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eAppendix
Additional Information About Recent Drug Use
All 18 individuals with cocaine use disorders (CUD) were active, non-treatment seeking, cocaine
users at the time of the study and were not instructed to remain abstinent in the 72 hours prior to
participation. Nine CUDs tested positive for cocaine on methylphenidate (MPH) day, 8 CUDs
tested positive for cocaine on placebo day, and 7 CUDs tested positive for cocaine on both study
days. To address this potential confound, we included days since last cocaine use as a covariate
in all of our analyses as described in the main text. In addition, we performed supplemental
analyses in SPSS 18.0 directly comparing CUD testing positive versus those testing negative on
MPH day. These supplemental analyses revealed no significant differences between the two
CUD subgroups on any cardiovascular, self-report, or connectivity measures collected during
MPH peak effects (t<|1.92|, p>0.085). Apart from the expected difference in days since last
cocaine use (p=0.039), these subgroups also did not significantly differ on any baseline clinical
measures on MPH day (i.e., variables listed in Table 1, including craving, withdrawal, or
severity of dependence; all t<|1.32|, p>0.20). Together, these analyses suggest that the effects of
MPH on our dependent measures were largely independent from the effects of recent cocaine
use.

Participant Exclusions Based on Diagnostic Criteria for Cocaine Abuse
We tested the effect of MPH on resting-state connectivity in a sample of individuals with CUD
who met DSM-IV criteria for cocaine dependence (n=17) or abuse (n=1). Because the pattern of
cocaine use consistent with abuse may be less severe than that of dependence, and may therefore
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influence response to MPH, we excluded the single participant who met criteria for abuse. We
found that all cardiovascular and connectivity results were unchanged (F>5.11, p<0.042). Albeit
reduced in strength, differences in baseline connectivity from controls (F>3.99, p<0.055) and the
unique correlation of right nucleus accumbens-left putamen/globus pallidus connectivity with
addiction severity (β=0.54, p=0.057) also mirrored findings from the entire sample. Therefore,
we elected to retain this participant in the analyses.

Effects of Methylphenidate on Cardiovascular Reactivity and Mood State
Heart rate was monitored at baseline (pre-medication immediately before the first resting scan)
and 120 min post-medication immediately before the second resting scan. Blood pressure was
taken at baseline and post-scanning as part of medical clearance at the end of the day.
Participants also completed the Profile of Mood States, for which they provided self-report
ratings (1-10, “How do you feel right now?”) for the dimensions of “MPH desire,” “alert”,
“anxious”, “high”, and “restless.” Heart rate, blood pressure, and mood state were each analyzed
with 2 (medication: MPH, placebo) × 2 (time: pre-medication, 120 min post-medication or postfMRI) repeated measures analyses of covariance. In these analyses, to control for differences
between the MPH and placebo days in abstinence, daily craving, and the potential influence of
the medication administration paradigm, we included as covariates days since last cocaine use,
the Craving Questionnaire scores, and a dummy regressor indicating whether participants
received single- or double-blind medication administration.
Heart rate was higher overall on MPH day than placebo day. There was a main effect of
time for both systolic and diastolic blood pressure and a medication × time interaction for
diastolic blood pressure (eTable 1). That is, time in the study sessions increased both systolic
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and diastolic pressure, and for diastolic blood pressure, this increase was significantly higher
after MPH than placebo. MPH did not significantly affect desire for MPH or subjective ratings of
feeling alert, anxious, high, or restless (for all, p>0.05).

