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According to dual-system accounts, instrumental learning is supported by both a goal-directed and a habitual system. Although behav-
ioral control by the goal-directed system, through outcome-action associations, dominates with moderate training, stimulus-response
associations are thought to form concurrently in the habit system. It is therefore challenging to isolate the neural substrate of the
goal-directed system in neuroimaging research with healthy human volunteers. Recently, however, de Wit et al. (2007) developed an
instrumental discrimination task that distinguishes between goal-directed and habit-based responding. In this task, cues are congruent,
unrelated, orincongruent with subsequent outcomes. Whereas performance on congruent and control trials can be supported by both the
goal-directed and habitual system, performance on the incongruent discrimination relies solely on the habit system. In the present study,
we used this task with healthy participants undergoing functional magnetic resonance imaging to demonstrate that engagement of the
goal-directed system during learning is reflected in increased activity in the ventromedial prefrontal cortex. Moreover, using a subse-
quent outcome devaluation manipulation, we show that this area is involved in guiding decision making when goal values change, even
in the absence of external cues to guide performance. We can therefore exclude a purely Pavlovian account of ventromedial prefrontal

function and unequivocally demonstrate its involvement in the acquisition as well as deployment of goal-directed knowledge.

Introduction

Instrumental learning can be supported by a goal-directed and a
habitual system. Animal research provides evidence for this asso-
ciative dual-system account (see Fig. 1) (Thorndike, 1931; Sutton
and Barto, 1981; Dickinson and Balleine, 1994; Killcross and
Coutureau, 2003) [for review, see Dickinson and Balleine (1993),
Dickinson (1994), and de Wit and Dickinson (2009)]. In the
goal-directed system, cues in our environment (stimuli; S) make
us think of our goals (outcome; O), which in turn remind us of
the responses that have yielded these in the past (response; R). In
associative terms, stimuli activate actions via S—O— R associa-
tive chains (James, 1890; Pavlov, 1932; Asratyan, 1974; Hommel,
2003). Knowledge of the consequences of one’s behavior allows
the goal-directed agent to perform a given action only when those
consequences are currently desirable, or in other words, when the
behavioral consequences constitute a goal (Adams and Dickinson,
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1981a). In contrast, when the habit system takes over, behavior be-
comes directly driven by contextual cues through S— R associations
and thereby loses its immediate sensitivity to goal value (Thorndike,
1911; Adams and Dickinson, 1981b). The increased efficiency that is
attained with habitual responding comes therefore at the price of
decreased flexibility. According to the dual-system account, the
habit system tends to take over with extensive practice, at least in part
because S—R associations provide a more direct route to ac-
tion selection than goal-directed S—O—R associative struc-
tures (Adams, 1982; Dickinson, 1985).

Because associations are formed concurrently in the goal-
directed and habitual systems, it is difficult to dissociate their
contributions in healthy volunteers without brain lesions. Re-
cently, however, we developed a conflict task that allows us to
isolate the contribution of the goal-directed system to instrumen-
tal discrimination learning (Dickinson and de Wit, 2003; de Wit
et al., 2006, 2007; de Wit and Dickinson, 2009). In the current
experiment, we contrasted brain responses to discriminations that
could be supported by both the goal-directed and the habit system
(cue—outcome congruent and control discriminations) with one
in which the S-R habit system should predominate (cue—out-
come incongruent discrimination; see Fig. 2 for a grayscale rep-
resentation of the instrumental contingencies). Goal-directed
responding is rendered disadvantageous in the incongruent dis-
crimination because it creates conflict between the response en-
gendered by an event acting as a discriminative stimulus and the
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Figure1. Dual-systemaccount of instrumental learning. Instrumental actions are mediated
by associative structures that build up concurrently in a goal-directed and habit system. In the
goal-directed system, the outcome is represented in the associative structure, allowing incen-
tive evaluation of the outcome to impact on action selection. We should note that there are
several competing associative accounts of goal-directed action (see, e.g., Balleine and Ostlund,
2007; de Wit and Dickinson, 2009). The research presented in this paper does not aim to distin-
quish between these different accounts, and we will therefore, for the sake of simplicity, focus
on the S—0—Raccount.
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Figure2. lllustrative grayscale examples of the contingencies in the control, congruent, and
incongruent discriminations (see Materials and Methods for elaborate description of the
contingencies).

response engendered when the same event has the status of an
outcome [see Fig. 5 for an illustration of the associative struc-
tures; and see de Wit et al. (2007) for a more elaborate discussion
of the associative theory]. Given the putative role of ventromedial
prefrontal cortex (vmPFC), and adjacent medial OFC (mOFC),
in the deployment of goal-directed knowledge (Valentin et al.,
2007), we focused on activity in that area during the learning of
these discriminations. Following learning, we used an outcome-
devaluation task to assess purely outcome-based responding. A
key advantage of our design was that cues were absent at this stage
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to ensure that subjects used their knowledge of the action—out-
come relationships to decide which action to choose.

Materials and Methods

Subjects

Sixteen healthy right-handed volunteers were recruited via advertise-
ment in the local community. Two volunteers did not learn to perform
the task above chance level and were therefore excluded, leaving eight
females and six males (mean age, 24.7; SD = 3.5). The mean correlate of
intelligence quotient (IQ) provided by the National Adult Reading Test
(Nelson, 1982) was 35.4 (SD = 8.6; corresponding estimated verbal IQ =
116). All subjects gave written consent before the experiment and re-
ceived an honorarium for their participation. The study was approved by
the Peterborough and Fenland Local Research Ethics Committee. The
subjects had normal structural MR brain scans, as confirmed by neuro-
radiological assessment. A telephone screening interview established that
they did not have a history of psychiatric or physical illness (particularly
cardiovascular or neurological disorders), head injury, or any history of
substance abuse. Finally, subjects were without contraindications for
functional magnetic resonance imaging (fMRI) scanning.

