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Abstract
Active inhibition includes both response inhibition (the suppression of prepotent motor
response) and memory inhibition (the suppression of either encoding or retrieval). While
the majority of behavioral research has considered them to be a single process,
neuroimaging research suggests otherwise. Despite conflicting findings, there have been
no attempts to investigate the degree to which active inhibition might be mediated by two
separate networks. The current study directly compared the neural networks that mediate
both response and memory inhibition through the use of fMRI and connectivity analyses.
Direct comparisons within and between types of inhibition focused on differences in the
neural network supporting each type of inhibitory process. Specifically, retrieval
inhibition relied primarily on activation of the parietal lobes, compared to encoding
inhibition, which relied on activation of the superior and middle prefrontal gyrus. These
results indicate that the forgetting of information through suppression of retrieval
processes can be accomplished through the diversion of attentional processes, while
forgetting through the stopping of encoding relies on active inhibition. With respect to
response inhibition, stopping recruited greater activation of the inferior frontal gyrus
(IFG) than did response withholding, which was mediated by activation of the middle and
superior frontal gyrus (SFG). Thus, while it appears that the IFG supports direct
inhibition, rather than attentional control, it may only do so when a strongly prepotent
response must be inhibited. Comparisons between types of inhibition revealed that
response inhibition recruits increased activation in the middle and IFG, while memory
inhibition recruits increased activation of the SFG. Thus, in addition to finding evidence
that separate regions of the brain support these types of inhibition, these prefrontal
differences also provide evidence that it is more difficult to recruit inhibitory mechanisms
in support of memory inhibition than response inhibition. Finally, resting state
connectivity analyses reveal that the left IFG, which supports response inhibition,
exhibits greater intrinsic connectivity with the motor cortex, while the right SFG, which
supports memory inhibition, exhibits greater connectivity with regions responsible for
encoding and retrieval (i.e. medial temporal lobe). Taken together, these results provide
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evidence for separate memory and response inhibition processes, the former supported by
the SFG and the latter supported by the IFG.
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The Cognitive Control of Memory and Motor Responses:
An Examination of the Neural Correlates of Active Inhibition
Active Inhibition: An Overview
Inhibition, as a cognitive control process, can be divided into two discrete
categories: automatic inhibition and active inhibition. While active inhibition includes
both response inhibition (the suppression of prepotent motor response) and memory
inhibition (the suppression of either encoding or retrieval), the majority of behavioral and
neuroimaging studies have assumed that both are subserved by the same underlying
mechanism and rely on nearly identical neural networks. However, there have been no
further attempts to investigate the degree to which active inhibition is in fact a unitary
process.
Recently investigations of active inhibition have incidentally provided evidence
that this is not the case. That is, the use of functional magnetic resonance imaging
(fMRI), while confirming the long held belief that active inhibition is mediated by the
prefrontal cortex (PFC), has also suggested that the two active inhibition processes may
emanate from different areas within the PFC. Specifically, studies that employ Go/No-Go
and Stop Signal tasks consistently report activation of the right inferior frontal gyrus
(IFG), while studies that use Directed Forgetting and Think/No-Think tasks report that
active inhibition is localized to the middle frontal gyrus (MFG) and superior frontal gyrus
(SFG). Accordingly, it would appear that response inhibition, as characterized by the
Go/No-Go and Stop Signal Reaction Time tasks, and memory inhibition, as characterized
by Directed Forgetting and Think/No-Think tasks, may actually be fundamentally
different processes, rather than the unitary one described in most models of active
inhibition.
Despite the evidence that active inhibition may be more accurately broken into
two related, but different processes, a comprehensive study to test this theory has not yet
been carried out until now. Considering this limitation, the current study employed
behavioral, functional MRI, and connectivity-related methodologies to better explore the
true extent of active inhibition. It was hypothesized that two separate networks of active
inhibition would emerge: one that supports response inhibition, and is mediated by the
right IFG, and one that supports memory inhibition, and is mediated by the right SFG.
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Executive Functions and Cognitive Control
Inhibitory control has been studied extensively throughout the past several
decades and yet, as is the case with many cognitive processes, much has been left
unexplained. In particular, reconciling neuroimaging data that capture the networks
supporting less-understood types of inhibition with pre-existing models of executive
function remains a particular limitation. Considering this, the current study aimed to
provide the first comprehensive exploration of the neural networks that underlie the four
most frequently studied types of inhibitory control, with the specific goal of developing a
more complete model of this executive function.
In order to understand inhibitory control, it is first necessary to understand where
it fits within the realm of more general cognitive processes. Broadly, inhibition is an
executive function. Executive functions are any processes that support the ability to make
decisions and execute actions that are not automatic responses to stimuli. Of the
processes that qualify as executive functions, some may be further classified as cognitive
control processes. These processes are a specific subset of executive functions that
control lower order functions. Importantly, cognitive control processes stand in contrast
to motivational control, primarily because cognitive control processes require the
evaluation of additional information, particularly when one out of several options must be
chosen from. According to Neubert, Mars, and Rushworth, (2013) three distinct and
independent cognitive control processes exist: information updating, mental set shifting,
and inhibition. In reality, however, the proper and most accurate place of inhibition
within the wider realm of cognition may be less clear.
Multiple different theories have been proposed to explain how and where
inhibition should be classified. Most similar to the assertion of Neubert, Mars, and
Rushworth (2013) is that inhibition is an independent process that greatly influences the
ability to control both selective attention and working memory in the context of encoding
and retrieval (Hasher, Quig, & May, 1997; Hasher, Stoltzfus, Zacks, & Rypma, 1991).
Accordingly, it is inhibition that directly controls what sort of information is accessible
through working memory. Poor inhibition can result in either too much or too little
information entering working memory. For example, older adults are more susceptible to
distraction because deficits in inhibitory processes allow irrelevant information to enter
2	
  
	
  

	
  

working memory (Hasher et al., 1997; Hasher et al., 1991). In this way, inhibition can be
viewed as a gateway that provides (or limits) access to other cognitive processes.
In almost direct opposition to Hasher’s theory Baddeley’s model deemphasizes
the role of inhibition in cognitive control. Rather than illustrating inhibition as a primary
control process (as Hasher does), Baddeley proposes a four-part model of working
memory that includes a central executive, and three slave systems: the phonological loop,
visuospatial sketchpad, and episodic buffer (Baddeley, 1996, 2000, 2002). The central
executive has been defined simply as a limited-capacity pool of processing resources that
supports attentional control (Baddeley, 2002). In an attempt to further specify the role of
the central executive, Baddeley (2002) hypothesized that it is comprised of four
component processes: dual-task performance, random generation, selective attention, and
activation of long-term memory, with inhibition possibly being categorized under
selective attention. Thus, while in Hasher’s model inhibition directly controls both
selective attention and working memory, Baddeley proposes the exact opposite.
Lastly, in a seeming compromise between the two aforementioned and mutually
exclusive models, Engle and Kane (2004) have proposed a model of cognitive control in
which working memory and inhibition are highly related. Their two-factor model
includes both the maintenance of task goals (working memory) and the resolution of
response conflict. Resolving response conflict often occurs when a response other than a
prepotent response must be made and so inhibitory processes are recruited (Engle &
Kane, 2004). While these two factors are separate, behavioral data suggest that they are
strongly correlated and thus cannot be viewed as completely independent (Engle & Kane,
2004).
As can be seen from a review of just three different models, the place of
inhibitory processes within cognition is anything but clear. Inhibition may regulate
working memory, or it could be controlled by working memory. Then again, it may
simply interact with working memory (Nyberg, Brocki, Tillman, & Bohlin, 2009).
Unfortunately, no simple explanation or set of data are available to reconcile these views.
Despite this obvious limitation, models of inhibition, independent of other processes, can
still be developed. Inhibition has been defined as any mechanism that interferes with the
representation or accessibility of information (Bauml, Pastotter, & Hanslmayr, 2010;
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Roediger, 1974). Inhibition has been further divided into two discrete categories:
automatic inhibition and active inhibition. Automatic inhibition, which, for the purposes
of this review will not receive any further attention, refers to the lateral inhibition of
response representations, and is not under an individual’s conscious control (Aron, 2007).
For example, the process by which a bilingual speaker suppresses the representations of
one language in order to produce speech in his/her second language is classified as
automatic inhibition. On the other hand, active inhibition is defined as the willed
suppression of an irrelevant response stimulus or memory (Aron, 2007). This type of
inhibition is executed purposefully, and remains under the control of the individual. As
described, inhibition has been broken down into these two distinct categories, and no
further divisions have been suggested. However, recent evidence (that will be discussed
at length in the coming pages) has suggested that perhaps this model is somewhat
incomplete.
Response Inhibition: The Development of the Go/No-Go Task
Regardless of the way in which inhibition fits into the broader category of
executive function, it is a process that can be observed easily on an everyday basis.
Humans (as well as a host of other animals) have the ability to prevent the execution of
actions and behaviors, even when those actions appear to be automatic. Recognizing the
importance of inhibition to the study of psychology, Skaggs (1929) attempted to delineate
the various categories that exist within this single process. In line with the
aforementioned descriptions, Skaggs (1929) described three discrete categories of active
(or voluntary) inhibition: inhibition of motor responses; suppression of ideas or images;
and inhibition of sense-presentations.
The Go/No-Go task is frequently used as a measure of the inhibition of motor
responses. In a typical Go/No-Go task, participants are instructed to respond quickly,
typically with a button press, to “Go” trials (often denoted by a stimulus of a certain
color). However, when a No-Go trial is presented, participants should withhold the motor
response. Because of the relative distribution of Go and No-Go trials (typically about
75:25), making a button press quickly becomes the prepotent response. Thus, when a NoGo trial is presented, the execution of the motor response must be inhibited. Measures of
inhibitory control can be derived simply from the number of instances in which a
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participant makes a go response to a no-go trial (Aron, Robbins, & Poldrack, 2004).
Clearly, the Go/No-Go paradigm is an effective paradigm by which to study active
inhibition, as one must suppress the motor response when the infrequent No-Go trial
stimulus appears.
The use of the Go/No-Go task as a measure of active inhibition has greatly
evolved over time. Despite the fact that the use of this task in experimental psychology
and Skaggs’ position on active inhibition developed concurrently, they did not intersect
for many years. In fact, this particular task was not used as a measure of inhibition until
somewhat recently, and as a result, related behavioral research did little to inform
theories of inhibitory control. Not until the development of neuroimaging techniques did
the utility of the Go/No-Go as a measure of inhibition become apparent.
The Go/No-Go task was originally used to study the effect of frontal lesions on
successful performance of delayed alternation tasks, which was not overtly associated
with inhibitory processes (Mishkin & Pribram, 1955). In this case, monkeys were
required to alternate between Go trials (displacing the lid of a food container) and No-Go
trials (leaving the lid of the container intact), which appeared to reflect successful operant
conditioning – not inhibition. It was reported that monkeys with frontal lesions were
eventually able to relearn the Go/No-Go task, but made significantly more errors during
No-Go relearning trials (Mishkin & Pribram, 1955). Despite this association, very few
researchers made explicit that the Go/No-Go task actually measured active inhibition
(Livesey, Meyer, & Smith, 1980; Pellegrino, 1968). The task began to be used to study a
variety of subpopulations (e.g. HIV: Bornstein et al., 1993; Multiple Sclerosis: Morriss,
Schaerf, Brandt, McArthur, & Folstein, 1992; Attention Deficit Disorder: Trommer,
Hoeppner, Lorber, & Armstrong, 1988) but behavioral studies that directly investigated
inhibitory mechanisms typically used other tasks such as the Stroop Task (e.g. Hasher et
al., 1997; Hasher et al., 1991; Lowe, 1985; Neill, 1977; Stoltzfus, Hasher, Zacks, Ulivi, &
Goldstein, 1993)
Interestingly, studies aimed at understanding the cognitive changes experienced
by older adults bring together the study of active inhibition and the use of the Go/No-Go
task (Allen, Weber, & Madden, 1994). For reasons that are not entirely clear, researchers
began associating active response inhibition and the Go/No-Go task in the mid-nineties,
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recognizing that success on a No-Go trial requires inhibition of the prepotent “Go”
response (e.g. Schachar, Tannock, Mariott, & Logan, 1995; Kelly, Borrill, & Maddell,
1996). Since then, the Go/No-Go task has been used as a direct measure of inhibitory
control in a variety of contexts (e.g. Casey et al., 1997; Pliszka, Borcherding, Spratley,
Leon, & Irick, 1997), but the strict use of behavioral measures limited the degree to
which active inhibition as a cognitive process could be understood, and so its utility was
greatly limited. For example, behavioral measures may illustrate age-related changes in
inhibitory control throughout the lifespan, as indicated by behavioral differences in
reaction time and performance on the Go/No-Go task (Bedard et al., 2002), but can do
little to elucidate the exact neural processes that underlie these changes.
Response Inhibition: The Development of the Stop Signal Reaction Time Task
Similar to the development of the Go/No-Go task, the Stop Signal Reaction Time
task was not originally developed to study response inhibition. Rather, this task was
implemented to study simple reaction times (Lappin & Eriksen, 1966). In this task, a “go
signal” is provided at every trial. The presentation of this signal is meant to initiate a
motor response from the participant. On certain random trials, however, a “stop signal” is
provided after the go signal and is meant to indicate that the motor response should be
withheld. Though perhaps not the primary intent of the study, the original use of the Stop
Signal task provided important information regarding the nature of inhibition, primarily
that the probability of successfully inhibiting a response was largely dependent on the
amount of time that had passed between the go signal and the stop signal, such that as
more time elapsed, so too did the probability that a participant would erroneously make a
go response (Lappin & Eriksen, 1966). In addition to the study of reaction time (e.g.
Lappin & Eriksen, 1966), the Stop Signal task was also used to study whether typists
formed cognitive representations of entire words or single letters (Logan, 1982). This
particular study found that the ability to inhibit a response (which was in this case typing
words) depended on the nature of stimuli that was to be inhibited (Logan, 1982).
Specifically, typists were able to successfully inhibit finishing the typing of a word they
had already started, except if the word was “the” (Logan, 1982). Considering this, it
seems that some information is more easily inhibited than others. While it may be
relatively easy to successfully stop typing a sentence halfway through its completion, the
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typing of certain individual words (e.g. “the) is so automatic it cannot be inhibited. Not
only do these results provide interesting insight into the way in which typists represent
information, it also demonstrates the extent to which highly familiar information can (or
cannot) be inhibited.
Perhaps most importantly, the Stop Signal task was critical to the development of
a model that attempts to explain the way in which simple reactions are inhibited (Logan
& Cowan, 1984). This model is frequently described as a “race” between reactions. The
processes that support a simple reaction (such as pressing a button) are independent from
the processes that support the inhibition of the reaction. That is, inhibition is not simply
the absence of a reaction, but a process in itself. These processes race, and whichever
process finishes first determines the outcome of any given trial (Logan & Cowan, 1984).
Furthermore, this model posits that four factors contribute to determining which
process will finish first: the delay between the onset of the go signal and the stop signal;
the mean reaction time to go signals; the mean reaction time to stop signals; and the
variance associated with reactions to go signals (Logan & Cowan, 1984). Through these
variables, it is possible to determine the Stop Signal Response Time (SSRT), which is an
estimate of the amount of time needed to inhibit a response that has already begun.
Theoretically, this measure reflects how long it takes for the stop process to “catch up”
with, and ultimately overtake, the go process. This model is useful in that it provides
information regarding why a given response may be inhibited (or not), but provides little
information regarding the exact nature of the inhibitory process itself. Similar to the
Go/No-Go task, the Stop Signal task has been used in a variety of contexts to study
inhibitory control deficits in specific subpopulations (Aging: Carver, Livesey, & Charles,
2001; OCD: Chamberlain, Fineberg, Blackwell, Robbins, & Sahakian, 2006;
Chamberlain et al., 2007; Aging: A. F. Kramer, Humphrey, Larish, Logan, & Strayer,
1994; ADHD: Nigg, 1999; Schachar & Logan, 1990) Again, while these studies clearly
reflect the validity of the Stop Signal task as a measure of inhibitory control, they cannot
directly inform the underlying mechanisms that support successful motor inhibition.
Response Inhibition and Lesion Studies: Developing an Inhibition Network
As has already been described, behavioral research using healthy, typicallydeveloping adults has converged on the finding that inhibition does in fact occur in a
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variety of contexts. While the importance of this finding should not be overlooked,
clearly more questions remain. The study of inhibition as a cognitive process is limited if
one cannot investigate how inhibition occurs, what exactly is being inhibited, and
whether or not all types of inhibition are truly the same process. The use of patient
studies, as well as the later use of neuroimaging techniques, provide for the ability to
directly investigate the cognitive processes that support response inhibition.
Lesion/patient studies, far from simply emphasizing the importance of the frontal
lobe as a general locus of inhibitory control, have provided a substantive degree of
nuance to the understanding of the network of regions that support response inhibition.
Several lesion studies in humans have been performed, all reflecting the singular
observation that frontal lobe lesions significantly impair success on the Go/No-Go task,
particularly with respect to No-Go trials (Battig, Rosvold, & Mishkin, 1962; Drewe,
1975; Leimkuhler & Mesulam, 1985). In a slightly more nuanced study, while patients
with any type of right frontal damage showed slowing on the Stop Signal task, damage
specifically to the right inferior frontal gyrus (IFG) was most strongly correlated to
performance on the task (Aron, Fletcher, Bullmore, Sahakian, & Robbins, 2003). There
was no correlation between damage and inhibitory control for the patients with superior
frontal gyrus (SFG) lesions, a moderate correlation for those with damage to the middle
frontal gyrus (MFG), and a strong, highly significant correlation for those with damage to
the IFG (Aron et al., 2003). Based on these results, it appears as though the entire frontal
lobe is not equally important in successful inhibitory control. Instead, it appears that the
right IFG is most important for executing this type of task (Aron et al., 2003). While a
second study partially confirms these results, reporting that rats’ performance on the Stop
Signal task was not impaired by lesions to the medial PFC (Eagle & Robbins, 2003b), a
third study does in fact report that lesions to the orbitofrontal cortex slowed rats’ ability
to inhibit response during the Stop Signal task (Eagle et al., 2008). Adding to the debate,
lesions to the orbitofrontal cortex did not impair rats’ rate of learning on a Go/No-Go
task, leading the researchers to believe that this region was not critical to inhibitory
control (Schoenbaum, Nugent, Saddoris, & Setlow, 2002). Taken together, these lesion
studies seem to emphasize the role of the IFG, but call into question the relative
importance of the orbitofrontal cortex.
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Of course, not all lesion studies related to response inhibition focus on the frontal
lobe. A secondary region that that has been associated with response inhibition is the
basal ganglia. In comparing inhibition speed between non-patients and patients with
frontal, non-frontal, and basal ganglia lesions, Rieger, Gauggel, & Burmeister (2003)
reported significant slowing in patients with either frontal or basal ganglia lesions. While
this particular study did not differentiate between damage to specific regions within the
basal ganglia, others have. For example, lesions to the subthalamic nucleus have been
shown to make rats less accurate at the Stop Signal task (Eagle et al., 2008), while lesions
to the medial striatum have also been shown to impair inhibitory control (Eagle &
Robbins, 2003a).
Considering the host of information that has been provided from lesion studies, a
number of questions and conclusions can be drawn. Together, these studies point to the
importance of both the frontal cortex and the basal ganglia for mediating successful
response inhibition, as defined by both the Stop Signal and Go/No-Go tasks. Specifically,
damage to the IFG, subthalamic nucleus, and medial striatum produce pronounced
deficits in inhibitory control. However, more information is needed, as there may be other
regions that also support response inhibition.
The Neural Correlates of Response Inhibition: Early fMRI and ERP Studies
The early use of neuroimaging techniques has provided a copious amount of data
that inform the processes that underlie response inhibition. Furthermore, both direct and
indirect comparisons of the Go/No-Go and Stop Signal task suggest that these processes
are largely similar.
One of the first of such studies used positron emission tomography (PET) to
examine the brain regions that were responsible for suppressing a motor response during
No-Go trials (Kawashima et al., 1996). During the task, participants were asked to flex
their thumb when a beam of light was red, but were not supposed to make a finger
movement when the light was green. The authors reported that inhibition, as defined by
the suppression of thumb movement in the presence of green light, activated large
portions of the right frontal cortex, including the superior, middle, and inferior frontal
cortex (Kawashima et al., 1996). A similar PET study using monkeys reported nearly
identical results, again indicating that the frontal lobe plays a critical role both the
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recognition of No-Go trials and the suppression of the motor response that is necessary
for task success (Tsujimoto et al., 1997). A study using magnetoencephalography (MEG)
reported a similar finding, in that neural responses to a No-Go trial over the frontal
regions of each of five human participants (Sasaki, Gemba, Nambu, & Matsuzaki, 1993).
The authors concluded that the suppression of a motor response must be largely
dependent on the recruitment of the frontal cortex (Sasaki et al., 1993). These early years
of functional neuroimaging research related to active inhibitory control focus primarily
on establishing what the behavioral and clinical literature had long suggested – simply
that inhibitory control, as measured by the successful suppression of a motor response,
recruits areas of the frontal cortex.
Similarly, studies employing the use of event-related potentials (ERP) also
focused on the importance of the right frontal lobe as the basis of response inhibition.
Many studies have reported a frontal negative-going waveform about 200 ms after the
presentation of a No-Go trial, ostensibly reflecting inhibitory processes (Eimer, 1993;
Falkenstein, Hoormann, & Hohnsbein, 1999; Jodo & Kayama, 1992; U. M. Kramer,
Knight, & Munte, 2011; Pfefferbaum, Ford, Weller, & Kopell, 1985). This negative
frontal potential (N200) is also apparent during the presentation of stop trials during the
Stop Signal task (Kok, Ramautar, De Ruiter, Band, & Ridderinkhof, 2004; Ramautar,
Kok, & Ridderinkhof, 2004; van Boxtel, van der Molen, Jennings, & Brunia, 2001), and
a direct comparison of the waveforms elicited by stop trials and No-Go trials were found
to be statistically equivalent (van Boxtel et al., 2001).
The importance of the N200 component and its significance to inhibition was
illustrated by a particularly clever study that employed cortical electrical stimulation in
monkeys (Sasaki, Gemba, & Tsujimoto, 1989). After a group of five monkeys were
trained on the Go/No-Go task, recording electrodes measured the strength and location of
the “No-Go potential.” This potential was observed in inferior regions of both the left
and right PFC, and peaked about 150 ms after the onset of the No-Go stimulus. In the
second phase of the experiment, experimenters electrically stimulated these frontal
regions during Go trials. When stimulation was applied between 0 and 25 ms after the
onset of the Go trial, the appropriate motor response (hand movement) was delayed by a
few hundred milliseconds. At later onsets, however, all movement was suppressed.
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Interestingly, stimulation of slightly more superior regions of the frontal cortex had no
negative effect on Go trial success, and sometimes actually facilitated it. These results
provide important evidence towards a theory of motor inhibition whereby activation of
certain regions of the frontal cortex suppress cortical regions necessary for the execution
of a motor response (Sasaki et al., 1989).
The Neural Correlates of Response Inhibition: The Introduction of Event-Related
fMRI Designs
As more precise ways of localizing activity related to inhibition developed,
Garavan, Ross, & Stein (1999) provided a description of the neural networks responsible
for inhibitory control that hinged on the importance of the frontal lobe, with specific
emphasis placed on activation in the right IFG (Garavan, Ross, & Stein, 1999). Use of an
event-related design in conjunction with fMRI allowed for the isolation of neural activity
that was only related to successful suppression trials (No-Go). There was very little
overlap between regions that support successful suppression and successful execution of
motor responses. While this may appear somewhat obvious, the implication of this
finding in the context of the development of a theory regarding motor inhibition is
particularly important. The existence of two different networks provides evidence that
correctly responding to a No-Go trial does not simply depend on the absence of an action.
Rather, not responding is as much of an action as responding is, and as such, it requires a
specialized network of neural activity.
A second, almost identical event-related fMRI study was published the same year
and reported nearly identical activity in the right inferior frontal cortex. Despite Garavan,
Ross, and Stein’s (1999) insistence that inhibitory control is right lateralized, however,
the second study reported bilateral inferior frontal activity (Konishi et al., 1999). In
addition to questioning the laterality of inhibition, Konishi, et al. (1999) also reported that
a comparison of No-Go activation and set shifting (as defined through the Wisconsin
Card Sorting Task) showed overlapping activation in the inferior frontal cortex.
Consequently, the use of neuroimaging techniques raised important questions that had not
been addressed previously. Two studies, using nearly identical methodologies and
presenting very similar results (i.e. activation of the right inferior frontal cortex during
No-Go trials), provide relatively distinct interpretations. While one (Garavan et al., 1999)
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concludes that this region is specific for the cognitive control of inhibition, another
(Konishi et al., 1999) suggests that the inferior frontal cortex may instead support a
cognitive process such as updating that may contribute to success on both inhibition and
set shifting.
As the role of the frontal cortex continued to be emphasized, the question of
laterality remained. Watanabe, et al. (2002) reported that activation of both the left and
right MFG was greater for No-Go trials compared to baseline, as well as for No-Go trials
compared to Go trials. These comparisons emphasized the inferior/middle frontal gyrus
as the locus of inhibitory control, indicating that it supports successful inhibition to a
significantly greater extent than it supports execution of a motor response.
Acknowledging the existing debate regarding the laterality of response inhibition, Gondo,
Shimonaka, Senda, Mishina, & Toyama (2000) used PET to devise a slightly new way of
measuring activity related to No-Go trials. Two tasks were used: one, a standard Go/NoGo task, and the second: a task in which every trial was a Go trial. Comparing activity
related to the two trials was expected to yield activity that was related only to inhibition.
In this case, only regions in the right frontal cortex were activated, supporting the
previous reports of the right lateralization of inhibitory control (Garavan et al., 1999).
Admittedly, it is difficult to reconcile this account with the previously described research
that points to a bilateral model of response inhibition, and so more research is needed to
make an informed conclusion.
Further manipulations and adjustments to the typical Go/No-Go task have
continued to help elucidate the neural correlates of response inhibition. For example, a
parametric manipulation of the number of No-Go trials indicated that as the amount of
suppression required increased (i.e. the number of No-Go trials for every 40 Go trials
increased, thus requiring greater recruitment of inhibitory processes) there was a linear
increase in the BOLD signal of the right MFG and a corresponding decrease in the right
SFG (de Zubicaray, Andrew, Zelaya, Williams, & Dumanoir, 2000). In addition to
providing evidence towards a theory of right hemispheric dominance, these results also
show that specific areas of the frontal cortex are sensitive to increases in the amount of
suppression that is required. In a second manipulation, participants learned a 16-part
pattern of key presses. During certain trials, participants were allowed to execute the
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pattern several times in its entirety. During other trials, however, they were given a signal
to stop before the pattern had been completed (Hummel et al., 2004). The right IFG,
bilateral occipital cortex (BA 18/19), and left striatum were shown to be active at the time
when the pattern was inhibited, demonstrating that the inhibition of a learned motor
response is much the same as the inhibition of a non-learned trial-by-trial sequence
(Hummel et al., 2004).
An understanding of the neural basis of inhibitory control does not need to be
limited to studying only activity related to the inhibitory period. Instead, activity related
to the period before inhibition can be helpful as well. To accomplish this, signals were
sometimes presented to participants to alert them of an upcoming No-Go trial (Hester et
al., 2004). Predictably, large portions of the middle and inferior frontal gyrus were
activated during No-Go trials, regardless of whether they had been cued or not (Hester et
al., 2004). Interestingly, cued No-Go trials (those to which participants were alerted prior
to the actual No-Go signal) were associated with greater activity in middle frontal and
parietal regions than un-cued trials. When the cue period resulted in successful inhibition,
deactivation of the left MFG and left insula was observed, while activity in the right
posterior cingulate decreased, but remained above baseline. These results indicate that in
some cases, preparatory activity related to later inhibition can be predictive of inhibitory
success, and may either be related to direct inhibition or attentional control.
Response Inhibition and the Contribution of the Inferior Frontal Gyrus
In a variety of contexts, the right IFG has been illustrated as an essential
component to response inhibition, regardless of whether the Go/No-Go or Stop Signal
task is used (for review and comprehensive list, see F.X. Neubert et al., 2013). Despite
concerns that the wide variety of contrasts used by various investigators to explore
inhibition may compromise the ability to draw conclusions regarding the exact nature of
an inhibitory network, extremely conservative approaches that employ conjunction
analyses of successful and unsuccessful stop trials still find activity in the right IFG
(Boehler, Appelbaum, Krebs, Hopf, & Woldorff, 2010).
Similarly, researchers applied transcranial magnetic stimulation (TMS) to
different regions within the frontal and parietal lobes: the IFG, the MFG, and the angular
gyrus. While deactivation of the IFG through TMS significantly reduced inhibitory13	
  
