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Abstract
Rationale Cocaine users have increased regional brain mu-
opioid receptor (mOR) binding which correlates with co-
caine craving. The relationship of mOR binding to relapse is
unknown.

Objective To evaluate regional brain mOR binding as a
predictor of relapse to cocaine use is the objective of the study.
Materials and methods Fifteen nontreatment-seeking, adult
cocaine users were housed on a closed research ward for 12
weeks of monitored abstinence and then followed for up to
1 year after discharge. Regional brain mOR binding was
measured after 1 and 12 weeks using positron emission
tomography (PET) with [11C]carfentanil (a selective mOR
agonist). Time to first cocaine use (lapse) and to first two
consecutive days of cocaine use (relapse) after discharge
was based on self-report and urine toxicology.
Results A shorter interval before relapse was associated with
increased mOR binding in frontal and temporal cortical re-
gions at 1 and 12 weeks of abstinence (Ps<0.001) and with a
lesser decrease in binding between 1 and 12 weeks (Ps<
0.0008). There were significant positive correlations between
mOR binding at 12 weeks and percent days of cocaine use
during first month after relapse (Ps<0.002). In multiple linear
regression analysis, mOR binding contributed significantly
to the prediction of time to relapse (R2=0.79, P<0.001),
even after accounting for clinical variables.
Conclusions Increased brain mOR binding in frontal and
temporal cortical regions is a significant independent predictor
of time to relapse to cocaine use, suggesting an important role
for the brain endogenous opioid system in cocaine addiction.
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Introduction

There is no broadly effective treatment for cocaine ad-
diction (Gorelick 2003; Karila et al. 2008; Knapp et al.
2007; Simpson et al. 2002). Patients vary widely in their
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treatment response. This situation has generated a search
for markers of treatment response (Ciraulo et al. 2003).
Such a marker would allow limited treatment resources to
be directed towards patients who could benefit the most.

A variety of psychosocial and cocaine use variables have
been found predictive of treatment response at a group level in
small-scale studies, including duration of cocaine use, severity
of addiction, employment status, and education level (Ciraulo
et al. 2003; Hser et al. 1999; Kampman et al. 2002; McKay
et al. 1999; McMahon 2001; Poling et al. 2007; Reiber et al.
2002). The search for biological prognostic markers has also
had limited success (Elkashef and Vocci 2003). EEG patterns
(Prichep et al. 1999), P300 event-related brain potentials
(Bauer 1997), and peripheral measures of dopamine and
serotonin function (Patkar et al. 2003, 2004) have been pre-
dictive of relapse by cocaine addicts in treatment in small
studies, but have not been replicated in larger samples or by
other research groups.

We present data in support of brain mu-opioid receptor
(mOR) binding as a prognostic biomarker. Animal studies
show that chronic, intermittent cocaine administration (“binge”
pattern) increases mOR binding (Branch et al. 1992; Hammer
1989; Unterwald et al. 2001, 1994) and expression of
mRNA for mOR (Azaryan et al. 1996a, b; Yuferov et al.
1999) in specific brain regions. We have previously reported,
using positron emission tomography (PET) with the radio-
labeled, selective mOR agonist [11C]carfentanil, that human
cocaine users show increased mOR binding in some brain
regions (e.g., frontal and lateral temporal cortex, anterior cin-
gulate) and that this increased binding is positively correlated
with self-reported cocaine craving (Zubieta et al. 1996; Gorelick
et al. 2005). mOR binding increases over the first week of
monitored abstinence on a research ward, then declines toward
normal values over the next 12 weeks of abstinence (Gorelick
et al. 2005). We report here that the degree of decline in mOR
binding among subjects in the previous study is positively
correlated with time to relapse to cocaine use after ward
discharge, i.e., the greater the decline in mOR binding, the
longer the time before relapse.

Methods and materials

Subjects

Subjects were adult, nontreatment-seeking cocaine users
recruited from the community. Subject eligibility criteria
included current cocaine abuse or dependence by DSM-IV
criteria (American Psychiatric Association 1994); current use
of cocaine averaging at least 1 g per week over the prior
3 months and at least 10 days over the prior 2 weeks; urine
drug tests positive for cocaine and negative for other drugs;
no clinically significant current abnormalities on the screen-

ing evaluation; no history of CNS disease, head injury with
loss of consciousness greater than 3 min, or adverse event
from prior cocaine use; no current psychiatric or substance
use disorder except for cocaine or tobacco; not currently
taking psychoactive medication; no use of opiates more than
three times in the prior 3 months; IQ≥80. The exclusion of
subjects with other current substance use disorders or more
than minimal recent opiate use was designed to minimize
effects on brain mOR binding from other substance use.

