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Anderson BA, Kuwabara H, Wong DF, Courtney SM. Density
of available striatal dopamine receptors predicts trait impulsiveness
during performance of an attention-demanding task. J Neurophysiol
118: 64–68, 2017. First published March 29, 2017; doi:10.1152/
jn.00125.2017.—The density (measured at binding potential) of avail-
able striatal D2/D3 receptors has been shown to predict trait impul-
siveness. This relationship is highly robust and well replicated. In
each case, however, the availability of dopamine receptors was mea-
sured at rest. More broadly, the extent to which relationships between
dopamine receptor availability and behavioral traits hold when par-
ticipants perform a cognitive task is unclear. Furthermore, the perfor-
mance of a cognitive task engages fundamentally different neural
networks than are maximally engaged during the resting state. This
complicates interpretation of previously observed correlations, which
could be influenced by two distinct factors. The first is variation in
available receptor density, which reflects a stable trait of the individ-
ual. The second is variation in context-specific dopamine release,
which differentially displaces some dopamine radiotracers (such as
raclopride) across individuals. Using an existing data set, we related
trait impulsiveness, as measured using the Barratt Impulsiveness Scale
(BIS-11), to the density (binding potential) of available striatal D2/D3

receptors as measured using positron emission tomography (PET)
with [11C]raclopride. Importantly, the PET scan was completed while
participants performed an attention-demanding visual search task. We
replicate robust correlations between this measure of receptor avail-
ability and trait impulsiveness previously demonstrated during the
resting state, extending this relationship to periods of active task
engagement. Our results support the idea that this relationship de-
pends on striatal D2/D3 receptor density and not on context-dependent
dopamine release.

NEW & NOTEWORTHY Several studies have demonstrated a
relationship between the density of available striatal D2/D3 receptors and
trait impulsiveness. However, in each case, the availability of dopamine
receptors was measured during the resting state. This complicates inter-
pretation of previously observed correlations, which could be influenced
by either stable variation in receptor density or context-dependent dopa-
mine release. We present evidence uniquely consistent with the former
interpretation, providing clarity to the nature of this brain-behavior
relationship.

dopamine; positron emission tomography; impulsiveness; attention

UNDERSTANDING THE NEUROBIOLOGY underlying variation in be-
havioral traits is a fundamental issue in the field of human
cognitive neuroscience. One important predictor that has arisen
from research on this topic is receptor density within neu-
rotransmitter systems as measured using positron emission
tomography (PET). The availability of striatal D2/D3 receptors
in particular has been linked to a variety of behavioral mea-
sures (e.g., Kim et al. 2011; Kohno et al. 2015; Robertson et al.
2015; Volkow et al. 2003). One of the most consistently
replicated of these measures is impulsiveness, which is nega-
tively correlated with the density of available D2/D3 receptors
within the striatum (e.g., Buckholtz et al. 2010; Lee et al. 2009;
see Dalley et al. 2007 for an analogous finding using a rat
model of impulsiveness).

In prior PET studies relating D2/D3 receptor availability to
impulsiveness (Buckholtz et al. 2010; Dalley et al. 2007; Lee
et al. 2009), as is common in the PET literature on individual
differences (e.g., Kim et al. 2011; Kohno et al. 2015; Robert-
son et al. 2015; Volkow et al. 2003), the PET measurements
were acquired while participants were in a resting state, with-
out performing a particular cognitively demanding task. This
complicates interpretation of the observed correlations, which
could be influenced by two distinct factors. The first is varia-
tion in receptor density, which reflects a stable trait of the
individual. The second is variation in context-specific neu-
rotransmitter release, which differentially displaces the radio-
tracer across individuals.

This complexity is made especially salient by findings that a
distinct neural network is active while participants are in a
resting state, what has come to be referred to as the default
mode network (DMN; Raichle et al. 2001; Shulman et al.
1997). The DMN can be contrasted with task-positive net-
works—that is, networks preferentially engaged in the service
of performing a cognitive operation or task, such as the dorsal
and ventral attention networks (Corbetta and Shulman 2002;
Corbetta et al. 2008). Abnormal functioning of the DMN has
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been linked to impulsiveness and related attention deficit/
hyperactivity disorder symptomology (e.g., Broyd et al. 2009;
Shannon et al. 2011). During the resting state, therefore,
individual differences in the availability of D2/D3 receptors
could reflect individual differences in the engagement of the
DMN and related neural processing, in addition to the raw
density of receptors in a particular brain region. Context-
dependent changes in D2/D3 receptor availability have also
been linked to behavioral traits (e.g., Anderson et al. 2016).

In light of this complexity, it would be useful to examine
whether the relationship between the density of available
striatal D2/D3 receptors and impulsiveness extends to situations
in which the PET measurements are acquired while partici-
pants perform an attention-demanding task. A replication of a
predictive relationship under these conditions would suggest
that this relationship is robust to task-dependent changes in
neural dynamics associated with the engagement of task-
positive brain networks, reflecting individual differences in
the actual density of available D2/D3 receptors rather than
differences in context-dependent levels of endogenous do-
pamine (DA).

