
Inhibitory Control of Memory Retrieval and Motor Processing
Associated with the Right Lateral Prefrontal Cortex: Evidence
from Deficits in Individuals with ADHD

Brendan E. Depue, Ph.D.1,2, Gregory C. Burgess, Ph.D.3, Erik G. Willcutt, Ph.D.1, Luka Ruzic,
B.A.3, and Marie T. Banich, Ph.D.1,3,4
Brendan E. Depue: depue@colorado.edu; Gregory C. Burgess: greg.burgess@colorado.edu; Erik G. Willcutt:
erik.willcutt@colorado.edu; Luka Ruzic: anotherluka@gmail.com; Marie T. Banich: marie.banich@colorado.edu
1 Department of Psychology and Neuroscience University of Colorado at Boulder, 345 UCB,
Boulder, CO 80309
2 Center for Neuroscience, University of Colorado at Boulder, 345 UCB, Boulder, CO 80309
3 Institute for Cognitive Science, University of Colorado at Boulder, 345 UCB, Boulder, CO 80309
4 Department of Psychiatry, University of Colorado Denver

Abstract
Studies of inhibitory control have focused on inhibition of motor responses. Individuals with ADHD
consistently show reductions in inhibitory control and exhibit reduced activity of rLPFC activity
compared to controls when performing such tasks. Recently these same brain regions have been
implicated in the inhibition of memory retrieval. The degree to which inhibition of motor responses
and inhibition of memory retrieval might involve overlapping systems has been relatively
unexplored. The current study examined whether inhibitory difficulties in ADHD extend to inhibitory
control over memory retrieval. During fMRI 16 individuals with ADHD and 16 controls performed
the Think/No-Think (TNT) task. Behaviorally, the Stop Signal Reaction Time task (SSRT) was used
to assess inhibitory control over motor responses. To link both of these measures to behavior, the
severity of inattentive and hyperactive symptomatology was also assessed. Behaviorally, ADHD
individuals had specific difficulty in inhibiting, but not in elaborating/increasing memory retrieval,
which was correlated with symptom severity and longer SSRT. Additionally, ADHD individuals
showed reduced activity in rLPFC during the TNT, as compared to control individuals. Moreover,
unlike controls, in whom the correlation between activity of the rMFG and hippocampus predicts
inhibitory success, no such correlation was observed for ADHD individuals. Moreover, decreased
activity in rIFG in individuals with ADHD predicted a decrease in the ability to inhibit motor
responses. These results suggest that inhibitory functions of rLPFC include control over both memory
and motoric processes. They also suggest that inhibitory deficits in individuals with ADHD extend
to the memory domain.
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Introduction
ADHD, a common neuropsychological disorder in both children and adults has detrimental
effects on academic, vocational, and social functioning. These individuals often exhibit deficits
in inhibitory control, examined mainly in the motor domain, as indexed by tasks such as the
Go/No-Go (Gomez, 2003; Borger & Van der Meere, 2000) and Stop-Signal paradigms
(Ooosterlaan et al., 1998; Oosterlaan et al., 1996; Nigg, 1999). Increases in Stop-Signal reaction
time (SSRT) in individuals with ADHD compared to controls represent one of the largest effect
sizes in group comparisons (Ooosterlaan et al., 1998). Hence, examining the nature of
inhibitory dysfunction in individuals with ADHD may provide insights into the psychological
and neural correlates of inhibitory control in the neurologically normal brain.

Neuroimaging studies demonstrate that regions of the right lateral prefrontal cortex (rLPFC),
including superior (SFG), middle (MFG), and most significantly the inferior frontal (IFG) gyri
play a critical role in the inhibition of motor responses in neurologically-intact individuals
(Aron et al., 2007, Aron & Poldrack, 2006) and become active during performance of both Go/
No-Go (Yamaguchi et al., 2008; Garavan et al., 2006; Fassbender et al., 2006; Garavan et al.,
1999) and Stop-signal tasks (Yamaguchi et al., 2008; Chevrier et al., 2007; Chamberlain et al.,
2009). In contrast, individuals with ADHD show reduced activation, compared to controls, and
anatomical correlations in these rLPFC regions when performing such tasks (Booth et al.,
2005; Tamm et al., 2004; Casey et al., 1997; Rubia et al., 1999; Rubia et al., 2005; Depue et
al., 2010).

While inhibitory control in ADHD individuals has mainly been examined in the motor domain,
some studies indicate that these individuals display reduced inhibitory control in interference
tasks (Attentional Network Task; Konrad et al., 2006; for a review see; Sergeant et al., 2003).
What is less clear is whether inhibitory deficits in ADHD individuals are affected in other
psychological/cognitive domains like memory (White & Marks, 2004). One reason for
expecting broad inhibitory deficits in ADHD is that rLPFC may support inhibition across
different domains (e.g., motor response, emotion, thought, and memory processes; Aron et al.,
2004), although research directly examining this issue is scarce. Providing the possibility that
an inhibitory brain mechanism which exerts control over multiple domains exists, the ERP N2
component, though to index response inhibition, is correlated with a similar N2 component
during NT trials (Mecklinger et al., 2009). Additional evidence suggests rLPFC regions
become active when individuals are asked to inhibit or dampen down an emotional response
(Phan et al., 2005).