	
  

	
  

control performance (as measured by a Go/No-Go task), the same was not true when the
middle frontal or angular gyri were deactivated (Chambers et al., 2006). While
deactivating the IFG did impair performance on No-Go trials, it did not have any effect
on speed or accuracy during Go trials, further implicating this region in inhibitionspecific processes (Chambers et al., 2006).
While the aforementioned literature emphasizes the importance of the right IFG to
inhibition, it should not be assumed that all researchers agree on the exact function of this
region. Many studies do in fact conclude that the right IFG is directly involved in
inhibitory control (e.g. Aron et al., 2004; Chambers et al., 2006; Konishi et al., 1999;
Verbruggen & Logan, 2008). However, others disagree.
Using the Stop Signal paradigm, Li, Huang, Constable, & Sinha (2006) reported
that successful inhibition, as opposed to unsuccessful inhibition, activated areas of the
bilateral MFG, bilateral IFG and right SFG. The left SFG, however, was negatively
correlated with Stop Signal Reaction Time (the previously discussed behavioral measure
of inhibition), such that greater activation of this region was associated with faster
inhibition. Although the researchers did not perform similar analyses on regions of
interest within the IFG, they nevertheless conclude that left SFG is directly involved in
response inhibition, while the right inferior/middle frontal gyrus is involved in signal
monitoring.
Others have similarly acknowledged the importance of the IFG for successful
inhibition, but theorize that it is not directly responsible for inhibiting motor responses. In
a study that used a version of the Stop Signal task to control for attentional capture, the
presupplementary motor area (pre-SMA), but not the right IFG, was implicated in
successful inhibition (Sharp et al., 2010). Similarly, Duann, Ide, Luo, & Li (2009) used
Granger Causality to provide similar evidence that the IFG, rather than being part of a
direct inhibitory control network, is actually part of the ventral attention system. More
specifically, their data indicated that both the presupplementary motor area (pre-SMA)
and primary motor cortex (PMC) are interconnected with the caudate and the subthalamic
nucleus (STN), while the IFG was only connected to the pre-SMA during inhibitory
control success (Duann et al., 2009). These data are taken to suggest that while the IFG
and the pre-SMA are both involved in inhibitory control, they do so in very different
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capacities, with the former directing attention towards the infrequent and salient Stop
trials, and the latter directly inhibiting motor regions (Duann et al., 2009).
While the results of the study conducted by Duann, Ide, Luo, & Li (2009) suggest
that perhaps the role of the IFG should be reinterpreted, other studies have presented
evidence in direct contrast to their conclusions. Specifically, an examination of the
interaction between the IFG, pre-SMA, and primary motor cortex (M1) reveals that there
is a direct cortical connection between the IFG and M1 (F. X. Neubert, Mars, Buch,
Olivier, & Rushworth, 2010). These results would suggest that this frontal region is not
merely involved in attentional control, but does have a role in actively inhibiting motor
responses.
Taken together, it is clear that the right IFG plays an important role in inhibitory
control, though questions regarding whether it mediates attention or directly causes
inhibition still remain. Considering this, the connectivity-related aspect of the current
study was designed to directly address this question.
One Response Inhibition Process or Two? Where Neuroimaging Findings Diverge
Until this point, the combination of behavioral, lesion, ERP, and fMRI evidence
has appeared to converge on the fact that the Go/No-Go and Stop Signal tasks reflect the
same underlying cognitive process: response inhibition. At the outset, it certainly appears
that this must be true. Identical ERP components, similar activation of the right IFG and
parietal lobe, and comparable behavioral deficits among subpopulations of participants
(i.e. older adults or those with attention deficit disorder) have been reported using both
tasks. Considering this, reviews of response inhibition seldom make a clear distinction
regarding what task was used, reaffirming the pre-existing assumption that potential
differences either do not exist or are inconsequential.
Despite this limitation, a few studies have suggested that differences exist in the
neural signature of inhibition as measured by either the Go/No-Go task or the Stop Signal
task. In a study of response inhibition that employed the Stop Signal task, Aron &
Poldrack (2006) emphasized the potential importance of the subthalamic nucleus (STN).
Activity in this region was found to be greater during successful inhibition, was
positively correlated with activity in the right IFG, and was increased for those with
faster Stop Signal reaction times. Consequently, Li, Yan, & Lee (2008) focused much of
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their investigation on the role of the STN, and reported that it is more active for both stop
success and stop errors as opposed to Go trials. As already discussed, this region was
identified as a region of interest in the Granger Causality analysis performed by Duann,
Ide, Luo, & Li (2009), and has been reported by others using the same task (e.g. Eagle et
al., 2008; Li et al., 2008). Aron and Poldrack (2006) make the claim, however, that
activity in the STN is unique to the response inhibition required by the Stop Signal task,
as it is never reported in studies that use the Go/No-Go task. They propose that there is
something fundamentally different about the inhibition that is required by these two
tasks, such that the Stop Signal task requires the stopping of an already initiated response,
while the Go/No-Go task requires the initiation of a motor “plan” (Aron & Poldrack,
2006). Stopping a response that has already begun, they believe, depends on the
activation of the IFG and STN to inhibit the thalamus. However, this hypothesis has been
disconfirmed by connectivity analyses that find neither a direct connection between the
IFG and the STN nor between the STN and thalamus (Duann et al., 2009). Additionally,
if the STN was directly involved in inhibition, it should be preferentially active for
successful stopping as opposed to failed stopping, though the opposite has been found to
be true (Li et al., 2008). Taken together, two issues are evident. First, there is the need to
better understand the role of the STN and its contribution to response inhibition. Second,
the persistent activation of this region during Stop Signal tasks, and its resulting
conspicuous absence during Go/No-Go tasks, illustrates the need to investigate whether
fundamentally different inhibitory processes support these tasks.
A preliminary investigation of the differences between the Stop Signal and
Go/No-Go tasks only revealed that three regions were significantly more active for the
Go/No-Go task as compared to the Stop Signal task (Rubia et al., 2001). Interestingly,
these regions were all left lateralized (middle frontal, medial frontal, and inferior parietal)
and did not include the STN. Inferior frontal activity was found to be common to both
tasks, but this activity was strongly left lateralized. The somewhat unexpected pattern of
results might be due to the use of a blocked rather than event-related design. A more
recent comparison of the two tasks employed an event-related design and reported a
similarly sparse network of common regions (Zheng, Oka, Bokura, & Yamaguchi, 2008).
Although inhibition in both the Go/No-Go and Stop Signal tasks recruited activity in the
16	
  
	
  

	
  

right IFG, only two clusters of activity – one in the right MFG, and one in the right
middle occipital gyrus – overlapped across tasks (Zheng et al., 2008). Additionally,
activity in the right MFG positively correlated with behavioral scores on both tasks,
though performance on the tasks themselves was not correlated. Verbruggen & Logan
(2008), however, question the assumptions that might be made by the presence of
common activity on its own. For example, while the right IFG may be reported across a
number of studies using both Go/No-Go and Stop Signal tasks, it is not enough to
conclude that the processes that require this activity are the same.
Overall, the current literature does not allow for a well-informed conclusion to be
made regarding either the true nature of response inhibition or the potential relevance of
neural differences that emerge when using different tasks. Considering this, the current
study aimed to employ a variety of methods to allow for a more precise investigation into
the degree to which neural networks that support response inhibition depend on the task
that is used.
Separating Response Inhibition from Other Executive Functions
In addition to studying the neural correlates of response inhibition, researchers
have also begun to use neuroimaging to examine the relationship between active
inhibition and other executive functions. Evidence for both commonalities and regions of
clear difference were found when comparing task switching with inhibition (Sylvester et
al., 2003). While regions of the right parietal cortex and left frontal cortex were similarly
activated for both tasks, inhibition preferentially activated regions of the right frontal
cortex (Sylvester, et al., 2003). Similarly, Hedden & Gabrielli (2010) separated inhibition
from other executive functions, such as task switching and facilitation. While the right
IFG was activated during both inhibition and shifting, it showed preferential activity that
was specific to inhibition (Hedden & Gabrieli, 2010). Using a different set of executive
functions, Garavan, Ross, Murphy, Roche, & Stein (2002) sought evidence for functional
dissociations between inhibition and error detection. Believing that a unified model of
executive function that relies on the frontal cortex was too simplistic, the authors used a
Go/No-Go task to investigate whether these two executive functions (inhibition and error
detection) rely on distinct neural networks. Inhibition was defined as the neural activity
related to the successful suppression of a motor response during No-Go trials, where error
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detection was defined as the neural activity related to the period of time directly after a
motor response has been made (incorrectly) during No-Go trials. Results indicated that
while both processes relied on very similar right-lateralized frontal regions, the timecourse of this activity was significantly delayed for error detection as compared to
inhibition. Taken together, these studies indicate that active inhibition is a cognitive
process that is fundamentally distinct from other executive functions. Despite these
attempts to clearly dissociated types of executive control, very little research has
investigated the possibility that the same sort of dissociation needs to be made within
inhibition.
Encoding Inhibition: The Item Method Directed Forgetting Paradigm
As shown in the preceding pages, response inhibition has occupied a visible place
in the cognitive literature. This type of inhibition holds a similarly obvious position in
everyday life. Anyone who is familiar with baseball has likely observed a batter begin to
swing at a pitch, only to stop at the last second, realizing the pitch may not be within the
strike zone. In fact, a “checked swing” can be so important to the success of an at-bat,
that rules have been established to more accurately differentiate between successful
stopping/inhibition and movement that has proceeded so far that it should be considered a
swing. While response inhibition itself is not observable (we cannot see the absence of a
movement), surely failures of response inhibition are. Considerably less easy to
conceptualize, however, is a second class of active inhibition that does not include an
observable component. This type of inhibition suppresses cognitive processes such as
memory encoding and retrieval. As will be described in detail, the ability to stop the
encoding of new information, as well the ability to prevent the retrieval of already
encoded information, also depend on active inhibition. A comprehensive understanding
of the processes that support such memory inhibition has not yet been achieved, but
significant progress can be made if researchers are able to determine whether or not
inhibition of memory is fundamentally different from inhibition of motor responses.
Intentional forgetting can be defined as the successful inhibition of encoding
processes. The ability to stop encoding processes, and the subsequent failure to retrieve
the to-be-forgotten information, has been studied for the past four decades using the
Directed Forgetting paradigm.
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The utility of forgetting, and the possibility that forgetting certain information may in fact
enhance memory for other information, was first recognized through the use of this task
(Bjork, 1970). In a typical item-method Directed Forgetting task, participants are
presented with a series of words and instructed that they will need to remember some of
the words for a later memory test, while the others they can forget. Results of the
original study of “positive forgetting,” indicated that participants were indeed able to
forget items intentionally (R. A. Bjork, 1970). This type of forgetting was set in direct
opposition to incidental forgetting, which is the forgetting of information that was meant
to be remembered (R. A. Bjork, 1970). In order to explain this observation, Bjork (1970)
developed a number of theories, one of which was centered on the notion that participants
are able to “actively erase” certain memories. Unfortunately, the possibility that such a
process could account for the observed intentional forgetting was largely discounted for a
period of time, primarily because this type of inhibitory mechanism was not built into
current models of memory (Block, 1971). Bjork’s theory of erasure was modified to
better fit theories of memory to suggest that memory for to-be-forgotten (TBF) items is
suppressed, rather than erased (Elmes, Adams, & Roediger, 1970). Though this
modification of the process theorized to support intentional forgetting may appear largely
semantic, it nevertheless continues to underscore the active nature of this type of
forgetting, and fits well with contemporaneous theories of active inhibition (Skaggs,
1929).
As with any theory, alternatives to the suppression account of intentional
forgetting were provided, and the use of Directed Forgetting tasks was a critical
component to these developments (e.g. Epstein & Wilder, 1972; Geiselman, 1974; Homa
& Spieker, 1974). Even Bjork, who originally suggested that memory for TBF items
might be “erased,” modified his position to suggest instead that memory differences
between to-be-forgotten (TBF) and to-be-remembered (TBR) items were largely the
result of retrieval, rather than encoding, differences (Woodward & Bjork, 1971).
Nevertheless, the Directed Forgetting paradigm continued to be viewed as an appropriate
method by which to study inhibition.
Eventually, the belief that intentional forgetting qualified as a type of suppression
or inhibition that is fundamentally distinct from interference or selective attention
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remerged in the cognitive literature (Anderson & Neely, 1996; E. L. Bjork & Bjork,
1996; Harnishfeger, 1995; Zacks, Radvansky, & Hasher, 1996). Unlike the
aforementioned motor inhibition tasks, item method Directed Forgetting was used
extensively over the last four decades to study memory control, and specifically
inhibition, in healthy typically-developing adults (e.g. Basden & Basden, 1996; Golding,
Roper, & Hauselt, 1996; MacLeod, 1999; MacLeod & Daniels, 2000). Furthermore,
despite the advance of neuroimaging techniques, intentional forgetting (using Directed
Forgetting), continues to be studied behaviorally, and support for the theory that
intentional forgetting is mediated by inhibitory processes that act at encoding has
continued to emerge (Fawcett & Taylor, 2008; Hourihan & Taylor, 2006; Lee & Lee,
2011; Lee, Lee, & Tsai, 2007; Quinlan, Taylor, & Fawcett, 2010). For example, when the
length of time between the presentation of the target word and the signal to forget
increases, participants’ ability to successfully forget these words decreases (Hourihan &
Taylor, 2006). These results provide evidence that participants automatically begin
encoding the word when it is first presented, and then attempt to inhibit encoding when a
TBF cue is provided. When too much time elapses between the presentation of the word
and the cue to forget, the already-initiated encoding processes cannot be inhibited. Thus,
increasing the amount of incidental encoding time will decrease the likelihood that the
memory trace is inhibited (Hourihan & Taylor, 2006). This finding is best accounted for
by a model of memory inhibition that is activated at encoding (when the signal to forget
is first provided) and works to weaken the memory trace of that which has been marked
irrelevant. In a somewhat similar study in which the amount of time provided to forget
was manipulated, increased forgetting time was associated with a decrease in successful
forgetting (Lee et al., 2007). Increasing the number of opportunities to forget did increase
the rate of successful intentional forgetting, suggesting that while inhibitory processes at
encoding cannot be maintained for a significant length of time, continued reinstatement
of this process does promote increased forgetting.
While a host of behavioral studies provided evidence that intentional forgetting
was mediated by inhibitory control (e.g. Hourihan & Taylor, 2006; Lee et al., 2007),
other data suggested that intentional forgetting was caused only by a combination of
increased encoding for TBR items, and the passive decay of TBF items. For example,
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increasing attentional load by requiring that participants count backwards while
completing a Directed Forgetting task facilitated successful forgetting (Lee & Lee, 2011).
The authors theorized that if an active inhibitory process was the cause of intentional
forgetting, increasing attentional load should take resources away from this process, thus
impeding successful forgetting. Since this was not the case, the authors concluded that
inhibition could not underlie intentional forgetting. In this way, it is evident that even
relatively recent behaviorally-based experiments have not been able to definitively
conclude what type of process supports intentional forgetting.
Retrieval Inhibition: The Think/No-Think Paradigm
Similar to the Directed Forgetting paradigm, the Think/No-Think paradigm was
developed with the specific aim of investigating the possibility that individuals are able to
inhibit the retrieval of previously encoded memories. Though perhaps less intuitive than
the suppression of an overt motor response, the Think/No-Think task is designed to be
very similar to the Go/No-Go task. During the task, participants are first trained on a
series of unrelated word pairs. These pairs are presented until participants can reliably
retrieve one of the words when presented with the other part of the pair. During the next
phase of the task, one word from each pair is presented, along with a cue that would
either indicate that the participant should retrieve the associated word or intentionally
suppress retrieval for the word. During the “Think” trials (akin to Go trials), participants
should say aloud the associated word. During “No-Think” trials, however, participants
are instructed to not allow the associated word to enter consciousness. Participants are
later asked to recall all of the word pairs, even those that had previously been suppressed.
Recall of suppressed items has been shown to be worse than that of non-suppressed
items, as well as of baseline items that had not appeared during the second phase of the
task (Anderson & Green, 2001). These results (simply, though effectively) indicate that a
process does exist that allows individuals to prevent the retrieval of already-learned
information (Anderson & Green, 2001). Furthermore, this inhibition negatively affects
later memory, as those items that were suppressed from retrieval were less likely to be
recalled (Anderson & Green, 2001).
Despite the apparent novelty and theoretical importance of measuring retrieval
inhibition, very little behavioral work has been focused on this issue. Depue, Banich, and
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Curran (2006) reported that the inhibitory effects reported originally reported by
Anderson & Green (2001) could be heighted by the use of emotional stimuli. However, it
is possible that reports of null findings with respect to the use of the Think/No-Think
paradigm (Bulevich, Roediger, Balota, & Butler, 2006), dissuaded continued
investigation of retrieval inhibition.
As demonstrated so far, the development in the understanding of two types of
active inhibition, response inhibition and memory inhibition, progressed quite differently.
The use of the Go/No-Go task developed independently of the study of inhibition, and
did not significantly contribute to the development of theoretical models of response
inhibition or executive function until the introduction of neuroimaging. In contrast, the
Directed Forgetting paradigm was developed with the specific purpose of studying
intentional forgetting, and has been used to form multiple theories regarding how
information is purposely forgotten.
Memory Inhibition and Lesion Studies: Developing an Inhibition Network
Despite the publication of several patient studies that investigate the frontal lobe’s
contribution to response inhibition, only one patient study employed memory inhibitionrelated tasks, and the results have not significantly contributed to an understanding of the
underlying processes. In this study, the majority of patients had lesions to the dorsolateral
frontal lobe – six patients had left hemispheric lesions, four had right hemispheric
lesions, and three had bilateral lesions (Andres, Van der Linden, & Parmentier, 2007).
Contrary to the researchers’ hypothesis, the patient group did not show any reduction
their ability to inhibit TBF items. Unfortunately, the use of a particularly heterogeneous
sample of frontal lesions significantly reduces the ability to derive meaningful
conclusions from these data. If, for example, intentional forgetting is largely right
lateralized, then one would expect a lack of significant differences when considering that
more than half of the patient sample had intact right frontal lobes.
The Neural Correlates of Memory Inhibition: ERP studies
The history of intentional forgetting and neuroimaging is relatively brief,
especially when compared to that of response inhibition. Very few studies have
investigated the neural correlates of intentional forgetting, but unlike the behavioral
literature, all conclude that this process is largely supported by the active inhibition of
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encoding processes (Hsieh, Hung, Tzeng, Lee, & Cheng, 2009; Nowicka, Jednorog,
Wypych, & Marchewka, 2009; Paz-Caballero, Menor, & Jimenez, 2004; Rizio & Dennis,
2013; Ullsperger, Mecklinger, & Muller, 2000; Van Hooff, Whitaker, & Ford, 2009;
Wylie, Foxe, & Taylor, 2008). For example, two ERP studies have found positive-going
waveforms distributed over frontal regions during the presentation of a cue to forget
(Hsieh et al., 2009; Paz-Caballero et al., 2004). Both studies concluded that this activity
was related to the frontally-mediated attempt to suppress encoding of TBF items, thus
indicating that active inhibition contributes to intentional forgetting. Evidence that this
activity reflects inhibitory processes primarily came from the fact that the extent of
activity related to the presentation of a cue to forget predicted whether or not the item
would be subsequently successfully forgotten (Hsieh et al., 2009; Paz-Caballero et al.,
2004).
Other ERP studies that examined the effects of intentional forgetting on retrieval
made similar conclusions (Nowicka et al., 2009; Ullsperger et al., 2000; Van Hooff et al.,
2009). The old/new effect is typically observed during recognition tests, such that
correctly recognized old stimuli elicit more positive waveforms than do correctly
recognized new stimuli. In the context of intentional forgetting however, this effect was
qualitatively different for TBR and TBF items, suggesting that different retrieval
processes were used for each type of word (Nowicka et al., 2009; Ullsperger et al., 2000;
Van Hooff et al., 2009). Further analyses revealed that differential encoding (increased
encoding of TBR items) alone could not explain this effect, and thus TBF items must
have experienced an inhibitory process that made them more difficult to retrieve
(Ullsperger et al., 2000). Differences between TBR and TBF items were also observed
during an implicit test of memory (Van Hooff et al., 2009). During a lexical decision
task, TBF words that were successfully forgotten displayed an enhanced negativity,
suggesting that an inhibitory-type process was making them difficult to process (Van
Hooff et al., 2009). Taken together, these ERP studies provide directed evidence toward
the theory that intentional forgetting is based largely on the ability to inhibit the encoding
of TBF items.