Stimuli

The stimuli consisted of two sets of colored icons, the first representing
11 different fruits: strawberry, orange, pineapple, pear, bananas, cherries,
grapes, kiwifruit, melon, lemon, and coconut (see also de Wit et al.,
2007), the second representing 11 different junk foods: popcorn, pizza,
cake, hotdog, lollypops, ice cream, chips, donut, chocolate, hamburger,
and sweets. Two different food sets were used so that we could boost
power by running the tasks twice in each participant. Order of set pre-
sentation was counterbalanced across subjects. All pictures were pre-
sented on a standard PC monitor and responses on a left or right key were
recorded on a buttonbox using a program written in Visual Basic 6.0.

Conflict task

The task was adapted for fMRI from the version used by de Wit et al. (2007).
The main changes were that subjects received a demonstration of the task
before going into the scanner, and that inside the scanner all subjects received
training and testing with two sets of food pictures in succession. Finally, the
trial structure was adapted for imaging purposes.

Demonstration of conflict task and instructions outside

the scanner

All subjects received a demonstration of the conflict task outside the
scanner, using the following instructions on the computer screen:

“In this game, you will get the chance to earn points by collecting items
from inside a box on the screen by opening the box by pressing either the
right or the left key. If you press the correct key, the box will open to
reveal a drink inside and points will be added to your total score. How-
ever, if you press the incorrect key, the box will be empty and no points
will be added to your total. Your task is to learn which is the correct key to
press. Sometimes it will be the left key and sometimes the right key. The
picture on the front of the door should give you a clue about which is the
correct response. To give you an impression of the game you will be asked
to play later on, we will first give you some demonstration trials. Just
follow the instructions on the screen.”

Having read these instructions, subjects were instructed to operate a
left and right key on a button box with their index and middle finger of
the right hand. On the computer screen, they were shown a picture of a
closed box with a picture of a glass of beer on the front door. At the
bottom of the screen we showed them the instructions “Press Left.”
Pressing the left key led to a picture of an open empty box. On the
following screen subjects were again shown a picture of a glass of beer on
the front door of a box, but this time with the instruction “Press Right.”
Pressing the right key was rewarded with a glass of champagne and one
point. Subjects were then shown in the same manner that a glass of soda
signaled that pressing the right key would not be rewarded, while press-
ing the left key was rewarded with a glass of wine and one point. Subjects
were then given the following instructions:
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“You have had a chance to learn which was the correct key to press for
two different pictures. In the following demonstration, you will no longer
be told which response to make, and your task is to press the correct key.
From now on, each box will remain on the screen for a fixed time, and if
you fail to make a response during that time the trial will end and you will
gain no points. Only the first key press on each trial will count and the
quicker a correct response is made the more points will be added to your
total, so try to respond as quickly as possible!”

Subsequently, subjects received four practice trials with the beer stim-
ulus and four trials with the soda drink stimulus, randomly intermixed.
Pressing the correct key for the beer and the soda was rewarded with
points, and with either champagne or a glass of wine inside the box,
respectively. Pressing the incorrect key was always followed by an empty
box. As in the subsequent scanner task, the faster a response was made,
the more points were earned: 0—1 s, five points; 1-1.5 s, four points; 1.5-2s,
three points. If no response was made within the 2 s stimulus presenta-
tions, subjects were shown the message “Too slow! No points gained!”
and the trial was aborted. The total score was always displayed at the top
of the screen. The outcomes (another drink/empty box/“too slow” mes-
sage) were always shown for 1 s. The intertrial interval varied randomly
between 0.5 and 2.5 s. Following the training demonstration, subjects
received instructions for the outcome-devaluation test:

“In the next phase, two open boxes will appear on the screen with
different drinks inside them. One drink was earned by a left response in
the first stage and the other by a right response. Although both drinks
were valuable previously, one of them is now devalued and earns no
points, whereas the other is still valuable and gains points. The devalued
drink will have a cross on it. You should respond by pressing the key that
earns a valued drink. The points you earn now will not be shown on the
screen but you will see your final total at the end of the game. As in the
training phase, only your first response will count.”

The subjects were then shown two open boxes on the screen (one
above the other), one containing a glass of wine and one containing a
glass of champagne. On the first trial, the wine had a red cross superim-
posed on it, signifying that the left response associated with it no longer
earned any points, while on the second trial the champagne was shown
with a cross, signifying that the right response was no longer rewarded.
During the 5 s test trials, subjects did not receive any feedback about their
performance, but at the end of the test they were shown their total score,
followed by some final instructions.

“The actual game will be very similar to this. However, it will be a lot
harder, because you will be asked to learn the correct responses to many
different food pictures (instead of drinks). Try to collect as many points
as possible. You should pay attention to the types of foods that are found
inside the boxes following each response, because later on you will be
asked to gather some types of foods but not others. Remember to respond
quickly, as quicker correct responses earn you more points. This is the
end of the demonstration. If anything in these instructions is unclear,
please ask the experimenter. If not, you're ready to go! Please tell the
experimenter when you are ready to play the game. Good luck!”

