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Results of numerous human imaging studies and nonhuman neurophysiological studies on ‘‘reward’’
highlight a role for frontal, striatal, and thalamic regions in operant learning. By integrating operant
and functional neuroimaging methodologies, the present investigation examined brain activation to
two types of discriminative stimuli correlated with different contingencies. Prior to neuroimaging, 10
adult human subjects completed operant discrimination training in which money was delivered
following button pressing (press-money contingency) in the presence of one set of discriminative
stimuli, and termination of trials followed not responding (no response-next trial contingency) in the
presence of a second set of discriminative stimuli. After operant training, subjects were instructed to
memorize a third set of control stimuli unassociated with contingencies. Several hours after training,
functional magnetic resonance imaging was performed while subjects viewed discriminative and control
stimuli that were presented individually for 1,500 ms per trial, with stimulus presentations occurring, on
average, every 6 s. Activation was found in frontal and striatal brain regions to both sets of discriminative
stimuli relative to control stimuli. In addition, exploratory analyses highlighted activation differences
between discriminative stimuli. The results demonstrate the utility of coupling operant and imaging
technologies for investigating the neural substrates of operant learning in humans.
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_______________________________________________________________________________

Magnetic resonance imaging (MRI) pro-
vides a noninvasive, minimal-risk technique
for studying a variety of brain-behavior rela-
tions and brain-related diseases. The range of
uses of MRI technology includes quantifying:
(a) the size and position of discrete brain
structures (i.e., structural MRI), (b) changes in
activation of specific brain regions under
differing stimulus and/or performance condi-
tions (i.e., functional MRI or fMRI), (c)
certain biochemical changes related to neuro-
transmitters (MR spectroscopy), and (d) the

location and direction of neural activity along
the fiber tracts that connect brain structures
and regions (filter tract mapping). Further,
this technology is expanding exponentially,
with new techniques and uses being reported
with almost every journal cycle.

Studies involving neuroimaging and the
Experimental Analysis of Behavior (EAB) can
make at least two important contributions to
the advancement of behavioral science. The
first is a better understanding of the neurobi-
ology of operant learning. Studies on the
relation between operant learning and brain
function have never been considered an
unimportant or unnecessary pursuit, just
difficult. Indeed, these relations are particu-
larly important to understanding learning
deficits as well as understanding the action of
different therapeutic approaches, such as drug
versus behavior therapy.

A second contribution is the degree of
precision that the EAB can offer fMRI re-
search. Despite its rapid development, fMRI
research is not without its own unique meth-
odological concerns, some of which stem from
a lack of precision in arranging stimulus
conditions, response repertoires, and the like.
Although not always the case, most experi-
ments of brain function involve the compari-
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son of neural activation during differing
conditions of stimulus presentations, respond-
ing, or both. Thus a science such as EAB that is
based on and has developed because of
considerable rigor in arranging environmental
conditions to precisely control behavior can
make a significant contribution to imaging
research on operant learning, particularly on
discriminative stimulus control of human
behavior. To this end, the present investiga-
tion coupled methods typical of the EAB with
blood-oxygen-level-dependent functional mag-
netic resonance imaging (BOLD fMRI) to
examine frontal, striatal, and thalamic activa-
tion correlated with presentation of discrimi-
native stimuli.

