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Abstract
Individuals who abuse methamphetamine (MA) perform at levels below those of healthy controls
on tests that require cognitive control. As cognitive control deficits may influence the success of
treatment for addiction, we sought to help clarify the neural correlates of this deficit. MA-
dependent (n=10, abstinent 4–7 days) and control subjects (n=18) performed a color-word Stroop
task, which requires cognitive control, during functional MRI (fMRI). The task included a
condition in which participants were required to respond to one stimulus dimension while ignoring
another conflicting dimension, and another condition without conflict. We compared the groups
on performance and neural activation in the two conditions. MA-dependent subjects made more
errors and responded more slowly than controls. Controlling for response times in the incongruent
condition, voxel-wise mixed effects analyses (whole-brain corrected) demonstrated that MA-
dependent subjects had less activation than control subjects in the right inferior frontal gyrus,
supplementary motor cortex/anterior cingulate gyrus and the anterior insular cortex during the
incongruent condition only. MA-dependent subjects did not exhibit greater activation in any brain
region in either of the Stroop conditions. These preliminary findings suggest that hypofunction in
cortical areas that are important for executive function underlies cognitive control deficits
associated with MA dependence.
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1. Introduction
Individuals who chronically use methamphetamine (MA) exhibit cognitive impairments
(Scott et al., 2007; Simon et al., 2010) that may contribute to continued drug use (Lyvers
2000; Goldstein 2002; Lubman et al., 2004) and relapse (Paulus et al., 2005). MA-associated
impairments have been observed on tests of inhibitory control (Salo et al., 2002; Monterosso
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et al., 2005), learning (Volkow et al., 2001b), and decision-making (Paulus et al., 2002;
2003). These deficits persist during abstinence from MA (Chang et al., 2002; Nordahl et al.,
2003) with no significant improvement during the first month (Simon et al., 2010). As most
current therapies for MA dependence involve behavioral interventions (Lee and Rawson,
2008; Smout et al., 2010), cognitive deficits may interfere with the engagement and
completion of a course of treatment for stimulant dependence (Vocci, 2008).

Cognitive deficits may reflect MA-related abnormalities in brain circuits that are important
for executive functions. For example, MA-dependent individuals exhibit abnormalities in
gray matter structure of cingulate, limbic and paralimbic regions of cortex (Thompson et al.,
2004; Berman et al., 2008a; Salo et al., 2009a;). In parallel, functional abnormalities,
indexed by regional cerebral glucose metabolism, in the anterior cingulate cortex (ACC),
lateral prefrontal cortex (PFC), and parietal cortex have been observed in individuals who
had chronically abused MA ( Volkow et al., 2001a; London et al., 2004; Wang et al., 2004;
Berman et al., 2008b).

The switch from voluntary to compulsive drug abuse has been hypothesized to reflect a
transition from healthy executive functioning, largely mediated by the prefrontal cortex
(PFC), to striatal control over drug-taking behaviors (Everitt et al., 2008). According to this
view, a loss of cognitive control is fundamental to the development of addiction. This
concept is supported by research with animal models (Everitt et al., 2007; Olausson et al.,
2007) as well as human volunteers (Garavan et al., 2008). Cognitive control can be viewed
as flexible, goal-directed behavior that requires a mechanism for guidance to allow for
appropriate actions given contextually relevant information (Ridderinkhof et al., 2004b).

One aspect of cognitive control is the ability to resolve conflicting responses to
environmental stimuli which may affect behavior when abstinent drug users perceive stimuli
that might precipitate drug relapse (Garavan and Stout, 2005). The detection of response
conflict involves the ACC (Bush et al., 2000; Botvinick et al., 2004; Ridderinkhof et al.,
2004a; Wendelken et al., 2009; Yeung and Nieuwenhuis, 2009), and fMRI studies have
identified the ACC, lateral PFC and parietal cortex as being important with respect to the
resolution of response conflict (Peterson et al., 2002; Liu et al., 2004). As noted above, these
regions exhibit structural or functional abnormalities associated with MA abuse.

