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Abstract: We investigated a controversy regarding the role of the dorsal striatum (DS) in deliberate
decision-making versus late-stage, stimulus-response learning to the point of automatization. Partici-
pants learned to associate abstract images with right or left button presses explicitly before strengthen-
ing these associations through stimulus-response trials with (i.e., Session 1) and without (i.e., Session
2) feedback. In Session 1, trials were divided into response-selection and feedback events to separately
assess decision versus learning processes. Session 3 evaluated stimulus-response automaticity using a
location Stroop task. DS activity correlated with response-selection and not feedback events in Phase 1
(i.e., Blocks 1-3), Session 1. Longer response times (RTs), lower accuracy, and greater intertrial variabil-
ity characterized Phase 1, suggesting deliberation. DS activity extinguished in Phase 2 (i.e., Blocks
4-12), Session 1, once RTs, response variability, and accuracy stabilized, though stimulus-response
automatization continued. This was signaled by persisting improvements in RT and accuracy into Ses-
sion 2. Distraction between Sessions 1 and 2 briefly reintroduced response uncertainty, and corre-
spondingly, significant DS activity reappeared in Block 1 of Session 2 only. Once stimulus-response
associations were again refamiliarized and deliberation unnecessary, DS activation disappeared for
Blocks 2-8, Session 2. Interference from previously learned right or left button responses with incon-
gruent location judgments in a location Stroop task provided evidence that automaticity of stimulus—
specific button-press responses had developed by the end of Session 2. These results suggest that DS
mediates decision making and not late-stage learning, reconciling two, independently evolving and
well-supported literatures that implicate DS in different cognitive functions. Hum Brain Mapp 38:6133—
6156, 2017. © 2017 Wiley Periodicals, Inc.
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INTRODUCTION

The dorsal striatum (DS)—the bulk of the caudate
nucleus and putamen—has long been implicated in stimu-
lus-response learning [Ashby et al., 2007; Yin and Knowl-
ton, 2006]. The DS is ascribed a role in both early, goal-
directed learning [Brovelli et al., 2011; O’Doherty et al.,
2004] and late-stage learning of stimulus-response associa-
tions to the point of automaticity [Ashby et al., 2010; Bal-
leine et al., 2009]. Challenging this notion, however,
learning is often preserved in patients [Exner et al., 2002;
Hiebert et al., 2014a; MacDonald et al., 2013b; Vo et al.,
2014] and in animals [Atallah et al., 2007] with DS dys-
function. Features of standard stimulus-response learning
methodology potentially shed light on this controversy as
detailed in the paragraphs below.

Disentangling Learning and Decisions Guided by
Learning

Decision-making and learning processes are confounded
in standard stimulus-response learning methodologies
[Jessup and O’Doherty, 2011; McDonald and Hong, 2004].
Trials typically proceed as follows: (a) a stimulus is pre-
sented and participants decide among a set of responses
and (b) feedback regarding accuracy is provided, shaping
stimulus—response associations. Learning is generally mea-
sured by the accuracy in selecting responses. Conse-
quently, failing either to acquire stimulus-response
associations or to select accurate responses based on these
learned associations could lead to impaired performance
in these paradigms. In this way, in standard paradigms,
evaluation of learning and decision making is ambiguous.
Further, in functional magnetic resonance imaging (fMRI)
studies, (a) selecting a response and enacting it and (b)
learning from feedback regarding the appropriateness of
the response are typically treated as a single event with all
significantly activated brain regions ascribed a role in
learning per se [Dobryakova and Tricomi, 2013; Jessup and
O’Doherty, 2011; Poldrack et al., 1999]. Accordingly, some
brain regions that might underlie decision processes
guided by learned associations could erroneously be
assigned a role in learning. Given that these processes are
temporally intertwined and functionally interdependent,
distinguishing them is very challenging, requiring novel
experimental designs, and nuanced interpretations. Learn-
ing and decision selection are entirely distinct processes
phenomenologically, however. Distinguishing neural sub-
strates of these different operations is important, with
implications for understanding cognition in health and
disease.

Recently, we investigated this issue in early, goal-
directed learning using fMRI [Hiebert et al., 2014b]. Partic-
ipants learned to associate abstract images with button
presses through deterministic feedback. We modeled (a)
the phase during which participants decided amongst
options and selected responses separately from (b) the
stage when participants learned about associations
through feedback regarding the accuracy of their choices.
We found activation of DS—specifically the head of the
caudate nucleus—only during the decision enactment
phase, not during the feedback phase when participants
learned the associations based on outcome information.
Furthermore, DS activation during the decision stage of
our trials only occurred for trials arising later in the learn-
ing session, when the slope of learning was shallower but
when participants were beginning to have a basis on
which to make response selections, guided by associations
that they had acquired in the earliest trials. In contrast,
activity in the ventral striatum (VS)—consisting of the
nucleus accumbens and most ventral parts of the caudate
nucleus and putamen—correlated with the feedback phase
of our stimulus-response learning trials as has been shown
by others [Cools et al, 2007, Schultz et al., 1992].
Feedback-related VS activation was greatest in the earliest
phase of learning when the slope of behavioral change,
indicative of stimulus-response association learning, was
steepest.

DS Mediates Late-Stage Learning and
Automaticity?

The findings of Hiebert et al. [2014b] were (a) consistent
with the view that DS mediates decisions regarding
response selection and (b) inconsistent with the contention
that DS mediates early, feedback-based learning, as has
previously been prevalently claimed [Balleine et al., 2009;
Boettiger and D’Esposito, 2005; Brovelli et al., 2011; Brown
and Stern, 2013; Foerde et al., 2013; Garrison et al., 2013;
Hart et al., 2013; O’Doherty et al., 2004]. However, a role
for DS in other forms of learning that do not depend upon
feedback or that occur during later stages of stimu-
lus-response association formation could not be ruled out.
Indeed, in addition to claims that the DS mediates early
learning, the DS, particularly the body and tail of the
caudate nucleus, has also been implicated in later stages
of learning, when stimulus-response associations are
strengthened through repeated experience to the point that
they become automatic [Ashby et al., 2007, Helie et al.,
2010].

A prominent theory of automaticity suggests that the
role of the DS—specifically the body and tail of the caudate
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nucleus—is to acquire associations and train cortical—corti-
cal connections between higher order sensory and premo-
tor areas [Ashby et al., 2007; Helie et al., 2010]. This model
of automaticity is referred to as Subcortical Pathways
Enable Expertise Development (i.e., SPEED; Ashby et al.
[2007]). SPEED predicts that subcortical regions mediate
learning. The theory maintains that the head of the cau-
date nucleus mediates early learning, and as the associa-
tions become more practiced, progressing toward
automaticity, more posterior regions of the striatum,
namely the body and tail of the caudate nucleus, underlie
late-stage learning. Once automaticity has been achieved,
involvement of DS ceases, and stimulus-specific, automatic
behaviors become mediated by cortical regions (i.e., pre-
motor, motor, and visual cortices; Ashby et al. [2007]).

Balleine and O’Doherty [2010], however, go further con-
tending that in addition to being implicated in training
stimulus—response habits, DS mediates and sustains habit-
ual or automatic responding even once these associations
are well entrenched [Balleine and O’Doherty, 2010; Everitt
and Robbins, 2005; Tricomi et al., 2009]. Though several
human studies of habit learning ascribe habit formation to
DS (i.e., dorsal putamen), closer examination reveals that
the ventral, posterior putamen (e.g., peak coordinates
z=0) is often the region preferentially activated during
these pivotal learning studies [Balleine and O’Doherty,
2010; Tricomi et al., 2009; but see Wunderlich et al., 2012,
implicating dorsal putamen]. It is widely accepted that VS
and DS are functionally distinct [Atallah et al., 2007; Mac-
Donald and Monchi, 2011; van der Meer and Redish,
2011]. Indeed, others explicitly claim that posterior ventral
putamen (ie., VS) mediates overlearning of motor
responses [Jueptner et al., 1997; Lehericy et al., 2005].

In a study implicating DS in the development of auto-
matic behaviors, Helie et al. [2010] investigated automati-
zation of responses in a category learning paradigm that
included over 10,000 trials, across 20 separate learning ses-
sions, with fMRI data obtained in Sessions 1, 4, 10, and 20.
They found that activity in DS was increased throughout
Session 1, at the end of which high levels of response
accuracy were ultimately achieved (i.e., 89.6%). In subse-
quent sessions, DS activity was significantly attenuated
(i.e., after Session 1), whereas cortical activation continued
to correlate with accurate categorization even after exten-
sive training. Only neural activity correlating with stimu-
lus-response events (i.e., the time period from the onset of
the stimulus to the button-press response) was examined.
Given the confounding of decision and learning processes
in these methodologies and consistent with our claim in
Hiebert et al., [2014b], DS activation at the time of
response selection and enactment could have arisen due to
its involvement in decision-making processes and not with
association learning per se. Several other studies cited as
support for the SPEED model can be reinterpreted simi-
larly to the findings of Helie et al. [2010], concluding that
DS activation arises not due to its role in learning but

rather due to its role in decision-making processes [Pol-
drack et al., 2005; Wu et al., 2004]. As with studies of early
stimulus-response learning, most experiments investigat-
ing DS’s role in late-stage learning combine and confound
learning processes and stimulus-specific response-selection
processes [O’Doherty et al., 2004; Tricomi et al., 2009].

DS Mediates Decision Making?

Indeed, a reinterpretation of these early- and Ilate-
learning experiments, considering the facts that decision
making and stimulus-response association learning (a)
depend upon one another to produce accurate perfor-
mance and (b) are often merged in fMRI studies, could
integrate two divergent and extensive literatures regarding
DS’s role in cognition. Increasingly, DS is linked to
response selection and decision making [Atallah et al.,
2007; Grahn et al., 2009; Jessup and O’Doherty, 2011; Mac-
Donald et al., 2014a]. Decision making is defined as the
process of representing and assigning values to different
response possibilities, then selecting and executing the
most appropriate action [Rangel et al., 2008]. DS has par-
ticularly been ascribed a role in decision making when
decisions require a degree of reflection, when there is
some ambiguity, and when cognitive control or flexibility
are required. This process is referred to as deliberation [Ali
et al., 2010; Cools and D’Esposito, 2011; Daniel et al., 2010;
DeGutis and D’Esposito, 2007, MacDonald et al., 2011;
Ohira et al., 2010; Robertson et al., 2015]. In this way, DS
is implicated prominently in this literature in resisting
habitual responding or attending to more salient stimuli
[Balleine et al., 2009; Benke et al., 2003; Cameron et al.,
2010; Cools, 2006; Cools et al., 2009; Hiebert et al., 2014b;
MacDonald et al., 2011; Rieger et al., 2003; Robertson et al.,
2015], completely at odds with the independently evolving
literature linking DS with stimulus-response learning and
automatization.