Applicants received a comprehensive medical and psycho-
logical evaluation, including medical history and physical ex-
amination, clinical laboratory tests, 12-lead ECG with 3-min
rhythm strip, structural magnetic resonance imaging (MRI) of
the brain, Addiction Severity Index (ASI) (McLellan et al.
1985), Diagnostic Interview Schedule (Robins et al. 1982),
and Symptom Check List-90R (SCL-90R; Derogatis 1983).

The study was approved by the Institutional Review Boards
of the National Institute on Drug Abuse (NIDA) Intramural
Research Program (IRP) and the Johns Hopkins Bayview
Medical Center. All subjects gave written informed consent
(when not in acute drug intoxication or withdrawal) and were
paid for their study participation.

Procedures

Subjects spent 3 months on the NIDA IRP closed research
ward. There were usually two to three study subjects on the
ward at any time, along with subjects from other studies. To
prevent unauthorized use of drugs, no passes or visitors were
allowed, personal belongings and mail were screened, and
urine samples for drug testing were collected at random. No
counseling, group therapy, or formal drug abuse treatment was
provided. Subjects had access to cable television, video
games, movies on videocassette, books, magazines, exercise
equipment, arts and crafts supplies, and an enclosed court
yard.While on the ward, subjects had PETscans done on three
separate days: 1 day after ward admission (after 2 days for one
subject, same day for one subject), about 1 week (6–10 days)
after admission (after 18 days for one subject), and about 12
weeks (80–87 days) after admission (after 13 weeks for one
subject). Subjects were not allowed to smoke for at least 30
min before each PET scan. Measures of self-reported mood
(SCL-90R subscales for depression and anxiety) were
obtained before each PET scan.

Follow-up measures

After discharge from the ward, subjects were followed for up
to 1 year: weekly for 4 weeks, monthly for the next 5 months,
then at 9 and 12months after discharge. Subjects were paid by
check for each follow-up visit according to the following
schedule: $40 per visit during the first 2 months, $60 per visit
during the next 3 months, and $80 per visit during the last
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6 months. At each visit, subjects reported the dollar amount of
their cocaine use for each day since the previous visit, using a
timeline follow-back method on a blank calendar (Sobell and
Sobell 1992) and provided an observed urine sample for
immediate on-site assay of the cocaine metabolite benzo-
ylecgonine (Express Test no. 93007, Biosite, San Diego, CA,
USA). To maximize the validity of self-report, urine samples
were obtained first, information was elicited by trained
research staff in a private room when subjects were not clini-
cally intoxicated, subjects were informed of the steps taken to
ensure confidentiality (including a federal Certificate of Con-
fidentiality for the study), and there were no adverse
consequences for self-reported drug use or a positive urine
drug test (Brown et al. 1992; Hamid et al. 1999; Harrison
1995; Nelson et al. 1998).

Several lapse/relapse variables were calculated from the
self-report data (Donovan 1996): time to lapse=number of
days from ward discharge until first cocaine use; time to
relapse=number of days from ward discharge until two con-
secutive days of cocaine use; percent days of cocaine use
during the 30 days following relapse (= number of days with
cocaine use divided by total number of days with data).
While there is no generally accepted operational definition of
relapse in the drug abuse field (Maisto and Connors 2006), it
is usually defined in terms of more extended use after a lapse
that reflects loss of control over use (Donovan 1996; Milby
et al. 2004). For this study, we defined a relapse as two
consecutive days of cocaine use, on the grounds that this
would be a reliable retrospective self-report measure of use
reflecting some loss of control.

The validity of subjects’ self-report about cocaine use was
evaluated by comparing urine drug test results with the self-
reports for the 3 days preceding the sampling day [the typical
duration of persistence of benzoylecgonine in urine (Cone et al.
2003; Preston et al. 2002)]. There was 80% overall agreement
between subjects’ self-report of cocaine use and results of the
urine drug tests, comparable to levels of agreement reported in
large published studies (Brady et al. 2002; Brown et al. 1992;
Harrison 1995; Hersh et al. 1999; Nelson et al. 1998).

