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Abstract
Background—Cocaine users not seeking treatment have increased regional brain mu-opioid
receptor (mOR) binding that correlates with cocaine craving and tendency to relapse. In cocaine-
abusing outpatients in treatment, the relationship of mOR binding and treatment outcome is
unknown.

Methods—We determined whether regional brain mOR binding before treatment correlates with
outcome and compared it to standard clinical predictors of outcome. Twenty-five individuals
seeking outpatient treatment for cocaine abuse or dependence (DSM-IV) received up to 12 weeks
of cognitive-behavioral therapy and cocaine-abstinence reinforcement whereby each cocaine-free
urine was reinforced with vouchers redeemable for goods. Regional brain mOR binding was
measured before treatment using positron emission tomography (PET) with [11C] carfentanil (a
selective mOR agonist). Main outcome measures were: 1) overall percentage of urines positive for
cocaine during first month of treatment, 2) longest duration (weeks) of abstinence from cocaine
during treatment, all verified by urine toxicology.

Results—Elevated mOR binding in the medial frontal and middle frontal gyri before treatment
correlated with greater cocaine use during treatment. Elevated mOR binding in the anterior
cingulate, medial frontal, middle frontal, middle temporal, and sub-lobar insular gyri correlated
with shorter duration of cocaine abstinence during treatment. Regional mOR binding contributed
significant predictive power for treatment outcome beyond that of standard clinical variables such
as baseline drug and alcohol use.
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Conclusions—Elevated mOR binding in brain regions associated with reward sensitivity is a
significant independent predictor of treatment outcome in cocaine-abusing outpatients, suggesting
a key role for the brain endogenous opioid system in cocaine addiction.
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Introduction
Cocaine addiction is a chronic disease for which there is no broadly effective treatment (1),
and few reliable predictors of treatment outcome (2). Reliable long-term predictors of
outcome could be used to target treatment resources more effectively.

One potential predictor is brain mu-opioid receptor (mOR) binding. In preclinical studies,
intermittent cocaine administration for 2 weeks increases mOR binding in brain regions
associated with reward sensitivity (3). In rats, activation of mOR in ventral pallidum or
nucleus accumbens reinstates previously extinguished cocaine seeking-behavior (an animal
model of relapse), while blockade of mOR reduces reinstatement (4,5). In non-treatment-
seeking human cocaine users on a closed research ward, positron emission tomography
(PET) with the mOR agonist [11C]-carfentanil showed that mOR binding was elevated in
several brain regions, including frontal and middle temporal cortices, and correlated
positively with the severity of self-reported cocaine craving (6,7). Furthermore, there was a
positive association between increased mOR binding in frontal and temporal cortices and
shorter interval before resumption of cocaine use after discharge (8).

The present study is the first to determine whether regional brain mOR binding prior to
treatment is a reliable independent predictor of treatment outcome in cocaine-abusing
outpatients participating in treatment. The primary outcome measures, percentage of
cocaine-positive urine samples during the first month of treatment and the longest duration
of cocaine abstinence during treatment, were assessed by urine toxicology. Regional brain
mOR binding was measured prior to treatment initiation using PET with [11C]-carfentanil.

