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Striatal dopamine (DA) is thought to have a fundamental role in the reinforcing effects of tobacco smoking and nicotine. Microdialysis

studies indicate that nicotine also increases DA in extrastriatal brain areas, but much less is known about its role in addiction. High-affinity

D2/3 receptor radiotracers permit the measurement of cortical DA in humans using positron emission tomography (PET). [11C]FLB-457

PET scans were conducted in 10 nicotine-dependent daily smokers after overnight abstinence and reinstatement of smoking. Voxel-wise

[11C]-FLB-457-binding potential (BPND) in the frontal lobe, insula, and limbic regions was estimated in the two conditions. Paired t-tests

showed BPND values were reduced following smoking (an indirect index of DA release). The overall peak t was located in the cingulate

gyrus, which was part of a larger medial cluster (BPND change � 12.1±9.4%) and this survived false discovery rate correction for multiple

comparisons. Clusters were also identified in the left anterior cingulate cortex/medial frontal gyrus, bilateral prefrontal cortex

(PFC), bilateral amygdala, and the left insula. This is the first demonstration of tobacco smoking-induced cortical DA release in humans; it

may be the result of both pharmacological (nicotine) and non-pharmacological factors (tobacco cues). Abstinence increased craving

but had minimal cognitive effects, thus limiting correlation analyses. However, given that the cingulate cortex, PFC, insula, and

amygdala are thought to have important roles in tobacco craving, cognition, and relapse, these associations warrant investigation in a

larger sample. [11C]FLB-457 PET imaging may represent a useful tool to investigate individual differences in tobacco addiction severity

and treatment response.
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INTRODUCTION

A commonality between addictive drugs, including tobacco
and its primary psychoactive ingredient nicotine, is their
ability to elevate extracellular dopamine (DA) levels.
Nicotinic acetylcholine receptors (nAChR) are widely
expressed in the brain and are abundant in the mesolimbic,
nigrostriatal, and mesocortical systems (Marshall et al,
1997). Nicotine increases DA in limbic and striatal systems
directly by activating nAChRs situated on cell bodies
(Sesack and Grace, 2009) and terminals (Schilstrom et al,
1998) of midbrain DAergic neurons projecting from the
ventral tegmental area (VTA) and substantia nigra to the
nucleus accumbens and dorsal striatum, respectively, and
indirectly by modulating glutamatergic and GABAergic
inputs onto DAergic neurons (Mansvelder et al, 2003).

Nicotine can also induce DA release in the prefrontal
cortex (PFC) via stimulation of nAChRs located on the
cell bodies on DAergic neurons projecting from the VTA to
the PFC (George et al, 2000) and via nAChRs in the PFC
(Livingstone et al, 2009). However, studies using in vivo
microdialysis to directly compare the regional effects of
nicotine on DA dialysate report greater release in the
striatum and nucleus accumbens compared with the PFC.
For example, relative to the PFC, nicotine-induced DA
release is 2 and 10 times greater in the striatum and nucleus
accumbens of rodents and 1.3 times greater in the striatum
of non-human primates (Domino and Tsukada, 2009;
Marshall et al, 1997).

The ability of nicotine to increase DA release in the
(limbic) striatum is thought to underlie its reinforcing and
euphoric effects (Di Chiara, 2000), a view that finds partial
support from neuroimaging studies showing that tobacco-
induced DA release is associated with decreased craving
(Brody et al, 2004; Le Foll et al, 2014), and withdrawal
symptoms (Le Foll et al, 2014), elevated mood (Barrett et al,
2004), and motivation to smoke (ie, puff volume) (Le Foll
et al, 2014). The role of cortical DA in tobacco addiction is
less well understood but may relate to nicotine’s pro-
cognitive effects. In this regard, it has been proposed that
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cognitive dysfunction associated with nicotine withdrawal
(Levin et al, 2006), although variable and not reported in
all populations (Sacco et al, 2005; Wing et al, 2013b),
contributes to the addictive nature of tobacco smoking
(Ashare et al, 2014; Heishman et al, 2010) and may be
related cortical DA dysfunction. Brain-imaging studies
(functional magnetic resonance imaging (fMRI), fludeox-
yglucose, and oxygen-15 positron emission tomography
(PET)) partly support this by showing that tobacco smoking
increases brain activity in DA projection areas including the
hippocampus, amygdala, insula, anterior cingulate cortex
(ACC), orbitofrontal and dorsolateral PFC (dlPFC) (Azizian
et al, 2010; Brody et al, 2002; Janes et al, 2010a; Janes et al,
2010b; Janes et al, 2013; Zubieta et al, 2005). These
changes have been associated with improved cogni-
tive performance (but also cue-reactivity, craving, and
relapse susceptibility). Although informative, such studies
do not address the question of cortical DA’s involvement,
if any, in tobacco addiction and there are no in vivo PET
studies investigating whether nicotine or tobacco leads to
detectable changes in DA levels in the cortex.

