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eAppendix. Supplementary Appendix 

Supplementary methods 

Search strategy 

The Pubmed, EMBASE and PsycINFO databases were searched from inception date to May 

14, 2016 for relevant papers without language restrictions. The electronic searches using 

EMBASE and PsycINFO were carried out together using Ovid. The following keywords were 

used for cocaine use: “(Positron Emission Tomography OR PET OR Single photon emission 

tomography OR SPET OR Single Photon Emission Computed Tomography OR SPECT) AND 

(dopamine OR dopamine release OR dopamine synthesis OR dopamine availability OR 

dopamine transporter OR dopamine reuptake OR dopamine receptor) AND (cocaine OR 

cocaine abuse OR cocaine dependence)”. Furthermore the following keywords were used 

for amphetamine-like substance use: “(Positron Emission Tomography OR PET OR Single 

Photon Emission Tomography OR SPET OR Single Photon Emission Computed Tomography 

OR SPECT) AND (dopamine OR dopamine release OR dopamine synthesis OR dopamine 

availability OR dopamine transporter OR dopamine reuptake OR dopamine receptor) AND 

(amphetamine OR amphetamine abuse OR amphetamine dependence OR 

methamphetamine OR methamphetamine abuse OR methamphetamine dependence OR 

methylphenidate OR methylphenidate abuse OR methylphenidate dependence)”. In 

addition the reference lists in the included studies and relevant review papers were 

screened to search for additional studies.  

Inclusion and exclusion criteria 

The inclusion criteria were: 1) original molecular imaging studies that indexed dopamine 

receptors, dopamine transporters and/or dopamine release or synthesis; 2) in patients with 

a diagnosis of cocaine or amphetamine/ methamphetamine dependence or abuse and 3) 
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reported data for the whole striatum or a striatal sub-region. We excluded studies which did 

not have a healthy control group or that included subjects with CNS co-morbidity. For 

studies with an overlap in participants, we included the study with the largest sample size 

without potentially missing any subjects and excluded the smaller  study from the meta-

analysis to avoid duplication of subjects.  

Outcome measures 

Our primary outcome was the effect size for the difference in the dopaminergic index for 

the whole striatum between the stimulant user and control groups. Some studies only 

reported values for striatal subdivisions. Where this was the case, we averaged the striatal 

subdivision values to estimate the value for the whole striatum as described in other 

imaging meta-analyses 1,2.  

Meta-analysis 

The statstodo software was used for the estimation of pooled standard deviation 

(http://statstodo.com/ComMeans_Pgm.php). Plot digitizer software was used to extract the 

data from studies where data was available only in a plot format 

(http://plotdigitizer.sourceforge.net/). The statistical analysis of the extracted data was 

conducted using the R statistical programming language version 3.2.2 with the ‘metafor’ 

package. One study reported data on dopamine receptor availability with both [11C] 

raclopride and 11C-(+)-4-propyl-9-hydroxynaphthoxazine ([11C]-(+)-PHNO). We included the 

[11C] raclopride data for the main analysis to maintain consistency with the other studies, 

more of which had also used this tracer than had used [11C] PHNO. However we also 

discuss the [11C] PHNO findings where relevant. A minimum of five studies was required to 

conduct a meta-analysis as findings from meta-analyses with small numbers of studies may 
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be less stable. Two independent authors (A.H.A. and Y.M.) conducted the electronic search 

and assessed studies for eligibility, while data extraction was carried out by A.H.A. and 

results of analyses confirmed by Y.M. and O.D.H. 
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Supplementary results: 

Dopamine release  

Heterogeneity and sensitivity analyses 

Methylphenidate challenge was used to index dopamine release in 5 studies while one 

study each used intravenous amphetamine and dexamphetamine challenge. The I2 value 

was 0 % (95% CI, 0%-70%), indicating low heterogeneity. The regression test for funnel plot 

asymmetry was not significant (t = 0.69, df = 5, p = 0.52), suggesting publication bias is 

unlikely. In addition, the trim-and-fill analysis indicated that there were no missing studies 

on the funnel plot (Supplementary figure 3).  The summary effect size reached significance 

in all cases in the leave-one-out analysis, with summary effect sizes varying from −0.78 to 

−0.90 (all p<0.001).  