Methods and Materials
Subjects and Setting

Participants were 25 adult treatment seekers with current cocaine abuse or dependence
(DSM-IV criteria) recruited from the community to an outpatient treatment program at the
National Institute on Drug Abuse (NIDA) Intramural Research Program (IRP) in Baltimore,
Maryland. Screening included medical, psychiatric, and drug-use histories, physical
examination, urine and blood tests, Addiction Severity Index (ASI) (9), Shipley Institute of
Living Scale (10), and the Diagnostic Interview Schedule (DIS-IV) (11). Eligibility criteria
included: at least one positive urine test for cocaine during screening; 18 to 50 years old;
seeking treatment for cocaine dependence or abuse. Exclusion criteria included: use of
opioids more than 3 times within the past three months; current dependence on or abuse of
psychoactive substances except for cocaine or tobacco (DSM-IV criteria); current primary
DSM-IV Axis 1 psychiatric disorder (other than substance-use disorder, adjustment
disorder, phobia, or posttraumatic stress disorder); any medical condition that would
preclude safe participation; history of adverse reactions to opioids; Shipley vocabulary score
below 18 (6th-grade reading level); cognitive impairment; abnormal magnetic resonance
imaging (MRI) brain scan; clinically significant CNS disease; HIV infection; seizure
disorder or history of head injury with loss of consciousness for more than three minutes;
claustrophobia; treatment within the past three months with antidepressants, neuroleptics,
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sedative-hypnotics, isoniazid, glucocorticoids, or psychostimulants; currently pregnant or
nursing; blood oxygen saturation (by pulse oximetry) < 95% on room air.

The study was approved by the institutional review boards of the NIDA IRP and the Johns
Hopkins Bayview Medical Center. All participants gave written informed consent and were
paid for participation.

MRI scan and PET image Acquisition
Brain mOR binding was measured with [11C]-carfentanil, a selective mu-opioid agonist
(12). A total of 25 dynamic PET frames were acquired over 90 minutes on a GE Advance
PET scanner (GE Medical Systems, Milwaukee, WI) in 3D mode following a bolus injection
of [11C]-carfentanil (mean (SD) dose: 19.5 (1.2) mCi; range = 16.3–21.1 mCi; mean (SD)
specific activity: 3213 (2351) mCi/µmol; range = 1475–11090 mCi/µmol). Images were
reconstructed with the back-projection algorithm with a ramp filter, using the
manufacturer’s software, with correction for attenuation, scatter, dead-time, and physical
decay to the injection time. Each frame consisted of a 128 × 128 × 35 matrix with voxel size
of 2 × 2 × 4.25 mm. Prior to PET scanning, each subject had a standard spoiled-gradient
(SPGR) MRI on a 1.5 T Signa Advantage system (GE Medical Systems, Milwaukee, WI).

PET Analysis
The primary measure of mOR availability was [11C]-carfentanil binding potential (BPND)
(12). BPND volumes (voxel-by-voxel maps of BPND) were generated with a reference-tissue
graphical analysis (RTGA) (13), using occipital lobe as the reference region and setting the
brain-blood transport rate constant of the reference region at 0.104 min−1 (14,15).

The BPND volumes were spatially normalized to a standard brain supplied with SPM2 using
BP volume-to-MRI co-registration parameters and MRI-to-standard MRI spatial
normalization parameters in one step (16–18). The BPND volumes were smoothed using a
12-mm FWHM Gaussian kernel before submitting to SPM analyses.

Treatment and Outcome Data Collection
Each participant had a PET scan prior to initiation of a 12-week treatment program. PET
scans were conducted a mean (standard deviation [SD]) of 5.80 (1.68) days prior to
initiation of the treatment program. PET scans were also conducted after 4 and 12 weeks of
treatment; only the results of the pre-treatment PET scan are reported here. To increase the
likelihood that participants did not use cocaine before the PET scan, they were paid $50 if a
urine specimen collected immediately before the scan tested negative for cocaine.

Treatment was a combination of cognitive-behavior therapy (CBT) and abstinence
reinforcement. All participants were offered weekly, manual-based individual CBT in which
they were taught self-control skills to increase nondrug sources of reinforcement (19), and
develop adaptive coping responses to stress (20,21). Counseling was provided by trained
master’s-level social workers or psychologists who had previous experience in addiction
treatment. For abstinence reinforcement, 20 participants received vouchers redeemable for
goods and services for each urine free of cocaine (22). Six control participants received
vouchers on a yoked schedule. For the analyses reported here, these two groups were
combined because there was no statistically significant group difference in percentage of
cocaine-positive urines during treatment (63.4% (39.6) vs. 81.5% (36.4); t = −0.43, p >0.05,
df = 23) or in the longest duration (weeks) of abstinence from cocaine (2.3 (3.4) weeks vs.
1.1 (2.1) weeks; t =0.86, p>0.05, df =23).
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Urine specimens were collected under staff observation before each PET scan, three times
per week in the clinic (usually Mondays, Wednesdays, and Fridays) during treatment, and at
follow-up. Specimens were tested for cocaine (benzoylecgonine equivalents; BZE), opiates
(morphine), cannabinoids, and benzodiazepines (oxazepam) by Enzyme Multiplied
Immunoassay Technique (EMIT urine test; Syva Corp., Palo Alto, California). Cutoffs were
300 ng/ml for cocaine, opiates, and benzodiazepines, and 50 ng/ml for cannabinoids.