In categorization tasks, DS activity, assessed with neuro-
imaging, correlates with decision accuracy when options
need to be weighed but not once responses become so well-
practiced that reflection is unnecessary [Helie et al., 2010;
Soto et al., 2013]. Preferential DS activation is observed for
ambiguous relative to unambiguous decisions [DeGutis and
D’Esposito, 2007; MacDonald et al., 2011; Schouppe et al.,
2014], supporting a role for DS in the process of delibera-
tion. Further, patients with DS dysfunction are less impaired
than healthy control participants at attending to more salient
stimuli among distractors and choosing more practiced
responses among competing alternatives [Cameron et al.,
2010; Cools et al., 2009; Hood et al., 2007], but they are more
impaired when they are required to select less salient stim-
uli or perform less automatic responses relative to alterna-
tives [Benke et al., 2003; Cameron et al., 2010; Cools et al.,
2006, 2009; Hood et al., 2007; Rieger et al., 2003; Thoma
et al., 2008], suggesting that DS’s role in decision making is
to promote deliberation and prevent poorly considered or
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impulsive choices. These claims are at odds with prevalent
theories ascribing a role for DS in automatization of
responses and selection of habitual actions [Everitt and
Robbins, 2005] and therefore requires direct investigation to
reconcile these contradictory contentions regarding DS’s role
in cognition.

This Study

Here, we critically tested the claim that DS mediates
automatization of stimulus-specific responses versus the
notion that it underlies deliberation during action selec-
tion. We investigated later-stage, stimulus—response learn-
ing, once performance accuracy was greater than 90%. We
estimated striatal brain activity using fMRI along with
behavior during later-stage, stimulus-response learning.
We further included an explicit measure of whether stimu-
lus-response associations achieved automaticity. We
closely paralleled Hiebert et al. [2014b], but used fewer
stimuli and only two responses, right or left button
presses. Further, we began with an explicit learning
phase—a shortcut to late-stage learning—during which all
stimuli in the experiment were presented and assigned to
either the right or left button press. Subsequently, as in
Hiebert et al. [2014b], stimulus-response learning took
place in an implicit, feedback-based manner (Session 1),
followed by further implicit strengthening of these associa-
tions through repeated stimulus-response trials with feed-
back removed (Session 2). We investigated neural activity
for decision-making and feedback events separately in
Session 1 and for decision-making events only in Session
2. Between Sessions 1 and 2, we implemented a 20-min
distractor task with the aim of (1) testing whether stimu-
lus-response automaticity was achieved by the end of Ses-
sion 1 and (2) reintroducing an element of uncertainty and
deliberation for decisions in Block 1 of Session 2. The
appearance of preferential blood-oxygenation-dependent
(BOLD) signal in DS immediately following distraction
therefore could critically distinguish between notions that
DS mediates the development of stimulus-response associ-
ation automaticity versus decisions requiring reflection.
Finally, Session 3 consisted of a location Stroop task as a
second, objective test of whether stimulus-specific
responses were automatized following Sessions 1 and 2. In
this final session, participants indicated the location, with
right or left button presses, of stimuli that had previously
been paired with right or left button-press responses dur-
ing learning Sessions 1 and 2 versus novel stimuli.

We also performed a second, supplemental experiment
using a similar protocol to the one summarized in the pre-
ceding paragraph, to further clarify our findings (see
Experiment 2 in Supporting Information). Experiment 2
differed from the Main Experiment in the following ways:
(1) neural activity was not estimated with fMRI and (2) an
additional session of the modified location Stroop task was

also included immediately after Block 3 (i.e., Phase 1,
explained below) in Session 1.

Predictions

If DS underlies the development of automaticity as sug-
gested by SPEED, BOLD signal in DS should persist for
stimulus-specific responses until associations achieve auto-
matic status (i.e., throughout Session 1, and possibly in
Session 2 depending on explicit measures of automaticity).
We included two measures of stimulus-response automa-
ticity. At the end of Session 1, we examined the effect of
an intervening task on stimulus-response performance
and BOLD signal. If automaticity had developed prior to
the end of Session 1, response time (RT), accuracy, and
BOLD signal should be unchanged from Phase 2, Session
1, and Session 2 despite an intervening distraction (see
Ashby et al. [2010] for a review). At the end of Session 2,
we investigated facilitation and interference in a location
Stroop task, related to automaticity of previously-learned,
stimulus-specific right and left button presses. If automa-
ticity had developed by the conclusion of Sessions 1 and/
or 2, (a) faster RTs and/or reduced errors should occur
when location button presses matched the button press
that had previously been associated with the stimulus in
Sessions 1 and 2, and/or (b) slower RTs and/or increased
errors should occur when location button presses mis-
matched the button press that had previously been associ-
ated with the stimulus in Sessions 1 and 2.

In contrast, if DS mediates deliberation in response
selection, DS activity should be maximal in very early
phases of the Main Experiment when decision making
requires greater consideration, indexed by longer RTs,
lower accuracy, and greater response variability (Phase 1,
Session 1). Response variability was measured by changes
in standard deviation of RTs (SD). Activity in DS should
attenuate and disappear, even prior to achievement of
automatic responding, once responses become sufficiently
well-learned that deliberation is unnecessary (Phase 2, and
Session 2), signaled by reduced RT, accuracy, and/or
response variability. To further distinguish these views,
following an unrelated, intervening task, DS BOLD signal
is expected to (a) reappear in the first block when response
deliberation would again be required (i.e., Block 1, Session
2) but (b) quickly attenuate due to savings when responses
again became well-practiced (Blocks 2-8, Session 2).

Disputing the claim that DS underlies late-stage learning
to the point of stimulus-response automaticity using fMRI
can only be accomplished by showing that DS BOLD sig-
nal is dissociated from this process, attenuating before auto-
maticity of stimulus-response associations is actually
achieved. In this way, this well-entrenched view about
DS’s role in behavior can only be contested by accepting a
null result. There is a, perhaps, justified bias against pub-
lishing negative findings, in that with frequentist
approaches, the probabilities of Type II (i.e., falsely failing
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to reject the null hypothesis) and Type I errors (i.e., falsely
rejecting the null hypothesis) are asymmetric. Type I errors
are set a clear maximum, usually less than 0.05, whereas
the former varies across studies in terms of its magnitude
and determinants [Dienes, 2014] not predetermined by the
experimenter. However, this systematic publication bias
contributes to extremely slow changes to the status quo
with the effect that once a claim is disseminated and rela-
tively accepted, it becomes nearly irrefutable, a process
referred to as canonization [Nissen et al., 2016]. Findings at
odds with prevailing views are considered less
publication-worthy and held to a far higher standard [Nis-
sen et al., 2016]. Computational models, however, reveal
that selective publication and omission of negative results
does not improve efficiency or accuracy of scientific
inquiry, but does increase false canonization [Nissen et al.,
2016; van Assen et al., 2014]. These concerns notwithstand-
ing, to critically test the contention that DS underlies late
learning versus deliberation in action selection and to
increase confidence in our results, we have introduced a
number of manipulations (e.g., distraction separating Ses-
sions 1 and 2) that should predictably alter behavior and
DS BOLD signal in distinct ways to dissociate the differ-
ing accounts of DS’s role in cognition. Furthermore, in
addition to frequentist statistical approaches, we planned
to investigate our effects using a Bayesian analysis that
allows directly contrasting the probability of the null and
the alternative hypotheses in a symmetrical way, putting
these hypotheses on an equal footing, and directly com-
paring the relative fit of the two models [Dienes, 2014].
This approach would allow us greater confidence in our
interpretation of null results if they arose, as we
predicted.

MATERIALS AND METHODS
Participants

Nineteen healthy, young, right-handed adults partici-
pated in this experiment (10 males and 9 females). Partici-
pants had a mean (standard error measure; SEM) age and
duration of education of 23.56 (0.83) and 16.63 (0.46) years,
respectively. One participant was excluded from analysis
due to excessive head motion while in the scanner,
whereas another was excluded for falling asleep in the
scanner. Two participants were subsequently excluded
from Session 3 only, due to a misinterpretation of the task
instructions. Participants abusing prescription or illicit
drugs, alcohol, or taking cognitive-enhancing medications
including methylphenidate were excluded from participat-
ing in the experiment. The Health Sciences Research
Ethics Board of the University of Western Ontario
approved this study. All participants provided informed,
written consent to the approved protocol before beginning
the experiment, according to the Declaration of Helsinki
(2013).
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New Images

Figure I.

Abstract images presented in the experiment. Learned images
refer to the images that were studied and associated with a spe-
cific “right” or “left” button-press response at baseline, via
deterministic feedback in Sessions | and 2. In Session 3 (3A and
B in Experiment 2), these learned images created the conditions
for the congruent and incongruent conditions depending on
their location of presentation. New images refer to the images
presented only in Session 3 (i.e., 3A in the Main Experiment and
3A and 3B in Experiment 2) that constituted the control
condition.

Procedures

At the outset, all participants explicitly learned to associ-
ate six abstract images with one of two button-press
responses prior to fMRI Sessions 1, 2, and 3. Images con-
sisted of characters taken from the invented Klingon alpha-
bet (Fig. 1). The six abstract images appeared on the
screen. Three were labeled “left button press” and the
other three were labeled “right button press”. Participants
were given 3 min to memorize the label given to the
images as best they could.

Figure 2 depicts the experimental protocol of the Main
Experiment. In Session 1, on every trial, one of the six
stimuli presented in the baseline learning session appeared
in the center of the projection screen. Participants were
asked to perform the button-press response that had been
assigned to the stimulus. For stimuli assigned to a left but-
ton press, participants were instructed to press the left
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A Main Experiment

| Explicit Session 1 Distraction Session 2 Session 3
Phase 1 | Phase 2 Block1 |Blocks 2-8|
B Experiment2
| Explicit | Session 1 Session 1 Distraction Session 2 Session 3B
Phase 1 Phase 2 Block 1 |BIOCKS 2-8
[[] Periods of expected deliberation
. Sessions measuring automaticity
Figure 2.