Additional evidence for the role of rLFPC in inhibition in the cognitive domain is provided by
neuroimaging studies using the Think/No-Think (TNT) task (Anderson et al., 2004; Depue et
al., 2007; for a review see Anderson & Levy, 2009), a task based on the Go/No-Go task, which
is often used to measure inhibition in the motoric domain. This task examines the efficacy of
inhibiting the retrieval of memories rather than inhibiting a motor response. Examinations of
inhibition over emotional memory retrieval have implicated two rLPFC mechanisms (Depue
et al., 2007). One localized to rIFG, appears to modulate activity in brain regions that support
sensory components of the memory, including the pulvinar (Pul) and fusiform gyrus (FG),
while a second localized to rMFG modulates activity in brain regions that support multi-modal
components of memory, including the hippocampus (Hip) and amygdala (Amy). Of
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importance, these rLPFC regions overlap with prefrontal regions typically implicated in
response inhibition.

The objective of the current study was to examine inhibitory function outside the motor domain
in individuals with ADHD to determine whether they also exhibit dysfunction during inhibition
of memory retrieval processes. Furthermore, because these individuals express difficulty in
inhibitory control, they are suited well to test our model of inhibition over emotional memory
retrieval (Depue et al., 2007), which suggests that regions of rLPFC are important for providing
top-down cognitive control over the hippocampus that results in the inhibition of memory
retrieval. Accordingly, we examined the neural underpinnings of performance on the TNT task
in a group of young adults with ADHD, and compared their brain activation to previously-
reported data from a non-ADHD control group (Depue et al., 2007).

In view of the role of rLPFC in inhibition across domains of motor, emotional, and memory
processes in non-psychiatric individuals combined with findings of deficient inhibition of
motor responses in ADHD individuals, as compared to controls (Casey et al., 1997; Rubia et
al., 1999; Rubia et al., 2005), we hypothesized that individuals with ADHD would have
difficulty inhibiting memory retrieval and thus, decreased activity in rLPFC. Likewise, based
on our prior research (Depue et al., 2007), decreased rLPFC activity would be associated with
decreased down-regulation of posterior regions that support memory, during inhibition of
memory retrieval (i.e., Pul, FG, Hip, Amy). The latter implies that the negative relationship
between activity in rLPFC and posterior sites should be significantly reduced compared to
control individuals. In addition, if rLPFC supports inhibitory processes across multiple
domains, activity in these regions during the TNT task is expected to correlate with behavioral
measures of motor inhibition, which we assessed in our ADHD sample using with the Stop-
Signal paradigm. These individual difference measures have previously been used as a
powerful tool to understand differences in the inhibition over memory retrieval (Levy &
Anderson, 2008; Paz-Alonso et al., 2010; Depue et al., 2006; 2007).

Methods
Participants

Sixteen young adults with ADHD (10 male, 6 female) and 16 healthy controls (10 males, 6
females) all between 18 and 23 years of age, served as participants. A portion of the data from
control individuals has previously been presented (Depue et al., 2007). Of note, groups were
tested concurrently in the same scanning environment. Groups did not differ in age [t(30)=−.
58, p=.57; control mean=19.75, ADHD mean=20.06] nor distribution of gender (10 males and
6 females in each group). A table showing the descriptive characteristics for both groups can
be found in S1, as well as full participant selection procedures can be found below.

Initial screening of the unselected sample—An unselected sample of 3,913
undergraduates completed a battery of self-report rating scales that included the Self-Report
form of the ADHD Current and Childhood Symptom Scales (Barkley & Murphy, 1998). The
initial screening measures were administered to groups of 20–40 individuals as part of the
research participation requirement of a large introductory psychology course. Permission was
also requested to allow us to send the Other Report version of the Current and Childhood
Symptom Scales (Barkley & Murphy, 1998) to the participant’s parent or other primary
caregiver during childhood. Approximately 72% of the participants provided consent for the
questionnaire to be sent to their parent or caregiver.

Individual assessment of groups with and without DSM-IV ADHD—As part of an
ongoing study of neuropsychological functioning in young adults with ADHD, a subset of
participants from the initial screening sample were invited to participate in a more extensive
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individual testing session that included measures of general intelligence, academic
achievement, and neuropsychological functioning. Participants who met symptom criteria for
any DSM-IV ADHD subtype based on parent or self-report ratings on the Childhood and
Current Symptom Scales were invited to complete the individual testing session (N = 207).
ADHD ratings by participants and parents were combined based on an algorithm parallel to
the procedures used in the DSM-IV field trials for the disruptive behavior disorders (Lahey et
al., 1994). In addition, a comparison sample without ADHD (N = 98) was randomly selected
from the remainder of the screening sample and invited to participate in the individual
assessment.

Identification of groups with and without DSM-IV ADHD combined type/
Diagnostic algorithm for the combined type—At the conclusion of the individual
assessment session, participants who met criteria for DSM-IV ADHD - combined type and
who met all inclusion criteria for the MR protocol were invited to participate in the fMRI study.
Individuals who matched our control group in gender and age were then selected. This yielded
sixteen individuals with ADHD, who are included in the subsequent analyses. The diagnosis
of the combined type in adulthood is complicated by the fact that symptoms of ADHD decline
with increasing age, particularly on measures of hyperactivity-impulsivity (e.g., DuPaul et al.,
1998; Nolan et al., 1999; Nolan et al., 2001). Therefore, four criteria were used to operationally
define participants with the combined type for the fMRI study: (1) Retrospective reports by
the participant or the parent indicated that he or she met DSM-IV criteria for the combined
type during childhood; (2) the participant currently met criteria for DSM-IV ADHD; (3) the
ADHD symptoms led to significant functional impairment, and (4) the onset of the ADHD
symptoms was prior to 7 years of age.