The reciprocal connections between the
frontal lobe, striatum, and thalamus appear
to play a role in human and nonhuman
learning (Groenewegen, Wright, Beijer, &
Voorn, 1999; Lynd-Balta & Haber, 1994;
Ongur & Price, 2000; Wise, Murray, & Gerfew,
1996). In frontal regions, humans with lesions
to the ventromedial cortex and diffuse frontal
injury show impairments in discriminating
contingencies (Bechara, Damasio, Damasio,
& Anderson, 1994; Schlund, 2002; Schlund &
Pace, 2000). In the striatum, dysfunction
associated with human neurodegenerative
conditions such as Huntington’s or Parkin-
son’s disease also negatively affects learning
(Jackson, Jackson, Harrison, Henderson, &
Kennard, 1995; Knopman & Nissen, 1991;
Swenson & Butters, 1996). Results of numer-
ous lesion and neurophysiological studies with
nonhuman subjects implicate frontal-striatal
connections in learning and coding reward
and reward-associated stimuli (Apicella, Ljung-
berg, Scarnati, & Schultz, 1991; Hikosaka,
Sakamoto, & Usui, 1989; Kawagoe, Takikawa,
& Hikosaka, 1998; Robbins & Everitt, 1996;
Schultz, Tremblay, & Hollerman, 1998; Trem-
blay & Schultz, 2000b). For example, Tremblay
and Schultz (2000a) used a modified go/no-go
task with monkeys to investigate responses of
neurons in the orbitofrontal cortex and
caudate to different types of discriminative
stimuli. Reinforcement contingencies were
used to bring responding under the control
of three different discriminative stimuli, each
correlated with a different contingency: re-
spond-reinforcer, no respond-reinforcer, and
respond-no reinforcer (in this case, respond-
ing produced a conditioned stimulus followed

by termination of the trial). Response accuracy
was high and orbitofrontal and caudate neural
activity was consistently greater during the
presentation of discriminative stimuli correlat-
ed with reinforcement.

The emergence of methodological differ-
ences between cognitive neuroscience imaging
studies on reward and human and animal
operant studies on reinforcement are relevant
here. For example, results of many human
imaging studies on reward report activation in
frontal and striatal regions, but relatively few
investigations arrange reinforcement contin-
gencies to control behavior (e.g., O’Doherty,
Kringelbach, Rolls, Hornak, & Andrews, 2001;
Rogers et al., 1999; Rogers et al., 2004). By
comparison to nonhuman studies, many hu-
man imaging studies rely on experimenter
instructions and do not employ reinforcement
contingencies or discriminative stimuli. Thus
behavior appears primarily under the control
of instructions that are often structured,
implicitly or explicitly, to generate the ‘‘per-
ception’’ of contingencies (e.g., Breiter,
Aharon, Kahneman, Dale, & Shizgal, 2001;
Delgado, Nystrom, Fissell, Noll, & Fiez, 2000;
Knutson, Westdorp, Kaiser, & Hommer, 2000;
Tricomi, Delgado, & Fiez, 2004). These differ-
ences involving contingencies and verbal
instructions suggest that the variables control-
ling formally similar human and animal
behavior may differ functionally, which may
in turn recruit different neural systems.

At a broader level, many human imaging
studies often interpret striatal activation to
reward (i.e., money delivery) as reflecting
‘‘reward processing.’’ Yet similar results re-
cently have been reported to other stimuli
(often referred to as ‘‘nonrewards’’). For
instance, caudate activation has been observed
when experimenter instructions emphasize
responding to particular stimulus targets (ones
unassociated with money gain/loss; Zink,
Pagnoni, Martin, Dhamala, & Berns, 2003);
during the presentation of cues associated with
avoidable shock in an avoidance paradigm
(Jensen et al., 2003); presentation of noxious
thermal stimuli (Becerra, Brieter, Wise, Gon-
zalez, & Borsook, 2001); and presentation of
aversive auditory stimuli (Zald & Pardo, 2002).
Such results have fueled support for the
notion that striatal activity (including its major
dopaminergic inputs) reflects the ‘‘salience’’
or ‘‘behavioral significance’’ of stimuli (Hor-

506 MICHAEL W. SCHLUND and MICHAEL F. CATALDO



vitz, 2000; Kapur, 2003), an idea based on
results of nonhuman research showing striatal
activity to a wide range of events, including
appetitive, aversive, high-intensity, and novel
stimuli. This view suggests that simply viewing
discriminative stimuli should also produce
increases in striatal activation, especially in
the caudate.