Conflict task inside the scanner

Once settled in the scanner, participants were reminded of the key re-
quirements of the task and that their objective was to try to gain as many
food pictures (and points) as possible, by pressing the correct key on a
button box. They were also instructed to look attentively at any fixation
crosses that would appear intermixed with the experimental trials. We
gave each subject discrimination training and testing with two sets of
pictures (fruits and junk foods) with a short rest period in between.

As with the demonstration phase, participants were shown boxes bear-
ing a food and were required to use this information to select the left or
right key press. A correct response led to another food picture and points.
The experimental design comprised four discriminations (see also de Wit
et al., 2007): common outcomes, cue—outcome incongruent, cue—out-
come congruent, and control (the latter three are illustrated in grayscale
in Fig. 2). Each of the eight different discriminative stimuli was presented
twice during each of six blocks, as well as two 3 s fixation crosses,
amounting to a total of 96 training trials and 12 fixation crosses during
each session. Trials were presented in a random order. Each subject was
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run with a different assignment of the food events to the four discrimi-
nations (with a total of 12 permutations).

Cue—outcome incongruent. In this discrimination, stimulus pairs re-
versed their status as cues or outcomes across different trials. For exam-
ple, cherries signaled that pressing the right key would be rewarded with
a pear, whereas a pear signaled that pressing the left key would be re-
warded with cherries. As illustrated in the top panel of Figure 5, a goal-
directed approach to this discrimination should cause response conflict.
When cherries acted as the discriminative stimulus, the correct right key
press should become activated via a cherries—pear—right (S—O—R)
associative chain, but because cherries also functioned as an outcome for
the opposite left key press, the latter incorrect response should be acti-
vated directly via a cherries—left (O—R) associative link. As a result, it
should be hard, if not impossible, to solve the cue—outcome incongruent
discrimination in a goal-directed manner. Instead, subjects were forced
to rely on solely cherries—right and pear—left (S—R) associations en-
coded by the habit system for discriminative support.

Cue—outcome congruent. In this discrimination, the same events acted
as discriminative stimuli and outcomes for the same responses. For ex-
ample, a strawberry signaled that right key presses would be rewarded
with another strawberry, while a melon signaled that left key presses
would be rewarded with another melon. This discrimination should be
soluble by both the goal-directed and the habit system (see top panel Fig. 5).

Control. Here, two foods acted as discriminative stimuli signaling
which response was correct on each trial, and two other foods acted as
outcomes. For example, in one component of this discrimination, grapes
signaled that pressing the right key would be rewarded with kiwifruit, while
left key presses would not be rewarded. In the other component, bananas
signaled that left key presses would be rewarded with a pineapple, whereas
right key presses would not be rewarded. According to associative accounts,
performance on this control discrimination could be supported by both the
goal-directed and the habit system (see top panel Fig. 5). This discrimination
can be solved in a goal-directed manner by forming two S—O—R associa-
tive chains: grapes—kiwifruit—right and bananas—pineapple—left. We
would expect behavioral control through direct grapes—right and
bananas—left associations to build up concurrently in the habit system.
With only limited training performance should, however, be predomi-
nantly controlled by the goal-directed system.

Common outcomes. Here, left and right key presses were rewarded with
the same event. For example, an apple signaled that right key presses
would be rewarded with alemon, whereas a coconut signaled that left key
presses would be rewarded with a lemon. Performance on this discrimi-
nation cannot be supported by an S—O—R associative structure be-
cause the common outcome representation should activate both
responses, and should therefore entirely rely on the habitual system (for
review, see Urcuioli, 2005). However, because we did not find evidence
for inferior performance on this task relative to the control discrimina-
tion in the present study, we feel that this final manipulation did not
produce the desired “differential-outcomes effect,” leaving us uncertain
about the nature of the associative structures mediating this task. Given
that we cannot use an outcome-devaluation task to clarify matters in this
condition, we decided not to subject these data to further fMRI analysis.

Following training with each set of pictures, subjects received a re-
minder of the instructions for the outcome-devaluation test, which was
then performed during scanning. On each test trial, subjects were shown
two fruits or two junk foods (inside open boxes) that belonged to one
particular discrimination (congruent/control/incongruent). One fruit/
junk food was therefore previously earned by a right key press and the
other by a left key press. In the test phase, one of the fruits/junk foods was
now shown with a cross superimposed, symbolizing that, on this trial,
this food was no longer worth any points. Subjects were required to press
the key for the still-valuable food. Each outcome-devaluation test con-
sisted of a total of 16 test trials, with each of the eight outcomes being
devalued twice (once shown at the top of the screen, and once at the
bottom) and two 3 s fixation crosses. At the end of each game, partici-
pants were shown their final score on the screen.
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Questionnaires outside the scanner

Subjects were asked to indicate on a printed questionnaire for each fruit
or junk food that had functioned as a discriminative stimulus, whether
the right or left response had been correct, and which fruit/junk food was
presented inside the box following a correct response for that discrimi-
native stimulus.

fMRI data acquisition

We used a Siemens Trio scanner operating at 3 tesla. A total of 250
gradient echo T2*-weighted echo-planar images depicting blood oxy-
genation level-dependent contrast were acquired for each subject. The
first six images were treated as “dummy” scans and discarded to avoid T1
equilibration effects. Images were positioned at 30° to the anterior com-
missure—posterior commissural line and comprised 49 slices, each of 2
mm with a 0.5 interslice gap. A repetition time of 3000 ms was used with
an echo time of 30 ms and 90° flip angle. The scanner has a 192 mm field
of view with a 64 X 64 data matrix.