Measures of functional impairment—To ensure that participants met DSM-IV criteria
C and D specifying that the symptoms of ADHD must lead to significant impairment across
settings, all participants completed multiple measures of functional impairment as part of the
initial screening. As noted previously, the Current and Childhood Scales and interview include
specific questions regarding the impact of ADHD symptoms on the individual’s social,
occupational, educational, and overall daily functioning (Barkley & Murphy, 1998). To
supplement these items, during the initial screening all participants completed a more detailed
impairment questionnaire developed for this study (Willcutt et al., submitted). The impairment
scale includes a broader range of questions regarding academic functioning (high school and
college grade point average, completion of assignments, retention of academic material),
interpersonal relationships (both friendships and romantic relationships), and specific aspects
of adaptive functioning such as money management, driving performance, and occupational
functioning. Finally, a summary measure of global functioning was obtained during the initial
screening by asking the participant and parent to rate the individual’s lowest overall functioning
during the past year on a Global Assessment of Functioning Scale that corresponds directly to
Axis V in DSM-IV.

The battery of impairment measures was used to derive composite measures of global,
academic, social, and occupational functioning, management of daily responsibilities, and
driving impairment. Significant impairment in each of these domains was defined by a score
at or above the 93rd percentile of the total screening sample on the composite measure.

Intelligence and academic achievement—The Matrix Reasoning subtest from the
Wechsler Adult Intelligence Scale, Third Edition (WAIS-III; Wechsler, 1997) was
administered to assess nonverbal abilities, and verbal abilities were measured by the WAIS-
III Vocabulary subtest. A linear transformation was used to rescale the subtest scores to the
format typically used to report Verbal and Performance IQ (M = 100, SD = 15), and the mean
of these scores was used as an estimate of Full Scale IQ. The Woodcock-Johnson Tests of
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Achievement, Third Edition (WJ-III; Woodcock, et al., 2001) was used to assess academic
achievement in mathematics (Calculations and Math Fluency) and reading-related domains
(Letter-Word Identification, Word Attack, and Spelling). Reading disability was defined by a
standard score below 85 on the Letter-Word Identification subtest, and math disability was
defined by a score below 85 on the Calculations subtest.

Criteria for the comparison group—The comparison group for the fMRI study included
16 individuals who did not meet current or lifetime criteria for any DSM-IV ADHD subtype
based on the rating scales. The control and ADHD samples were matched as a group on age,
sex, and academic year.

Exclusion Criteria—Potential participants were excluded from both groups if they reported
a previous diagnosis of a Learning Disability (LD) or met our study criteria for an LD on the
measures of reading or math achievement (Woodcock-Johnson III) described in the subsequent
section. Individuals with any psychiatric disorder (Depressive/Anxiety disorders, bipolar,
Obsessive-Compulsive Disorder, Post-Traumatic Stress Disorder and Tourettes) were also
excluded, as assessed by a self report questionnaire identifying past or present conditions, as
were potential participants who had an estimated Full Scale IQ < 80, were pregnant, were left
handed, had metal in their body that could not be removed (e.g., cardiac pacemaker), had a
previous history of seizures or a head injury with loss of consciousness, or any other
contraindication for the MR environment. All participants of the ADHD group (N=16) were
currently taking stimulant medication and asked to abstain from taking their medication 24
hours prior to scanning. At the time of scanning abstinence was assessed, if the participant had
recently taken (<24hr) their medication they were excluded from the study.

Procedure
Think/No-Think—Anderson and Green’s (2001), Think/No-Think paradigm was utilized
using face-picture pairs (Depue et al., 2006; 2007). Forty faces (female) previously normalized
as having a neutral expression were used. Forty images were selected from the International
Affective Picture Series (IAPS), negative in emotional content (Lang et al., 1995). Pictures
were selected at a median level of negative affect on a scale of 1–9 (mean = 4.1, SD = .55).
Due to the IAPS having no relatedness scores, two independent raters selected pictures to have
as minimal relatedness in content as possible, in order to eliminate possible grouping effects.
The experiment was designed with E-Prime software from Psychology Software Testing,
which was used to display the stimuli and record performance on a Dell computer.

The experimental procedure was divided into three phases: training, experimental, and testing.
In the training phase, participants learned 40 face picture pairs, which were displayed for 4 s.
Participants first viewed each pair and, after 20 pairs, were shown a face and asked to select
which of two pictures was originally paired with the face. Both of the two pictures came from
the training phase so that novelty of one choice could not be used as a potential alternative cue
for recognition. This procedure continued in sets of 20 until the participant could recognize
the correct picture previously paired with a face with 97.5% accuracy (39 items) over all 40
pairs. In the experimental phase, participants saw the face for only 32 of the 40 pairs, half of
these being relegated to the Think Condition, and half to the No-Think condition. In both
conditions, a trial consisted of a face for 3.5 s, and then a 500 ms inter-trial interval. The color
of a border around the faces indicated the condition: green for Think trials and red for No-
Think trials.

