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Anterior cingulate cortex (ACC) hypoactivations during cognitive
demand are a hallmark deficit in drug addiction. Methylphenidate
(MPH) normalizes cortical function, enhancing task salience and
improving associated cognitive abilities, in other frontal lobe pathol-
ogies; however, in clinical trials, MPH did not improve treatment
outcome in cocaine addiction. We hypothesized that oral MPH will
attenuate ACC hypoactivations and improve associated performance
during a salient cognitive task in individuals with cocaine-use dis-
orders (CUD). In the current functional MRI study, we used a rewarded
drug cue-reactivity task previously shown to be associated with
hypoactivations in both major ACC subdivisions (implicated in default
brain function) in CUD compared with healthy controls. The task was
performed by 13 CUD and 14 matched healthy controls on 2 d: after
ingesting a single dose of oral MPH (20 mg) or placebo (lactose) in
a counterbalanced fashion. Results show that oral MPH increased
responses to this salient cognitive task in both major ACC subdivisions
(including the caudal-dorsal ACC and rostroventromedial ACC extend-
ing to the medial orbitofrontal cortex) in the CUD. These functional
MRI results were associated with reduced errors of commission (a
common impulsivity measure) and improved task accuracy, especially
during the drug (vs. neutral) cue-reactivity condition in all subjects.
The clinical application of such MPH-induced brain-behavior enhance-
ments remains to be tested.
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rug addiction is a chronically relapsing disorder associated with

dysregulated dopaminergic neurotransmission as well as func-
tional impairments in the brain regions innervated by dopamine
[e.g., the prefrontal cortex (PFC)] (1, 2). Psychostimulants such as
cocaine have high abuse and dependence potential because of their
ability to increase dopamine in limbic brain regions. Similarly to
cocaine, methylphenidate (MPH; e.g., Ritalin) blocks the dopamine
transporter increasing extracellular dopamine. However, although
speed of uptake of both drugs is similar, rate of clearance of MPH
from the brain is substantially slower than that for cocaine (90- vs.
20-min half-life), and these slower pharmacokinetic properties may
contribute to the lower abuse potential for MPH (1). Both these
neuropharmacological mechanisms, interference with the binding of
the drug to its target and different (i.e., slower) pharmacokinetics,
proved valuable in the management of heroin (e.g., with methadone
and buprenorphine) and nicotine addiction (e.g., with nicotine patch
and nicotine gum) (3). In contrast, adapting a similar pharmaco-
logical strategy (use of stimulant medications such as MPH) in
individuals with cocaine-use disorders (CUD) did not decrease co-
caine use or prevent relapse (1).

Nevertheless, oral MPH decreases abnormal risk taking in
patients with frontotemporal dementia (4) and children with at-
tention deficit hyperactivity disorder (ADHD) (5). Furthermore,
when on stimulant medication (including MPH), youth with ADHD
showed a trend to improved inhibitory control and a normalized (vs.
a healthy control group) PFC response to a classical self-regulatory
task (6). MPH also improves performance on sustained attention
and working memory tasks in ADHD (7, 8), showing promise in
normalizing such task-related behavior and brain response in
patients with traumatic brain injury (9, 10) and major depression
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after stroke (11). Common to these studies is the use of cognitive
tasks that engage executive functions dependent on the PFC (12) in
psychopathologies that, similarly to drug addiction, impact PFC
integrity and function. We, therefore, tested whether a beneficial
response to oral MPH during performance of a similar cognitive
task will also be documented in CUD. We chose a task that, as pre-
viously reported, engaged the PFC in CUD; here, subjects are
monetarily remunerated for correct pressing for color of drug-
related and matched neutral words that they have just read (13).

Importantly, using this task, despite lack of group differences in
self-reported engagement or objective behavioral performance, the
CUD participants compared with the healthy controls showed robust
anterior cingulate cortex (ACC) hypoactivations (14), encompassing
the rostroventral ACC [rvACC; extending to the medial orbito-
frontal cortex (mOFC)] and the caudal-dorsal ACC (cdACC). The
wACC/mOFCiis based on a functional network known as the orbital
and medial PFC (15, 16) or the ventromedial PFC (which does not
include the central and lateral regions of the OFC) and includes
Brodmann Area (BA) 10 (and BAs 11, 13, and 14 but not 47/12 or
45) (17). The cdACC is located within the confines of the posterior
medial frontal cortex and includes BA 24 as previously described
(18) (BA 32 occupies territories within both ACC subdivisions).
Similarly to our previous study (14), we were interested in these two
major subdivisions of the ACC that are differentially recruited for
the regulation of emotion, cognition, and behavior in response to
salient stimuli (19); the rvACC/mOFC has been implicated in
maintaining a default brain function that needs to be suspended
during goal-oriented tasks, including the regulation of autonomic
functions (20), and in the adaptive suppression of emotion (21), and
the cdACC has been implicated in performance monitoring (22) and
cognitive control (18). Functional neuroimaging studies in post-
traumatic stress disorder (23, 24) and depression (25) have indeed
implicated the c¢dACC in emotional conflict monitoring (26),
whereas the vACC/mOFC has been implicated in emotional con-
flict resolution (27).

