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Abstract
Objective—To examine the brain’s sensitivity to monetary rewards of different magnitudes in
cocaine abusers and to study its association with motivation and self-control.

Method—Sixteen cocaine abusers and 13 matched healthy comparison subjects performed a forced-
choice task under three monetary value conditions while brain activation was measured with
functional magnetic resonance imaging. Objective measures of state motivation were assessed by
reaction time and accuracy, and subjective measures were assessed by self-reports of task
engagement. Measures of trait motivation and self-control were assessed with the Multidimensional
Personality Questionnaire.

Results—The cocaine abusers demonstrated an overall reduced regional brain responsivity to
differences between the monetary value conditions. Also, in comparison subjects but not in cocaine
abusers reward-induced improvements in performance were associated with self-reports of task
engagement, and money-induced activations in the lateral prefrontal cortex were associated with
activations in the orbitofrontal cortex. For cocaine subjects, prefrontal cortex sensitivity to money
was instead associated with motivation and self-control.

Conclusions—These findings suggest that in cocaine addiction (1) activation of the corticolimbic
reward circuit to gradations of money is altered; (2) lack of a correlation between objective and
subjective measures of state motivation may be indicative of disrupted perception of motivational
drive, which could contribute to impairments in self-control; and (3) the lateral prefrontal cortex
modulates trait motivation and deficits in self-control, and a possible underlying mechanism may
encompass a breakdown in prefrontal-orbitofrontal cortical communication.
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Introduction
Drug addiction is characterized by Impaired Response Inhibition and Salience Attribution (I-
RISA) where the motivation to procure drugs overpowers the drive to attain most other non
drug-related goals (1). In clinical practice, a similar notion that motivated, goal-directed,
behavior is limited to drug-related rewards has been integrated into the core diagnostic
definition of substance dependence (DSM-IV), prompting the use of Motivational Interviewing
as a brief therapeutic intervention (2). However, although cocaine addicted subjects show lower
corticolimbic activations when viewing non drug as compared to drug rewards (an erotic video
versus a cocaine video, (3)), there is still a paucity of work on the underlying neurobiological
markers of motivation and response to reward in human drug addiction.

The brain reward circuit has classically included the mesocorticolimbic dopaminergic network
spanning the prefrontal cortex (PFC), amygdala, and mesencephalon but also the thalamus and
cerebellum, which are associated with the processing of salient stimuli (4). Within the PFC,
the orbitofrontal cortex (OFC) and anterior cingulate cortex mediate the sustained activation
of goal-directed (including drug seeking) behavior (5). The lateral PFC has been implicated in
the cognitive aspects of reward expectancy, possibly integrating cognitive and motivational
operations (6) by attending to internally generated emotional (7) and crucial feedback (8)
information.

In the current study comparing drug addicted individuals to non addicted subjects, our goals
were to: (1) quantify the neural responsivity to a non drug reward (money); (2) examine
intercorrelations between measures of state motivation; and (3) examine associations between
the PFC and trait motivation and self-control. We hypothesized that in cocaine abusers (1)
neural sensitivity to different levels of money would be reduced; (2) a disrupted perception of
internally generated motivational drives will be indicated by a discrepancy between self-
reported motivation and actual task performance; and (3) decreased PFC sensitivity to reward
would be related to impaired perception of inner motivation and decreased self-control.

Methods
Subjects

Subjects were 16 cocaine abusers and 13 comparison subjects matched on gender, race, English
as first language, handedness, education, socio-economic status, general intellectual
functioning, and self-reported depression. Significant group differences were observed in age
and cigarette smoking (Table 1s). Initial screening by phone and subsequent on site evaluation
by a neurologist and a clinical psychologist ensured that the cocaine abusers were not using
marijuana, barbiturates, amphetamines, or opiates (this was ensured by pre scan urine tests in
all subjects), that they were free of illnesses that required hospitalization or regular monitoring,
and that they had a DSM-IV diagnosis for Substance Dependence or Abuse (see Table 1s for
drug use histories). Subjects were fully informed of the nature of the research and provided
written consent for their involvement in this study in accordance with the local Institutional
Review Board.