Data were analyzed using statistical parametric mapping in the SPM5
program (www.fil.ion.ucl.ac.uk). Images were realigned then spatially
normalized to a standard template and spatially smoothed with a Gauss-
ian kernel (6 mm full width at half-maximum). The time series in each
session were high-pass filtered (with cutoff frequency 1/120 Hz) and
serial autocorrelations were estimated using an AR(1) model. Events
were modeled using a canonical hemodynamic response function (plus
first derivative) convolved with a 3 s boxcar function placed at the onset
of each trial (that is we analyzed brain responses to the trial as a whole). In
addition, a parametric function was applied to each condition to model
effects of time. These functions were used as covariates in a general linear
model and a parameter estimate was generated for each voxel for each
event type. The parameter estimate, derived from the mean least-squares
fit of the model to the date, reflects the strength of the covariance between
the data and the canonical response function for a given condition. The
responses to each condition were modeled separately compared with
fixation and parameter estimates taken forward to a group analysis treat-
ing intersubject variability as a random effect.

To maximize sensitivity without unacceptable type I error, we con-
fined our imaging analyses to regions of interest (ROIs) selected specifi-
cally for each contrast on the basis of prior studies. Below we summarize
the contrasts used to the regions of interest. Full details of the precise
regions of interest used for each key contrast are given in the section
below. In brief, for the analysis of goal-directed learning (contrast 1
below), we focused on vmPFC. The analysis of the subsequent use of
goal-directed knowledge during the outcome-devaluation test (contrast
2 below) was confined to a 10-mm-radius sphere around the focus of
maximal activation within vmPFC identified by the goal-directed learn-
ing contrast. This sphere also formed the basis for extraction of
subject-specific activity to establish whether the level of activation
during goal-directed learning predicted goal-directed performance at
subsequent test (contrast 3). The analysis of response conflict activity
(contrast 4) was confined to dorsomedial, dorsolateral, and ventrolateral
PFC. Each contrast was corrected for multiple comparisons using the
false discovery rate (FDR) (Genovese et al., 2002). For completeness, we
ran whole-brain comparisons (contrast 5) to establish whether there
were any brain regions outside the ROIs that showed experimental effects
(corrected for multiple comparisons across the whole brain). Finally,
given the absence of any significant activations outside the ROIs, we ran
an exploratory analysis of striatal regions comparing all conditions to
baseline (see contrast 6 below).

(1) Investigating vmPFC activation in association with goal-directed
learning. Our experimental design was based on the hypothesis that goal-
directed behavior (and hence corresponding brain activity) would be
attenuated in association with the cue—outcome incongruent condition.
We therefore directly compared activation in both the control and the
cue—outcome congruent conditions with the cue—outcome incongruent
condition, predicting that regional responses reflecting goal-directed be-
havior would be greater in the two former conditions.

The analysis was confined to the areas of frontal cortex identified by Val-
entin etal. (2007): specifically, ventromedial PFC and orbitomedial PFC. We
used the “Pickatlas” Tool (Maldjian et al., 2003) to select regions based on the
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aal template and all contrasts were corrected for multiple comparisons on the
basis of the subset of voxels examined (see supplemental Fig. 1, available at
www.jneurosci.org as supplemental material).

(2) Investigating vmPFC activation in association with deployment of
goal-directed knowledge when outcome values change. The purpose of this
complementary analysis was to determine whether regions identified
during goal-directed learning were also active during a task in which
decisions were made on the basis of outcome value, without the aid of
cues to direct performance. We therefore analyzed brain responses in
outcome devaluation trials (see above), specifically comparing responses
to outcomes from the control conditions (in which goal-directed behav-
ior was predicted to occur) with responses to outcomes from the cue—
outcome-incongruent condition (in which goal-directed behavior
should be attenuated).

The analysis was confined to regions identified by comparison 1 above
as being related to goal-directed learning. Note that the comparison used
to identify the ROI (goal-directed learning) was independent of the com-
parison under test at this stage. We used Pickatlas to select a sphere
(radius = 10 mm) around the maximum activation identified by the
above comparison.

(3) Investigating the relationship between vmPFC activation during
training and subsequent behavioral performance on the outcome-
devaluation test. We created mean brain responses across the control
trials during discrimination training of the two sessions and mean be-
havioral test performance (percentage correct) across the two sessions, to
investigate whether vmPFC activation during training was predictive of
behavioral performance during test.

(4) Identifying activity in brain regions associated with response conflict.
Our experimental design is based on the idea that the cue—outcome
incongruent condition engenders conflict between the response that
would relate to a picture’s status as a discriminative stimulus and the
response related to its status as an outcome. It is this conflict that should
lead to attenuation in goal-directed control (which the comparisons
above sought to identify). The experimental manipulation therefore pre-
dicts that conflict should be maximized in this cue—outcome incongru-
ent condition. Given that there are specific regional hypotheses about the
brain activation associated with conflict: specifically, dorsomedial PFC
regions (Kerns et al., 2004; Rushworth et al., 2004; Marsh et al., 2007) and
lateral PFC regions (Milham et al., 2003; Kerns et al., 2004; van Veen et
al., 2004), we examined the engagement of these regions by determining
regional responses that were greater to the cue—outcome incongruent con-
dition than to the cue—outcome congruent and control conditions. We used
the “Pickatlas” Tool (Maldjian et al., 2003) to select the following regions:
middle and inferior frontal gyri bilaterally with medially anterior and
midcingulate cortex and supplementary motor area (see supplemental Fig. 1,
available at www.jneurosci.org as supplemental material). Within this set of
regions, we identified those voxels in which responses were greatest for the
cue—outcome incongruent condition (with correction for multiple compar-
isons on the basis of the subset of voxels examined).