In the current functional MRI (fMRI) study, 13 CUD matched
on education and intellectual functioning with 14 healthy controls
(Table S1 shows demographics) performed this rewarded drug cue-
reactivity task on 2 d (mean + SD for test-day interval; 13.5 +
11.3 d): after ingesting a single dose of oral MPH (20 mg) or placebo
(lactose) in a counterbalanced fashion (Fig. S1 shows study proce-
dures). We hypothesized that, compared with placebo, oral MPH
will increase function of these two ACC subregions in the CUD,
evidenced by reduced group differences (i.e., normalization in
CUD) during MPH use.
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Results

Whole-Brain Task-Related Followed by Region of Interest Analyses.
For all subjects compared with a fixation baseline, the fMRI task
produced brain-activation and hypoactivation patterns similar to
those we previously reported (14) with similar group differences
(Table S2). Importantly, an MPH main effect was observed in both
our a priori regions of interest (ROIs) as driven by the CUD (Table 1).
In a 2 (medication) x 2 (word) x 2 (group) follow-up ROl ANOVA
in SPSS (regions in Table 1), there were medication X group (F 25 =
4.9, P < 0.05) and medication x group X word (Fy 55 = 7.7, P = 0.01)
interactions in the left cdACC (x = -3,y = 9, z = 36) explained by
hypoactivations in CUD compared with controls only during placebo
(for drug words, t,5 = —2.1, P < 0.05) but not MPH (55 < 1.4, P> 0.2)
and by enhanced MPH vs. placebo signal only in the CUD (for drug
words, ¢, = 3.1, P = 0.01; mean percent increase in cdACC signal =
9.5% =+ 3.2%) (Fig. 1A4). Thus, consistent with our previous results in
alarger independent cohort that did not receive any pharmacological
intervention (14), during placebo, the cdACC was hypoactive in the
CUD. Here, MPH bolstered the cdACC signal in the CUD to a level
where there were no longer significant differences between the study

groups (note specificity of results in the drug-related context). In
amore posterior coordinate (x = 6,y = =9,z = 45), this region showed
a medication main effect (F,,s = 14.2, P = 0.001) (Fig. S2). The
vACC, which extended to the mOFC (x = 0,y = 36,z = —3), similarly
showed a medication main effect (F; s = 12.7, P = 0.001) and a trend
to amedication X group interaction (' »s = 3.8, P = 0.063), explained
by MPH vs. placebo decreased hypoactivations in the CUD (for drug
and neutral words, #1, > 2.6, P < 0.05; mean percent increase in mOFC
signal = 28.9% =+ 11.7%) (Fig. 1B). There were no significant changes
between MPH and placebo in our main ROISs for the control subjects
(t13 < 18, P> 01)

In addition to our two ROIs, an MPH effect was evident in the
superior occipital gyrus (activations with MPH > deactivations with
placebo), posterior cingulate cortex, and superior frontal gyrus
(deactivations with MPH < activations with placebo; all driven by
CUD). A group by medication interaction was evident in the dor-
solateral PFC (medial/superior frontal gyrus and the precentral
gyrus) and the fusiform gyrus such that CUD showed deactivations
during MPH and activations during placebo, whereas controls
showed the opposite pattern (Table 1 shows BAs). Given that these

