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Abstract
Background—Methamphetamine (MA) abuse is associated with neurotoxicity to frontostriatal
brain regions with concomitant deleterious effects on cognitive processes. Deficits in behavioral
control are thought to be one contributing factor to the sustainment of addictive behaviors in chronic
MA abuse.

Methods—In order to examine patterns of behavioral control relevant to addiction, we employed
a fast-event related fMRI design to examine trial to trial reaction time (RT) adjustments in 12 chronic
MA abusers who met DSM-IV criteria for MA dependence and 16 non-substance abusing controls.
A variant of the Stroop task was employed to contrast the groups on error rates, RT Stroop conflict
effect and the level of trial-to-trial adjustments seen after incongruent trials.

Results—The MA abusers exhibited reduced RT adjustments along with reduced activation in the
right prefrontal cortex compared to controls on conditions that measured the ability to use exposure
to conflict situations (i.e., conflict trials) to regulate behavior. MA abusers did not differ from controls
on accuracy rates or within-trial Stroop conflict effects.

Conclusions—The observed deficits in trial to trial RT adjustments suggest that the ability to adapt
a behavioral response based on prior experience may be compromised in MA abusers. Such
adjustments are critical to everyday functioning and deficits in modifying behavior based on prior
events may reflect a key deficit that contributes to maladaptive drug seeking behavior.
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Introduction
In the past decade the use of the stimulant methamphetamine (MA) has increased in the general
population, with worldwide abuse of amphetamines surpassing that of cocaine and opiates
combined (1). There is an established literature in both animals (2) and humans (3) that
documents damage to regions following MA abuse within neural pathways that are integral to
addiction (4,5). Proton MR spectroscopy (MRS) (6–8) and positron emission tomography
(PET) imaging studies (9,10) suggest that fronto-cingulate regions of the brain are affected by
MA abuse. Consistent with abnormalities in brain structure and function, cognitive
impairments have also been observed in MA abusers on tasks that require the suppression of
task irrelevant information (8,11), decision-making (12,13), and working memory (14). Any
combination of the cognitive impairments described above may contribute and promote
maintenance of the maladaptive actions associated with drug-seeking behavior (15).

Study Rationale
Neurobiological models of addiction propose that ventral brain regions (i.e., orbital frontal
cortex and nucleus accumbens) contribute to the impulse to seek drugs, whereas the recruitment
of fronto-cingulate regions may be critical to control those prepotent impulses (5). In the
context of addiction, cognitive control can be interpreted as the inhibition of a prepotent
response (e.g., habitual drug use) in order to carry out behaviors associated with long-term
rewards and positive outcomes (e.g., abstaining from drug use). In order to selectively examine
the neural substrates of cognitive control relevant to addiction, we conducted a fast-event
related fMRI study in which we examined trial to trial reaction time (RT) adjustments using a
variant of the single-trial Stroop task in 12 chronic MA abusers and 16 controls. This version
of the Stroop task creates conditions in which performance (RT and accuracy) reflects the
ability to recognize and resolve conflict at the time of selection (i.e., within a trial), as well as
trial sequences in which performance is influenced by the ability to use exposure to conflict
situations (i.e., conflict trials) to regulate behavior (i.e., trial to trial adjustments) (16). Since
previous imaging studies have shown that this variant of the Stroop task elicits activity in both
the Anterior Cingulate Cortex (ACC) and PreFrontal Cortex (PFC) (16–18), these brain regions
were the focus of our fMRI imaging analysis. Given the association between PFC activity and
cognitive control processes relevant to addiction we hypothesized that the MA abusers would
show abnormal patterns of trial to trial adjustments (i.e., conflict adaptation) associated with
reduced PFC activity.

Methods
Subjects

Two groups were studied: 12 MA abusing subjects and 16 age-matched non-substance abusing
control subjects. The MA abusers met DSM-IV criteria for lifetime methamphetamine
dependence determined from the Structured Clinical Interview (SCID) (19) but were currently
drug abstinent a minimum of 3 weeks. See Table 1.