PET image acquisition

PET scans were acquired in 2D mode on a GE 4096 Plus PET
scanner (GE Medical Systems, Milwaukee, WI) using [11C]
carfentanil, a specific mu-opioid agonist developed for PET
imaging (Frost et al. 1985). Images were simultaneously
collected from 15 contiguous planes with an axial field-of-
view of 10.5 cm. A transmission scan of 10-min duration was
obtained using rotating germanium-68 rods before injection
of the radiotracer. After intravenous bolus administration of
19.5 (1.2) mCi (range=16.3–21.1 mCi) of [11C]-carfentanil
(specific activity=3,213±2,351 mCi/μmol, range=1,475–
11,090 mCi/μmol), 25 sets of images with variable time

period (6×30 s, 5×60 s, 5×120 s, 9×480 s) were acquired
during a 90-min period for each study. After correction for
attenuation using the transmission scan, images were recon-
structed in a 128×128×15 matrix with pixel size of 2×2×
6.5 mm with filtered back projection methods using a ramp
filter and decay-corrected.

Parameterized images for [11C]-carfentanil were generated
using an automated in-house program based on Logan
graphical analysis (Logan et al. 1996) with a reference-tissue
model using the occipital cortex. The fitted linear slope (10–
90 min) generates the ratio of the total distribution (DVR) in
receptor-rich region and reference tissue. As previously
described, the occipital cortex value of k2 was assumed to
be 0.104 min−1 (Endres et al. 2003). DVR ¼ DVrc=DVocc ¼
1þ k3=k4ð Þ, in which k3/k4 represents the receptor-binding
potential (BP). Parameterized images of BP were computed
from BP=DVR−1.

Data analyses

All scan data and parametric images were processed using
SPM2 (The Welcome Department of Cognitive Neurology,
Institute of Neurology, University College London) implanted
in Matlab 6.5 (Mathworks, Natick, MA, USA) and Analyze™
software packages (Ver 6.0, Mayo Foundation, Rochester, MN).

The 0- to 90-min average image of each study was created
to provide more anatomical information for spatial normaliza-
tion. The average images were spatially normalized to a [11C]-
carfentanil template into a standard space (MNI, Montreal
Neurological Institute). The transformation matrix provided
was then applied to the corresponding parametric images.
Data were then smoothed using a 10-mm FWHM Gaussian
smoothing kernel to reduce residual intersubject anatomical
differences, increase the signal-to-noise ratio at the expense of
resolution, and increase the validity of the statistical in-
ferences by rendering the data more normally distributed.

The smoothed BP images were proportionally scaled to the
global brain-binding value to yield normalized-binding
potential of mOR. Proportional scaling allows identification
of changes in regional mOR binding that exceed those in
global mean mOR binding. The mean global binding was
computed on a subset of data>whole mean/8. This had the
effect of removing regions of very low or negative mOR
binding. The analysis threshold was set to >70% of the global
mean computed by SPM2 for each subject in order to retain in
the analysis only the specific mOR binding.

The relationship of regional mOR binding to lapse/
relapse variables was assessed at each voxel using the
general linear model in SPM2. Because of the skewed
distribution of these clinical variables, they were analyzed
as log transforms. The relationship between changes in
mOR binding during enforced abstinence (day 1 or weeks 1
to 12) and lapse/relapse variables or between mOR binding
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at a particular time point (week 1 or 12) and lapse/relapse
variables was evaluated with simple correlation analysis
using the “Multi-subjects: conditions and covariate” option
for voxel-based analysis. A correlation was considered
significant if a cluster consisting of at least 50 contiguous
voxels exceeded an uncorrected height threshold of P<
0.005 (T=3.01). Clusters showing a significant correlation

in the SPM analysis were subjected to additional analysis in
SPSS (v. 11.5, SPSS, Chicago, IL, USA). The mean mOR
binding in the cluster (calculated using MarsBaR software
[Matthew Brett, http://marsbar.sourceforge.net]) was used
in a linear regression analysis to calculate the R2 value
and p value of the correlation with lapse/relapse and to
generate graphs illustrating the relationship (Figs. 1, 2, 3).
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Fig. 1 Correlation of decreases in regional brain mu-opioid receptor
(mOR) binding between 1 and 12 weeks of monitored abstinence
with time to relapse to cocaine use in 15 cocaine-using subjects (see
Table 1). a Brain regions (in red) showing a significant positive
correlation between ΔmOR binding (weeks 1–12) and time to relapse.
Color bar presents the T scores. The axial plane is cut from 40 mm

below the bicommissural plane at 4-mm intervals. b and c show
relationship between ΔmOR binding (Y axis) and log (time to relapse)
(X axis) in the right inferior frontal cortex [Brodman area 11, yellow
arrow (b)] and in the right ventrolateral frontal cortex [Brodman area
47, red arrow (c)]. Each data point represents an individual subject
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As a separate secondary analysis, each cluster found to
have a significant correlation with lapse/relapse in the
primary SPM analysis was also evaluated for the signifi-
cance of its size using a voxel-based analysis within
SPM.