The development of the high-affinity D2/3 receptor
radiotracers [18F]-Fallypride (Mukherjee et al, 1995) and
[11C]-FLB-457 (Halldin et al, 1995) has allowed investiga-
tion of DA dynamics in cortical areas of living humans.
This method is based on the principle that challenges that
increase synaptic DA decrease radiotracer binding (com-
pared with baseline). [11C]-FLB-457 appears to show greater
sensitivity to DA changes in low-receptor-density cortical
regions than [18F]-Fallypride (Narendran et al, 2009) and
shows good test–retest reproducibility (Narendran et al,
2013). [11C]-FLB-457 has been used in humans to index DA
release induced by oral amphetamine, with effects measur-
able in four out of the eight cortical regions examined: the
ACC, medial temporal lobe, dlPFC, medial PFC (mPFC)
and parietal cortex (PC) (Narendran et al, 2009). Moreover,
combined PET-microdialysis studies in non-human pri-
mates have confirmed that the amphetamine-induced
reductions in [11C]-FLB-457 binding correlate with direct
measurement of DA release (Narendran et al, 2014).

In this study we used [11C]-FLB-457 to index extrastriatal
DA release induced by tobacco smoking. As this was the
first study to attempt to measure cortical DA release
induced by tobacco or nicotine, we implemented a design
that we thought would evoke the maximal DA release. Thus,
we examined the effects of the act of smoking tobacco
following a period of (overnight) abstinence in tobacco-
dependent daily smokers, therefore encompassing pharma-
cological (ie, nicotine) and non-pharmacological factors
(ie, tobacco cues). Analyses were restricted to the pre-
frontal, limbic, and insular regions, which are involved in
cognitive control, interoceptive awareness, and emotion.
These regions of interest (ROIs) were selected based on
functional brain-imaging studies of tobacco smoking
(Brody et al, 2002; Janes et al, 2010a; Janes et al, 2010b;
Janes et al, 2013) and [11C]-FLB-457 studies showing
BPND changes are measurable in these ROIs after a
DA-elevating challenge (Narendran et al, 2009). The
exploratory aim of the study was to investigate correlations
between DA release and smoking behavior (assessed by
smoking topography), tobacco craving, withdrawal, and
cognitive function.

MATERIALS AND METHODS

Participants

All procedures were approved by the Centre for Addiction
and Mental Health Research Ethics Board, and complied
with ethical standards of the 1975 Helsinki Declaration
(5th revision, 2000). Subjects were recruited from the local
community in Toronto, Canada, using internet advertise-
ments, and provided written informed consent. Subjects
were paid $350 for study completion, including $50 for
successful overnight abstinence, a paradigm that has
resulted in 490% success in achieving overnight abstinence
in similar populations of smokers (Sacco et al, 2005; Wing
et al, 2013b).

All subjects met the following criteria: smoking X10
cigarettes per day (CPD) assessed by self-reported 7-day
timeline follow-back measures (Sobell et al, 1988), expired
breath carbon monoxide (CO) X10ppm, plasma cotinine
levels X150 ng/ml, Fagerstrom Test of Nicotine Dependence
score X4 (Heatherton et al, 1991), X80 on the Shipley-2
estimate of Full Scale IQ (Zachary et al, 1985), and a
negative urine pregnancy test and 7-panel toxicology screen
for drugs of abuse (Medtox; Wilmington, NC). Subjects
were screened using the Structured Clinical Interview for
DSM-IV Axis I Disorders (First et al, 1996) and demon-
strated no Axis I diagnosis with the exception of past major
depression or drug and alcohol abuse if in remission for
at least 1 year. Pack-years provided measures of lifetime
tobacco exposure (the number of years smoked multiplied
by the average number of packs of 20 CPD) (Wood et al,
2005). Mood symptoms were assessed using the Beck
Depression Inventory (Beck et al, 1996). Exclusion criteria
included major medical problems and PET or MRI contra-
indications (eg, metal implants, pregnancy/lactation, and
exposure to radiation above permissible dose).

Study Design

Eligible subjects were invited for a baseline visit including a
cognitive training session to minimize practice effects in the
subsequent testing sessions (Figure 1). Subjects were asked
to remain abstinent from 2100 h on the day before the PET
scanning, which was biochemically verified by an expired
CO level o10 ppm on arrival at the laboratory at 0830 h;
values above this led to scan cancellation. Subjects then
remained abstinent and under supervision until 1300 h
(16 h). Abstinence was later confirmed by analysis of plasma
nicotine levels (see next section). Subjects were also asked
not to use alcohol 24 h before the scan and not to drink
caffeinated drinks on the day of the scan. A further urine
sample was collected to rule out pregnancy and drug use
immediately before the scan.