In a prior PET study using [11C]raclopride, we compared the
density of available D2/D3 receptors, measured from binding
potential (BPND), across two scans in which participants per-
formed a baseline attention task and an otherwise identical
attention task that included previously reward-associated dis-
tractors (Anderson et al. 2016). Differences in the binding
potential of [11C]raclopride between scans for each person
were used to assess changes in endogenous DA levels attrib-
utable to the presence of the distractors. Importantly, the
Barratt Impulsiveness Scale (BIS-11; Patton et al. 1995),
scores on which have previously been linked to D2/D3 receptor
availability as measured using PET (e.g., Buckholtz et al. 2010;
Lee et al. 2009), was administered as a part of a standard
assessment battery during screening, and was not analyzed in
our prior study. In the present study, we related this measure of
impulsiveness to individual differences in the availability of
D2/D3 receptors as measured during performance of the base-
line attention task, which comprised visual search for a shape-
defined target (see Fig. 1). For the sake of comparison, we also
related trait impulsiveness to the task-dependent difference in
the availability of D2/D3 receptors resulting from the reward
manipulation (i.e., reward-related DA release, the main mea-
sure of interest in Anderson et al. 2016).

MATERIALS AND METHODS

Participants

Twenty (10 female) healthy adult volunteers (18–31 yr of age,
mean � 23.4 yr) who were free of medical or neuropsychiatric dis-

orders participated in the experiment. Screening criteria included a
negative drug test and the exclusion of major medical or neuropsy-
chiatric disorders past or present. All participants received a detailed
physical exam including vital signs, 12-lead ECG, blood for complete
blood count with differential, complete metabolic panel, blood clot-
ting parameters, and creatinine (CPK) for muscle toxicity, urine for
urinalysis, and toxicology for drugs of abuse and alcohol breathalyzer
before the PET scans. Informed consent was obtained from all
participants, and all procedures were approved by the Institutional
Review Board of the Johns Hopkins University School of Medicine
and conformed to the principles outlined in the Declaration of Hel-
sinki. Data for one participant were not analyzed because of technical
problems with presenting the experimental task.

BIS-11

Participants completed the BIS-11 during screening, 6–61 days
before the PET scans (mean � 30 days). As in prior studies (Buck-
holtz et al. 2010; Lee et al. 2009), we extracted the total score as a
measure of trait impulsiveness.

Attention Task

Analyses focused on the PET scan during which participants
performed the baseline attention task, which comprised visual search
for a shape-defined target among neutral nontarget stimuli (see Fig. 1).
Participants viewed the stimuli on an LCD monitor by using prism
mirrors that allow horizontal viewing in the supine position. The
experiment was run on a Dell Latitude E6400 computer running
MATLAB software with Psychophysics Toolbox extensions (Brain-
ard 1997), and behavioral responses were made with the use of a
modified keyboard with all keys except “z” and “m” removed.

Each of 1,200 trials consisted of a fixation display (400–600 ms),
a search array (1,500 ms), and an intertrial interval during which the
fixation cross was visible for 400 ms and then removed for 100 ms.
Participants were instructed to search for a uniquely shaped target,
either a circle among diamonds or a diamond among circles, and
report the orientation of a bar within the target as either vertical or
horizontal via a button press (“z” and “m,” respectively).

Each shape in the search array was ~3.4° x 3.4° visual angle in size.
The middle of the three shapes on each side of the screen was
presented 10° center-to-center from fixation, and the two other circles
were presented 8° from the vertical meridian, 6° above and below the
horizontal meridian. The six stimuli in the search array were all
distinct, salient colors. The target was equally often a diamond and a
circle, and appeared in each position equally often, with the order of
trials randomized. Participants were provided with a brief rest period
every 60 trials.

Acquisition of Neuroimaging Data

MRI. Anatomical MRI scans were obtained for each participant on
a day before PET scanning using a 3T Siemens Trio MRI. A
T1-weighted SPGR (spoiled grass sequence; TR � 2,110 ms, TE �
2.7 ms, 0.8-mm cubic voxels) covering the whole brain was used to
define volumes of interest (VOIs).

PET. PET was performed on a high-resolution research tomograph
(HRRT) in three-dimensional (3-D) mode with a 2.5-mm resolution at
the center of the field of view (Sossi et al. 2005). Approximately 20
mCi of [11C]raclopride were administered intravenously as a bolus
injection (mean � SD injected radioactivity: 19.0 � 1.6 mCi;
mean � SD injected nonradioactive mass of raclopride: 1.2 � 0.4
�g). The head was stabilized for both PET and MRI by an individu-
alized thermoplastic mask and Velcro straps. A laser light in the PET
scanner was used to line up an axial line on the mask, and the scanner
bed and participant head tilt were monitored by the PET technologist
for the entire scan.