As in Anderson and Green (2001), in the Think condition, participants were told “Think of the
picture previously associated with the face”, whereas in the No-Think condition they were told
“Do not to let the previously associated picture come into consciousness”. Within each
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condition (Think/No-Think), participants viewed faces 12 times, randomly distributed across
all 512 trails. The 8 faces not shown in the experimental phase served as a 0-repetition baseline.

During the test phase, participants were shown each of the faces and told to write down a brief
description of the picture originally associated with it. These data provided the accuracy
measures.

Stop-signal Task—Only ADHD participants completed the Stop-signal task (Logan &
Cowan, 1984) and thus, it was used for correlation purposes for these individuals only. On
primary task trials, the letters X or O are presented in the center of the monitor for 500 ms, and
the participant responds by pressing the corresponding key on the keyboard. On stop-signal
trials the same visual stimulus appears, but an auditory tone is also presented shortly after the
X or the O appears on the screen. The participant is instructed to press the X or O key as rapidly
as possible for each trial, but to inhibit the key press on each of the trials on which the tone is
presented. The primary dependent measure is stop-signal reaction time, a measure of the
duration of the inhibitory process (Logan & Cowan, 1984; Nichols & Waschbusch, 2004).
Longer SSRTs indicate greater difficulty inhibiting/cancelling an ongoing response.

Image Acquisition/Analysis
Image Analysis—Standard image Acquisition and Analysis procedures for FSL can be
found in full detail in S2.

Percent signal change (ΔS) analyses were performed using FSL’s (Analysis group, FMRIB,
Oxford, UK, http://www.fmrib.ox.ac.uk/fsl/) Featquery signal change processing tool.
Featquery was used to interrogate ΔS of regions of interest (ROIs) defined for the control
individuals by our prior results (Depue et al., 2007) and defined for the ADHD individuals
based on results of the current whole brain analysis (NT>T). ROIs included: right middle frontal
gyrus (rMFG, controls only), right inferior frontal gyrus (rIFG), right BA10 (fronto-polar
cortex) bilateral amygdala (Amy), bilateral hippocampus (Hip), bilateral pulvinar (Pul) and
bilateral fusiform gyrus (FG). Next, associated ΔS was calculated using a 5mm3 sphere around
the peak of activation within the ROIs based on our results of our whole brain NT>T SPMs,
for each individual. This ΔS is derived from lower level analyses for each individual’s contrast,
so as to not contaminate the results from the mixed effects model used at the higher level group
comparison that includes between subjects variance. Regions included right-sided rMFG, rIFG,
rBA10 and bilateral posterior regions: Amy, Hip, Pul, and FG. These peak-based spheres were
then interrogated within our modeled experimental paradigm to examine differences between
NT and T conditions versus a fixation baseline to establish the ΔS that was related to each
condition (NT or T). Peaks within ROIs were selected individually for each group based on
the NT>baseline contrast. The only exception to this approach was the peak used for rMFG,
which did not show a significant increase in activation in ADHD individuals. To provide as
unbiased a peak as possible, data for both ADHD and control individuals were combined and
the maximal site of activation for the NT>baseline contrast was selected (MNI= x=36, y=31,
z=30). Parameter estimates were then converted to ΔS values before reporting. To assess paired
correlations across the raw time series, we extracted ΔS from the NT>baseline contrast for
each brain region within an individual (intra-individual). This ΔS from individual brain regions
was correlated for all pairs of brain regions (i.e., rMFG and Hip) on an individual basis. These
resulting r-values were transformed to Zvalues which were then correlated with the variable
of interest (i.e., symptomatology, SSRT, inhibition index). This approach is similar to the
approach outlined by Koshino and colleagues (2005).
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Results
Behavioral Results

Behavioral accuracy was determined from the final recall test. A two-way ANOVA with the
factors of Group (ADHD, Control) and Condition (Think, No-Think) revealed no main effect
of Group (p=.64), a significant main effect of Condition [F(1,31)=17.24, p=.0001], such that
NT items were recalled significantly less than T items, and a trend towards significance for the
interaction of Group x Condition [F(1,31)=2.81, p=.07]. Because the groups differed in
baseline levels of recall (57.5% vs. 62.5%; ADHD, controls respectively), t-tests were used to
compare conditions within group (T vs. NT, T vs. baseline, NT vs. baseline), as well as across
groups for each condition (ADHD vs. Control). ADHD individuals showed a significant trend
for greater recall during T than NT items [t(15)=1.48, p=.08] and T than baseline items t(15)
=1.46, p=.10] but no difference between NT items and baseline items [t(15)=.14, p=.89].
Control individuals exhibited greater recall for T than NT items [t(15)= −4.29, p=.0006], a
trend for greater recall of T than baseline items t(15)=1.49, p=.07], and a significant reduction
of NT relative to baseline items [t(15)= −2.28, p=.02]. Significant group differences emerged
both for lower recall in the NT condition for control individuals than ADHD individuals [t(30)
=2.12, p<.05], as well as, an increased reduction for NT trials relative to baseline (NT-Base)
for control individuals than ADHD individuals [t(30)=2.06, p<.05]. Stop-signal results for the
ADHD individuals can be found in Supplementary Materials (S3).

