 0.057, ©.603, but this was not observed in the
Smarties satiation group, F(1,10) = 0.1, MSE = 0,@8= 0.864.

To investigate whether the degree of outcome-sipetéinsfer was modulated by the
value of the cue we calculated individual differerscores representing an increase in responding
with the valued and devalued keys relative to perémce in the non-cued trials (using the same
approach as Watson et al., 2014). The ability efdhes to augment responding for the signaled
outcome above the baseline response rate did ffet dignificantly between the valued and
devalued cues, t(21) = 1.5, p = 0.160. In line witis insensitivity to value, the difference score
(augmentation of valued minus devalued, rankedsfoamed to correct for non-normality) was
not correlated with the satiation effect on want{fmglued minus devalued food), r(22) = -0.060,
p = 0.790 (Figure 1D, right scatterplot).

Summary of Main Behavioral Findings The behavioral patterns observed here (see
Figure 1) replicated the results of the originatgoigm developed by Watson and colleagues
(Watson et al., 2014). Following a successful instrumental and/id®@an training phase,
participants were satiated on one of the outcorpepdorn or Smarties), which reduced their
self-reported wanting for the sated outcome. Inghlesequent test-phase (in the scanner), they
were presented with cued and non-cued trials. Quron-cued trials, participants tended to make

more responses for the non-satiated (valued) owdbian responses for the satiated (devalued)
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outcome. This effect correlated with the satiatiodced reduction of food wanting. In contrast,
behavior during the cued trials was directed towdh& outcome being signaled by the Pavlovian

cue (indicating an outcome-specific transfer ejfactd was not modulated by satiation.
Functional MRI Results

We analyzed BOLD data acquired during the test @htas investigate the neural
computations that underlie the observed behaviefi@cts. We report separate analyses that
focused on 1) the goal-directed responding in the-cued versus cued trials, 2) the cue-driven
responding during the cued (PIT) trials, and 3)xfional connectivity during the cued trials.

Goal-directed Action Control in the Absence of Pawvian Cues involves vmPFCWe
first examined whether the preference for the \@lesponse during the non-cued (versus cued)
trials was associated with increased activity |m¥mPFC. Specifically, we probed brain activity
related to choosing the valuable (versus devaltegfonse in the non-cued condition, over and
above brain activity related to choosing these afalle (versus devalued) responses when these
are elicited by the cues. In other words, our stgon analysis probed for neural responses that
track the action values in the absence of a cuéewlut being involved in tracking these action
values in the presence of a cue (involving@—>R associations). As shown in Figure 2, brain
activation related to this action-value trackingswabserved in the posterior vmPFC (x = 4,y =
28, z = -28 mm; p = 0.002; extent = 33 voxels).i¥ation in this region survived small volume
correction (Family-wise error corrected p<0.05,ngsa sphere of 8mm centered at coordinates
x=-6, y=24 z=-21 reported by Glascher et al., 20@9) additional analysis constrained to the
amygdala did not reveal clusters that met our Baarice criterion.

Brain activity was subsequently extracted from tlegion of the posterior vmPFC to plot

and compare the four conditions that were involiredhe contrast of interest (see Figure 2).
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Planned comparisons revealed significantly incréas®ivation when responding for the valued
outcome in the non-cued condition relative to resjiog for the devalued outcome in both the
non-cued (p = 0.048) and cued conditions (p = Q.00be difference during responses directed
towards valued and devalued outcomes in the cueditéan was not significant (p = 0.504).

An additional analysis also probed for brain atyithat was increased during all non-
cued trials versus all valued and devalued cuedsirThis analysis did not reveal clusters at our
statistical threshold in the vmPFC.

Cue-driven Action Control (Outcome-specific PIT) duing Cued Trials involves
Posterior Putamen.In order to identify differential brain activity iposterior putamen related to
outcome-specific transfer, we compared brain agtiduring trials in which participants
performed the response compatible with the Pauowae to trials in which participants
performed the response incompatible with the Paatoceue, following the analysis reported by
Bray and colleagues (2008). Consistent with thdiezaobservation by Bray and colleagues
(2008), reduced brain activity to incompatible Gues compatible) responses, collapsed across the
valued and devalued cues, was observed in therptateral putamen (x = -30, y = -22,z =4
mm; p < 0.001; extent = 19 voxels) (see Figure 3M)e same analysis constrained to the
amygdala did not reveal clusters that met our Baanice criterion.