Among the 7 studies investigating dopamine release, two studies used oral methylphenidate 

challenge while the others used intravenous challenge. Since only two studies used the oral 

challenge, we could not perform sub-analysis to investigate effect of route of administration. 

However, it appears that an oral challenge produces less dopamine release [ effect size: -0.43 and - 

0.574]  compared to an iv challenge, although further studies are needed to directly test this. 

 Dopamine transporter  

Heterogeneity and sensitivity analyses 

The I2 value was 84 % (95% CI, 69%- 94%), indicating high heterogeneity between studies. 

The regression test for funnel plot asymmetry was significant (t =-2.5, df = 10, p = 0.03). In 

addition, visual inspection of the funnel plot revealed asymmetry, indicating possible 

publication bias. The trim-and-fill analysis indicate two missing studies on the right side of 

the funnel plot (Supplementary figure 4). However, the results remained significant after 
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correcting for putatively missing studies [effect size= -0.68, (95%CI, - 1.3 - - 0.09), p=0.02]. 

The summary effect size reached significance in all cases in the leave-one-out analysis, with 

summary effect sizes (SMD) varying from -0.77 to -1.07 (all p<0.01).  

Dopamine receptor availability 

Heterogeneity and sensitivity analyses 

The I2 value was 0 % (95% CI, 0 %- 57 %), indicating heterogeneity was low. The regression 

test for funnel plot asymmetry was not significant (t = -1.1, df = 17, p = 0.27). However, a 

visual inspection of the funnel plot revealed asymmetry, indicating possible publication bias. 

The trim-and-fill analysis indicated that there were potentially five missing studies on the 

funnel plot (Supplementary figure 5). Nevertheless, the summary effect size remained large 

and highly significant after correcting for these putatively missing studies (corrected effect 

size: −0.66 [95% CI, −0.83 - −0.5]; z: -8; p<0.001). The summary effect size reached 

significance in all cases in the leave-one-out analysis, with summary effect sizes varying 

from SMD = −0.72 to −0.8 (all p<0.001). To investigate the effect of radiotracer on the 

outcome measure, we performed sub-analysis of studies which used [11C] raclopride. The 

results remained significant with an effect size of -0.69 [95% CI, -0.9—0.48; p<0.001].  
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Supplementary discussion: 

Moreover, where a value was not given for the whole striatum, we derived this by averaging the 

data for sub-regions. These variations may add noise to the findings. Thus the effect sizes calculated 

from these studies should be considered an estimate. It should also be noted that there are 

differences in dopaminergic indices between striatal sub-regions. For example D3 receptor levels are 

higher in ventral than dorsal striatum. 5,6 Most of the radiotracers used to measure D2-like receptor 

levels have similar affinities for both D2 and D3 receptors. Thus the reduction in whole striatal D2/3 

receptor levels we report could potentially mask sub-regional increases in D3 receptors or 

differences in the ratio of D2 to D3 receptors. Unfortunately there were insufficient studies 

reporting data from sub-regions for us to investigate sub-regional dopaminergic changes and only 

two studies in cocaine users used [11C]-PHNO, a tracer that does show significant selectivity for D3 

over D2 receptors.7,8 Interestingly, in contrast to our overall findings, the two studies that used [11C] 