The primary aims of the present investigation
were to demonstrate an efficient, yet rigorous,
approach for integrating operant and imaging
methodologies to map brain activation correlat-
ed with presentation of discriminative stimuli. In
contrast with typical human imaging studies, we
chose to establish the learning histories associ-
ated with discriminative stimuli, rather than
employ verbal instructions to control behavior
or use stimuli with a presumed learning history
(e.g., words, pictures, etc.). Our design allowed
us to compare brain activation to discriminative
stimuli: (a) established through operant con-
tingencies versus verbal instructions, (b) corre-
lated with contingencies involving the delivery of
a positive reinforcer (money) versus no tangible
reinforcer (trial termination), and (c) correlated
with reinforcer magnitudes differing logarithmi-
cally ($.05, $.50, and $5.00).

In choosing a research strategy, we also were
concerned with designing an approach that
would minimize imaging resources (time and
cost) and eventually be suitable for studying
populations with stimulus preferences and
learning difficulties of interest (e.g., individu-
als with autism, mental retardation, learning
disabilities, etc.). That is, we chose an ap-
proach that allowed subjects first to be trained
until they met a discrimination criterion and
then be imaged, rather than have the training
occur during imaging. This involved a passive
viewing paradigm in which subjects viewed
discriminative stimuli under imaging condi-
tions without responding or reinforcement.
Benefits of the passive approach include
minimizing activation correlated with learning
(Haruno et al., 2004), response-reward inter-
actions (Elliott, Newman, Longe, & Deakin,
2004), upcoming money gain (Breiter et al.,
2001), and contextual factors, such as recent
runs of money gains (Elliott, Friston, & Dolan,
2000). Because ‘‘activation’’ in fMRI research
reflects BOLD signal differences between
experimental and control conditions, our
control condition for discriminative stimuli
previously correlated with contingencies was

a set of instructed control stimuli not associ-
ated with any programmed contingencies and
that subjects had exposure to prior to imaging
to eliminate activation associated with stimulus
novelty.

METHOD

Subjects

Ten healthy, right-handed males (n 5 3)
and females (n 5 7) participated in discrim-
ination training that lasted approximately 2 hr
and a 1-hr fMRI session that occurred 2 to 3 hr
after training was completed. Subjects re-
ported being between 18 and 50 years of age,
right handed, free of medications affecting the
central nervous system or the autonomic
system for at least 2 weeks, and without
a personal history of psychiatric disorder or
a psychiatric history in first-degree relatives.

Discrimination Training

Apparatus. During discrimination training
outside of the fMRI scanner, subjects re-
sponded by pressing a spacebar on a standard
computer keyboard connected to a desktop
computer. QBASICE software was used to
program stimulus presentation and record
data. Training took place in a quiet room with
the subject seated in front of the computer
and keyboard.

Stimuli. Stimuli consisted of nine Greek
letters (a, P, S, >, m, l, d, b, V), approximately
7.6 cm by 7.6 cm in size. All stimuli used
during discrimination training and as in-
structed control stimuli were randomly as-
signed and counterbalanced across subjects.

Instructions. Instructions emphasized pay-
ing attention to stimuli, but did not provide
subjects with specific information about pro-
grammed contingencies. During training, sub-
jects were seated in front of a computer
keyboard and monitor and were provided the
following instructions. The experimenter ini-
tially read aloud the instructions printed on
the computer screen while the subject fol-
lowed along:

In front of you is a spacebar. Pressing the
spacebar will ,sometimes. produce money. It
is up to you to learn when it is best to press and
not to press. Earn as much money as you can.
The computer will prompt you each time you
earn money. Pay careful attention to the
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stimuli you see because you will see these same
stimuli later during imaging. Any questions?

