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Abstract
The functional neuroanatomy of tasks that recruit different forms of response selection and inhibition
has to our knowledge, never been directly addressed in a single fMRI study using similar stimulus-
response paradigms where differences between scanning time and sequence, stimuli, and
experimenter instructions were minimized. Twelve right-handed participants were scanned on two
standard cognitive control tasks, a stimulus-response incompatibility task, and a response inhibition
task. A compound trial design allowed comparison of preparing to inhibit an upcoming automatic
response to wholly inhibiting an automatic response. Furthermore, inhibiting an automatic response
to perform an alternative task-relevant response was compared to wholly inhibiting an automatic
response. No differences were found in prefrontal activity when preparing to inhibit an automatic
response was compared to wholly inhibiting an automatic response, suggesting a mostly common
network. The left inferior frontal gyrus was found to be commonly recruited during both tasks when
controlled responses were required, likely due to its role in response selection. In contrast, the right
inferior frontal gyrus was found to be more involved when task demands were stronger for response
inhibition. Our results are largely consistent with models of cognitive control that postulate that
separate psychological constructs, such as response selection and inhibition, are related processes
largely served by a common prefrontal network. This prefrontal network is recruited to a greater or
lesser extent depending on specific task demands.

Keywords
functional magnetic resonance imaging; executive functioning; prefrontal cortex; inferior frontal
gyrus; go/nogo; response incompatibility; cognitive control

Introduction
Localizing distinct cognitive processes to their underlying neural correlates is a fundamental
goal of cognitive neuroscience. However, an early review of studies by Duncan and Owen
(2000) demonstrated the challenge of such of an endeavor. That review demonstrated a broad
range of tasks with various demands on attention, working memory, response selection,
inhibition, and other forms of executive control tended to generally activate a network
composed of the bilateral dorsolateral prefrontal cortex, ventrolateral prefrontal cortex, and
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anterior cingulate cortex. There are a number of potential explanations for these findings. One
explanation is that the psychological constructs themselves may involve the same underlying
mechanisms and hence similar brain regions underlie these various processes. One candidate
construct is “cognitive control,” which incorporates aspects of all these processes (Cohen,
Dunbar, & McClelland, 1990). This theory suggests that attention, working memory, response
selection, and inhibition are different manifestations of the same domain-general mechanism
of goal representation and maintenance for the purpose of providing top-down support (Miller
& Cohen, 2001).

In contrast, one potential methodological explanation for the findings is that many of the results
that show co-activation of this network come from experiments that are unable to distinguish
between the cognitive processes required at different points in each trial (e.g., preparatory-,
maintenance-, or response-related activity). The apparent activity is then a result of collapsing
several discrete cognitive processes. The distinction between a mechanistic and a
methodological explanation for this common activation pattern across tasks has important
implications. Studies that have distinguished between preparatory- and response-related
activity have advanced our understanding of the components of executive control. For example,
different forms of control may be present at different parts of a trial, with proactive control
occurring earlier and reactive control occurring later in a trial, thereby manifesting different
cortical recruitment (Braver, Gray, & Burgess, 2007; MacDonald, Cohen, Stenger, & Carter,
2000). Similarly, Schon and colleagues (2009) investigated three different facets of working
memory, encoding, maintenance, and retrieval, and demonstrated that bilateral dorsolateral
prefrontal activity was present during maintenance, but not during encoding or retrieval. Such
observations have led some researchers to hypothesize that different aspects of a trial are
associated with different cognitive processes and neural correlates.

A third explanation is that functional specialization is matter of degree as opposed to rather
being present or absent. It is likely that all these explanations played a role in the functional
imaging findings reviewed by Duncan and Owen (2000). The goal of the current study was to
investigate two forms of response selection and inhibition at different points in a trial, while
to the extent possible equate the cognitive paradigms utilized for methodological and
superficial differences.

Cognitive control is the ability to engage in goal-oriented behaviors, allowing the brain to solve
difficult, novel, or complex tasks, such as correcting errors or overcoming automatic responses
in favor of weaker, task-relevant responses (Miller & Cohen, 2001). Response selection is a
form of cognitive control that involves selecting an appropriate goal-related response.
Schumacher and colleagues (2003) investigated the common and unique neural correlates of
response selection processes during spatial and non-spatial tasks. The authors found different
networks for the two tasks. Spatial response selection was mediated by a right dorsal prefrontal,
bilateral premotor, and superior parietal network, whereas the non-spatial response selection
task was mediated by a left dorsal prefrontal, ventral parietal, and temporal brain network. In
contrast, Jiang and Kanwisher (2003) found fronto-parietal activations in both spatial and non-
spatial task modalities. Differences between the findings could have been due to differential
power linked to different sample sizes, the specific parametric manipulations, or the specific
types of stimuli used.