Table 1. MPH effect: drug-word fMRI task in 13 CUD and 14 healthy controls
BA Side  Number of voxels z P cluster-level corrected X y z
MPH > PL
rvACC/mOFC 32 M 59 4.5 0.003* 0 36 -3
cdACC 24 L 74 5.4 0.038 6 -9 42
MPH < PL
Posterior cingulate cortex 23, 31 L 481 5.2 0.000 -9 -30 30
CUD: MPH > PL
rvACC/mOFC 10,32 M 46 5.0 0.006* 0 36 -3
cdACC 24,32 R 101 4.2 0.012 6 -9 45
24,32 L 101 4.2 0.012 -3 9 36
Superior occipital gyrus 19 R 163 5.3 0.001 27 -78 27
CUD: MPH < PL
Superior frontal gyrus 8 L 131 5.2 0.004 -12 42 42
Posterior cingulate cortex 23, 31 L 687 5.5 0.000 -12 =27 33
23, 31 R 687 5.5 0.000 9 =27 30
Group by medication interaction
Medial/superior frontal gyrus 8,9 M 140 4.6 0.003 0 42 39
Precentral gyrus 4 L 72 4.2 0.041 -42 -6 42
Fusiform gyrus 19 L 68 4.3 0.049 =27 -69 3
Correlations with behavior (as seed variable): MPH > PL across all subjects
Drug words
Accuracy
mOFC 10,32 L 27 +3.5 0.024" -9 42 -6
Errors of omission
mOFC 10, 32 L 27 -3.4 0.024" -9 42 -6
Errors of commission
mOFC, medial frontal gyrus 10, 32 R 35 -3.2 0.016" 3 51 9
Inferior temporal gyrus 37 L 87 -39 0.009 -42 -57 0
Middle temporal gyrus 21 R 148 +3.8 0.001 48 -39 3
Neutral words
Errors of commission
cdACC 24 R 68 -4.6 0.017 3 -3 45
Cerebellum L 85 +4.7 0.006 -12 -39 -30
Correlations with drug use (as seed variable): CUD only
Marijuana use: lifetime (MPH, neutral words)
Medial frontal gyrus/DLPFC 9 L 36 -4.1 0.039 -42 42 30
Alcohol use: lifetime (placebo, neutral words)
Posterior caudate L 43 +4.0 0.028 =27 -36 9
cdACC 32 M 124 -5.0 0.000 0 12 45
Cocaine use: last 30 d (placebo, neutral words)
Medial frontal gyrus/DLPFC 6,89 L 64 +3.9 0.004 -39 21 30
Inferior parietal lobule 40 R 47 +3.9 0.020 33 -51 30

All results were P < 0.05 cluster-level corrected and P < 0.001 voxel-level uncorrected, 20 voxels minimum. Drug-word fMRI task had
no significant results for control subjects and all word-related comparisons. MPH, methylphenidate; CUD, individuals with cocaine-use
disorders; BA, Brodmann Area; PL, placebo; L, left; R, right; M, middle; rvACC/mOFC, rostroventral anterior cingulate cortex/medial
orbitofrontal cortex; cdACC, caudal-dorsal anterior cingulate cortex; DLPFC, dorsolateral prefrontal cortex; Z (+) value, positive corre-

lation; Z (-) value, negative correlation.
*Small-volume correction (SVC).

TP < 0.05 cluster-level corrected and P < 0.005 voxel-level uncorrected, 20 voxels minimum, with an SVC (at 10 voxels radius).
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Fig. 1. MPH enhances fMRI anterior cingulate A
cortex activations and reduces commission errors on
a cue-reactivity fMRI task. Variables are mean per-
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with the respective change for accuracy during drug words. Error bars represent SEM. Midsagittal map on the bottom of the figure shows the cdACC and rvACC/
mOFC ROIs. Subjects are 13 individuals with CUD and 14 healthy control. MPH, methylphenidate; PL, placebo.

results were not a priori hypothesized, their discussion is deferred
while awaiting replication in a larger sample size.

Behavior. Task performance. Errors of commission showed a medica-
tion main effect (Fy 25 = 5.6, P < 0.05) driven by MPH vs. placebo
differences for drug words (Z = —2.3, P = 0.021; percent decrease =
4.7% + 1.9%; driven by the CUD = 6.7% =+ 3.2%) (Fig. 1C). Thus,
MPH decreased task-related errors of commission (a common
measure of response impulsivity) (28) in all study subjects, most
notably during the drug-related context. Accuracy (number of cor-
rect responses per task epoch) and errors of omission showed
a trend to a medication X word X group interaction (F »5 > 3.8, P =
0.064) (Fig. S3). Inspecting the means, these three-way interactions
were driven by MPH-enhanced accuracy and lower errors of omis-
sion (this time during the neutral-word condition for the CUD and
the drug-word condition for the controls). No other effect (e.g.,
group differences) for these or other behavioral (e.g., reaction time)
variables reached significance.
Posttask word-value ratings. Although the word main effect was sig-
nificant (drug < neutral, F; 55 = 42.3, P < 0.0001), all other effects
were not (F < 1.9, P> 0.2). Thus, all subjects rated the drug words as
more negative than the neutral words (—0.96 + 0.22 vs. 0.92 + 0.18,
respectively), and this effect was not modulated by group or MPH.
Craving ratings. A 2 (medication) X 3 (repetition: baseline, 55 and 75
min after MPH or placebo) X 2 (group) ANOVA showed a signif-
icant group main effect such that compared with controls, CUD
reported higher craving at all three assessments (Fj,4 = 21.8, P <
0.0001); however, these craving reports were not modulated by
MPH (all other effects: F < 2.0, P > 0.2) (Fig. S4). SI Text describes
MPH effects on other task ratings (motivation to gain money,
sleepiness, interest in task, and confidence in performance), profile
of mood states, and cardiovascular measures (including heart rate).
To summarize, although, in the current sample, the task was not
associated with increased accuracy to monetary reward as we pre-
viously reported in an independent larger sample (14), this task was
emotionally salient as evidenced by subjective ratings (negative
value attributed to the drug vs. neutral words) across all subjects.
Furthermore, although CUD reported more craving throughout the
task, there were no group differences in task performance.