The Stroop task (Stroop 1935; MacLeod 1991) requires cognitive control in that optimal
performance on the task requires subjects to respond to one dimension of a stimulus while
ignoring another conflicting dimension. We selected the Stroop task for this study because it
may measure a function that is important to the success of treatment for MA dependence.
Indeed, several prior studies have shown a relationship between Stroop performance and
substance-abuse treatment. Performance on the Stroop task predicted compliance with
treatment among cocaine-dependent individuals, suggesting that this task may be used to
identify cocaine-dependent subjects at risk for dropout from treatment (Streeter et al., 2008).
In an fMRI study of cocaine-dependent individuals, activation during the Stroop task
predicted self-reported duration of abstinence (Brewer et al., 2008). Another study has
shown activation deficits in the PFC of abstinent MA-dependent subjects performing a
version of the Stroop task that measures the ability to regulate behavior as a result of
exposure to previous conflict (Salo et al., 2009c). MA-dependent subjects in that study were
abstinent 2 – 12 months. As engagement in treatment during the first weeks of abstinence
from MA may be important to the ultimate success of treatment, we studied MA-dependent
subjects during early abstinence (4 – 7 days) and hypothesized that, during this time,
subjects would show activation deficits in the ACC and PFC when faced with cognitive
conflict as presented in the Stroop task.
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2. Methods
2.1 Subjects

Ten MA-dependent participants (20–46 years of age; mean ± SD = 33.5 ± 9.3; abstinent 4–7
days) and 18 control participants (20–55 years of age; mean ± SD = 36.4 ± 10.4) completed
the study. Potential subjects were recruited from the greater Los Angeles metropolitan area
through flyers and newspaper advertisements. Those passing an initial telephone screening
were invited to our laboratory where they received a detailed explanation of the study and
provided written informed consent, as approved by the Institutional Review Board at the
University of California, Los Angeles (UCLA). All participants completed questionnaires
covering demographic, medical and psychiatric histories. English language fluency and
right-handedness, as indicated by the Edinburgh Handedness Questionnaire (Oldfield,
1971), were inclusion requirements. The primary exclusion criteria were: current use of
psychotropic medications or other medications that affect cognitive functioning, prior
hospitalization for psychiatric illness and head trauma involving loss of consciousness and/
or requiring hospitalization.

The Structured Clinical Interview for DSM-IV was used to diagnose MA-dependence,
which was required for the MA group, and to exclude participants from either group who
met criteria for any Axis I psychiatric disorder other than nicotine dependence (or MA
dependence for the MA group). Detailed drug use histories (see Table 1) were obtained
using the Addiction Severity Index (McLellan et al., 1992). Although none of the
participants met criteria for current abuse or dependence on an illicit drug of abuse other
than MA (MA group only), seven of the ten MA subjects had lifetime histories of other drug
abuse. These diagnoses included Δ9-tetrahydrocannabinol (THC) abuse (1 subject), THC
dependence (3 subjects), alcohol abuse (2 subjects), alcohol dependence (1 subject), opioid
abuse (1 subject), and cocaine dependence (2 subjects).

Urine toxicology during the screening process and on the day of admission confirmed recent
MA use by all of the MA subjects, and they all tested negative for other drugs of abuse (i.e.,
cocaine, methamphetamine, opioids, THC and benzodiazepines). Urine toxicology screening
of potential control subjects was also conducted, with any positive test for illicit drugs of
abuse resulting in exclusion from study participation. All participants tested negative for
illicit drugs of abuse and alcohol (using a breath-based assessment; Alco-Sensor FST®,
Intoximeters, Inc., St. Louis, MO) on the day of testing.

2.2 Stroop Color-Word Interference Task
The stimuli were four color words (“RED”, “BLUE”, “GREEN”, and “YELLOW”) which
were presented in congruent (e.g., the word “RED” displayed in red) and incongruent (e.g.,
the word “RED” displayed in blue) conditions. Stimuli were presented via magnet-
compatible VGA goggles (Resonance Technology, Northridge, CA), which have a field
view of approximately 20° vertically and 30° horizontally, and display computer images at
800 × 600 pixel resolution. Words were presented individually at the center of the screen in
Helvetica style font, size 72.