Another critical component of cognitive control is response inhibition, which involves
overcoming an inappropriate response. Wager and colleagues (2005) compared three forms of
response inhibition: stimulus-response incompatibility, which involved inhibiting an automatic
response to select a task-relevant response; a Go/NoGo paradigm, which involved wholly
inhibiting a response (i.e., omitting a response); and a flanker task, which involved perceptual
inhibition of distracters. This study found the bilateral insula, anterior prefrontal cortex,
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anterior cingulate, right dorsolateral prefrontal cortex, bilateral caudate/putamen, and posterior
and right anterior intraparietal sulcus to be commonly activated for all three tasks. Activations
unique to the stimulus-response incompatibility task involved solely the right motor cortex.
Activations unique to the Go/NoGo task involved the thalamus, right inferior parietal cortex,
and right anterior prefrontal cortex. One limitation of this study was that block designs were
used for the flanker and stimulus-response incompatibility tasks whereas an event-related
design was used for the Go/NoGo task. Differences in task design may result in subtle
differences in functional activations (Goghari & MacDonald, 2008). In addition, resulting
activations from block designs tend to involve conglomeration of distinct cognitive processes
(i.e. conflict-monitoring, maintenance, error-related activity etc.). Bunge, Dudukovic, and
colleagues (2002) contrasted two forms of response inhibition using a flanker and Go/NoGo
task and a single event-related design. Regions commonly activated for both tasks included
the right inferior frontal gyrus, left inferior and middle frontal gyrus, bilateral superior and
inferior parietal cortex, precentral gyrus, right caudate, putamen, and temporo-occipital cortex.
This study used similar trial designs for the two tasks; however intermixed the Go/NoGo and
flanker trials, which may have resulted in a different task set than if the two tasks were blocked
separately. In addition, a single event-related design did not allow parsing of distinct cognitive
processes over a course of a trial, such as preparatory- and response-related activity. More
recently, researchers have conceptualized response inhibition more broadly. Mostofsky and
Simmonds (2008) propose that response inhibition is one facet of response selection, such that
inhibiting a response is an intentional response involving a lack of movement. In support of
this theory, behavioral, neuroimaging, and lesion data suggest that pre-supplementary motor
circuits are critical to both engaging in a motor response as well as selecting to withhold a
response (reviewed in Mostofsky & Simmonds, 2008).

Previous research has illuminated a number of factors to be aware of when evaluating and
comparing the neuroanatomical correlates of cognitive processes. A number of studies have
demonstrated that complex Go/NoGo tasks with working memory demands have different
neural correlates than simple Go/NoGo tasks with a lower working memory load (for meta-
analysis see Simmonds, Pekar, & Mostofsky, 2008). We have previously demonstrated that
even when the same task is presented with different experimental designs (slow event-related,
rapid jitter event-related, or rapid partial trial design) differences in brain activations are present
(Goghari & MacDonald, 2008). In addition, even inter-session variability can create subtly
disparate results (Smith et al., 2005).

The current study evaluated the neural correlates of two cognitive control tasks involving
different forms of response selection and inhibition. Importantly, we evaluated both
preparatory- and response-related activity, and blocked the task set, which allowed for the first
time an evaluation of distinct cognitive processes within a trial. We used a stimulus-response
incompatibility task, the Stimulus Response Reversal Task (SRRT) and a variant of the Go/
NoGo task. The SRRT consisted of a colored square (green or red) which determined the
participant’s subsequent response to the upcoming word (Left or Right). The green square
denoted participants should respond with a button press on the same side the word indicated.
The red square denoted participants should inhibit their automatic response in favor of a weaker
task-relevant response and respond with a button press on the opposite side the word indicated.
The Go/NoGo variant involved either viewing the word Left or Right and then a colored circle
(green or red). The green circle denoted participants should respond in the direction of the
previous word, whereas the red circle denoted participants should wholly inhibit their response
to the previous word (i.e., omit a response). We used a within-subject design, similar stimuli
and instructions, and the same experimental design and analysis techniques to reduce spurious
differences in activations between tasks. The goal of this design was to allow us compare to
the greatest extent possible preparatory-activity related to subsequently inhibiting an automatic
response to wholly inhibiting an automatic response. In addition, this design would also allow
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us to compare inhibiting an automatic response to select a task-relevant response to wholly
inhibiting an automatic response.

Consistent with the previous literature and theories of cognitive control, we expected to find
broad regions of the prefrontal cortex, including the dorsolateral and ventrolateral prefrontal
cortex, associated with preparing to perform and performing a controlled response.
Specifically, for cue-related cognitive control activity in the SRRT and for probe-related
cognitive control activity in both tasks, we expected activations in the middle frontal (BA 9,
10, 46), inferior frontal (BA 44, 45, 47), anterior cingulate (BA 24, 32), and parietal cortices
(BA 7, 40; Barber & Carter, 2005; Brown & Braver, 2005; Goghari & MacDonald, 2008;
Weissman, Gopalakrishnan, Hazlett, & Woldorff, 2005). As differences in the above threshold
activation maps may be present solely due to the arbitrary cut-off between threshold and sub-
threshold activations, we directly contrasted, (1) cognitive control preparatory activity in the
SRRT with cognitive control response-related activity in the Go/NoGo variant and (2)
cognitive control response-related activity in the SRRT with that in the Go/NoGo variant.

Methods
Participants

Twelve right-handed participants (mean age(sd)=26.2(6.6)) were included in this study.
Gender distribution of the sample was 58% male. Participants were recruited from the
community, had normal or corrected vision, and no substantial head injuries or loss of
consciousness. Informed consent was obtained prior to participation and this protocol was
approved by the University of Minnesota Internal Review Board.