Group Comparisons of Memory Retrieval Inhibition: Whole Brain Analysis
Our recently outlined model (Depue et al., 2007), suggested that two sets of regions are
involved in inhibiting emotional memory retrieval: 1) increased activity in rIFG correlates with
decreased activity in sensory-related regions, including the pulvinar (Pul) and the fusiform
gyrus (FG), and 2) increased activity in rMFG correlates with decreased activity of multi-modal
memory regions, including the hippocampus (Hip) and amygdala (Amy). Furthermore, the two
prefrontal regions (rIFG, rMFG) show correlations with rBA10. Of note, we refer to rIFG and
rMFG as prefrontal regions and Pul, FG, Hip and Amy as posterior regions for the remainder
of the paper. Whole brain analyses for the contrast of NT>T trials in ADHD individuals showed
the same regions of activity previously observed in controls (Depue et al., 2007), with the
exception of rMFG (see S4).

To establish whether these differences were robust, we directly compared brain activation for
the two groups for the contrast of NT>T trials. Group differences in prefrontal brain regions
revealed an area of rMFG that control individuals activate to a significantly greater degree than
ADHD individuals. Conversely, posterior brain regions yielded greater activation in the ADHD
as compared to the control group within regions of Pul, FG, the parahippocampal gyrus (PHG),
the Hip, and Amy. Importantly, the area of rMFG is thought to be important for communication
with the Hip and Amy (Depue et al., 2007). Similarly, the finding of increased activity in
ADHD individuals within Pul, FG, PHG, Hip, and Amy include all posterior regions
decreased during inhibition over memory retrieval in the control group.

Because the contrast of NT>T includes signal from both NT and T trails we wished to determine
the activity in each condition (T, NT) independently compared to the fixation baseline in a
whole brain group comparison analysis (Z=2.81, p<.005). The group difference in rMFG
occurred because of greater activation for the control than the ADHD group for NT trials (p<.
005), while no significant difference was apparent for T trials. Decreased activation in rLPFC
in the ADHD group appears to be specific to inhibitory processing, and does not extend to
cognitive control required to maintain or elaborate emotional memories. Group differences in
posterior brain regions occurred because the ADHD group as compared to controls, showed
increased activation on NT trials for all posterior brain regions (p<.005), whereas no differences
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were observed for T trials. Hence, these analyses reveal that group differences in brain
activation are driven by NT trials.

Comparison of ROI Signal Change
Our prior study (Depue et al., 2007) suggested that the time course of activation in both the
prefrontal and posterior regions varied systematically across the multiple attempts (i.e, 12
trials) at cognitive control. To investigate this issue, percent signal change (ΔS) for each of the
ROIs: two prefrontal (rIFG, rMFG) and four posterior regions (Pul, FG, Hip, Amy) was
extracted for the NT>baseline condition on a quartile-by-quartile basis to investigate how the
ΔS evolves over the time course. Because we previously established that group differences
were apparent in NT trials as compared to T trials vs. baseline, we conducted these analyses
on the NT>baseline contrast, in order to examine the signal specifically related to NT trials.

ADHD individuals show significantly less activation of rIFG compared to baseline, compared
to control individuals, during the second quartile (Fig. 3A). More strikingly, ADHD individuals
did not significantly activate rMFG above baseline for any quartile and showed significantly
less activation than control individuals, who activate rMFG above baseline during the latter
three quartiles (Fig. 3B). Furthermore, within posterior regions, ADHD individuals’ exhibit
increased activation compared to baseline, whereas control individuals show reduced activity
below baseline, most significant in the third and fourth quartile (Fig. 3C–F). These results
indicate that, as compared to controls, ADHD individuals’ exhibit reduced activation in
prefrontal regions, predominantly rMFG, which is accompanied by greater activity in posterior
regions that support memory representation.

Although as a group, the ADHD individuals showed no behavioral inhibition over memory
retrieval below baseline recall, some individuals (N=5) did show behavioral inhibition during
the recall test. Using the same methodology as above, the patterns of ΔS for this subset of
ADHD individuals was examined to see if they differed from the other ADHD individuals
(N=11) and were more similar to controls. The results (see S5) indicate that these individuals
exhibit significant increased signal (p<.05) in rMFG in the second and third quartile and
reduced signal below baseline (p<.05) in the Hip and Amy in the fourth quartile.

Interestingly, no group differences in ΔS emerged for rBA10 and while ADHD individuals
showed little ΔS in rMFG, they still exhibited correlations of rBA10 and rMFG, as well as
rIFG (see S6). Importantly, this finding replicates our previous model in which BA10 showed
correlations with prefrontal regions in control individuals.

Correlations across Brain Regions, Behavior and Symptoms: Individual Differences
If prefrontal regions exert control by communicating with posterior regions to inhibit emotional
memory retrieval, one would predict significant negative correlations between activity in
prefrontal and posterior regions in controls that would be absent or diminished in the ADHD
group. The correlation of activity in these brain regions with behavioral performance likewise
would also be reduced or absent in ADHD as compared to control individuals. All group
differences between magnitudes of correlations were assessed by Fisher’s Z.