This study used a block design with congruent, incongruent and rest blocks, presented over
two runs (runs counterbalanced across subjects). Each run consisted of 8 congruent, 8
incongruent and 15 rest blocks (12 trials per block) with the congruent and incongruent
blocks presented alternately during each run. During congruent/incongruent blocks, subjects
were to identify the font color of each word presented. The instruction was to respond as
quickly as possible by pressing a button using either their right index, middle, ring, or baby
finger, corresponding to red, blue, green, and yellow, respectively. Responses were
registered using a magnetic-compatible four-button response box. Participants were trained
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on the correct finger positions and were tested for verification before the first run of the task.
During rest blocks, subjects viewed a fixation cross at the center of the screen. Before each
block, instructions (“Identify the Color” or “Rest”) were presented for a 2-sec period. Within
a block, each stimulus was presented for 1200 msec with an inter-stimulus interval of 300
msec. Each task block lasted 18 sec, and each rest block lasted 9 sec. Each run of the task
was approximately 7 min in duration. Dependent measures were the mean percentage of
errors and the mean response time (RT) for the congruent and incongruent conditions. As an
index of behavioral response conflict, the Stroop effect was calculated from these measures
(incongruent RT - congruent RT). To ensure that the Stroop effect did not merely represent
an overall increased RT in either group, we calculated the percentage increase from
congruent to incongruent trials [(incongruent RT - congruent RT)/congruent RT] in an
additional analysis.

2.3 Scanning parameters
Functional images were acquired on a 3T Siemens Allegra (Erlangen, Germany) head-only
MRI scanner. Localizing scans were acquired to verify the head position and to identify the
AC-PC line for establishing the acquisition plane. We then acquired a T2-weighted, high-
resolution, echo-planar anatomical image (26 axial-oblique slices, aligned to the AC-PC
line, 4 mm thick with a 1.0-mm inter-slice interval, 1.56 mm2 in-plane pixel resolution)
covering the entire brain volume and used for spatial alignment. Functional images with the
same slice positioning as the T2-weighted image were acquired using a gradient-echo echo-
planar image (EPI) sequence (1500 msec TR, 30 msec TE, 80 degree flip angle, 26 slices, 4
mm slice thickness with a 1.0 mm inter-slice interval, 64 × 64 matrix, and 3.12 mm2 in-
plane pixel resolution). During each run of the task, 282 brain volumes were collected.

2.4 Data analyses
Image pre-processing and statistical analyses were conducted using the FMRIB Software
Library (FSL 4.1, http://www.fmrib.ox.ac.uk/fsl). Image pre-processing steps were as
follows: motion correction utilizing FMRIB’s Linear Image Registration Tool (MCFLIRT)
(Jenkinson and Smith, 2001); non-brain matter removal using Brain Extraction Tool (BET)
(Smith, 2002); spatial smoothing with a 6-mm full-width half maximum Gaussian kernel;
mean-based intensity normalization; nonlinear high-pass temporal filtering (Gaussian-
weighted least squares straight line fit, with sigma = 25.0 sec). We also used FSL’s
multivariate exploratory linear optimized decomposition into independent components
(MELODIC) tool to decompose the 4D fMRI data into spatial and temporal components
(Beckman and Smith, 2004). We manually delineated artefactual components (e.g., scanner-
related or physiological noise) using a set of heuristics (Tohka et al., 2008) and
reconstructed the fMRI data after removing them. Whole-brain fixed-effects statistical
analyses were then performed by modelling the congruent, incongruent and
incongruent>congruent contrast (boxcar functions convolved with the hemodynamic
response function) as explanatory variables within the context of the general linear model on
a voxel-by-voxel basis. Registration was conducted through a two-step procedure, whereby
EPI images were first registered to the high-resolution T2 structural image, then into
standard (Montreal Neurological Institute, MNI avg152 template) space, with 12-parameter
affine transformations (Jenkinson and Smith, 2001). Statistical analyses were performed in
native space, and the statistical maps were normalized to standard space prior to higher-level
analyses. Higher-level analyses were carried out using FLAME (FMRIB’s Local Analysis of
Mixed Effects) (Beckmann et al., 2003; Woolrich et al., 2004). For voxel-by-voxel one-
sample (within groups) and two-sample (between groups) t-tests, resulting Z (Gaussianised
T) statistic images were thresholded using a cluster extent determined by p<0.05 (corrected
for multiple comparisons across the whole brain) with a voxel-wise height threshold of
Z>2.3 (Worsley et al., 1992). Two sets of two-sample (between groups) t-test analyses were
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performed on the congruent, incongruent and Stroop Effect conditions. In the first set of
analyses, individual RT values were not included in the analysis model, but in the second set
of analyses, the mean RT of each subject for the each condition was included as a covariate
of no interest to remove the possible confounding effect of performance and correct for
differences in time-on-task across subjects (see Carp et al., 2010 for discussion on covarying
with RT).