Cognitive Control Tasks
The SRRT and Go/NoGo variant used similar stimuli. The SRRT was used to measure
cognitive control processes associated with preparing to inhibit and then inhibiting an
automatic response tendency. As depicted in Figure 1, a central cue (green or red square)
appeared for 500ms, followed by a variable delay, after which a central probe (word ‘Left’ or
‘Right’) appeared for 500ms. The green or automatic cue denoted that participants should
respond in the direction of the word using a button press. The red or cognitive control cue
denoted participants should overcome their automatic tendency and respond in the direction
opposite to the word. The type of cue and direction of the probe were fully randomized and
occurred 50% of the time.

A cued variant of the Go/NoGo task was used to measure cognitive control processes associated
with wholly inhibiting an automatic tendency. As depicted in Figure 1, a central cue (word
‘Left’ or ‘Right’) appeared for 500ms, followed by a variable delay, after which a central probe
(green or red circle) appeared for 500ms. The green or automatic probe denoted that participants
should respond in the direction of the previous word using the button press. The red or cognitive
control probe denoted participants should overcome their automatic tendency and inhibit their
response. The direction of the cue was fully randomized and occurred 50% of the time and the
green probe occurred 80% of the time, to create an automatic tendency to respond.

For both tasks the average trial length was 7 seconds and the interstimulus and intertrial
intervals were jittered (2000, 2250, 2750, 3250, 3750, 4000 ms) to allow for better measurement
of the hemodynamic response (Dale, 1999). The tasks were presented in two blocks totaling
16 minutes, 8 seconds and participants completed 112 trials per task. The task order was
counterbalanced across participants. Participants practiced until competent on the tasks before
scanning.
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Neuroimaging Methods
Images were collected on 3T Siemens scanner using a standard CP head coil. The functional
data were acquired using an EPI sequence (35 slices; TE=28; TR=2 sec; flip angle=90; slice
thickness=3.5mm; base resolution=64; FOV=224). Standard T1-weighted anatomical data
were collected in the same register, with the same center slice (240 slices; 1mm thickness).
Motion during the functional images was calculated and corrected using Automated Image
Registration (AIR). AIR was also used to align each participant’s structural sequence to a
standard reference brain using a 12 parameter 3-D affine transformation. Those parameter
estimates were then used to bring all participants’ functional T2*-weighted images into
alignment with the standard brain. Registered functional data was then smoothed using a 7mm
FWHM smoothing kernel to increase signal across individuals.

Statistical Analyses
Behavioral Data—Accuracy (%) and mean reaction times (ms) were calculated for in-
scanner behavioral performance (see Table 1) using a repeated measures analysis of variance
(ANOVA). Accuracy data was arcsine square-root transformed to reduce skew. A one sample
t-test assessed whether the SRRT cognitive control mean response reaction time cost was
greater than zero. Cognitive control cost was defined as the mean cognitive control trial
response reaction time (ms) minus the mean automatic trial response reaction time (ms) for the
SRRT. There was no equivalent of the cognitive control cost mean reaction time for the Go/
NoGo variant. Inaccurate and inappropriate no-response trials were removed from behavioral
reaction time analyses and fMRI analyses to ensure a better approximation of task-related
behavior and brain functioning.

General Linear Model Analyses—Analyses were performed in two stages: first, statistical
maps were calculated for each individual, and then the values of these maps were grouped for
hypothesis testing. Four independent variables for the SRRT, cue activity, cue-activity
differentiated by cue type, probe activity, and probe-activity differentiated by cue type and
three independent variables for the Go/NoGo variant, cue activity, probe-activity, and probe-
activity differentiated by probe type were used to account for variance in the MR signal from
trial to trial on an event-related basis. Error and inappropriate no response trials were removed
from the analysis by additionally providing a censor file, containing 1 for trials to be included
and 0 for trials to be disregarded in fitting the hemodynamic response function. Activity for
cognitive control condition versus automatic condition was contrast coded to avoid colinearity
with main effects of cue and probe. Predictors for each task were entered into a GLM
implemented by AFNI (one separate GLM per task). Each individual’s beta maps were
extracted for subsequent analyses. T-tests were conducted on the betas for each regressor to
determine where there were positive activations on average. A cluster-based correction was
implemented. Functional activations were considered over threshold if 8 contiguous voxels
were activated at p<0.005 (df=11) (Forman et al., 1995). However, this threshold is not as
conservative as cluster-based corrections based on resampling methods. For the SRRT, the
relationship between the cognitive control accuracy and cognitive control cost reaction time
measure (cognitive control – automatic trial response reaction times) and prefrontal beta values
for the cognitive control and automatic condition contrast for both the preparatory- and
response-related activity was assessed using Pearson correlations. For the Go/NoGo, the
relationship between the cognitive control accuracy and prefrontal beta values for the cognitive
control and automatic condition contrast for the response-related activity was assessed using
Pearson correlations.