Brain—Behavior Correlations. To inspect whether the placebo-

controlled MPH enhancements of both fMRI activations and be-
havior were intercorrelated, we examined their respective change

Goldstein et al.

scores (MPH — placebo separately for drug and neutral words for
both fMRI activations and performance variables). SI Text shows
results of first-order effects (i.e., correlations between our a priori
ROIs and the task-performance measures for each of the study
conditions separately). Using the change scores, correlations were
significant for both a priori ROIs (the cdACC with errors of com-
mission during neutral words and the mOFC with accuracy, errors
of omission, and errors of commission during drug words) as con-
firmed with whole-brain analyses. These brain-behavior corre-
lations show that the higher that the MPH enhanced regional
activations (directly compared with placebo), the better the re-
spective task performance across all study subjects (Table 1, Fig. 1D,
and Fig. S5). In addition to these ROISs, correlations were also ob-
served for the temporal gyrus and anterior cerebellum (Table 1).

Effect of Potential Covariates on Main Results. The two study groups
differed on age, depression, and cigarette smoking (Fig. 1 and
Table S1). These variables were entered as separate covariates in
the relevant ANOVAs if significantly (P < 0.05) associated with our
selected dependent variables across all study subjects (29) (the
same procedures were applied to control for the effect of other
potentially contributing variables, such as heart rate, as further
described in Discussion and SI Text).

RoIs. The cdACC was negatively associated with age and depression
(for both, drug words during placebo: r = —0.46, P < 0.05). Entering
age as covariate, the three-way interaction was still discernible
(F124 = 3.4, P = 0.076), although it did not survive correction for
depression (F; 24 = 1.8, P > 0.2); nevertheless, inspection of means
revealed the same pattern of results as in Fig. 14. The rvACC/
mOFC was not associated with age or depression (r < —0.38, P >
0.054). There were no differences in these two ROIs between cig-
arette smokers and nonsmokers (¢5 < I1.8l, P > 0.08). For the main
scatterplot (Fig. 1D), the ROI (and behavioral) difference scores
were not associated with any of these covariates (r < 10.35l, P> 0.07;
t<1.7,P>0.1).

Task performance. Age, depression, and cigarette smoking were not
associated with errors of commission (Spearman r = rg < 10.37I, P >
0.054; t5 < 11.81, P > 0.09).

Correlations with Drug Use in CUD. Whole-brain analyses, which
followed significant ROI analyses (SI Text), showed a significant
correlation between the cdACC and lifetime alcohol use (Table 1
and Fig. S6) (correlation survived corrections for age, depression,

PNAS Early Edition | 3 of 6

NEUROSCIENCE


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1011455107/-/DCSupplemental/pnas.201011455SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1011455107/-/DCSupplemental/pnas.201011455SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1011455107/-/DCSupplemental/pnas.201011455SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1011455107/-/DCSupplemental/pnas.201011455SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1011455107/-/DCSupplemental/pnas.201011455SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1011455107/-/DCSupplemental/pnas.201011455SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1011455107/-/DCSupplemental/pnas.201011455SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1011455107/-/DCSupplemental/pnas.201011455SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1011455107/-/DCSupplemental/pnas.201011455SI.pdf?targetid=nameddest=SF6

L T

/

1\

=y

and cigarette smoking; rs > —0.94, P < 0.0001). These whole-brain
analyses also revealed correlations between drug use and the dor-
solateral PFC, caudate, and inferior parietal lobule (Table 1). No-
tably, a significant ROI correlation between the vACC/mOFC and
recent cocaine use (S/ Text) did not survive whole-brain corrections,
and this effect, although echoing our prior correlation between this
region with craving (14), needs to be studied further in larger sample
sizes. There were also no significant correlations between the select-
ed drug-use variables (Table S1) and any of the task-performance
variables (rs < 10.671, P > 0.01).