The Role of the Amygdala in Cue-driven Outcome Remsentations.Given that cue-
driven action control in our PIT paradigm was nenstive to satiation, outcome-specific PIT is
likely mediated mainly by the sensory (as oppogeldedonic) features of the outcome. In order
to identify possible candidate neural structured tbpresent these sensory outcome features, we
contrasted brain activity during cue presentatielated to the food outcomes (collapsed across
valued and devalued cues) versus no outcome. Hailysas was focused on the vmPFC and

amygdala. We found brain activity in a ventral oggof the amygdala (x = 34, y =0, z = -28
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mm; p = 0.001; extent = 136 voxels, see Figured@il x = -16, y = 2, z = -24 mm; p = 0.006;
extent = 17 voxels), consistent with previous wtiét has implicated the ventral amygdala in
specific PIT (Prevostt al., 2012). A subsequent PPI analysis then confirnieed & similar

region in ventral amygdala increased functionalnemtivity to the posterior putamen during
compatible (versus incompatible) trials, albeityoat a lenient threshold of p < 0.05 (x =12,y =-
4,z =-22 mm; p = 0.008; extent = 71 voxels, sigeile 3C; overlap is displayed in Figure 3D).
When we repeated this PPI analysis by comparing ¢aenon-cued trials, we found a similar
cluster, again only when using a lenient statisticeeshold of p < 0.05 (x = 22,y =-2,z =-26

mm; p = 0.008; extent = 86 voxels).
Structural MRI Results

vmPFC-striatal Connectivity Correlates with Individual Differences In Goal-
directed Action Control. As illustrated in Figures 4A and 5And in line with earlier studies
(Lehéricyet al., 2004; Draganskét al., 2008; de Witet al., 2012), white matter tracts from the
caudate seed heavily projected to the vmPFC, whdraats from the posterior putamen seed
innervated the premotor cortex. In order to testthvlr estimated tract strength in vmPFC voxels
seeded from the caudate predicted goal-directednache behavioral score reflecting individual
preference for valued responses over devalued mespaluring non-cued trialdefined as the
mean number of valued responses minus the mean nueibof devalued responses during
the non-cued trials)was correlated with the tractography results. Hmalysis revealed that the
estimated strength of caudate-seeded white madiestto a vmPFC region (x = 4,y = 32,z =-18
mm; p < 0.001; extent = 32 voxels) (Figure 4B) tas significantly associated with increased
goal-directed responding in the non-cued conditibime close proximity of the structural and

functional data (compare Figure 2 and 4B) sugg#sts white matter tract innervations may
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support the transmission of value information ie ¥ymPFC to the caudate. To exclude the
possibility that the area identified was also adpr®r of cue-driven, habitual behavior, we ran a
control analysis that investigated whether tracérgjth in this cluster was also related to the
outcome-specific transfer score (defined as thenmmaamber of compatible responses minus
mean number of incompatible responses across thed/and devalued cues). The control
analyses did not provide evidence for a significassociation gfs = 0.258 and 0.286,
respectively), which suggests that the vmPFC dludemntified in the white-matter analysis is a
unique predictor of goal-directed behavior spealfic

In order to test whether estimated tract strengibrémotor cortex voxels seeded from the
posterior putamen predicted PIT during the cueastriwe correlated tractography data with the
score of outcome-specific transfer. This analysigaled no clusters that met our significance
criterion.