23	
  
	
  

	
  

The Neural Correlates of Memory Inhibition: Event-related fMRI designs
The aforementioned ERP studies provided a general consensus that prefrontal
inhibitory processes contribute to intentional forgetting, but methodological limitations
prevent them from providing additional information regarding the locus of this inhibition.
Two recently published studies that use fMRI not only provide more compelling evidence
towards the importance of inhibition, but also clarify where in the brain inhibitory
processes are carried out. Both studies report increased activity for intentional forgetting
attempt and success in the right SFG and right inferior parietal lobe (Rizio & Dennis,
2013; Wylie et al., 2008). In addition, connectivity analyses demonstrated a negative
correlation between the right SFG and the left medial temporal lobe (MTL) during
successful intentional forgetting (Rizio & Dennis, 2013). This finding provides
correlational evidence that the right SFG activity inhibits encoding-related processes in
the MTL specifically during successful intentional forgetting. Lastly, Rizio & Dennis
(2013) contrasted intentional forgetting (forgetting of TBF items) with incidental
forgetting (forgetting of TBR items). The authors theorized that if incidental forgetting
was caused simply by the passive decay of the memory trace, there should be no neural
differences between these two trial types. They found, however, that intentional
forgetting recruited regions of the right parietal lobe that had previously been associated
with inhibition (e.g. Aron & Poldrack, 2006; Garavan et al., 2002; Hedden & Gabrieli,
2010; U. M. Kramer et al., 2011; Rubia et al., 2001; Wylie et al., 2008).
While the neural correlates that mediate the retrieval inhibition of No-Think trials
might be expected to be identical to that of the suppression of No-Go trials, this is not the
case. Rather, retrieval inhibition appears to rely on a process that is quite similar to that of
encoding inhibition. In the first neuroimaging study that used the Think/No-Think
paradigm, retrieval inhibition was associated with increased activity in both dorsolateral
and ventrolateral PFC, as well as the anterior cingulate cortex. However, it was the
dorsolateral, rather than ventrolateral PFC activity that predicted successful retrieval
inhibition (Anderson et al., 2004). These initial analyses point to the importance of the
dorsolateral PFC (DLPFC) for memory inhibition, and further correlational analyses
continue to emphasize this. Regression analyses indicated that activation in the DLPFC
predicted deactivation of the hippocampus, a region that has been consistently implicated
24	
  
	
  

	
  

in episodic memory retrieval (Anderson et al., 2004). Similarly, the Think/No-Think
paradigm was used to explore the neural correlates of emotional memories, and evidence
was found for the role of the MFG in the suppression of the hippocampus and amygdala
activity (Depue, Curran, & Banich, 2007). These initial correlational studies, similar to
the one published using Directed Forgetting, indicate that a specific region within the
PFC actively suppresses activity in regions that are necessary for successful retrieval (i.e.
hippocampus). If the hippocampus is not able to adequately activate, memory retrieval
will be prevented.
A necessary component of the theory that the DLPFC inhibits the hippocampus is
establishing a causal directional link between these two regions. Recently, dynamic
causal modeling (DCM) was used to show just that, providing evidence for a direct
inhibitory role of the DLPFC during retrieval inhibition (Benoit & Anderson, 2012).
Finding a similar pattern of results for encoding inhibition using the Directed Forgetting
paradigm has not yet been attempted, and so the SFG cannot be conclusively linked to
this process. Furthermore, it is likely that more than simply two regions are involved in
inhibitory control of memory processes. However, the existing studies have all focused
on the interaction between two regions – the SFG/DLPFC and the hippocampus. Both
studies employing the Directed Forgetting paradigm have also identified the right inferior
parietal lobe and the cingulate gyrus as critical to supporting successful intentional
forgetting (Rizio & Dennis, 2013; Wylie et al., 2008). Only one region, the DLPFC, was
found to support successful retrieval inhibition in both studies using the Think/No-Think
paradigm (Anderson et al., 2004; Depue et al., 2007), and so clearly more research is
needed to establish a comprehensive network of regions that support memory inhibition.
Active Inhibition Processes: Questions Left Unanswered
The combination of behavioral and neuroimaging methodologies have provided
compelling evidence that the four tasks described above rely at least in part on active
inhibitory control. A significant amount of research has been conducted in the attempt to
more precisely understand how exactly inhibitory processes are realized at the neural
level, but a single comprehensive model has not yet been developed.
One of the primary limitations with respect to the current literature is the fact that
little distinction is made between types of active inhibition. Although potential
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differences between memory and response inhibition have never been tested directly, it
appears as though the two recruit different regions of the PFC. While response inhibition
reliably activates the IFG, memory inhibition more typically activates the SFG.
Determining whether or not this observation is meaningful will require a direct
comparison of the networks that mediate response and memory inhibition. Additionally,
other questions remain with respect to the frontal lobe. Even when ignoring the possible
superior/inferior dissociation, there also exist discrepancies regarding the actual function
of the prefrontal lobe. A significant amount of evidence has been accumulated to suggest
that areas of the PFC are directly responsible for active inhibition, but conflicting
evidence suggests that these regions only support inhibition through the allocation of
attentional processes. Considering this, the need for a comprehensive exploration of the
role of the PFC as it pertains to both response and memory inhibition is clear.
The inferior and superior frontal gyri are not the only regions whose roles are not
entirely understood. The subthalamic nucleus and its contribution to response inhibition
also require additional investigation. This region many only contributes to inhibition
during the Stop Signal task, thus presenting the possibility that significant and
meaningful differences exist between types of response inhibition. Going forward, it will
be useful to develop a better understanding of the ways in which response inhibition
might differ depending on the task that is used. Rather than assuming that the Go/No-Go
and Stop Signal tasks recruit equivalent cognitive processes, it may be useful to take a
more critical approach in searching for potential differences between the tasks.
Finally, the existing literature does not adequately address the point at which the
presence of neural differences indicates the existence of fundamentally different
processes. While there may be no clear answer to this, the issue is nevertheless critical to
developing an accurate model of active inhibition. For example, the potential differences
in recruitment of prefrontal regions might suggest that at least two types of inhibition
exist – response and memory inhibition. However, smaller differences that may emerge
do not necessarily mean that the concept of active inhibition should be further divided.
Moving forward, it will be necessary to address the degree to which these neural
differences are actually meaningful to the understanding of cognitive processes.
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Because a within-subjects study has never been executed with the intent of
directly comparing across types of inhibition, it is currently unknown whether the
conflicts discussed truly reflect a fundamental difference between response and memory
inhibition or whether this difference is simply a consequence of different contrasts,
analyses, and naming techniques among groups of researchers.
Considering these issues, it became necessary to devise a study that would
comprehensively investigate and directly compare the neural networks that mediate both
response and memory inhibition. The current study sought to use a combination of
techniques to determine whether the current model of a unitary active inhibitory process
is the most accurate way to classify response, retrieval, and encoding inhibition. The
study has three separate goals, each of which were addressed by a different set of
analyses.
Current Study Goal One: A Comparison of the Functional Neural Correlates of
Response and Memory Inhibition.
While trends in the data across various studies have been observed (e.g.
distinction between inferior and superior frontal gyrus; importance of the subthalamic
nucleus during Stop Signal but not Go/No-Go tasks), conclusions and interpretations are
nearly impossible to draw without first conducting a within-subjects experiment to
examine the potential validity of these differences. The current experiment used fMRI to
study the neural correlates of inhibitory control as defined by task success on four
different tasks: Go/No-Go, Stop Signal, Directed Forgetting, and Think/No-Think. This
was the first fully comprehensive comparison of the neural networks that support
inhibitory success across the four tasks most frequently used to study inhibitory
processes. A four-part set of whole-brain univariate analyses was conducted:
1. Neural correlates of inhibition success were analyzed for each individual task.
2. Two separate conjunction analyses investigated spatial overlap in the activation
patterns of memory inhibition (Directed Forgetting + Think/No-Think) and motor
inhibition (Go/No-Go + Stop Signal Reaction Time).
3. Differences in the neural correlates of memory inhibition were examined by
contrasting inhibition success on the Directed Forgetting and Think/No-Think tasks.
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Identical analysis also elucidated neural differences in motor inhibition by contrasting
inhibition success on the Go/No-Go and Stop Signal Reaction Time tasks.
4. Differences between types inhibition were investigated by collapsing across the two
memory inhibition tasks and contrasting this with the two motor inhibition tasks.
It was predicted that the IFG and presupplementary motor area would show
common activation between the Go/No-Go and Stop Signal task during successful
response inhibition. Likewise, the right SFG was predicted to be equally active for
successful memory inhibition, regardless of whether the Directed Forgetting or
Think/No-Think task was used.
Looking at differences between tasks and types of inhibition would provide
evidence towards a more nuanced theory of active inhibition. These analyses allowed for
a direct comparison to be made with regard to the role of the subthalamic nucleus in
response inhibition. This region has been found to support successful inhibition when the
Stop Signal task is used (e.g. Duann et al., 2009; Eagle et al., 2008; Li et al., 2008), but
similar evidence has not been reported when the Go/No-Go task is used. Thus, a direct
comparison between these two tasks helped to clarify whether or not this region is
specifically active for just one type of response inhibition. Once a determination is made
regarding when this region is active, we can begin to examine what exact process the
subthalamic nucleus is supporting. Knowing that a particular region is active during a
task is only the first step – this knowledge will not be particularly useful unless a theory
can be developed to explain why this region is active during response inhibition.
It was also predicted that contrasts between response and memory inhibition
would yield evidence that these are two distinct processes of inhibition. Specifically,
response inhibition would be mediated by activity in the right inferior frontal gyrus,
However, memory inhibition would be mediated by the right superior frontal gyrus and
middle frontal gyrus. If this hypothesis is confirmed, two conclusions could be drawn
from the data. First, information regarding the specific role the IFG would be provided. If
this region is distinctly activated for response inhibition, it can be concluded that it plays
a direct inhibitory role, rather than one related to attention. However, if the IFG is
responsible for directing attention to salient cues (as suggested by Duann et al., 2009),
then it should be equally active during both inhibition of memory processes and
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inhibition of motor responses. This is because the attentional processes necessary for
successful inhibition should be the same across the four tasks – attentional capture of
salient stimuli during No-Go, No-Think, Stop, and TBF trials should be identical. Thus,
a region that supports attentional processes should be equally active across the tasks. If a
particular region only supports response inhibition though, it should be active only during
tasks that require the suppression of a motor response, and should not be active during
tasks that not require this. Secondly, evidence regarding the true nature of active
inhibition would be provided. If the functional data truly differentiate between response
and memory inhibition, then perhaps the concept of “active inhibition” would be better
divided into two different categories. If however, the functional data provide evidence of
significant overlap between the processes, then evidence towards the accuracy of the
current model will be provided.
Current Study Goal Two: An Exploration of the Neural Networks that Support
Active Inhibition Through the Use of Functional Resting State Connectivity
Friston (1994) defines functional connectivity as the temporal correlations
between spatially remote neurophysiological events. The proposed project employed
resting-state functional connectivity measures to examine temporal correlations in the
blood oxygen level-dependent (BOLD) signal while participants were awake but not
performing a task. Resting-state connectivity provides information regarding the
spontaneous activation of brain regions that activate and deactivate in phase with one
another (Cordes et al., 2000; Damoiseaux & Greicius, 2009; Greicius, Supekar, Menon,
& Dougherty, 2009). This measure of connectivity has been successful in demonstrating
that the underlying functional connectivity at rest strongly resembles task-related activity
(Cordes et al., 2000). Additionally, resting state connectivity has been shown to be a
reasonable indicator of the underlying structural connectivity of the brain (Greicius et al.,
2009). For example, regions of interest in the medial PFC, posterior cingulate, and medial
temporal lobes that were drawn based on their activity at rest were shown to reflect a
pattern that is largely similar to that of functional and structural connectivity, as
determined by independent component analysis and diffusion tensor imaging (Greicius et
al., 2009). Similar studies provide support for this finding, such that resting state
functional connectivity generally correlates with structural connectivity (for review see
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Damoiseaux & Greicius, 2009). Because of this relationship, this type of connectivity is
typically referred to as intrinsic connectivity.
To date, no one has examined the intrinsic connectivity networks that support
inhibitory control. These connectivity analyses will be particularly useful in that they
have the potential to illustrate differences in the network that support various types of
inhibition. The current study investigated the way in which parts of the frontal lobe
(particularly the inferior and superior frontal gyri) exhibit differential connectivity with
various other regions (e.g. pre-SMA, parietal, STN, M1, MTL). In support of a revised
theory of active inhibition (in which response and memory inhibition are dissociable), it
was expected that at rest, the IFG would show strong functional connectivity with motorrelated regions, such as pre-SMA and M1, but not with memory-related regions as the left
PFC and MTL. In contrast, a memory-related inhibitory network that is fundamentally
distinct from response-inhibition should show connectivity between the right SFG, left
PFC, MTL, and parietal regions. While it was not predicted that these two potential
networks will be completely independent, it was still expected that observable differences
would emerge.
Overall, this study has the potential to advance the theory of active inhibitory
control by establishing a set of hypotheses that, if confirmed, would clearly indicate the
need to reevaluate that unitary model of active inhibition that currently exists.
Furthermore, the use of multiple distinct methodologies allows for a more complete
investigation of the true nature of the relationship between response and memory
inhibition.
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Method
Participants
Twenty-four younger adults between the ages of 18 and 25 (M = 21.08; SD =
1.66) were recruited in exchange for monetary compensation. Data from one participant
was excluded due to the discovery of an incidental finding, and another was excluded due
to scanner error. Two participants failed to return for the second day of scanning, and
three participants did not forget any items during the Think/No-Think task. Based on this,
20 participants were included in the analysis of motor inhibition, and 17 participants were
included in the analysis of memory inhibition. Because the comparison between memory
and motor inhibition was intended to be within-participants, only the 17 who completed
all four tasks were included in the ANOVA. All participants were right-handed, native
English speakers, with no history of neurological illness or substance abuse. All
participants provided written informed consent, and the Pennsylvania State University
approved all procedures.
Materials
Directed Forgetting task. Three hundred sixty nouns were selected from the
Medical Research Council Psycholinguistic Database. Words were controlled for KuceraFrancis written frequency, concreteness, and number of letters. One hundred of these
words were randomly selected to be marked as to-be-remembered (TBR) during
encoding, another 100 were selected to be marked as to-be-forgotten (TBF) at encoding,
and the final 160 were reserved as “new” items to be presented during the recognition test
at retrieval.
Think/No-Think task. Seventy-two nouns were selected from the Medical
Research Council Psycholinguistic Database. Words were controlled for Kucera-Francis
written frequency, familiarity, and number of letters. Words were randomly matched to
create unrelated word pairs (e.g. Lawn; Sister). Twelve pairs were randomly selected to
appear as Think trials, 12 items were selected to appear as No-Think items, and the
remaining 12 pairs were selected to be baseline items.
Procedure
Data collection for each participant spanned two separate days, no more than two
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Think task, and then entered the scanner. After a series of localizer scans, participants
completed the Think/No-Think task, followed by a set of structural scans (during which
participants completed the Matrix Reasoning portion of the Weschler Adult Intelligence
Scale III). Finally, participants completed the Go/No-Go task. After exiting the scanner,
participants received the free-recall section of the Think/No-Think task, and then were
trained on the Stop Signal Reaction Time task, which calculated their optimal Stop Signal
Delay for use on Day Two. In-scanner time lasted approximately one hour, with an
additional one hour of pre- and post-scan tasks.
Day 2 participation began with the collection of resting state data. Participants
then completed the Directed Forgetting encoding task, followed by the Stop Signal
Reaction Time task (both in scanner). After exciting the scanner, participants completed
the recognition test for the Directed Forgetting retrieval task, were paid, and debriefed
regarding the nature of the study. In-scanner time lasted approximately one hour and 15
minutes, with an additional 30 minutes of post-scan tasks.
Directed Forgetting task. The experiment took form of a traditional item-method
Directed Forgetting task, which has been used in past neuroimaging studies (e.g Rizio &
Dennis, 2013; Rizio & Dennis, 2014; Wylie, Foxe, &Taylor, 2007). During the scanned
encoding phase, each of the 120 words appeared individually on the screen for 1000 ms
and were be followed by the presentation of a fixation cross that that remained for 2000
msec. After this period, a group of five colored pound signs was presented for 3000 msec.
Participants were instructed that that words followed by green pound signs should be
remembered for an upcoming memory test (TBR items), while words followed by red
pound signs should be forgotten, as they would not be on the test (TBF items). The
encoding task was broken into five blocks of 40 words, with TBR and TBF items
presented pseudo-randomly such that no more than three of the same trial type appeared
sequentially. Each trial lasted for a total of 8000 ms, which included a jittered fixation
cross that lasted between 1500 and 3000 ms (average 2000 ms) (see Figure 1).
Following encoding, participants completed the Stop Signal Reaction Time test,
which lasted 16 minutes. After the completion of this task, participants exited the scanner
and began the retrieval phase of the Directed Forgetting task in a separate testing room.
The retrieval task included a total of 360 words: the 100 TBR items, 100 TBF items, and
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160 new items. Each word appeared on the screen individually for 2500 ms, and
participants made a Remember/Know/New memory decision during that time. It was
stressed to participants that their memory response should not depend on whether the
word had been marked as TBR of TBF during encoding, but should only depend on
whether the word is old or new (See Figure 1 for an illustration of the task, and Appendix
A for the instructions that were read to participants).
Think/No-Think task. The Think/No-Think task was divided into three phases:
study, inhibition, and retrieval. During the study phase (outside of the scanner),
participants were shown 36 word pairs. Each pair was presented individually on the
computer screen for 3000 msec. Participant were instructed to make a key press based on
whether they judged the pair to be pleasant or unpleasant. After participants were
exposed to two presentations of each word pair, their memory was tested with a series of
flashcards. The first word of each pair was presented individually on the front of a card;
the participant had approximately 2000 ms to verbally provide the paired associated. If
the participant correctly retrieved the item, the pair was not presented again. If the
participant was incorrect or did not know the answer, the correct word was displayed, and
the card was put back into the pile for later review. This processes continued until the
participant had correctly learned all 36 word pairs. This particular strategy was employed
to ensure that participants could successfully retrieve each paired associate, but also
prevented over-learning of stimuli.
After the learning phase was completed, participants entered the scanner. During
this phase, the first word of the 12 Think and 12 No-Think pairs were presented
individually on the screen for 3000 msec. Think items were presented in green, while NoThink items were presented in red. Participants were instructed that if the word was
presented in green, they should retrieve the paired associated. They are instructed that
they should not say the word out loud (to prevent excess head movement), but should
spend the entire time thinking about the word. If the word was presented in red, however,
participants were instructed to not retrieve the paired associate. They were not provided
with a specific suppression strategy, but were told to forget they ever learned an
associated word (see Appendix B for exact instructions). Words were presented pseudorandomly, so that no more than three of the same trial type appeared in a row. Each trial
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lasted approximately 5000 ms, including a jittered fixation cross that lasted between 1500
and 3000 ms (average 2000 ms). The task was divided into six blocks, with each of the
24 words presented twice per block, resulting in a total of 12 suppression or retrieval
attempts per pair. During this part of the task, baseline items were not presented (see
Figure 2).
After the scanning phase was completed, participants completed the Stop Signal
Reaction Time task, and then exited the scanner to complete the final retrieval phase of
the Think/No-Think task. In this free-recall task, the first word of each of all 36 pairs
(including all Think, No-Think, and Baseline items) was printed on a sheet of paper.
Participants were instructed to recall the associated word and write it down.
Go/No-Go task. During this task, a series of five Xs were presented on the
screen, either in green or red. Participants were instructed that if the stimuli were green,
they should press the button under their right pointer finger as quickly as possible (Go
trials). If the stimuli were red, they should not make a key press (No-Go trials).
Participants were instructed that both speed and accuracy were equally important (see
Appendix C for instructions). Stimuli were presented on the screen for 500 ms, and were
followed by a jittered fixation cross that lasted between 1500 and 3000 ms (average 2000
msec) (see Figure 3). Go trials appeared with 75% probability, while No-Go trials
appeared with 25% probability. The task was divided into five blocks of 40 trials.
Stop Signal Reaction Time task. This task was split into two parts, the first
completed on Day 1, outside the scanner, and the second on Day 2, while the participant
was in the scanner. During Part One, participants viewed a series of Xs on the computer
screen. One hundred percent of the time the stimuli appeared in green. On 75% of the
trials, the symbols remained on the screen for 2000 ms and did not change color (Go
trials). On the other 25% of the trials, the symbols turned from green to red (Stop trials).
Participants were instructed that they should press the button under their pointer finger
when a green stimulus appeared, but that they should try to stop themselves from making
a key press if the stimulus changed to red (see Appendix D for instructions). On the first
Stop trial, the Stop Signal (red stimuli) appeared 250 ms after the onset of the Go signal
(red stimuli). The amount of time between the onset of the Go and Stop signals is referred
to as the Stop Signal Delay (SSD). If the participant successfully inhibited a motor
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response, the SSD was increased by 17 ms, making it more difficult to inhibit the
response. If the participant made a motor response to a stop trial, the SSD was decreased
by 70 msec. This stepwise increase/decrease continued over the course of 200 trials. By
the end of the task, a participant-specific SSD had been identified such that the
participant successfully inhibited a Stop trial at that particular SSD 50% of the time. The
participant’s SSD, along with their mean reaction time for Go trials, was recorded for use
during the Day 2 scanner session.
During the scanner session, each participant completed the Stop Signal task with
the SSD that was identified in his/her previous behavioral session. Thus, rather than
having the SSD change for each stop trial (as was the case during behavioral testing),
only one SSD was used. Go trials appeared on the screen for 2000 ms, with 75%
frequency. For Stop trials, green symbols appeared on the screen for the amount of time
that corresponded to the participants’ SSD, and then changed to red symbols. The red
symbols remained on the screen until 2000 ms had elapsed from the onset of trial
(because the SSD varied for each participant, so did the amount of time the red symbols
remained). In this way, each trial lasted 4000 ms, including a jittered fixation cross that
lasted between 1500 and 3000 ms (average 2000 ms) (see Figure 4). Participants
completed a total of 400 trials, divided across four blocks.
The purpose of using a set SSD for each participant in the scanner was to ensure
that enough successful inhibition trials could be collected during the time in which they
were performing the task in the scanner. Because the original SSD (200 ms) is set
arbitrarily, many of the initial stop trials may be too difficult for the participants to
successfully inhibit (conversely, they could be so easy as to not require active inhibition).
By calculating a participant’s true SSD prior to the scan, we were more likely to obtain
enough successful inhibition trials for a properly powered analysis.
Image Acquisition
Imaging data of all four tasks was acquired in a 3-T Siemens Magnetom Trio MRI
scanner. Six runs of Think/No-Think, five runs of Go/No-Go, five runs of Directed
Forgetting, and four runs of Stop Signal Reaction Time functional data were collected.
One ten-minute run of task-free functional data was collected for the intrinsic
connectivity analysis on day two. Images were collected using an EPI sequence with a
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2500 ms repetition time (TR), 35 ms echo time (TE), 240 mm field of view, and a 90˚ flip
angle. Forty-two slices were acquired per TR, with a slice thickness of 3 mm, resulting in
3 mm3 isotropic voxels. Structural images were acquired during the Day 1 scan, using a
T1-weighted magnetization prepared rapid gradient echo (MPRage), with a TR of 1650
ms, a TE of 2.03 ms, a 256 mm field of view, and a voxel size of 1 mm3.
Image Processing
Preprocessing and statistical analyses were performed using AFNI software.
Preprocessing steps followed the default settings in AFNI. First, time-series data were
corrected for differences in slice acquisition time. Images were then spatially realigned to
the third volume of the first functional run of each task. Functional data were aligned to
each participant’s structural scans, and were then converted to standard Taliarach space.
Finally, each volume was spatially smoothed with a Gaussian filter with a full-width halfmaximum of 4 mm. Movement artifacts and signal-to-noise ratios were checked through
a separate quality control analysis.
Data Analysis
For each participant, trial-related activity was modeled with a stick function
corresponding to stimulus onsets, convolved with a gamma variate function that models a
prototypical hemodynamic response as implemented in AFNI. Confounding factors (head
motion, magnetic field drift) were also included in the model. Statistical parametric maps
were identified for each subject, for each task, by applying linear contrasts to the
parameter estimates (beta weights) for the events of interest, resulting in a t statistic for
every voxel.
Defining Inhibition Success. For all four tasks, analyses focused on neural
activity related to the onset of the relevant cues. Following previous designs, onsets
corresponded to the presentation of the TBR/Think/Go cues and the TBF/No-Think/NoGo/Stop cues (Rizio & Dennis, 2013; Wylie, Foxe, & Taylor, 2008).
For each task, “inhibition success” was defined as neural activity that was greater
for inhibitory success than for non-inhibitory success. Thus, inhibition in the context of
Directed Forgetting was defined by the contrast TBF-Forget > TBR-Recollect. Similarly,
inhibition success for the Think/No-Think task was defined as No-Think-Forgotten >
Think-Remembered; for the Go/No-Go task it was defined as No-Go-No-Response > Go36	
  