Experimental protocol. (A) In the main experiment, participants
learned to associate six abstract images with either a “left” or
“right” button press response explicitly in the block named
Explicit. In Session |, participants saw each image and performed
the learned response individually in the presence of feedback.
Due to longer RTs, lower accuracy, and increased response vari-
ability, the first three blocks (referred to as Phase |) were ana-
lyzed separately from Blocks 4 to 12 (i.e., Phase 2). After
completing a distractor task for 20 min, participants performed
Session 2 where they practiced the learned responses to the
images in the absence of feedback. We expected response

button on the button box with their index finger. For stim-
uli assigned to the right button press, participants were
asked to press the right button on the button box with
their middle finger. All responses were performed with
the right hand. Deterministic feedback regarding the accu-
racy of the response was then provided (i.e., “Correct” or
“Incorrect”) during a feedback event. Trials were orga-
nized into four scanning runs, with each run consisting of
three blocks of 18 trials, for a total of twelve blocks and
216 trials, each abstract image occurring three times in ran-
dom order per block. At the end of the 12th block, partici-
pants were given a score summarizing their overall
performance. Trials in Session 1 proceeded as follows: (i) a
cross appeared in the center of the projection screen for
700 ms; (ii) a blank screen occurred for 300 ms; (iii) an
abstract image was presented in the center of the projec-
tion screen until a button-press response; (iv) a blank
screen appeared for a variable period of time sampled
from an exponential distribution (mean: 2500 ms; mini-
mum: 525 ms; maximum: 7,000 ms); (v) feedback (i.e.,
“Correct” or “Incorrect”) appeared for 1,000 ms; (vi) a
blank screen appeared for a variable period of time sam-
pled from an exponential distribution (mean: 2500 ms;
minimum: 525 ms; maximum: 7,000 ms). The interstimulus
interval (ISI) and intertrial interval (ITI) were jittered
between the response and feedback, and between the off-
set of feedback and the beginning of the subsequent trial,
respectively, to create two fMRI events within each trial:
(a) the stimulus-response event and (b) the feedback

uncertainty to reappear in Block I, Session 2 and we therefore
analyzed it separately from Blocks 2 to 8, Session 2. Session 3
served as an objective measure of automaticity and was per-
formed after Session 2 concluded. (B) Experiment 2 followed
the same protocol as the Main Experiment except that the pres-
ence of automaticity was measured both after Phase |, Session
| and after Session 2 (Session 3A and 3B, respectively). Areas in
grey represent periods where response deliberation is expected
and areas in black denote the modified Stroop task (i.e., objec-
tive measure of automaticity).

event. The stimulus-response or decision-making event
included the presentation of the abstract image until the
participant made a button-press response. The feedback or
learning event included the presentation of feedback. Rest
events were also created and modeled as regressors and
consisted of ITIs only (Fig. 3A).

Between Sessions 1 and 2, participants performed a 20-
min visual-spatial working memory task as a distraction
from the main task. The task consisted of prime and probe
pairs in which participants indicated, with a button press,
whether an array of dots inside a grid pattern was the
same or different across the prime and probe trials. The
distractor task was included to reintroduce an element of
uncertainty and deliberation in selecting responses in the
first block of Session 2.

In Session 2, on every trial, participants performed a
right or left button press in response to the image that
appeared in the center of the screen. The images were the
same six Klingon characters presented at the start of the
experiment and in Session 1. Participants were asked to
make the button-press responses that they had learned
explicitly at the outset of the experiment and through
Session 1 in Session 2. No feedback was provided, to pre-
clude further feedback-based learning during Session 2.
Participants performed eight blocks of 18 trials each,
spaced across two scanning runs, four blocks per run. In
total, Session 2 consisted of 144 trials. Trial parameters for
Session 2 were otherwise identical to those in Session 1
(Fig. 3B).
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A Session 1

Fixation cross (700 ms)

Blank screen (300 ms)

Correct

B Session 2

Fixation cross (700 ms)

Blank screen (300 ms)

Fixation cross (700 ms)
Blank screen (300 ms)

Abstractimage centred on screen until participant makes a response
Blank screen for variable length of time*

Feedback (1000 ms)

Blank screen for variable length of time*

t Abstractimage centred on screenuntil participant makes a response

Blank screen for variable length of time*

Abstractimage on left or right side of screen until participant makes a response

Blank screen for variable length of time*

Figure 3.

Example of a single trial in Sessions |, 2, and 3 in the experi-
ment. (A) Participants learned to associate six abstract images
with either a “left” or “right” button-press response in Session
|. The following is an example of a trial: (i) a cross appeared in
the center of the projection screen for 700 ms; (ii) a blank
screen occurred for 300 ms; (iii) an abstract image was pre-
sented in the center of the projection screen until a button-
press response; (iv) a blank screen appeared for a variable
period of time sampled from an exponential distribution (mean:
2,500 ms; minimum: 525 ms; maximum: 7,000 ms); (v) feedback
(i.e., “Correct” or “Incorrect”) appeared for 1,000 ms; (vi) a
blank screen appeared for a variable period of time sampled
from an exponential distribution (mean: 2,500 ms; minimum:
525 ms; maximum: 7,000 ms). (B) Participants recalled the
responses to the learned images in the absence of feedback in

In Session 3, the six images associated with left or right
button-press responses explicitly at the outset of the exper-
iment and throughout Sessions 1 and 2 were presented
along with six new Klingon characters. Images were pre-
sented one at a time, in random order. These images were
presented either to the left or the right of center, with a
distance away from the center equal to the width of the
image. Participants responded to the location of the stimu-
lus with the left (i.e., index finger) or right (i.e., middle fin-
ger) button-press response. No feedback was provided in
this session. Participants performed 4 blocks of 36 trials
each, spaced across two scanning runs, two blocks per
run. In total, Session 3 consisted of 144 trials and no

Session 2. (C) Images appeared left or right of center, at a dis-
tance equal to the width of the image away from center, and
participants indicated the location of the images with a left or
right button-press response. Stimuli included the six learned
images presented at baseline and in Sessions | and 2 and six
new images. Trials in Sessions 2 and 3 were identical to Session
| except that feedback was omitted in both and the images
appeared off center in Session 3. *The interstimulus and inter-
trial intervals (ISI and ITI, respectively) were jittered between
the response and feedback and between the offset of feedback
and the beginning of the subsequent trial to create two fMRI
events within each trial: (a) the stimulus-response event and (b)
the feedback event for Session I. In Sessions 2 and 3, the ITls
were jittered between the response and the subsequent trial.

feedback was provided. Trial parameters were similar to
Sessions 1 and 2 (Fig. 3C).

Behavioral Data Analysis

To examine changes in RT, SD of RTs across blocks, and
accuracy across Sessions 1 and 2, single-factor repeated
measures analyses of variance (ANOVAs) were run with
block (Session 1: 12 blocks; Session 2: 8 blocks) as the
within-subject variable. RT was the time between the onset
of the abstract image and the button press by the partici-
pant measured in milliseconds (ms). The number of
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correct “right” and “left” button-press responses recorded
after each block was our estimate of accuracy.

Three conditions—congruent, incongruent, and control—
were created in Session 3. In the congruent condition, an
image appeared in a location that was consistent with the
left or right button-press response learned for that image at
baseline and in Session 1, and practiced in Session 2. In the
incongruent condition, a stimulus appeared in a location
that was inconsistent with the left or right button-press
response learned at baseline and in Session 1, and practiced
in Session 2. In the control condition, six new images that
were not previously presented in the experiment appeared
to the left or right of center. Session 3 consisted of 48 con-
gruent, 48 incongruent, and 48 control trials that occurred in
random order. All old and new stimuli appeared left and
right of center equally often. RTs were measured from the
onset of the image until the button-press response in milli-
seconds. The control condition provided a baseline measure
of accuracy and latency for providing a location response.
Facilitation was calculated as mean RTs or error rates in the
congruent condition minus those in the control condition
and interference was calculated as mean RTs or error rates
in the incongruent condition minus those in the control con-
dition. Last, congruent and incongruent trials together were
contrasted with control trials to assess trials that involved
previously learned stimuli that could distract from choosing
location responses versus the condition in which there were
no previously learned stimulus-identity responses to distract
from location responses.

One-sample f tests were run on the facilitation and inter-
ference scores to assess if they were significantly different
from zero. These analyses provided an objective test of
whether the stimulus-response associations had been
learned to the point that the responses were automatic.

Imaging Acquisition

FMRI data were collected on a 3 T Siemens Magnetom
Prisma with Total Imaging Matrix MRI at Robarts
Research Institute at the University of Western Ontario. A
scout image for positioning the participant and a T1 for
anatomical localization were first obtained. Session 1 con-
sisted of four runs of T2*-weighted functional acquisitions.
Each run consisted of three blocks of 18 trials. A distractor
task (20 min) was administered after Session 1. Session 2
consisted of two experimental runs. Each run comprised
four blocks of 18 trials. Session 3 was completed as the
final session and consisted of two experimental runs, with
each run containing 2 blocks of 36 trials. In each of the
experimental sessions, the repetition time was 2.5 s with
one whole-brain image consisting of 43 2.5-mm-thick sli-
ces. The field of view was oriented along the anterior and
posterior commissure with a matrix of 88 X 88 pixels,
with an isotropic voxel size of 2.5 X 2.5 X 2.5 mm®. The
echo time was 30 ms and the flip angle was 90°.

FMRI Data Analysis

Matrix Laboratory (MATLAB, MathWorks, Inc., Natick,
Massachusetts, United States) was used in conjunction
with Statistical Parametric Mapping version 8 (SPMS;
Wellcome Department of Imaging Neuroscience, London,
United Kingdom) to complete fMRI analysis. Images were
slice-time corrected, reoriented for participant motion, spa-
tially normalized to the standard Montreal Neurological
Institute (MNI) template, smoothed with an 8 mm full-
width half-maximum Gaussian kernel, and high-pass fil-
tered (0.0078 Hz).

Fixed-effects analyses were used to model individual
participant’s data in SPMS8. Regressors were created by
convolving onsets and durations of stimulus-response,
feedback, and rest (i.e., the ITI) events with the canonical
hemodynamic response function. The stimulus-response
event was defined as the time from onset of the Klingon
character until the participant made a button-press
response. The feedback event was defined as the duration
of feedback (i.e., “Correct” or “Incorrect”) presentation
(i.e., 1,000 ms from onset to offset). The rest period mod-
eled was the time between the offset of the feedback until
the fixation point of the subsequent trial (i.e., the ITI). A
general linear model (GLM) was created for Session 1
events and included regressors for stimulus-response,
feedback, and rest events for Session 1 and investigated
regional BOLD activity associated with these events. There
were 12 regressors for each of the three events, corre-
sponding to each of the 12 blocks in Session 1. Six rigid-
body realignment parameters were entered as nuisance
regressors to minimize the effect of head motion. A similar
model was created for stimulus-response and rest events
for Session 2. There were a total of 16 regressors, two per
block, eight of which corresponded to stimulus-response
events and the other eight for rest events. Motion regres-
sors were also included in the Session 2 GLM.

To investigate learning versus deliberation-related brain
activity, contrasts at the group level were created, examin-
ing activity early and late in Session 1 for both stimu-
lus-response and feedback events. Given the significant
decreases in RT, SD of RTs, and significant increases in
accuracy in Session 1 across the first three blocks, that sub-
sequently levelled off (Fig. 4A), Blocks 1-3 were assigned
early status, referred to as Phase 1, and Blocks 4-12 were
considered late, referred to as Phase 2. Similarly, for
Session 2, we investigated Block 1 and Blocks 2-8 sepa-
rately, with the expectation that a 20-min distractor task
might reintroduce an element of consideration in stimu-
lus-response selection but only for the earliest block due
to savings and substantial previous experience with the
stimulus-response pairs.

For Session 3, regressors were created convolving onsets
and durations of congruent, incongruent, and control tri-
als. At the group level, activation correlating with facilita-
tion and interference was investigated by contrasting
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Figure 4.