Data Analyses
“Simple regression” analyses in SPM2 were used to test the association between baseline
brain mOR binding and treatment outcome, which was operationalized as cocaine use,
expressed as: (1) overall percentage of urines positive for cocaine during the first month of
treatment, and (2) longest duration (weeks) of abstinence from cocaine during treatment, all
verified by urine toxicology. Only the first month of treatment was used to measure outcome
due to the high dropout rate during the last 2 months of treatment (only 12 of the 25
participants remained over this period) and consequent limited statistical power over that
timeframe. An association was considered significant if a cluster of ≥50 contiguous voxels
exceeded an uncorrected peak threshold of P<0.001 (23). This is a widely-accepted
approach for controlling the experiment-wide error rate and minimizing type I error (false
positive findings) in brain imaging studies that use voxel-based analysis rather than pre-
specified regions of interest (24–26). Corrected thresholds of significance sometimes used in
other scientific contexts (e.g., FDR or FWE correction) are impractical here because
millions of image voxels are being compared in the analyses. (None of the brain imaging
associations in this study would have achieved statistical significance using the FDR or
FWE correction.) Due to the skewed distribution of the data, data regarding percentage of
urines positive for cocaine during the first month of treatment were log-transformed, and
data regarding longest duration (weeks) of abstinence from cocaine were cubic-root
transformed.

The relative predictive values of mOR binding and participants’ pre-treatment clinical
characteristics were evaluated with multiple linear regression analyses in SAS (version 9.1
for Windows, SAS Institute, Cary, NC). First, univariate regression analyses were conducted
between clinical characteristics (obtained from ASI and DIS-IV interviews done at
screening) and treatment-outcome measures. Clinical predictor variables used in these
regression analyses were those suggested as possible predictors by prior studies (2,8): a
cocaine-positive urine sample at the time of first PET scan (i.e., prior to starting treatment);
self-reported number of days in the 30 days prior to screening using cocaine, alcohol, or
heroin, or having drug or employment problems; amount of money spent on drugs in the 30
days prior to screening; lifetime years of cocaine use; marital status; usual employment
pattern in the last 3 years; and years of education completed. Clinical variables that were
significant in these univariate regressions were then included with regional brain mOR
binding in multiple regressions to assess their relative predictive contribution. In addition,
sex and baseline tobacco use status were included as variables in separate sets of multiple
regression analyses because prior studies suggest that men and women may differ in
regional brain mOR binding (27,28) and in mOR binding changes in response to pain (29)
and because some (but not all) animal studies suggest that nicotine may alter brain mOR
binding (30). The entry criterion was SPM threshold (t) value <0.005 for regions that
achieved statistical significance in both analyses, and (t) value <0.001 for regions that
achieved statistical significance in one of the two analyses. These analyses used mean mOR
binding in the most significant cluster in the voxel-based SPM analysis.

To obtain unbiased estimators of the robustness of these results and to test whether they are
resistant to outlier effects, we conducted Huber robust regression analyses (31). These
analyses included a change point of 1.0 as an outlier value. To assess the potential
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contribution of pre-treatment differences in substance use to the association between mOR
binding and our primary outcome measures, we evaluated in SPM the relationship between
pre-treatment mOR binding and pre-treatment drug-use characteristics (cocaine use,
obtained by EMIT urine test, and alcohol use and tobacco smoker and nicotine dependence
status, obtained from screening interviews).