3. Results
3.1 Demographics

The MA and control groups did not differ significantly on age, Beck Depression Inventory
(BDI) scores, years of education, gender distribution and histories of tobacco, alcohol, or
marijuana use (Table 1).

3.2 Behavioral results
Percentage of trials in which participants made errors for both congruent and incongruent
conditions are shown in Figure 1A. There was no significant effect of condition (F=2.6,
df=1,52, p=0.1), a significant effect of group (F=29.7, df=1,52, p<0.001 - MA>control), but
no significant condition x group interaction (F=1.5, df=1,52, p=0.2). Analysis of RTs
(Figure 1B) revealed significant effects of condition (F=38.0, df=1,52, p<0.001 -
incongruent>congruent, group (F=68.6, df=1,52, p<0.001 - MA>control), and a condition x
group interaction (F=4.2, df=1,52, p<0.05). Planned group comparisons showed a
significant group difference in RT for congruent (t=4.8, df=26, p<0.001 - MA>control) and
incongruent stimuli (t=4.5, df=26, p<0.001 - MA>control). There was a significant group
difference for the Stroop effect when examining raw RT values (t=4.8, df=26, p<0.001 -
MA>control) (Figure 1C). We also found a significant group difference in RT change (as a
percentage of baseline) from congruent to incongruent trials (t=3.6, df=26, p<0.001 -
MA>control) (Figure 1D).

3.3 fMRI results
Initial one-sample t-test analyses in both groups were conducted to reveal areas of activation
across the three contrasts of interest. For the congruent (Figure 2A) and incongruent (Figure
2B) conditions, both groups demonstrated robust activations in whole brain analyses with
effects in the bilateral anterior cingulate cortex, insula, and lateral prefrontal cortex, as well
as the temporal, parietal and occipital lobes. For the Stroop Effect (Figure 2C), both groups
demonstrated activations in the bilateral anterior and posterior cingulate cortices, inferior
frontal gyrus and dorso-lateral prefrontal cortex (DLPFC, Brodmann areas 9 and 46).
Initially, we performed simple two-sample (between groups) t-test analyses to reveal group
differences in the three conditions of interest (congruent, incongruent, and Stroop Effect).
Table 2 shows the results of a mixed-effects whole-brain group analysis. The two groups
significantly differed only on the Stroop Effect with MA-dependent subjects exhibiting less
activation than controls in the left cerebellum (x=-26, y=−76, z=−26; p<0.01 - Figure 3A)
and greater activation in the posterior cingulate cortex (PCC; x =−4; y=−42; z=36; p<0.001 -
Figure 3C), right precuneus (p<0.001), left and right occipital poles (p<0.001), intracalcarine
cortex (p<0.001), posterior parahippocampal gyrus (p<0.001), left anterior cingulate cortex
(p<0.05), right left anterior cingulate cortex (ACC; x=4; y=36; z=10; p<0.05 - Figure 3B),
right paracingulate cortex (p<0.05), right frontal pole (p<0.05), and left medial frontal cortex
(mPFC; x =−4; y=54; z=−6; p<0.05 - Figure 3C).

Due to the behavioural performance differences between the two groups, further between
group fMRI analyses were conducted controlling for RT since the initial results in the MA
group may have been confounded by effects of performance or time-on-task. Time-on-task
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confounds represented by RT have been observed before in fMRI studies of cognitive
conflict (e.g., Carp et al., 2010), and the aim of this analysis was to examine activation
related to cognitive control independent of this confound. Table 3 shows the results of this
analysis. The two groups significantly differed only on the incongruent condition, with the
MA group exhibiting less activation in the right inferior frontal gyrus (IFG; x=60, y=26,
z=16; p<0.0001 - Figure 4A), right supramarginal gyrus (p<0.0001), right precentral gyrus
(p<0.0001), right supplementary motor cortex/anterior cingulate cortex (SMC; x=12, y=2,
z=48; p<0.0001 - Figure 4B), right occipital pole (p<0.001), right lateral occipital cortex
(p<0.001), right inferior temporal gyrus (p<0.05), right temporal-occipital fusiform cortex
(p<0.05), right middle temporal gyrus (p<0.05), right frontal operculum cortex (p<0.05),
right temporal pole (p<0.05), and the anterior insular cortex (x=38, y=12, z=−2; p<0.05 -
Figure 4C).