The relative value of mOR binding and subjects’
baseline clinical characteristics in predicting time to lapse

and relapse was evaluated with the linear regression
function of SPSS v. 11.5 (SPSS). First, univariate regres-
sion analyses were performed between subjects’ clinical
characteristics (obtained from the ASI interview done at
screening) and time to lapse and relapse. Clinical variables
that were significant in the regression analyses were then
included with regional brain mOR binding in a second
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Fig. 2 Correlation of regional brain mu-opioid receptor (mOR)
binding after 1 or 12 weeks of monitored abstinence with time to
relapse to cocaine use in 15 cocaine-using subjects (see Table 2). Brain
regions (in red) showing a significant negative correlation after week 1
(a) or 12 (b) of abstinence. Color bar presents the T scores. The axial

plane is cut from 24 mm below the bicommissural plane at 4 mm
intervals. c and d show the relationship between mOR binding (Y axis)
in the left orbitofrontal cortex (yellow arrow in a and b) after 1 week
(c) or 12 weeks (d) of abstinence and log (time to relapse; X axis).
Each data point represents an individual subject
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round of stepwise multiple regression analyses to evaluate
their relative predictive contribution (entry criterion was
significance of F value<0.001). These analyses used mean
mOR binding in the most significant cluster in the voxel-
based SPM analysis (Table 1), calculated with MarsBaR
software (Matthew Brett, http://marsbar.sourceforge.net).

Results

Sample description

Twenty subjects enrolled in the study: one withdrew before
admission because of inability to tolerate the MRI scan, one
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Fig. 3 Correlation of regional brain mu-opioid receptor (mOR)
binding after 12 weeks of monitored abstinence with percent days of
cocaine use during the month following relapse in 15 cocaine-using
subjects (see Table 3). a Brain regions (in red) showing a significant
positive correlation. Color bar presents the T scores. The axial plane is
cut from 24 mm below the bicommissural plane at 4 mm intervals. b

and c show the relationship between mOR binding (Y axis) in the left
inferior frontal cortex (yellow arrow in a), b and right anterior
cingulate cortex (red arrow in a), c after 12 weeks of abstinence and
percent days of cocaine use (X axis) during the month after relapse.
Each data point represents an individual subject

480 Psychopharmacology (2008) 200:475–486

http://marsbar.sourceforge.net


could not be studied because of technical problems in
radiolabeling carfentanil, and one was discharged from the
ward after 1 day because of behavioral issues. The
remaining 17 subjects had at least one PET scan; their
findings have been presented previously (Gorelick et al.
2005). Of these 17 subjects, one withdrew from the study
prior to ward discharge and so was lost to follow-up, and
one had a technically inadequate second PET scan. The
remaining 15 subjects (six with cocaine dependence, nine
with abuse) included in the present relapse analysis were
ten African-American men, three African-American
women, and two white men with mean (SD) age 33.8
(4.1) years. All subjects smoked cocaine; two also
occasionally used intranasally. They had used cocaine
regularly for 7.6 (4.5) years. Twelve subjects tended to
use cocaine daily (subject to availability); three used
cocaine intermittently (i.e., several days a week, with
abstinence the other days). They smoked cocaine on 10.9
(2.7) of the 14 days prior to ward admission (three subjects
reported less than 10 days of use). They reported spending
$499 ($432) on cocaine during those 2 weeks. Their last
cocaine use was 14.9 (10.1) h prior to admission. Use of
other illegal drugs was negligible. No subject reported
opiate use during the month prior to admission; all urine
drug tests were negative for opiates.

As expected from the study eligibility criteria, no subject
was clinically depressed at the time of admission. SCL-90R
depression and anxiety subscale scores remained low through-
out the study, e.g., mean (SD) of 0.8 (0.15) and 0.04 (0.10),

respectively, before the first PET scan and 0.03 (0.08) and
0.006 (0.02) before the second PET scan. There were no
significant correlations between subscale scores and mOR
binding (Gorelick et al. 2005).