Fifteen of the 16 cocaine abusers fulfilled criteria for current cocaine dependence (N=9) or
cocaine early remission (N=6). One cocaine abuser, who admitted to weekly use of cocaine,
did not meet current abuse or dependence criteria, but met DSM-IV criteria for past
polysubstance abuse, which included crack cocaine. The nine abusers with current cocaine
dependence reported using cocaine the night before the study; their urine was positive for
cocaine, indicating that they had used cocaine within the previous 72 hours. We chose not to
exclude subjects with recent cocaine use because specific regional changes in fMRI BOLD
can be measured reliably even after acute cocaine infusion (9); moreover, all measures return
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to baseline by 2 hours post-infusion (9) due to cocaine’s short half-life in the brain (20 minutes,
(10)). Nevertheless, drug urine status in the cocaine abusers as well as the age and smoking
differences between the groups were accounted for in the analyses, as described in Results.

fMRI Activation Paradigm and State Motivation
Following training, subjects either responded (pressed a button) or refrained from responding
during a trigger, depending on one of two preceding instruction stimuli (adapted from Thut et
al. (11)). There were 9 pairs of press and no press trials within each of three identical conditions.
These were distinguished only by blocked levels of monetary reward received for correct
performance on this forced-choice task: high money (45 cents); low money (1 cent); and no
money (0 cent). Each monetary condition/block was of 63 sec duration, preceded by a 35 sec
fixation cross to preclude carry over effects. Every three (different) monetary blocks
constituted a run for a total of 6 runs. To simulate real life incentive motivation, subjects
received up to $50 for this task, seeing a numeral designating the reward contingencies before
each monetary block and immediately after each trial. This was a relatively substantial amount
of money as it doubled the subjects’ total earnings during the complete study day.

The task was presented via MRI compatible goggles. Reaction time (RT) and accuracy data
were collected across all trials. Upon task completion, subjects were asked to rate their interest
and excitement in the three monetary conditions on two visual analogue scales (range: 0 to 7,
boring to interesting and dull to exciting, respectively). These ratings were averaged to
represent self-reported task engagement. Monetary differentials (45 minus 0) were calculated
for the RT, accuracy, and averaged rating: the first two were used as objective and the latter
as subjective measures of state motivation. In this fMRI incentive task we did not establish a
propensity to go (the ratio of go to no-go was 50%), and RT was therefore not considered a
state measure of inhibitory control.

Trait Evaluations
Tellegen’s multidimensional personality questionnaire (MPQ) (12) was available in 10
comparison subjects and 10 cocaine abusers (Table 1s). The MPQ achievement and self-control
scales were used as trait measures of incentive motivation and inhibitory control, respectively.

fMRI Data Processing and Image Analysis
MRI scanning was performed on a 4T whole-body Varian/Siemens MRI scanner. Blood
oxygen level dependent (BOLD) responses were measured with a T2*-weighted single-shot
gradient-echo EPI sequence (TE/TR=20/3500 ms, 4 mm slice thickness, 1 mm gap, typically
33 coronal slices, 20 cm FOV, 64×64 matrix size, 90°-flip angle, 200kHz bandwidth with ramp
sampling, 91 time points, 4 dummy scans). Padding was used to minimize motion, which was
inside the accepted threshold of 1 mm maximum displacement (32% of the voxel size) and 1°
rotation as determined immediately after each run (13). A T1-weighted 3D-MDEFT sequence
(14) was used for structural imaging; all MRI images were inspected to rule out gross
morphological brain abnormalities.