	
  

	
  

Response; and for the Stop Signal Reaction Time task, inhibition success was defined as
Stop-No-Response > Go-Response.
Contrasts of Interest. In order to determine the neural correlates associated with
inhibition success for each individual task, four individual t-tests were conducted in
AFNI. For each task, the single contrast of interest, inhibition success (as described
above), was analyzed.
To examine common activity between memory inhibition tasks, activation maps
from the inhibition success contrasts of the Directed Forgetting and Think/No-Think
tasks were overlaid. These spatial overlays illustrated brain regions that were similarly
active between the two tasks. The same process was conducted to examine common
activity between motor inhibition tasks.
All subsequent analyses were carried out through an ANOVA implemented in
AFNI. This analysis was conducted to examine six a-priori patterns of activation related
to inhibition success:
1. Regions that were more active for encoding inhibition success (Directed
Forgetting Inhibition Success) than retrieval inhibition success (Think/No-Think
Inhibition Success)
2. Regions that were more active for retrieval inhibition success than encoding
inhibition success
3. Regions that were more active for stopping success (Stop Signal Reaction
Time Inhibition Success) than withdrawal success (Go/No-Go Inhibition Success)
4. Regions that were more active for withdrawal success than stopping success
5. Regions that were more active for memory inhibition success (Directed
Forgetting Inhibition Success + Think/No-Think Inhibition Success) than motor
inhibition success (Stop Signal Reaction Time Inhibition Success + Go/No-Go Inhibition
Success)
6. Regions that were more active for motor inhibition success than memory
inhibition success
An uncorrected threshold of p < 0.05 and 20 voxels was set for all analyses (see
Appendix E). Because AFNI conducts two-tailed tests, the threshold was lower than if
the analysis had been conducted in SPM, which performs one-tailed tests.
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Resting State Connectivity Analysis. To further investigate whether distinct
inhibitory networks exist based on the type of process that must inhibited, a resting state
connectivity analysis was conducted. Seed regions for the connectivity analysis were
chosen based on their activation in the univariate analyses. Specifically, a region of the
right SFG (16, 34, 47) was chosen because it was more active for memory inhibition than
response inhibition. Although I had originally predicted that the right IFG would be more
active for response inhibition compared to memory inhibition, this was not the case. As a
result, I isolated a region in the left IFG (-42, 7, 20) which was more active for response
inhibition than memory inhibition. A 5 mm sphere was drawn around each of these
voxels, and the time course was extracted for each seed region. These time courses were
then compared with the time courses of all other voxels in the brain to isolate areas that
exhibited significant correlation with the seed regions. The two activation maps
associated with each seed region were contrasted using a two-tailed t-test to find regions
that were either: 1. More strongly correlated with resting-state activation in the right SFG
than the left IFG or 2. More strongly correlated with resting-state activation in the left
IFG than the right SFG.
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Results
Behavioral Results
Think/No-Think task. A univariate analysis of variance (ANOVA) indicated that
rates of remembering differed across the three word types (Think, No-Think, Baseline) in
the Think/No-Think paradigm F(2, 16) = 5.63, p < 0.005. Follow-up comparisons
revealed that rate of remembering was significantly higher for Think items (M = 0.83, SE
= 0.02) than No-Think items (M = 0.74, SE = 0.04), t(16) = 2.98, p < 0.01. Additionally,
the rate of remembering for Baseline items (M = 0.83, SE = 0.04) was significantly
higher than that of No-Think items, t(16) = 3.08, p < 0.01 (see Table 1). The rate of
remembering for Think items was not significantly different than that of Baseline items,
t(16) = 0.14, ns. This pattern of results is consistent with previous literature (e.g.
Anderson et al. 2004; Depue et al., 2007; Benoit & Anderson, 2012; Levy & Anderson,
2012; Murray, Muscatell, & Kensinger, 2011).
Directed Forgetting task. There are two different ways to quantify the results of
a Directed Forgetting paradigm, and both will be presented here. The first method
compares the rate of remembering for TBR and TBF items, and is known as the DF
effect. This type of comparison is commonly used because most behavioral studies
employ a Yes/No recognition task, which only has a single measure of memory success.
For the current study, using this type of analyses requires collapsing across Recollection
and Familiarity scores to obtain a single measure of remembering. The results of this
analysis indicate that participants exhibited a significant DF effect, such that there was
greater rate of memory for TBR items (M = 0.68, SE = 0.003) than TBF items (M = 0.62,
SE = 0.04), t(16) = 3.51, p < 0.005.
As already described, however, the current Directed Forgetting task used a
Remember/Know/New memory task, so a more precise measure of memory control
should isolate both Directed Remembering and Directed Forgetting (e.g. Rizio & Dennis,
2013; Rizio & Dennis, 2014). Results indicate that participants exhibited a significant
Remembering effect, t(16) = 3.91, p < 0.002, such that there were higher rates of
intentional remembering (TBR-Recollection: M = 0.36, SE = 0.04) than incidental
remembering (TBF-Recollection: M = 0.24, SE = 0.03). Additionally, participants
39	
  
	
  

	
  

exhibited a significant Forgetting effect t(16) = 2.32, p < 0.05, such that there were higher
rates of intentional forgetting (TBF-Forget: M = 0.34, SE = 0.04) than incidental
forgetting (TBR-Forget: M = 0.29, SE = 0.03) (see Table 2).
Go/No-Go task. Behavioral performance on the Go/No-Go tasks can be
characterized by two distinct measures. Commission errors refer to No-Go trials on
which participants made a motor response, despite being required to inhibit. Omission
errors refer to Go trials on which participants failed to make a motor response. In the
current study, the average rate of commission errors was 0.07 (SE = 0.012), while the
average rate of omission errors was 0.003 (SE = 0.001). Overall, these results indicate
that participant executed the Go/No-Go task with very few errors.
Stop Signal Reaction Time task. The average Stop Signal Delay (the delay at
which participants could inhibit 50% of stop trials) for participants was 133 ms (SE =
16.24). The average Stop Signal Reaction Time (Mean RT – SSD) was 384.77 (SE =
62.17). During the scan session, the average commission rate was 0.54 (SE = 0.02),
indicating that the SSD that was calculated on Day 1 was effective in producing Stop
trials that could only be inhibited with 50% probability. The average omission rate 0.04
(SE = 0.01).
Functional Neuroimaging Results
Retrieval Inhibition (Think/No-Think task: No-Think-Forget > ThinkRemember). Retrieval inhibition success was characterized by increased activation in
areas including the right middle frontal gyrus (BA 6) left superior parietal lobe/precuneus
(BA 7) and left middle occipital gyrus (BA 19) (see Table 3 and Figure 5).
Encoding Inhibition (Directed Forgetting task: TBF-Forget > TBRRemember). Encoding inhibition success was associated with activity in regions
including the medial frontal gyrus (BA 10), bilateral middle frontal gyrus (BA 8/10), and
anterior cingulate (BA 32) (see Table 4 and Figure 6).
Response Inhibition/Stopping (Stop Signal Reaction Time task: Stop-Success
> Go-Success). Successful stopping of a prepotent motor response was associated with
increased activation in regions including the bilateral superior frontal gyrus (BA 10),
right middle frontal gyrus (BA 9/10), right inferior frontal gyrus (BA 44/45), right
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superior parietal lobe (BA 7), bilateral inferior parietal lobe (BA 40), right middle
temporal gyrus (BA 21/37), and bilateral lentiform nucleus (see Table 5 and Figure 7).
Response Inhibition/Withholding (Go/No-Go task: No-Go-Success > GoSuccess). Successful withholding of a prepotent motor response was associated with
increased activation in regions including the right superior frontal gyrus (BA 8/10),
bilateral middle frontal gyrus (BA 6/8/9), and right middle temporal gyrus (BA21/39)
(see Table 6 and Figure 8).
Memory Inhibition (Directed Forgetting & Think/No-Think tasks). Retrieval
inhibition was associated with increased activation in the left superior frontal gyrus (BA
10) and left precuneus (BA 7) when compared to encoding inhibition (See table 7 and
Figure 9). Encoding inhibition was associated with increased activation in multiple
regions when compared to retrieval inhibition, including the medial frontal gyrus, right
superior frontal gyrus (BA 10), left middle frontal gyrus (BA 10), left inferior frontal
gyrus (BA 44) anterior cingulate (BA 32), and middle precuneus (BA 7) (see Table 7 and
Figure 10). There were no overlapping regions of activation between retrieval and
encoding inhibition.
Response Inhibition (Go/No-Go & Stop Signal Reaction Time tasks).
Withholding a prepotent motor response activated regions including the medial frontal
gyrus (BA 10/11/8) and left middle frontal gyrus (BA 11) to a greater extent than
stopping a motor response (See Table 8 and Figure 11). Conversely, stopping a motor
response resulted in increased activation in regions such as the right inferior frontal gyrus
(BA 45), bilateral lentiform nucleus, and left inferior parietal lobe (BA 40), when
compared to withholding (see Table 8 and Figure 12). Both stopping and withholding
activated a small region of the right superior frontal gyrus (BA 10) and right middle
temporal gyrus (BA 21) (see Table 9 and Figure 13).
Response Inhibition > Memory Inhibition. When compared to memory
inhibition, response inhibition showed increased activation in several regions, including
the medial frontal gyrus (BA 6), bilateral middle frontal gyrus (BA 10/11), left inferior
frontal gyrus (BA 9), bilateral lentiform nucleus, right superior parietal lobe (BA 7), and
bilateral inferior parietal lobe (BA 40) (see Table 10 and Figure 14).
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Memory Inhibition > Response Inhibition. When compared to response
inhibition, memory inhibition showed increased activation in the regions including the
right superior frontal gyrus (BA 8), anterior cingulate (BA 24), and left inferior parietal
lobe (BA 40) (see Table 11 and Figure 15).
Resting State Connectivity Results
Multiple regions were identified as being more strongly correlated with restingstate activation of the right superior frontal gyrus than the left inferior frontal gyrus.
These regions included the left superior frontal gyrus (BA 8), medial frontal gyrus (BA 8,
9, 10), bilateral middle frontal gyrus (BA 6), and bilateral parahippocampal gyrus (BA
28) (see Table 12 and figure 16).
With the exception of the regions described above, the majority of the frontal,
parietal, and temporal cortices exhibited significantly stronger correlations with the left
inferior frontal gyrus than with the right superior frontal gyrus (see Table 12 and Figure
16). This activity extended bilaterally through regions of the medial, middle, and inferior
frontal gyri, pre and postcentral gyri, superior, inferior, and middle temporal gyri, and
superior and inferior parietal lobe. Both the bilateral caudate and thalamus also exhibited
stronger connectivity with the left inferior frontal gyrus than the right superior frontal
gyrus (See Table 13 and Figure 17).
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Discussion
Part One: Regions Supporting Success in Individual Inhibition Tasks
The goal of the first part of this study was to investigate the neural correlates of
inhibition success across four different tasks, two of which required memory suppression,
and two of which required motor suppression. The results of each of these four analyses
are discussed below.
Retrieval Inhibition: Think/No-Think Task. As already described in detail, task
success on the Think/No-Think paradigm requires the recruitment of both retrieval and
retrieval-inhibition processes. Nearly all previous studies that employ the Think/NoThink paradigm focus on the contribution of the frontal lobe, specifically the MFG, and
to a lesser extent, the parietal lobe, during inhibition or inhibition success trials
(Anderson & Green, 2001; Anderson et al., 2004; Benoit & Anderson, 2012; Depue et al.,
2007; Levy & Anderson, 2012). As such, I hypothesized that comparing inhibition
success to retrieval success would yield a similar pattern of activation (MFG and inferior
parietal lobe). These findings were partially replicated in the current study. There was a
very small cluster of activation in the right MFG, but retrieval inhibition success
appeared to depend primarily on activation of parietal and occipital cortices (see Figure
5).
Superior parietal activation. When comparing inhibition success to retrieval
success, bilateral superior parietal lobe/precuneus (BA 7) was found to be differentially
active. Studies of memory inhibition have reported similar right-lateralized activity
across a number of contrasts, though the exact role of this region has not been determined
(Anderson et al., 2004; Benoit & Anderson, 2012; Levy & Anderson, 2012). For
example, Anderson, et al. (2004) reported greater activity in BA 7 for suppression than
retrieval trials. Activation in this region, along with prefrontal and presupplementary
motor regions, significantly predicted successful behavioral performance on the
inhibitory portion of the Think/No-Think task Anderson et al. (2004). Similarly, Levy &
Anderson (2012) reported six clusters of activity in left BA 7 during No-Think trials,
with another five clusters on the right. Their whole-brain analysis yielded a total of 24
distinct clusters of activity, indicating that nearly half of the inhibition-related activity
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was localized to the parietal lobe. Although the authors report that these clusters appear
in the intra-parietal sulcus, their coordinates are almost identical to the cluster identified
in the current study that I have labeled as superior parietal/precuneus. The authors explain
that this activity (along with a host of other regions) reflects cognitive control, but the
remainder of their discussion is limited entirely to hippocampal and prefrontal activity.
As such, it is unclear what role they hypothesize the parietal lobe to play in retrieval
inhibition.
In an extension of the Think/No-Think paradigm, Benoit & Anderson (2012)
compared the neural correlates of direct suppression to that of suppression through
thought substitution. Both direct suppression and thought substitution required inhibitory
control, but participants in the direct suppression group were required to only inhibit
retrieval of certain items, while those in the thought substitution group were given an
alternative memory to retrieve while simultaneously inhibiting other items. Increased
activity in right BA 7 was reported for suppression trials during the direct suppression
task, but increased activity in left BA 7 (with almost identical coordinates to that reported
in the current study) was reported for suppression trials during the “thought substitution”
task. Unfortunately, all subsequent analyses and discussion were limited entirely to the
role of prefrontal regions, so the authors never provided possible explanations for this
finding. This study, combined with the findings of Levy & Anderson (2012), highlight
many researchers’ propensity for focusing on exploring the role of a small number of preselected regions.
While the three aforementioned studies employ retrieval inhibition paradigms, BA
7 has also been shown to contribute to successful encoding inhibition. A recent
neuroimaging study of intentional forgetting reported left-lateralized activity in this
region for forgetting attempt as opposed to encoding attempt (Rizio & Dennis, 2013). A
more midline cluster of activity in this region was also shown to be more active for
successful forgetting as opposed to successful encoding, while both right and leftlateralized clusters were shown to contribute to intentional forgetting as compared to
incidental forgetting. This finding, combined with the presence of BA 7 activation in
Think/No-Think paradigms strongly suggests a foundational role of this region in
memory inhibition. Researchers have posited that the inferior parietal lobe/BA 40 may be
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related to the passive diversion of attention rather than active inhibitory control, primarily
based on the finding that this region is active during successful intentional forgetting, but
does not show negative connectivity with the hippocampus (Rizio & Dennis, 2013). BA 7
may play a similar role in supporting retrieval inhibition by diverting attention away from
No-Think stimuli. This region has been linked to behavioral success on retrieval
suppression tasks, but has not been linked to reduced hippocampal activity, indicating
that it may not directly inhibit retrieval (Anderson et al., 2004). Given that this region has
been shown to be active across a variety of tasks and contrasts, all with the underlying
similarity of requiring inhibitory processes, it seems most likely that activation reflects
the engagement of a suppression strategy more strongly tied to attentional control.
Literature outside the domain of memory control supports this proposed mechanism. For
example, activation in the right superior parietal lobe/precuneus was strongly correlated
with shifts of attention during a card-sorting task (Nagahama et al., 1999). Additional
research related to attentional control processes and the parietal lobe will be discussed in
subsequent pages.
The findings of the current study contribute to the emerging pattern of activity in
this region, and emphasize the importance of left-hemispheric regions to the cognitive
control of memory. Perhaps equally important, this activation also illustrates the clear
need to examine the contribution of additional resources beyond the frontal cortex when
employing the Think/No-Think paradigm. For reasons that will be discussed below,
prefrontal activation in the current study’s examination of retrieval inhibition was
reduced when compared to previous literature. However, activation of the superior
parietal/precuneus appears to be particularly robust – appearing in the current study as
well as in several others (e.g. Anderson et al., 2004; Benoit & Anderson, 2012; Rizio &
Dennis, 2013). While perhaps not considered a quintessential inhibitory region, its
potential importance should be examined in greater depth in future studies.
Occipital cortex activation. Besides activation in BA 7, an analysis of regions that
were more active for successfully inhibited No-Think items than successfully retrieved
Think items revealed activation in the occipital lobe – specifically the right middle
occipital gyrus (BA 19). Similar to the aforementioned region within the parietal lobe,
this region has also been reported in the context of an inhibition task, but is seldom
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discussed from a theoretical standpoint. The right middle occipital gyrus has been shown
to activate preferentially for inhibition trials as opposed to recall trials in the context of
the Think/No-Think paradigm (Benoit & Anderson, 2012). The middle occipital gyrus
has been linked to modulation of attention, particularly with respect to visual-spatial
attention (Hahn, Ross, & Stein, 2006; Mangun, Buonocore, Girelli, & Jha, 1998;
Woldorff et al., 1997). Based on this evidence, it is possible that when participants are
shown a No-Think word, they divert their attention away from the physical representation