Procedure
A single-trial Stroop task was administered during the scanning session that employed both
Incongruent (conflict) and Congruent (non-conflict) trials (see Supplemental Material for
detailed task description). Behavioral analyses contrasted the groups on mean error rates, RT
Stroop conflict effect (Conflict minus non-conflict), and the level of trial-to-trial adjustments
seen after conflict trials. Analysis of variance procedures (ANOVA) for repeated measures
were used to analyze the data in a 2 × 2 mixed ANOVA with group as a between subjects factor
(patients vs controls) and wordtype (incongruent vs congruent) as within subjects variables.
Incorrect responses were not included within the analysis of variance for RT. Analyses were
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carried out to examine trial to trial adjustments to conflict-conflict (iI) compared to non-
conflict-conflict (cI) sequences.

Imaging
Functional MRI data were collected on a 3T Siemens TRIO scanner (see Supplemental Material
for scanning parameters and image preprocessing details). Analyses were preformed using a
General Linear Model (GLM) as implemented in SPM5. In a first-level analysis, individual
subject GLMs were built and fitted to each subject’s functional data. The statistical models
included regressors coding for 7 covariates (cC, iC, iI, cI, Errors, Post-Errors and Non-
Responses). Parameter estimates obtained from this first level analysis were used to compute
maps of the contrasts of interest for effects of conflict and trial-to-trial effects (I-C for RT
conflict, and iI-cI for trial to trial RT adjustments). Maps of the contrasts of interest for effects
of error conflict were also computed. Hypotheses put forth within this proposal regarding
activity in specific regions of interest (ROIs) including ACC and PFC were tested in a second
level random-effects analysis of these contrast maps. The volume of search was restricted to
areas for which we had specific hypotheses by using an explicit mask of lateral and medial
prefrontal cortical areas. The mask was built using the AAL atlas in the SPM5 toolbox (see
supplemental material for details). Clusters of active voxels reported were corrected for
multiple comparisons at a set level of p < 0.05 (20).

Results
Behavioral Data

Reaction Time Analyses—Analyses revealed main effects of Stroop wordtype [F (1, 26)
= 65.09, p< .001] as well as an interaction between group, trial to trial adjustment and wordtype
[F (1, 26) =4.04, p = .05]. Analyses revealed that the trial to trial adjustment RT effect (cI-iI)
differed significantly between the MA abusers and controls [F (1, 26) = 6.54; p =.04, bonferroni
corrected for multiple comparisons). While the controls showed an RT advantage (13 msec
benefit) to conflict trials that were preceded by conflict trials (iI) the MA abusers showed no
advantage and were actually slower (21 msec cost). Virtually identical results were obtained
when the trials that included exact stimulus repetitions (color and word) were included (p=.
04). These group differences in Stroop endured with age, education, NART scores as
covariates. No group differences were observed on within-trial Stroop conflict effects (F < 1).

Error Analyses—Analyses revealed a main effect of wordtype [F (1,26) = 18.97, p =. 0001]
with both groups making significantly more errors in the incongruent condition (7%) than in
the congruent condition (4%). No other effects were significant. There was no evidence of a
speed-accuracy trade-off for both groups (MA abusers; r=.264; p =.41, controls: r=.287; p =.
28].

Imaging Results
We first examined whether activity within the ACC and PFC was associated with within-trial
conflict monitoring (I-C) and trial-to-trial adjustments (iI-cI). Using ANOVA procedures with
subject as a random variable, significant activation to conflict contrasts (I-C) was observed in
the ACC in both groups with no differences observed between groups. In contrast, when we
examined the pattern of activation for the trial to trial RT adjustments we found that controls
exhibited increased PFC activity, most notably in BA6 on iI sequences compared to the cI
sequences. In contrast the MA abusers showed little or no activation within the PFC region.
(See Figure 1). We then ran a second-level random-effects analysis to explore group differences
across the contrasts of interest. Between group differences emerged in activation in the right
middle gyrus centered in Brodmann’s area 6. (p < .05, corrected) (See figure 2). This region
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showed lower levels of activation in the MA abusers after iI trial sequences relative to cI trial
sequences. Table 3 summarizes the data for frontal regions with significantly different
activation between the MA abusers and controls.