These predictions were tested in three different analyses. First, we correlated the mean ΔS
(NT>baseline) between pairs of ROIs across individuals (inter-individual) (correlation values
positioned next to the orange and green arrows in Figure 4). Across control individuals, there
was a significant negative correlation between activity in prefrontal and posterior regions (rIFG
and Pul/FG, rMFG and Hip/Amy), whereas none of these correlations were significant across
the ADHD individuals. Moreover, these correlations significantly differed or indicated a trend
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between the groups for all regions [rIFG-Pul (p<.05), rIFG-FG (p<.06), rMFG-Hip (p<.001),
rMFG-Amy (p<.00001).

Second, to examine how behavioral performance correlates with the activity of these brain
regions as assessed by mean ΔS (NT>baseline) within that region, we calculated an inhibition
index, which was the percentage of successfully inhibited NT items compared to the percentage
of recalled baseline items. As shown in Figure 4 (correlation values shown within blue text
boxes), across control individuals (inter-individual), increases in inhibition of memory retrieval
correlated with great activity in rMFG (r=.51), and less activity in the Hip (r=−0.66). In contrast,
for ADHD individuals, there was no significant correlation between activity in these regions
and inhibition of memory retrieval, leading to a significant difference in the size of the
correlations between the groups for the correlation of the Hip and inhibition index (p<.005).

Finally, we calculated paired correlations across the raw time series ΔS (NT>baseline) for
pairs of brain regions within an individual (intra-individual) and converted these to Z-values,
this approach is similar to the approach outlined by Koshino and colleagues (2005). These Z-
values were then correlated with an individual’s inhibition index (correlations within small
circles in Figure 4). Within control individuals, the greater the negative association between
the time series of activation between rMFG - Hip and between rMFG - Amy, the greater the
inhibition of memory retrieval. These correlations were not significant for ADHD individuals.
As a result, a significant group difference emerged in the size of the correlations between rMFG
- Hip and inhibition index (p<.05).

In sum, these three correlational analyses suggest that the negative relation of activity between
prefrontal and posterior brain regions, especially between rMFG and the Hip, in control
individuals is related to the ability to inhibit emotional memory retrieval. Although the lack of
any significant correlations in the ADHD group might be indicative of a lack of power of our
measures, this is not likely to be the case because, as discussed next, these measures of brain
functioning did correlate with other behavioral measures.

If, as predicted, activity in these brain regions is related to the ability to exert inhibitory control,
then within the ADHD group one should observe a significant relationship with the behavioral
severity of ADHD symptomatology, as well as other behavioral measures of inhibitory
function. To investigate this issue, correlations were computed between brain activity with
lifetime Likert scores for both inattentive and hyperactive symptoms of ADHD, as well as with
inhibition over motor responses on a standard Stop-Signal reaction time task (SSRT) (S2), all
of which are shown in Table 1. Measures of brain activity were the same measures reported
above; mean ΔS (NT>baseline) across individuals for a given ROI, as well as correlation of
the raw time series ΔS (NT>baseline) for pairs of brain regions within an individual. For
comparison, associations of brain activity with inhibition of emotional memory retrieval are
also shown in Table 1. To assure that these correlation were not caused by skewed distribution
of ΔS or outliers we present scatter plots in the supplemental material for all significant
correlations found in Table 1 (see S7).

Correlations in Table 1 indicate that, in general, ADHD symptomatology is related to the paired
correlation between activity in prefrontal and posterior brain regions: the higher the
symptomatology, the less the negative correlated activity between prefrontal and posterior
regions. Inattentive symptomatology is related to the Hip and the MFG-Hip correlation,
whereas hyperactive symptomatology, which correlated with inattentive symptomatology,
related more strongly to the IFG-FG correlation. Moreover, increasing levels of both inattentive
and hyperactive symptomatology are significantly related to poorer inhibition over emotional
memory retrieval. Finally, poorer inhibition over motor responses, as measured by SSRT, was
related to a decreased ability to inhibit emotional memory retrieval. Yet performance on SSRT
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was related mainly to the rIFG and rIFG-Pul pathway as opposed to the rMFG-Hip pathway,
suggesting possible distinctions within rLPFC supporting inhibition.

Discussion
The results of our study provide evidence that lateral regions of the right prefrontal cortex are
involved in inhibitory control over both memory and motor processes. This conclusion was
supported by numerous aspects of the pattern of behavior and brain activation in ADHD
individuals as well as the differences observed from control individuals. First, the groups
differed specifically in brain activation associated with prefrontal inhibition of posterior brain
regions. Controls showed significantly greater activation in rLPFC areas, most notably in
rMFG, and significantly reduced activation in posterior regions, compared to ADHD
individuals during trials requiring inhibition of emotional memory retrieval (NT trials). These
prefrontal group differences, characterized by reduced activity in ADHD individuals, were
most apparent across quartiles in rMFG and in the second quartile for rIFG. We interpret these
findings as indicating an inability of ADHD individuals to consistently maintain cognitive/
inhibitory control. Group differences in activation in posterior regions were most apparent
during the fourth quartile where ADHD individuals showed increased activity compared to
control individuals, who exhibit brain activation significantly below baseline. Our prior
behavioral work, as well as others (Depue et al., 2006, Hanslmayr, 2009) has suggested that
successful inhibition over memory retrieval only occurs with a high number of repeated
attempts (10) while a moderate number (5) does not. Thus, by the fourth quartile (between 10–
12 attempts) control individuals show reduced activity below baseline in posterior regions,
whereas ADHD individuals never show such reduction, perhaps as a result of poor cognitive/
inhibitory control exerted by rLPFC. There were no differences between groups in prefrontal
or posterior brain activation during trials not requiring inhibition of posterior brain regions (T
trials). Therefore, reductions in rLPFC activity in ADHD individuals were specific to memory
retrieval processes requiring inhibition.