Mean response times, standard deviations, and accuracy across
Sessions | and 2. (A) Mean response times (ms) in each block
in Session |. (B) Mean standard deviations (ms) calculated using
response times in each block in Session |. (C) Mean response
accuracy (%) in each block in Session I. (D) Mean response
time (ms) in each block in Session 2. (E) Mean standard devia-
tions (ms) calculated using response times in each block in Ses-
sion 2. (F) Mean response accuracy (%) in each block in Session

activation of congruent with control trials for facilitation
and incongruent with control trials for interference.

Peaks within the striatum were reported at a signifi-
cance level of 4 <0.05 cluster-corrected using false discov-
ery rate (FDR) correction unless otherwise indicated.
Striatal regions were defined using the Harvard-Oxford
Subcortical Atlas in the FMRIB Software Library version
5.0 (FSL v5.0; Analysis Group, FMRIB, Oxford, United
Kingdom). VS and DS are not distinct anatomical struc-
tures, which creates difficulty when attempting to separate
them in an fMRI context. In a review, Postuma and
Dagher [2006] define VS as z<2, which we employed.
Here, DS refers to portions of the caudate nucleus and
putamen at a level of z>2 in MNI space. VS was defined

2. Error bars represent standard error of the mean. Response
time was measured from the onset of the abstract image to the
button-press response made by the participant. Response accu-
racy is a percentage measure of the number of correct button-
press responses in a block relative to total number of trials in
the block. Significant differences (P < 0.05) are indicated with an
asterisk (*) and numbers listed next to the asterisk indicate the
blocks from which each block differs significantly.

as the nucleus accumbens, and the caudate nucleus and
putamen at a level of z<2 in MNI space. All cortical
regions were defined using the Harvard-Oxford Cortical
Atlas in the FMRIB Software Library version 5.0 (FSL v5.0;
Analysis Group, FMRIB, Oxford, United Kingdom). All x,
y, and z coordinates are reported in MNI space.

The contrasts of interest for Sessions 1, 2, and 3 were as
follows: (i) stimulus-response events versus rest in Phase
1 of Session 1; (ii) feedback events versus rest in Phase 1
of Session 1; (iii) stimulus-response versus feedback events
in Phase 1 of Session 1; (iv) stimulus-response events ver-
sus rest in Phase 2 of Session 1; (v) feedback events versus
rest in Phase 2 of Session 1; (vi) stimulus response versus
feedback events in Phase 2 of Session 1; (vii)
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Mean Facilitation and Interference scores in Session 3. Mean
(SEM) facilitation, interference, and incongruent minus congruent
difference scores are presented. Facilitation was calculated as
mean RTs in the congruent minus control condition and interfer-
ence was calculated as mean RTs in the incongruent minus con-
trol condition. The incongruent minus congruent contrast was
also completed. Again, in the congruent condition stimuli were
presented in the location that was consistent with the learned
left or right button-press responses in earlier sessions. On
incongruent trials, stimuli were presented in the location that
was inconsistent with the learned left or right button-press
responses in earlier sessions. The control condition consisted of
new images that the participant had not previously associated
with a right or left button-press response. *P < 0.05, ®P < 0.1

stimulus-response events of Phase 1 versus stimu-
lus-response events of Blocks 4, 5, and 6, Blocks 7, 8, and
9, and Blocks 10, 11, and 12 of Session 1; (viii) stimu-
lus-response events in Block 1 of Session 2 versus rest; (ix)
stimulus-response events for Blocks 2-8 versus rest; (x)
stimulus-response events for Block 1 versus Block 8 of
Session 2; (xi) facilitation in Session 3; (xii) interference in
Session 3; and (xiii) congruent and incongruent versus
control trials in Session 3. Phase 1 refers to Blocks 1-3 in
Session 1 and Phase 2 refers to Blocks 4-12 in Session 1,
based on behavioral data patterns presented below.

Bayesian Analysis

Bayesian analyses were performed. Bayes’ factor one-
sample t-tests were conducted using the average beta val-
ues extracted in each block of Sessions 1 and 2, and for all
contrasts of conditions (i.e., congruent, incongruent and
control) in Session 3, using a bilateral dorsal caudate
nucleus ROI. The dorsal caudate nucleus anatomical ROI
was created using the Automated anatomical labeling atlas
[Tzourio-Mazoyer et al., 2002], and WFU PickAtlas [Mald-
jian et al., 2003] in conjunction with MarsBaR [Brett et al.,
2002]. The ROI included left and right dorsal caudate
nucleus at a level of z>2 mm in MNI space. With a test
value of zero, the Bayesian analysis examined whether the

extracted beta values were significantly greater than zero
using the Bayes’ factor of three, previously indicated to be
the Bayesian corollary of P <0.05 in frequentist hypothesis
testing [Dienes, 2014]. If the Bayes’ factor of the average
beta values is <3, it strongly supports the null hypothesis
that the activation level is not greater than zero.

RESULTS
Behavioral Data

RT was measured as the time between the onset of the
abstract image and a button-press response by the partici-
pant in milliseconds. The number of correct “left” and
“right” button-press responses recorded after each block
provided our measure of accuracy. Behavioral results are
presented in Figures 4 and 5 and Tables I and II.

Session |

The mean block RT, SD of RTs across blocks, and accuracy
across Session 1 are shown in Figure 4A-C respectively.
Mauchly’s test was significant, indicating the assumption of
sphericity was violated (P <0.001). Therefore, degrees of
freedom were corrected using the Greenhouse-Geisser Epsi-
lon for the RT, SD of RTs across blocks, and accuracy single-
factor repeated measures ANOVAs.

RTs were examined and revealed a main effect of block,
Fio5)=9.34, MSE = 63567.54, P <0.001. Deconstructing
this effect using pairwise comparisons revealed significant
RT differences between Blocks 1 and 11 versus other sub-
sequent blocks (see Table I and Fig. 4A for specific signifi-
cant comparisons). No differences arose between Block 12
and other blocks. Mean RTs decreased from 867 ms in
Block 1 to 749 ms in Block 12.

SD of RTs across blocks, within Participants, were investi-
gated, and revealed a main effect of block F3e)=5.07,
MSE = 11919, P <0.001. Significant SD differences between
blocks were examined using pairwise comparisons and
revealed significant differences between Blocks 1 and 3 ver-
sus other subsequent blocks (see Table I and Fig. 4B for spe-
cific significant comparisons). No significant differences arose
between Blocks 4-12 and other subsequent blocks. Mean SD
decreased from 298 ms in Block 1 to 143 ms in Block 12.

The single-factor repeated measures ANOVA for accu-
racy revealed a significant main effect of Block, F,
68) = 3.03, MSE =33.07, P =0.025. This was explored fur-
ther using pairwise comparisons (results presented in
Table I and Fig. 4C). Significant differences existed
between Blocks 1 and 2 versus other subsequent blocks in
Session 1. No significant differences arose between blocks
later than 2 with one another. The average Block 1 score
was 95.01%, which increased to 98.54% in Block 12.

Session 2

Mean RT in Block 1, Session 2 was significantly faster
than the last block of Session 1 (t=1.86, P=0.044).
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TABLE I. Significant pairwise comparisons for RT, SD, and accuracy differences by block in Session | of
Experiment |

RT SD Accuracy
Block A Block B t stat P value t stat P value t stat P value
1 3 3.73 0.002 343 0.005 3.06 0.008
4 4.07 <0.001 4.32 0.001 - -
5 4.07 <0.001 4.09 0.002 3.39 0.004
6 4.07 <0.001 4.39 0.001 3.39 0.004
7 4.07 <0.001 3.45 0.005 3.39 0.004
8 4.07 0.001 3.90 0.002 3.39 0.004
9 4.07 <0.001 4.26 0.001 2.75 0.015
10 4.07 <0.001 5.28 <0.001 3.20 0.006
11 3.39 0.004 4.76 <0.001 >4.07 <0.001
12 - - 4.35 0.001 2.95 0.010
2 3 2.75 0.015 2.70 0.020 - -
4 3.54 0.003 3.59 0.004 - -
5 >4.07 <0.001 3.36 0.006 - -
6 4.07 0.001 3.67 0.003 - -
7 4.07 0.001 2.73 0.020 - -
8 3.12 0.007 3.17 0.009 - -
9 >4.07 <0.001 3.53 0.004 - -
10 4.07 0.001 4.56 <0.001 - -
11 2.71 0.016 4.03 0.002 - -
12 4.07 0.001 3.62 0.004 - -
3 5 2.82 0.013 - - - -
7 >4.07 <0.001 - - - -
9 3.06 0.008 - - - -
10 3.06 0.008 - - - -
4 5 >4.07 <0.001 - - - -
9 2.28 0.038 - - - -
5 6 2.75 0.015 - - - -
12 3.54 0.003 - - - -
6 9 3.54 0.003 - - - -
7 9 2.25 0.040 - - - -
8 9 3.73 0.002 - - - -
9 10 2.66 0.018 - - - -
12 3.73 0.002 - - - -
10 12 3.54 0.003 - - - -
11 12 3.00 0.009 - - - -

Only significant (P <0.05) comparisons are reported. The left column labeled Block A lists the blocks that differed significantly from
blocks listed in column Block B. RT, response time; SD, standard deviation.

Accuracy in Block 1, Session 2 was not significantly different
from accuracy in the last block of Session 1 (t = 0.18, P = 0.429).
Mean block RT, SD of RTs across blocks, and accuracy across
Session 2 are presented in Figure 4D-F, respectively. As in Ses-
sion 1, single-factor repeated measures ANOVAs were run to
investigate differences across Session 2. There were no signifi-
cant differences across blocks for RT (F<1), SD (F<1), or
response accuracy (F < 1) across Session 2.

Session 3

Data from two participants were excluded from analysis in
Session 3 due to reported misinterpretation of the instructions
of the task. The error rate in the remaining 17 participants was
low (average incorrect responses: 0.74%). Table II presents the
mean RTs and error rates in each of the congruent, incongruent,

and control conditions. Paired ¢ tests were performed on
error rates between congruent and control, and incongruent
and control. One-sample ¢ tests were performed on average
RT facilitation (i.e., congruent — control), and interference
(i.e., incongruent — control; Fig. 6). There were significantly
more errors in incongruent compared to control (t =2.06,
P =0.029) conditions. In addition, RT interference compared
to zero trended toward significance (t=1.37, P =0.095).
However, facilitation (t= —1.23, P =0.881) scores did not
differ significantly from zero (Fig. 5).

FMRI Data

Significant activations are reported at a significance level
of 4<0.05 FDR corrected unless otherwise stated using
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TABLE Il. Mean response times and error rates for the
congruent, incongruent, and control condition in
Session 3 of Experiment |

Condition Response time (ms) Error rate (%)
Congruent 378.66 (17.44) 0.73 (0.17)
Incongruent 387.45 (20.66) 1.34 (0.39)
Control 377.84 (18.17) 0.98 (0.50)

Mean (SEM) response times (ms) and error rates (%) are pre-
sented. In the congruent condition, an image appeared in a loca-
tion that was consistent with the left or right button-press
response learned at baseline, in Session 1, and practiced in Session
2. In the incongruent condition, a stimulus appeared in a location
that was inconsistent with the left or right button-press response
learned at baseline, in Session 1, and practiced in Session 2. In the
control condition, six new images that were not previously pre-
sented in the experiment appeared to the left or right of center.