of the word as a strategy to prevent retrieval of the paired associate. This shift in attention
may elicit increased activation in occipital regions, while also indirectly helping to
prevent retrieval of the to-be-inhibited item. This account is consistent with Benoit &
Anderson’s (2012) report of this region, in that the middle occipital gyrus was active
during suppression trials only when a substitution was not offered as a replacement for
the to-be-inhibited item. Thus, when a substitution is provided, participants can maintain
attention on the presented item and simply concentrate on retrieving the substitution.
When this is not offered, however, participants may develop their own strategy of
diverting their attention away from the item, potentially making it easier to inhibit. This
modulation of attention away from the presented item would necessitate recruitment of
the middle occipital gyrus.
Activity of the occipital gyrus, and the diversion of attention that it represents,
suggests that successful retrieval suppression may be supported by strategies other than
active inhibition. The presence of conflicting behavioral findings across Think/No-Think
studies supports this premise. When older adults are given specific task instructions that
direct them to use inhibitory strategies to suppress No-Think items, behavioral
performance on the task is reduced compared to that of younger adults (Anderson,
Reinholz, Kuhl, & Mayr, 2011). This study supports other findings of age-related
inhibitory deficits, illustrating that older adults have difficulty recruiting the inhibitory
control necessary to suppress retrieval of No-Think items (e.g. Collette, Germain, Hogge,
& Van der Linden, 2009; Dulaney, Marks, & Link, 2004; Earles & Kersten, 2002;
Hogge, Adam, & Collette, 2008; Zacks et al., 1996). However, when older adults are not
given task instructions that direct them to use inhibitory control, their rate of forgetting
No-Think items is equal to that of younger adults, suggesting that they may be able to
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recruit cognitive processes other than inhibition to suppress retrieval (Murray, Muscatell,
& Kensinger, 2011). In the current study, activation of regions such as the occipital lobe,
which supports attentional processing, provides clear additional evidence that participants
may engage in strategies other than direct inhibition of the medial temporal lobe to forget
information.
Prefrontal cortex activation. One of the primary goals of this study was to
investigate the precise role of subregions within the PFC associated with memory and
motor inhibition. Somewhat surprisingly, however, the Think/No-Think task activated
only a single, small cluster (23 voxels) of the right MFG. This region has been shown to
be essential to retrieval inhibition success, and is often discussed as the locus of memory
inhibition (e.g. Anderson et al., 2004; Benoit & Anderson, 2012; Levy & Anderson,
2012). The right MFG has exhibited negative connective with hippocampal regions,
demonstrating its role in active inhibitory processes, as it is posited to directly suppress
retrieval that is mediated by the medial temporal lobe (Anderson et al., 2004). Given this
region’s apparent prevalence in the literature, it was not expected that activation of this
region would hardly reach threshold.
This finding is most likely the result of the small number of participants included
in the analysis and small number of successful No-Think trials that were entered into the
neuroimaging contrast. Rigorous pilot testing was conducted to ensure that the Think/NoThink paradigm replicated results published in the literature and provided data that could
be used in conjunction with planned neuroimaging analyses. When the published papers
did not provide a clear illustration of the methodology that was used, the authors of the
study were contacted for more information. These steps ensured that the paradigm was as
close to a complete replication of past studies as possible. In spite of this, however, three
participants had to be excluded from the analysis because they did not forget any items.
With no successful intentional forgetting, a contrast of No-Think-Forgotten > ThinkRemembered could not be constructed. With only 17 participants included in the analysis,
there may not have been enough power to properly detect frontal lobe differences to the
same extent as previous studies. Multiple reports of the neural correlates of retrieval
suppression do not report the number of participants included in the analysis (Anderson
et al., 2004; Depue et al., 2007). However, two other papers each have a sample size of
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18 participants (Benoit & Anderson, 2012; Levy & Anderson, 2012). Because the two
papers with smaller sample sizes were designed to investigate primary questions other
than the basic neural correlates of retrieval suppression, these contrasts collapsed across
suppression attempt and success, allowing for a significantly larger number of trials in the
analysis. In another recent paper, 43 participants were included in an analysis that
investigated differences between successful retrieval suppression and successful recall
(Paz-Alonso, Bunge, Anderson, & Ghetti, 2013). Both the methodology and analysis of
the current study is nearly identical to that of Paz-Alonso, et al (2013), yet has less than
one-half the sample size. Considering these studies, it appears as though detecting frontal
activity may require substantially more power than is present in the current study.
Tied to the issue of small sample size is the unequal number of successful NoThink and successful Think trials, which also exacerbated the issue of low power.
Generally, very low rates of intentional forgetting are observed when using the
Think/No-Think paradigm (e.g Anderson, et al., 2004: ~13%; Benoit & Anderson, 2012:
15%; Anderson & Green, 2001: ~15%; Levy & Anderson, 2012: ~15%). Our
participants’ rate of intentional forgetting was slightly higher than previous reports
(26%), but on average, each participant only had 38 successful No-Think trials for the
contrast of interest. As was expected, participants also had very high rates of successful
memory for Think items (83%), meaning that on average, each participant had 124
successful Think trials for the contrast of interest. When building neuroimaging contrasts
that include subsequent memory, it is impossible to have an equal number of trials for
each side of the contrast. However, the extremely unbalanced nature of this contrast
contributed to the analysis being underpowered, resulting in the reduced activation of the
PFC. When studies reduce the number of trials used on the analysis by including
subsequent memory as part of the contrast, a large number of participants are required
(e.g. Paz-Alonso et al., 2013). When a small sample size is obtained, only suppression
and recall attempt are analyzed, bypassing the problem of having very few No-ThinkForgotten trials, yielding a perfectly balanced number of trial types and maintaining a
properly powered analysis (e.g. Anderson et al., 2004).
Including subsequent task success as part of the contrast was important for the
current project because it allowed for the best comparison between other tasks,
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specifically when comparing with the Directed Forgetting task, which tend to investigate
brain regions associated with task success rather than attempt (e.g. Nowicka, Marchewka,
Jednorog, Tacikowski, & Brechmann, 2011; Paz-Alonso et al., 2013; Rizio & Dennis,
2013; Wylie et al., 2008). Conceptually, this is also the clearest way to examine the
neural correlates of retrieval inhibition. Any contrast that included all No-Think trials
would consist almost entirely of trials that did not produce successful inhibition. Failure
of inhibition could include trials in which participants did recruit inhibitory mechanisms
to a degree strong enough to result in forgetting, but they could also include trials in
which participants did not attempt to suppress retrieval at all. Looking only at successful
retrieval inhibition reduces the number of assumptions that need to be made regarding the
processes that are occurring during those trials. Thus, while I maintain that this is the best
type of analysis, given both past literature and current research goals, this type of
analysis, combined with fewer than expected usable participants, is the most likely
explanation for the fact that the current study does not find very much frontal activation.
If low power is the reason that the current study observed only a single small
region of activation in the MFG, then collapsing across inhibition success and failure
should result in increased PFC activation. To test this hypothesis, I followed the analysis
method of Anderson, et al. (2004), and contrasted all No-Think trials with all Think trials,
regardless of memory outcome. As predicted, the cluster of activation previously
observed in the right MFG during inhibition success tripled in size (from 23 voxels to 79;
see Figure 18). This increase in PFC activity is more consistent with previous reports, and
solidifies the theory that the inhibition success contrast originally conducted was
underpowered.
In sum, the three primary clusters of activity found by contrasting No-ThinkForgotten trials with Think-Remembered trials generally mirror activity found in
previous studies that employ the Think/No-Think paradigm. Specifically, the left superior
parietal/precuneus (BA 7) activity and middle occipital gyrus (BA 19) may be related to
the diversion of spatial attention as a strategy for not attending to these items. The locus
of activity within the PFC (i.e. right MFG) matched that of previous retrieval inhibition
literature, but was considerably reduced in extent.
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Encoding Inhibition: Directed Forgetting Task. In addition to studying the
inhibition of retrieval, memory control processes can also be studied by investigating the
processes that differentially support successful encoding and successful encoding
inhibition. Based on previous literature, I hypothesized that inhibition would recruit the
superior/middle frontal gyrus and the inferior parietal lobe. This hypothesis was
supported, in that the right superior frontal, medial frontal, bilateral middle frontal, and
anterior cingulate gyri were more active for inhibition than encoding success (see Figure
6).
Prefrontal cortex activation. The Directed Forgetting task was used in the current
study to represent cognitive control of memory that requires encoding inhibition.
Previous literature on the neural correlates of encoding inhibition has been relatively
scarce, but largely overlaps with that of retrieval inhibition. Primary findings have
focused on the recruitment of the right superior/middle frontal gyrus as the locus of active
inhibitory control, with the right inferior parietal lobe contributing to successful
inhibition by directing attention away from the to-be-forgotten stimuli (Rizio & Dennis,
2013; Wylie et al., 2008). The current study’s results, when comparing successful
inhibition to successful encoding, reveal a pattern of activity that spanned the PFC and
occipital cortex.
Specifically, the current study found greater activation in a large portion of the
PFC for successful inhibition compared to successful encoding. Individual clusters were
observed in the right SFG (BA 8) and right MFG (BA 6). Additionally, a large peak
whose locus was centered in the medial frontal gyrus (BA 10) extended into the left MFG
(BA 10) and anterior cingulate cortex (BA 32).
Our results largely reflect the activation patterns reported in previous studies of
encoding inhibition (Bastin et al., 2012; Rizio & Dennis, 2013), but also present an
activation map that is bilateral, rather than completely right-lateralized. Of the few papers
that have examined encoding inhibition using fMRI, all have reported activation of
prefrontal regions, regardless of the exact trial types used in the analysis. The
lateralization of this region, however, is not as clear. For example, in a previous study,
Rizio & Dennis (2013) focused on two of the opposing mechanisms of cognitive control:
inhibition and encoding. To that end, we defined contrasts by comparing successful
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intention forgetting/inhibition with successful intentional encoding, and reported activity
in the right and middle superior and medial frontal gyri, which spanned BA 8, 9, and 10.
When comparing successful intentional forgetting to incidental forgetting (items that
were supposed to be encoded but were subsequently forgotten), we (Rizio & Dennis,
2013) did not find increased frontal activation, but Bastin et al (2012) reported activity in
the right middle frontal (BA 4/6) and right superior frontal gyri (BA region not reported).
Based on these two aforementioned papers alone, a clear story begins to emerge:
the right superior/middle frontal gyrus is a region that is critical for encoding inhibition
success. However, other papers find results that are not in line with a right-lateralized
story. In the very first neuroimaging analysis of encoding inhibition, Wylie et al. (2008)
found that the exact region of prefrontal lobe activation varied depending on contrast.
When contrasting successful inhibition with unsuccessful inhibition (To-Be-Forgotten
items that were subsequently remembered), the middle/superior frontal activity was leftlateralized. When the same trial type (successful inhibition) was contrasted with
incidental forgetting, the superior/middle frontal gyrus activity was right-lateralized.
Additionally, Nowicka et al. (2011) compared the neural signature of encoding inhibition
between neutral and negative images. While successful forgetting of emotional images
recruited increased activation in the right middle (BA 6) and superior (BA 10) frontal
gyrus, successful inhibition of neutral images did not recruit regions of the right PFC,
instead only recruiting activity in the right lingual gyrus (BA 17).
Taken together, the literature on encoding inhibition nicely supports the current
study’s main finding of right superior and bilateral middle PFC activity. Moreover, while
the right PFC activity fits well with the general theory of the right laterality of inhibitory
mechanisms (Garavan et al., 1999), left PFC activity has also been reported in association
with encoding inhibition (Wylie et al., 2008). The current results support cognitive
control theories that emphasize the non-laterality of inhibition mechanisms (e.g. Konishi
et al., 1999; Li et al., 2006; Watanabe et al., 2002).
The exact roles of both the right middle and right superior PFC activity have been
well investigated through connectivity analyses (Anderson et al., 2004; Benoit &
Anderson, 2012; Rizio & Dennis, 2013). For example, the time course of a cluster of
activity located in the right SFG (BA 10) showed a negative correlation between the
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time-course of activity in the medial temporal lobe during successful intentional
forgetting (Rizio & Dennis, 2013). This finding was taken as evidence that regions of the
right PFC directly inhibit encoding-related regions to support intentional forgetting.
Similarly, multiple connectivity analyses conducted with imaging data from retrieval
inhibition studies show that the right middle PFC directly suppressed hippocampal
activity (e.g. Anderson et al., 2004; Benoit & Anderson, 2012). Considering this
evidence, it is likely that these regions, as observed in the current study, are responsible
for active inhibition of encoding mechanisms.
Similar connectivity analyses have not been conducted on regions of the left PFC.
While it cannot be determined with full certainty whether the region of the left PFC that
was found to be active in the current study is responsible for the same cognitive process
as those of the right PFC, the prevalence of this region’s activation makes it particularly
likely.
Anterior cingulate activation. In addition to activation in the PFC, successful
intentional forgetting recruited greater activity in the anterior cingulate gyrus (BA 32)
than successful intentional encoding. Similar regions have been reported in other studies
of memory inhibition, suggesting that this region may not be specific to encoding
inhibition, but rather help to regulate top-down control related to inhibitory processing.
Anderson et al. (2004) reported activity in the anterior cingulate for retrieval inhibition
trials during the Think/No-Think paradigm. This activity has been reported multiple
times for inhibition attempt in subsequent studies of retrieval inhibition (e.g. Benoit &
Anderson, 2012; Levy & Anderson, 2012) as well as inhibition success in studies of
encoding inhibition (Rizio & Dennis, 2013).
Anterior cingulate activity has been theorized to support inhibitory processes by
signaling for the need for increased control from the PFC when memory intrusions occur
(Anderson et al., 2004). In the context of the Directed Forgetting paradigm, when
attentional or encoding resources are incidentally activated during the presentation of a
TBF item, increased ACC activity indicates that the PFC must come online to better
suppress hippocampal activity. This theory is consistent with related research on the
function of the anterior cingulate, which plays a role in monitoring and conflict detection
(e.g. Barch, Braver, Sabb, & Noll, 2000; Botvinick, Nystrom, Fissell, Carter, & Cohen,
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1999; Carter et al., 1998; Kerns et al., 2004). In a study that examined dissociable roles of
the prefrontal and anterior cingulate cortices, the authors concluded that while regions of
the PFC (specifically, the left dorsolateral PFC) are involved in top-down processing for
the execution of a given control task, the ACC monitors and evaluates when increased
control is needed (MacDonald, Cohen, Stenger, & Carter, 2000). In the context of the
Directed Forgetting paradigm, this body of literature suggests that the ACC monitors for
the conflict created by encoding of To-Be-Forgotten items, while the PFC exerts topdown control to directly inhibit activity in the medial temporal lobe, halting continued
encoding.
Response Stopping: Stop Signal Reaction Time Task. The Stop Signal
Reaction Time (Stop Signal) task was chosen as one of two motor inhibition tasks.
Unlike the Go/No-Go task, this task requires the stopping of an already-initiated
response. Based on previous literature, I hypothesized that successful stopping, as
compared to successful completion of the button press, should recruit regions of the right
IFG and basal ganglia. This hypothesis was partially supported, as activity was observed
across a wide portion of the right PFC that extends from the SFG into the middle and
inferior frontal gyri. Additionally, I found activation of the left inferior parietal lobe (BA
40), right superior parietal lobe (BA 7), and lentiform nucleus (see Figure 7). Taken
together, these results reinforce the importance of the PFC in supporting response
inhibition, but cannot resolve questions regarding differential roles of the superior,
middle, and inferior gyri.
Prefrontal cortex activation. As discussed at length already, the IFG has been
shown over a multitude of studies to contribute to response inhibition (e.g. Aron et al.,
2003; Boehler et al., 2010; Chevrier, Noseworthy, & Schachar, 2007; Konishi et al.,
1999). Despite consistently being identified in such inhibitory tasks, the exact role of this
region remains relatively uncertain. For example, several studies identify the IFG’s role
as one of attentional control (Duann et al., 2009; Sharp et al., 2010) whereas other link it
to direct suppression of a motor response (Aron et al., 2004; Chambers et al., 2006;
Konishi et al., 1999; Verbruggen & Logan, 2008). Our results suggest that while this
region may play a role in response inhibition, it is certainly not the only prefrontal region
that supports tasks success. In fact, successful stopping of a prepotent response appears to
53	
  