Discussion

Our current results show that, compared with placebo, oral MPH (i)
enhanced the activation of the cdACC and rvACC/mOFC in re-
sponse to a cognitive task in CUD and (if) decreased response im-
pulsivity (errors of commission) to the task both in controls and
CUD. Results further showed a brain-behavior MPH-specific cor-
relation such that (i) the greater the improvement in task accuracy
with MPH compared with placebo, the larger the respective increase
in the vACC/mOFC fMRI signal (Fig. 1). These results are con-
sistent with the benefit conferred by MPH during performance of
other PFC-mediated cognitive tasks in various psychopathologies
[e.g., frontotemporal dementia (4), ADHD (5-8), traumatic brain
mnjury (9, 10), and depression after stroke (11)]. These results are
also consistent with two recent studies in CUD: an fMRI study
showed that i.v. MPH compared with placebo improved inhibitory
control on a neutral cognitive task (30), and a positron emission
tomography study showed that oral MPH (20 mg) attenuated the
inhibition of metabolism in limbic brain regions that followed
cocaine-cues exposure (31). Our fMRI study shows that a thera-
peutic dose of the feasibly administered oral MPH (20 mg) im-
proved cognitive performance (decreased errors of commission,
a measure of impulsivity) both in CUD and control participants
during performance of a salient cognitive task as associated with
enhanced activation of the ACC in the CUD. In the CUD, we
speculate that these beneficial effects are contingent on an en-
hancement of dopamine neurotransmission by MPH (which blocks
the dopamine transporter) in these dopamine-deficient individuals.
However, the direct or downstream effects of other neuro-
transmitters such as norepinephrine (32), also disrupted with
chronic cocaine exposure (33), remain to be empirically tested.

Although the task in this study was instrumental in documenting
ACC hypoactivations in CUD and their reversal by MPH, future
studies are needed to evaluate the generalizability of our findings to
other tasks or activities that involve the ACC. Particularly relevant
will be explorations of the potential benefits of MPH in an emo-
tionally charged context, because our findings (except for the
wACC/mOFC main effect) were most robust during the negatively
valenced drug-related context.

Using different PFC-mediated cognitive tasks, other fMRI stud-
ies similarly reported cdACC hypoactivations in addicted individu-
als (review in ref. 34). Our current results suggest that these
hypoactivations may be associated with the cumulative effect of
lifetime drug use, which is most clearly evident for alcohol (Fig. S6).
The specificity of results to alcohol may be statistically driven (that
is, we noted similar correlations with other drugs that did not survive
the high-significance thresholds and whole-brain corrections), which
remains to be preclinically tested. Nevertheless, this association
with the cdACC was not explained by age, depression, or cigarette
smoking and could potentially reflect a premorbid factor predis-
posing individuals to drug use or a marker for a more severe level of
addiction. Importantly, such PFC hypoactivations (including in the
cdACC) predispose treatment-seeking drug-addicted individuals to
relapse (35), whereas cognitive impairment is associated with lower
treatment retention (36). Our results, therefore, suggest that, by
enhancing PFC function and associated cognitive performance
(decreasing commission errors/impulsivity), clinical outcome may
be improved.

In our previous study, we reported that the more the vACC/
mOFC deactivation (from baseline) in the CUD, the better was
their ability to suppress task-induced craving (14). In our current
smaller sample, craving was not enhanced by the task, and current
ROI correlation results suggested an opposite direction of effect
(the more the deactivations, the more the recent cocaine use;
SI Text). A similar direction of effect was recently suggested by a
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correlation between rvACC/mOFC response (to fictive errors) and
subjective craving in unsated cigarette smokers (37); nevertheless,
because direction of this response remains to be specified and given
the trend level of our current ROI correlation results, the role of the
vACC/mOFC in craving and drug-seeking remains to be fully ex-
plored. Importantly, although our task used drug-related words, the
low oral dose of MPH (20 mg) did not modulate craving (Fig. S4).
These results are consistent with prior studies where the drug cues
were video scenes of people self-administering cocaine (31, 38). In
contrast, iv. MPH administration (0.5 mg/kg) increases cocaine
craving in CUD (39). Therefore, in designing future studies and
potential neurocognitive interventions, route of MPH administra-
tion (and dose) have to be closely monitored.

Similarly to the effect in CUD as mentioned above (31), in
healthy participants, MPH attenuates the brain-metabolic or blood-
flow increases induced by a cognitive task (e.g., numerical calcu-
lations or spatial working memory), especially in regions activated by
the task (including the PFC) (40, 41). Such attenuation possibly
reflects better signal-to-noise ratio and optimized activity (e.g.,
processing efficiency) in the brain regions supporting accurate task
performance (40, 41); indeed, the MPH-induced improvements
were greatest in subjects with lower baseline capacity (41). The
relative increases in signal in our study can probably be attributed to
the imaging modality used and remain to be tested in a separate
comparative study. Other pharmacological fMRI studies using oral
MPH generally show enhanced cortical and subcortical blood oxy-
gen level-dependent (BOLD) responses in healthy controls or
individuals with ADHD (reviewed in ref. 42), which are most con-
sistently shown in the PFC (including the ACC and OFC) and dorsal
striatum (43). Nevertheless, disparity in direction of results may also
be attributed to other factors [e.g., type of task (it would be im-
portant to use a sensorimotor task as an active control task) and
severity of impairment (baseline capacity needs to be tested in
studies with larger sample sizes)] and remains to be tested.