Cocaine use during follow-up

Subjects were followed after ward discharge for a mean (SD)
of 28.2 (22.2) weeks (median=28weeks, range 1 to 52weeks).
The first cocaine use (lapse) occurred 6.1 (9.0) days (range=
0–32 days, median=1 day) after discharge; the first relapse
67.8 (126.2) days (range=0–363 days, median=6 days) after
discharge. The mean interval between lapse and relapse was
61.7 (125.1) days (range=0–357 days, median=0 days).
Subjects reported using cocaine on 50.9% (38.0%) of the first
30 days after lapse, and on 55.9% (34.2%) of the first 30 days
after relapse.

Brain mu-opioid receptor-binding and relapse

The decrease in mOR binding in the right inferior frontal
cortex (including adjacent ventral striatum) between 1 and 12
weeks of abstinence showed a significant positive correlation
with time to relapse to cocaine use after discharge (Table 1;
Fig. 1), i.e., the greater the decrease in binding during
abstinence, the longer the time before relapse. The right and left
temporal cortex and left thalamus also had decreases in mOR
binding between 1 and 12 weeks of abstinence that correlated
significantly with time to relapse (Table 1; Fig. 1). There was a

Table 1 Correlation of decreases in regional brain mu-opioid receptor binding between one day or one week and 12 weeks of monitored
abstinence with time to relapse to cocaine use in 15 cocaine-using subjects

Correlation with time to relapse

Brain region Side of brain Change from day 1 to week 12 of abstinence Change from weeks 1 to 12 of abstinence

Voxel-based analysis in SPM Cluster-based linear
regression analysis
in SPSS

Voxel-based analysis in SPM Cluster-based linear
regression analysis
in SPSS

MNIa max-z Kb

(p valuec)
r2 F1,13 p valued MNIa max-z Kb

(p valuec)
r2 F1,13 p valued

Temporal L −56, −6, 34 4.48 92 (0.049) 0.77 44.06 <0.0001
Temporal L −32, 14, −46 3.67 143 (0.018) 0.57 17.2 0.001 −48, 18, −28 3.89 85 (0.043) 0.64 23.56 0.0003
Temporal L −30, −8, −26 3.07 93 (0.048) 0.58 18.16 0.0009
Temporal R 52, −2, −30 3.25 85 (0.043) 0.59 18.58 0.0008
Frontal R 36, 42, −20 4.10 157 (0.009) 0.79 49.73 0.0001
Frontal,
inferior

R 24, 14, −14 3.45 91 (0.037) 0.59 18.71 0.0008

Thalamus L −12, −8, −2 3.88 87 (0.041) 0.77 42.78 0.0001

a Location of peak expressed as x, y, z coordinates in Montreal Neurological Institute (MNI) space
b Cluster size k represents number of continguous voxels (2×2×2 mm3 ) at a height threshold of P=0.005, uncorrected
c p value for significance at cluster-level in voxel-based analysis in SPM
d p value for significance in cluster-based multiple regression analysis in SPSS
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similar pattern of correlations between mOR binding and time
to lapse (data not shown).

There were significant negative correlations between mOR
binding in bilateral frontal cortex after 1 or 12 weeks of
abstinence and time to relapse to cocaine use (Table 2; Fig. 2),
i.e., the higher the binding, the shorter the time before relapse.

There was also a significant correlation between regional
brain mOR binding after 12 weeks of monitored cocaine
abstinence and severity of relapse. There was a significant
positive correlation betweenmOR binding in the right anterior
cingulate cortex and bilateral inferior frontal cortex and per-
cent days of cocaine use during the 30 days following relapse
(Table 3; Fig. 3), i.e., the higher the mOR binding, the greater
the percentage of days on which cocaine was reported used.