Gray Matter Density in Premotor Cortex Correlates with Individual Differences in
Outcome-specific Pavlovian-Instrumental Transfer. To investigate whether differences in
gray matter density in the vmPFC and the premadoieg could predict goal-directed behavior
and outcome-specific transfer, respectively, we sarVBM analysis using the same two
behavioral scorefthat is, the goal-directed behavior score and theutcome-specific transfer
scorg. Although this analysis did not yield a positiva@lation between gray matter density in
the vmPFC and goal-directed behavior that met agmifecance criterion, we did observe a
positive correlation between outcome-specific tfanand gray matter density in two clusters in
the premotor cortex (x = -10,y = -6, z = 48 mm; p.801; extent = 630 voxels and x = 0,y = 18,
z = 68 mm; p < 0.001; extent = 141 voxels), assitlated in Figure 5B. We also ran a control
analysis that investigated whether local gray mattehe clusters identified by this analysis was

also related to the goal-directed behavioral scbhes was not the case € 0.053, p = 0.829),
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which indicates that the gray matter observed gnmtor cortex is a unique predictor of cued

responding (outcome-specific PIT transfer) speaifjc
Discussion

The present multimodal MRI study investigated cwmdiriatal activity and structure in
relation to goal-directed versus cue-driven habitoad-seeking. To this end, we used a task in
which instrumental responding to obtain popcornSararties was assessed in the presence or
absence of food-associated cues following satiatiblone of these outcomes. This study is
among the first to use satiation procedures tostigate the mechanisms of goal-directed and
cue-driven food seeking in the human brain (Vafteatial., 2007; Tricomiet al., 2009; Tricomi
& Lempert, 2015). Before turning to a discussiontloé neural basis, we will first briefly
summarize the main behavioral findings.

During non-cued trials, participants showed a teogldéo preferentially respond for the
non-satiated (valued) outcome, which was relatedinter-individual variability in food
desire/wanting ratings. This observation is coesistvith earlier findings (Watsoet al., 2014)
and with accounts of goal-directed behavior. Intast, behavior during the cued trials was
directed towards the outcome signaled by the P&tocues independently of satiation,
suggesting that it was controlled by the sensoag epposed to the current hedonic features - of
the outcome. These behavioral results replicateditidings observed in the original paradigm
adopted by Watson and colleagues (Wattad., 2014). The fact that outcome-specific transfer
was resistant to devaluation is in line with marfieo findings in both rodents (Colwill &
Rescorla, 1990; Rescorla, 1994; Holland, 2004; €etkal., 2007) and humans (Hogarth et al.,
2012; Hogarth & Chase, 2011; but see Allman et28l1,0; Eder & Dignath, 2015). Our findings

also resonate with dual-process models, which asstimat behavior is controlled by goal-
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directed and habitual mechanisms that operate iallpha(Dickinsonet al., 1995; de Wit &
Dickinson, 2009; Balleine & O’Doherty, 2010; Hodar& Chase, 2011; Huyst al., 2011;

Hogarth, 2012).
Neural mechanisms of goal-directed action

Our experimental design allowed us to identifyegion in the vmPFC that was involved
in goal-directed tracking specifically related tonacued trials but not to cue-driven responding
in the presence of a Pavlovian cue. In particui@r pbserved neural activity in a posterior part of
the vmPFC that was increased when participants sehdloe valued response in the absence
versus presence of an external cue. This observatekes an important contribution to earlier
work that has implicated the vmPFC in representiegvalue of anticipated rewards, as observed
in goal-directed behavior to obtain rewards (Arahal., 2003; O’Dohertyet al., 2003; Valentin
et al.,, 2007; de Witet al., 2009; Glascheet al., 2009) or when passively obtaining rewards
during Pavlovian conditioning (O’Dohertst al., 2002; Gottfriedet al., 2003). The observed
increase in posterior vmPFC to responses assoaditedsalued outcomes was specific for the
non-cued trials and was absent in cued trialsréstengly, this neural hotspot overlapped with a
region of the vmPFC that Glascher and colleagu@®9p have associated with tracking the
expected outcome value of instrumental responsgsrtantly, the value of the response during
the cued trials was not tracked in this area (Bated findings, see Balleine, Delgado, &
Hikosaka, 2007; Glascher et al., 2009; for caveatgerning the interpretation of null-findings,
see O'Doherty, 2014).