All time series were converted into SPM99 format (Wellcome Department of Cognitive
Neurology, London UK). A six-parameter rigid body transformation (3 rotations, 3
translations) was used for image realignment, to correct for head motion. The realigned datasets
were normalized to the Talairach frame with a 12-parameters affine transformation (15), using
a voxel size of 3×3×3 mm3. An 8-mm full-width-half-maximum Gaussian kernel was used to
smooth the data. A general linear model (16) and a box-car design convolved with a canonical
hemodynamic response function were used to calculate the activation maps. The time series
were band pass filtered with the hemodynamic response function as low pass filter and 1/750
sec cut-off frequency as high-pass filter.
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Statistical Analyses
Goal 1—To identify brain areas activated specifically to monetary reward as compared to a
neutral cue, a voxel based (whole brain) statistical analysis with 2 positive contrasts (45>0 and
1>0) was applied for each run separately for each subject (fixed effects analyses). Maps of
BOLD signals for individual subjects were then averaged using a custom program written in
IDL (Research Systems, Boulder, CO) across all 6 runs and included in a combined statistical
analysis. For this random effects second level analysis, a repeated measures between subjects
ANOVA was conducted by SPM (a mask of the general task activations, i.e., 45, 1, or 0 > a
fixation baseline was used at p<0.05, voxels=0 for purposes of mask inclusiveness). Statistical
thresholds were 0.005 uncorrected for the main effect of monetary reward (45¢ or 1¢ > 0¢)
across all subjects (second order analysis) and 0.05 uncorrected for the between subjects
monetary comparison (third order analysis and our first a priori hypothesis). Thus, the
threshold was reduced from 0.005 to 0.05 due to the anticipated loss of power associated with
the increased rigorousness of the analyses from second to third order (comparing money
conditions between groups vs. studying each effect in isolation).

Similarly to our other fMRI studies (e.g., (17)), functional regions of interest (ROIs) with a
relatively large volume of 729 mm3 (27 voxels) were then defined at the cluster centers of the
regions that showed a significant monetary reward effect across all study subjects; within each
region the estimated BOLD fMRI signal was calculated and expressed as a percentage of
change for each monetary condition from baseline and then averaged to represent all
significantly activated clusters. Clarification of anatomical specificity was corroborated with
a co-planar stereotaxic atlas of the human brain (18). These ROIs were used to complement
the SPM analyses; a two (group) by three (money) repeated measures ANOVA was performed
for each of the clusters, and the main effects of money and diagnosis or the interaction were
followed by independent (group differences) or paired (reward differences) t-tests. In addition,
planned comparisons were performed to test our a priori first hypothesis that cocaine abusers
would display reduced sensitivity to gradients of reward. Statistical significance for these ROI
analyses was defined at p < 0.05. Note that in these ROI analyses, one comparison subject was
removed due to loss of 70% of the BOLD fMRI data. All subsequent analyses are therefore
reported for 12 comparison subjects.

Goal 2—Correlations were conducted specifically for sensitivity to monetary reward as
compared to the neutral cue (45¢ > 0¢) between the selected three state motivation measures,
separately for each study group.

Goal 3—First, correlations were conducted specifically for sensitivity to monetary reward as
compared to the neutral cue (random effects 45¢ > 0¢) between the PFC ROIs with the selected
three state motivation measures, and with the achievement and self-control MPQ scales,
separately for each group. Second, similar ROI correlations were conducted for the lateral PFC
and the OFC, in this case between the absolute BOLD responses to monetary reward (45¢ >
baseline). Simple linear voxel based (whole brain) correlation analyses were used to validate
these ROI correlations. The significance threshold for the first a priori analysis was set at
p<0.05, uncorrected; for the second analysis it was p < 0.005, uncorrected. A small volume
correction (19) was used for the a priori region of interest (PFC). Minimum cluster size was
100 contiguous voxels (2700 mm3) for both analyses, masked with general task activations.
Here, a large volume was selected to protect against Type I error in these correlation analyses.
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Results
Goal 1: Monetary Reward Neural Effect

The SPM analyses of the monetary main effect (45¢ or 1¢ > 0¢) in all subjects revealed
activations in 25 regions comprising 9 clusters which included the right and left lateral OFC,
the lateral and ventromedial (including the anterior cingulate cortex) PFC, the mesencephalon,
thalamus, and cerebellum (but also the occipital lobe), all bilaterally (Table 1A and Figure 1A).
However, consistent with our first a priori hypothesis, direct group analyses revealed that the
activations in the comparison subjects but not the cocaine abusers were driving these results
(Table 1B and Figure 1B).

The complementary ROI analyses revealed a significant monetary main effect in six of these
clusters (Table 1, clusters in boldface, and Figure 2). Further, a money by group interaction
was significant in the left OFC (Figure 2A); indeed, an overall test of coincidence of the study
groups’ regression lines was statistically significant (F=3.49(2,80), p < 0.05), indicating
different lines of best fit (from lowest to highest monetary reward) in this ROI as a function of
group. All other significant results are marked in Figure 2 and further described in Discussion.