A conservative intersection analysis using only above threshold activations was conducted to
determine common activations to both tasks. To account for both above threshold and sub-
threshold activations, a paired t-test was conducted to determine where functional activity
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differed significantly between regressors (Cognitive Control > Automatic) for the two tasks
(p<0.005, df=11, contiguity threshold=8). Betas were extracted from the regions that showed
a significant difference to determine the nature of the findings. Two contrasts were conducted
to evaluate activation patterns: (1) cognitive control vs. automatic condition for the SRRT and
(2) cognitive control vs. automatic condition for the Go/NoGo variant. Two additional contrasts
were conducted to fully probe the differences between the cognitive control processes in those
regions: (3) SRRT vs. Go/NoGo variant for the automatic condition and (4) SRRT vs. Go/
NoGo variant for the cognitive control condition.

Results
Behavioral Data

A 2 (task: SRRT, Go/NoGo variant) × 2 (condition: automatic, cognitive control) repeated
measures ANOVA on accuracy revealed a main effect of task (F(1,11)=13.79, p=0.003; partial
eta-square=0.56), with the Go/NoGo variant being less difficult than the SRRT (97% vs. 93%;
see Table 1). There was no main effect of condition (F(1,11)=1.53, p=0.24; partial eta-
square=0.12) or most importantly task by condition interaction (F(1,11)=0.01, p=0.92; partial
eta-square=0.001). A subsequently conducted one way t-test demonstrated a marginal main
effect of condition (t(11)=1.24, p=0.12). There was a trend towards significance for the
automatic condition to be more accurate than the cognitive control condition for the SRRT (t
(11)=1.6, p=0.07) but not the Go/NoGo variant (t(11)=0.69, p=0.25).

As expected, a repeated measures ANOVA on reaction times for automatic trial responses (F
(1,11)=56.7, p<0.001, partial eta-square=0.84) revealed an effect of task, with faster responses
for the Go/NoGo variant where a response could be prepared, compared to the SRRT, where
only a response tendency could be prepared (478 ms vs. 781 ms). Lastly, as predicted the
cognitive control cost mean reaction time for the SRRT was significantly greater than zero (t
(1,11)=7.88, p<0.001).

fMRI Data
SRRT—Brain activity is summarized in Table 2. For the cue-related period three functional
activations were found in the cerebellar and occipital regions. For the probe-related period ten
functional activations were found in the bilateral middle frontal, cingulate, bilateral basal
ganglia, left precentral, right postcentral, right middle temporal, bilateral inferior parietal, and
cerebellar regions.

For both cue- and probe-related processes associated with cognitive control, functional
activations were expected in the middle frontal, inferior frontal, anterior cingulate, and parietal
cortices. However, for the cue-related period associated with cognitive control only two
functional activations were found in the cingulate/medial frontal and left occipital regions. For
the probe-related period associated with cognitive control ten functional activations were
found in the right superior frontal, right medial frontal, bilateral middle frontal, bilateral inferior
frontal, bilateral temporal, left inferior parietal, and cerebellar regions (see Figure 2; Figure 4).

Individuals’ cognitive control vs. automatic condition contrast prefrontal functional beta values
for the preparatory- and response-related period were correlated with participants’ cognitive
control cost mean response reaction times. Increased betas significantly predicted increased
cognitive control cost reaction times only for response-related activity for the right inferior/
middle frontal (r=0.58, p=0.05) and the superior/medial frontal (r=0.64, p=0.03) functional
activations. There were no significant associations for cognitive control condition accuracy
with either preparatory- or response-related activity.
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Go/NoGo Variant—Brain activity is summarized in Table 3. For the cue-related period
functional activations were found in the left medial frontal and right fusiform/occipital regions.
For the probe-related period eight functional activations were found in the bilateral inferior
frontal, bilateral middle frontal, left precentral, bilateral postcentral, right cerebellar, and
bilateral occipital regions.

For probe-related cognitive control processes functional activations were expected in the
middle frontal, inferior frontal, anterior cingulate, and parietal cortices. For the probe-related
period associated with cognitive control eight functional activations were found in the bilateral
inferior frontal, bilateral middle frontal, left precentral, bilateral middle temporal, left superior
temporal, and left fusiform/occipital regions (see Figure 3; Figure 4). There was no equivalent
of the cognitive control cost mean reaction times to correlate with beta values for the Go/NoGo
variant. There were no significant associations for cognitive control condition accuracy with
response-related activity.

Preparing to Inhibit an Automatic Response in the SRRT Compared to Wholly
Inhibiting an Automatic Response in the Go/NoGo Variant—We compared cue-
related cognitive control activity for the SRRT to probe-related cognitive control activity for
the Go/NoGo variant. This contrast compared the red vs. green cue of the SRRT to the red vs.
green probe of the Go/NoGo variant, thereby attempting to equate superficial components of
the stimuli the participants were presented with. Consistent with theories of cognitive control,
we predicted a common prefrontal network mediating the different forms of cognitive control.

A conservative intersection analysis of the above threshold maps revealed no common
functional activations. A direct contrast of the two tasks demonstrated functional activations
that were significantly different (see Table 4). However, as predicted no prefrontal activations
were found to be significantly different between the two contrasted processes for the two tasks.

A posterior cingulate functional activation was found to have greater activity when completing
automatic responses compared to cognitive control responses during the Go/NoGo variant (t
(1,11)=4.3, p=0.001). In addition, there was a difference between the cognitive control
conditions, such that there was greater activity for cognitive control preparation during the
SRRT compared to cognitive control response during the Go/NoGo variant (t(1,11)=−3.52,
p=0.005).