Second, significant group differences in correlations occurred because controls showed
significant negative correlations of activation between prefrontal (increased activation) and
posterior (decreased activation) brain regions (i.e., rIFG Pul/FG, rMFG Hip/Amy) during NT
trials, whereas none of these correlations were significant across ADHD individuals. Moreover,
correlated activity in rMFG Hip significantly predicted success in inhibiting memory retrieval
in control but not ADHD individuals. These group differences held not only for across-
individual (inter-individual) analyses between brain regions, but also for within-individual
(intra-individual) analyses of the relation across the time series between pairs of regions and
successful inhibition of memory retrieval.

Third, within the ADHD group, greater symptomatology predicted a reduced correlation in
activity between prefrontal and posterior regions. Greater inattentive symptomatology was
related to a reduced correlation in activity between the rMFG and hippocampus, whereas
greater hyperactive symptomatology predicted a reduction in the correlation in activity between
rIFG and FG. The latter finding is not surprising in view of the relation of rIFG activation and
motor activity generally. Importantly, increasing levels of both types of symptomatology
related significantly to poorer inhibition over emotional memory retrieval. The importance of
these interrelations lies in the fact that both inattentive and hyperactive symptomatology in
ADHD have also been interpreted as due to reduced inhibition (Barkley, 1994), and so the
intercorrelation of symptom severity, reduced inhibition over emotional memory retrieval, and
motor disinhibition, suggest a generalized inhibitory deficit across several domains in
individuals with ADHD.
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Fourth, inhibitory influence over motor responses, as measured by the SSRT task, was
significantly related in ADHD individuals to both (i) the inability to inhibit memory retrieval,
and (ii) reduced activation of rLPFC regions and their correlated activity with posterior brain
regions, which is consistent with previous research (Rubia et al., 1999; Rubia et al., 2005).
However, longer SSRT was related mainly to less correlated activity between the rIFG and Pul
rather than correlated activity between the rMFG and Hip/Amy, which appears to be more
important for inhibiting emotional memory retrieval. This pattern is consistent with other
studies that have found rIFG activation to play a critical role in motor response inhibition
(Aron et al., 2007; Aron & Poldrack, 2006). Thus, activity in rIFG and its correlates show a
relation with inhibition in the stimulus-response domain, whereas, activity in rMFG and its
correlates show a relation with inhibition in cognitive domains (e.g., memory retrieval).

These findings suggest that a strong relation between the two domains of inhibition (motor and
cognitive) exists, and that the possibility that each of these domains may rely on somewhat
separable prefrontal regions (rIFG vs. rMFG, respectively). A significant amount of research
supports the possibility of such a dorsal/ventral division within the LPFC (Sakagami &
Wantanabe, 2007; Badre & D’esposito, 2007; Morris et al., 1999). Dorsal areas of LPFC,
particularly areas 9/46 (including MFG) have been shown to modulate cognitive functions that
support top-down cognitive control (Sakagami & Wantanabe, 2007). Anatomically, areas 9/46
connect to hippocampal and parahippocampal regions through the fornix and retrosplenial
cortex (Morris et al., 1999; Petrides et al., 2007) and are notable in doing so, as such connections
do not exist for more ventral prefrontal regions that modulate motor processes. In contrast,
ventral areas of LPFC, particularly BA areas 44, 45, 47 (which incorporate IFG), have been
shown to modulate stimulus representation, including the selection, judgment, and
categorization of such stimuli (Sakagami & Wantanabe, 2007; Morris et al., 1999), through
anatomical connections to the inferior temporal lobe; and as discussed above, motor response
modulation. This dorsal/ventral division of the LPFC also appears to be reflected in our data.

The current data also demonstrate how a translational approach in which a model derived from
neurologically-intact individuals can be applied to a relevant clinical population to inform both
our understanding of the organization of the neurologically-normal brain as well as that of the
clinical population. The selective disruption of activity in rMFG in ADHD individuals, as well
as the lack of correlation in this area with activity in the hippocampus, supports our previous
suggestion that these regions represent critical circuitry underlying the inhibition of emotional
memory retrieval. Furthermore, our results suggest that inhibitory deficits in individuals with
ADHD are not limited to the domain of motor control, but may also apply to internal
representations of information (e.g., memories), which may have implications regarding the
control of attention/memory and academic achievement.

A major issue that is not clear from the current data is the specificity of dysfunction of rLPFC,
and especially area 9/46, in individuals with ADHD, provided we looked at inhibitory tasks
only. One possibility is that dysfunction of rLPFC affects inhibitory processes, per se, across
multiple domains. Alternatively, rLPFC dysfunction might extend more generally to neural
mechanisms involved in cognition that do not only necessarily involve inhibitory modulation.
Evidence that rLPFC is dysfunctional in ADHD individuals is found in the literature in specific
tasks requiring inhibitory control (Boothe et al., 2005; Rubia et al., 1999), as well as, cognitive
control more generally (Valera et al., 2005; Epstein et al., 2007; Smith et al., 2008; Durston et
al., 2007; Stevens et al., 2006; Schneider et al., 2006). Further research will need to compare
performance and brain activity (especially of rLFPC) for tasks carefully matched in demand,
but which vary in the requirement of inhibition (see Hampshire et al., 2010 regarding rIFG).