Results
Forty-five participants enrolled in the study. Of these, two were disqualified because of MRI
findings, one could not tolerate MRI scanning, one had a urine sample positive for opiates at
the first PET scan, and six did not appear for their first PET scan, leaving 35 participants
with PET scans. Of these 35, nine never started outpatient treatment, and one started
treatment but never provided a urine specimen. The 25 participants who started treatment
and provided at least one urine specimen (only 1 participant provided only one urine
specimen) are included in these analyses. The 12 participants who completed the study did
not differ significantly from the 13 who did not complete in any pre-treatment demographic
or drug use characteristics (Table 1). Participants who completed the study did not differ
significantly from those who did not complete in terms of providing a cocaine-negative
urine specimen during the initial assessment (4 completers versus 6 non-completers). There
was no significant difference between study completers and non-completers in the
relationship of mOR binding to treatment outcome, nor did completer status (when included
as a covariate in multiple regression analyses) have a significant influence on the
relationship between pre-treatment regional mu-opioid receptor binding levels and treatment
outcome measures. No participant was clinically depressed at the time of admission, as
expected from the study eligibility criteria. There were no significant differences in
demographic and drug use characteristics between the 25 participants included in the
analyses and the 20 who were not (data not shown).

Seventeen participants tested positive for cocaine at their first PET scan. An SPM t-test
showed no differences in regional mOR binding between participants whose urine
specimens were positive for cocaine at the first PET scan (a measure of cocaine use within
the prior 2–3 days) and participants with cocaine-free urine specimens (data not shown).

Regional brain mOR binding before treatment was significantly associated with subsequent
degree of cocaine use during the first month of treatment, as reflected in the percentage of
cocaine-positive urine specimens (mean (SD) = 68% (39), median = 83%). Regional mOR
binding in the right middle frontal gyrus (Figure 1a, Table 2a) and left medial frontal gyrus
(Figure 1b, Table 2b) was positively correlated with the percentage of cocaine-positive urine
specimens during the first month of treatment. Pre-treatment cocaine use (as reflected in a
cocaine-positive urine sample at the first PET scan) was also associated with a greater
overall percentage of urine specimens positive for cocaine during treatment (78% vs. 46%)
(t = 2.89, df = 23, p< 0.01). Therefore, the result of the pre-PET urine cocaine test was
included as a covariate in multiple regression analyses evaluating the relationship between
mOR binding and cocaine use during treatment. No other non-PET clinical variable (see
'Methods' section) evaluated in univariate regression analyses was significantly associated
with this outcome measure (data not shown). Multiple-regression analyses showed that
mOR binding in the right middle frontal gyrus (t = 2.94, p<0.01, standardized coefficient
beta = 0.53) was a stronger predictor of treatment outcome than was cocaine use at pre-
treatment PET (t = 0.63, p>0.05, standardized coefficient beta = 0.11). This relationship was
also true for mOR binding in the left medial frontal gyrus (t = 2.73, p = 0.01, standardized
coefficient beta = 0.52; vs. t = 0.39, p>0.05, standardized coefficient beta = 0.07). Adding
sex as a variable in the multiple regression analyses did not significantly alter these
relationships (data not shown).
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Regional mOR binding in the anterior cingulate, medial frontal, middle frontal, middle
temporal, and sub-lobar insular gyri before treatment negatively correlated with the longest
duration of abstinence from cocaine achieved during treatment (Figure 2, Table 3) (mean
(SD) = 2.0 (3.1) weeks, median = 0.33 weeks). Multiple-regression analyses showed that
mOR binding in the left middle temporal gyrus extending to the sub-lobar insular gyrus (t =
−4.23, p<0.005, standardized coefficient beta = −0.66) was a stronger predictor of this
outcome measure than was cocaine use at pre-treatment PET (t = −0.93, p>0.05,
standardized coefficient, beta = −0.14). This relationship was also true for mOR binding in
the right middle temporal gyrus (t = −4.08, p<0.001, standardized coefficient beta = −0.65;
vs. t =−0.85, p>0.05, standardized coefficient, beta = −0.13), mOR binding in the left
medial frontal gyrus (t = −3.76, p<0.005, standardized coefficient beta = −0.63; vs. t =
−0.40, p>0.05, standardized coefficient, beta = −0.07), mOR binding in the right middle
temporal gyrus (t = −4.06, p<0.001, standardized coefficient beta = − 0.64; vs. t = −1.08,
standardized coefficient beta = −0.17), mOR binding in the left middle frontal gyrus (t =
−3.57, p<0.005, standardized coefficient beta = −0.61; vs. t =−0.54, p>0.05, standardized
coefficient, beta = −0.09), and mOR binding in the anterior cingulate gyrus (t = − 3.54,
p<0.005, standardized coefficient beta = −0.60; vs. t =−0.65, p>0.05, standardized
coefficient, beta = −0.11). Huber robust regression analyses revealed the same results as the
regression analyses described above assessing the relationships between pre-treatment mOR
binding and cocaine-use outcome measures. This equivalence suggests that our findings are
robust and resistant to outlier effects. Including sex as a variable in the multiple regression
analyses did not significantly alter these relationships (data not shown).