Four temporal functional activations were found to be differentially activated during
preparatory- versus response-related activity for the two tasks. A right middle temporal
functional activation was found to have more activity when completing cognitive control
responses than automatic responses for the Go/NoGo variant (t(1,11)=3.6, p=0.004). Two left
temporal functional activations were found to have greater activity when completing cognitive
control responses compared to automatic responses for the Go/NoGo variant (t(1,11)=4.07,
p=0.002; t(1,11)=4.9, p=0.001). In contrast, for the SRRT, there was greater activity when
preparing automatic responses compared to preparing cognitive control responses (t(1,11)=
−2.05, p=0.07; t(1,11)=−2.59, p=0.03). In addition, cognitive control responses during the Go/
NoGo variant was associated with greater activation than cognitive control preparation during
the SRRT (t(1,11)=4.02, p=0.002; t(1,11)=3.08, p=0.01). A third left middle and superior
temporal functional activation demonstrated a similar relationship with greater activity when
completing cognitive control responses compared to automatic responses for the Go/NoGo
variant (t(1,11)=4.03, p=0.002). In contrast, for the SRRT, preparing automatic responses
resulted in greater activity compared to preparing cognitive control responses (t(1,11)=−2.8,
p=0.02).
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Lastly, bilateral inferior parietal functional activations were found to be differentially activated
between the two tasks. Greater activation was found when completing automatic responses
compared to completing cognitive control responses during the Go/NoGo variant (t(1,11)=
−2.89, p=0.02; t(1,11)=−4.2, p=0.001). In addition, greater activity was found when
completing automatic responses during the Go/NoGo variant compared to preparing automatic
responses for the SRRT (t(1,11)=2.7, p=0.02; t(1,11)=3.2, p=0.008).

Inhibiting an Automatic Response to Select a Task-Relevant Response in the
SRRT Compared to Wholly Inhibiting an Automatic Response in the Go/NoGo
Variant—We compared probe-related cognitive control activity in the SRRT to that in the
Go/NoGo variant. Consistent with theories of cognitive control, we predicted a largely common
prefrontal network mediating the different forms of controlled responses.

Intersection analysis of the SRRT and Go/NoGo variant above threshold activation maps
revealed a common activation in the left inferior frontal region (see Figure 5). Contrasting the
two tasks revealed significantly greater activation in the right inferior frontal region when
completing cognitive control responses compared to automatic responses for the Go/NoGo
variant (t(1,11)=t=4.47, p=0.001) (see Table 5). The SRRT, which required inhibiting an
automatic response to perform an alternative task-relevant response, did not demonstrate such
an effect.

A midbrain functional activation was found to be more active when completing automatic
responses compared to cognitive control responses during the Go/NoGo variant (t(1,11)=−3.1,
p=0.01). Lastly, a cerebellar and lingual functional activation demonstrated greater activity
when completing automatic responses compared to cognitive control responses for the Go/
NoGo variant (t(1,11)=−3.42, p=0.006). In contrast, during the SRRT, greater activity was
found for cognitive control responses compared to automatic responses (t(1,11)=3.61,
p=0.004). Lastly, greater activity was found when completing automatic responses for the Go/
NoGo variant compared to completing automatic responses for the SRRT (t(1,11)=5.11,
p<0.001).

Task-Switching Processes in the SRRT—The SRRT involved task-switching between
compatible and incompatible stimulus-response mappings, which was not present in the Go/
NoGo variant. To investigate whether task-switching activity was being misattributed as
cognitive control activity, we conducted additional behavioral and neuroimaging analyses.

Behavioral Analyses
A repeated measures ANOVA evaluated the behavioral effects of switch trials compared to
repeat trials and a switch cost was calculated (mean response reaction time (ms) for switch
trials minus mean response reaction time (ms) for repeat trials). The ANOVA revealed a
significant effect of condition with switch trials having longer response reaction times than
repeat trials (switch cost=33ms; F(1, 11)=6.67, p=0.03, partial eta-squared=0.38). As switching
from a compatible mapping to incompatible mapping can be different from switching from an
incompatible mapping to a compatible mapping, specific types of switch and repeat trials were
analyzed. A 2 (previous trial: cognitive control, automatic) × 2 (current trial: cognitive control,
automatic) repeated measured ANOVA demonstrated a significant interaction between the
previous trial condition with current trial condition (F(1, 11)=7.81, p=0.02, partial eta-
squared=0.42). This interaction was driven by a significant effect of the previous condition on
the current automatic condition (t(1, 11)=4.16, p=0.002), but not the cognitive control condition
(t(1, 11)=−1.31, p=0.22). That is, when an automatic trial was repeated there was a substantial
decrease in response times compared to if there was a switch from a previous cognitive control
trial to an automatic trial (specific switch cost=93ms). This raised the possibility that some of
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the brain regions identified in the direct contrast of cognitive control to automatic trials on the
SRRT may in fact reflect activity associated with task-switching.