PHNO did not show significant differences in BPND between stimulant users and controls in the whole 

striatum. 5,6 One explanation could be that an increase in D3 in ventral striatum is off set by a 

reduction in D2 receptors in dorsal striatum. However, neither study reported a significant 

difference in ventral striatum with [11C]-PHNO. Moreover, studies which used [11C] raclopride 

demonstrated reduced ventral as well as whole striatal D2/3 availability.4,9-12. Taken together, these 

lines of evidence suggest our findings in the whole striatum are not explained by opposing sub-

regional differences. Nevertheless, the absence of marked differences in the [11C]-PHNO studies is 

intriguing and warrants further investigation.  
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Supplementary figure 1. Flowchart showing the inclusion of studies for the meta-analysis 
on dopaminergic function in cocaine users 

 

 

 

                                                        

*1 Dopamine release studies also reported on D2/3 availability.  
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Records after duplicates removed  
(n=975) 

Records screened  
(n=975) 

Studies included in quantitative synthesis 
(meta-analysis) (n=15)*1 

Dopamine release: 5 

Dopamine transporter: 3 

Dopamine D2/3 receptor: 12 

Records excluded  
(n=928) 

Full-text articles assessed for eligibility 
(n=47) 

Full-text articles excluded for the following 
reasons 

  Reviews, editorials, commentaries (n=12) 

  No healthy control group (n=10) 

  Overlapping participants (n=3) 

  No extractable data (n=3) 

Studies included in qualitative synthesis 
(n=19) 

Insufficient number of studies for the 
quantitative synthesis (meta-analysis) 

  Dopamine synthesis (n=1) 

  Vesicular monoamine transporter (n=1) 

  D1 receptor (n=1) 

Additionally excluded study for the 
following reason 

  Co-morbid HIV (n=1) 

Full-text articles remaining  

(n=19) Additional articles identified through hand-
search of reference lists (n=0) 
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Supplementary figure 2. Flowchart showing the inclusion of studies for the meta-analysis on 
dopaminergic function in amphetamine-like stimulant users 

 

 

 

 

 

 

 

*1 Dopamine release studies also reported on D2/3 availability. 
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Supplementary figure 3: Funnel plot of dopamine release studies in stimulant users 

 

 

Supplementary figure 4: Funnel plot of dopamine transporter studies in stimulant users 

◦ indicate potentially missing studies 
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Supplementary figure 5: Funnel plot of dopamine D2/3 receptor studies in stimulant users 

◦ indicate potentially missing studies 
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Supplementary table 1: Molecular imaging studies on dopamine release in stimulant users compared to healthy controls  