Operant training. Training consisted of two
phases. Both phases employed contingencies
to establish stimulus control over responding
by two 3-member stimulus sets. During the first
phase of training, two stimuli (Greek letters)
were used and their presentation alternated
strictly across trials. Each stimulus was corre-
lated with a different contingency. For the
stimulus correlated with a no press-next trial
contingency, a period of 10 s without a re-
sponse in the presence of the stimulus was
required to terminate the trial and initiate the
next trial. For stimuli correlated with the press-
money contingency, reinforcers (the prompt
‘‘Earn 5 Cents’’) were delivered according to
a variable-ratio 3 reinforcement schedule for
responding in the presence of the stimulus.
After earning five reinforcers, the trial was
terminated. The intertrial interval was approx-
imately 100 ms. Each session lasted 20 trials
(10 trials with each stimulus). Training con-
tinued until the total number of responses
emitted in the presence of stimuli correlated
with the press-money contingency was greater
than 90% of the total number of responses
emitted during a session. The first phase of
training ended once the 90% criterion was met.

The second phase of training modeled the
first phase of training and was completed
immediately after phase one was completed.
The two stimuli from phase one and four
additional stimuli were presented, each on
separate trials, and in a randomized order
during a session. Three discriminative stimuli
were correlated with the no press-next trial
contingency. The remaining three discrimina-
tive stimuli were correlated with the press-
money contingency and different amounts of
money ($0.05, $0.50, and $5.00). Each session
lasted 42 trials (seven presentations of each
discriminative stimulus). Again, training con-
tinued until the total number of responses
emitted in the presence of stimuli correlated
with the press-money contingency was greater
than 90% of the total number of responses
emitted during a session. The second phase of
training ended once the 90% criterion was
met.

Instructed training. This procedure em-
ployed instructions to establish stimulus con-
trol by a third set of three stimuli. Immediately

after completing operant training, three stim-
uli were printed on the computer screen and
subjects were told: ‘‘Please memorize these
stimuli over the next 6 min. Please pay careful
attention to these stimuli because you will see
these same stimuli later during imaging.’’
Instructed control stimuli served as control
comparisons for imaging analyses. Control
stimuli differed from discriminative stimuli by
not being correlated with any programmed
contingency. This procedure also was neces-
sary to provide subjects with preexposure to
stimuli. Without it, the novelty of control
stimuli would increase activation during imag-
ing and confound results.

Neuroimaging

Neuroimaging occurred approximately 2 to
3 hr after instructed training was completed.

Stimulus recognition task. To ensure that
discriminative and instructed control stimuli
retained their stimulus-control properties be-
fore imaging occurred, subjects were required
to complete a pencil and paper stimulus
recognition task. Instructions stated that sub-
jects were to circle all stimuli that were seen
during training. The task was organized such
that training stimuli (six discriminative stimuli
and three control stimuli) were positioned
randomly in a field containing an additional
nine distractor stimuli (also Greek symbols).

Imaging apparatus and parameters. Func-
tional MRI images were obtained on a 1.5 T
PhilipsH MRI scanner. E-primeH software
controlled stimulus presentation and recorded
timing data. Task instructions and stimuli were
presented on a rear screen monitor viewed
through a mirror anchored to a standard head
coil. After an initial series of sagittal T1-
weighted localizers, a set of oblique T1-
weighted images, angled parallel to the inter-
commissural line, were gathered. The fMRI
data were acquired at the same slice locations.
The T1 parameters were repetition time (TR)
of 500 ms and an estimation time (TE) of
11 ms. Functional MRI data were gathered
using a single-shot echo planar imaging (EPI)
sequence for data acquisition, with a TR of 2 s,
a TE of 50 ms, and a 90u flip angle. The matrix
size was 64 3 64 and the field of view 24 cm,
yielding voxels measuring 3.75 3 3.75 mm in
plane. Using these parameters, 20 contiguous
7-mm thick sections were obtained angled
parallel to the intercommissural line.
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Instructions and task. Subjects were placed
in the scanner and handed a button box. The
following instructions were printed on a view-
ing screen located in the scanner room and
read aloud by the experimenter: ‘‘During your
training you learned something about several
different stimuli. During this task, you will look
at stimuli presented on your monitor. We also
would like you to press the hand-held button
each time you see a white * (star/asterisk) on
the screen. OK? This task will last about
9 minutes.’’