A Session 1 Phase 1 SR minus Restevents

SAE:  IR'AT

S G

=] Session 1 Phase 2 SR minus Restevents

SPM5 (Tables III-V). In all sessions, error rates were low
and therefore only correct responses were examined at the
group level. Session 1 contrasts are reported in Table III,
Session 2 contrasts are stated in Table IV, and Session 3
contrasts appear in Table V. All coordinates (x, y, and z)
are reported in MNI space. Only significant striatal activa-
tions are reported in the text below. Regions of significant
activation outside of the striatum are presented in Tables
III-V. FMRI contrasts of interest are displayed in Figures 6
and 7.

Session |

Session 1 was divided into two phases of learning based
on behavioral performance. Phase 1 included Blocks 1-3,
whereas Phase 2 comprised Blocks 4-12. During Phase 1,
RTs were longer and accuracy was slightly lower, with
greater across-trial variability in these measures than in

8

C Session 1 Phase 1 minus Blocks 10, 11 and 12 SR events

D

Figure 6.

Significant activations in contrasts of interest in Session | Phases
| (i.e., Blocks 1-3) and 2 (i.e., Blocks 4—12): SR events. The fig-
ure shows significant activation at a threshold of ¢ <0.05 cor-
rected for false discovery rate (FDR). In each contrast of
interest, horizontal slices are presented ranging from z = —5 to
z=125, every 5 mm. (A) BOLD signal for stimulus-response
minus rest events in Phase | of Session |. (B) BOLD signal for

stimulus-response minus rest events in Phase 2 of Session |. (C)
BOLD signal for Phase | minus Blocks 10, I'l, and 12 of Session
| stimulus-response events. (D) BOLD signal for Blocks 10, 11,
and 12 of Session | minus Phase | stimulus-response events. SR,
stimulus-response events. [Color figure can be viewed at
wileyonlinelibrary.com]
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TABLE Ill. Significant brain activations in Session | contrasts of interest reported in MNI space in the Main Experiment

Contrast Anatomical area Cluster size t q XYz

Session 1: Phase 1

SR minus rest Left dorsal caudate nucleus 1108 6.37 <0.001 -18, —1,25
Right dorsal caudate nucleus * 5.54 <0.001 21, —4, 25
Right occipital fusiform gyrus 5836 7.67 <0.001 48, —64, —20
Left occipital pole 239 5.76 0.006 0, =97, 16
Left postcentral gyrus 139 3.93 0.028 —45, =37, 61

FB minus rest No suprathreshold activations

SR minus FB Left dorsal caudate nucleus 152 5.29 0.003 —15, 11, 25
Right dorsal caudate nucleus * 3.59 0.028 18, —19, 25
Right occipital pole 207 6.34 0.001 3, —91, 22
Right inferior frontal gyrus 72 4.35 0.026 54,17, =2

FB minus SR Left juxtapositional lobule cortex 23 533 0.020 -6, —1, 58
Left middle frontal gyrus 23 5.29 0.020 —30, —4, 52

Session 1: Phase 2

SR minus rest Left ventral putamen 67 3.58 <0.001 —24,2,-10
Right lateral occipital complex 79 4.59 0.022 51, —64, —14
Right cerebellum 208 4.37 0.001 33, =52, —29
Left cerebellum 214 4.26 0.001 -39, —61, —23

FB minus rest No suprathreshold activations

SR minus FB Right ventral putamen * 4.54 0.017 24,8, —11
Left supramarginal gyrus 1388 5.28 <0.001 —60, —31, 46
Left lateral occipital cortex 346 5.10 <0.001 —48, =70, —14
Right insular cortex 560 4.96 <0.001 39, -1, -2
Right cuneal cortex 732 4.68 <0.001 0, =79, 25
Right supramarginal gyrus 251 4.56 <0.001 60, —31, 40
Right middle frontal gyrus 137 4.55 0.004 36, 35, 43
Left frontal pole 115 4.48 0.007 —42, 44, 28
Right middle temporal gyrus 332 4.27 <0.001 51, =52, -2

FB minus SR No suprathreshold activations

Session 1: Phase 1 versus Phase 2 for SR events

Phase 1 minus Blocks 4-6 No suprathreshold activations

Blocks 4-6 minus Phase 1 Left cingulate gyrus 165 5.08 0.013 —15, —28, 40
Right parietal operculum cortex 1519 4.43 <0.001 57, =31, 31
Left insular cortex 855 4.40 <0.001 -30,29,7
Left parietal operculum cortex 355 4.25 0.001 —51, —40, 22
Right cingulate gyrus 502 4.24 <0.001 9,14, 34
Right precuneous cortex 191 4.10 0.008 9, —43,49
Left intracalcarine cortex 890 4.01 <0.001 -9, —64, 13
Right middle frontal gyrus 113 3.88 0.035 27, 35, 28

Phase 1 minus Blocks 7-9 Right dorsal caudate nucleus 267 3.69 <0.001 21,19, 26
Left dorsal caudate nucleus * 3.65 <0.001 —18, 2, 26
Left precuneous cortex 7451 5.10 <0.001 -9, —64, 16
Right frontal medial cortex 196 457 0.016 6,35, —14

Blocks 7-9 minus Phase 1 No suprathreshold activations

Phase 1 minus Blocks 10-12 Right dorsal caudate nucleus 113 4.25 0.013 18, 26, 13
Left dorsal caudate nucleus * 418 0.004 -12, -1, 25
Right lateral occipital cortex 969 5.58 <0.001 45, =70, =20

Blocks 10-12 minus Phase 1 Left precentral gyrus 2454 5.99 <0.001 —30, =7, 52
Left lateral occipital cortex 1539 4.72 <0.001 -51, =73, 19
Left thalamus 218 4.62 0.005 -3,-19,1
Right frontal medial cortex 151 421 0.016 3,38, —14
Left planum temporale 142 3.86 0.019 —-33, =31, 16

Cluster size is reported in voxels. Q values are reported at a significance level of g <0.05 corrected for false discovery rate (FDR) at the
Voxel level. T values are reported at the voxel level. Coordinates are reported in MNI space. Striatal regions are presented first and
highlighted in each contrast. SR, stimulus-response events; FB, feedback events. *Cluster size unobtainable as peak coordinates are
within a larger cluster.
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TABLE IV. Significant brain activations in Session 2 contrasts of interest reported in MNI space in the Main Experiment

Contrast Anatomical area Cluster size t q XY z
Block 1 minus rest Right dorsal caudate nucleus 42 3.98 <0.001 15,1, 26
Left dorsal caudate nucleus 85 4.08 <0.001 —-18, —4, 23
Right ventral putamen 151 4.36 <0.001 24,14, 2
Left ventral putamen * 4.32 <0.001 —-27,8, -1
Block 2-8 minus rest Right cerebellum 54 5.31 0.013 —45, =52, =32
Block 1 minus Block 8 Right dorsal caudate nucleus * 3.98 <0.001 18, —4, 23
Left dorsal caudate nucleus 23 4.26 <0.001 —18, —4, 23
Right cerebellum 293 5.17 <0.001 27, —40, —32
Left thalamus 160 4.65 <0.001 -6, -1,1
Left temporal occipital fusiform cortex 173 4.62 <0.001 -39, =58, —23
Right superior temporal gyrus 67 4.28 0.009 42, 34, 4
Right occipital pole 57 4.21 0.014 15, —100, 10
Left postcentral gyrus 35 4.01 0.047 -30, —19, 37

Block 8 minus Block 1 No suprathreshold activations

Cluster size is reported in voxels. Q values are reported at a significance level of g4 <0.05 corrected for false discovery rate (FDR) at the
Voxel level. T values are reported at the voxel level. Coordinates are reported in MNI space. Striatal regions are presented first and
highlighted in each contrast. SR, stimulus-response events; FB, feedback events. *Cluster size unobtainable as peak coordinates are

within a larger cluster.

Phase 2, reflecting response deliberation. During Phase 2,
RTs and accuracy had stabilized, indicating that the stimu-
lus—response associations were well-learned and required
less consideration at this stage. Session 1 contrasts of inter-
est are reported in Table III.

Stimulus—response decisions: Phase 1, Session 1. In Phase 1,
significant activation occurred in the left (peak coordinates:
—18, —1, 25; t =6.37; 4 <0.001), and right (peak coordinates:
21, —4, 25; t =5.54; 4<0.001) dorsal caudate nucleus con-
trasting stimulus-response events with rest periods (Fig.
6A). Significant activation also occurred in the left (peak
coordinates: —15, —1, 25; t =5.29; 4 =0.003) and right (peak
coordinates: 18, —19, 25; t =3.59; q=0.028) dorsal caudate
nucleus contrasting stimulus-response minus feedback
events.

Receiving feedback: Phase 1, Session 1. No significant stria-
tal activations arose for feedback events minus rest or
stimulus-response events.

Stimulus—response decisions: Phase 2, Session 1. Significant
activation occurred in the left ventral putamen (peak coordi-
nates: —24, 2, —10; t=3.58; q<0.001) for Phase 2 stimu-
lus-response events minus rest (Fig. 6B). In addition,
significant activation occurred in the right ventral putamen
for stimulus-response events minus feedback events (peak
coordinates: 24, 8, —11, t=4.54; g=0.017). To further
explore Phase 2, stimulus-response events were compared
to rest at a more liberal criterion of P <0.005 uncorrected
for multiple comparisons with a cluster threshold of 10
contiguous voxels. Even using this liberal criterion, no
peaks in the DS were revealed. Some activation related to
the peak in the left ventral putamen extended dorsally
into DS but only at this lessened criterion (peak coordinates:
—27,5, =7; t=3.70; P <0.001).

Receiving feedback: Phase 2, Session 1. No significant acti-
vation occurred during Phase 2 for feedback events minus
rest, or feedback minus stimulus-response events.

TABLE V. Significant brain activations in Session 3 contrasts of interest reported in MNI space in the Main Experiment

Contrast Anatomical area Cluster size t P XY,z
Facilitation (Congruent minus Control) No suprathreshold activations

Control minus Congruent No suprathreshold activations

Interference (Incongruent minus Control) No suprathreshold activations

Control minus Incongruent No suprathreshold activations

Incongruent minus Congruent No suprathreshold activations

Congruent minus Incongruent No suprathreshold activations

Congruent and Incongruent minus Control Left dorsal putamen 271 2.86 0.003 —18, —13, 14

Control minus Congruent and Incongruent No suprathreshold activations

Cluster size is reported in voxels. P values are reported at a significance level of P <0.005 uncorrected for multiple comparisons. T val-
ues are reported at the voxel level. Coordinates are reported in MNI space. Striatal regions are presented first and highlighted in each
contrast. Facilitation was calculated as mean RTs in the congruent minus control condition and interference was calculated as mean RTs
in the incongruent minus control condition.
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Session 2 Block 1 SR minus Rest events

C

Figure 7.