4. Discussion
MA-dependent subjects during the first week of abstinence exhibited a performance deficit
relative to healthy controls on a color-word Stroop task. This observation is consistent with
prior findings in currently using and recently abstinent MA-dependent individuals compared
with control and long-term abstinent MA subjects (Simon et al., 2000; Salo et al., 2009a;
2009b). Behavioral evidence for greater response conflict has also been observed in
individuals with a history of alcohol and cocaine abuse (Tedstone and Coyle, 2004; Verdejo-
Garcia and Perez-Garcia, 2007) and attention-deficit/hyperactivity disorder and
schizophrenia (Henik and Salo, 2004; Albrecht et al., 2008) compared with healthy control
subjects. Such differences suggest that these populations may share a common neural deficit
with respect to cognitive control, possibly in the processing of stimuli that produce response
conflict. Despite findings of deficits in Stroop task performance in MA dependence,
potentially reflecting problems in cognitive control, stimulant-dependent individuals have
been shown to exhibit greater response latencies than healthy control subjects on a Stroop
task that used drug-related words, but not in the incongruent condition of a color-word
Stroop task (Ersche et al., 2010). Given that these individuals were currently using cocaine
or d-amphetamine, it is likely that the stimulants provided cognitive enhancing effects that
were not experienced by our abstinent MA subjects in this study.

Greater activation in the right anterior cingulate cortex (ACC) in MA subjects than controls
associated with the Stroop effect in initial between-group analyses was of interest as ACC
activity and cognitive conflict appear to be correlated. ACC activity increases when “top-
down” control is compromised (e.g., Botvinick et al., 1999). Previous research in MA users
has demonstrated reduced Stroop-related activation in the right prefrontal cortex (Salo et al.,
2009) when BOLD activation was measured after prior exposure to conflict trials. Abstinent
cocaine users also exhibit greater Stroop-related activation in the right ACC, but less
activation in the left ACC (Bolla et al., 2004). Greater activation in the right ACC has also
been observed in depressed and schizophrenic patients relative to control groups ( Wagner et
al., 2006; Nordahl et al., 2001). Therefore, exaggerated right ACC activity in MA-dependent
subjects may reflect a compensatory response supporting selective attention processes – an
effect which has also been observed in abstinent cigarette smokers (Azizian et al., 2009).

Other regions where MA-dependent subjects showed a greater activation than control
subjects were the left posterior cingulate cortex (PCC) and occipital cortex. Anatomically
linked to the prefrontal cortex (PFC) and striatum, the PCC responds under conditions of
sensory arousal (Garavan et al., 2000; Kosten et al., 2006), motivationally-linked attention
(Mohanty et al., 2008), evaluation of emotional memories (Maddock, 1999), and following
response errors (Menon et al., 2001). Abnormally high glucose metabolism in this region in
MA-dependent subjects during error processing has previously been reported (London et al.,

Nestor et al. Page 6

Psychiatry Res. Author manuscript; available in PMC 2012 December 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2005). It has also been reported that pre-treatment activation in this region during the Stroop
task is a significant predictor of self-reported abstinence duration in cocaine-dependent
individuals (Brewer et al., 2008), suggesting that it may influence treatment outcome in
stimulant dependence.

Greater activation in the right paracingulate and left rostral medial prefrontal cortex of the
MA group than the control group during incongruent trials is consistent with the literature
on the functions of these regions. The paracingulate cortex participates in higher-order
cognitive processing, such as planning (Baker et al., 1996; Dagher et al., 1999), while the
medial frontal cortex is involved in monitoring of ongoing actions and performance
outcomes (Ridderinkhof et al., 2004a). Moreover, adolescents with severe substance and
conduct problems perform similarly on the Stroop task as healthy control subjects, but they
exhibit greater PFC and parahippocampal activation on incongruent trials of the task
(Banich et al., 2007). While MA subjects in the present study were adults without the added
diagnosis of conduct disorder, exaggerated activity in similar regions suggests a common
abnormality of drug-abusing populations. In addition to greater activity within regions
traditionally associated with response conflict, early abstinence from chronic MA use may
elicit a disproportionate response reflecting compensatory change within a more extended
assemblage of neural networks.