To complement these correlational analyses, we compared
regional mOR binding between the eight subjects who
relapsed within 10 days of ward discharge (early relapsers)
and the seven subjects who relapsed later (late relapsers). The
early relapsers had significantly smaller decreases in mOR
binding between weeks 1 and 12 in the right ventral striatum
(max-z=3.99 at coordinates 20, 16, −12, cluster size k=110),
right orbitofrontal cortex (max-z=3.92 at 36, 42, −20, k=
111), right frontal cortex (max-z=3.61 at 56, 14, 4, k=60),
and left anterior temporal cortex (max-z=3.38 at −48, 18,
−28, k=55). The early relapsers also had greater mOR
binding at week 1 in the left temporal cortex (max-z=3.92 at
−50, −24, −34, k=93), left orbitofrontal cortex (max-z=3.92
at −18, 56, −16, k=62), right ventral striatum (max-z=3.32 at
18, −4, −10, k=69), and right temporal cortex (max-z=3.15
at −48, 18, −28, k=56). These findings of greater initial
(week 1) mOR binding and less decrease in mOR binding
between weeks 1 and 12 in the early relapsers are consistent
with the correlational analyses. The latter also showed greater
initial mOR binding and lesser weeks 1 to 12 decrease inmOR
binding associated with shorter time to relapse.

Three subject baseline characteristics from the ASI cor-
related significantly with time to lapse in univariate analyses;
only one ASI variable correlated significantly with time to
relapse (Table 4). Other clinical variables previously reported
to be significantly associated with relapse in treatment sam-
ples, e.g., days or years of cocaine use or employment status
(McKay et al. 1999), did not show significant correlations
with lapse or relapse in this nontreatment-seeking sample.
Stepwise multiple regression analysis including the one cli-
nical variable (years of lifetime alcohol use) with a significant
univariate correlation found that a mOR-binding variable
(decrease in binding in the right inferior frontal cortex be-
tween 1 and 12 weeks of abstinence) was a more significant
predictor of time to relapse than was years of lifetime alcohol
use (Table 4). These two variables combined accounted for
86% of the variance in time to relapse. This mOR-binding
variable was second only to legal problems composite score
in predicting time to lapse in a stepwise analysis including
the three clinical variables (drug, legal, and family/social
problems ASI composite scores) with significant univariate
correlations (Table 4). These two variables combined
accounted for 91% of the variance in time to lapse.

The four subject baseline characteristics from the ASI that
showed significant univariate correlations with time to lapse
or relapse did not show a consistent pattern of univariate
correlations with regional brain mOR binding at weeks 1 and
12 (data not shown). For example, at week 1, lifetime alcohol
use (years) had a significant positive correlation with mOR
binding in the right inferior frontal cortex and a significant
negative correlation with mOR binding in the right inferior
and superior frontal cortex and left superior temporal cortex.
At week 12, there were no significant positive correlations and
significant negative correlations only in the left precentral
frontal cortex and right inferior frontal cortex.

Table 2 Correlation of regional brain mu-opioid receptor (mOR) binding after one week or 12 weeks of monitored abstinence with time to
relapse to cocaine use in 15 cocaine-using subjects

Side of
brain

Brain
region

One week of abstinence 12 weeks of abstinence

Voxel-based analysis in SPM Cluster-based linear
regression analysis
in SPSS

Voxel-based analysis in SPM Cluster-based linear
regression analysis
in SPSS

MNI x, y, z
coordinatea

max-z cluster kb

(p-value)c
r2 F1,13 p valued MNI x, y, z

coordinatea
max-z cluster kb

(p value)c
r2 F1,13 p valued

L Frontal (-20, 56, −16) 4.41 168 (0.024) 0.69 28.54 0.0001 (−22, 54, −14) 3.58 180 (0.018) 0.69 29.19 0.0001
Frontal (−44, 14, 8) 3.42 65 (0.138) 0.62 21.27 0.0004

R Frontal (42, 36, −2) 4.26 74 (0.115) 0.70 30.92 <0.0001 (34, 44, −20) 3.55 87 (0.085) 0.57 17.09 0.001
L Temporal (−46, 18, −34) 3.55 171 (0.021) 0.66 25.44 0.0002

a Location of peak expressed as x, y, z coordinates in Montreal Neurological Institute (MNI) space
b Cluster size k represents number of voxels (2×2×2 mm3 ) at a height threshold of p=0.005, uncorrected.
c p-value for significance of cluster size in voxel-based analysis in SPM
d p-value for significance of relationship between mOR binding and time to relapse in linear regression analysis outside SPM.
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Discussion

We found that increased mOR binding in frontal and temporal
cortex, and changes in binding over 12 weeks of monitored
abstinence, are associated with time to relapse (and the related
variable time to lapse) after release frommonitored abstinence
on a closed research ward. Regional mOR binding contributed
significant predictive power beyond that provided by standard
clinical variables such as drug and alcohol use and employ-
ment status.