Significant activations in contrasts of interest in Session 2. The
figure shows significant activation at a threshold of ¢ <0.05 cor-
rected for false discovery rate (FDR). In each contrast of inter-
est, horizontal slices are presented ranging from z= —5 to
z=125, every 5 mm. (A) BOLD signal for stimulus-response

Stimulus—response decisions: Phase 1 versus Phase 2. Given
that Phase 1 consisted of the first three blocks and Phase 2
was composed of the last nine blocks (Block 4-12), con-
trasts were made between Phase 1 and Phase 2, grouped
into three consecutive blocks, to create balanced contrasts.
No significant striatal activations occurred in the Phase 1
minus Blocks 4, 5, and 6 contrast, or the reverse contrast.
Significant activation arose in the left and right dorsal cau-
date nucleus (peak coordinates: —18, 2, 26; t = 3.65; g < 0.001,
and peak coordinates: 21, —19, 26; t = 3.69; q < 0.001, respec-
tively), for Phase 1 minus Blocks 7, 8, and 9, and for Phase
1 minus Blocks 10, 11, and 12 (peak coordinates: —12, —1,
25, t=4.18; g=0.004, and peak coordinates: 18, 26, 13;
t =4.25; q=0.013, respectively; Fig. 6C) contrasts. No sig-
nificant striatal activation occurred during the reverse con-
trasts (Fig. 6D).

Session 2

Session 2 contrasts of interest are reported in Table IV.

Stimulus—response decisions: Block 1, Session 2. Signifi-
cant activation arose in the left (peak coordinates: —18, —4,
23; t=4.08; 4<0.001), and right (peak coordinates: 15, 1,
26; t=23.98;, 4<0.001) dorsal caudate nucleus, and left
(peak coordinates: —27, 8, —1; t =4.32; 4 <0.001) and right
(peak coordinates: 24, 14, 2; t=4.36; q<0.001) ventral
putamen, when Block 1 decision events were contrasted

events of Block | of Session 2 minus rest. (B) BOLD signal for
stimulus-response events of Block | minus Block 8 of Session 2.
(C) BOLD signal of stimulus-response events of Blocks 8 minus
Blocks | of Session 2. SR, stimulus-response events. [Color fig-
ure can be viewed at wileyonlinelibrary.com]

with rest periods (Fig. 7A). No significant striatal activa-
tion arose for each of Blocks 2-8 when compared with
rest events at 4 <0.05 FDR or even using a more liberal
criterion of P <0.005 uncorrected for multiple compari-
sons. Significant activation in left and right dorsal cau-
date nucleus arose when stimulus response events in
Block 1 were contrasted with those in Block 8 of Session
2 (peak coordinates: —18, —4, 23; t=4.26; q4<0.001 and
peak coordinates: 18, —4, 23; t=3.98; 4<0.001, respec-
tively; Fig. 7B,C).

Session 3

Session 3 contrasts of interest are reported in Table V.

Localization responses: There were no significant activa-
tions in any striatal regions for contrasts of facilitation (i.e.,
congruent minus control trials), interference (i.e., incongru-
ent minus control trials), or incongruent and congruent vs.
control trials at an FDR corrected threshold of g <0.05. At
a less stringent threshold of P <0.005 uncorrected, how-
ever, contrasting incongruent and congruent trials (i.e.,
conditions in which suppression of previously learned
stimulus-identity responses were required in favor of the
less-practiced location responses) with control trials (i.e.,
condition in which there were no previously-learned
stimulus-identity responses to distract from location
responses), a 271 voxel cluster in left dorsal putamen
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extending into dorsal caudate nucleus appeared (peak coor-
dinates: —18, —13, 14; t = 2.86; P < 0.003).

Bayesian analysis

Beta values in the bilateral dorsal caudate nucleus ROI
were extracted for stimulus-response events separately for
Sessions 1, 2, and 3. These values were used in the Bayes-
ian analysis. To rule out a role for DS in late stimu-
lus-response learning, DS BOLD signal was predicted to
attenuate, despite behavioral signs of ongoing late-stage
learning, during Phase 2, Session 1, and Blocks 2-8, Ses-
sion 2. Bayes’ factor one-sample  tests were conducted on
the beta values extracted from the dorsal caudate nucleus
ROIs in these sessions. In this Bayesian analysis, a Bayes’
factor of <3 is considered to significantly support the null
hypothesis [Dienes, 2014] that DS activation was not corre-
lated with stimulus-response events.

Session 1 Bayes’ factors: Bayes’ factor one-sample f tests
were conducted separately on the average beta values for
each block in Session 1. As supported in the whole brain
analysis, Bayes’ factors in Blocks 1-4 significantly sup-
ported the alternative hypothesis that activation in DS in
these blocks is significantly greater than zero. Blocks 5-12,
however, all had a Bayes’ factor of less than 3, indicating
that the beta values in DS are not greater than zero,
strongly supporting the null hypothesis. That is, in Session
1, DS appears to mediate response-selection responses in
Phase 1 (i.e., Blocks 1-3), with values ranging from 7.2 to
15.4, and in Block 4, with a Bayes’ factor of 8.5. These
results strongly support the alternative hypothesis. For all
subsequent blocks in Session 1, Bayes’ factors were well
below the cut-off of 3, with a mean Bayes’ factor of 1.12
(0.09) in all blocks but one. In Block 10 only, an isolated
finding, the DS Bayes’ factor trended toward being greater
than zero (BF;p=2.78). Entirely, consistent with the
frequency-based statistical analyses, our Bayesian analysis
of these data strongly support the view that DS BOLD sig-
nal preferentially arises during blocks when response
deliberation is expected based on serial order positions,
and confirmed by RT, accuracy, and the variability of
behavior across trials.

Session 2 Bayes” factors: A similar Bayesian analysis was
conducted on each of the eight average block beta values
extracted from the DS ROI. Supporting the Session 2,
whole brain analysis, only the first block was trending
towards being significantly greater than zero (BF;o =2.61).
Blocks 2-8 had Bayes’ factors of <1, with a mean Bayes’
factor of 0.20 (0.01), strongly supporting the null hypothe-
sis, that the average DS beta values are not significantly
greater than zero. That is, DS is neither mediating learning
or responding in these later sessions when responses were
relatively effortless and therefore required less reflection.

Session 3 Bayes’ factors: Similar to the above Bayesian
analyses for Sessions 1 and 2, beta values were extracted
from the bilateral DS ROIs for each of the congruent,

incongruent, and control regressors. Bayes’ factor, one-
sample t tests were conducted on facilitation (i.e., congru-
ent minus control trials) and interference (i.e., incongruent
minus control trials) scores. All scores had a Bayes’ factor
of <1.5 indicating that for facilitation (BF;,=1.30), inter-
ference (BF;p=0.46), and for the sum of congruent and
incongruent minus control (BF;p=0.62), DS activity beta
values are not significantly greater than zero using this
analysis.

DISCUSSION

Examining late-stage stimulus-response learning, we
found that DS activity—specifically the body of dorsal cau-
date nucleus—correlated with deliberate decision-making
rather than feedback events, replicating our main finding
in Hiebert et al. [2014b]. We divided Session 1 into Phases
1 and 2, guided by the serial order of blocks and based on
behavioral data. We examined Phases 1 versus 2 of Session
1, and Block 1 versus 2-8 of Session 2 separately because
the concepts that DS mediates (a) learning stimu-
lus-response associations to the point of automaticity ver-
sus (b) deliberate response selections, predict different
patterns of DS engagement during earlier versus later tri-
als of Session 1 and in the initial block of Session 2 com-
pared to later blocks.

Significant DS activity occurred during stimu-
lus-response events in Phase 1, Session 1, but not Phase 2,
Session 1. These findings held whether stimulus-response
events in Phase 1 and 2 were contrasted with rest periods,
with feedback periods, or with one another. This is impor-
tant because stimulus-response automaticity had not been
achieved at the end of Session 1, attested to by improved
RT and differences in BOLD signal across Phase 2, Session
1 to Session 2. Furthermore, pairwise comparisons across
blocks in Session 1 continued to reveal small but signifi-
cant differences in RT throughout, though SD and accu-
racy had plateaued. Evidence that stimulus-response
automaticity was achieved only occurred by the end of
Session 2, given (a) increased errors in the incongruent rel-
ative to the control conditions, (b) a trend toward signifi-
cant interference (i.e., incongruent minus control) in terms
of RT data, and (c) significant DS activation (i.e., dorsal
putamen extending into dorsal caudate nucleus), in a
location-based Stroop task in Session 3. If DS mediates
learning to the point of automaticity, DS activation should
persist until this process is complete. DS BOLD signal
dropped out well before this point, demonstrating dissoci-
ation between DS BOLD signal and the progression of
stimulus-response association automatization. DS activa-
tion was significantly greater for stimulus-response events
in Phase 1, Session 1, relative to Phase 2, Session 1 (i.e.,
Blocks 7-9; 10-12). The correspondence of DS activity with
stimulus-response decisions in Phase 1, when longer RTs,
lower accuracy, and greater trial-by-trial variability (i.e.,
SD) occurred, relative to when more stable responding
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occurred in Phase 2, was entirely in keeping with its pro-
posed role in deliberate decision making.

The main aim of Session 2, and the 20-min distractor
task that occurred prior to it, was to create situations in
which predictions regarding DS activation levels would
differ for the competing accounts of DS’s role in cognitive
function. Further, Session 2 was designed to evaluate
whether automaticity had been achieved by the end of
Session 1. This would be suggested by an absence of
change in (a) behavior (i.e., RT, SD, or accuracy) and (b)
BOLD signal from Phase 2, Session 1 to Session 2, despite
an intervening period of distraction. As detailed above,
this was not the case. Further, the distractor period was
intended to reintroduce some uncertainty and hence delib-
eration in response-selection decisions. If DS mediates
deliberate response selections, generating uncertainty was
expected to cause an increase or re-engagement of DS
activity initially in Session 2 (i.e., in Block 1), until partici-
pants refamiliarized themselves once more with stimulus-
specific responses. Supporting the view that DS mediates
deliberate, response decisions, DS BOLD signal re-
emerged and correlated with stimulus-response events in
Block 1 of Session 2 only. This block occurred immediately
following a 20-min, unrelated distractor task. DS BOLD
signal did not correlate preferentially with stimu-
lus-response decisions in Blocks 2-8 of Session 2 com-
pared to rest. Further, significantly greater DS BOLD
signal resulted comparing Block 1, immediately following
distraction, to Block 8, at the end of Session 2.