Author/year Patients/ 
Controls, 
n 

Dopamine 
release paradigm 

Diagnosis Duration of 
abstinence  

Co-
morbid 
substance 
abuse 

Abstinence 
confirmed by 

Region of 
interest 

Tracer Reference 
region 

Measure Results in 
patients 
compared 
to 
controls 

Cocaine users 
Volkow et al. 
199713 

20/23 i.v. MP challenge DSM-IV, cocaine 
dependence 

3-6 wk Nicotine 
and 
caffeine 

Toxicological 
drug screens 
before scan 

Striatum, 
thalamus 

[11C] 
raclopride 

Cerebellum Δ Bmax/ Kd ↓ 

Volkow et al. 
201412 

43/19 i.v. MP challenge 
with concomitant 
cocaine cue-video  

DSM-IV, cocaine 
dependence 

Mean(SD) = 
5(5) d 

Nicotine Not specified Striatum 
prefrontal 
cortex 

[11C] 
raclopride 

Cerebellum Δ BPND ↓  

Volkow et al. 
200514 

21/15 i.v. MP challenge DSM-IV, cocaine 
dependence 

Maximum 1 
mo, mean(SD) 
= 14(7) d 

Nicotine 
and 
caffeine 

Supervised 
admission 

Striatum [11C] 
raclopride 

Cerebellum Δ Bmax/ Kd ↓ 

Martinez et 
al. 200710 

24/24 i.v. amphetamine 
challenge 

DSM-IV, cocaine 
dependence 

Minimum 14 d Nicotine Supervised 
admission 

Striatum [11C] 
raclopride 

Cerebellum Δ V3 ↓ 

Martinez et 
al. 20114 

25/24 Oral MP 
challenge 

DSM-IV, cocaine 
dependence 

Minimum 14 d Nicotine Supervised 
admission or 
repeated urine 
drug screen 

Striatum [11C] 
raclopride 

Cerebellum  Δ BPND ↓ 

Amphetamine-like stimulant users 
Schrantee et 
al. 201515 

16/19 i.v. dAMPH 
challenge  

dAMPH users 
with ≥30 lifetime 
and ≥10 past year 
exposures 

Minimum 1 
wk 

Nicotine Multi-drug 
screen on a 
urine sample 
before scan 

Striatum [123I] 
IBZM 

Occipital 
cortex 

BPND ratio ↓ 

Wang et al. 
20123 

16/15 Oral MP 
challenge 

DSM-IV, MA 
dependence 

Minimum 2 
wk 

Nicotine Urine 
screening tests 

Striatum [11C] 
raclopride 

Cerebellum Δ BPND ↓ 

Volkow et al. 
201516 *1 

16/15 Oral MP 
challenge 

DSM-IV, MA 
abuse or 
dependence 

Minimum 2 
wk 

Nicotine Urine 
screening tests 

Striatum [11C] 
raclopride 

Cerebellum BPND ratio ↓ 
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Abbreviations: BP, binding potential; d, days; dAMPH, dexamphetamine; i.v., intravenous; MA, methamphetamine; mo, months; MP, methylphenidate; SD, 
standard deviation; wk, weeks 
*1 Excluded from the meta-analysis on dopamine release due to overlapping participants with Wang et al. 2012. 
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Supplementary table 2: Molecular imaging studies on other presynaptic dopaminergic indices in stimulant users 

Dopaminergic 
measure 

Author/year Patients/ 
Controls, n 

Diagnosis 
 

 

Duration of 

abstinence  

 

Abstinence 
confirmed by 

Co-morbid 
substance 
abuse 

Region of 
interest 

Tracer Measure Results in 
patients 
compared 
to controls 

Cocaine users 
Dopamine 
synthesis 
capacity 

Wu et al. 199717 11/8 DSM-III-R, cocaine 
dependence  

Less than 
30 d 

Frequent random 
urine drug screens 
during admission 

Not 
mentioned 

Striatum [18]-6-FDOPA Ki ↓ 

Vesicular 
Monoamine 
Transporter 2 

Narendran et al. 
201218 

12/12 DSM-IV, cocaine 
dependence  

Minimum 2 
wk 

Witnessed urine 
sampling 3 times a 
week for 2 weeks in 
outpatient setting 
and 2 day 
admission 

Nicotine Striatum [11C]DTBZ BPND ↓ 

Amphetamine-like stimulant users 
Vesicular 
Monoamine 
Transporter 2 

Boileau et al. 
200819 

16/14 DSM-IV, MA 
dependence or abuse 

Recently 
withdrawn, 
mean(SD) = 
19(24) d 

Urine sample for 
drug toxicology 

Nicotine Striatum [11C]DTBZ BPND ↑ 

Boileau et al. 
201520 

28/22 DSM-IV, MA 
dependence or abuse 

2 scans, 
mean(SD) = 
2.6(2.0) and 
9.9(2.3) d 

Urine and blood 
samples for drug 
toxicology 

Nicotine Striatum [11C]DTBZ BPND ↑ 

Johanson et al. 
200621 

16/18 DSM-IV, past MA 
dependence 

Minimum 3 
mo 

Urine drug screen Nicotine, 
past abuse 
of other 
drugs were 
allowed 

Striatum [11C]DTBZ BP ↓ 

Abbreviations: BP, binding potential; d, days; MA, methamphetamine; mo, months; SD, standard deviation; wk, weeks 
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Supplementary table 3: Molecular imaging studies on dopamine transporter availability in stimulant users compared to healthy controls 