During imaging, subjects viewed six discrimi-
native stimuli, three control stimuli, and a white
asterisk target, presented in a randomized order
(i.e., an event-related design). Press-money stim-
uli, no press-next trial stimuli, and control stimuli
were each presented on 21 trials (for a total of 63
trials). The target asterisk was presented on seven
trials. Each trial consisted of a ‘‘+’’ sign (500 ms),
a stimulus presentation (1,500 ms), and a blank
computer screen. Trial duration varied from
5.0 s to 7.0 s (mean, 6.0 s; ‘‘jittered’’ in 200 ms
steps). Jittering trial durations is a conventional
neuroimaging approach that ensures that image
acquisition, here every 2 s (TR 5 2 s), occurs at
different points during trials to improve sampling
of the hemodynamic response.

Analysis. For a subject’s imaging data to be
included in the analysis, head movement was
limited to less than 2 mm. Functional EPI
images were first reconstructed from k-space to
image space for further processing. All pre-
processing and data analysis were performed
using statistical parametric mapping software,
version 2 (SPM2; Wellcome Department of
Cognitive Neurology, London, UK). EPI
images were slice-timing corrected to adjust
for the lag between slices during each TR,
corrected for head motion during scanning,
and normalized to a standard template brain
from the Montreal Neurological Institute
(MNI) to get all participants into the same
space (Friston, Ashburner, et al., 1995). After
normalization, voxels were resampled with a 2
3 2 3 2 mm voxel size. EPI images then were
spatially smoothed using a 6 3 6 3 8 mm full-
width-half-maximum (FWHM) Gaussian ker-
nel. High-pass filtering was applied to the time
series of EPI images to remove the low-
frequency drift in EPI signal and then sub-
jected to analysis.

Imaging analyses involve using t tests to
identify voxels that show significantly greater

activation (.) in one condition relative to
a second condition, referred to as a ‘‘contrast.’’
In the present investigation, four contrasts
were performed: (a) press-money . control,
(b) no response-next trial . control, (c) press-
money . no response-next trial, and (d) no
response-next trial . press-money. To identify
activation, a conventional two-level analysis
procedure was employed.

At the first level, individual-subject models
are constructed in which a linear regression
analysis is performed between the observed
event-related EPI signals and onset times of
stimuli (regressors) to identify patterns of
activation (Friston, Holmes, et al., 1995). This
produces a beta weight (regression coeffi-
cient) for each voxel (with voxels measuring
2 3 2 3 2 mm and a whole brain consisting
of ,194, 858 voxels). Voxel beta weights were
based on aggregated fMRI signal changes
correlated with presentations, or onset times,
of press-money stimuli, no response-next trial
stimuli, instructed control stimuli, and the
target asterisk stimulus. Figure 1A provides an
illustration of how each voxel beta weight
approximates percentage change in fMRI
signal relative to a global fixed constant, which
is an average value of all time points in
a session. Using the beta weights from the
model, contrasts involve calculating a beta
difference at each voxel for each subject and
for each contrast [e.g., for contrast (a): beta
difference 5 press-money beta–control beta].

At the second level, separate whole-brain
‘‘random effect’’ analyses were performed for
each contrast (a through d) (Holmes &
Friston, 1998). An illustration of this step
appears in Figure 1B. For each voxel, a group
mean beta difference was calculated and one-
sample t tests were employed to determine
whether the mean beta difference was signif-
icantly greater than 0. Statistical thresholds of
p , .005 and 10 contiguous voxels were used
to find ‘‘activation.’’ This approach excludes
from results nonsignificant voxels and all voxel
clusters containing less than 10 contiguous
voxels. As shown in Figure 1B, voxels that
survive the thresholds are plotted on a statistical
parametric map, which simply highlights brain
regions with a mean beta difference signifi-
cantly greater than 0. Due to a design mis-
calculation, each stimulus associated with
money was not presented with sufficient
frequency to perform group analyses of
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magnitude effects (i.e., increases in activation
correlated with increases in money). Conse-
quently, activation reported to presentations
of press-money discriminative stimuli reflect
collapsing across magnitude.