There were limitations to this study. (i) Results need to be
replicated in a larger and more heterogeneous sample (e.g., one
that includes a balanced gender distribution) and study groups
that are matched on age, depression, cigarette smoking, and other
drug use (e.g., alcohol and marijuana). (ii) Absence of an overt
behavioral conflict when directly comparing the drug with neutral
words prevents attribution of results to a specific drug-related
response. In future studies, an event-related task design could
help measure drug-related conflict separately from error, further
permitting exploration of trial-by-trial brain-behavioral dynamic
changes (synchronization). (iii) One could question whether the
impact of MPH on the cdACC and rvACC/mOFC activations
reflects its vasoactive and stimulant properties; however, con-
trolling for heart rate, blood pressure, and sleepiness (if signifi-
cantly correlated with our dependent variables) did not change
results, and the groups did not significantly differ in plasma levels
of MPH (SI Text, Table S1, and Fig. S7). (iv) Using this cross-
sectional design, it is not possible to attribute results to the direct
effects of chronic drug use or factors predisposing to drug use and
addiction. This issue remains to be resolved in longitudinal studies
or research that targets relevant populations (e.g., drug-naive
offspring of addicted individuals, in utero exposed individuals, or
those who are stratified by selected genes).

To summarize, our fMRI results show that a low oral dose of
MPH improved response of the cingulate cortex and associated task
performance in CUD. These results tentatively suggest that, by
enhancing midline PFC function in CUD, MPH may have thera-
peutic benefits that remain to be fully investigated. Thus, although
clinical trials with MPH for the treatment of cocaine addiction have
not been effective in decreasing drug use, it remains to be tested
whether MPH, when combined with specific cognitive interventions,
can be used for behavioral modification (e.g., impulse control) to
facilitate recovery in addicted individuals.

Materials and Methods

Subjects. Subjects were recruited using advertisements in local newspapers and by
word-of mouth. Twenty-eight right-handed native English-speaking subjects (13
CUD and 15 controls) underwent a full physical and neuropsychiatric examination
by a neurologist and a diagnostic interview by a clinical psychologist. This in-
terview included the Structured Clinical Interview for Diagnostic and Statistical
Manual of mental disorders (DSM-IV) Axis | Disorders (research version in refs. 44
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and 45), the Addiction Severity Index (46), the Cocaine Selective Severity As-
sessment Scale (47), and the Cocaine Craving Questionnaire (48). Subjects were
excluded for (i) history of head trauma, loss of consciousness (>30 min), or other
neurological disease of central origin (including seizures), (ii) abnormal vital signs
at time of screening and history of major medical conditions, encompassing
cardiovascular (including high blood pressure, cardiac arrhythmias apart from
sinus bradycardia, or an abnormal electrocardiography at time of screening),
endocrinological (including metabolic), oncological, or autoimmune diseases, (iii)
history of major psychiatric disorder (other than substance abuse or dependence
for the CUD and/or nicotine dependence for both study groups), (iv) except for
cocaine in the CUD, positive urine screens for other psychoactive drugs or their
metabolites (phencyclidine, benzodiazepines, cannabis, opiates, barbiturates,
and inhalants), (v) pregnancy as inspected with a urine test in all females, (vi)
contraindications to the MRI study, (vii) history of glaucoma, and (viii) because of
the verbal nature of the task, more than 2 SDs below the norm on a verbal in-
telligence measure. Of the 28 subjects, 27 subjects (13 CUD and 14 controls)
completed the fMRI task without loss of data because of motion or technical
difficulties (see thresholds below). All subjects were healthy individuals, not
taking any medications, able to understand, and able to give informed consent
(which was obtained after the nature and possible consequences of the studies
were explained in accordance with Stony Brook University's Committee on Re-
search Involving Human Subjects).