Author/year Patients/ 
Controls, 
n 

Diagnosis Duration of 
abstinence 

Abstinence confirmed 
by 

Co-morbid 
substance 
abuse 

Region of 
interest 

Reference 
region 

Tracer Measure Results in patients 
compared to controls 

Cocaine users 
Volkow et al. 
199622 *1 

12/20 DSM-III-R, 
cocaine 
dependence  

3-6 wk Random urine 
samples at least twice 
a week during 
admission 

Nicotine 
and caffeine  

Basal 
ganglia, 
thalamus, 
occipital 
cortex  

Cerebellum [11C]Cocai
ne 
 

Distribution 
volume ratio 

↔ 

Wang et al. 
199723 

20/20 DSM-IV, 
cocaine 
dependence 

Active users, 
mean(SD) = 
5(8) d 

Pre-scan urine tests 
ensured the absence 
of psychoactive drugs 
except cocaine 

Not 
specified  

Striatum Cerebellum [11C]Cocai
ne 
 

Distribution 
volume ratio 

↔ 

Crits-Christoph 
et al. 200824 

21/21 DSM-IV, 
cocaine 
dependence 

Minimum 1 d, 
mean(SD) = 
7.5(9.7) d 

History, urine drug 
screen for other 
substance use 

Nicotine 
and 
cannabis 

Striatum Elliptical ROI 
was placed on 
two 
consecutive 
slices of the 
supratentorial 
uptake  

99mTc 
TRODAT-1. 

Distribution 
volume ratio 

↑ 

Malison et al. 
199825 

28/24 DSM-III-R, 
cocaine 
dependence 

Maximum of 
96 hours 

Urine laboratory test 
to rule out other illicit 
drug use 

Not 
specified 

Striatum Occipital cortex [123I]b-
CIT 

Distribution 
volume ratio 

↑ 

Amphetamine-like stimulant users 

Johanson et al. 
200621 

16/18 DSM-IV, 
past MA 
dependence 

Minimum 3 
mo 

Urine drug screen Nicotine, 
past abuse 
of other 
drugs were 
allowed 

Striatum Occipital cortex [11C] 
Methylphe
nidate  

BP ↓ 

McCann et al. 
199826 

6/10 MA users 
(diagnostic 
criteria not 

Minimum 2 
wk 

Blood and urine drug 
screens before scan 

No 
restrictions 

Striatum Cerebellum [11C]WIN-
35,428 

BP ↓ 
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specified) 

McCann et al. 
200827 

7/16 DSM-IV, MA 
users 

Minimum 2 
wk 

Urine drug screen No 
restrictions 

Striatum Cerebellum [ 
11C]WIN-
35,428 

BP ↓ 

Sekine et al. 
200128 

11/9 DSM-IV, MA 
users 

Minimum 7 d, 
range 7 d-1.5 
years 

Urinary drug screening 
test 

Occasional 
nicotine and 
alcohol 

Striatum, 
nucleus 
accumben
s, 
prefrontal 
cortex 

Cerebellar 
cortex 

[ 
11C]WIN-
35,428 

BP ↓ 

Volkow et al. 
200129 

15/18 DSM-IV, MA 
dependence 

Minimum 2 
wk, mean(SD) 
= 5.9(9.0) mo, 
range 0.5-
36.0 mo 

Urine toxicology 
screen 

Nicotine Striatum Cerebellum [11C]d-
threo- 
methylphe
nidate 

Bmax/Kd ↓ 

Volkow et al. 
201516 

16/15 DSM-IV, MA 
abuse or 
dependence 

Minimum 2 
wk, mean(SD) 
= 102(49) d 

Urine screening tests Nicotine Striatum Cerebellum [11C]cocai
ne 

BPND ↓ caudate, putamen and 
ventral striatum 

Chou et al. 
200730 

7/7 DSM-IV, MA 
abuse  

Two scans 
(baseline and 
after 2 wk 
abstinence) 