Conclusion
Reduced right PFC activation, most notably in the right mid-frontal cortex (BA6), was observed
in MA abusers compared to non-substance abusing controls when contrasting conditions that
measured how prior exposure to conflict modulated subsequent behavior. In contrast, no
significant group differences were observed in conflict related activation in the ACC (17,18,
21). These data provide preliminary evidence that MA abuse is associated with deficits in
behavioral regulation associated with abnormal PFC activation and to the best of our
knowledge constitute the first published data of abnormal trial to trial adjustments in MA
abusers. Given that frontally-mediated behavioral regulation assists with maintenance of goal-
directed behavior, it is not surprising that the pattern of deficits in the MA abusers involve
reduced activation in frontal regions.

These data cannot speak to the acute effects of MA use as our subjects were MA abstinent at
the time of study nor can the findings rule out pre-existing vulnerabilities that could have
predated the MA abuse. One limitation of the current study is that no significant correlations
were observed between trial to trial behavioral RTs and beta coefficients within the PFC, thus
future studies in larger groups of MA abusers are needed to confirm brain-behavior
relationships. Studies that include at risk populations are needed to determine how deficits in
conflict adaptation and abnormal behavioral control may contribute to the development and
sustainment of addictive behaviors. Functional imaging techniques, such as those employed
in the current study, are powerful tools to probe these questions and to test the validity of
neurobiological models as they apply to human addiction (5).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Regions of Increased Activation Associated with Trial to Trial Adjustments (iI– cI) in
Methamphetamine Abusers and Controls
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Figure 2.
DLPFC region showing increased activity related to trial to trial adjustments (iI-cI) in control
subjects relative to methamphetamine (MA) abusers. 2a) Graph of the average coefficients for
the iI-cI statistical contrast in the two groups, averaged within group for the voxels of the
DLPFC activation showed in panel 2a.

Salo et al. Page 7

Biol Psychiatry. Author manuscript; available in PMC 2010 April 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Salo et al. Page 8

Table 1
Demographic and clinical characteristics of 12 methamphetamine (MA) abusers
and 16 control subjects.

Methamphetamine Abusers
(n =12)

Control Subjects
(n = 16)

Demographic Variables

Age, y, mean (SD) 35.7 (7.7) 30.2 (8.9)

Range 24 to 44 years 20 to 48 years

Females 7 8

Subject’s education, y, mean 12.3 (1.4) †† 15.0 (1.2)

Parental education, y, mean 13.4 (2.7) 13.8 (2.7 )

NART 107.8 (7.8) † 110.3 (4.5 )

Clinical Variables

Methamphetamine use --

Duration, y, mean (SD) 13.9 (5.7) --

Range 5 to 22 years

Months Abstinent, mean (SD) 4.1 (2.8) --

Range 2 to 12 months

Age of first use, y, mean (SD) 20.7 (5.9) --

History of Cannabis Abuse 9 --

†
Significantly different from control group, p < .05

††
Significantly different from control group, p < .01
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Table 2
Behavioral results from 12 methamphetamine (MA) abusers and 16 control subjects.

Methamphetamine Abusers
(n =12)

Control Subjects
(n = 16)

Within-Trial Stroop Effects, mean (SD)s (msec)

Incongruent, mean (SD) 719.7 (88.1) 725.2 (115.5)

Congruent, mean (SD) 628.5 (67.9) 649.6 (97.5)

Stroop Conflict Effect 91.2 75.6

Conflict Errors, mean (SD) .05 (.04) .09 (.10)

Between-Trial Stroop Effects mean (SD)s (msec)

Congruent-Incongruent (cI) 709.2 (88.0 ) 731.5 (125.1)

Incongruent-Incongruent (iI) 730.1 (91.1) 718.8 (115.7)

Trial to Trial Adjustment (cI-iI) − 20.9 12.7 †

†
Significantly different from control group, p < .05
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