	
  

	
  

depend just as equally, if not more so, on the bilateral MFG and right SFG – regions that
were also activated for successful encoding inhibition in the current study.
Despite the majority of literature focusing on the contribution of the IFG,
activation of the bilateral MFG is also widely reported (Boehler et al., 2010; de Zubicaray
et al., 2000; Garavan et al., 1999; Hedden & Gabrieli, 2010; Kawashima et al., 1996;
Sharp et al., 2010; Watanabe et al., 2002). For example, in a series of analyses that
employed the same contrast as the current study (successful response inhibition >
successful response execution), Boehler et al (2010) reported a large cluster of activity
that spanned the right inferior and middle frontal gyri, as well as two other individual
clusters in both the left and right MFG. Additionally, in one of the first event-related
investigations of response inhibition, Garavan, Ross, & Stein (1999) reported both
inferior (BA 10) and middle (BA 9) frontal activity associated with response inhibition.
Interestingly, while only 102 mm3 of activation was reported in the IFG, a total of 992
mm3 of activation was reported across three clusters of the MFG (Garavan et al., 1999).
Multiple other studies have reported activation of the MFG for response inhibition (de
Zubicaray et al., 2000; Hedden & Gabrieli, 2010; Kawashima et al., 1996; Sharp et al.,
2010; Watanabe et al., 2002), indicating that activation in this region is relatively robust
and well-replicated. Additionally, although Aron et al (2003) concluded that damage to
the IFG impairs Stop Signal inhibition, they also reported a negative correlation between
inhibition performance and damage to the MFG. Lastly, while Zheng, et al. (2008)
reported activation throughout the middle, inferior, and superior frontal gyri for
successful inhibition in both Stop Signal and Go/No-Go tasks, only activation in the
MFG was correlated with participants’ behavioral scores (see Appendix F for examples
of PFC regions activated during response inhibition in previous studies).
This somewhat disorganized pattern of results, as presented in previous literature,
parallels the primary finding of the Stop Signal task in the current study: while IFG
activity is more active for stopping than going, so too are a host of other prefrontal
regions. Considering this, it is obvious that the IFG is not the only frontal region that
supports this type of cognitive control. In fact, it appears that the middle and superior
frontal gyri might be just as important in response inhibition success.
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Taking into account the multiple cognitive processes that are necessary to support
inhibition, it is critical to clearly isolate the role of the middle and superior frontal gyri to
understand how these regions are contributing to task success. As already discussed, the
MFG has been shown to directly inhibit retrieval-related activity in the hippocampus
(Anderson et al., 2004; Benoit & Anderson, 2012), while the SFG inhibits encodingrelated activity (Rizio & Dennis, 2013). These results allow for the possibility that these
regions may also directly inhibit motor cortex activity. Various connectivity analyses
have been conducted to test for direct (or indirect) roles of the frontal cortex in response
inhibition (Duann et al., 2009; F. X. Neubert et al., 2010) but they have been limited to
investigating regions of interest limited entirely to the IFG. Despite the region of interestrelated limitations of previous studies, information regarding the role of the MFG can be
gained through the exploration of studies that do not focus on inhibition. An early
histological study in rhesus monkeys illustrated connections between BA 9 and
supplementary motor areas (Bates & Goldmanrakic, 1993). An analysis of white matter
connectivity revealed a tract that extended from the primary motor cortex, through the
premotor cortex, and to the MFG (Guye et al., 2003). Directionality, or flow of
information, cannot be determined through this analysis, but it provides evidence that the
MFG could potentially directly inhibit motor movements. Taken together, the anatomical
findings, combined with connectivity conducted with other inhibitory tasks, suggest that
the MFG is capable of directly inhibiting motor movements, rather than indirectly
contributing to stopping success by controlling attentional processes.
In sum, the prefrontal activation observed in the current study replicates those of
past studies, but serve to illustrate that the IFG, while present across many analyses of
response inhibition, most likely does not work alone to support inhibition success.
Reporting activity that supports the primary hypothesis regarding the IFG’s role in
inhibition should not result in a de-emphasis of the potential contribution of other
prefrontal regions. As such, the current study helps call attention to the ways in which
other regions may also support inhibitory processes.
Parietal cortex activation. Although not the primary focus of the current study,
successful inhibition in the Stop Signal Reaction Time paradigm recruited activity in both
the right superior (BA 7) and left inferior (BA 40) parietal lobes. As already discussed,
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the superior parietal lobe has been reported across a number of inhibitory-related studies,
irrespective of the exact type of inhibition (Anderson et al., 2004; Aron & Poldrack,
2006; Benoit & Anderson, 2012; Congdon et al., 2010; Levy & Anderson, 2012; Liddle,
Kiehl, & Smith, 2001; Rizio & Dennis, 2013; Rubia et al., 2001). Other research has
indicated that the superior parietal lobe is partially responsible for controlling task
shifting, a process that is also required for successful inhibition (e.g. Corbetta, Shulman,
Miezin, & Petersen, 1995; Crone, Wendelken, Donohue, & Bunge, 2006; Dove,
Pollmann, Schubert, Wiggins, & von Cramon, 2000; Kimberg, Aguirre, & D'Esposito,
2000). Importantly, one study reported increased activation of the superior parietal lobe
during intentional task switching that required participants to successfully switch rules
for movement selection (Rushworth, Paus, & Sipila, 2001). This parallels the switchdemands in the Stop Signal Reaction Time task, which presents a visual cue that indicates
to participants that the movement they had initiated needs to be changed/stopped. Braver,
Reynolds, and Donaldson (2003) reported increased activity in the superior parietal lobe
for transient, rather than sustained switching. This activity was present at the trial in
which the task switch occurred, but was not maintained over an entire block of trials. The
apparent transient nature of this activity fits with the design of the Stop Signal task,
which requires shifting (in conjunction with inhibition) on only 20% of the trials. Based
on this literature, it appears as though this region, while supporting task success, does not
directly inhibit motor responses. Rather, the superior parietal lobe may activate in
response to the switch from Go trials to Stop trials.
In addition to activation of the superior parietal lobe, successful response
inhibition in the Stop Signal task was also associated with the left inferior parietal lobe.
Similar to BA 7, activation of BA 40 has been reported for cognitive inhibition tasks,
though it is typically right-lateralized (Benoit & Anderson, 2012; Nowicka et al., 2011;
Rizio & Dennis, 2013, 2014; Wylie et al., 2008). In the context of encoding inhibition,
the inferior parietal lobe was not found to be negatively correlated with encoding related
activity during successful intentional forgetting, which indicated that this region does not
directly inhibit activation in other regions (Rizio & Dennis, 2013). Many researchers
have also reported the contribution of the inferior parietal lobe to motor inhibition,
though it is not as strongly right-lateralized as that of encoding and retrieval inhibition
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(Right: Boehler et al., 2010; Bilateral: Bunge, Dudukovic, Thomason, Vaidya, &
Gabrieli, 2002; Bilateral: Dodds, Morein-Zamir, & Robbins, 2011; Right: Garavan et al.,
1999; Bilateral: Hedden & Gabrieli, 2010; Left: Zheng et al., 2008). Garavan, Ross, and
Stein (1999) proposed two possible explanations for inferior parietal lobe activity:
involvement in withdrawing a motor response, or increasing attentional processes.
Because this region is involved in inhibition success regardless of whether or not a motor
response must be withdrawn (i.e. retrieval and encoding inhibition), it is unlikely to be
directly involved in motor inhibition. Further evidence against the direct role of motor
inhibition comes from a report indicating that the inferior parietal lobe is successfully
activated for both successful and unsuccessful Stop trials (Boehler et al., 2010). If this
region were helping to directly inhibit motor responses, one would expect it to be more
strongly activated during the trials in which the motor response was actually inhibited.
Additionally, while the inferior parietal lobe was found to be active for both inhibition
and set-shifting tasks, activation was stronger for set-shifting than inhibition (Dodds et
al., 2011). Given these results, the authors suggested that this region helps to promote
attentional flexibility – a cognitive process that is also necessary for successful inhibition.
Hedden and Gabrieli (2010) acknowledge that it may be impossible to fully separate the
neural contributes of inhibition and task-switching, since success on one heavily depends
on recruitment of the other. Despite this, research seems to suggest that the inferior
parietal lobe plays a role very similar to that of the superior parietal lobe. Rather than
directly inhibiting motor responses, the parietal lobe supports the attentional processes
that indicate the presence of a new, unexpected, or difficult task.
Lentiform nucleus activation. Successful response inhibition in the Stop Signal
task showed increased activation in the lentiform nucleus, when compared to successful
motor responses. While activation in this region was not expected, I did predict that the
subthalamic nucleus (STN) would support successful stopping. The lentiform nucleus
activity observed in the current study is only slightly lateral to the STN, and thus may be
the result of small differences in normalization procedures. Changes in the way each
participant’s brain was normalized, or the anatomical template itself, could yield
differences in the coordinates of a cluster of activation. Subcortical activation may be
difficult to localize with extreme precision, even when using spatially sensitive methods
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such as fMRI. For example, Aron and Poldrack (2006) needed to employ high-resolution
imaging to locate the boundaries of the STN, but still only concluded that their observed
activation was in the “vicinity” of this region. Likewise, Boehler et al (2010) reported
subcortical contributions to successful stopping, but reported that the activation was too
medial to pass into the STN. Similarly, other reports using the Stop Signal task report
activation of the thalamus (Congdon et al., 2010; Majid, Cai, Corey-Bloom, & Aron,
2013) or putamen (Bunge et al., 2002; Hedden & Gabrieli, 2010). All of these findings
are based on whole-brain analyses rather than high-resolution region of interest methods.
Considering this, a combination of normalization methods and spatial sensitivity issues
may be contributing factors to differences in localization. The STN has been observed to
play a direct role in motor inhibition, but is typically limited to supporting the type of
inhibition that supports stopping. Activation of the STN is believed to suppress
thalamocortical activation, thus helping to directly suppress motor output (Aron &
Poldrack, 2006). My results support past findings that subcortical regions help support
successful stopping, but more precise imaging techniques need to be employed to more
specifically delineate the individual contribution of various regions surrounding the STN.
Response Withholding: Go/No-Go Task. Unlike the Stop Signal Reaction Time
task which requires inhibition of an already initiated response, the Go/No-Go task
requires inhibition through the withholding of a motor response. Based on previous
literature, the primary hypothesis for successful motor inhibition in the Go/No-Go
focused on activation of the IFG. The current data, however, demonstrate that successful
response inhibition depended on a network of regions including the right SFG (BA 8/9),
bilateral MFG (BA 6), left inferior temporal gyrus (BA 20), and right middle temporal
gyrus (BA 39) (see Figure 8).
Prefrontal cortex activation. The frontal activity related to successful response
inhibition in the current study is located in the superior and middle frontal gyri. These
regions have been reported as part of the network supporting response inhibition, despite
the inferior frontal cortex’s apparent dominance in the literature (again, see Appendix F).
A meta-analysis of 39 studies of response inhibition identified thirteen clusters of
activation that were common to successful inhibition, based on activation likelihood
estimation maps. The largest PFC clusters were found in the right middle and superior
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frontal gyri, rather than in the IFG (Swick, Ashley, & Turken, 2008). While this finding
should not discount the potential importance of the IFG, it highlights the clear
contribution of a region that is typically ignored in the literature. Functional explorations
of the SFG are also consistent across multiple analyses. For example, both right and left
SFG was found to be more active for successful inhibition than successful motor
execution in the Go/No-Go task (Liddle et al., 2001; Zheng et al., 2008). However, one
group provided no possible explanation for this activation, instead focusing on activation
in other regions that are more “frequently mentioned” in previous literature (Zheng et al.,
2008). The second group concluded that superior, middle, and inferior regions of the PFC
directly inhibit motor responses, but provide no rationale for this argument (Liddle et al.,
2001). Additional analyses conducted by other researchers, however, can contribute to
our understanding of the way in which the SFG supports response inhibition. Regions of
the right SFG show preferential activation for inhibition, as opposed to both shifting
(Hedden & Gabrieli, 2010) and response selection (Kawashima et al., 1996) suggesting
that this region may be directly involved in inhibitory processes rather than in secondary
cognitive processes that are also recruited during the task. This region is also more active
for successful inhibition when controlling for both error monitoring and post-response
processing, and is also positively correlated with behavioral performance on the Stop
Signal task (Li et al., 2006). Taken together, this research indicates that the SFG does not
play a secondary role in supporting task success through monitoring or shifting. Rather, it
appears as this region is specifically associated with inhibition success.
Although activation of the SFG fits well with previous findings, the lack of
activation in the right IFG was not expected. After careful evaluation of the past
literature, I conclude that this finding is likely the result of the behavioral parameters that
were employed for the study design, which reduced attentional demands. Each Go/No-Go
trial appeared for 500 milliseconds and was followed by a jittered fixation that lasted
between 1500 and 3000 milliseconds. This type of design was implemented so that the
hemodynamic response function for each trial could be deconvolved. Accuracy on No-Go
trials was 93%, and accuracy on go trials was 98%. This high rate of accuracy for is not
entirely uncommon for neuroimaging experiments, with performance across eight
separate studies ranging from 82% to 98% (Garavan et al., 1999; Konishi et al., 1999;
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Liddle et al., 2001; Rubia et al., 2001; Swick et al., 2008; Watanabe et al., 2002; Zheng et
al., 2008). Likewise, previous research shows that the amount of time in between trials
ranges considerably, from 400 milliseconds to 12 seconds. Longer inter trial intervals do
not appear to map on to higher behavioral performance, suggesting that slower-paced
designs are not necessarily easier (e.g., Garavan, Ross, and Stein, 1999 had a delay of
500 milliseconds, with a corresponding accuracy rate of 98.1%, while Swick et al., used a
delay of 1500 milliseconds, and reported an accuracy rate of approximately 82%).
However, two of the studies that use the longest intervals also report a lack of activation
of the IFG.
For example, Liddle, Kiehl, and Smith (2001) spaced trials out by three to five
seconds, and despite reporting an accuracy rate of over 97%, showed activation of only
the middle and superior frontal gyri when contrasting successfully inhibited No-Go trials
to baseline. Similarly, Watanabe et al. (2002) employed a slow-paced design that resulted
in high accuracy, but found that No-Go trials, when compared to both baseline and Go
trials, depended on bilateral MFG, rather than the IFG, once again suggesting that IFG is
not critical to task success under certain situations, while the MFG is. The
aforementioned papers match the current study on three dimensions: timing, behavioral
accuracy, and PFC activation. Slower paced designs, in conjunction with high
performance, appear to not require activation of the right IFG.
Considering these previous findings, in conjunction with those of the current
study, it is likely that the IFG supports inhibitory processes only when a strongly
prepotent response must be prevented. When the pace of a task is particularly slow, and
participants are performing with a very high success rate, it is possible that an automatic
“Go” process has not been established across trials, decreasing the need for IFG
recruitment. When researchers decrease the amount of time that elapses between trials,
the Go response becomes prepotent and participants begin making more errors. In cases
such as this, IFG is consistently recruited. This suggests that when a prepotent motor
response is not established, the need for inhibitory control that is mediated by the IFG is
decreased. In order to test this theory, additional studies would need to be conducted to
manipulate the pace and/or difficulty of the Go/No-Go task. A parametric increase in task
demands should yield increased activation of the right IFG. This hypothesis is supported
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by a meta-analysis of neuroimaging Go/No-Go studies, which reports inconsistent
activation of the IFG across publications (Simmonds, Pekar, & Mostofsky, 2008). Rather
than tracking the timing and performance across studies, this analysis investigated task
complexity. The authors concluded that studies that do not report IFG activation
generally include low working-memory demands, illustrating the task-dependent nature
of this region (Simmonds et al., 2008).
The current results, combined with the findings of past studies, support two
important theories regarding the IFG: (1), the IFG is not the only prefrontal region that
supports successful withholding of motor responses, and (2) this region may be
incredibly sensitive to various aspects of the task design. Considering the clear
differences in activation across tasks, the current study cannot definitively answer
whether or not the IFG supports direct inhibition or attentional control. However, the
pattern of results suggests that under specific conditions (slow trial presentation with low
working memory demands), activation of this region is not necessary for inhibitory
control.
Temporal cortex activation. Activation of the inferior and middle temporal gyrus
has been reported across a subset of motor inhibition studies, but no evidence suggests
that it is directly involved in suppression of motor responses (Boehler et al., 2010;
Congdon et al., 2010; Hedden & Gabrieli, 2010; Zheng et al., 2008). Rather, activation of
this region most likely represents color discrimination. In the Go/No-Go task, accurate
identification of red cues, appearing with only 25% probability, is necessary for
inhibition success. Color information is processed through the ventral-visual pathway,
which extends into the inferior temporal gyrus (Goodale & Milner, 1992; for review see:
Komatsu, 1998). This region of the temporal cortex shows preferential activation to
color, rather than form, discrimination (Gulyas, Heywood, Popplewell, Roland, &
Cowey, 1994). Likewise, monkeys that were trained on color discrimination tasks (i.e.
responding to the presentation of a green tile but not to red, yellow, orange, or grey tiles)
showed significant relearning deficits after acquiring lesions to the middle temporal
gyrus, but not when lesions were created in surrounding regions (Buckley, Gaffan, &
Murray, 1997). Based on this evidence, activation across the middle and inferior temporal
gyri likely reflects participants’ recognition of the No-Go cues, which are identified by
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their color. Although Go cues are also presented in color (green), their repeated and more
predictable occurrence may cause habituation of these regions.
Part 2: Common Regions Supporting Inhibition Success
The second goal of the current study was to investigate regions that showed
significant functional overlap in the regions that support memory inhibition across tasks
(i.e. the Directed Forgetting and Think/No-Think tasks) as well as response inhibition
tasks (i.e. the Stop Signal Reaction Time and the Go/No-Go tasks). A spatial overlay of
activation maps found no overlap in frontal or parietal regions for memory inhibition
success. An overlay of activation maps for the motor inhibition tasks identified the right
SFG and a region of the middle temporal gyrus, indicating that these regions are common
to both stopping and withholding success.
Memory Inhibition Overlap. Comparing the spatial extent of encoding
inhibition (Directed Forgetting paradigm) and retrieval inhibition (Think/No-Think
paradigm) indicated that there was no overlap between the regions that support successful
inhibition in these two tasks. It was originally predicted that both types of inhibition
would recruit similar regions of the superior and middle frontal gyrus and inferior parietal
lobe. However, while the two tasks activated similar general regions, the spatial extent of
these activations did not perfectly overlap. Specifically, both tasks exhibited increased
activation of the right MFG. Activation related to encoding inhibition was contained
within BA 6, but that of retrieval inhibition was contained within BA 9. These results
could be taken as evidence to suggest that the inhibition of encoding and retrieval rely on
different networks of activation, but such a conclusion would ignore the power-related
limitations encountered in the execution of the Think/No-Think task. The clusters of
activation in the MFG are very close, and with increased power in the Think/No-Think
task, it is likely that some degree of overlap would be observed between the two tasks.
Though not completely overlapping, the similarity in activation of the right MFG can be
taken as preliminary evidence that this region supports both encoding and retrieval
inhibition. Given the role of this region, (as has already been discussed), it unsurprising
that inhibition task success would recruit the MFG irrespective of that which must be
inhibited (i.e. encoding or retrieval).
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Response Inhibition Overlap. Although I predicted that the IFG would be
commonly activated for response inhibition, results indicate that the right SFG was
common to both response withholding and response stopping (see Figure 13). This
additional analysis complements the previously discussed finding, and illustrates that the
SFG supports inhibitory control despite differences between tasks. Activation of the IFG
appears to be particularly sensitive to task demands, but the results of the conjunction
analysis indicate that the SFG supports a variety of “types” of inhibition. Considering this
overlap, it is particularly important that future studies not focus entirely on the IFG at the
expense of fully exploring the role of other, perhaps equally important, regions of the
PFC.
Two overlapping clusters of the right middle temporal gyrus (BA 21) were also
activated for successful response inhibition in both the Go/No-Go and Stop Signal
Reaction Time tasks. The peak voxel activated in the Stop Signal task was only five
degrees inferior to that of the Go/No-Go task, with both x and y coordinates identical
across the two. This region, however, is almost certainly not directly involved in motor
inhibition. Though not widely researched, this region appears to play a role in color
recognition (Gulyas et al., 1994; Komatsu, 1998). The middle temporal gyrus has been
proposed to be part of the third stage of color processing (the first and second stages
located in V1/2 and V4, respectively), which represents higher order recognition specific
to object colors (Zeki & Marini, 1998). Additionally, this region of the temporal lobe has
been implicated in processing an object’s meaning, which in the case of the Go/No-Go
and Stop Signal would be derived entirely from color perception (Whatmough,
Chertkow, Murtha, & Hanratty, 2002). Go and No-Go/Stop signals are identical, except
for the color in which they were presented. Properly identifying that the stimuli being
presented is not the typical or expected color (Go trials are presented with 75%
frequency) may be the first cognitive process required for successful inhibition. Without
this recognition, inhibitory processes could not be initiated.
In sum, although my hypotheses with respect to activation overlap were not met,
novel and informative conclusions can still be derived from the data. Perhaps most
importantly, the current results suggest that the IFG is not the only locus of response
inhibition, but the contribution of SFG must also be considered.
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Part 3: Differences Within Types of Inhibition
Despite the fact that many researchers have analyzed the neural correlates of both
memory and motor inhibitory processes using a variety of tasks (e.g. Directed Forgetting,
Think/No-Think, Stop Signal Reaction Time, and Go/No-Go), very few have investigated
potential differences between them. As such, the third part of the proposed project
contrasted the neural correlates of successful encoding and retrieval inhibition, and type
of motor inhibition.
Memory Inhibition.
Retrieval Inhibition > Encoding Inhibition. Retrieval inhibition success
(measured through the Think/No-Think paradigm) activated the left precuneus (BA 7)
and a relatively small cluster of the left SFG (BA 10) to a greater extent than encoding
inhibition success (measured through the Directed Forgetting paradigm) (see Figure 9).
These regions have been implicated across multiple studies of memory inhibition (e.g.
Anderson et al., 2004; Benoit & Anderson, 2012; Levy & Anderson, 2012; Rizio &
Dennis, 2013; Rizio & Dennis, 2014; Wylie et al., 2008), but this is the first analysis that
indicates that the precuneus is preferentially active for retrieval inhibition, while the PFC
is preferential for encoding inhibition. These results suggest that participants engage in
different suppression strategies depending on the task.
The parietal lobe has been strongly implicated in attentional processes, and the
current data suggest that retrieval inhibition depends more strongly on this process than
encoding inhibition. Studies of retrieval inhibition indicate that behavioral performance is
largely dependent on the instructions provided by the researchers, suggesting that
different strategies exist to forget stimuli. As already discussed, behavioral findings in
older adults differ markedly depending on the type of instruction provided (Anderson et
al., 2011; Murray et al., 2011). When participants were explicitly told to simultaneously
focus attention on the presented word but suppress retrieval of the associated item
(avoiding all awareness of that item), age-related deficits in inhibition were observed,
indicating that older adults could not execute retrieval inhibition to the same degree as
younger adults (Anderson et al., 2011). However, when participants were given the
slightly more vague instructions to “not think about the word,” age related deficits were
absent, suggesting that older adults may have recruited strategies that de-emphasize the
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recruitment of active inhibition (Murray et al., 2011). The instructions provided in the
second example mirror those of the current study, and allow participants to adopt
strategies such as not attending to the stimuli at all, while the first example explicitly
discourages that. Thus, it is likely that participants in the current study adopted a strategy
centered around the disengagement of attention as opposed to active inhibition.
Previous neuroimaging studies also support the notion that strategies other than
direct inhibition can cause forgetting in the Think/No-Think paradigm. Benoit &
Anderson (2012) directed participants to either directly suppress retrieval, or retrieve a
previously learned alternative as a strategy for preventing the retrieval of no-think items.
Although behavioral indices suggested that both strategies resulted in equal intentional
forgetting, only the direct suppression group activated regions of the PFC that directly
inhibited the hippocampus (Benoit & Anderson, 2012).
Interestingly, an examination of the precuneus’s role in retrieval success
complements the current study’s theory regarding its role in retrieval inhibition. In
addition to BA 7’s role in attention modulation, it has also been shown to support
episodic retrieval processes (For review see: Cabeza, Ciaramelli, Olson, & Moscovitch,
2008). For example, regions of the left medial parietal cortex (which include the
precuneus) have been shown to be more active for hits than correct rejections during
recognition tasks (e.g. Buckner et al., 1998; Konishi, Wheeler, Donaldson, & Buckner,
2000). Additional analyses also indicate that the left precuneus is more active for
recollection compared to familiarity (Henson, Rugg, Shallice, Josephs, & Dolan, 1999),
and source recollection compared to recency judgments (Dobbins, Rice, Wagner, &
Schacter, 2003). Taken together, this work indicates that the precuneus, which is more
active for retrieval than encoding inhibition, is also responsible for supporting successful
retrieval itself.
The precuneus, along with other closely related regions of the parietal cortex (i.e.
dorsal parietal cortex), have been theorized to support successful retrieval through the
control of top-down attention (Cabeza et al., 2008). Specifically, Cabeza et al. (2008)
proposed that the dorsal parietal lobe supports retrieval particularly when a memory
decision is effortful, requiring additional attentional resources to make a correct
judgment. In the context of the current study, attentional resources appear to be required
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to a greater extent for retrieval suppression as compared to both retrieval itself and
encoding suppression. Because the word pairs have already been learned, making their
retrieval nearly automatic, suppression of No-Think items might require more attentional
resources than retrieval. If, as Cabeza et al. (2008) theorizes, dorsal parietal activation is
related to increased task demands, the current results also indicate that retrieval
suppression is more effortful than encoding suppression, as it relies heavily on the
recruitment of top-down attention. The primary difference between the attentional control
processes recruited for retrieval and retrieval suppression are outcome or goal related. In
a typical memory task, the dorsal parietal cortex draws attention towards the stimulus for
which a memory decision must be made. During suppression trials in the Think/NoThink paradigm, however, similar attentional processes likely turn attention away from
the stimulus. Considering this, results from previous literature combined with the current
data support the theory participants rely on an attention-based strategy for retrieval
suppression.
In addition to the information that can be provided with respect to the precise
regions that are more active for retrieval than encoding inhibition, a second important
finding must be emphasized: when compared to encoding inhibition, retrieval inhibition
processes are left lateralized. Findings of bilateral activity for inhibition are not
uncommon – in fact, multiple researchers indicate that bilateral activity is a better
characterization of inhibitory control than the frequent accounts of right-lateralization
(Konishi et al., 1999; Li et al., 2006; Watanabe et al., 2002). Finding left-lateralized
activity without complementary activity in the right hemisphere, however, is less
common. The proposed explanation for this finding largely centers on the fact that those
included in the analysis have a small total number of No-Think-Forgotten trials. The
analysis conducted to explore retrieval inhibition investigated regions that exhibited
greater activity for successful suppression as compared to successful retrieval. Because
retrieval processes are mainly right-lateralized, this more adequately powered side of the
contrast may have washed out any similar activity that was recruited for retrieval
inhibition. Hemispheric Encoding/Retrieval Asymmetry (HERA) is a well-documented
effect in which the retrieval of episodic memories depends primarily on activation in the
right hemisphere, whereas encoding of episodic memories depends primarily on
66	
  
	
  

	
  

activation in the left hemisphere (Tulving, Kapur, Craik, Moscovitch, & Houle, 1994).
While the original HERA model focused on hemispheric dominance of the PFC (e.g.
Henson et al., 1999; Tulving et al., 1994), subsequent investigations have extended this
finding into regions such as the parietal, temporal, and visual cortices (Buckner et al.,
1998; Gallo, Kensinger, & Schacter, 2006; Iidaka, Matsumoto, Nogawa, Yamamoto, &
Sadato, 2006; Wagner, Shannon, Kahn, & Buckner, 2005). It appears as though
successful retrieval inhibition and successful retrieval utilize similar right-lateralized
networks. The analysis in the current project compared successful inhibition to successful
retrieval. As already described, successful inhibition trials were underpowered, while
successful retrieval was sufficiently powered. This issue was exacerbated when retrieval
inhibition processes were directly compared with encoding inhibition, which was
sufficiently powered. As a result, right-lateralized activity that is frequently observed for
retrieval inhibition may be missing from the current results.
We can conclude that successful forgetting in the Think/No-Think paradigm is
supported by a variety of processes, including inhibition, diversion of attention, and
thought substitution. The current study provides additional evidence towards this point,
suggesting that participants relied more heavily on attentional control processes during
retrieval inhibition than during encoding inhibition. This is the first study to specifically
highlight the importance of parietal regions to retrieval inhibition processes. In the future,
both behavioral and neuroimaging research should focus on the way in which task
instructions support different forgetting strategies.
The current results are not, however, intended to suggest that active inhibitory
control processes are never recruited during the Think/No-Think paradigm, as several
previous publications point to the importance of prefrontal activation. Rather, this study
illustrates an instance in which task instructions may have promoted the adoption of a
particular strategy that lends itself to a specific set of brain regions. The instructions used
in the two memory inhibition tasks were very similar, but it is likely that if the Think/NoThink instructions told participants to attend to the presented word while suppressing
retrieval of the associate, we may not see parietal and prefrontal differences across the
two memory inhibition tasks.

67	
  
	
  

	
  