We examined the effect of age, urine status, and cigarette smoking by conducting correlations
or t-tests with all 9 clusters’ responses to absolute or relative monetary reward (45¢, 1¢, or 0¢
> baseline, 45¢>0¢, and 1¢>0¢) as the dependent variables (3 covariates × 9 ROIs × 5 reward
conditions = 135 analyses); even with a lenient Bonferroni correction (p<0.01), there were no
significant correlations between age and any of these ROIs, nor did monetary responses in
these ROIs differ as a function of urine status or cigarette smoking history, in each of the study
groups or in the complete sample.

Goal 2: State Motivation
All three behavioral measures of state motivation (45¢ > 0¢) were significantly intercorrelated
in the comparison subjects (variables 1–3 in Table 2, lower half) but not in the cocaine abusers
(Table 2, upper half). In the cocaine subjects there was instead a correlation between the
differential RT with MPQ self-control, such that the faster the RT to the higher monetary
reward, the more the self-reported trait control. Again, age, urine status, or cigarette smoking
did not affect these results.

Goal 3: Brain-Behavioral Associations
The differential signal change (45¢ > 0¢) in the lateral PFC correlated significantly with
motivation at both the state (differential RT) and trait (MPQ achievement) levels and also with
trait self-control but only in the cocaine abusers (variable 8 with variables 1, 4–5, Table 2,
upper half). Voxel based correlations in the cocaine abusers confirmed the involvement of the
lateral PFC in RT (Table 2sA), achievement (Table 2sB), and self-control (Table 2sC and
Figure 3A, inserted map). Selected drug use variables (Table 1s) did not correlate with the
differential BOLD response in the lateral PFC or with MPQ self-control; further, this
correlation (Figure 3A) remained unchanged after controlling with partial correlations for age,
urine status, and smoking history (see Figure 1s).

In the comparison subjects there was a significant correlation between the lateral PFC and the
right OFC (45¢ > baseline for both) in both voxel based (whole brain) (Table 2sD and Figure
3B, inserted map) and ROI (Figure 3B, linear regression) analyses. These correlations were
not significant in the cocaine abusers.
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Discussion
Here we report for the first time a compromised neuronal sensitivity to monetary reward in
cocaine abusers. We further report novel correlations between PFC sensitivity to money and
motivation and self-control in the cocaine abusers but not comparison subjects, who instead
demonstrated an association between reward induced change in performance and self-reported
task engagement, and an intact association between the lateral PFC and OFC signals to money.

Goal 1. Reduced Complexity of Neuronal Responses to a Non Drug Reward in Addiction
Replicating and extending previous findings in healthy subjects (e.g., (20)), sustained monetary
reward was associated with a robust and complex neuronal activation pattern in the comparison
subjects (Figures 1–2): there was a trend for the left OFC to respond in a graded fashion (45¢
> 1¢ > 0¢) (Figure 2A), the lateral and medial PFC responded instead to the two conditions of
monetary value equally (45¢ = 1¢ > 0¢) (Figure 2B), while the mesencephalon displayed a
third pattern of sensitivity to the highest available reward only (45¢ > 1¢ = 0¢) (Figure 2C).
In general, these results are consistent with role of the a) OFC in relative reward processing in
the primate (21) and in healthy human subjects ((20), (22–25)); b) PFC in the control of
attention (8) possibly irrespective of reward magnitude (26); and c) mesencephalon in an all-
or-nothing reward processing in the primate (27) and in healthy human subjects (20).

The cocaine addicted subjects did not display this complex pattern of activation to monetary
reward, demonstrating either reduced regional BOLD signal in the between group analyses or
less sensitivity to differences between the monetary conditions in the within group analyses
(Table 1B, Figure 1B, and Figure 2 left). Attenuated mesocorticolimbic neural activations to
monetary reward have been previously reported in adolescence (28) and Parkinson’s disease
(29). Our study extends these results to drug addicted individuals. The importance of this
finding lies in the conditioning between monetary availability and drug procurement. It is
therefore possible that for the drug addicted individual, only more immediate drug-related cues
(e.g., pictures or a video, see (3)) or the drug itself could have activated this circuit at a
comparable level with that induced by a non drug-related reward in the non drug addicted
individual.