Subjects underwent two virtually identical sessions on the
testing visit: (1) at 0830–1230 h under smoking abstinence
conditions and (2) at 1330–1730 h following reinstatement
of smoking. Each session started with assessments of
tobacco craving and withdrawal, followed by a [11C] FLB-
457 PET scan (4 h between the am and pm injections) and
then a neuropsychological testing battery. Subjects smoked
their own brand cigarettes ad libitum immediately before
the second PET scan; the average time between starting
smoking and tracer injection was 31.8±7.5 min. Subjects
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were instructed to smoke as many cigarettes as they liked, to
ensure they were fully satiated before PET scanning.

On a separate visit, subjects underwent a proton density
weighted 3T MRI scan for spatial realignment and normal-
ization of PET images and localization of ROIs (General
Electric, 3T MR750; slice thickness, 2 mm; interleaved;
number of slices, 84; repetition time, 6000 ms; echo time,
8 ms; number of excitations, 2; acquisition matrix, 256�
192; FOV, 22� 16.5 cm).

Plasma Nicotine and Cotinine Determination

A blood sample was obtained immediately after tracer
injection in both the abstinent and smoking conditions,
to determine nicotine and cotinine concentration (ng/ml).
The methods used were developed in-house based on
Bernert et al (1997). Serum samples were deproteinized and
extracted at an alkaline pH with a solvent mixture using
extraction devices containing diatomaceous earth. The
extracts were further analyzed by liquid chromatography
using mass spectroscopy detection. Deuterated analytes
were used as internal standards and the calibration range is
from 1 to 500 ng/ml. Between-day precision coefficients
of variation at concentrations of 221 ng/ml cotinine and
23 ng/ml nicotine were o5% and 12%, respectively.

Smoking Topography

Smoking topography measures cigarette smoking behavior,
specifically the intensity of smoking indexed by number of
puffs, puff volume, puff duration, and interpuff interval. A
Clinical Research Support System Pocket device (Borgwaldt
KC, Richmond, VA) was used to assess smoking topo-
graphy during the pre-scan smoking reinstatement session.
Subjects were familiarized to the device during a baseline
training session.

Craving and Cognitive Measures

Craving and withdrawal were assessed respectively by
the self-report Tiffany Questionnaire for Smoking Urges
(TQSU) (Tiffany and Drobes, 1991) and the Minnesota
Nicotine Withdrawal Scale (MNWS) (Hughes and
Hatsukami, 1986). The 1-h neuropsychological test battery
assessed a range of cognitive domains that have been shown
to be sensitive to nicotine and related to cortical DA levels:
sustained attention (Conner’s Continuous Performance
Test), visuospatial working memory (Spatial Delayed

Response Test), verbal working memory (Digit Span–
Backward), Processing Speed (Trail Making Test-A)
and executive function (Wisconsin Card Sorting Task; Trail
Making Test-B).

PET Scan Parameters

PET scans were performed using a high-resolution PET
camera system (CPS-HRRT, Siemens Medical Imaging,
Knoxville, TN, USA), which measures radioactivity in 207
brain sections with a slice thickness of 1.2 mm each and an
in-plane resolution of B2.8 mm full-width at half maximum
(FWHM). A custom fitted thermoplastic mask was used to
reduce head movement (TruScan Imaging, Annapolis,
USA). Attenuation correction was done via a transmission
scan, which used a 137Cs (T2¼ 30.2 yr, Eg¼ 622KeV) single-
photon point source. Emission data were acquired in list
mode for 90 min beginning after a (2 min) bolus injection
(followed by a flush with 2 ml saline) of [11C]FLB-457
(mean±SD, dose: 9.57±0.85 mCi; specific activity: 3227±
1256 mCi/mmol; mass injected: 1.25±0.45 mg). Emission
data were reconstructed by 2D filtered back projection to
yield dynamic images with 15 1-min frames and 15 5-min
frames.

PET Scan Analysis

[11C] FLB-457 BPND was calculated voxel-wise across the
whole brain using the basis function implementation of
simplified reference tissue model (SRTM) (Gunn et al, 1997;
Lammertsma and Hume, 1996). Despite some studies
reporting detectable D2/3-receptor-specific [11C]-FLB-457
binding in the cerebellum (Asselin et al, 2007; Delforge et al,
1999), the tissue time activity curve (TAC) of the cerebellar
cortex (excluding vermis) was used as the reference region,
because it has been deemed suitable for the calculation of
[11C]-FLB-457 BPND in several studies (Ito et al, 2001;
Narendran et al, 2011a; Olsson et al, 2004; Vilkman et al,
2000). This approach yielded maps of [11C]-FLB-457 BPND

for the abstinent and smoking conditions, which were
registered to each individual’s MRI, transformed into
standardized stereotaxic space (the ICBM 305 template),
and spatially smoothed with a 6-mm FWHM kernel. These
images were then entered into a group analysis and statis-
tically investigated at every voxel using paired t-tests in
SPM 8 (Wellcome Trust Centre for Neuroimaging, London,
UK). To minimize multiple comparisons and given our
a priori regional hypotheses, voxels investigated for