Although the current study has provided important insights on inhibitory control mechanisms
in the brain, the limitations of the data should be noted. It is important to note that some of our
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analyses examining the effects of NT and T conditions compared to a fixation baseline need
to be interpreted with a word of caution. Any contrast comparing a task condition (NT) to an
unconstrained baseline may contain an element of uncertainty because of the lack of
information about the cognitive processes a participant is engaged in at the time of the fixation
baseline. Therefore, our analyses of NT and T conditions versus a fixation baseline which are
imperative to understanding the relative activation/deactivation of certain brain regions (e.g.,
hippocampus), need to be cautiously interpreted until future studies include a more constrained
baseline, in which causes of relative activation/deactivation of these brain regions can be better
ascribed. Similarly, one of the most important group differences we report is the reduction of
activity in the lateral prefrontal cortex for ADHD compared to control individuals for the
contrast of NT-baseline activity. Because of the limitations of the fMRI technique, we must
acknowledge the fact that baseline differences between the two groups may exist. However,
other aspects of our data suggest that these group differences are indeed driven by group
differences in NT activity and not baseline activity because no group differences were observed
for activation of T trials. If the baseline differed between groups, we would have been likely
to show group differences on T trials as well. Third, the ROI for rMFG was established from
the overall combined group maximal peak activation. Because the ADHD individuals did not
significantly activate this region, it must be noted that correlations within the ADHD
individuals between this region and others are likely to produce null results. However, the
ADHD individuals still exhibited enough variance within rMFG to produce significant paired
correlations with the hippocampus and symptomatology, as well as a trend with SSRT,
indicating these correlations are still important for establishing and testing the previous model
we have outlined. Fourth, all participants were currently prescribed medication. While they
withdrew from stimulant medication prior to scanning, the long-term effects of stimulants on
brain chemistry/anatomy, as well as withdrawal effect are not well known. Fifth, our sample
consisted of mixed gender individuals, while gender did not correlated with any functional
activity, this null result could be due to low power to detect such correlations. Lastly, because
our control population was collected under a different protocol, we did not collect SSRT data
from them. Thus, the results of the SSRT task can only be associated to ADHD individuals
and not the control sample.

In sum, ADHD individuals’ exhibit reduced activity in the rLPFC when inhibiting emotional
memory retrieval, which was also reflected behaviorally. Furthermore, the negative correlation
of activity of this prefrontal with posterior regions involved in memory processing observed
in control individuals was reduced in the ADHD individuals. Significant correlations between
ADHD symptom severity and behavioral measures of inhibition in both the memory and motor
domain with decreased activity of areas of rLPFC, suggests that this region may support
inhibitory control across multiple domains. Furthermore, this inhibitory control may possibly
involve a dorsal/ventral division within the rLPFC, with more dorsal regions supporting
inhibitory control over cognitive processes, while more ventral regions support inhibitory
control over stimulus-response processing. Whether the reduced activity of rLPFC in
individuals with ADHD affects only inhibitory processes or also influences a wider range of
functions involved in cognitive control requires further research.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Behavioral results from both ADHD and control individuals. Ω,* indicates statistically
significant within group comparisons (p<.10, p<.05), while + indicates statistically significant
between group comparisons (p<.05). ADHD individuals’ baseline recall = 58%, Think trials
= 64.7% and No-Think trials = 57.1%. For Control individuals, baseline recall = 62.5%, Think
trials = 71.1% and No-Think trials = 53.2%. Errors bars represent standard error.
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Fig. 2.
Brain regions showing group differences during NT>T trials. Orange indicates greater activity
in ADHD individuals, while blue identifies greater activity in control individuals (Z>2.81, p<.
005, cluster threshold of p<.05 except for hippocampus, amygdala and thalamus).
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Fig. 3.
Comparison of percent signal change for the contrast of NT>baseline in ADHD (red) and
controls (blue) for the critical ROIs involved in inhibition of emotional memory retrieval. *
indicates statistically significant within group comparisons, while + indicates between group
(p<.05). Error bars represent standard error.
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Fig. 4.
Correlations between activity in brain regions (ROIs) and inhibition of memory. Bonferroni
corrected correlations between brain regions’ mean percent signal change across individuals
(inter-individual) is shown next to arrows connecting those brain region (i.e., next to orange
and green arrows). Bonferroni corrected correlations between mean percentage signal change
for a given brain region (inter-individual) and retrieval inhibition (measured as a percentage
of NT trials correctly suppressed) are shown in blue boxes (connected to the retrieval inhibition
rectangle by blue arrows). Correlations between the time series of activity across brain regions
(intra-individual) within an individual and retrieval inhibition (correlations in small circles,
connected to the retrieval inhibition rectangle by brown arrows). Results for the control group
are shown in blue, while those for the ADHD group are shown in red. * indicates statistically
significant within group comparisons, while + indicates between group determined by Fisher’s
Z (p<.05).
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