A relative exception was the left cerebellum, where only the cocaine abusers displayed a
significant monetary effect (45¢ > 0¢; note however that the between group analysis still
showed larger reward-related activations in the comparison subjects) (Figure 2D). This within
subjects result is consistent with reports of compensatory mechanisms in the cerebellum in
psychopathology, e.g., over reliance on the cerebellum by cocaine abusers during a working
memory task (30) and by Parkinson’s patients during a rewarded task (29).

Goal 2. Impaired Drive Perception in Addiction
Our second major finding concerns intercorrelations between all three state (task-related)
behavioral measures of motivation in the comparison subjects but not cocaine abusers (Table
2, variables 1–3). Thus, in the former group only, the faster and more accurate the responses
for the high monetary condition compared to the neutral cue, the higher was the self-reported
engagement in the task. In contrast, the cocaine subjects’ reports of task engagement were
disconnected from their actual task performance (speed or accuracy). This disconnect between
the objective and subjective measures of state motivation in the cocaine abusers may reflect
not only a discrepancy between actual behavior and explicit knowledge of rules of behavior
(31) or reward and punishment outcome (32), but indeed a disruption in the ability to perceive
inner motivational drives. This disruption may contribute to long-term self-control deficits as
further suggested by our results (Table 2, variables 1 and 5).
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Goal 3. The Lateral PFC in Trait Self-Control in Drug Addiction
In the cocaine abusers we observed significant correlations between the lateral PFC and state
(differential RT) and trait motivation (MPQ achievement) and with trait self-control (MPQ
control, Figure 3A). In particular, the latter correlation suggests that hyposensitivity to reward
in the PFC mediates the reduced self-control reported by the cocaine abusers (Table 2, a
significant between group difference in variable 5). This result is consistent with the role of
the PFC in control of behavior as previously reviewed (1, 33) and with prior research in our
laboratory pointing to an association between the PFC and inhibitory control in drug addiction
(34–36). Our current results for the first time highlight the role of neural sensitivity to
reward in trait inhibitory control.

The Underlying Mechanism: Disruption of Frontal Neuronal Networks—The
mechanism underlying impaired perception of motivational drives and disrupted inhibitory
control in drug addiction may involve a breakdown in frontal corticolimbic neuronal network
communications. Thus, while in the comparison subjects the OFC tended to respond in a
monotonically positive pattern to reward (Figure 2A right) and its responses to the high
monetary reward were significantly associated with parallel responses in the lateral PFC
(Figure 3B), both these patterns were lacking in the drug addicted subjects. It is therefore
possible that in drug addiction a disrupted sensitivity to gradients in monetary value in the OFC
contributes to the disrupted functioning of the lateral PFC, creating a communication
breakdown that augments the cognitive-behavioral and emotional difficulties in these
individuals. Indeed, changes in frontal white matter integrity (37) and their association with
impulsivity (38) were recently reported in cocaine dependent subjects.

Limitations
Causal attributions should not be made without the replication of the correlational BOLD-
behavior results using an experimental design (e.g., manipulation of value of reward,
motivation, and inhibitory control in the same task). Also, these results need to be replicated
in larger sample sizes and with more homogeneous groups of drug addicted individuals (e.g.,
all current vs. all detoxified cocaine abusers). In this regard, it is important to recall the age
and abstinence differences between the two study groups; age (29) and abstinence from
cigarette smoking (39) or cocaine (1,40) could decrease neural sensitivity to reward. However,
analyses revealed that in the current study these possibly confounding factors were not related
to the BOLD or behavioral fMRI dependent variables or to their associations (e.g., Figure 1s).
In addition, the experimental design did not allow for investigation of different epochs of
reward processing (for example, anticipation vs. consummation, see (28)), and future studies
could investigate whether the observed between-group differences are specific to distinct
phases of reward processing. Finally, this study cannot distinguish whether the disrupted
patterns of activation to monetary reward in the cocaine abusers reflect the chronic use of drugs
or whether they antedated drug utilization and may have constituted a vulnerability factor for
addiction.