Figure 1 Single subject timeline.
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significant effects were limited to gray matter in the frontal
lobe, insula, and limbic regions, using a mask generated by
the WFU PickAtlas function in SPM8 (Maldjian et al, 2003).
Within this mask, only voxels with a BPND value greater
than 0.1 were considered. [11C]-FLB-457 BPND maps were
assessed for the contrast of interest (abstinence4smoking)
at an uncorrected threshold of po0.05 with a minimum
50-voxel cluster extent. This approach was chosen, as it
provides a good balance between Type I and Type II error,
and previous work has shown that a lenient threshold and
cluster extent can produce similar results to false discovery
rate (FDR) correction in fMRI studies (Lieberman and
Cunningham, 2009). Individual BPND values for the absti-
nence and smoking conditions were then extracted from
clusters surviving this threshold and used to calculate
percent change in BPND between conditions. This analysis
was followed up by investigating changes in [11C]-FLB-457
BPND in anatomically defined whole ROIs (see Rusjan et al
(2006) for methods).

Statistical Analysis

Statistical analyses were conducted in in SPSS (v.15.0;
Chicago, IL); significance was set at po0.05. Smoking and
cognitive outcome measures were analyzed using paired
t-tests to compare values in the abstinent and smoking
conditions. The percentage changes in BPND extracted from
the voxel-wise analyses were used in Pearson correlation
analyses, to explore associations with smoking topography
measures and smoking-related changes in craving, with-
drawal, and cognitive function. Control analyses involved
t-tests to evaluate possible differences in PET scan parameters
between the conditions (ie, dose injected, mass injected,
specific activity injected, and the cerebellar TAC) and corre-
lation analyses to determine whether there was any relation-
ship between mass injected and [11C]-FLB-457 BPND.

RESULTS

Subject Characteristics

Eleven subjects met the eligibility criteria and were enrolled,
and one subject withdrew during the first scan due
to claustrophobia, resulting in a final sample of N¼ 10.
The demographic characteristics and PET scan parameters
for the sample are presented in Table 1. There were
no statistically significant differences between the PET
scan parameters for the abstinent and smoking scans:
amount injected 9.65±0.89 mCi vs 9.48±0.84 mCi (p¼
0.66), specific activity at time of injection 3354±
1451 mCi/mmol vs 2901±994 mCi/mmol, and injected mass
1.16±0.49 mg vs 1.33±0.42 mg (p¼ 0.40). Subjects smoked
an average of 1.9±0.6 cigarettes before the afternoon PET
scan (range 1–3 cigarettes).

PET [11C] FLB-457 Binding Results

We observed significant reductions in [11C]-FLB-457 BPND

following smoking (an indirect measure of DA release) in
a set of regions that comprises a large medial cluster
(cingulate gyrus, ACC, medial frontal gyrus (Med. FG),
superior frontal gyrus, and precuneus), the left (L) ACC/

Med. FG, the right (R) PFC/middle frontal gyrus (MFG), an
L PFC cluster (precentral gyrus and MFG), the L MFG/
precentral gyrus, bilateral amygdala/uncus, and the left
insula (see Table 2 and Figure 2a). The overall peak t-value
was located in the cingulate gyrus of the medial cluster and
this survived FDR correction for multiple comparisons. In
addition, an analysis thresholded at po0.01 FDR for
multiple comparisons yield only one cluster of significance,
the cingulate gyrus (see * in Table 2). The reverse contrast
(abstinenceosmoking) did not yield any significant clus-
ters. Individual BPND values were extracted from these
clusters and are presented for illustrative purposes (see
Figure 2b). These values were used to calculate percentage
changes in BPND (mean±SD) in smoking vs abstinence
conditions: medial cluster, which included the cingulate
cortex (� 12.1±9.4%), L ACC/Med. FG (� 11.0±11.7%),
bilateral PFC clusters (R: � 11.5±12.8%; L: � 9.8±11.0%),
bilateral amygdala/uncus (R: � 13.8±14.7%; L: � 12.0±
13.1%), and the left insula (� 6.2±7.0%).

The results of the anatomically defined whole ROIs
analysis is shown in Supplementary Figure 1. In brief,
pairwise comparisons (one-tailed uncorrected) revealed
trend-level significant decreases in [11C]-FLB-457 BPND in
the mPFC (� 7.1%; p¼ 0.08), ACC (� 7.6%; p¼ 0.06), and
amygdala (� 9.8%; p¼ 0.06) but not the dlPFC or insula.
Regions examined in amphetamine [11C]-FLB-457 PET
studies were also tested (Narendran et al, 2009; Narendran
et al, 2013); similar to these studies no effect was found in
the temporal or occipital cortex, but in contrast no change
in BPND was found in the PC.