SPM analyses showed that the relationship between pre-treatment mOR binding and the
primary outcome measures was not explained by differences in pre-treatment use of nicotine
or alcohol. An SPM t-test showed no differences in regional mOR binding between
participants who were tobacco smokers vs. nonsmokers at study entry. Univariate regression
analyses showed no significant association of any outcome measure with pre-treatment
alcohol use or nicotine dependence status. Moreover, including pretreatment cigarette
smoking, alcohol use, or nicotine dependence status as covariates in multiple regression
analyses did not significantly alter the relationship between regional mOR binding and
cocaine-use outcome measures (data not shown). Furthermore, a SPM “simple regression”
analysis showed no association between amount of pre-treatment alcohol use and regional
mOR binding.

Discussion
The present study found that elevated regional brain mOR binding in the anterior cingulate,
medial frontal, middle frontal, middle temporal, and sub-lobar insular gyri before treatment
was associated with a shorter duration of cocaine abstinence achieved during treatment
among adult, cocaine-abusing or -dependent outpatients. In addition, elevated mOR binding
in the medial and middle frontal gyri before treatment correlated with greater cocaine use
during the 1st month of outpatient treatment. Because of stringent subject eligibility criteria,
the results are unlikely to be affected by common clinical confounds such as depression or
co-morbid substance use disorders, nor are they likely due to differences in alcohol or
tobacco use. Regional mOR binding contributed significant predictive power beyond that
provided by standard clinical variables such as drug and alcohol use. All significant R2

values were between 0.30 to 0.46. R2 values rarely exceeded 0.10 in previous published
studies of predictors of cocaine treatment outcome (32,33). Furthermore, Huber robust
regression analyses revealed that the findings were robust and resistant to outlier effects.

The present findings have important clinical implications because they demonstrate, for the
first time, the existence of biomarkers significantly associated with response to outpatient
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treatment for cocaine-use disorders. These results complement our previous findings in a
non-treatment residential sample that increased mOR binding in these same brain regions
correlates with self-reported cocaine craving during monitored abstinence on a residential
research ward (7) and with time to relapse to cocaine use after release from monitored
abstinence into the community (8).

Our findings are relevant to randomized clinical trials showing an important role for brain
mOR activation in psychostimulant abuse. These trials showed that buprenorphine, a partial
mOR agonist, reduces cocaine use in outpatients concurrently dependent on cocaine and
opiates (34), and that naltrexone, a mOR antagonist, reduces amphetamine use in
amphetamine-dependent outpatients (35).