Conclusions
We attribute the deficits in the subjective perception of motivational drives in the cocaine
abusers to reduced OFC responsivity to gradients in a non drug-related reward and its effect
on control of behavior by the lateral PFC. These abnormalities may contribute to the ascribed
motivational impairments and deficits in controlling drug taking behavior in drug addicted
individuals.
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Recommendations
Our results of impaired reward processing and perception of inner drives in the cocaine abusers
provide a possible neuropsychological explanation for the deterioration over time in the
effectiveness of insight oriented dynamically driven psychotherapies in drug addicted
individuals (41). Using interventions aimed at helping drug abusers to recognize external
situations that produce stress, craving, or the risk of relapse, and teaching them cognitive-
behavioral skills to counteract these situations, may prove beneficial. In particular, therapeutic
skill development could include cognitive strategies targeted at strengthening PFC control of
behavior, especially under salient emotional situations.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
SPM results of the monetary reward effect (45¢ or 1¢ > 0¢) in all subjects (A: comparison
subjects, N=13, and cocaine abusers, N=16) and in direct group comparisons (B: comparison
subjects > cocaine abusers). Statistical thresholds were p<0.005 uncorrected for A and p<0.05
uncorrected for B (third order analyses and a priori hypothesis), minimum cluster size was 5
contiguous voxels (135 mm3). CBL is cerebellum, OFC is orbitofrontal cortex, MSN is
mesencephalon, OCC is occipital cortex, TH is thalamus, and PFC is prefrontal cortex.
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Figure 2.
Average BOLD signals in the ROIs (see Figure 1A and Table 1, regions in boldface) located
at the left orbitofrontal cortex (A: OFC), prefrontal cortex (B: PFC, mean signal), right
mesencephalon (C: MSN), and left cerebellum (D: CBL) as a function of monetary reward
(white = 0¢; gray = 1¢; black = 45¢) and diagnostic group (left: 16 cocaine abusers; right: 12
comparison subjects, ss). Bar graphs represent mean % signal change from baseline ± SEM.
ANOVA F results are presented on the right: df = 2, 25 (Money) or 1, 26 (Group). Results of
significant t-tests are marked inside the figures: df = 11 (comparison subjects), 15 (cocaine),
26 (group differences); all significant t > |2.1|; *p<0.05; **p<0.01.
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Figure 3.
A: Correlation between the lateral PFC and inhibitory control in 16 cocaine abusers. Scatterplot
shows association between the BOLD signal change for monetary reward as compared to the
neutral cue (45¢ > 0¢) in the lateral PFC (x=33, y=36, z=15) with MPQ self-control (r=0.88,
p = 0.001); the inserted statistical map of brain activation depicts the cluster location
corresponding to this correlation (Table 2sC). Thresholded at p < 0.05 uncorrected. B:
Correlation between the lateral PFC and OFC in 12 comparison subjects. Scatterplot shows
association between the BOLD signal change for monetary reward as compared to baseline
(45¢ > baseline) in the lateral PFC (x=−21, y=48, z=36) with same responses in the OFC (x=42,
y=33, z=−12) (r=0.84, p = 0.001); the inserted statistical map of brain activation depicts the
cluster location corresponding to this correlation (Table 2sD). Thresholded at p < 0.005
uncorrected. Minimum cluster size 100 contiguous voxels, 2700 mm3, for both.
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Table 2
Correlations between selected dependent study variables. Differential (change)
scores were calculated between the high monetary reward and the neutral cue
(45¢ - 0¢) for all three state motivation (variables 1–3) and also for the BOLD
responses in the four frontolimbic regions (variables 6–9) separately for cocaine
abusers and comparison subjects. Values are also provided for trait (MPQ)
motivation and control (variables 4–5). Values are mean ± SD (or ± SEM for the
BOLD responses) and Pearson r for correlations between the selected nine
variables. For group differences in the continuous variables independent t-tests
were used. Correlations for comparison subjects are in the lower half and for
cocaine abusers in the upper half (bordered and italic) of the correlation matrix (if
non significant, correlations are shown only if the same correlations are significant
for the other group).
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