(5) Whole-brain analysis for the key comparisons (supplemental mate-
rial, available at www.jneurosci.org). A whole-brain analysis, corrected for
multiple comparisons across the whole brain, was performed for each of
the key comparisons.

(6) Investigating striatal activation during all discriminations relative to
baseline. Although the neural supporting system for S—R habit formation
is not a focus of this study, we should expect, according to our theoretical
analysis, that this system shows greater activation across the three dis-
criminations than during baseline. The striatum (especially the dorsal
region) has frequently been proposed as a critical substrate for habit
formation, and we therefore conducted an analysis with a “Pickatlas”
Tool mask of the striatum (including ventral and dorsal regions; see
supplemental Fig. 1, available at www.jneurosci.org as supplemental ma-
terial) to contrast [congruent + control + incongruent] > baseline.

Results

Behavioral results

Statistical analysis was performed using SPSS 15.0. All p values
involving repeated-measures factors are based on Greenhouse—
Geisser sphericity corrections, and all significant (p < 0.05)
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Figure3. Instrumental discrimination training— behavioral performance. Left, Average percentages of correct responses on

outcome incongruent; across the two ses-
sions and all 14 subjects).

As can be seen in Figure 3, subjects rap-
idly learned to perform all discrimina-
tions. In line with our predictions,
performance on the incongruent discrimination was inferior to
that on the congruent and control discriminations. Unexpect-
edly, however, performance on the common-outcomes discrim-
ination was at a similar level as that on the control discrimination.
We conducted an ANOVA with three within-subject factors: ses-
sion (first/second), block (1-6), and discrimination (common
outcomes/congruent/control/incongruent). In line with our ob-
servations, the analysis revealed a significant effect of discrimina-
tion [F(; 39, = 5.03, mean squared error (MSE) = 794.3, p <
0.01]. Post hoc Tukey—Kramer analysis revealed that cue—out-
come incongruent performance was worse overall than cue—out-
come congruent, control, and common outcomes, whereas
performance on the latter three discriminations was statistically
indistinguishable. Also the effect of block was significant (Fs g5y =
38.06, MSE = 381.2, p < 0.0005), but there was no significant
block X discrimination interaction (F = 1.23).

As can be seen in the right panel of Figure 3, responding became
faster as a consequence of training. Overall, however, participants
tended to react relatively slowly on cue— outcome incongruent trials.
The lower accuracy on incongruent trials, as reported above, was
therefore not due to a speed—accuracy trade-off. Statistical anal-
ysis yielded a significant effect of block (F(s 45, = 47.95, MSE =
0.034, p < 0.0005), but more importantly, there was a significant
effect of discrimination type (F; 39y = 9.71, MSE = 0.026, p <
0.0005), as well as a significant discrimination X session interac-
tion effect (F539, = 3.69, MSE = 0.024, p < 0.05), which
prompted separate statistical analyses of the two sessions. Both
analyses yielded significant effects of discrimination (session 1:
F339) = 7.97, MSE = 0.023, p < 0.005; session 2: F(; 35, = 5.82,
MSE = 0.027, p < 0.01), which were further investigated with
post hoc Tukey—Kramer analyses. During the first session subjects
were significantly slower to respond on the cue—outcome incon-
gruent trials than on the cue—outcome congruent and common-
outcomes trials. In contrast, during the second session subjects
responded slower on the cue—outcome incongruent as well as
common-outcomes trials than on the cue—outcome congruent
trials. Most importantly, we can exclude a speed—accuracy trade-
off account of the relatively low accuracy of performance on in-
congruent trials.

Outcome-devaluation tests

As can be seen in Figure 4, performance was better on the cue—
outcome congruent and control trials than on the cue—outcome
incongruent trials during the outcome-devaluation test. This was
confirmed by a statistical analysis with the within-subject factors

the six blocks of common-outcomes, congruent, control, and incongruent discrimination training collapsed across the two sessions
(inside the scanner). Right, Response latencies. Error bars represent estimates of 2 standard errors of the difference (values were 4.1
for accuracy and 0.13 for response latencies).
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Figure 4.  Outcome-devaluation test— behavioral performance. Average percentages of
correct responses on congruent, control, and incongruent trials of the outcome-devaluation
tests collapsed across the two sessions (inside the scanner). Error bars represent standard error
of the difference (values were 6.4 for congruent — control and 7.6 for control — incongruent).

session (first/second) and discrimination (congruent/control/in-
congruent). This analysis yielded a significant effect of discrimi-
nation (F, ¢ = 34.97, MSE = 779.5, p < 0.0005), and post hoc
Tukey—Kramer analysis revealed that performance on the cue—
outcome incongruent trials was inferior to that on the cue—out-
come congruent and control trials, whereas there was no
significant difference between the latter two.