Smoking-Related Measures

The relationship between baseline smoking behavior and
percentage change in [11C] FLB-457 BPND (abstinence vs
smoking) was investigated. A younger age of smoking onset
was associated with a greater reduction in BPND in the right
amygdala (r¼ 0.731, p¼ 0.016) and higher levels of daily
smoking were associated with greater BPND reduction at
the trend level in the medial cluster, which included the
cingulate gyrus (r¼ � 0.584, p¼ 0.08) and the R PFC/MFG
cluster (r¼ � 0.612, p¼ 0.06). Tobacco craving (TQSU
Factor 1 and 2 scores) and withdrawal (MNWS total score)
were significantly higher in the abstinent vs reinstatement
session (see Table 1) but the percentage change did not
correlate with the percentage change in [11C] FLB-457 BPND.
Time between smoking and PET scanning and changes in
plasma nicotine levels after smoking reinstatement also did
not correlate with changes BPND. However, the average puff
volume in the smoking reinstatement session did correlate
with changes in BPND (valid smoking topography data was
collected in 8 out of the 10 subjects). Greater puff volumes
were correlated with greater BPND reductions in the medial
cluster, which included the cingulate gyrus (r¼ � 0.835,
p¼ 0.012, see Supplementary Figure 2), L ACC/Med. FG
(r¼ � 0.961, po0.001) and R PFC/MFG cluster (r¼
� 0.807, p¼ 0.015).

Cognitive Measures

Although performance in most cognitive domains was
higher in the smoking vs abstinence conditions, this
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difference only reached statistical significance for the
CPT variability index (a measure of ‘within respondent’
response-speed consistency across the 18 test segments in

relation to the individual’s overall reaction time SE)
(t(18)¼ 2.39, p¼ 0.03)). After correcting for multiple
comparisons, there were no significant correlations between

Table 1 Subject Characteristics and PET Scan Parameters Under Abstinence and Smoking Conditions (n¼ 10)

Demographic and baseline characteristics

Sex (Male:Female) 7:3

Race (White:Black:Hispanic:Other) 6:0:2:2

Age (years) 42.5±11.1

Years of education 14.6±2.5

Shipley IQ 97.1±11.0

CPD 16±4.7

Expired carbon monoxide (ppm) 20±6.7

Pack-years (years*pack of 20/day) 19.4±10.6

FTND 6.0±1.1

BDI total score 2.4±2.8

Testing visit measures

Abstinence Smoking P-value

Smoking measures

Expired carbon monoxide (ppm) 6.8±3.0 13.6±4.5 0.001

Plasma cotinine (ng/ml) 202±49 189±65 0.63

Plasma nicotine (ng/ml) 1.6±1.3 14.6±4.9 o0.001

TQSU factor 1 6.1±0.7 3.7±0.9 o0.001

TQSU factor 2 5.0±1.3 3.2±1.1 o0.001

MNWS total score 10.6±5.0 3.9±3.2 o0.001

Cognitive measures

CPT—% hits 99.2±2.0 99.8±0.3 0.33

CPT—% commissions 38.2±23.9 30.6±19.1 0.44

CPT—variability index 7.4±3.9 4.2±1.5 0.03

SDR—5 s delay 18.0±6.8 25.2±7.3 0.95

SDR—15 s delay 25.2±7.3 19.9±5.6 0.09

SDR—30 s delay 24.8±8.4 19.9±5.6 0.16

HVLT—total recall (test 1–3) 24.4±6.4 24.9±4.7 0.85

HVLT—delayed recall 8.6±3.7 8.3±2.9 0.84

TMT—trial A (seconds) 25.4±7.3 22.2 3.6 0.24

TMT—trial B (seconds) 62.4±31.9 49.7±8.9 0.24

Digit span—forwards 11.9±1.6 11.3±2.2 0.50

Digit span—backwards 8.6±2.2 8.5±2.6 0.93

WCST—% total errors 25.2±25.2 19.2±17.0 0.54

WCST—% perseverative errors 18.0±22.5 12.0±12.1 0.47

PET scan parameters

Amount injected (mCi) 9.65±0.89 9.48±0.84 0.66

Specific activity at T.O.I (mCi/mmol) 3554±1451 2901±994 0.27

Mass injected (mg) 1.16±0.49 1.33±0.42 0.40

AUC for cerebellum TAC 997412±254915 851629±165309 0.17

Abbreviations: BDI, Beck Depression Inventory; CPD, cigarettes per day; CPT, Continuous Performance Test; FTND, Fagerstrom Test for Nicotine Dependence;
HVLT, Hopkins Verbal Learning Test; SDR, Spatial Delayed Response; TQSU, Tiffany Questionnaire of Smoking Urges; MNWS, Minnesota Nicotine Withdrawal Scale;
VAS, Visual Analogue Scale; TAC, time activity curve; WCST, Wisconsin Card Sorting Test.
Values are stated as mean±SD, except for sex and race; p-values are for paired Student’s t-tests between the abstinence and smoking conditions (valueso0.05 are
shown in bold).
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the percentage change in cognitive performance and reduc-
tions in [11C] FLB-457 BPND following reinstatement of
cigarette smoking.