Drug urine analysis 
used to exclude 
polysubstance abuse 

Nicotine Striatum Occipital region Tc-99m 
TRODAT 

SUR ↓ baseline, 
partial recovery after two 
wk 

Schouw et al. 
201331 

8/10 Recreational 
dAMPH 
users, more 
than 40 
occasions of 
previous use 

Minimum 2 
wk, mean(SD) 
= 1.1(1.3) mo 

Urine drug screening No caffeine 
on scan day 

Striatum Occipital cortex [123I]FP-
CIT 

Binding ratio: 
striatum to 
occipital cortex 

↓ 
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Yuan et al. 
201432 

25/25 DSM-IV-TR, 
MA 
dependence 

Three scans 
(24-48 hours, 
2 wk, and 4 
wk abstinence 

Urine drug screen None 
 

Striatum Occipital cortex 99mTc-
TRODAT-1 

SUR ↓ 

Volkow et al. 
200133 *2 

12/11 DSM-IV, MA 
dependence 

Mean(SD) = 
64 ± 40 d 

Urine drug screen Nicotine 
and caffeine 

Striatum Cerebellum [11C]d-
threo-
methylphe
nidate 

Bmax/Kd ↓ 

Sekine et al. 
200334 *3 

11/9 MA users 
(diagnostic 
criteria not 
specified) 

Minimum 7 d 
abstinence 

Not specified Not 
specified 

Orbitofron
tal cortex, 
prefrontal 
cortex, 
amygdala 

Cerebellum  [11C]WIN 
35,428 

BP ↓ 

Yuan et al. 
201535 *4 

25/21 DSM-IV, MA 
dependence 

2 wk Urine drug screen None Striatum Occipital cortex 99mTc-
TRODAT-1 

SUR ↓ 

Abbreviations: BP, binding potential; d, days; dAMPH, dexamphetamine; MA, methamphetamine; mo, months; ROI, region of interest; SD, standard deviation; SUR, specific uptake ratio; wk, weeks 
*1 Excluded from the meta-analysis on dopamine transporter availability due to overlapping participants with Wang et al 1997. 
*2 Excluded from the meta-analysis on dopamine transporter availability due to overlapping participants with Volkow et al. 2001. 
*3 Excluded from the meta-analysis on dopamine transporter availability due to overlapping participants with Sekine et al. 2001. 
*4 Excluded from the meta-analysis on dopamine transporter availability due to overlapping participants with Yuan et al. 2014. 
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Supplementary table 4: Molecular imaging studies on baseline D2/3 availability in stimulant users compared to healthy controls 