Individual differences in the preference for resgiog on the key that predicted the
valuable outcome were also related to structutaignity of the corticostriatal pathway that has

been theorized to be involved in goal-directedaac(Balleine & O’'Doherty, 2010; de Wt al.,
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2012; Geurtst al., 2013). To the best of our knowledge, we proviuefirst demonstration that
behavior following satiation is related to indivaduvariability in estimated white-matter tract
strength between caudate aadegion of vmPFC that is in close proximity to thevalue-
tracking brain region identified by the fMRI analysis. Furthermore, the data presented here
suggest that outcome-specific PIT is not relatethi® corticostriatal pathway, reinforcing the
argument that goal-directed actions and cued relpgrare supported by distinct and dissociable

networks.
Neural Mechanisms of Outcome-Specific Pavlovian-itsimental Transfer

During the outcome-specific PIT trials, neuralindatt in the posterior putamen was
reduced when participants preferred responsesvira incompatible with the action signaled by
the cue. This observation is in line with the argi finding reported by Bray and colleagues
(2008) and has been interpreted to reflect thebitibh of O-R associations activated by the
Pavlovian cue associated with reward.

The functional connectivity results provide newights in how posterior putamen may
receive input from neural structures that are iwedl in retrieving the sensory outcome
associated with the cue. We observed increasedtidnat coupling between the ventral
amygdala and posterior putamen during outcome-cbhipgversus incompatible) responses to
the cue, an effect that is likely supported by wdeltumented anatomical amygdalostriatal
connections between these areas (Zorrilla & Kodbil32. Although this finding was only
observed at a lenient statistical threshold, oundifigs are consistent with earlier work
demonstrating that individuals with increased \@&ntamygdala activity show a stronger
behavioral expression of outcome-specific tranfReevostet al., 2012). These results are also

consistent with lesion studies in animals that havaied the amygdalar basolateral complex in



Corticostriatal mechanisms of food seeking 29

the processing of the sensory features of an owc@@orbit & Balleine, 2005; Balleine &
Killcross, 2006; Talmgt al., 2008).

We also investigated the possibility that indiatldifferences in the anatomical tract
connecting the posterior putamen and premotor xorieought to be involved in habitual
behavior (Tricomiet al., 2009; de Witet al., 2012; Lilieholm & O’Doherty, 2012), also predict
outcome-specific PIT performance. However, althowgh fiber tracking results confirmed
strong white-matter connectivity between postepotamen and premotor cortex (Lehérigty
al., 2004; Draganskét al., 2008; de Witet al., 2012), individual differences in this tract didtn
predict the strength of outcome-specific transfée. did observe that gray matter integrity in the
premotor cortex was a significant predictor of indual strength of outcome-specific transfer,
suggesting that it plays a role in cue-elicitedicome-insensitive behavior. In line with this
finding, de Wit and colleagues (2012) have recestigwn that gray matter in premotor cortex
(next to posterior putamen) predicted habitual seging in an outcome-devaluation (‘slips-of-

action’) task.
Societal/clinical relevance

Our findings provide further support that food@sated cues in the environment exert
their influence on our behavior independently dfegeon, by acting on the neural habit pathway.
This line of research stresses the importanceefiwer, of carefully regulating advertising aimed
at selling unhealthy, high-calorie snacks — esplgarhen aimed at children. In related research,
we have demonstrated that these cueing effectsndeed stronger with high-calorie than with
low-calorie snack cues in adolescents (Watsoa., 2016). Combined with the demonstration

that this associative (PIT) mechanism is not flgximodulated by changes in motivation (e.qg.,
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through satiation), these studies suggest thaté&ssdciated cues in our obesogenic environment

may play a central role in overeating and in trez@ased prevalence of overweight.
Limitations