DISCUSSION

Nicotine, the primary psychoactive ingredient in tobacco,
has been shown to induce cortical DA release in animal
microdialysis studies, but to our knowledge this is the first
demonstration in humans of cortical DA release following
tobacco smoking. [11C]-FLB-457 BPND values were reduced
following smoking (an indirect index of DA release). The
overall peak t in voxel-wise analyses was located in the
cingulate gyrus, which was part of a large medial cluster
(percentage change in BPND � 12.1±9.4%) and this sur-
vived FDR correction for multiple comparisons (po0.01).
There was also evidence for release in the left ACC/Med. FG,
right and left PFC, bilateral amygdala/uncus, and the left

insula, but these results did not survive corrections for
multiple comparisons. The results of the voxel-wise analysis
were also in the most part supported by an anatomically
defined ROI analysis.

Microdialysis studies suggest that amphetamine
elicits substantially greater DA release than nicotine and
[11C]raclopride, and [11C]-(þ )-PHNO displacement in
humans tends to be greater following amphetamine vs
nicotine, albeit to a much lesser extent (B2-fold) than
observed by microdialysis (Boileau et al, 2014; Brody et al,
2009; Gallezot et al, 2014; Le Foll et al, 2014; Shotbolt et al,
2012). However, the smoking-induced changes in extra-
striatal [11C]FLB-457 binding identified in this study were of
similar magnitude to those following an oral amphetamine
challenge (B7–13%) (Narendran et al, 2009; Narendran
et al, 2013). Combined microdialysis and in vivo binding
studies are informative in this regard. Such studies have
found that although extrasynaptic DA release induced by
both methamphetamine and nicotine correlates with

Table 2 Spatial Coordinates and Statistics of the Clusters Identified in the Voxel-Wise [11C]-FLB-457 BPND Abstinence4Smoking, n¼ 10

Region Number of voxels Brodmann Peak coordinates (MNI space) Peak t Peak p

x y z

Medial cluster 1331 0.013 (cluster level)

Cingulate gyrus 24 4 10 42 5.32 o0.001a

32 6 14 42 4.51 0.002

31 � 12 � 30 46 3.55 0.003

Anterior cingulate 32 2 38 16 2.93 0.008

24 6 42 � 4 2.32 0.022

Medial frontal gyrus (Med. FG) 6 � 6 � 6 50 3.83 0.002

9 10 52 22 3.47 0.004

8 8 30 44 2.27 0.024

Superior frontal gyrus 6 14 38 48 3.17 0.006

9 12 56 22 3.08 0.007

8 8 46 42 1.99 0.038

Precuneus 7 � 6 � 28 50 3.90 0.002

L ACC/Med. FG 148 10/9/32 � 10 48 16 3.45 0.004

R PFC/middle frontal gyrus (MFG) 323 9 38 34 26 3.38 0.004

8 30 32 36 2.47 0.018

L PFC cluster 612 0.075 (cluster-level)

Precentral gyrus 4 � 26 � 16 60 3.84 0.002

MFG 8 � 28 24 48 3.57 0.003

10 � 36 48 20 2.76 0.011

6 � 18 8 64 2.69 0.012

9 � 26 44 30 2.21 0.027

L MFG/precentral gyrus 88 6 � 44 2 34 2.50 0.017

4 � 50 � 2 44 2.24 0.026

L amygdala/uncus 76 � 24 0 � 30 3.28 0.005

R amygdala/uncus 98 26 � 4 � 30 3.03 0.007

L insula 58 � 40 � 12 4 2.54 0.016

Abbreviations: ACC, anterior cingulate cortex; BPND, binding potential; FDR, false discovery rate; PFC, prefrontal cortex; Med. FG, medial frontal gyrus; MFG, middle
frontal gyrus; R, right; L, left.
Uncorrected P-values.
aSurvived FDR correction for multiple comparisons at po0.01.
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reductions in [3H]raclopride binding, decreases in radio-
ligand binding per unit increase of DA were greater for
nicotine than methamphetamine (Kim and Han, 2009). In
rats, methamphetamine (5 mg/kg) and nicotine (3.5 mg/kg)
led to substantially different changes in dialysate levels
(increases of 826% after amphetamine vs 51% after

nicotine) but elicited similar effects on [3H]raclopride
binding (B30% decrease) (Kim and Han, 2009). These
findings may be due to the fact that changes in radioligand
binding after a drug challenge presumably reflect changes
within the synapse where fluctuations in DA are rapid and
of significant magnitude, while microdialysis measures