Using fMRI in healthy controls, we can only contradict
the entrenched view that DS mediates development of
stimulus-response automaticity by demonstrating absence
of DS BOLD signal despite behavioral evidence that stimu-
lus-response automatization remained in progress (i.e., a
null result). That is, this claim would be challenged by dis-
sociating neural signal in DS and behavioral signs of learn-
ing. There is a, perhaps, justified bias against publishing
null effects. Null effects can have multiple interpretations
including the possibility that a true difference was not
detected due to insensitivity of measures or related to lack
of statistical power (i.e., Type II error). Further with fre-
quentist approaches, the null and the alternative hypothe-
ses are set up to be asymmetric with investigator control
of the maximum error allowable for supporting the alter-
native hypothesis whereas the error associated Type II
errors varies in each study based on experimental features
and power [Dienes, 2014]. The application of Bayesian
analysis can reduce pitfalls in dealing with negative results
and interpreting null effects. Bayesian analysis treats null
and alternative hypotheses symmetrically, using the data
themselves to determine the relative fit to the respective
models. In this way, the statistical obstacles and validity of
accepting versus rejecting the null hypotheses are equated
with Bayesian analysis [Dienes, 2014].

We performed Bayesian analysis on average block beta
values extracted from bilateral DS, specifically the dorsal

caudate nucleus ROIs. These ROIs were defined using the
anatomical boundaries of the caudate nucleus above
z =2 mm. There was significant support for dorsal caudate
nucleus BOLD greater than zero in Phase 1, Session 1, as
well as in in Block 4 (i.e., the first block of Phase 2), Ses-
sion 1. Bayesian analysis significantly supported accepting
the null hypothesis that activation of DS activation was
not greater than zero in all blocks save Block 4 of Phase 2,
Session 1. Frequency-based analyses revealed significant
re-emergence of dorsal caudate nucleus activation in Block
1, Session 2. The Bayes’ Factor only trended toward signif-
icance for Block 1, Session 2 (i.e., 2.61 with significance
threshold set at 3), not fully supporting the alternative
hypothesis. It is notable, however, that the mean Bayes’
factors for all other blocks in Session 2 (i.e., Blocks 2-8)
was 0.20. This pattern of results is entirely incompatible
with the view that DS mediates late-learning to the point
of automaticity and wholly supports the notion that DS
underlies decisions that still require reflection.

Supplemental Experiment 2

Based on improved RT and differences in BOLD signal
from Phase 2, Session 1 to Session 2, automaticity was not
achieved at the end of Session 1 let alone at the end of
Phase 1, Session 1. Nonetheless, DS signal had dropped
out by Phase 2 (i.e., across Blocks 5-12), Session 1. Signifi-
cant DS BOLD signal was noted only in Phase 1 (i.e.,
Blocks 1-3, and Block 4, the latter was only revealed using
Bayesian analyses), Session 1 when RT, error rates, and
mean block SDs were high, suggesting deliberation. Prefer-
ential DS BOLD signal also occurred in Block 1, Session 2,
following a 20-min distractor task aimed at reintroducing
uncertainty and some consideration of response selection
decisions. Phase 1, Session 1 constituted only 9 presenta-
tions of each stimulus, which referring to the larger litera-
ture would be insufficient to support the development of
automatic stimulus-specific responding [Foerde et al.,
2006; Helie et al., 2010; MacLeod and Dunbar, 1988; Myers
et al.,, 2003; Poldrack et al., 2005; Shiffrin and Schneider,
1977; Shohamy and Wagner, 2008; Wachter et al., 2009].
Nonetheless, to be entirely certain of our interpretations of
the Main Experiment, we conducted Experiment 2 (Meth-
ods and Results presented in Supporting Information). In
this behavioral experiment, we included a location Stroop
task immediately after Phase 1, Session 1 (i.e., Session 3A)
and at the end of Session 2 (i.e., Session 3B), to directly
rule out the possibility that stimulus-response automatic-
ity had been achieved after Phase 1.

Performance in Sessions 1 and 2 of Experiment 2
entirely replicated behavioral findings in our Main Experi-
ment (i.e., compare Fig. 5 and Supporting Information,
Fig. 1). Significant interference in location responses using
RT or accuracy did not occur in the incongruent relative to
the control condition in Session 3A. Similarly, there was
not significant RT or accuracy facilitation in the congruent
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relative to the control condition in Session 3A. Conse-
quently, there was no evidence that stimulus-specific
responses had achieved automatic status at the conclusion
of Phase 1, Session 1, based on performance of a modified
location Stroop task in Session 3A. There was a trend
toward slower RTs in Block 1, Session 2, relative to Block
12, Session 1, replicating the finding in our Main Experi-
ment that stimulus-response automaticity was not
achieved by the end of Session 1.

In contrast, significant interference in terms of RT
occurred during Session 3B, after stimulus-response asso-
ciations had been trained in Session 1 (i.e., 12 blocks), and
Session 2 (i.e., 8 blocks), for incongruent relative to control
trials. This suggests that stimulus-response automaticity
was achieved by the end of Session 2, entirely consistent
with our findings in the Main Experiment.

The results in Experiment 2 inform our interpretation of
the fMRI findings in the Main Experiment. Taken together,
the results favor the view that DS activation correlated
with stimulus-response events in Phase 1, Session 1, when
an element of deliberation remained, because this region
has a role in decision making, as has been suggested by
others as well [Ali et al., 2010; Cools and D’Esposito, 2011;
Daniel et al.,, 2010; MacDonald et al., 2011; Ohira et al.,
2010].

Summary

Automaticity is variously defined as reflecting stimulus-
specific responses that (a) persist even when feedback is
omitted or is reversed, generalizing across situations
[Myers et al.,, 2003; Shohamy and Wagner, 2008], (b) are
unaffected by distracting information or tasks [Foerde
et al., 2006], and (c) interfere with enacting new incongru-
ent responses [MacLeod and Dunbar, 1988]. DS has been
implicated in the development of automatic stimulus-
specific responses [Ashby et al., 2010; Tricomi et al., 2009;
Yin and Knowlton, 2006]. DS has also been ascribed a role
in decision making when deliberation is required [Ali
et al., 2010; Cools and D’Esposito, 2011; Daniel et al., 2010;
DeGutis and D’Esposito, 2007; MacDonald et al., 2011;
Ohira et al., 2010; Robertson et al., 2015]. Our results refute
a role for DS in late-stage, stimulus-response learning and
automatization, and rather are entirely consistent with the
view that DS mediates deliberate decision making.

In this experiment, significant DS activity— particularly
the body region of the dorsal caudate nucleus—occurred
only during stimulus-response, and not feedback events,
replicating our main finding in Hiebert et al., [2014b] sug-
gesting that DS mediates response decisions and not learn-
ing from feedback. Further supporting a role for DS in
mediating decisions, DS was significant in Phase 1, Session
1, when longer RTs, lower accuracy, and greater trial-by-
trial variability suggested a degree of indecision and hence
deliberation was required. Session 2 was performed fol-
lowing a 20-min distractor task that aimed to reintroduce

some uncertainty in response-selection decisions. This pro-
vided a further test of the hypothesis that DS mediates
decision making when choosing among response alterna-
tives demands some contemplation of options. As we had
predicted, we observed a transient re-emergence of DS
activation, correlating with the decision-making events in
Block 1, Session 2, immediately following distraction. In
contrast, during Phase 2, Session 1, and Blocks 2-8 of Ses-
sion 2, stimulus-response decisions did not correlate sig-
nificantly with DS BOLD signal. Further, Bayesian analysis
supported these null results in all but Block 4 (i.e., the first
block) of Phase 2, Session 1. In our Main Experiment, stim-
ulus-response automaticity had not been achieved at the
conclusion of Session 1 based on the evidence that RTs
and BOLD signal differed from Block 12, Session 1 and
Block 1, Session 2 and the additional finding that pairwise
t-tests of RT for individual blocks across Session 1 contin-
ued to shorten slightly across blocks. Stimulus-response
associations were overlearned to the point of automaticity
at the conclusion of Session 2, supported by the finding
that stimulus-response associations learned in Session 1
and reinforced in Session 2 facilitated congruent and inter-
fered with incongruent location responses in a modified
location Stroop task. In Experiment 2, we sought direct
evidence that Phase 1, Session 1 was not sufficient to pro-
mote development of stimulus-response automaticity,
using our location Stroop task (see Supporting Informa-
tion). Experiment 2 revealed that stimulus-response auto-
maticity was not achieved following Blocks 1-3, Session 1
(i.e., Phase 1) after only 9 presentations of each stimulus.
The fact that DS activation attenuated after Phase 1, Ses-
sion 1, before automaticity was achieved, in the Main
Experiment is therefore wholly inconsistent with the con-
tention that DS mediates late-stage, stimulus-response
learning to the point of automaticity [Ashby et al., 2007;
Balleine and O’Doherty, 2010; Yin and Knowlton, 2006].
There was a clear dissociation between DS BOLD signal
and behavioral evidence of late-stage, stimulus-response
association automatization.

In contrasts where DS activation emerged significantly,
cortical regions previously implicated in decision making
and categorization judgments were also revealed. These
included occipital regions of the fusiform gyrus that have
been implicated in decision making, specifically in motor
planning and execution [Tosoni et al., 2016], and the occip-
ital pole and lateral occipital cortex that are both impli-
cated in object recognition [Vernon et al., 2016]. Object
recognition is a required step toward enacting stimulus-
specific response selections. The right inferior frontal gyrus
has been shown to implement and reprogramme action
plans [Stock et al., 2016]. Many of the brain regions that
were significantly activated along with DS during
response-selection events are reciprocally connected with
the dorsal caudate nucleus, the body specifically, such as
the precentral, postcentral, inferior, and fusiform gyri
[Robinson et al., 2012; Tziortzi et al., 2014]. These results
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highlight the fact that, whereas the DS does not function
in isolation, it plays a key, central role in performing
response-related decisions.