Effect of Methylphenidate on Cocaine Craving and Association With Connectivity Measures
Our goal in the present study was to evaluate whether a single dose of MPH could modify
mesocorticolimbic connectivity in CUD. We did not hypothesize that this short term
administration of MPH would have immediate clinical effects. To inspect whether MPH affected
desire for cocaine, we analyzed self-report ratings of “cocaine wanting” [‘‘how much do you
want cocaine right now?’’ rated on a scale ranging from 0 (not at all) to 10 (very much)] that
were collected during the two fMRI tasks [i.e., a rewarded drug cue sustained attention task1 and
a classic color word Stroop task2] immediately prior to the second resting scan at each study day.
We did not observe a significant difference in cocaine wanting between the MPH and placebo
conditions (cocaine wanting after the tasks, immediately before the second resting scan,
compared between the MPH and placebo days; t16=1.52, p=0.15).
Using the same procedure as described in the main text for the relationship between
baseline connectivity strength and addiction severity, we also inspected how change in
connectivity measures (i.e., the 6 connectivity pathways that significantly differed from healthy
controls during placebo in the present study or as reported by Gu et al.3, and that were
normalized in strength with MPH) (MPH peak effects > placebo peak effects) relates to change
in self-reports of cocaine wanting (i.e., ratings collected immediately following the two fMRI
tasks, shortly before the second resting scan at each study day) (MPH > placebo). More
specifically, a multiple regression analysis was conducted with the 6 connectivity measures as
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predictors and change in cocaine wanting as the dependent variable. Changes in connectivity did
not significantly correlate with changes in post-task cocaine wanting (for all, β<|0.76|, p>0.07).
Together, these results are consistent with our prior studies,4, 5 where, despite modifying brain
metabolism and activation in regions relevant to drug use and craving, a single dose of oral MPH
did not change self-reports of craving.

Interaction of Addiction Severity With the Effects of Methylphenidate on Connectivity
To assess if the effects of MPH on connectivity differed in cocaine users of different addiction
severity, we included the addiction severity composite score as a covariate in analyses of
covariance in SPSS 18.0 with medication condition (MPH peak effects vs. placebo peak effects)
as the within-subject factor. We did not observe any significant interactions of the medication
condition with addiction severity (for all, F<2.41, p>0.14); and following, none of the effects of
MPH on connectivity strength were changed by the inclusion of this covariate in the model (for
all, F>6.23, p<0.025). These results suggest that MPH did not differentially affect connectivity
strength in cocaine users of different severity (note in Figure 4B we used connectivity during
placebo). These null findings are not unexpected, however, as this sample was relatively
homogeneous (i.e., all were actively using cocaine and met criteria for a current cocaine use
disorder).

Effect of Methylphenidate on Motor Pathways and Motor Control
MPH increased connectivity between the left primary motor cortex and the left cerebellum [peak
coordinate in Montreal Neurological Institute (MNI) space: x=–9, y=–45, z=–15, Z=4.54, 571
voxels, cluster-level FWE–corrected p=0.01], a well-established motor pathway that depends on
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dopamine and that has been shown to be susceptible to modulation by MPH.6, 7 Interestingly,
although micromotion was very low for all four resting scans (0.14-0.21 mm), it was higher
overall on placebo day than MPH day. It is plausible that this difference between the study days
in micromotion may be related to increased motor control with MPH. Indeed, in addition to the
known effects of MPH on attention, recent investigations suggest that MPH alters motor cortex
excitability, increasing response inhibition in humans8 and improving hypokinetic symptoms in
patients with Parkinson's disease.9 However, because the medication × time interaction on
micromotion was not significant (which would isolate the effects of ‘active’ MPH), differences
in motion between the study days may also be due to extraneous factors particular to each day.