Neuroimaging Analyses
The fMRI task-switching analyses were conducted in a parallel manner to all other
neuroimaging data. Behavioral analyses guided neuroimaging analyses. Paired t-tests
evaluated cue- and probe-related activity for all switch trials compared to all repeat trials and
the specific effect of a previous trial condition on the current automatic trial condition. For
switch trials compared to repeat trials, greater cue-activity was found during repeat trials in
the right parahippocampal gyrus (x=26, y=−1, z=−12, cluster size=8). For switch trials
compared to repeat trials, greater probe-related activity was found during switch trials in the
anterior cingulate gyrus (BA 24, x=1, y=2, z=33, cluster size=22). For specific task-switching
effects of switching from a cognitive control trial to an automatic trial compared to repeating
an automatic trial, greater probe-related activity was found during switch trials in the left
cerebellum (x=−14, y=−48, z=−33, cluster size=8). These analyses suggest that task-switching
mechanisms were not prominently influencing the cognitive control functional activations for
the SRRT.

Discussion
This study compared the functional neuroanatomy of two related cognitive control processes,
namely response selection and inhibition. For the first time, different aspects of trials
corresponding to different cognitive processes (preparation and response) were distinguished.
To reduce the influence of spurious factors, a within-subject design, similar stimuli and
instructions, same experimental design, and same analysis techniques were implemented. The
first goal of this study was to investigate how preparing to inhibit an automatic tendency
differed from wholly inhibiting an automatic tendency. Therefore, we compared cue-related
activity from the SRRT to response-related activity from the Go/NoGo. We did not find any
preparatory prefrontal activation above statistical threshold as expected during the SRRT. This
diminished our chance of finding commonly activated regions between the two tasks. However,
the overlap technique is conservative as it only takes into account above threshold activations.
Therefore we also conducted analyses that directly contrasted the two tasks to include
activations both above and below statistical threshold. We did not find any prefrontal regions
that were differentially activated for preparing to inhibit a response compared to wholly
inhibiting a response when directly contrasted. This suggests a largely common prefrontal
cognitive control network for these executive processes (Miller & Cohen, 2001).

We did find other brain regions to be differentially involved between the cognitive control
processes of preparing to inhibit a response compared to wholly inhibiting a response. Bilateral
middle temporal functional activations were more associated with wholly inhibiting a response
compared to completing a response for the Go/NoGo variant. This relationship was not present
for the SRRT; rather for two of the temporal regions, there was significantly greater activity
for preparing an automatic response tendency than a cognitive control response tendency. The
middle temporal gyrus has been found to be activated in a meta-analysis of complex Go/NoGo
tasks involving working memory (Simmonds, Pekar, & Mostofsky, 2008). In addition, Badre
and colleagues (2005) found that that middle temporal cortex was sensitive to the strength of
stimulus-response associations rather than competition. The middle temporal cortical activity
was also found to be coupled with anterior part of the inferior frontal gyrus. Our results taken
together with Badre and colleagues (2005) suggest that the middle temporal gyrus is sensitive
to stimulus-response mapping that are more general than just semantic stimulus-response
mappings. One potential reason there was a reduced role for the middle temporal region during
the SRRT may be because the stimulus-response mappings were weaker than that of the Go/
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NoGo variant. During the SRRT, participants were preparing their upcoming response (i.e.,
the first stimulus provides information on how to perform the upcoming response, which has
not been determined yet) rather than actually performing the stimulus-response mapping as in
Go/NoGo variant.

In addition, we found the posterior cingulate was more active for completion of an automatic
response for the Go/NoGo variant, which may reflect processes related to completion of a
motoric response (Vogt, Finch, & Olson, 1992). Surprisingly, we also found increased bilateral
parietal activations for probe-related activity when completing a response was compared to
inhibiting a response for the Go/NoGo variant. This relationship was not present for the SRRT.
This unpredicted finding may reflect activations necessary for activating possible response
selections on the basis of stimulus-response associations (Brass, Ullsperger, Knoesche, von
Cramon, & Phillips, 2005; Bunge, Hazeltine, Scanlon, Rosen, & Gabrieli, 2002) and may be
more prominent for actual completion of a more simply mapped response. Parietal regions (BA
40) have also been found to be important for the short-term storage of verbal material (Jonides
et al., 1998). Hence, parietal regions may have activated more during the response phase of
the Go/NoGo variant, where completion of the response required retrieval of the previous
directional word. Lastly, the left parietal cortex (BA 40) has also been associated with motor
attention relating to hand movements (Rushworth, Krams, & Passingham, 2001), which is
necessary for the actual completion of a response.

The second goal of this study was to compare the neural correlates of inhibiting an automatic
response to select a task-relevant response to wholly inhibiting an automatic response. One of
the main findings of this study was that the left inferior frontal gyrus was found to be similarly
online for both response-related activity in the SRRT, as well as, in the Go/NoGo variant. In
addition, to the significant difference between conditions, negative beta weights were found
during the automatic condition for both tasks. Negative beta weights in a contrast-coded, multi-
predictor general linear model can be interpreted as decreases in the fMRI signal associated
with the particular condition relative to the other conditions included in that analysis. In this
specific analysis, the general linear models for the tasks included regressors for general cue-
related activity irrespective of condition, general probe-related activity irrespective of
condition, probe-related activity differentiated by condition, and cue-related activity
differentiated by condition in the SRRT analyses only. Thus, the negative beta weights suggest
that there was less activity in the left inferior frontal gyrus associated with automatic responses
compared with all other forms of activity, including response-related activity in general.