DS in Stimulus—Response Learning Versus
Decision Making

The claim that DS mediates learning is well-entrenched
[Ashby et al., 2007, 2010; Balleine et al., 2009; Brovelli
et al, 2011; O’Doherty et al.,, 2004; Yin and Knowlton,
2006]. Challenges to this notion are accruing, however
[Atallah et al., 2007; Exner et al., 2002; MacDonald et al.,
2013a; Vo et al., 2014]. In a previous experiment, we inves-
tigated DS’s role in early stimulus-response learning. We
found that DS activity, particularly the head of dorsal cau-
date nucleus, correlated with stimulus-response decisions
and enactment, not with feedback processing, the point at
which early, stimulus-response associations are learned
[Hiebert et al., 2014b]. In that experiment, DS activity did
not correlate with response decisions in the first half of
our session, before response tendencies had developed. DS
activity emerged and correlated significantly with stimu-
lus-response decisions in later stages of stimulus-response
learning. At these later stages, when DS activity correlated
with stimulus-response events, the learning curve was
shallower and therefore DS did not seem to be tracking
learning behavior per se. Furthermore, and quite convinc-
ing that DS does not mediate early, stimulus-response
learning via feedback, DS preferentially correlated with
stimulus-response decision events in Session 2, when feed-
back was omitted and hence further feedback-based learn-
ing was precluded. In Session 2, however, decision
accuracy remained imperfect (i.e., mean 92%), and RTs
(i.e., mean 696 ms) suggested some deliberation was
required. That is, DS activity arose when stimulus-specific
responses were not overlearned and still required a degree
of deliberation in this session of our previous experiment.
We argued that DS is erroneously implicated in stimu-
lus-response learning because it mediates aspects of deci-
sion making, and most stimulus-response learning studies
combine decision and learning processes. This confound
exists at the behavioral level in that expression of learning
typically depends on intact decision-making abilities. In
neuroimaging studies, neural activation associated with
learning and decision processes are frequently merged
into a single learning event. Though our previous finding
seriously challenged the premise that DS mediates early
stimulus-response learning, we could not comment on the
DS’s role in late-stage learning, particularly in stimu-
lus-response automaticity that occurs through repeated
experience of stimulus-response associations and does not
necessarily depend upon feedback. The view that DS
mediates late learning is also prevalent [Ashby et al., 2010;
Balleine et al., 2009; Ruge and Wolfensteller, 2013; Tricomi
et al., 2009] and this served as the impetus for the Main
Experiment.

Extending our previous investigation [Hiebert et al.,
2014b], here we examined DS’s role in late-stage learning
versus decision making. Our results were entirely consis-
tent with the view that DS mediates decisions when a
degree of deliberation is required (Session 1, Phase 1;
Session 2, Block 1), consistent with our previous conclu-
sions regarding DS’s role in an early-learning experiment
[Hiebert et al., 2014b]. That DS activity attenuated before
automaticity had been achieved is inconsistent with the
view that it mediates late-stage stimulus-response learning
[Balleine and O’Doherty, 2010; Helie et al., 2010; Liljeholm
and O’Doherty, 2012; Macpherson et al., 2014; Soto et al.,
2013; Voorn et al., 2004; Yin and Knowlton, 2006]. If the
role of DS is to learn stimulus-response associations and
to train cortical-cortical connections to the point of auto-
maticity, DS activity should have persisted into Session 2,
given that this learning process had not reached comple-
tion based on differences in RT and BOLD signal from
Session 1 to Session 2 [Ashby et al., 2007]. The current
results are therefore at odds with the SPEED model ascrib-
ing DS a role in mediating automaticity [Ashby et al.,
2007; Helie et al., 2010] and with the theory that DS not
only mediates stimulus-response habit learning but also
underlies responding that is habitual [Balleine and O’Doh-
erty, 2010; Everitt and Robbins, 2005].

The finding that DS activity for stimulus-response
events attenuates prior to the development of automatic
responding has been shown convincingly by others as
well [Wu et al.,, 2004; Waldschmidt and Ashby, 2011; Soto
et al., 2013]. de Wit et al. [2011] used an instrumental con-
flict task, where participants first learned simple bicondi-
tional associations in a goal-directed or habit fashion, and
later performed decisions where select outcomes were
devalued. Patients with PD, tested in the OFF or ON
dopaminergic medication states, scored similarly to con-
trols in the outcome-devalued stage of the experiment
with respect to both the goal-directed and habit learned
associations. In PD, DS is significantly dopamine depleted
and hence DS functions a significantly impaired in the off
state and is improved by dopaminergic therapy. These
findings, therefore suggest that DS does not mediate the
development of automaticity, or interestingly even goal-
directed learning in this task [de Wit et al., 2011].

More consistent with our current results, and with our
previous findings [Hiebert et al., 2014b], DS seems to be
implicated in decision making only once stimu-
lus-response tendencies begin to develop, when a degree
of deliberation remains, but before responses are enacted
with little reflection or automatically (Fig. 7). These results
integrate with a growing literature linking DS to decision
making [Atallah et al., 2007; Grahn et al., 2008], particu-
larly the body of the caudate nucleus. as we have shown
here [Cincotta and Seger, 2007; Little et al., 2006; Seger
et al., 2010], and especially when deliberation, and cogni-
tive control or flexibility processes are required [Cools and
D’Esposito, 2011; Robertson et al., 2015]. In neuroimaging
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Figure 8.

Roles of DS and VS in early and late stimulus-response learning
as supported by our findings in Hiebert et al. [2014b] and the
Main Experiment of this study. Graphs presented above illustrate
preferential patterns of DS and VS activation for stimulus-
response events versus feedback separately, following the course
of learning from early to late stage. This is not actual data and
the amplitude and shape of curves reflect our theoretical inter-
pretations of our results. We present Session | of Hiebert et al.
[2014b], divided in half. Average percent accuracy achieved after
the first half of Session | was 57%. The average percent accu-
racy for Session | final learning was 93%. For this study, percent
accuracy for Block |, Session | was 94%. Session | was divided
into Phase | (Blocks 1-3) and 2 (Blocks 4—12). The average per-
cent accuracy achieved at the end of Phase | was 97% and at
the end of Phase 2 was 98%. (A) Activation patterns during

studies, DS activity correlates with degree of category
[Daniel et al., 2010], response-reward [Ohira et al., 2010],
and stimulus-response [Ali et al., 2010; MacDonald et al.,
2011] uncertainty. Further, investigations in patients with
DS lesions and in PD patients reveal more significant
impairments for decisions requiring greater deliberation
and in some cases superior performance relative to healthy
controls for choosing more automatic responses [Benke
et al., 2003; Cameron et al., 2010; Cools et al., 2006, 2009;
Hood et al., 2007; MacDonald et al., 2011; Thoma et al.,
2008]. Finally, in neuroimaging studies that utilize the
Stroop task, a robust paradigm that examines cognitive
control [MacLeod and MacDonald, 2000] resolving
response conflict and inhibiting prepotent responses in the

feedback events. VS activity was noted significantly only in the
first half of Session | [Hiebert et al., 2014b] VS was not signifi-
cantly engaged during the feedback events in the Main Experi-
ment. (B) Activation patterns during stimulus-response events.
DS activity was noted significantly only during the second half of
Session | and Session 2 [Hiebert et al., 2014b] when stimulus—
response associations were learned but still required delibera-
tion. In the Main Experiment, DS was only significant in Phase 1,
Session | when response selections were learned but still
required deliberation based on accuracy and RT. Preferential DS
activity was not noted relative to rest, feedback, or Phase |
stimulus—response events, for stimulus—response events during
Phase 2 of Session | and for the bulk of Session 2. [Color figure
can be viewed at wileyonlinelibrary.com]

incongruent condition frequently implicate DS [Ali et al.,
2010; Coderre and van Heuven, 2013; Robertson et al.,
2015]. These findings are at odds with any theory that
ascribes a role to DS in habit learning or habitual
responding.

Role of the Striatum in Stimulus—Response
Learning and Decision Making

Figure 8 presents our theorized patterns of DS and VS
engagement for stimulus-response versus feedback events
separately, following the course from early- to late-stage
learning and decision making, based on our previous
[Hiebert et al., 2014b] and current results. In Hiebert et al.
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[2014b], stimulus-response learning in Session 1 was
divided in half. The first half revealed a much steeper
slope of stimulus-response learning via feedback than the
second. The average percent accuracy achieved after the
first half of Session 1 in Hiebert et al. [2014b] was 57%.
The average percent accuracy at the end of the second half
of Session 1 (i.e. final learning score) was 93%. In the
Main Experiment, after a period of explicit study of stimu-
lus-response associations, the percent accuracy of the first
block of trials in Session 1 was 94%. Session 1 of the cur-
rent study was divided into Phases 1 (Blocks 1-3) and 2
(Blocks 4-12) based on behavioral patterns of accuracy,
RT, and intertrial variability. The average percent accuracy
and RT achieved at the end of Phase 1 were 97% and 746
ms and at the end of Phase 2 were 98% and 694 ms,
respectively.

DS was preferentially engaged during stimu-
lus-response events in both experiments (Fig. 8B). DS
activity peaked toward the end of the learning phase in
Hiebert et al. [2014b] when stimulus-response associations
were beginning to form but when response selections
were still somewhat uncertain (i.e., >57% accuracy). In
this study, DS activity occurred early once response selec-
tions were learned but still required deliberation based on
accuracy and RT (i.e.,, <97% accuracy). DS activity did not
correlate preferentially with stimulus-response events dur-
ing Phase 2 of Session 1 of the Main Experiment in which
accuracy was above 97% and RTs were quite short. We
conceptualize that responses during Phase 2 of Session 1
required much less consideration though they had not yet
achieved automaticity based on our objective measures.
These results together suggest that DS neither mediates
early, feedback-based learning, nor late-stage stimu-
lus-response automaticity. Instead, these results integrate
with a growing literature implicating DS in decision mak-
ing [Atallah et al., 2007; Grahn et al., 2008], particularly
when deliberation is required [Cools and D’Esposito,
2011].

In contrast, VS was preferentially engaged during feed-
back events (Fig. 8A) in Hiebert et al. [2014b], peaking in
the first half of Session 1, when the slope of learning was
steepest. VS BOLD signal for feedback events was not sig-
nificantly different relative to rest or stimulus-response
events in the second half of Session 1 in Hiebert et al.
[2014b], when slope of behavioral change indicated that
learning had decreased. Consistent with this pattern, VS
was not significantly engaged during the feedback events
in Session 1 of this study, which focused on late learning.
Early stimulus-response association learning had already
occurred prior even to Block 1, Session 1 in the Main
Experiment, due to an explicit learning session that pre-
ceded the fMRI portion of this study, intended as a short-
cut to later learning, making feedback much less
informative. Our results integrate with an emerging litera-
ture suggesting that VS mediates many forms of initial/
early learning both with and without the provision of

feedback, including reward learning [Camara et al., 2008;
MacDonald et al., 2013a], stimulus-stimulus learning [Mac-
Donald et al., 2011], motor learning [Feigin et al., 2003],
sequence learning [Ghilardi et al., 2007], category learning
[Hampshire et al., 2016; Shohamy et al., 2006], and list
learning [MacDonald et al., 2013b].

CONCLUSIONS

The striatum is increasingly implicated in cognitive
functions [MacDonald et al.,, 2014b]. We found that DS
activity correlates only with decisions and response selec-
tions requiring deliberation but not with late-stage, stimu-
lus-response association learning. Our results challenge
the notion that the DS underlies the development of auto-
maticity, integrating rather with a growing literature sug-
gesting that DS—particularly the caudate nucleus—
mediates decision making [Cincotta and Seger, 2007; Little
et al., 2006; Seger et al., 2010] when an element of delibera-
tion is required [Atallah et al.,, 2007; Grahn et al., 2008;
Hiebert et al., 2014b; Jessup and O’Doherty, 2011; Mac-
Donald et al., 2014a; McDonald and Hong, 2004; Postle
and D’Esposito, 1999; Smittenaar et al., 2012].
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