Given the complexity of neural functions operating during the incongruent condition of the
Stroop test, it is difficult to say with certainty that activation was linked to conflict
resolution or other aspects of cognitive control. For example, greater activation in MA-
dependent subjects may represent neural responses to errors within the aforementioned
networks. For example, the ACC has been implicated in detecting cognitive response
conflict (Bush et al., 2000; Botvinick et al., 2004; Ridderinkhof et al., 2004a), particularly
during situations involving the high likelihood of making an error (Scheffers et al., 1996;
Coles et al., 2001; Magno et al., 2006). Therefore, in order to control for the potential
confound of performance-related effects (e.g., error-related activity, time on task) during
group comparisons of neural activity related to performing the Stroop task (Murphy and
Garavan, 2004), response time during each condition was used as a covariate in the fMRI
analyses. The results of these analyses demonstrated that the two groups significantly
differed only on the incongruent condition in which MA-dependent subjects exhibited less
activation in the right inferior frontal gyrus than control subjects. Previous imaging studies
of healthy control subjects have implicated the PFC in response conflict (MacDonald et al.,
2000; Kerns et al., 2004), with evidence for reduced functioning in the right middle frontal
gyrus of abstinent MA users following prior exposure to conflict-related stimuli (Salo et al.,
2009c). The inferior frontal gyrus plays an important role in cognitive control (Aron et al.,
2003; Ridderinkhof et al., 2004b), and the current findings suggest a deficit in conflict-
related neural activity of this region.

Error-related activity in the insular cortex has also been demonstrated in healthy control
subjects (Garavan et al., 2002; Klein et al., 2007), with a view that insular cortex activity
reflects interoceptive (i.e., bodily) awareness (Critchley et al., 2004). When controlling for
incongruent RT, we observed that MA-dependent subjects showed less activation in the
right anterior insular cortex compared to the control group. Research suggests that the
insular cortex and interoceptive awareness are critical to drug craving and dependence (Gray
and Critchley 2007; Naqvi et al., 2007; Paulus, 2007; Naqvi and Bechara, 2008) whereby
this region monitors interoceptive “urges” for rewarding stimuli such as drugs. The insular
cortex is well positioned to integrate and to link affective value with adaptations in behavior,
possibly through its bidirectional connections with regions, such as the orbitofrontal cortex,
amygdala, ACC and ventral striatum, which have been implicated in reward-processing and
decision-making, (Reynolds and Zahm, 2005).
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The MA group also showed less activation in the right supplementary motor cortex (SMC)/
ACC during the incongruent condition as compared with the control group. The SMC
responds during conditions involving conflict (Garavan et al., 2002; 2003; Fassbender et al.,
2004; Hester et al., 2004) while the ACC is involved in monitoring performance, especially
during situations where risky decision-making, high response conflict or the high likelihood
of error are involved ( Scheffers et al., 1996; Carter et al., 1998; Botvinick et al., 2001;
Coles et al., 2001; Magno et al., 2006; Paulus and Frank, 2006). The ACC has been
associated with addiction and its cognitive sequelae (Goldstein, 2002; Peoples, 2002;
Volkow et al., 2002), with previous research (Peoples, 2002) demonstrating abnormal
activity in this region in participants who use cocaine (Kaufman et al., 2003; Bolla et al.,
2004), cannabis (Eldreth et al., 2004), opiates (Forman et al., 2004) or MA (London et al.,
2004; 2005). The SMC also plays an integral role in the planning of motor actions (Thaler et
al., 1995; Lau et al., 2004; Campos et al., 2005; Seo et al., 2007; Wunderlich et al., 2009)
and is closely related to the primary motor cortex (Romo et al., 2004), which in the current
study, showed lower activation in MA-dependent than control subjects. Therefore, neuronal
deficits observed during exposure to conflict-related stimuli in MA-dependent subjects may
represent abnormalities in brain areas that participate in action-outcome representations,
which help guide action-based choices during instances of cognitive response conflict and
its resolution.

Reduced brain activation during early MA abstinence may not just be restricted to regions
typically associated with cognitive control, as lower activation (vs. control group) was
observed in other areas, including the occipital and temporal cortices during the incongruent
condition. During performance of the Stroop task the cognitive control system deploys
selective attention mechanisms to bias perceptual processing toward the task-relevant
stimulus properties, and away from task-irrelevant, distracting stimuli. This process then
modulates activity in the visual pathways, which are involved in extracting target and
distracter features of the stimulus (Egner and Hirsch, 2005). Thus, lower activity in the
lateral occipital cortex of MA-dependent subjects during the incongruent Stroop condition
may signify an inability of the cognitive control network to bias perceptual processing in the
visual system towards task-relevant stimulus properties during conflict resolution. Reduced
neural functioning in the temporal gyrus of MA users during the incongruent condition may
represent problems with conflict resolution, as adaptation to conflict has previously been
demonstrated in this region in healthy control subjects (Egner and Hirsch, 2005).