Encoding Inhibition > Retrieval Inhibition. Encoding inhibition recruited
increased activation bilaterally across a large region of the PFC, including the medial
frontal gyrus (BA 10), middle and right SFG (BA 10), and the anterior cingulate to a
greater extent than retrieval inhibition (see Figure 10). These results suggest that
encoding inhibition requires the engagement of active inhibitory processes to a greater
extent than retrieval inhibition. Previous neuroimaging studies of encoding inhibition
show that participants engage in a combination of inhibitory (mediated by prefrontal
regions) and attentional (mediated by parietal regions) processes during the presentation
of irrelevant information (Bastin et al., 2012; Nowicka et al., 2011; Rizio & Dennis,
2013, 2014; Wylie et al., 2008). However, all of these studies indicate that active
inhibitory processes are employed, even when participants are not given explicit
instructions regarding how to inhibit items (e.g., participants in Rizio & Dennis, 2013,
2014 are simply told to “forget” certain items, with no strategy or further information
provided). Furthermore, even when older adults fail to recruit regions of the PFC that
have been shown to directly inhibit encoding, they do not rely on attentional processes
alone (Rizio & Dennis, 2014). Rather, the inferior parietal lobe (which in younger adults
has been shown to divert attention away from to-be-forgotten stimuli) appears to inhibit
activation of the medial temporal lobe (Rizio & Dennis, 2014). These previous studies
indicate that active inhibition processes are essential to task success in the Directed
Forgetting paradigm, while the current study expands on this to show that these processes
are recruited to a greater degree during encoding inhibition, as compared to retrieval
inhibition.
Successful forgetting during the Directed Forgetting paradigm may require
additional inhibitory processes (or at least, cannot rely primarily on diversion of
attention) compared to retrieval inhibition because To-Be-Forgotten items have already
been shallowly encoded by the time they are identified as irrelevant (Paz-Caballero et al.,
2004). Attentional processes alone may not be enough to stop the encoding processes that
are mediated by the medial temporal lobe. Thus, while diversion of attention may be
sufficient in preventing the initiation of a process (i.e. preventing retrieval processes in
the Think/No-Think paradigm), frontally-mediated inhibition appears to be necessary for
the successful stopping of an already started process (i.e. stopping encoding in the
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Directed Forgetting task). The potential differences between stopping and withholding
have been applied to measures of response inhibition, but never to memory inhibition.
Considering this, more research must be conducted to investigate the theory that stopping
encoding processes depend more heavily on active inhibition than preventing retrieval
processes. For example, the Think/No-Think task could be manipulated so that
participants must initially retrieve the paired associated of No-Think items, and then are
subsequently asked to inhibit retrieval processes. If stopping a memory process requires
more active inhibition than preventing its initiation, one would expect that the differences
in PFC recruitment between encoding and retrieval inhibition would be reduced.
In conclusion, comparing retrieval inhibition success with encoding inhibition
success revealed an important distinction. In the current study, retrieval inhibition was
primarily mediated by attentional processes in the superior parietal lobe/precuneus
(specifically, BA 7), while encoding inhibition was supported by active inhibition
(superior and middle frontal gyrus). This is the first study to provide direct evidence
towards the possibility that types of memory inhibition rely on slightly different strategies
to mediate success.
Response Inhibition. Although the Stop Signal Reaction Time and Go/No-Go
tasks are frequently discussed interchangeably as measures of response inhibition, it was
hypothesized that a direct comparison of the two would reveal subtle differences that
reflect differences between stopping an already initiated response (in the case of the Stop
Signal task) and preventing the execution of a response (in the case of the Go/No-Go
task). This hypothesis was supported, as results show that successful stopping recruited
left inferior parietal lobe (BA 40), right IFG (BA 45), and lentiform nucleus to a greater
extent than successful response withholding (see Figure 12). Response withholding
activated portions of the PFC, including the medial frontal and left middle frontal gyri to
a greater extent than response stopping (see Figure 11).
Two previous studies have compared brain activation between the Go/No-Go and
Stop Signal tasks. The first analysis however, was limited only to common regions
between the two tasks (Zheng et al., 2008). The second study compared the two tasks in
an analysis very similar to that of the current study (Rubia et al., 2001). Specifically,
Rubia et al. (2001) reported that the Go/No-Go task activated the left inferior parietal
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(BA 40) and left MFG (BA 9) to a greater extent than the Stop Signal task, while no
regions were found to be more active for Stop Signal than Go/No-Go. The authors
conclude that the left-lateralized findings represent higher-level motor planning and
response selection that is required to a greater degree for the Go/No-Go than Stop Signal
task (Rubia et al., 2001). The results of the current study suggest that while response
withholding may require more planning, stopping a motor response requires additional
inhibitory processes, mediated by the IFG.
In the current study, the left MFG supported response selection in the Go/No-Go
task. Because the task was considerably slower than the Stop Signal task, participants
may have been able to wait for the appearance of a trial, and simply “select” the
appropriate response, rather than inhibiting a prepotent motor response. The theoretical
implications of left MFG activity fits well with the previously described account,
indicating that that in the current study, withholding a motor response required fewer
inhibitory control processes than stopping a response. Considering this, it is possible that
task success in the Go/No-Go paradigm, as opposed to the Stop Signal task, relied
primarily on decision making processes rather than active inhibition.
Successful stopping of a motor response in the Stop Signal task was associated
with increased activation of the left inferior parietal lobe and right IFG, when compared
to withholding a motor response in the Go/No-Go task. These results support previous
theories suggesting that the IFG supports direct inhibition (Aron et al., 2004), while the
parietal lobe supports attentional control (Garavan et al., 1999; Rizio & Dennis, 2013;
Rubia et al., 2001). In the Stop Signal task, all trials initially begin as “Go” trials. With
25% probability, these trials change to a “Stop” trial after a set amount of time. At this
point, the motor response has already been implemented, and needs to be stopped before
a button press is actually made. Previous researcher has suggested that this is different
than simply withholding a response (Rubia et al., 2001; Zheng et al., 2008). Behavioral
evidence also points to dissimilarities between types of motor inhibition. For example,
measures of inhibition across the Go/No-Go and Stop Signal tasks are shown to be
unrelated to each other (Zheng et al., 2008), while performance on the Go/No-Go task
has also been shown to be unrelated to other measures of inhibition, such as the Flanker
Task and the Stimulus-Response Compatibility Task (Wager et al., 2005). The current
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neuroimaging results provide nuance to the behavioral findings by illustrating exactly
why these differences are observed. Because the Stop Signal task requires more
inhibitory and attentional control than the Go/No-Go, participants who show high
behavioral performance on the Go/No-Go task may not necessarily be equally successful
at the Stop Signal task.
The results of the comparison between measures of response inhibition illustrate
differences that underlie task success for stopping and withholding. These differences, in
turn, reflect an important point regarding the nature of the tasks themselves: that they
may be very sensitive to changes in parameters such as stimulus timing. As has already
been discussed, the combination of task timing and high behavioral performance in the
current study’s Go/No-Go task resulted in a decreased need for the engagement of
cognitive control processes, particularly when compared to the Stop Signal task. While
this has already be discussed at length in previous sections, it is plausible to suggest that
if the Go/No-Go task was changed from its current form to one that is more difficult,
increased inhibitory control, mediated by the right IFG, may be required.
Part 4: Differences Between Types of Inhibition
In addition to examining the differences that exist within memory inhibition and
motor inhibition, I also wanted to investigate neural differences between these two
processes. As already discussed in the introduction, memory inhibition and motor
inhibition are both assumed to rely on active inhibitory processes, but to date, no one has
directly compared the neural mechanisms that support each type. It was hypothesized that
by combining two types of memory inhibition tasks (Directed Forgetting and Think/NoThink) and contrasting them with two types of response inhibition tasks (Stop Signal
Reaction Time and Go/No-Go), two different activation patterns would emerge,
indicating that response inhibition relies on the IFG, while memory inhibition relies on
the superior/middle frontal gyrus. This hypothesis was partially supported, as the data
illustrate a pattern such that response inhibition recruits greater activation of the right
inferior and bilateral middle frontal gyri when compared to memory inhibition.
Conversely, memory inhibition recruited the right SFG, as well as much of the occipital
cortex to a greater extent than response inhibition.
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Response Inhibition > Memory Inhibition. Because retrieval inhibition has
shown to rely on the MFG so strongly (Anderson et al., 2004; Benoit & Anderson, 2012),
it was predicted that memory inhibition in general would recruit activity in this region to
a greater extent than response inhibition. However, the opposite pattern of activation was
found. Primarily, response inhibition recruited increased activation of the bilateral MFG
(BA 9/10 & 11) to a greater extent than memory inhibition (see Figure 14). The best
possible explanations for this finding is that recruitment of the MFG is easier during
response inhibition than memory inhibition
The role of the MFG, in the context of both memory and response inhibition, has
already been discussed at length. Much of the literature converges on the theory that this
region is involved in direct inhibition. The current study’s findings thus appear to indicate
that response inhibition promotes the recruitment of significantly more active inhibition
to support task success than memory inhibition. However, it is unlikely that response
inhibition is a fundamentally more difficult task than memory inhibition, and thus it
would be not be correct to conclude that successful response inhibition requires more
prefrontal activation. Considering this, the data appear to suggest instead that recruitment
of inhibitory processes may simply be easier in the context of a response inhibition task
when compared to memory inhibition. The current study’s behavioral findings support
this theory, as participants exhibited a 26% inhibition success rate for the Think/NoThink task and a 34% inhibition success on the Directed Forgetting task, but showed a
93% inhibition success rate for the Go/No-Go task (task success on the Stop Signal task
was forced to be approximately 50% for each participant). It is possible, then, that
participants were better able to recruit both inhibitory and attentional control processes
during response inhibition, which can be seen in increased behavioral performance and
PFC/parietal activity. Likewise, if it were simply more difficult to recruit inhibitory
processes to support memory inhibition, one would expect to see both reduced behavioral
performance and reduced PFC/parietal activity when compared to response inhibition,
which is the exact pattern of the current results. Unfortunately, very little research exists
to support this theory, as no other neuroimaging experiments have compared across tasks
of memory and response inhibition. In the only behavioral studies that combined a Stop
Signal Reaction Time task with a Directed Forgetting task, the authors reported that the
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mean reaction time of Go trials increased when it was presented after a TBF item, though
Stop trial success was facilitated by the presentation of a TBF item (Fawcett & Taylor,
2010; Hourihan & Taylor, 2006). These results indicate that the cognitive processes that
support memory inhibition may also be used in support of response inhibition. This
conclusion mirrors the results of the current study, which show that a region typically
discussed with respect to memory inhibition is also critical to response inhibition.
Using a sample of older adults in conjunction with the tasks employed in the
current study would help test the theory that it is easier to recruit inhibitory activity
during response inhibition as compared to memory inhibition. Older adults have been
shown to exhibit inhibitory-related deficits that manifest in poorer behavioral
performance on the Directed Forgetting, Think/No-Think, Go/No-Go, and Stop Signal
Reaction Time tasks. It is predicted that a within-participant study would result in worse
behavioral performance in older adults on memory inhibition, as compared to response
inhibition tasks. If recruiting inhibitory processes to suppress encoding and retrieval is
more difficult than suppressing motor stopping and withholding, these differences should
be exacerbated in a sample already experiencing inhibitory deficits.
Support of towards this theory can be derived, in part, from a comparison of
aging-related studies that employ only a single inhibition task. For example, Rizio &
Dennis (2014) reported that older adults do not activate any regions of the PFC during
successful intentional forgetting. However, studies of response inhibition indicate that
older adults are able to activate both prefrontal and parietal regions (Langenecker &
Nielson, 2003; Nielson, Langenecker, & Garavan, 2002). Taken together, it appears as
though even for groups of individuals who experience prefrontal deficits, activation of
these regions is possible during response inhibition tasks, but not during memory
inhibition. This group of findings points towards the conclusion that recruitment of
frontally mediated inhibitory processes is task dependent.
Previous literature, combined with the current results, strongly suggests that
recruitment of PFC-mediated inhibition networks is easier for response inhibition than
memory inhibition. For a complete development of this theory, however, we must
understand why this is the case. Activation of the PFC may be easier during response
inhibition because the tasks that are used to study this process, and the actions required to
73	
  
	
  

	
  

successfully execute the task, are very concrete. As previously discussed, there are
several different strategies one can engage to successfully inhibit a memory.
Additionally, the concept of “intentional forgetting” is considerably more abstract (and
potentially more complex) than withholding or stopping a motor response. This
difference between the two types of tasks may be partially responsible for the observed
increase in bilateral MFG activation. In support of this theory, Binder, Westbury,
McKiernan, Possing, & Medler (2005) reported that processing of concrete concepts
activated regions of the left MFG to a greater extent than the processing of abstract
concepts. The relatively concrete/specific nature of the Go/No-Go and Stop Signal tasks
is thus the most likely explanation for why participants are able to recruit more MFG
activity when compared to memory inhibition.
Another possible explanation for unexpectedly large number of regions that were
more active for response than memory inhibition stems from the previously discussed
under-powered nature of the Think/No-Think task. Because retrieval inhibition trials
were underpowered, there were very few regions that showed significant activation for
the inhibition success contrast. This pattern of results was then carried over into the
ANOVA, making it particularly likely that many regions (particularly with respect to the
PFC) would show increased activation for response as compared to memory inhibition.
This limitation does not make the results of this analysis uninterruptable, but does
represent a limitation to the current study that should be explored in future studies.
Although I hypothesized that the right IFG would be more active for response
inhibition than memory inhibition, results indicated that the left IFG was more active for
this comparison. This pattern of results parallels and extends the conclusions drawn by
previous analyses. While my previously discussed analyses suggest that the right IFG is
not a necessary component of response inhibition in general (as it supported stopping but
not withholding), this analysis also indicates that the right IFG is not unique to response
inhibition, as it did not show increased activation when compared to memory inhibition.
Previous literature has debated whether the right IFG is responsible for direct inhibition
(Aron et al., 2004; Chambers et al., 2006; Konishi et al., 1999; Verbruggen & Logan,
2008) or attentional control (Duann et al., 2009; Sharp et al., 2010). The previously
described comparison between types of response inhibition indicated that the right IFG
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subserved direct inhibition processes, but the current results suggest that the left IFG
might have a similar role. Bilateral activation of the IFG has been reported for both the
Stop Signal task (Boehler et al., 2010; Rubia et al., 2001) and Go/No-Go task (Hedden &
Gabrieli, 2010; Konishi et al., 1999; Rubia et al., 2001). Additionally, a lesion study
indicated that damage to left IFG results in inhibition-related deficits as measured by the
Go/No-Go task (Swick et al., 2008). These past studies, combined with the current data,
suggest that the left IFG also supports inhibition, but is both task dependent (i.e. is
sensitive to variations in stimulus presentation/timing) and supports response inhibition to
a greater extent than memory inhibition.
Memory Inhibition > Response Inhibition. Based on previous memory
inhibition literature, I predicted that memory inhibition would recruit more activity in the
superior and middle frontal gyrus than response inhibition. A region within SFG, as well
as the anterior cingulate cortex (BA 24), was shown to be more active for memory
inhibition (see Figure 15). While activity in the SFG represents active inhibitory control,
activity in BA 24 is representative of the cognitive nature of memory inhibition.
The current study provides preliminary evidence that the right SFG is more
critical to memory inhibition than is the IFG, as this was the only prefrontal region that
showed increased activation for memory as compared to response inhibition. This finding
is partially consistent with my hypothesis, as I expected that both the superior and middle
frontal gyri would be preferentially active. This finding is supported by previous
literature that indicates that the right SFG actively inhibits encoding-related activity
(Rizio & Dennis, 2013), but expands on this point to illustrate that it is also a prominent
part of retrieval inhibition. Studies of retrieval inhibition (as already discussed) have
focused almost entirely on the contribution of the MFG (e.g. Anderson et al., 2004;
Benoit & Anderson, 2012; Depue et al., 2006), but the current project finds that the SFG
supports both types of memory inhibition. This finding may also indicate that the spatial
extent of frontally-mediated inhibition is much smaller for memory, as compared to that
of response inhibition. While response inhibition activated large portions of the PFC,
contrasts that explored memory inhibition resulted in consistently localized activation.
This result should be taken as evidence to suggest that the network that supports memory
inhibition is relatively constrained, particularly when compared to that of response
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inhibition. Because the analyses in the current study have not been conducted in previous
research this theory has not been explored until now. While the SFG supports memory
inhibition to a greater extent than response inhibition, it cannot be forgotten that it also
showed activation for inhibition success in both Stop Signal and Go/No-Go tasks. As
such, we cannot conclude that the SFG is unique in supporting memory inhibition, but
simply that it does so to a greater extent when compared to response inhibition.
Though not originally predicted, BA 24, within the anterior cingulate cortex, was
also more active during memory inhibition. The current results thus suggest a distinction
between regions within the ACC. Specifically, BA 24 supports cognitive control, while
BA 32 supports motor control. Structurally, the ACC can be divided into the
periallocortex (BA 33) proisocortex (BA 24 & 25), and the paralimbic cortex (BA 34)
(Paus, 2001), supporting the current data’s suggestion that relevant functional differences
exist along these boundaries. Consistent with this theory, past research has suggested that
BA 24 supports performance monitoring during cognitive-based tasks (Egner & Hirsch,
2005; Rizio & Dennis, 2013), while BA 32 supports motor inhibition (Durston et al.,
2002; Li et al., 2006; Wager et al., 2005; Zheng et al., 2008). Additionally, the location of
the BA 24 activity in the current study overlaps with a region of the ACC that has been
demonstrated to show structural connectivity with the hippocampus (Beckmann,
Johansen-Berg, & Rushworth, 2009; Stevens, Hurley, & Taber, 2011). These results
suggests that not only does BA 24 support memory inhibition, but it may actually directly
inhibit encoding and retrieval processes. This theory would fit well with the current
study’s finding that this region is more active for memory inhibition than response
inhibition.
Despite previous functional, structural, and connectivity evidence, however, this is the
first study to find this particular distinction with respect to memory and response
inhibition. Other functional distinctions within the ACC have been made, contributing to
the growing evidence that very specific regions of the ACC support different types of
processing. For example, the “affective division” of the ACC has been localized to BA
32, a region that showed activation during the presentation of negative, but not neutral
words during a counting task (Whalen et al., 1998). Even more specifically, the
processing of discrete emotions such as anger, sadness, and fear have been localized to
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specific subregions of the cingulate cortex including the ventral posterior cingulate cortex
for happiness, and the anterior midcingulate for fear (Vogt, 2005).
Despite this previous research, much more work will be needed to fully explore
the possibility that BA 24 uniquely supports memory inhibition (as compared to motor
inhibition). While the aforementioned literature supports this theory, conflicting research
does exist. Primarily, three studies using the Think/No-Think paradigm have pointed
towards BA 32 as supporting retrieval inhibition (Anderson et al., 2004; Benoit &
Anderson, 2012; Levy & Anderson, 2012), while two studies using the Directed
Forgetting paradigm did not report any increased activation of ACC regions during
successful encoding inhibition (Bastin et al., 2012; Wylie et al., 2008). Considering these
findings, future research will need to focus more specifically on activation in the ACC
during memory inhibition tasks, with specific focus on the exact location within this
region.
Part 5: Resting State Connectivity
Resting state connectivity analyses were conducted to explore whether or not
functional connectivity in the absence of specific tasks would provide evidence towards
distinct memory and response inhibition networks. This type of data capture the
spontaneous fluctuations of brain regions, and are meant to provide information regarding
the way in which information is processed and integrated across the brain, potentially
illustrating specific networks that support cognitive functions. Based on this premise, it
was predicted that the right IFG would show intrinsic connectivity with the
supplementary and primary motor cortices, while the right SFG would show intrinsic
connectivity with the medial temporal lobe and parietal lobe. The left, rather than the
right IFG was used as a seed region to represent the response inhibition network, as it
was more active for response than memory inhibition. In accord with the original
hypothesis, the right SFG was more active for memory than response inhibition, and thus
was chosen as the seed region to represent the memory inhibition network. Hypotheses
regarding these regions were partially supported. Specifically, the left IFG exhibited
increased connectivity with much of the bilateral precentral gyrus, including premotor
and primary motor regions, than did the right SFG. Contrary to my hypotheses, the left
IFG exhibited greater connectivity with much of the bilateral prefrontal gyrus, parietal,
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temporal, and occipital lobes. Additionally, the right SFG exhibited increased
connectivity with anterior regions of the bilateral PFC (spanning medial, superior, and
middle frontal gyri), and bilateral parahippocampal gyrus, when compared to left IFG
connectivity
Right Superior Frontal Gyrus Connectivity. The right SFG exhibited increased
connectivity with regions of the bilateral anterior PFC and bilateral parahippocampal
gyrus when compared with left IFG connectivity (see Figure 16). This network strongly
reflects both the activation pattern observed in the current (and previous) investigation of
memory inhibition, and supports the theorized role of the right SFG in direct inhibitory
mechanisms. In the current study, encoding inhibition activated not only with the SFG,
but also the bilateral MFG. Similarly, retrieval inhibition activated a small portion of the
right MFG, a region shown to be active in other studies examining memory inhibition
(Anderson et al., 2004; Bastin et al., 2012; Benoit & Anderson, 2012; Wylie et al., 2008).
The results of the resting state analysis parallel the pattern of task-related activations and
suggest that, even in the absence of a specific behavior, activation of the bilateral superior
and middle frontal gyri is correlated. The fact that these regions are correlated at rest and
are frequently observed activation together during task based-analyses indicate that there
is no single prefrontal region that supports memory inhibition in isolation. While the
“hub” of memory inhibition may be localized to the MFG in one study (Anderson et al.,
2004) and to the SFG in another (Rizio & Dennis, 2013), the connectivity analyses
indicate that multiple PFC regions likely work in tandem.
Previous resting state studies have shown that right frontal regions are highly
correlated with other right-lateralized regions, while left frontal regions are highly
correlated with left-lateralized regions (van den Heuvel & Pol, 2010). Considering this,
the bilateral nature of the connectivity between the right SFG and other prefrontal regions
provides evidence away from the right-lateralization theory of inhibitory processes (e.g.
Garavan, Ross, & Stein, 1999). While many previous experiments focus on inhibitoryrelated activation in the right PFC, left hemispheric activation is also reported (e.g. Levy
& Anderson, 2012; Wylie et al., 2008). These results are thus consistent with the full set
of previous data, which provide evidence towards the existence of a memory inhibition
network that integrates both left and right prefrontal activation.
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Perhaps most importantly, the right SFG showed increased connectivity with the
bilateral medial temporal lobes when compared to the left IFG. This the first set of data
that uses intrinsic connectivity to support the theory that memory inhibition is an active
processes. Multiple previous studies have indicated that medial temporal lobe (MTL)
activity is suppressed by prefrontal regions during either encoding or retrieval inhibition
trials (Anderson et al., 2004; Benoit & Anderson, 2012; Depue et al., 2007; Rizio &
Dennis, 2013). The current results support these findings, indicating that the right SFG is
more strongly connected to the MTL than is the IFG, even at rest. Additionally, the
resting state analysis provides evidence that activation of the right SFG is correlated with
both left and right MTL regions. Previous studies indicate that the right dorsolateral PFC
inhibits the right MTL during retrieval inhibition (Benoit & Anderson, 2012), while the
right SFG inhibits the left MTL during encoding inhibition (Rizio & Dennis, 2013). The
current study’s observed intrinsic connection between this particular region of the PFC
and the bilateral MTL provides evidence that the right SFG is poised to have more direct
control of the MTL than the IFG.
Left Inferior Frontal Gyrus Connectivity. Compared to the connectivity
network of the right SFG, the left IFG was more strongly associated with the right IFG
and posterior regions of the frontal cortex, including the primary motor cortex (see Figure
17). These results support the theory that the IFG is responsible for inhibition of motor
actions, but helps to clarify its exact role. Aron, Robbins, & Poldrack (2004) proposed
two possible pathways by which the right IFG may support inhibition of motor responses:
either through interaction with cortical structures, or through interaction with subcortical
structures, such as the subthalamic nucleus. A third theory is that the IFG supports
inhibition through the signal monitoring or modulation of attention (Duann et al., 2009;
Li et al., 2006). If the IFG is responsible only for the support of attention-related
processes, one would not expect this region to show intrinsic connectivity with posterior
frontal regions. In light of these theories, resting state connectivity has the ability to help
clarify the role of the IFG in response inhibition but illustrating the network with which
this region is intrinsically connected.
The current results provide evidence that at rest, (compared to the right SFG) the
IFG is strongly connected with posterior regions of the frontal lobe, including the
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precentral gyrus, but not with the subthalamic nucleus. As such, these data provide
evidence towards a response inhibition network that relies on prefrontal regions
(specifically the IFG) to inhibit the motor cortex. Also notable, the observed resting state
network builds on previously discussed results by indicating that the left IFG is involved
in response inhibition in a way that is quite similar to the proposed role of the right IFG.
As already discussed, many theories regarding the neural correlates of response inhibition
focus primarily on activity within the right PFC. However, because the right IFG did not
show increased activation for response inhibition as compared to memory inhibition, a
seed region within the left IFG was chosen for the connectivity analysis. Perhaps not
surprising given the bilateral activation pattern reported for the task-related univariate
results, the resting state data supported my prediction, in that the IFG showed intrinsic
connectivity to the motor cortex, even when using a left-lateralized seed region. As such,
the bilateral nature of the resting state network clearly highlights that it will be critical for
future work to not focus only on right-lateralized activity, as this would be ignoring a full
half of the response inhibition network.
Contrary to my hypothesis, the left IFG exhibited greater resting state
connectivity in many cortical regions other than the posterior frontal cortices when
compared to right SFG connectivity. In fact, the left IFG showed stronger correlations
with much of the PFC, nearly all of the parietal cortex, in addition to regions of the
temporal and occipital cortices. While this expansive level of connectivity was not
predicted, it follows the previously introduced theory that the response inhibition network
may be more expansive than the relatively localized memory inhibition network. Because
this is the first project to compare these networks, this theory has not before been raised.
However, because the resting state network that is associated with response inhibition, as
well as its task-related activation pattern, is much broader than that of memory inhibition,
this developing theory warrants future study. Overall, these data provide the first account
of the intrinsic networks that support different types of inhibitory processes, and further
support the theory that the SFG supports memory inhibition to a greater extent than it
does response inhibition, while the opposite is true of the IFG.
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Conclusion
This study represents the first comprehensive investigation of the similarities and
differences both between and within types of memory and response inhibition. All
inhibitory-related tasks in the current study recruited some degree of PFC activation,
supporting the well-established theory that this region is essential to active inhibition.
However, differences were observed in the precise location and relative strength of
activation, providing nuance to what is already known about these processes.
With respect to response inhibition, differences in recruitment of prefrontal
regions were observed between response stopping and response withholding, further
supporting the theory that these two processes are not identical on the neural level.
Specifically, activation of the IGF may not be necessary for all types of response
inhibition, as it was not shown to be active during response withholding, despite a high
rate of behavioral accuracy. In this case, it appears as though other regions of the PFC
(i.e. middle and superior frontal gyri) support inhibitory processes. However, when a
strongly preopotent response must be inhibited (as is the case with response stopping),
the IFG is activated. As such, although the IFG may support active inhibition, particularly
in the context of response inhibition, it is not the only region that supports task success.
While the current data should not be interpreted as deemphasizing the role of the IFG, it
does indicate that future research regarding response inhibition should not be constrained
to a single region within the PFC. The current results thus suggest that additional study of
the PFC is warranted to 1. further explore the role of the superior and middle frontal gyri
during response inhibition, and 2. investigate the hypothesis that the IFG is recruited only
in cases in which a highly automatic motor response must be inhibited.
With respect to memory inhibition, increased activation of the parietal regions
when comparing retrieval and encoding inhibition indicates that inhibition of retrieval
can be accomplished through the diversion of attention, while encoding inhibition
requires the recruitment of active inhibitory processes. This suggests that successful
retrieval inhibition may be particularly sensitive to task instructions. Specifically, when
providing general task instructions that do not suggest a specific strategy by which to
forget information, participants may rely on attentional rather than inhibitory processes to
prevent retrieval. On the other hand, inhibition of encoding appears to rely more strongly
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on direct inhibitory processes, potentially because to-be-forgotten information has
already been shallowly encoded, making forgetting through attentional processes alone
more difficult.
Comparisons between types of inhibition provide evidence that response
inhibition and memory inhibition rely on slightly different processes, with the left IFG
supporting response inhibition to a greater extent than memory inhibition, and the right
SFG revealing the opposite pattern. The resting state connectivity data also provide
evidence towards the existence of two distinct inhibitory networks, with the SFG
showing increased connectivity to regions that are necessary for retrieval/encoding
success, while the IFG showed increased connectivity to regions supporting execution of
motor tasks. These results strongly suggest that active inhibition should not be viewed as
unitary process. Rather, the regions of activation that are necessary for task success
appear to be strongly dependent on exactly what type of process needs to be inhibited. In
addition to the discovery that different regions of the brain mediate response inhibition
and memory inhibition, the current data also suggest that recruitment of frontally
mediated inhibitory processes may be more difficult during memory, as compared to
response-based tasks. The most likely explanation for this is based on the fact that the
execution of memory inhibition tasks are considerably more abstract and less familiar to
participants than response inhibition.
Lastly, a common trend across multiple analyses was the activation of bilateral
regions in support of inhibition success. The current study moves away from the common
focus of right hemispheric laterality, suggesting that both left and right PFC regions are
equally important during response and memory inhibition success.
In conclusion, the current study provides a comprehensive exploration of the ways
in which response inhibition and memory inhibition differ, but also provides important
information regarding underlying similarities between the two types of processes.
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Appendix A
Tables
Table 1: Retrieval Inhibition: Rate of response as a function of trial type
Remembered