All CUD used crack/cocaine (mostly by smoked route) in the past 30 d and met
DSM-IV criteria for current cocaine dependence (which encompass loss of control
over excessive use, despite multiple attempts to curtail or stop drug use, even
when faced with dire consequences). Urine was positive for cocaine in five CUD on
both study days, whereas three CUD were positive for cocaine on the MPH but not
placebo day; urine was negative for all drugs in all other subjects on both study
days. Self-reported time since last drug use (humber of days; mean + SD) was 4.9
7.3 d and 6.3 + 9.7 d for the MPH and placebo days, respectively (with no sig-
nificant difference between the study d; Z = -1.5, P > 0.1). One CUD also met
criteria for current heroin dependence. Current use of alcohol was reported by 12
CUD, whereas current use of marijuana was endorsed by 1 CUD; however, 0 of
these 13 CUD met criteria for current dependence on alcohol or marijuana. Use
of or dependence on other drugs was denied and corroborated by the prescan
urine tests in all subjects (drug-use measures shown in Table S1).

The CUD and control groups did not differ in gender, race, education, general
intellectual functioning, socio-economic status, and baseline cardiovascular
measures (Table S1 shows demographics). Nevertheless, there were significant
differences between the groups in age, depression, cigarette smoking, and as
expected, most drug-use variables (Table S1).

Task. The fMRI task (developed in E-prime; Psychology Software Tools) uses 40
regular drug words; non-English or slang drug words were not used (because they
may not have been recognized by the control subjects) (13). Forty household
words were matched to the drug words on length, frequency in the English
language (49), and part of speech (noun, adjective, adverb, and verb) (13). Similar
to other fMRI tasks of emotion, the two word types were presented in a blocked
on-off or off-on order (i.e., drug-neutral or neutral-drug) (50) and counter-
balanced between subjects. Subjects had to press one of four buttons (yellow,
blue, red, or green) on a commercially available response pad (Lumina model LP-
400; Cedrus), matching the color of the word they had just read; word color order
was pseudorandomized across all task runs. There were six 3.4-min (206 s) task
repetitions, each containing two task epochs of 20 drug or neutral words (pre-
ceded by a 3-s instruction slide) interleaved between three 20-s baseline periods
(a fixation cross) (figure S3 in ref. 14). Task onset was 60 min after MPH (or
placebo) administration, and its duration (20.6 min or 1,236 s) was entirely
contained within peak MPH effects (start at 60 min postadministration and last
for at least another 60 min) (51). The task was presented through MRI-compat-
ible goggles. Additional task details are given in S/ Text.

Behavioral Measures. Cocaine ratings (how much do you want cocaine right now
from not at all to very much; 0-10) were obtained four times, at baseline (just
before baseline cardiovascular monitoring), just before the fMRI drug-word task
(around 55 min postmedication), immediately at its conclusion (around 75 min
postmedication), and immediately after an additional fMRI task (the color-word
Stroop task, results to be reported separately, around 100 min postmedication).
Because our current analyses concentrated on the drug-word task, here, we
analyzed the first three time points. Inmediately after completion of the MRI
session (outside the scanner and immediately preceding the last cardiovascular
measure), all subjects also rated all task words on valence (how negative or
positive a word is from extremely negative to extremely positive; -5 to +5). All
ratings were obtained using custom programs written in C++. Inside the scanner,
the questions were presented through MRI-compatible goggles.
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Study Procedures. MPH or placebo was administered in a counterbalanced (across
all subjects) single-blinded fashion (given the stimulant effects of MPH, including
enhancing cardiovascular reactivity and reducing sleepiness, of special concern in
populations with select psychopathologies such as drug addiction, study per-
sonnel were not blinded to the administered challenge). There were no differ-
ences between study days in post-fMRI guesses for the medication received (guess
MPH vs. placebo; 2, = 3.0, P = 0.083), indicating that subjects were not fully
aware of the exact type of medication received. Fig. S1 shows study procedures.

MRI Data Acquisition. MRI scanning was performed on a 4T whole-body Varian/
Siemens MRI scanner. The BOLD responses were measured as a function of time
using a T2*-weighted single-shot gradient-echo echoplanar imaging sequence
[echo time/repetition time (TE/TR) = 20/1,600 ms, 4-mm slice thickness, 1-mm gap,
typically 33 coronal slices, 20 cm field of view, 64 x 64 matrix size, 90° flip angle,
200-kHz bandwidth with ramp sampling, 128 time points, and 4 dummy scans
to be discarded to avoid nonequilibrium effects in the fMRI signal]. Padding was
used to minimize subject motion, which was also monitored immediately after
each fMRI run (52). Earplugs (—28-dB sound attenuation, Aearo Ear TaperFit 2;
Aearo Company) and headphones (—30-dB sound attenuation, Commander XG
MRI Audio System; Resonance Technology Inc.) were used to minimize the in-
terference effect of scanner noise during fMRI (53). Anatomical images were col-
lected using a T1-weighted 3D modified driven equilibrium Fourier transform
sequence (54) (TE/TR = 7/15 ms, 0.94 x 0.94 x 1-mm spatial resolution, axial ori-
entation, 256 readout and 192 x 96 phase-encoding steps, and 16-min scan time)
and a modified T2-weigthed Hyperecho sequence (55) (TE/TR =42/10,000 ms, echo
train length = 16, 256 x 256 matrix size, 30 coronal slices, 0.86 x 0.86-mm in-plane
resolution, 5-mm thickness, no gap, and 2-min scan time), both reviewed to rule
out gross brain morphological abnormalities that can affect fMRI results.