We mention a few limitations of the present studyfirst, the majority of participants
in our study were female and we did not control fotheir menstrual cycle phase. Given that
menstrual cycle affects reward processing (Dreheet al., 2007) it could have increased
variance in our estimates of goal-directed and hahial behavior. Thus, it is possible that we
have actually underestimated the strengths of the efationship between individual
differences in behavior and brain structure. Furthe, we could not determine the role of
gender differences in the present study due to themall number of males (N=4) in our
analyses. Second, most of the neuroimaging resultsported were significant at a lenient
statistical threshold only, although we aimed to potect against false positives by using small
a-priori defined volumes of interest. Finally, someof the analyses could include no more
than 11 participants, thus reducing the power to deect possible effects. However, it is
important to emphasize that our main results, everior the analysis using a small sample
size, confirmed observations from earlier studies ral that our results convergence
considerably across the three different modalitie§fMRI, DTI and gray matter) analyzed in

the present study.
Conclusions

Using a satiation procedure in combination witRI& task, this multimodal MRI study
showed for the first time that a region in the past vmPFC uniquely tracks the value of goal-
directed actions (in the absence of external cudsle not tracking this value when the same

action is elicited by a Pavlovian cue. Additionahé€tional and structural analyses provided
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converging evidence for earlier findings (Valengtral., 2007; Talmiet al., 2008; de Witet al.,
2009, 2012; Prevost al., 2012) and theories suggesting that goal-direat#idn and outcome-
specific PIT tap into dissociable mechanisms invgvthe vmPFC-caudate and putamen-
premotor cortex network, respectively (Balleine &0herty, 2010). More generally, our results
add to existing evidence that reward-associated cae direct behavior, even when the outcome
is not currently desired. Such habit-like respogdimay play an important role in the
development of addiction to food, but also drugsdilvig et al., 1974; Everitt & Robbins, 2005).
The current work contributes to a fundamental ustdeding of the brain circuits involved in
goal-directed and cue-driven food seeking whichhnigltimately, also help to improve existing

treatments to change maladaptive cue-driven behavio
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diffusion tensor imaging (DTI)

functional magnetic resonance imaging (fMRI)
Inter-trial interval (ITI)

Pavlovian-instrumental transfer (PIT)
psychophysiological interaction (PPI)
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voxel-based morphometry (VBM)
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Table 1. Behavioral Data Test Phase

Average number of key presses

Satiation group Trial type

Valued key Devalued key

Mean SD Mean SD

Participants satiated on popcorn (N=11) non-cued 6.36 4.66 341 253
cued no-outcome 6.06 3.61 3.04 205

cued devalued outcome 241 3.0 7.08 4.08

cued valued outcome 851 455 155 159

Participants satiated on Smarties (N=11) non-cued 6.00 2.00 5.16 1.83
cued no-outcome 573  3.20 475 1.97

cued devalued outcome 260 244 895 2.99

cued valued outcome 9.32 3.10 2.20 1.95
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Figures