Statistical Differences Between Region of Interest and Whole-Brain Analyses of fMRI Data
Region of interest and whole-brain analyses of functional data differ in their sensitivity, where
the search space is substantially reduced in the region of interest analyses and therefore these
analyses have higher power to detect significant effects. To partly balance this issue, we used a
more stringent height threshold equivalent to a t threshold of 3.41 for the region of interest
analyses vs. 2.65 for the whole-brain analyses. However, in our study, these two approaches also
differed at the level of statistical inference, such that the region of interest analyses identified
significant peaks while the whole-brain analyses identified significant clusters, which may
account for some of the observed differences in significant results obtained with the two
approaches (the two methods converged for the hippocampus-postcentral gyrus connectivity
results but not for connectivity between the anterior cingulate and parahippocampal gyrus – a
smaller subcortical region where activation is not likely to exceed the cluster-level correction in
the whole-brain analyses).
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Comparison of Resting Connectivity With a Non-Drug Using Control Group
A separate group of 16 right-handed healthy individuals (mean age 38±7 years, all male)
underwent identical procedures to those described in the main text under placebo conditions.
Resting-state fMRI data obtained during placebo peak effects was analyzed in the same manner.
Controls were matched to CUD on all sociodemographic and neuropsychological measures
except for age (p=0.008); micromotion also did not differ between the groups (for all, t<|1.07|,
p>0.29). For each region where MPH changed connectivity with one of the seed regions as
revealed by the main MPH peak effects vs. placebo peak effects contrast in CUD, in SPSS 18.0
we compared the strength of connectivity between controls and CUD without MPH and with
MPH. Specifically, we compared CUD vs. controls during placebo peak effects, and also CUD
during MPH peak effects vs. controls during placebo peak effects (eTable 2). Age was included
as a covariate in these analyses, given differences between the groups.
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eFigure 1. A Priori Defined Anatomical Target Regions Used for Region of Interest
Analyses
The bilateral thalamus was used for analyses with the ventral tegmental area seed. Brodmann
areas (BAs) 10, 9 and 24 in the medial prefrontal cortex were used for analyses with the
amygdala seeds. The bilateral putamen was used for analyses with the thalamus seeds. BAs 6, 8,
and 9 in the superior and lateral frontal cortex were used for analyses with the hippocampus
seeds. BAs 41 and 13 in the temporal gyrus/insula and the right parahippocampal gyrus,
hippocampus, and amygdala were used for analyses with the rostral anterior cingulate seeds. R:
right; L: left.
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eFigure 2. Whole-Brain Changes in Resting-State Functional Connectivity With
Methylphenidate
Whole-brain changes in connectivity strength following a single dose of oral methylphenidate
(MPH; 20 mg) versus placebo in 18 individuals with cocaine use disorders (CUD). See main text
Table 3. Color maps show increased (orange) or decreased (cyan) connectivity strength with
MPH versus placebo in a T-score window from ±1.5 to ±7.0. Increases or decreases from same
day baseline (MPH>baseline and MPH<baseline) are shown in red and dark blue, respectively.
ACC: anterior cingulate cortex; MDN: mediodorsal nucleus; NAcc: nucleus accumbens; VTA:
ventral tegmental area; R: right; L: left.
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eFigure 3. Increased Cingulate Connectivity With Methylphenidate
Increased right rostral anterior cingulate (BA 24) (seed shown in green) with left dorsal cingulate
connectivity following a single dose of oral methylphenidate (MPH; 20 mg) in 18 individuals
with cocaine use disorders (CUD). Color map shows increased connectivity strength with MPH
versus placebo (orange) in a T-score window from ±3.0 to ±7.0. Bar plot shows the Fisher’s Z
values for placebo peak effects (gray) and MPH peak effects (orange) plotted from values of
healthy control participants scanned during placebo conditions. Error bars represent standard
error of the mean (SEM). ACC: anterior cingulate cortex; R: right; L: left.
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eTable 1. Cardiovascular and Mood Effects of Methylphenidate a

b

Heart rate (beats/min), pre / 120 min *
c
Systolic blood pressure, pre / end **
c
d
Diastolic blood pressure, pre / end **, *
POMS MPH desire, pre / 120 min
POMS alert, pre / 120 min
POMS anxious, pre / 120 min
POMS high, pre / 120 min
POMS restless, pre / 120 min

Methylphenidate

Placebo

66.98.8 / 70.79.1
126.012.7 / 140.414.7
77.89.9 / 88.410.7
1.61.3 / 2.11.9
7.51.7 / 8.42.5
4.43.0 / 4.93.4
2.12.3 / 3.42.9
3.92.3 / 5.22.8