In support of these findings, the left inferior frontal gyrus has been found to be activated during
response selection of task-relevant information during conflict in a number of studies. Moss
and colleagues (2005) varied selection demands while controlling for retrieval demands and
found evidence for increased activation in the left inferior frontal gyrus with increased selection
demands. Similarly, Badre and colleagues (2005) demonstrated that the left mid-inferior frontal
region (~BA 45), which is similar to the region we found, may be useful for general selection
processes. In addition, the Badre and colleagues found that the role of the left mid-inferior
frontal gyrus was distinct from the role of the left anterior inferior frontal gyrus, which was
more involved in controlled retrieval processes. Furthermore, Zhang and colleagues (2004)
demonstrated that the left inferior frontal gyrus activation increased as the need for selection
among competing representations increased during the preparatory period. This association
was independent of semantic retrieval. In the present study, during both tasks, participants had
to select between two competing responses. In the SRRT, participants need to select between
completing two alternative responses, whereas, in the Go/NoGo variant participants need to
select between completing a response or omitting a response. These findings suggest that the
inferior frontal gyrus is involved in broad forms of controlled selection at the response and
motoric level.
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In addition to finding common activations related to response selection in the left inferior
frontal gyrus, we found the right inferior frontal gyrus to be significantly more activated when
wholly inhibiting a response during the Go/NoGo variant compared to inhibiting an automatic
response to complete a task-relevant response during the SRRT. A review of response
inhibition studies provided evidence that the right inferior frontal gyrus has a specific role in
response inhibition (Aron, Robbins, & Poldrack, 2004). Aron and colleagues (2003)
demonstrated that greater damage to right inferior frontal gyrus was particularly related to
slowed inhibition on a stop/signal task. Damage to the left inferior frontal gyrus and other
frontal regions was not associated with stop/signal task performance. In addition, performance
on the Go trials was not related to damage to the right inferior frontal gyrus. Similarly, Rubia
and colleagues (2003) found successful inhibition of a stop/signal was associated with the right
inferior prefrontal cortex, whereas unsuccessful inhibition signals were not. Furthermore, this
association was not found for the right middle frontal or superior frontal gyri. Additional
evidence is provided by a study which used repetitive transcranial magnetic stimulation and
compared a stop/signal task (more response inhibition) to a flanker task (more response
competition) and found the right inferior frontal gyrus to be especially crucial for inhibiting a
response tendency especially in the face of increased response competition (Chambers et al.,
2007).

It is important to note though in this study we found the right inferior frontal gyrus to be
activated above threshold during response-related activity for both tasks and this is consistent
with both tasks involving variations of response inhibition (Bunge, Dudukovic, Thomason,
Vaidya, & Gabrieli, 2002; Konishi et al., 1999). However, when directly contrasted the Go/
NoGo variant had greater right inferior frontal activation and this region was not found to
overlap with the above threshold SRRT right inferior frontal activation. These results suggest
that there may be a component of the right inferior frontal gyrus that is more sensitive to wholly
inhibiting a motoric response. Alternatively this region may be more sensitive to the degree of
response inhibition required which was greater for the Go/NoGo variant.

In this study, we attempted to control for spurious manipulations that could influence the
cognitive processes and subsequently neural activity. Both tasks were developed to have high
accuracy rates as the goal of this study was to investigate successful inhibition. Although we
attempted to balance our tasks for difficulty, the SRRT was more difficult than the Go/NoGo
variant as demonstrated by the accuracy and reaction time measures. Both tasks were
constructed to have a working memory component and rely on repetition of the first stimulus
to keep the response code active. However in SRRT, there was the added component of needing
to remember the appropriate stimulus-response mapping; therefore the reliance on the
phonological loop could have differed between the two tasks. Lastly, the SRRT had more
cognitive control trials (50% of the trials) than the Go/NoGo variant (20% of the trials) and
increased cognitive control trials can lead to greater prefrontal cortical activation (de Zubicaray,
Andrew, Zelaya, Williams, & Dumanoir, 2000). Nonetheless, the main differences found in
this study were associated with the Go/NoGo variant demonstrating more activity associated
with cognitive control compared to the SRRT when directly contrasted. This suggests cognitive
processes as opposed to task difficulty account for our current findings. Also, the SRRT
additionally involved task-switching between the two alternative task responses. Supplemental
analyses, however, demonstrated that switching between compatible and incompatible
stimulus-response mappings were not prominently driving the primary results.

In stimulus-response paradigms it is difficult to know precisely what and when participants
are preparing their response. This can make interpreting and comparing activations of specific
processes in a trial difficult. To create a response-readiness state in participants and make it
more likely participants would prepare a response tendency, we used a jitter technique. By
varying the interval, participants were unable to predict when the probe would appear biasing
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the use of a proactive strategy, where the response code is kept active. We have previously
demonstrated that varying the intervals in cue-probe paradigms likely leads to greater response
readiness, evidenced by quicker response reaction times when the probe appears (Goghari &
MacDonald, 2008).