A separate statistical analysis excluded the possibility of a
speed—accuracy trade-off. Participants responded with average
latencies of 1.2 s on cue—outcome congruent trials, and 1.6 s on
both control and cue—outcome incongruent trials. A significant
effect of discrimination (F, ¢ = 6.24, MSE = 0.22, p < 0.05)
was further investigated with post hoc Tukey—Kramer analysis,
which revealed that performance was significantly faster on the
congruent trials than on the control and incongruent trials,
whereas response latencies on the latter two trial types were sta-
tistically indistinguishable.

Questionnaires

Questionnaire data are not available for one subject due to an
oversight. Statistical analysis is therefore based on performance
of 13 participants. The questionnaires revealed that participants
remembered the common-outcomes/congruent/control/incon-
gruent stimulus—response relationships equally well (F = 1.13),
with average scores of 1.8 for the congruent, and 1.7 for the other
three discriminations. In contrast, memory of the outcome per-
taining to each component of the four biconditional discrimina-
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tions did depend on discrimination type (F; ¢ 6.20,
MSE = 0.38, p < 0.005). Post hoc Tukey—Kramer analysis re-
vealed that the participants were better at remembering the rela-
tionships between discriminative stimuli and outcomes when
these were congruent (with an average score of 1.6) than when
these were common outcomes (1.0), incongruent (1.0), or con-
trol (1.2), while memory of the latter three did not differ
significantly.

Table 1. Neural correlates of goal-directed action during training and outcome
devaluation test, and of response conflict during training

Region Coordinates (x,y,2) ~ Z score
Activation related to goal-directed
behavior
Control > incongruent” Ventromedial PFC 18, 40,0 4.1*
(right) 10,18,0 2.3%*
Congruent > incongruent’ Ventromedial PFC 10,32, —8 4.0*
—2,10,30 2.6*
0,—6,30 2.3%
Control > incongruentb Ventromedial PFC 14,44,0 3.5%
(right) 14,42,8 3.2%
Activation related to response
conflict
Incongruent > congruent’ Dorsomedial PFC —2,18,28 4.5%
Lateral PFC (right) ~ 52,28,24 3.5%*
30,28, —2 3.3**
32,14, 44 3.2%*
Lateral PFC (left) —48,26,38 3.7*
—42,44,2 3.3**
Incongruent > control” No significant N/A N/A
differences
Control > congruent? Dorsomedial PFC 4,20,50 3.3%*
—34,6,40 3.4%*
—54,18,26 3.2%*
—44,28,38 3.0%*

*p << 0.05 (FDR), functionally defined region of interest; **p = 0.001 (uncorrected), functionally defined region of
interest.

“Contrast during learning.
bContrast during outcome devaluation.

Control > Incongruent

J. Neurosci., September 9, 2009 - 29(36):11330—11338 « 11335

Neuroimaging results

(1) Investigating vmPFC activation in association with
goal-directed learning

As above, this comparison identified voxels within the regions
of interest that showed significantly greater response to the
control and outcome-congruent conditions compared with the
outcome-incongruent condition. Significant effects were found
in a number of foci within ventromedial prefrontal cortex. The
parameter estimates were 0.25 for congruent minus incongruent
and 0.30 for control minus incongruent (SEMs = 0.07). The
significant vmPFC activations are summarized in Table 1 and
Figure 5.

(2) Investigating vmPFC activation in association with
deployment of goal-directed knowledge when outcome

values change

This analysis was confined to spheres of interest (radius = 10
mm) centered around the foci identified by the initial analysis
above. It showed a significant effect of goal-directed responding
in right vmPFC (see Table 1 and left panel of Fig. 6).

(3) Investigating the relationship between vmPFC activation
during training and subsequent behavioral performance on the
outcome-devaluation test

The right panel of Figure 6 illustrates the significant positive cor-
relation (r = 0.6) between vmPFC activation within our region of
interest during control trials of discrimination training, and sub-
sequent behavioral performance on the outcome-devaluation
test ( p < 0.05; two-tailed).

(4) Identification of brain regions associated with response conflict
These contrasts highlighted activation in dorsomedial PFC and
lateral PFC (see Table 1 and Fig. 7). These regions were activated
more during the incongruent and control discriminations than
during the congruent discrimination. The parameter estimates
were 0.81 for incongruent minus congruent (SEM = 0.22) and
0.51 for control minus congruent (SEM = 0.19). In contrast, we
did not find any significant activations within these regions in the
contrast between the incongruent and control trials.

Congruent = Incongruent

Goal-directed System

Goal-directed System

Goal-directed System Goal-directed System
-~

Hahit System

Hahit System

Figure 5.

Instrumental discrimination training—vmPFC activations. The top panel illustrates that performance on the control (left) and congruent (right) discriminations can be supported by

both the habit system and the goal-directed system, while performance on the incongruent discrimination can only be supported by the habit system. The middle panel shows the contrasts between
cue—outcome congruent and control trials and cue— outcome incongruent trials, and implicates the ventromedial PFC in goal-directed learning. These orthogonal sections were taken at (10, 32,
—8) and (18, 40, 0), respectively, and are thresholded at p << 0.005 uncorrected and at a cluster threshold of 15 voxels.
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(5) Whole-brain analysis for the key comparisons (supplemental
material, available at www.jneurosci.org)

No regions showed significant effects (corrected for multiple com-
parisons across the whole brain). For completeness, we do report, in
supplemental Table 1 (available at www.jneurosci.org as supple-
mental material), those regions surviving an uncorrected threshold
(p < 0.001, voxel extent = 15 voxels). The purpose of this supple-
mental table is to provide information to the interested reader,
though we are reluctant to make any interpretation of regions listed
in this table as they are outside the regions of interest and do not
survive whole-brain correction.