These findings suggest that brain mOR binding could serve
as a predictive marker for patient response to cocaine addiction
treatment. Confirmation of this finding offers the potential to
use mOR binding as a tool to identify patients at greater risk of
relapse and to better allocate limited drug addiction treatment
resources to patients most in need. The observation of a
significant correlation between time to relapse and mOR

binding 11 weeks before discharge suggests that mOR binding
may have predictive value prior to or early in treatment. All
significant R2 values (square of correlation coefficient) were
within the range of 0.57–0.79 (Tables 1 and 2). Our sample
size was too small to provide sufficient statistical power to
evaluate whether any of these were significantly higher (i.e.,
more predictive) than the others.

Subjects’ mood is unlikely to have confounded the ob-
served relationship between brain mOR binding and relapse.
Subjects had no current DSM-IV mood disorder and low self-
rated depression or anxiety (SCL-90R subscales) throughout
the study. Furthermore, there were no significant correlations
between depression or anxiety scores and mOR binding
(Gorelick et al. 2005).

We are aware of only two other studies, both involving
subjects with alcoholism, in which a human brain imaging
parameter was significantly correlated with relapse to sub-

Table 3 Correlation of regional brain mu-opioid receptor (mOR) binding after 12 weeks of monitored abstinence with proportion of days with
cocaine use during 30 days after relapse in 15 cocaine-using subjects

Side of brain Brain region Voxel-based analysis in SPM Cluster-based multiple regression analysis in SPSS

max-z MNI coordinatea Cluster kb (p-valuec) r2 F1,13 p-valued

R Anterior cingulate 3.44 (18, 50, 2) 85 (0.081) 0.70 30.16 0.0001
R Frontal 3.22 (28, 42, −22) 67 (0.117) 0.52 13.85 0.002
R Frontal 3.57 (26, 68, −2) 63 (0.127) 0.58 18.17 0.0009
L Frontal 3.48 (−20, 52, −12) 82 (0.086) 0.61 20.08 0.0006
L Frontal 3.63 (−44, 54, 0) 51 (0.167) 0.62 21.30 0.0004

a Location of peak expressed as x, y, z coordinates in Montreal Neurological Institute (MNI) space
b Cluster size k represents number of voxels (2×2×2 mm3 ) at a height threshold of p=0.005, uncorrected.
c p-value for significance of cluster size in voxel-based analysis in SPM
d p-value for significance of relationship between mOR binding and proportion of days with cocaine use in multiple-regression analysis outside
SPM.

Table 4 Significant univariate clinical predictors, and comparison with PET regional brain mu-opioid receptor (mOR)-binding predictor, of time
to lapse and to relapse to cocaine use in 15 cocaine-using subjects

Predictor variable Time to lapsea Time to relapsea

Beta (SE) R2 P Beta [SE] R2 P

Univariate predictors
ASI drug composite score 134.9 (23.0) 0.71 <0.0001
ASI legal composite score 73.3 (10.7) 0.78 <0.0001
ASI family/social composite score 138.6 (29.4) 0.63 <0.0001
Lifetime alcohol use (years) 0.18 (0.06) 0.44 0.007
Multivariate predictorsb

ASI Legal composite score 56.2 (8.4) 0.78 0.0001
mOR-binding variablec 31.9 (7.9) 0.13 0.002
Lifetime alcohol use (years) 0.82 (0.34) 0.07 0.03
mOR-binding variablec 9.61 (1.61) 0.79 <0.001

PET Positron emission tomography, ASI Addiction Severity Index
a Analyzed as log (days) because of skewed distributions
b Based on stepwise multiple regression analysis with entry criterion of F value significance <0.001
c Decrease in mOR binding in right inferior frontal cortex between 1 and 12 weeks of abstinence
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stance use (Grusser et al. 2004; Guardia et al. 2000). In one
study, detoxified alcoholic patients who relapsed during 3
months of outpatient treatment had significantly greater
dopamine D2 receptor availability in the striatum [assessed
by single photon emission computed tomography (SPECT)
with radiolabeled iodobenzamide] during their initial inpa-
tient detoxification than did patients who did not relapse
(based on self-reported drinking status; Guardia et al. 2000).
In the other study, the intensity of activation in the anterior
cingulate, medial prefrontal cortex, and striatum (measured
by fMRI) in response to alcohol-related cues was signifi-
cantly correlated with amount of alcohol intake over the
subsequent 3 months in ten alcoholic patients scanned while
abstinent (Grusser et al. 2004).