MRI Data Processing. Analyses were performed with the statistical parametric
mapping package version 2 (SPM2) (Welcome Department of Cognitive
Neurology). A general linear model (56) and a box-car design convolved with
a canonical hemodynamic response function, and low-pass (hemodynamic
response function) and high-pass (cutoff frequency = 1/520 Hz) filters were
used to calculate individual BOLD—fMRI maps. A six-parameter rigid body
transformation (three rotations and three translations) was used for image
realignment and to correct for head motion; 2-mm displacement and 2° ro-
tation were used as criteria for acceptable motion [averaged across all axes
and task repetitions separately for translations and rotations; there were no
significant differences between the study days, groups, or interactions in
these parameters: F < 1.3, P> 0.3, translation = 0.38 + 0.04, rotation = 0.57 +
0.04 (mean + SEM)]. The realigned datasets were spatially normalized to the
standard frame (Talairach) with a 12-parameter affine transformation (57)
using a voxel size of 3 x 3 x 3 mm>. An 8-mm full-width half-maximum
Gaussian kernel was used to smooth the data.

Four contrast maps per subject were calculated, reflecting percent signal
change from a fixation baseline for each of the two task (type of word)
conditions at each study day (type of medication). These individual contrast
maps were included in a second-order (random-effects) repeated measures
ANOVA SPM2 model with two within-subjects factors (word is drug or
neutral and medication is MPH or placebo) and one between-subjects factor
(group is CUD or control). Brain-activation clusters with at least 20 voxels
(540 mm?) and P < 0.05 (cluster-level corrected for multiple comparisons
using the continuous random-field calculation implemented in SPM2 and P <
0.001 voxel-level uncorrected) were considered significant. Small-volume
corrections (58) were only applied to our a priori ROIs (rvACC/mOFC and
cdACQ). In all SPM analyses, anatomical specificity was corroborated with
a coplanar stereotaxic atlas of the human brain (59).

To confirm the voxel-based analyses, functional ROIs with an isotropic
volume of 27 voxels (729 mm?) were defined at the selected rvACC/mOFC and
cdACC coordinates (Table 1) to extract (with a custom program written in
IDL; ITT) the average (and variability) BOLD-fMRI signal amplitudes in these
regions. These ROl measures were used in follow-up analyses (e.g., ANOVA
with least significant difference pairwise multiple comparison corrections, t
tests, and correlations) conducted in SPSS 11.5 (SPSS Inc.). Statistical signifi-
cance for these ROl analyses was defined at P < 0.05 uncorrected (note that
here we only inspected the regions that were significant at P < 0.05 cluster-
level corrected at the whole-brain analyses, providing protection against
type | error). In all analyses, the appropriate corrections were used in cases of
violation of homogeneity of variance (e.g., as tested with Levene’s test or
Mauchly’s test of sphericity).

We conducted correlations between selected ROIs and respective behavioral
measures (e.g., vACUmOFC activations during drug words with accuracy during
the same task condition, separately during both medication conditions). To inspect
the specific effect of MPH on brain-behavior correlations, we calculated a differ-
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ence score between MPH and placebo for all dependent measures of interest.
Correlations were also conducted between the ROIs with six selected drug-use
variables (Table S1). These exploratory correlations were conducted to inspect
associations between the brain regions that differed as a function of MPH and
recent and lifetime drug use in the CUD. Given that multiple correlations were
conducted, all correlations in SPSS were inspected with a family-wise corrected
threshold (P < 0.01; an exception was the performance-difference scores that
were inspected at the more lenient statistical threshold, P < 0.05, for our a priori
regions only). As a further protection against type | error, significant ROI corre-
lations were tested with SPM and whole-brain corrections (simple regressions with
selected behavioral variables as seed values regressed against selected contrast
maps). In all whole-brain correlations, the same threshold was used as for the main
whole-brain analyses; an exception was reduction of the significance threshold for
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correlations between our a priori ROIs with task performance (differential scores)
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The behavioral measures were analyzed with the appropriate ANOVAs as
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inspected with parametric tests, whereas self-reported measures and the
nonnormally distributed task accuracy/errors were inspected with the re-
spective nonparametric tests.
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