Lastly, we found no above threshold prefrontal activations for the SRRT during preparation.
Although, this could suggest that this task did not invoke the prefrontal cortex to a sufficient
degree, supplementary evidence suggests that this is not the case. We have previously
demonstrated in the same participants that the SRRT invoked the prefrontal cortex during
preparation. When this task was presented using a partial-trial technique with the same amount
of trials, robust prefrontal particles above statistical threshold were found. These same
prefrontal activations were found not to be activated to a greater degree than the present data
collected with the jitter technique (Goghari & MacDonald, 2008). Therefore, the lack of
prefrontal cortex activation in this study is likely due to our choice of statistical threshold. In
addition, rather than comparing above statistical threshold maps, we used direct contrasts of
beta values that allowed us to test both above and sub-threshold regions for differences.

Our findings suggest a largely common cognitive control network, with subtle differences
depending on specific tasks demands. Consistent with these findings, Fan and colleagues
(2003) used three cognitive control tasks and found common prefrontal recruitment, with
differences between the tasks in peak activation and spatial extent of those activations. These
neuroimaging findings are consistent with accumulated behavioral findings arguing for similar
underlying neural correlates or a central cognitive mechanism for different cognitive processes
(e.g., Verbruggen, Liefooghe, Notebaert, & Vandierendonck, 2005; Verbruggen, Liefooghe,
& Vandierendonck, 2006). The findings from this study are consistent with theories that
suggest the prefrontal neural correlates of preparing to inhibit a response are largely similar to
the neural correlates of wholly withholding a response (Miller & Cohen, 2001). In addition,
we found that there was a strong association for the left inferior frontal gyrus to be involved
in controlled response selection. Nevertheless, subtle differences in recruitment of regions were
also found depending on the nature of the specific cognitive processes recruited. The right
inferior frontal gyrus was more sensitive to response inhibition and especially involved in
wholly inhibiting a response. Differences between this study and other studies may be due to
experimental design, analyses, and degree to which specific cognitive processes are involved
in the cognitive paradigms. Furthermore, there were many discrepancies between the two tasks
when functional activations above statistical threshold were considered. These differences
were not found when below threshold activations were included and the two tasks were directly
contrasted This may be an important distinction for researchers to keep in mind as they view
above threshold activation maps and attempt to reconcile seemingly disparate cognitive
findings in the literature. In the future, investigators may wish to carefully consider and report
how characteristics of their tasks, analysis pipeline, and imaging design may be affecting their
results when attempting to reconcile the functional neuroanatomy of inter-connected cognitive
processes (Poldrack et al., 2008).
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Figure 1.
The Stimulus Response Reversal Task (SRRT). Trials began with a colored square indicating
whether to respond on the same side (green or automatic condition) or on the opposite side
(red or cognitive control condition) when the subsequent directional word (Left or Right)
appeared. In the example trial illustrated, participants would respond with the right button.
Go/NoGo variant. Trials began with a directional word (Left or Right) followed by colored
circle (green or automatic condition, red or cognitive control condition). A green circle
indicated respond on the same side as the directional word. A red circle indicated the response
should be withheld. In the example trial illustrated, participants would inhibit their response.
ISI (interstimulus interval) and ITI (intertrial interval) values ranged from 2000, 2250, 2750,
3250, 3750, 4000 ms.
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Figure 2.
Activations for the Stimulus Response Reversal Task (SRRT) for cognitive control greater
than automatic condition response-related activity. Abbreviations: R=Right; L=Left. Images
were thresholded at p<0.005, 11 degrees of freedom, with a contiguity threshold of 8.
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Figure 3.
Activations for the Go/NoGo variant for cognitive control greater than automatic condition
response-related activity. Abbreviations: R=Right; L=Left. Images were thresholded at
p<0.005, 11 degrees of freedom, with a contiguity threshold of 8.
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Figure 4.
Activations for Stimulus Response Reversal Task (SRRT) and Go/NoGo variant for cognitive
control greater than automatic condition response-related activity. Images were thresholded at
p<0.005, 11 degrees of freedom, with a contiguity threshold of 8.
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Figure 5.
Shared and unique activations for the Stimulus Response Reversal Task (SRRT) and Go/NoGo
variant for cognitive control greater than automatic condition response-related activity. Images
were thresholded at p<0.005, 11 degrees of freedom, with a contiguity threshold of 8. Shared
component: Left inferior frontal (BA 44/45; x=−49, y=17, z=21; cluster size=8 voxels). Unique
component: Right inferior frontal (BA 44; x=46, y=11, z=10; cluster size=8 voxels, Max
t=4.05).
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Table 1

Behavioral data from the Stimulus Response Reversal Task (SRRT) and Go/NoGo variant.

Measured Variables SRRT Go/NoGo

% accurate automatic trials 94 (4) 99 (2)

% accurate cognitive control trials 92 (4) 95 (8)

Automatic trial reaction time (ms) 781 (214) 478 (112)

Cognitive control trial reaction time (ms) 895 (237) -

Cognitive control cost (ms) 114 (50) -

Abbreviations: All behavioral measures presented are mean (standard deviation) unless otherwise noted. Cognitive control cost = mean cognitive
control trial response reaction time (ms) minus mean automatic trial response reaction time (ms) for the SRRT.
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