The mechanism mediating the relationship between brain
mOR binding and relapse cannot be directly determined from
this study. Based on animal studies and our previous human
studies (Zubieta et al. 1996; Gorelick et al. 2005), we suggest
that increased mOR activation (due to increased binding po-
tential) mediates increased cocaine craving, which increases
the risk of relapse in many (Palij et al. 1996; Rohsenow et al.
2007; Weiss et al. 2003), but not all (Kosten et al. 2006),
studies of cocaine addiction treatment. The mechanism by
which mORs are upregulated is incompletely understood, but
may be related to tonically reduced release of endogenous
opioid receptor ligands associated with long-term cocaine
exposure (Daunais et al. 1997; Laforge et al. 2003; Przewlocka
and Lason 1995). In this study, two of the brain regions
showing significant correlations between increased mOR
binding and time to or severity of relapse were the inferior
frontal cortex and anterior cingulate cortex. Activation of these
brain regions has been associated with cocaine craving,
salience of reinforcers, and risk of relapse in animal models
of relapse to drug self-administration (Daglish and Nutt 2003;
Goldstein and Volkow 2002; Kalivas and McFarland 2003).
Thus, increased activation of mORs in these brain regions
may have mediated the increased tendency to relapse to
cocaine use among our subjects (Gianoulakis 2004). The in-
ferior frontal cortex is an important region in brain circuits
involved with memory for reinforcement and risk-reward
decision-making (Robbins and Everitt 2002; Volkow et al.
2002), i.e., the ability to make decisions that appropriately
balance the probability and magnitude of positive and nega-
tive consequences. The anterior cingulate cortex also has a
role in risk-reward decision-making (Bush et al. 2002; Williams
et al. 2004).

This study has some limitations. Subjects were not re-
presentative of all cocaine-dependent individuals because we
excluded those with other current substance use disorders
(except tobacco dependence) and with more than minimal
recent opiate use. This was done to minimize possible effects
on brain mOR binding from other substance use and give
greater ability to detect a relationship between mOR binding

and relapse. However, there is no reason to believe that the
underlying relationship observed in our somewhat selected
samplewould not also hold for subjects with current substance
use other than cocaine.

Subjects were not treatment-seeking and did not receive
drug abuse treatment during their 3-month residential stay
or 1-year follow-up. Previous studies showing an associa-
tion between sociodemographic and drug use variables and
relapse to cocaine use have been conducted in treatment
settings with treatment-seeking patients (Ciraulo et al.
2003; Kampman et al. 2002; McKay et al. 1999; McMahon
2001; Poling et al. 2007; Reiber et al. 2002). In our sample
of nontreatment-seeking subjects, a few of these clinical
variables showed a significant correlation with time to lapse
or relapse. This lack of correlation may be due, in part, to
our relatively small sample size (15 subjects), but also
could reflect a difference in valid predictors of relapse
between treatment and nontreatment samples. Thus, the
generalizability of our findings to treatment-seeking cocaine
users in a treatment setting remains to be confirmed.

Cocaine use during follow-up was measured by subject
self-report, with periodic confirmation by urine drug
testing. The study procedures should have maximized valid
self-report (Brown et al. 1992; Hamid et al. 1999; Harrison
1995; Nelson et al. 1998). There was 80% overall agree-
ment between self-report and the urine drug tests, compa-
rable to the agreement reported in large published studies
(Brown et al. 1992; Harrison 1995; Hersh et al. 1999; Nelson
et al. 1998; Simpson et al. 2002). In any case, distortions of
self-report would have decreased the ability to detect a
significant correlation with mOR binding (unless one assumes
a significant association between mOR binding and tendency
to underreport drug use).

The PET scanning procedure used does not distinguish
between increased numbers of mOR and increased receptor
affinity. This limits the ability to deduce the mechanism of the
observed effect. Animal studies suggest that cocaine exposure
in a binge pattern increases mOR number rather than affinity
(Unterwald et al. 1992).

In summary, our findings show that increased regional
brain mOR binding is associated with shorter time to relapse
and more severe relapse to cocaine use after monitored
abstinence. These findings improve our understanding of the
neuropharmacological mechanisms involved in cocaine ad-
diction and could lead to improved treatment and prediction of
treatment outcome.
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