Our a priori primary region of interest was
the caudate in addition to frontal regions, the
anterior cingulate, lentiform nucleus, puta-
men, thalamus, and fusiform gyrus. A small
volume correction was employed to interro-
gate the caudate head using an anatomically
defined mask created with the Wake Forest
University PickAtlas SPM2 plug-in (Maldjian,
Laurienti, Burdette, & Kraft, 2003). The

location of voxels with significant activation
was summarized by their local maxima sepa-
rated by at least 8 mm, and by converting the
maxima coordinates from MNI to Talairach
coordinate space using the formulas provided
by Matthew Brett (2002). These coordinates
were finally assigned neuroanatomic labels
using the Talairach Daemon (2003).

RESULTS

Behavioral

Operant and instructed training procedures
each successfully established stimulus control

Fig. 1. Illustration of the steps used to analyze BOLD fMRI data in SPM2. (A) shows the relation between
a hypothetical BOLD fMRI signal change at a brain voxel for presentations of a discriminative stimulus (left) and
a control stimulus (right). For each stimulus type, regression analyses produce different beta weights that approximate
signal change. (B) shows beta-weight differences at the voxel for a hypothetical group of subjects when the control
stimulus beta is subtracted from the discriminative stimulus beta. If the group difference is significant, the voxel is then
highlighted on an anatomical image for display.
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over behavior. Figure 2 plots total responses
emitted under each contingency for each
subject during both training phases. Results
highlight behavioral changes across sessions
and the emergence of differential discrimina-
tive control. By the end of each training phase,
each subject emitted more than 90% of the
total responses in the presence of discrimina-
tive stimuli correlated with the press-money
contingency (thus less than 10% of the total
responses were emitted in the presence of
discriminative stimuli correlated with the no
press-next trial contingency). In addition, each
subject correctly identified all training (dis-
criminative and instructed) stimuli on the
recognition task completed prior to neuroima-
ging. Lastly, during neuroimaging each sub-
ject responded to each target presentation
(the asterisk).

Imaging

Figure 3 presents statistical parametric maps
showing activation for the press-money .
control contrast (red) and no press-next trial
. control contrast (green). Overlapping acti-
vation appears in yellow. The insert in Figure 3
shows bilateral activation in the caudate head
to discriminative stimuli correlated with the no
press-next trial contingency (Left: 86 voxels
centered at 210, 10, 1; p(corrected cluster) 5
.006, z 5 3.76; Right: 13 voxels centered at 10,
6, 3; p(corrected cluster) 5 .094, z 5 2.99),
and in the left caudate head to discriminative
stimuli correlated with the press-money con-
tingency (Left: 43 voxels centered at 212, 10,
3; p(corrected cluster) 5 .02, z 5 3.35). For
both contrasts, individual subject beta differ-
ences are plotted in Figure 4. Statistical param-
etric maps shown in Figure 3 also highlight
activation to press-money discriminative stim-
uli in the left medial frontal gyrus, putamen,
and thalamus and in the right precentral and
inferior frontal gyri, putamen, anterior cingu-
lated, and fusiform gyrus. Similarly, maps show
activation to no press-next trial discriminative
stimuli bilaterally in superior, medial, and
middle frontal gyri, and the right putamen.

Figure 5 presents results of an exploratory
analysis for the press-money . no press-next
trial contrast, and the no press-next trial .
press-money contrast. None of our regions of
interest showed activation for the press-money
. no press-next trial contrast. However, the no
press-next trial . press-money contrast showed

bilateral activation in numerous frontal re-
gions, the left anterior cingulate, and the right
putamen and fusiform gyrus (shown in green).
Table 1 summarizes results shown in Figures 3
and 5 for our a priori regions of interest and
other regions with activation that may benefit
subsequent investigations.