Figure 2 [11C]FLB-457-binding potential (BPND) in abstinence and smoking conditions (n¼ 10). (a) Clusters surviving a threshold of Po0.05
(uncorrected)/k450 for the abstinence4smoking contrast. Clusters identified in the insula, amygdala, cingulate, and prefrontal cortex (PFC) are overlaid
onto a single subject T1-weighted magnetic resonance imaging (MRI; in MNI space). Coordinates below each view are in MNI space. (b) Extracted
[11C]FLB-457 BPND values for significant clusters in the voxel-wise comparison of abstinent (open circles) and smoking conditions (closed circles).
ACC, anterior cingulate gyrus; L, left; Med. FG, medial frontal gyrus; MPFC, medial PFC; R, right.
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extrasynaptic DA concentrations (discussed in Laruelle
(2000)). Thus, the difference in the extrasynaptic DA-
[3H]raclopride binding relationship following nicotine and
methamphetamine administration is likely the result of
their different properties at DA and noradrenaline trans-
porters (DAT and NET), which are primarily responsible for
controlling extracellular DA levels in the striatum and the
cortex respectively (Kim and Han, 2009).

In a recent combined microdialysis PET imaging study in
non-human primates, a 1% reduction in BPND following
amphetamine challenge reflected a 57% increase in cortical
DA (Narendran et al, 2014). However, it is not possible to
extrapolate this finding to our BPND changes following
tobacco smoking, because, as described above, microdia-
lysis measurements of extrasynaptic DA concentration are
not a good reflection of intrasynaptic radiotracer displace-
ment across drug classes. Another observation from the
current study is that magnitude of tobacco’s effects in
cortical regions appear to be within the same range as those
in the striatum, despite the lower DA innervation of cortical
regions. Narendran et al (2014) demonstrated that this is
likely a sensitivity issue whereby lower baseline DA levels in
the cortex versus the striatum results in greater [11C]-FLB-
457 ‘displacability.’ Different dynamics of DA release in
the cortex (prolonged) and in the striatum (fast) may
also explain the similar magnitude of BPND changes found
between these regions (Garris and Wightman, 1994).
Combined PET/microdialysis studies after smoking/nico-
tine challenge would help address these issues.

The regions identified in this study (ie, cingulate gyrus,
ACC, Med. FG, PFC, amygdala, and insula) are consistently
associated with tobacco cue-presentation and subjective
craving in functional brain-imaging studies (Brody et al,
2002; Janes et al, 2010b; Janes et al, 2013; Zubieta et al,
2005), as well as some of tobacco’s pro-cognitive effects
(Azizian et al, 2010). Greater [11C]-FLB-457 BPND displace-
ment following smoking was correlated with higher puff
volumes in the smoking reinstatement session, which may
have resulted in higher nicotine intake and/or be a
reflection of greater addiction severity. The rise in plasma
nicotine levels was not correlated with BPND changes, which
may be due to the time of measurement (B30 min post
smoking) and the modest rise in nicotine levels observed
at this time point (B13 ng/ml). There were also weak
correlations with baseline smoking behavior. Tobacco-
induced changes in [11C]-FLB-457 BPND were not correlated
with the reduction in craving following resumption of
smoking. However, this may have been the result of the
relatively small sample size (n¼ 10), and thus the role of
cortical DA in tobacco craving remains unclear.

The role of cortical DA in cognitive function, particularly
working memory and executive function, is relatively well
characterized (eg, Aalto et al (2005), Castner and Goldman-
Rakic (2004), and Ko et al (2009)). It is hypothesized that
nicotine-induced increases in cortical DA levels contribute
to its pro-cognitive effects, and conversely low cortical DA
underlies the cognitive dysfunction seen in withdrawal.
In this sample there were only minimal effects of tobacco
abstinence on cognition which, limited correlation analyses.
Nevertheless, these findings support previous studies
reporting minimal effects of tobacco abstinence on cogni-
tion in healthy non-psychiatric populations (Sacco et al,

2005; Wing et al, 2013b). Certain subgroups of smokers,
however, appear to show more consistent/robust with-
drawal-related cognitive dysfunction such as patients with
schizophrenia, a disorder associated with cortical hypo-
dopaminergia (for review, see Wing et al (2012)), or
those carrying the catechol-O-methyltransferase (COMT)
Val158Met polymorphism Val-allele, which is associated
with low cortical DA (Loughead et al, 2009; Wing et al,
2013a). Thus, a susceptibility to tobacco’s cognitive effects
may be the result of a cortical hypodopaminergic state,
which is corrected by tobacco; [11C]-FLB-457 may be an
appropriate tool to test this hypothesis.