Author/year Patients/ 
Controls, 
n 

Diagnosis Duration of 
abstinence 

Abstinence confirmed by  Co-morbid 
substance 
abuse  

Region of 
interest 

Reference 
region 

Tracer Measure Results in 
patients 
compared 
to 
controls 

Cocaine users 
Martinez et al. 20114 25/24 DSM-IV, cocaine 

dependence 
Minimum 14 
d 

Supervised admission or 
repeated urine drug 
screen 

Nicotine Striatum Cerebellum [11C]raclopride BPND ↓ 

Martinez et al. 20099 15/15 DSM-IV, cocaine 
dependence 

Minimum 14 
d 

Admitted for 14 d and 
underwent random urine 
toxicology tests 

Nicotine  Striatum Cerebellum [11C]raclopride BPND ↓ 

Volkow et al. 199336 20/20 DSM-III-R, cocaine 
dependence 

Minimum 8 
d 

Random urine samples at 
least twice a wk during 
hospitalization 

Nicotine 
and caffeine 

Striatum Cerebellum [18F]N-
methylspiroperid
ol 

Ratio 
index 

↓ 

Volkow et al. 199622 12/20 DSM-III-R, cocaine 
dependence 

3-6 wk Random urine samples at 
least twice a wk during 
hospitalization 

Nicotine 
and caffeine 

Basal ganglia, 
cortex, 
thalamus  

Cerebellum  [18F]N-
methylspiroperid
ol 

Distributio
n volume 
ratio 

↓ 

Volkow et al. 199713 20/23 DSM-IV, cocaine 
dependence 

3-6 wk Toxicological drug 
screens before scan 

Nicotine 
and caffeine 

Striatum, 
thalamus 

Cerebellum [11C]raclopride Bmax/ Kd ↓ 

Payer et al. 20146 15/15 DSM-IV, cocaine 
dependence 

Mean (SD) 
50.1(64.4) d; 
range 7-240 
d 

Urine drug screen Nicotine, 
caffeine and 
cannabis 

Striatum 
 

Cerebellum  [11C]raclopride BPND ↓  

Volkow et al. 201412 43/19 DSM-IV, cocaine 
dependence 

Mean(SD) = 
5(5) d 

Not specified  Nicotine Striatum 
 

Cerebellum [11C]raclopride BPND ↓  

Matuskey et al. 20145 10/10 DSM-IV, cocaine 
dependence 

Mean(SD) = 
7(4) d 

Urine drug screen Nicotine, 
caffeine and 
cannabis 

Amygdala, 
hypothalamus
, striatum, 
thalamus 

Cerebellum [11C](+)PHNO BPND ↑ 
amygdala, 
hypothala
mus and 
substantia 
nigra; ↔ 
striatum 
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Narendran et al. 2011 
11 

10/10 DSM-IV, cocaine 
dependence 

Minimum 2 
wk 

Witnessed urine sampling 
3 times a wk for 2 wk in 
outpatient setting and 2 
d admission 

Nicotine Striatum Cerebellum [11C] raclopride BPND ↓ 

Martinez et al. 200710 24/24 DSM-IV, cocaine 
dependence 

Minimum 14 
d 

Supervised admission Nicotine Striatum Cerebellum [11C] raclopride BP (ml/g) ↓ 

Volkow et al. 199037 10/10 DSM-III-R, cocaine 
abuse 

Minimum 2 
d, range 2-
30 d 

Not specified Nicotine 
and caffeine 

Striatum Cerebellum [18F]N-
methylspiroperid
ol 

Ratio 
Index: 
striatum 
to 
cerebellu
m 

↓ in 
detoxified 
for one wk 
or less 
↔ after 
one mo 

Volkow et al. 200514 21/15 DSM-IV, cocaine 
dependence 

Maximum 1 
mo, 
mean(SD) = 
14(7) d 

Supervised admission Nicotine 
and caffeine 

Striatum Cerebellum [11C]raclopride Bmax/Kd ↓ 

Payer et al. 20146 *1 15/15 DSM-IV, cocaine 
dependence 

Mean(SD) = 
50.1(64.4) d; 
range 7-240 
d 

Urine drug screen Nicotine, 
caffeine and 
cannabis 

Striatum 
 

Cerebellum [11C](+)PHNO 
 

BPND ↔  
 

Martinez et al. 200438 
*2 

17/17 DSM-IV, cocaine 
abuse or 
dependence 

19-21 d Random urine testing 
during admission 

Nicotine Striatum 
 

Cerebellum [11C]raclopride BP ↓  

Wiers et al. 2016a39 *3 38/42 Cocaine abusers 
(criteria not 
specified) 

Mean(SD) = 
5(5) d (From 
Volkow et al. 
2014) 

Not specified Nicotine Striatum 

 

Cerebellum [11C]raclopride BPND ↓ 

Wiers et al. 2016b40 *4 24/21 DSM-IV, cocaine 
dependence 

Mean(SD) = 
5(5) d (From 
Volkow et al. 
2014) 

Not specified Nicotine Striatum 

 