FIGURE 1
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Figure 1. Overview of the experimental design and behaviogallts.A. Outside the scanner, participants first
learned the association between two responses wodfdod-outcomes (Smarties or popcorn), followed by
Pavlovian phase in which two stimuli were assodiatéth the outcomes. Another stimulus was assatiatéh no
outcome (not shown in the figure). Participantsem@ien satiated on either Smarties or popddri.ood desire was
reduced following satiation (devaluation) of theesific outcome.C. During the test phase in the scanner,
participants were presented with intermixed nondcaied cued test trials. In the absence of a cue-¢ned trials),
participants made more key presses for the valeggbnse. In the presence of a cue participantsrpeefresponses
that were compatible with the outcome predictedth®y cue, irrespective of whether the outcome wasedaor
devaluedD. Post-satiation food desire (indicated in blue ymias correlated with the behavioral preferenceesco
for the valued response during the non-cued t¢iatlicating goal-directed behavior) and was noteated with the
outcome-specific transfer score (indicated in blu€ and baseline corrected, see Results). NotegBsphs in B
and C show means and standard errors and lines datafrom individual participants. Significantfeifences g <
.05) between cell means are indicated by asterisks.
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FIGURE 2
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Figure 2. Activation in the posterior vmPFC related to gdakcted behavior - choosing the valuable (versus
devalued) response in the non-cued condition inpaoison to the same choice in the context of a atitle cue:
[NON-VALR minus NON-DEVR] minus [VAL-VALR minus DEVDEVR]. Analyses restricted to the a-prior
region of interest (depicted in blue). Thresholdég < 0.01, > 15 contiguous voxels. Left sidels aixial image
corresponds to the right side of the brain.Thedraph shows means and standard errors and lines ddia from
individual participants.
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FIGURE 3
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Figure 3. Functional MRI analyses of outcome-specific transfll analyses restricted to the a-prior regidn o
interest (depicted in blue). Left side of the caloand axial images corresponds to the right sidine brain.A.
Brain activity in the posterior putamen during aree-specific transfer - compatible minus incompatilesponses
collapsed across valued and devalued cues. Thozshat p < 0.01, > 15 contiguous vox&@sVentral amygdala as
candidate brain region for cue-driven outcome wsicg) — food-outcome cues minus no-outcome cueshiotded
at p < 0.01, > 15 contiguous voxels. PPI analysis.Increased functional connectivity between postepigiamen
seed (depicted in A) and amygdala during compatieksus incompatible responses. Thresholded aO@®% D.
Conjunction analysis of the contrasts in (B) anjigwing partial overlap. Thresholded at p < 0.05.
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FIGURE 4
White-matter fiber tracking B Tract strength and goal-directed behavior
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Figure 4. DTl and goal-directed behavior during the non-ctras. A. Raw tractography results depicted in green:
Caudate seed (depicted in red) projections to vmRhRfesholded at 0.05% of average total samples).sBn
Estimated white matter tract strength between daudaed and vmPFC significantly predicted goaletie
behavior during the non-cued test trials. Analysestricted to a-priori region of interest (depicted blue).
Thresholded at p < 0.01, > 15 contiguous voxelét side of the coronal and axial images correspdodse right
side of the brain.
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FIGURE 5

White-matter fiber tracking B VBM and outcome-specific transfer
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Figure 5. DTl and outcome-specific transfer (cued test d)iah. Raw tractography results depicted in green:
Posterior putamen seed depicted in red) projecttonpremotor cortex (thresholded at 0.05% of avertmal
samples sent). Tract strength did not correlaté Wwehavior (see texB3. VBM and outcome-specific Pavlovian-
instrumental transfer. Gray matter integrity of fhyremotor cortex predicted individual outcome-sfiedransfer
scores. Analyses restricted to the a-priori regifrinterest (depicted in blue). Thresholded at ©.61, > 15
contiguous voxels. Left side of the coronal andibixnages corresponds to the right side of thenbrai
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SUPPLEMENTARY MATERIAL

Table S1. Explorative whole-brain analyses

. Peak MNI
. Cluster size .
Analysis Area (voxels) coordinates
(XY2)
BOLD goal-directed Temporal Occipital Fusiform Cortex 67 -36 -52 -4
action control Hippocampus 47 -20 -44 6
35 36 -22 -16
BOLD cue-driven Lateral occipital cortex,Precuneous 241 -38 -52 6
action control Cortex
153 10 -64 54
131 -12 -68 52
Heschl's Gyrus, Opercular Cortex 111 -38 -28 8
Superior Frontal Gyrus 50 24 -8 66
BOLD Lateral Occipital Cortex, Occipital Pole, 8784 38 -48 -22
valued/devalued > Occipital Fusiform Gyrus, Lingual Gyrus,
non-cued Cuneal Cortex, Temporal Occipital
Fusiform Cortex
Caudate 74 26 -16 18
Caudate 37 -2 18 4
Frontal Polar Cortex 33 -16 52 20
BOLD outcome > no Frontal Polar Cortex 83 -14 66 -6
outcome cued
VBM positive Middle Temporal Gyrus, Lateral 142 -64 -56 2
correlation with cue-  Occipital Cortex
driven action-control  Occipital Pole 140 32 -92 2
Precuneous Cortex, Postcentral Gyrus 61 -2 -52 60
Premotor Cortex 26 14 -12 66
Postcentral Gyrus, Supramarginal Gyrus 18 -58 -26 48
Superior Frontal Gyrus 16 0 18 68

Note: reported clusters are thresholded at p < 0.001 and a cluster extend > 15 contiguous voxels
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