65.89.7 / 66.99.0
126.214.1 / 133.418.1
75.610.3 / 81.713.8
1.30.8 / 1.51.2
7.51.6 / 8.21.2
4.32.9 / 4.32.3
1.71.5 / 1.61.2
3.72.2 / 4.12.5

Note. Values are frequencies or means  standard deviation;
a
Analysis of covariance (covariates: medication administration paradigm, baseline craving, and days since last cocaine use);
b
c
d

Main effect of medication (Methylphenidate (MPH) > Placebo);
Main effect of time (120 min or end of the day > baseline, pre-medication administration);

Medication (MPH > Placebo) × time (120 min or end of the day > baseline, pre-medication administration) interaction;
*p<0.05, **p<0.01;
Abbreviations: POMS = Profile of Mood States.
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eTable 2. Comparison of Resting Connectivity between 16 Healthy Controls and 18
Individuals with Cocaine Use Disorders (CUD) Before and After a Single Dose of
Methylphenidate
Controls

CUD
Placebo

PCON
vs. CUD-PL

a

CUD
MPH

PCON

a

vs. CUD-MPH

Seed: Ventral Tegmental Area
R Caudate/Putamen
R, L Cerebellum

0.13  0.04
0.19  0.06

0.15  0.03
0.21  0.03

0.625
0.513

–0.02  0.02
0.12  0.07
0.10  0.06

–0.09  0.01
0.28  0.05
0.22  0.05

<0.001
0.355
0.380

0.10  0.04

0.18  0.05

0.403

–0.03  0.01

–0.05  0.01

0.048

–0.13  0.05

–0.17  0.05

0.531

0.24  0.03

0.26  0.05

0.674

–0.03  0.03
–0.01  0.04

–0.07  0.02
0.15  0.04

0.107
0.065

0.07  0.05

0.01  0.03

0.232

–0.04  0.03
0.01  0.03

–0.09  0.05
0.10  0.03

0.816
0.128

–0.06  0.02

0.07  0.03

0.02  0.05

Seed: R Hippocampus
L Postcentral G. (BAs 4,6)
R Cerebellum
R, L Sup. Frontal G. (BA 10)
L Mid. Occipital/Angular
G./Precuneus (BAs 40,7,23)

–0.01  0.01

0.367

0.03  0.02

0.239

0.006

–0.08  0.04

0.394

–0.23  0.04

0.001

0.05  0.04

0.560

0.14  0.07

–0.02  0.05

0.097

–0.01  0.05

0.11  0.03

0.110

0.17  0.05

0.34  0.05

0.012

0.05  0.04

0.173

Seed: L Hippocampus
L Postcentral G. (BAs 4,6)
R Sup. Temp G./Postcentral G.
(BAs 43,22)
L Insula/Thalamus/Putamen
Seed: R MDN Thalamus
R, L Med. OFC/G. Rectus (BA 11)
R, L Putamen/Thalamus
Seed: R Rostral ACC (BA 24)
L Dorsal ACC (BA 32,24)
Seed: L Rostral ACC (BA 24)
R Parahippocampal G.
R, L Cerebellum
L Inf. Parietal/Supramarginal G.
(BAs 40,2)
Seed: R Nucleus Accumbens
R Sup. Temporal G./Postcentral
G./Rolandic Oper. (BAs 20,22,38)
R Med. OFC/G. Rectus (BA 11)
L Inf. Parietal/Angular G. (BAs
40,39)
L Putamen/Globus
pallidus/Thalamus

Note. Values are mean Fisher’s Z coefficients ± standard error of the mean (SEM);
Regions in italics represent a priori regions of interest based on Gu et al.3;
a
P-value corrected for age;
Abbreviations: ACC: anterior cingulate cortex; MDN: mediodorsal nucleus; SMA: supplementary motor area; NAcc: nucleus
accumbens; OFC: orbitofrontal cortex; Med.: medial; Mid.: middle; Sup.: superior; Inf.: inferior; CUD = cocaine use disorders;
CON = controls; MPH = methylphenidate; P = placebo; R: right; L: left; BA: Brodmann Area.
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