Formal group analyses of magnitude effects
were not feasible, but it still was possible to
perform an exploratory analysis for individual
subjects to examine the relation between
activation observed in the left caudate head
and different reinforcer magnitudes correlat-
ed with press-money discriminative stimuli.
Figure 6 plots beta differences for individual
subjects in the left caudate head (x, y, z: 212,
10, 3) as a function of the three monetary
amounts ($5.00, $0.50, and $0.05). This
display reveals no consistent decreases in
activation with decreases in reinforcer magni-
tude and considerable between-subject vari-
ability, both of which may have resulted from
modeling too few presentations of each
monetary amount.

DISCUSSION

The present investigation demonstrated one
efficient approach for integrating operant and
imaging methodologies. Results of group and
individual-subject analyses revealed significant
increases in activation in the caudate, several
frontal regions, and the putamen to discrim-
inative stimuli previously correlated with oper-
ant contingencies compared to instructed
control stimuli not correlated with operant
contingencies. Such findings are consistent
with results of nonhuman neurophysiological
and human imaging ‘‘reward’’ research em-
ploying reinforcement contingencies (O’Doh-
erty et al., 2001; Tremblay & Schultz, 2000a),
human imaging studies with instructed con-
tingencies (Tricomi et al., 2004), instructed
responding to targets (Zink et al., 2003),
avoidance (Jensen et al., 2003), and presenta-
tion of aversive stimuli (Becerra et al., 2001;
Zald & Pardo, 2002). The present findings
implicating frontal and striatal brain regions in
discriminative stimulus control also lend sup-
port to the salience-system hypothesis that
suggests striatal activity may reflect the salience
or behavioral significance of stimuli (Horvitz,
2000; Kapur, 2003). The present findings are
significant in the sense that frontal and striatal
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activation to discriminative stimuli could not
be attributed to learning, response prepara-
tion, responding, runs of money gain or loss,
or upcoming reinforcer delivery. Overall, we

interpret activation correlated with presenta-
tion of discriminative stimuli as reflecting
differences in control by learning histories
involving programmed contingencies.

Fig. 2. Total responses emitted during each training session prior to neuroimaging. Responding was reinforced with
money in the presence of press-money discriminative stimuli (filled circles). Trials ended after a 10-s period of no
responding in the presence of no response-next trial discriminative stimuli (open circles). The dashed line separates the
two training phases.
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There is much discussion within cognitive
neuroscience on the topics of imaging designs
and analyses, but two topics that may surface at
some point within the EAB are ‘‘what is the
place of human operant research in fMRI
research on operant learning processes?’’ and

‘‘what do contrast results reflect?’’ The present
investigation suggests that conventional hu-
man operant research methods (ones involv-
ing operant contingencies) can be coupled
successfully with fMRI designs and imaging
analyses in ways that will contribute to cogni-

Fig. 3. Results of whole-brain group random effect analyses. Statistical parametric maps highlight voxels with
significantly greater activation for the contrasts: press-money . instructed control (red) and no press-next trial .
instructed control (green). Yellow voxels represent overlapping regions with activation. The insert highlights activation in
the caudate head following small volume corrections. Images are arranged in 4-mm slices (moving left to right)
extending upwards (bottom to top of brain) and with the left cerebrum on the left (i.e., left 5 left).
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tive neuroscience imaging research on oper-
ant learning processes. Regarding contrast
results, a common approach used in imaging
research is the ‘‘cognitive subtraction meth-
od.’’ This approach involves comparing acti-
vation from an experimental condition con-
taining both a process of interest (X) and
related sensory-motor processes (Y) with a con-
trol condition containing only the sensory-
motor processes (Y). By contrasting activation
between experimental and control conditions
via inferential statistics, the assumption is that
voxels showing statistically greater activation
correspond to the process of interest X less Y
via ‘‘subtraction’’ [(X,Y) 2 Y 5 X].