(6) Investigating striatal activation during all discriminations
relative to baseline (supplemental material, available at
WWW.jneurosci.org)

According to our theoretical analysis the neural structures sup-
porting habit formation should be activated equally during con-
trol, congruent, and incongruent discriminations. Indeed, we
failed to find significant activation in the candidate region of
dorsal striatum, in the whole-brain contrasts [incongruent >
control] and [incongruent > congruent]. We should, however,
predict that this region is more active during training of all three
discriminations than during baseline (fixation). Although the
main aim of this study was to investigate the neural substrate of
goal-directed action, we wished to confirm that the striatum was
involved in discrimination learning per se. To this end, we con-
ducted an ROI analysis with a striatal mask (see supplemental Fig.
1, available at www.jneurosci.org as supplemental material) com-
paring activation during discrimination training with baseline. In
keeping with the idea that habitual support was common to all
discriminations, we found modest but significant activations
within left dorsal striatum (—20, —2, 18; Z = 3.9, pgpg = 0.05) and
right dorsal striatum (20, —10, 20; Z = 3.2; pncorrected < 0-001).

Discussion
Under conditions in which goal-directed
responding predominates, ventromedial
PFC activation is significantly higher than
when performance is purely habitual. Ac-
tivation in this area during outcome-
based responding in a devaluation test
provides additional support for the role of
the vmPFC in goal-directed control. The
data are thus consistent with previous
studies that have implicated the vmPFCin
the deployment of goal-directed knowl-
edge (Valentin et al., 2007; Tanaka et al.,
2008; Glischer et al., 2009).

According to the dual-system account,
instrumental discriminations are learnt

Incongruent = Congruent
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through the concurrent build-up of behavioral control in a goal-
directed and a habitual system. Initially the goal-directed system
exerts dominant behavioral control, but with extensive practice
the habit system takes over. This dual-system view is supported
by animal lesion studies demonstrating neural dissociations
(Corbit and Balleine, 2003; Yin et al., 2004, 2005). Moreover,
previous research has shown that humans, as well as animals, are
able to circumven't behavioral control by the goal-directed sys-
tem when this is required to prevent conflict and thereby perform
successfully (de Wit et al., 2007), a finding that was replicated in
the present study.

In recent years the discovery of homologous brain areas in
animals and humans has provided the impetus for translational
research in the field of human decision making. However,
whereas in animals lesion work can aid the dissociation of the
neural substrates of goal-directed versus habitual learning, such
an analysis is more challenging in neuroimaging research with
healthy volunteers. In a recent study, Valentin et al. (2007)
showed that instrumental choice of a nonprefed over a prefed
liquid is reflected in vmPFC activation. On the basis of activation
of this same area during the initial acquisition phase, the authors
argued that this area is not only important for performance on
the satiety test but also for the acquisition of goal-directed knowl-
edge or learning. However, because habit reinforcement may
have taken place concurrently during the acquisition phase, their
analysis does not allow one to isolate the neural substrate of
goal-directed learning.

In the present study, we were able to circumvent this issue by
training participants on (congruent and control) discriminations
that can be solved by both systems, as well as on a (incongruent)
discrimination that relies predominantly on habitual control, as
confirmed with an outcome-devaluation test following on train-
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Figure 6. Outcome-devaluation test—vmPFCactivations. Left, Contrast between goal-directed control performance and ha-
bitual cue— outcome incongruent performance during the test phase. The ventromedial PFCis implicated in goal-directed perfor-
mance on the outcome-devaluation test. These orthogonal sections were taken at (14, 44, 0), and are thresholded at p << 0.005
uncorrected and ata cluster-threshold of 15 voxels. Right, Positive correlation between ventromedial PFCactivation during
training and behavioral performance during the subsequent outcome-devaluation test.

Control = Congruent

Figure7.

Instrumental discrimination training— dmPFC and IPFCactivations. The dorsomedial and lateral PFC are engaged less during the congruent discrimination than during the

incongruent and control discriminations. These orthogonal sections were taken at (—2, 18, 48) and (4, 20, 50), respectively, and are thresholded at p << 0.005 uncorrected and at a

cluster-threshold of 15 voxels.
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ing. In line with the goal-directed account of vmPFC function,
the contrast of activity during the goal-directed discriminations
with that during the habitual discrimination yielded signifi-
cant activations in this region. This analysis therefore allowed
us to demonstrate that the vmPFC is recruited more when
goal-directed learning takes place than when performance re-
lies solely on an S—R reinforcement mechanism.

This analysis of instrumental discrimination learning does
not, however, allow us to rule out yet another competing account
of vmPFC, namely that it is involved in Pavlovian learning. It is
generally recognized that embedded within instrumental dis-
criminations are Pavlovian S— O relationships brought about by
the simple pairing of the discriminative stimulus and instrumen-
tal outcome. Consequently, the differential PFC activation may
reflect a purely Pavlovian contribution to instrumental discrim-
inative control, rather than learning about the (R—O) relation-
ships between actions and goals. If participants ignored the
reward pictures in the incongruent discrimination, this may well
have reduced Pavlovian learning relative to the other discrimina-
tions. In fact, neuroimaging research has so far used tasks with
a distinct Pavlovian component. For example, in the study by
Valentin et al. (2007) a purely Pavlovian account could not be
excluded because Pavlovian cues were present during the satiety
extinction test (as acknowledged by the authors). This is partic-
ularly problematic because we know that Pavlovian learning is
susceptible to outcome devaluation (Colwill and Motzkin, 1994).
Moreover, the yvmPFC has been implicated in Pavlovian condi-
tioning (O’Doherty et al., 2002) as well as in devaluation of Pav-
lovian outcomes (Gottfried et al., 2003).