This study has several limitations. First, due to institu-
tional policy requiring subjects to smoke in a designated
negative pressure smoking room, there was an average of
32 min between the resumption of smoking and the
injection of tracer, and therefore 2 h to the end of PET
scanning. Nevertheless, microdialysis studies of nicotine-
induced DA release suggest 30 min post exposure is ideal to
detect changes in DA, which can last up to 2 h (Domino and
Tsukada, 2009) and PET imaging in non-human primates
report the reduction in BPND observed following nicotine
infusion dissipates after 2.5 h (Marenco et al, 2004). More-
over, this design was very similar to a previous study in
which [11C]-PHNO was used to successfully detect striatal
DA release following smoking, thus suggesting this is
an appropriate assessment window (Le Foll et al, 2014).
Second, the order of the smoking conditions was non-
randomized, which may have led to an effect of time of day
or novelty. Although DA has been shown to have a circadian
rhythms (light–dark cycles; eg, Paulson and Robinson
(1994)), it is not known whether the 4 h time difference
between the scans affected the finding. The effect of novelty
or increased anxiety during the first scan could have
increased DA levels (Nagano-Saito et al, 2013); however,
this would have limited our chances of seeing an effect and
is therefore unlikely to explain the finding. This design was
therefore chosen to limit dropout and reduce variability
associated with testing on separate days. A third potential
limitation of this study is the use of the cerebellum as a
reference region and possible carryover mass across scans
due to remaining radiotracer. Although some investigators
use similar methods, there is evidence for specific binding
in this region (Narendran et al, 2011a) and others use an
arterial input function to model [11C]-FLB-457 BPND; this
remains a subject of debate in the field. Nevertheless, [11C]-
FLB-457 has been shown to have acceptable test–retest
variability (p15%) and low carryover mass effects if scans
are done more than 195 min apart (Narendran et al, 2014;
Narendran et al, 2011b; Sudo et al, 2001). Although the
average [11C]-FLB-457 mass injected in our study was
slightly higher than that in the aforementioned studies, it
did not differ between the two conditions and did not
correlate with the [11C]-FLB-457 BPND results.

We chose to use a voxel-wise vs a ROI approach, as it
is without anatomical constraints and therefore facilitates
the capture of terminal DA fields in cortical areas that
are known to have a complex anatomical organization
(Williams and Goldman-Rakic, 1998) and may not be well
represented by whole anatomically defined ROIs. For the
cingulate cortex, the template used in the ROI approach was
restricted to the ACC (based on Abi-Dargham et al (2002)),
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while the voxel-wise template included the whole cingulate
cortex. The significant cluster identified in the voxel-wise
analyses lied in the ACC, as well as other regions of the
cingulate, and as a result the post-smoking reduction in
BPND was more robust in the voxel-wise analysis, which
included the whole cingulate (see Figure 2b and
Supplementary Figure 1), thus demonstrating the value of
such an approach. A limitation of this approach, however, is
that when compared with whole ROI-extracted values,
cluster extracted values tended to be lower (see Figure 2b
and Supplementary Figure 1). Despite low-binding values,
average TACs extracted from significant clusters reliably
fitted with SRTM (covariance of the fito10%) and,
importantly, the results were supported by the follow-up
investigation in anatomically defined ROIs (see
Supplementary Figure 1).

The sample size of the current study (n¼ 10) was
sufficient to detect smoking effects on [11C]-FLB-457 BPND.
Future studies should use a larger sample size to better
explore the relationship between cortical DA and the
behavioral effects of tobacco smoking, particularly on
cognitive function. A larger sample would also allow
investigation of potential factors influencing inter-indivi-
dual variability such as gender and gene variants including
COMT Val158Met (Loughead et al, 2009; Wing et al, 2013a).
We chose to study a non-psychiatric population of smokers
in this initial study but an important next step will be to
implement this methodology in smokers selected for their
vulnerability to nicotine’s cognitive effects, such as patients
with schizophrenia. In addition, this study was designed to
examine the effects of the act of tobacco smoking rather
than nicotine per se on cortical DA release. This approach
was chosen to attempt to elicit the maximum DA release by
encompassing pharmacological (eg, nicotine) and non-
pharmacological factors (eg, conditioned cues associated
with smoking). Furthermore, we believe it is of important
clinical relevance to study cortical DA under abstinence and
smoking conditions, and thus its potential role in main-
taining smoking behavior. This was therefore an appro-
priate starting point for a proof-of concept study. However,
in future it will be important to dissociate the effects of
tobacco cues vs the pharmacological effects of tobacco and
also the effects of individual components of tobacco smoke,
eg, by studying the effects of denicotinized cigarettes and
nicotine replacement therapies. It will also be of interest to
determine the effects of nicotine on cortical DA in non-
smoking nicotine-naive subjects, which may provide in-
sights its role in the initiation of smoking.

In conclusion, this study demonstrates for the first time
that increases in DA levels produced by tobacco smoking
can be detected in cortical brain regions in humans using
[11C]-FLB-457 PET imaging. Changes in [11C]-FLB-457
BPND were most robust in a larger medial cluster, which
included the cingulate gyrus, with some evidence for effects
in the left ACC/Med. FG, bilateral PFC, bilateral amygdala,
and the left insula. Activation of these brain regions have
been associated with tobacco craving, cognition, and relapse
in fMRI studies, and thus warrant further investigation
in larger and more diverse samples. [11C]-FLB-457 PET
imaging may prove to be a useful tool to investigate
individual differences in tobacco addiction severity and
relapse vulnerability in relation to cortical DA function.
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