An alternative approach is to view results of
contrasts as a difference between controlling
variables rather than as a difference between
additive, hypothetical processes. This view
suggests that fMRI designs could be guided
by questions about differences (or similarities)
in the neural correlates that underlie differ-
ential stimulus control or ‘‘where in the brain
is activation in the presence of X . activation
in the presence of Y (or even X 5 Y)?’’ In the
present investigation, we contrasted discrimi-
native stimuli that previously exerted stimulus
control over behavior via contingencies with
stimuli that previously exerted stimulus con-
trol over behavior via verbal instructions (and
no programmed contingency). The imaging
data revealed several brain regions, especially
the caudate head, where control by discrimi-
native stimuli was greater than control by
instructed stimuli. Imaging data also revealed
that control by no press-next trial discrimina-
tive stimuli was relatively greater than control

by press-money discriminative stimuli in nu-
merous frontal regions, the anterior cingulate,
fusiform gyrus, and putamen. Why differences
appeared between these discriminative stimuli
requires further investigation. Although fur-
ther discussions are needed on these issues, we
suggest that experimental questions, selection
of fMRI designs, and interpretations of con-
trasts can be structured to focus on controlling
variables, which avoids some of the assump-
tions of the cognitive subtraction approach.

Some cautions are important to note here.
First, activation should never be taken to mean
that the locus of a relation or stimulus
property has been found. That is, the areas
reported here do not necessarily represent the
area of the brain where operant learning
occurs, or stimulus discrimination, or the like.
The brain is a complex organ of interrelated
activity. Thus, at best, studies such as these
should be considered as viewing only part of
the picture.

That the effects of operant discrimination
training employed in this investigation can be
detected with BOLD fMRI allows for systematic
replications with other controls, schedules,
populations, and the like. Additional manip-
ulations for future studies could include: (a)
prebaseline imaging of the effects of stimuli to
discern any differences across presumably
neutral stimuli before training occurs, (b)
the use of more-sensitive imaging equipment
such as a 3.0 Tesla scanner, (c) an increased
number of trials of varied money values to look
at reinforcer magnitude effects, and (d)
employing reversal designs to demonstrate
that regional brain activation is a direct

Fig. 4. Beta weight differences for individual subjects in the left and right caudate head (see insert in Figure 3).
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function of discrimination training procedures
rather than structural properties of stimuli.
With regard to schedules, the operant discrim-
ination methodology employed in this investi-
gation permits any variety of positive and
negative reinforcement contingencies to be
studied. Lastly, with regard to populations, we

are especially interested in developing a meth-
odology useful with populations having a vari-
ety of developmental disabilities including
mental retardation. We believe that the cur-
rent methods are particularly suitable, because
training (which could require a large number
of trials) can occur outside of the scanner.

Fig. 5. Results of whole brain group random effect analyses. Statistical parametric maps highlight voxels with
significantly greater activation for the contrasts: press-money . no press-next trial (red), and no press-next trial . press-
money (green). Images are arranged in 4-mm slices (moving left to right) extending upwards (bottom to top of brain)
and with the left cerebrum on the left (i.e., left 5 left).
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Operant-based imaging studies, such as this,
represent an attempt at methodological in-
tegration of BOLD fMRI methods and analyses
with some aspects of the EAB. Over the past
half-century, the study of human operant
learning has matured to the degree where
such interactions with other scientific disci-
plines are appropriate and should be fruitful.
Several previous successes in this regard re-
inforce the current effort: applications of
operant methods in mental retardation re-
search, education, behavioral pharmacology,
and behavioral medicine, to name a few.
Operant-based imaging studies can improve
the rigor of some current research approaches
in cognitive neuroscience, advance our un-
derstanding of the neurobiology of learning
and brain-behavior relations, as well as lead to
clinical advances in neurology. After all, the
clinical endpoint in neurology is behavior.
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