With the aim of establishing that the vimPFC region identified
in this study is implicated in goal-directed action selection
through O—R associations, rather than simply Pavlovian S—O
learning, we used an outcome-devaluation procedure that forced
participants to choose between two actions on the basis of current
outcome value, in the absence of any cues to guide performance.
When we contrasted performance during goal-directed (control)
trials with that during the habitual (incongruent) trials, we found
significant activation in the vimPFC. Moreover, we found that
vmPFC activation during training on the control discrimination
predicted subsequent behavioral performance in the control
trials of the outcome-devaluation test. These results are con-
sistent with demonstrations that the rodent prelimbic cor-
tex—which has been suggested to be homologous to parts of the
vmPFC in humans (Rushworth et al., 2007) (but see Seamans et
al., 2008)—is critical for goal-directed learning (Ostlund and
Balleine, 2005).

In addition to providing insights into the neural substrates of
goal-directed action, the behavioral observations in this study
replicate a previous demonstration of flexible behavioral control
in humans(de Wit et al., 2007). So far, most research on flexible
control has focused on the management of conflict that arises as a
consequence of competing S—R associations [e.g., Stroop task
(Stroop, 1935); Go/No-Go task; flanker test (Eriksen and Erik-
sen, 1974)]. A noteworthy aspect of the current demonstration is
that response conflict was evoked in the goal-directed system.
The ability to switch control away from the goal-directed system
can be of crucial importance, because habitual behavior has the
advantage of requiring relatively little cognitive effort generally,
and because it allows one to prevent conflict due to conflicting
O—Rassociations. In the latter case, we have shown that humans
will switch control to the habit system to allow for successful
performance.
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The question arises whether there is an active arbitrator be-
tween the goal-directed and habit system. Daw et al. (2005) de-
veloped a computational model of instrumental behavior that
resembles the associative dual-system account. In their model the
goal-directed and habitual pathways compete for behavioral con-
trol, and the brain appropriately selects the pathway that is ex-
pected to be most accurate. It is beyond the scope of the present
study to identify the arbitrator as we should expect all discrimi-
nations to engage this mechanism, but we did inspect activation
in conflict-related areas because we predicted that the incongru-
ent discrimination would give rise to response conflict in the
goal-directed system. Although we replicated an earlier finding
that the control condition engaged lateral PFC more than the
congruent condition (Roelofs et al., 2006), we failed to find evi-
dence for stronger engagement of this area during the incongru-
ent relative to the control condition. We should be cautious in
interpreting this null effect, but one possibility is that we did not
replicate this finding of related previous studies, because in the
present study conflict arose as a consequence of O—R associa-
tions rather than competing S—R associations. Alternatively,
conflict may have been prevented rather than resolved, through a
shift toward habitual control, possibly by an online arbitrator
between the goal-directed and habitual system. The lack of
conflict-related activation in the incongruent-control con-
trast does therefore not speak against our account of incon-
gruent performance, according to which the participants
successfully adopted a habitual strategy to solve the incongruent
discrimination.

Interestingly, previous studies with a rodent version of the
paradigm showed that temporary inactivation of the dmPFC se-
lectively impaired incongruent, but not congruent and control
performance (de Wit et al., 2006, 2009). Although these findings
may appear to be at variance with the brain activation we ob-
served in humans, it may well reflect different behavioral strate-
gies to resolve the conflict inherent in the incongruent
discrimination. Whereas humans adopted a habit strategy, rats
used a complex, goal-directed strategy that appeared to crucially
depend upon active cognitive control by the dmPFC. The choice
of strategy possibly depends upon the types of S/O events used
[see de Wit et al. (2007) for a more elaborate discussion].

The importance of the ability to prioritize the most appropri-
ate system, habitual or goal directed, becomes particularly clear
when flexible control is impaired. An inability to switch to habits
is thought to render even simple everyday activities effortful for
Parkinson’s disease patients, whereas the ability to shift toward
goal-directed control may be impaired in drug abusers (Dickin-
son etal., 2002; Miles et al., 2003; Yin and Knowlton, 2006; Everitt
et al., 2008; Grahn et al., 2008; Rangel et al., 2008; Redish et al.,
2008) and patients with obsessive-compulsive disorder (Evans et
al., 2004). The vmPFC has been implicated in both addiction and
in obsessive-compulsive disorder (Everitt et al., 2007; Menzies et
al., 2008), and further insights into the role of this area in goal-
directed and habitual mechanisms may therefore further our un-
derstanding of adaptive as well as compulsive, maladaptive
decision making.

In conclusion, we used a novel conflict task that forces partici-
pants to rely on habitual control to show unequivocally that the
vmPFC is involved in goal-directed action. This is the first demon-
stration in humans that the vmPFC is engaged more during the
acquisition of goal-directed behavior than that of habits. These find-
ings therefore make an important contribution to our understand-
ing of the neural mechanisms of goal-directed action in humans.
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