Cerebellum [11C]raclopride BPND ↓ 

Amphetamine-like stimulant users 
Ballard et al. 201541 27/27 DSM-IV, MA 

dependence 
4-7 d Supervised admission and 

urine test on scan day 
Nicotine 
and 
cannabis 

Striatum Cerebellum [18F]fallypride BPND  ↓  
 

Boileau et al. 201242 16/16 DSM-IV, MA abuse Mean(SD) = Urine drug screen on Nicotine Substantia Cerebellar [ 11C]-PHNO BPND ↑ 
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or dependence 18.5(20.5) d, 
range 6-90 d 

scan day nigra, globus 
pallidus, 
ventral 
pallidum, 
striatum  

cortex Substantia 
nigra, 
globus 
pallidus, 
ventral 
pallidum 
↓ 
striatum  

Iyo et al. 199343 6/10 DSM-III-R, history 
of MA abuse and 
psychotic 
symptoms 

Minimum 1 
mo, range 2 
mo-3 years 

Not specified 

 

 

Occasional 
alcohol 

Striatum, 
frontal cortex 

Cerebellum [11C]N-
Methylspiperone 

K’ ↔ in 
striatum,  
↓ 
striatum 
to frontal 
cortex 
ratio 

Volkow et al. 200144 15/20 DSM-IV, MA 
dependence 

Minimum 2 
wk, range 2 
wk-35 mo 

Urine toxicology screen Nicotine Striatum  Cerebellum [11C]raclopride Bmax/Kd ↓ 

Wang et al. 20123 16/15 DSM-IV, MA 
dependence 

Minimum 2 
wk 

Urine screening tests Nicotine Striatum Cerebellum [11C] Raclopride BPND ↓ 

Okita et al. 201645  27/20 DSM-IV, MA 
dependence 

Mean(SD) = 
6.9(2.24) d 

Urine testing Nicotine 
and 
marijuana 

Amygdala, 
striatum 

Cerebellum [18F] fallypride BPND ↔ in 
amygdala, 
↓ in 
striatum 

Schrantee et al. 201515 16/19 dAMPH users with 
≥30 lifetime and 
≥10 past year 
exposures 

Minimum 1 
wk 

Nicotine Multi-drug 
screen on a 
urine 
sample 
before scan 

Striatum Occipital 
cortex 

[123I] IBZM BPND ↓ 

Lee et al. 200946 *5 22/30 DSM-IV, current 
MA dependence 

4-10 d Residing at a research 
center during study 

Nicotine Striatum Cerebellum [18F]fallypride BPND ↓ 

Ballard et al. 201547 *6 18/18 DSM-IV, MA 
dependence 

4-7 d Supervised admission Nicotine 
and caffeine 

Striatum Cerebellum  [18F] fallypride BPND ↓ 

Okita et al 201548 *7 23/17 DSM-IV, MA 
dependence 

Mean(SD) = 
7.2(3.11) d, 
range: 4-15 

Nicotine, cannabis and 
alcohol 

Admission 
and urine 
screening 

Striatum Cerebellum [18F] Fallypride BPND ↓ 
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d 
Abbreviations: BP, binding potential; d, days; dAMPH, dexamphetamine; MA, methamphetamine; mo, months; N/A, not applicable; SD, standard deviation; SUR, specific uptake ratio; wk, weeks 
*1 [11C] PHNO data was excluded from the meta-analysis on dopamine receptor availability due to overlapping participants with [11C] raclopride data. 
*2 Excluded from the meta-analysis on dopamine receptor availability due to overlapping participants with Martinez et al. 2007. 
*3 Excluded from the meta-analysis on dopamine receptor availability due to overlapping participants with Volkow et al. 2014. 
*4 Excluded from the meta-analysis on dopamine receptor availability due to overlapping participants with Volkow et al. 2014. 
*5 Excluded from the meta-analysis on dopamine receptor availability due to overlapping participants with Ballard et al. 2015. 
*6 Excluded from the meta-analysis on dopamine receptor availability due to overlapping participants with Ballard et al. 2015. 
*7 Excluded from the meta-analysis on dopamine receptor availability due to overlapping participants with Lee et al. 2009. 
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Box 1: Future research direction  
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