Our findings might apply to individuals with substance-use disorders other than cocaine.
The brain regions with elevated mOR binding in this study are neuroanatomically connected
with the mesolimbic dopamine system, a distributed neural network implicated in the
reinforcing effects of abused drugs. The medial frontal and anterior cingulate cortices have
been shown in a rat model of relapse, the reinstatement model, to play a critical role in
several types of relapse behaviors, including drug-, cue-, and stress-induced reinstatement of
cocaine, opiate, and alcohol seeking (36). Reinstatement of cocaine-seeking behavior in rats
is reduced following repeated treatment with the mOR antagonist naltrexone (37),
supporting a role for mOR activation in relapse. In cocaine abusers undergoing fMRI scans,
these cortical brain regions show increased activity associated with cocaine craving in
response to cocaine-associated cues (38,39). Moreover, activation of the insular cortex is
critically involved in drug craving. Patients with lesions to the right anterior insula or left or
right dorsal posterior insula show disruption of preexisting nicotine addiction (40). Further,
brain imaging studies demonstrate increased activity in the insula associated with heightened
drug craving (41). Lastly, in treatment-seeking methamphetamine users, lower activation in
the middle temporal cortex during a decision-making task reliably predicted greater
susceptibility to relapse to methamphetamine use (42). Collectively, these findings implicate
brain-reward circuitry including the brain regions mentioned above in critical aspects of
drug-seeking and drug-craving behaviors in individuals with substance-use disorders.

Conclusions
We demonstrated that elevated pre-treatment regional brain mOR binding in the anterior
cingulate, medial frontal, middle frontal, middle temporal, and sub-lobar insular gyri before
treatment was associated with shorter duration of cocaine abstinence during treatment,
suggesting an important role for the brain endogenous opioid system in cocaine addiction.
Our findings suggest that PET imaging of regional mOR binding before treatment may be a
useful tool for identifying those patients most likely to need more intensive treatment. This
would benefit patients themselves and the drug abuse treatment system by allowing more
efficient allocation of scarce treatment resources.
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Figure 1.
Association of regional mOR binding before treatment and overall percentage of urine
specimens positive for cocaine during the first month of treatment. Pre-treatment mOR
binding in the (A) right middle frontal gyrus, and (B) left medial frontal gyrus shows a
significant positive correlation with percentage of urine specimens positive for cocaine. See
Table 2 for statistics. Lines are least squares best fit to data points. Display threshold for
mOR binding is p<0.005 (uncorrected); cluster size k>50.
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Figure 2.
Association of regional mOR binding before treatment and duration (weeks) of longest
abstinence from cocaine achieved during treatment. Pre-treatment mOR binding in the (A)
left middle temporal gyrus extending to the left sub-lobar insular gyrus, (B) right middle
temporal gyrus, (C) left medial frontal gyrus, (D) right middle temporal gyrus, (E) left
middle frontal gyrus, (F) left anterior cingulate gyrus, and (G) right middle frontal gyrus
shows a significant negative correlation with the duration of longest abstinence achieved
during treatment. See Table 3 for statistics. Lines are least squares best fit to data points.
Display threshold for mOR binding is p<0.001 (uncorrected); cluster size k>50.
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Table 1

Pretreatment Characteristics of 25 Cocaine-Abusing Outpatients (mean ± SD)

Age (years) 39.7±5.0

Gender (Female) 31%

Race (Non-Caucasian) 65%

Cocaine Use, Lifetime (years) 9.5±7.5

Days of Cocaine Use* 19.9±7.7

Heroin Use, Lifetime (years) 0.1±0.4

Days of Heroin Use* 0.1±0.3

Employment Income* ($) 1235±1283

Money spent on drugs* ($) 1372±1848

Days with Drug Problems* 19.9±11.1

Usual employment pattern, last 3 years
time, 4% In controlled environment

65% Full time, 19% Unemployed, 12% Part

Marital status
46% Never Married, 4% Widowed

15% Married, 12% Separated, 23% Divorced,

*
in the 30 days prior to screening for study enrollment.
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