5. Limitations
There were a number of potential limitations of the present study. The small sample size in
the MA group was one limitation; however, the use of a blocked fMRI design offered
greater signal detection power than event-related designs, potentially requiring fewer
subjects than would have been needed for an event-related study (Birn et al., 2002).
Although the blocked design we used is in parallel with standard neuropsychological tests of
the Stroop effect in which congruent and incongruent stimuli are presented in separate
blocks, the design had several disadvantages that have been noted in the literature (Salo et
al., 2001; Salo et al., 2002). For example, comparisons of blocked versus randomly-
presented stimuli in the Stroop task have shown different performance effects, mainly driven
by RT differences in the congruent condition across the two task designs (Salo et al., 2001).
Although we did not have the advantage to assess these design differences in our sample, the
interaction we observed between condition and group suggests that the Stroop effect was
likely due to performance differences in incongruent trials. Use of a blocked design also
precluded the separation of brain activity related to trial-to-trial adjustments following
previous exposure to cognitive conflict (Kerns et al., 2004), preventing us from analyzing
activation separately related to successful and unsuccessful conflict resolution. There is also
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evidence that the Stroop effect decreases with an increasing level of incongruity (greater
proportion of incongruent trials) together with increased ACC BOLD activity (Mitchell,
2010), which has been suggested to reflect a “conflict adaptation effect” within the cognitive
control system (Egner, 2008). Such adaptation effects may be driven by expectation of
conflict (Aarts and Roelofs, 2011). Since the stimuli in our Stroop paradigm were presented
in blocks with sequentially presented incongruent trials conferring greater levels of conflict
over the course of a block, this conflict adaptation may explain the absence of difference in
response accuracy we observed between conditions.

As the MA-dependent subjects were studied at 4–7 days of abstinence, one concern was the
possible impact of MA withdrawal on the assessments taken. MA withdrawal symptoms,
consisting primarily of increased appetite and sleep, as well as dysphoria and fatigue, can
persist for approximately the first week of abstinence (London et al., 2004; Newton et al.,
2004; McGregor et al., 2005; Zorick et al., 2010), and may impinge upon cognitive control.
Nonetheless, one objective of this study was to evaluate brain function in MA-dependent
subjects during early abstinence, simulating the time when they would approach a treatment
episode. A previous study by our research group demonstrated that the duration of
abstinence during the first 4–9 days did not correlate with any scores on a cognitive battery,
nor did performance in the first 4–6 days differ from performance on the 7th through 9th

days (Simon et al., 2010) potentially allaying concerns regarding withdrawal on cognitive
functioning in the present study.

Cognitive impairments have previously been observed in individuals who abuse MA, with
the persistence of some deficits during drug abstinence (Salo et al., 2009a; 2009b; Simon et
al., 2000; 2010). The preliminary findings reported here suggest that MA-dependent
subjects, during the first week of abstinence, demonstrate deficits in cognitive control, and
reduced neural functioning within a network of regions that facilitate cognitive control
during conflict adaptation.
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Figure 2.
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Figure 3.
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Figure 4.
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Table 1

Demographic and drug use measures in healthy control and methamphetamine-dependent subjects.a

MA (n=10) Control (n=18)

Age 33.5 ± 9.3 36.4 ± 10.4

Years of Education 12.9 ± 1.7 13.8 ± 1.9

Depression (BDI) 3.4 ± 3.7 1.2 ± 2.2

Males/Females 5/5 11/7

Cigarette Smoking (years) 17.3 ± 11.3 18.2 ± 10.1

Cigarettes Smoked (per day) 21.0 ± 3.2 18.8 ± 4.5

Alcohol Use (years) 16.0 ± 3.8 19.2 ± 10.1

Alcohol Use (days in last 30) 2.5 ± 4.9 6.7 ± 8.7

Marijuana Use (years) 8.9 ± 12.8 7.9 ± 10.1

Marijuana Use (days in last 30) 3.2 ± 6.4 1.0 ± 2.4

MA use (years) 8.3 ± 3.7

MA use (days in last 30) 18.5 ± 9.6

Average (gm/week) 8.4 ± 7.3

a
Values shown are means ± SEM for each group.

b
Beck Depression Inventory (BDI) taken on day of scan.
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