Forgotten

Mean (SE)

Mean (SE)

Think

0.83 (0.02)

0.17 (0.02)

Baseline

0.83 (0.04)

0.17 (0.04)

No-Think

0.74 (0.04)

0.26 (0.04)

Word Type

SE = Standard Error
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Table 2: Encoding Inhibition: Rate of response as a function of trial type
Recollection

Familiarity

New/Forget

Mean (SE)

Mean (SE)

Mean (SE)

TBR

0.36 (0.04)

0.32 (0.03)

0.29 (0.03)

TBF

0.24 (0.03)

0.38 (0.03)

0.34 (0.04)

Word Type

TBR = To be remembered; TBF = To be forgotten; SE = Standard Error
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Table 3: Retrieval Inhibition: Inhibition Success in the Think/No-Think
Paradigm
Coordinates (T&T)
BA H
x
y
z
voxels
Middle frontal gyrus
9
R
44
17
30
23
Precentral gyrus
4
R
20
-11
54
21
Precuneus
7
R
26
-59
63
113
Superior parietal lobe
7
L
-26
-56
54
74
Inferior parietal lobe
40
R
35
-29
54
39
Middle occipital gyrus
19
R
32
-86
21
560
Fusiform gyrus
19
L
-20
-65
-10
289
Early visual cortex
18
L
-20
-92
18
126
Brainstem
---- M
2
-35
-28
27
BA = Broadmann Area; H = hemisphere; T&T = Talairach and Tournoux
coordinates; R = right; L = left; M = midline
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Table 4: Encoding Inhibition: Inhibition Success in the Directed Forgetting
Paradigm
Coordinates (T&T)
BA H
x
y
z
voxels
406
Medial frontal gyrus*
10 M
2
62
12
Middle frontal gyrus
10 L -33 41
9
R 27
Middle frontal gyrus
8
33
40
Anterior cingulate cortex
32 M 10
43
6
Superior frontal gyrus
8
R 32
35
39
38
Middle frontal gyrus
6
R 44
14
45
46
Parahippocampal gyrus
36 R 38 -23
-22
56
Uncus
36 L -29
-2
-34
33
Precuneus
7 M
2
-62
36
93
Precuneus
31 L -17 -62
18
32
Superior temporal gyrus
38 R 23
14
-34
51
Middle temporal gyrus
21 R 50
5
-28
51
Middle temporal gyrus
22 R 65 -38
3
25
Superior temporal gyrus
38 R 38
23
-25
24
Middle temporal gyrus
19 L -41 -77
18
95
253
Middle occipital gyrus
19 R 44 -80
9
Early visual cortex
18 M
2
-86
21
20
Brainstem
---- R 20 -62
-10
85
Cerebellum
---- L -23 -71
-13
217
BA = Broadmann Area; H = hemisphere; T&T = Talairach and Tournoux
coordinates; R = right; L = left; M = midline
* Location of peak voxel of cluster that extended into multiple regions
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Table 5: Response Stopping: Inhibition Success in the Stop Signal Reaction Time
Paradigm
Coordinates (T&T)
BA
H
x
y
z
voxels
127
Superior frontal gyrus
10
L -32
56
6
632
Superior frontal gyrus*
10
R
41
56
6
Middle frontal gyrus
10
R
26
37
0
Inferior frontal gyrus
45, 44 R
41
25
4
Lentiform nucleus
--R
22
5
3
Lentiform nucleus
---L -24
3
2
Middle frontal gyrus
9
R
32
41
36
27
266
Middle frontal gyrus
9
R
47
20
39
Superior parietal*
7
R
38
-59
54
652
Inferior parietal
40
R
47
-44
39
Supramarginal gyrus
40
R
38
-53
36
Superior temporal gyrus
22
R
46
-51
21
417
Inferior parietal lobe
40
L -47
-53
48
Inferior parietal lobe
40
L -50
-29
33
28
Middle temporal gyrus
21
L -56
-35
3
390
Middle temporal gyrus
21
R
65
-41
-4
134
Middle temporal gyrus
37
L -53
-62
3
98
Early visual cortex
18
R
17
-92
-16
30
Early visual cortex
18
R
29
-92
-7
24
Early visual cortex
17
L -23
-95
-10
98
Early visual cortex
17
L -11
-98
-10
42
Cerebellum
---L -38
-62
-16
397
Cerebellum
---R
47
59
-40
162
Brainstem
---L
-5
-29
-37
68
Cerebellum
---R
47
-65
-16
39
BA = Broadmann Area; H = hemisphere; T&T = Talairach and Tournoux coordinates;
R = right; L = left; M = midline
* Location of peak voxel of cluster that extended into multiple regions
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Table 6: Response Withholding: Inhibition Success in the Go/No-Go Paradigm
Coordinates (T&T)
BA H
x
y
z
voxels
70
Superior frontal gyrus
10 R 23
65
6
23
Superior frontal gyrus
10 L -26
50
12
70
Middle frontal gyrus
8,9 R
50
17
39
104
Superior frontal gyrus
8 R
23
47
42
23
Middle frontal gyrus
6 L -41
2
51
22
Orbital gyrus
47 L -23
20
-22
119
Inferior parietal lobe*
40 R
53
-56
42
Supramarginal gyrus
40 R
56
-49
31
Superior temporal gyrus
22 R
64
-25
4
22
Supramarginal gyrus
40 L -56 -47
30
44
Parahippocampal gyrus
35 R
26
-11
-25
29
Superior temporal gyrus
38 R
29
23
-28
60
Middle temporal gyrus
39 R
29
-65
27
217
Middle temporal gyrus
21 R
65
-41
3
91
Inferior temporal gyrus
20 R
47
2
-37
61
Inferior temporal gyrus
20 L -35
-8
-34
417
Fusiform gyrus
37 L -50 -65
-13
62
Cerebellum
---- L -35 -59
-52
33
Cerebellum
---- L -14 -71
-43
BA = Broadmann Area; H = hemisphere; T&T = Talairach and Tournoux coordinates; R
= right; L = left; M = midline
* Location of peak voxel of cluster that extended into multiple regions
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Table 7: Differences within Memory Inhibition

BA H
Retrieval Inhibition > Encoding Inhibition
Superior Frontal Gyrus
Precuneus

10
7

L
L

Coordinates
(T&T)
x
y
z
-35
-14

53
-62

24
54

voxels
25
167

Encoding Inhibition > Retrieval Inhibition
10 M 2
714
Medial frontal gyrus*
62
15
10 R 29
Middle frontal gyrus
52
8
10 R 14
Superior frontal gyrus
59
8
10 L -33 46
Middle frontal gyrus
13
32
Anterior cingulate cortex
M 6
47
6
51
Inferior frontal gyrus
44 L -29
5
33
60
Precuneus
7 M 2
-62 39
38 R 23
102
Superior temporal gyrus
8
-28
21
Superior temporal gyrus
38 L -35
5
-37
29
Middle temporal gyrus
39 L -41 -77 18
28
Middle temporal gyrus
19 R 47 -74 21
58
Fusiform gyrus
20 R 38 -23 -25
---115
Cerebellum
R 26 -62 -52
65
Cerebellum
---- L -53 -56 -22
42
Brainstem
---- M 5
-65 -10
BA = Broadmann Area; H = hemisphere; T&T = Talairach and Tournoux coordinates;
R = right; L = left; M = midline
* Location of peak voxel of cluster that extended into multiple regions
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Table 8: Differences within Response Inhibition
Coordinates (T&T)
BA H
x
y
z
Response Withholding > Response Stopping
Medial frontal gyrus
10 M
2
53
6
Middle frontal gyrus
11 L -20
17
-19
Medial frontal gyrus
11 M -5
23
-19
Medial frontal gyrus
8 M
8
47
-1
Medial frontal gyrus
8 M -8
50
36
Precentral gyrus
4 R
44
-17
39
Pracentral lobule
7 R
17
-11
45
Cuneus
19 M -5
-83
36
Lingual gyrus
19 R
17
-65
-4

voxels
39
31
21
44
23
88
21
62
23

Response Stopping > Response Withholding
Inferior Frontal Gyrus*
45 R
50
14
3
272
Lentiform nucleus
---- R
22
3
10
Thalamus
---- R
15
-7
7
Precentral gyrus
4 L -35 -26
63
70
Inferior parietal lobe
40 L -47 -26
24
87
Cerebellum
---- L -32 -62
-19
20
Brainstem*
---- M -8
-23
-1
289
Thalamus
---- L -12 -15
10
Lentiform nucleus
---- L -23
3
-3
Brainstem
---- M
8
-62
-10
109
BA = Broadmann Area; H = hemisphere; T&T = Talairach and Tournoux coordinates;
R = right; L = left; M = midline
* Location of peak voxel of cluster that extended into multiple regions
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Table 9: Similarities within Response Inhibition
Coordinates
(T&T)
BA H x
y
z
voxels
Superior frontal gyrus
10 R 26
59
3
25
Superior temporal gyrus
22 R 47 -47
21
99
Middle temporal gyrus
21 R 59 -41
-4
53
Middle temporal gyrus
19 R 29 -68
21
25
BA = Broadmann Area; H = hemisphere; T&T = Talairach and
Tournoux coordinates; R = right; L = left; M = midline
* Location of peak voxel of cluster that extended into multiple
regions
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Table 10: Differences between Response and Memory Inhibition
(Response > Memory)
Coordinates
(T&T)
BA H
x
y
z
voxels
48
Middle frontal gyrus
10
R 26
50 -10
Middle frontal gyrus*
11
L -23 44 -10
913
Inferior frontal gyrus
45
L -42
7
20
Middle frontal gyrus
9,10 R 32
30
22
Anterior cingulate
32
M -3
17
31
Caudate
---- R 15
13
11
Caudate
---L -17
5
15
Lentiform nucleus
---- R 15
11
2
Lentiform nucleus
---L -22
6
-6
38
Middle frontal gyrus
46
L -41 41
27
277
Medial frontal gyrus
6
M -5
11
51
55
Anterior cingulate cortex
32
L -23 59
-1
25
Cingulate gyrus
23
M -2 -35 27
20
Precentral gyrus
4
R 50
-5
48
296
Superior parietal lobe*
7
R 38 -59 54
Inferior parietal lobe
40
R 38 -50 38
Inferior parietal lobe*
40
L -47 -53 48
429
Precuneus
7
L -25 -58 33
28
Inferior parietal lobe
40
L -56 -41 27
109
Middle temporal gyrus
21
L -65 -41 -1
87
Early visual cortex
18
L -14 -95 -16
63
Calcarine sulcus
17
R 23 -98 -1
73
Cerebellum
---L -32 -35 -22
42
Cerebellum
---L -35 -71 -37
34
Cerebellum
---- R 20 -65 -25
33
Brainstem
---- R 47 -38 -28
BA = Broadmann Area; H = hemisphere; T&T = Talairach and Tournoux
coordinates; R = right; L = left; M = midline
* Location of peak voxel of cluster that extended into multiple regions
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Table 11: Differences between Memory and Response Inhibition
(Memory > Response)
Coordinates
(T&T)
BA
H
x
y
z
voxels
23
Superior frontal gyrus
8
R
17
35
48
30
Anterior cingulate cortex
24
M
-2
20
-4
30
Postcentral gyrus
4
R
62 -14 30
60
Postcentral gyrus
3
L
-41 -23 60
34
Postcentral gyrus
3
R
44 -23 57
26
Postcentral gyrus
43
R
65 -14 15
71
Inferior parietal lobe
40
L
-62 -20 21
83
Middle temporal gyrus
39
L
-47 -68 15
30
1388
Parahippocampal gyrus*
R
8
-44
3
Lingual gyrus
18, 19
M
8
-61 -2
Early visual cortex
17
R/L
6
-84 -5
Cerebellum
---R
11 -57 -15
BA = Broadmann Area; H = hemisphere; T&T = Talairach and Tournoux
coordinates; R = right; L = left; M = midline
* Location of peak voxel of cluster that extended into multiple regions
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Table 12: Differences in Resting State Connectivity: Right Superior Frontal Gyrus
Connectivity > Left Inferior Frontal Gyrus Connectivity
Coordinates
(T&T)
BA
H
x
y
z
voxels
2547
Superior Frontal gyrus*
8
R 17
35
48
Medial frontal gyrus
8,9,10 M 5
46
12
Middle frontal gyrus
8,6
R 26
23
45
Superior frontal gyrus
8
L -17 25
49
Middle frontal gyrus
8
L -32 16
44
Anterior cingulate cortex
32,24
M 4
42
3
Putamen
---L -9
6
-7
410
Posterior cingulate gyrus
31
M 5
-59 27
355
Cerebellum
---L -41 -65 -37
308
Middle temporal gyrus
20,21
65 -20 -13
221
Angular gyrus*
39
44 -65 30
Inferior parietal lobe
40
48 -58 39
103
Middle temporal gyrus
20
-65 -23 -13
102
Cerebellum
---44 -62 -34
90
Parahippocampal gyrus
28
-17 -11 -10
55
Angular gyrus
39
-38 -71 30
44
Cerebellum
----5 -41 -37
30
Cerebellum
----5 -41 -13
29
Parahippocampal gyrus
28
20 -14 -10
21
Inferior temporal gyrus
20
-47 -17 -28
20
Inferior temporal gyrus
20
-32
2 -37
BA = Broadmann Area; H = hemisphere; T&T Talairach and Tournoux coordinates;
R = right; L = left; M = midline
* Location of peak voxel of cluster that extended into multiple regions
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Table 13: Differences in Resting State Connectivity:
Left Inferior Frontal Gyrus Connectivity > Right Superior Frontal Gyrus Connectivity
Coordinates
(T&T)
BA
H
x
y
z
voxels
9051
Inferior frontal gyrus*
45, 44, 46
L -40
7
21
Medial frontal gyrus
6
M
Middle frontal gyrus
10, 9, 46
R 29
36
26
Middle frontal gyrus
10, 9, 46
L -41 38
21
Inferior frontal gyrus
46, 45, 44
R 55
11
18
Precentral gyrus
6
R 42 -12 38
Precentral gyrus
6
L -50 -1
30
Postcentral gyrus
3,1,2
R 56 -27 39
Postcentral gyrus
43
L -52 -23 20
Superior temporal gyrus
42, 22
R 63 -21 14
Superior temporal gyrus
22
L -46 -13
2
Inferior temporal gyrus
37
R 51 -47 -13
Middle temporal gyrus
21
R 45
48
6
Middle temporal gyrus
21
L -44 -56
2
Inferior parietal lobe
40
R 48 -36 38
Inferior parietal lobe
40
L -55 -40 30
Midcingulate cortex
24
M -2 -13 36
Posterior cingulate
23
R 19 -47
8
Middle occipital gyrus
18/19
R 28 -87 19
Middle occipital gyrus
19
L -46 -60 -4
Superior parietal lobe
7
R 24 -57 53
Cuneus
18
M 1
-82 15
Superior parietal lobe
7
L -16 -61 48
Caudate
---M -8
-5
19
Thalamus
R 19 -16 17
Thalamus
---L -17 -13 16
46
Cerebellum
----47 -38 -31
24
Superior temporal gyrus
38
-26 14 -25
24
Posterior cingulate
23
-23 -59 21
20
Precentral gyrus
4
-35 -17 36
BA = Broadmann Area; H = hemisphere; T&T Talairach and Tournoux coordinates;
R = right; L = left; M = midline
* Location of peak voxel of cluster that extended into multiple regions
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Appendix B
Figures
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Appendix C
Directed Forgetting task instructions
Inhibition Task: “In this task we are looking at whether a person’s ability to ignore
irrelevant information will affect how well they can focus on other information. You will
be shown a series of words displayed one at a time. Each word will be followed by
colored pound signs. If the pound signs that follow the word are green, you should try to
remember the word that was presented before, as your memory for those words will be
tested later. If the pound signs are red, you do not need to remember the previous word,
because it won’t be on the memory test. You should try to forget the word. When you are
shown a blue “+” you should get ready for the next trial because another word will appear
shortly. There are five blocks of words in this task. Each block is about six minutes long.
You will have a chance to rest in between blocks, and can let us know when you are
ready to continue after each break. “
Retrieval: “Now you will complete a memory test, in which you must decide whether
the word that appears was shown during the study session, or whether it is a completely
new word. We are testing your memory for ALL words, regardless of whether it was
followed by a remember or forget cue. Each word will be displayed on the screen for 2.5
seconds and you will have that time to decide whether you had seen the word in while
you were in the scanner. You have three ways to respond. Choose REMEMBER if you
saw the word during part 1 AND you clearly remember specific details about it. Choose
KNOW if you saw the word during part 1 but you do not remember specific details about
its presentation. Choose NEW if you have not seen the word before in this study. Your
decision depends ONLY on whether you saw the word, and how clearly you remember it.
Whether the word was presented in red or green should NOT factor into your decision.
Do you have any questions? Do you understand the difference between “remember” and
“know” judgments? I know that this is a difficult task, especially since I’m testing your
memory on words I told you to forget! Don’t worry if this seems hard – it is for
everyone.”
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Appendix D
Think/No-Think task instructions
Initial Presentation: “I am going to present you with several pairs of words. Your goal
is to try to memorize each pair as best you can. Additionally, I want you to judge how
pleasant you think each pair is. If you think the pair is pleasant, press the 1 key. If you
think the pair is unpleasant, press the 2 key. After the program has finished presenting the
word pairs, come get me and I’ll give you instructions for the next task. Do you have any
questions?”
Encoding: “I’m going to help you continue to learn the word pairs you just saw on the
computer. I am going to show you a card with the first word printed on it. When you see
the word, I want you to say the associated word out loud. If you get the word right, I’ll
put it in this pile over here. If you get it wrong, I’ll show you the correct answer, and put
the card back in the pile. We’ll continue until you’ve learned all of the words.”
Inhibition Task: “Now we’re going to try something a little different. Do you remember
those word pairs you memorized a little while ago? The first word of each pair is going to
appear on the screen, one at a time. Each word will be presented in either green or red
font. If the word is presented in GREEN, I want you to THINK about that word’s pair.
You don’t need to say it out-loud, but just think about it for the entire time the first word
is on the screen. However, if the word is presented in RED, I want you to try really hard
to NOT THINK about the associated word. It will be hard, but it’s really important that
you try your best to follow these instructions. You will complete five blocks of this task,
and can take short breaks in between. Do you have any questions?”
Retrieval: “Congratulations – you’re almost done! On this sheet I have provided you
with the first word of each word pair you originally studied. I want you to write down the
associated word for each pair. Please do your best to recall as many words as possible.
You can let me know when you’re done.”
	
  
	
  
128	
  
	
  

	
  

Appendix E
Go/No-Go task instructions
Inhibition Task: “You are going to see a series of words on the screen. If the word is
presented in green, I wanted you to press the button with your pointer finger. If the word
is presented in red, do NOT make a key press. Both speed and accuracy are equally
important.”
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Appendix F
Stop Signal Reaction Time task instructions
Pre-Scan Practice: “For the next ten minutes, you’re going to work on a different task.
A word will appear on the screen in either green or red font. If the word appears in green,
press the ‘M’ key as quickly as possible. However, if the word turns red, do NOT make a
key press. The goals of this task are both speed and accuracy. I want to you make the
button presses to green words as quickly as possible, but also make sure to NOT make
key presses to red words. Do you have any questions?”
Inhibition Task: “Now you are going to do a task that you first practiced outside the
scanner when you were here last time. A word is going to appear on the screen in
GREEN. As soon as you see it, press the button under your pointer finger as quickly as
possible. However, if the word turns to RED, try as hard as you can to NOT make a key
press. Both speed and accuracy are equally important. This task will be broken up into
four blocks, each of which last about four minutes. As usual, you will be able to take
breaks in between the blocks, and can let us know when you are ready to continue.”
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Appendix G
Correction for multiple comparisons
As previously noted, the results of all neuroimaging analyses were reported at an
uncorrected threshold of p < 0.05, with a cluster extent threshold of 20 voxels (540 mm3).
Two different simulations were conducted to derive a correction for multiple
comparisons. Alpha Sim, a simulation run through AFNI, required an individual voxel
threshold of p < 0.05 with a cluster extent threshold of 440 voxels (11880 mm3) to yield
whole-brain results corrected for multiple comparisons at p < 0.05. Monte Carlo, a
simulation run through MATLAB, and developed by Dr. Scott D. Slotnick
(http://www2.bc.edu/slotnics/scripts.htm), required an individual voxel threshold of p <
0.05 with a cluster extent threshold of 17 voxels (459 mm3) to yield whole-brain results
corrected for multiple comparisons at p < 0.05. Although both of these simulations are
widely used throughout the neuroimaging community, a very clear and unexplainable
discrepancy emerges between them. In the case of the Alpha Sim correction, only eight of
the 137 reported clusters would have survived the correction. The Monte Carlo
correction, however, yielded a threshold that was smaller than that which was originally
used with the uncorrected p value. Due to the lack of consistency between these two
simulations, neither was used in the reporting of the current results.
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Appendix H
Sample of activation tables of previous response inhibition studies	
  
Middle and superior frontal gyrus activation (highlighted in green) is reported more
frequently than activation of the inferior frontal gyrus (highlighted in red), as illustrated
by a sample of four published response inhibition papers.
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Appendix H
continued
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