Fig. 1. Time course and trial events for the attention task performed during the
PET scan. Note that the stimuli are shown in grayscale in the figure, but each
stimulus was rendered in a unique color in the actual experiment.
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Definition of VOIs

VOIs were defined from the MRI data using the 3-D interactive
segmentation mode of a locally developed VOI-defining tool (VOILand),
as previously reported (Oswald et al. 2005), and using published seg-
mentation guidelines (Diedrichsen et al. 2009; Oswald et al. 2005;
Yushkevich et al. 2006). Striatal VOIs were then subdivided according to
the model advanced by Mawlawi et al. (2001) to the ventral striatum and
to the anterior/posterior putamen and caudate nucleus (5 subdivisions per
side) using a semiautomated method that incorporated anatomical guid-
ance based on postmortem human materials (Baumann et al. 1999;
Oswald et al. 2005). VOIs were transferred from MRI to PET space
according to MRI-to-PET coregistration parameters obtained with the
coregistration module (Ashburner and Friston 2003) in SPM5 (The
Statistical Parametric Mapping 5; The Wellcome Trust Centre for
Neuroimaging) and applied to PET frames to obtain regional time
(radio-)activity curves (TACs).

Reconstruction of PET Data

As in our prior study (Anderson et al. 2016), emission PET scans
were reconstructed using the m9 version of the iterative ordered-
subset expectation-maximization algorithm correcting for attenuation,
scatter, random events, and dead time (Rahmim et al. 2005) and
including interframe head motion correction including transmission-
emission alignment for the individual frames (Keller et al. 2012). The
radioactivity was corrected for physical decay to the injection time.
Reconstructions included dynamic PET frames of 256 (left to right)

by 256 (nasion to inion) by 207 (neck to cranium) voxels with
1.22-mm isotropic dimensions. The frame schedules were four 15-s,
four 30-s, three 1-min, two 2-min, five 4-min, and twelve 5-min
frames.

Data Analysis

The “density of available DA receptors” (i.e., the number of
receptors not occupied by endogenous DA and assuming the affinity
of the receptors is unchanged across subjects and conditions) nondis-
placeable binding potential (BPND; Innis et al. 2007) of [11C]raclo-
pride was obtained by the reference tissue graphical analysis (RTGA;
Logan et al. 1996) for striatum subdivisions. Within each of the
striatal VOIs, we tested for a correlation (Pearson’s r) across partic-
ipants of the magnitude of an individual’s measured nondisplaceable
binding potential to the total score on the BIS-11, as has been used in
prior PET studies of impulsiveness (e.g., Buckholtz et al. 2010; Lee et
al. 2009). Correlations obtained using Pearson’s r were further scru-
tinized via a randomization test in which the probability of each
correlation was estimated nonparametrically by randomly shuffling
the xy pairings (n � 10,000 iterations) using custom code written in
MATLAB.

Reward-Related DA Release

For the sake of comparison, we also correlated trait impulsiveness
with a measure of task-dependent, reward-related DA release as
reported in our prior study (Anderson et al. 2016). Specifically, we

Fig. 3. Observed correlations between trait impulsiveness, as measured using the total score on the BIS-11, and reward-related DA release across VOIs.

Fig. 2. Visual depiction of VOIs and observed correlations between trait impulsiveness, as measured using the total score on the BIS-11, and the binding potential
of [11C]raclopride (BPND) across VOIs. vS, ventral striatum; CN, caudate nucleus; PU, putamen.
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computed the difference in BPND between the scan described above
and an otherwise equivalent scan in which one of the nontargets was
rendered in the color of a previously reward-associated stimulus (as
experienced during a learning task conducted the day before scanning)
on 50% of trials. Reward-related DA release was calculated as percent
increase or decrease from the baseline scan (see Anderson et al. 2016).

RESULTS

Across all striatal subdivisions, a significant correlation
between BPND and trait impulsiveness was observed (r �
�0.471, P � 0.042; randomization test: P � 0.020). Within
individual subdivisions, significant correlations were observed
in bilateral ventral striatum, right anterior putamen, bilateral
posterior putamen, and the right posterior caudate (see Fig. 2).
In the right ventral striatum and right posterior putamen, these
correlations were sufficiently robust to survive Bonferroni
correction for multiple comparisons (P values �0.005).

On the other hand, reward-related DA release, a measure of
uniquely task-dependent changes in DA receptor availability,
was uncorrelated with trait impulsiveness across all striatal
subdivisions (r � �0.013, P � 0.958). In no individual
subdivision was the correlation significant when corrected for
multiple comparisons (P values �0.03, uncorrected; see Fig.
3). Correspondingly, a similar pattern of results was obtained
by using BPND from the scan with the reward manipulation
rather than the baseline scan (significant correlations in the left
and right ventral striatum, left posterior putamen, and left
posterior caudate; no significant differences between scans in
any VOI, P values �0.12, uncorrected).

DISCUSSION

The results of the present study are straightforward. We
replicate a robust relationship between the density of available
D2/D3 receptors within the striatum and impulsiveness (Buck-
holtz et al. 2010; Dalley et al. 2007; Lee et al. 2009), extending
this relationship to measurements taken during the perfor-
mance of an attention-demanding task. Our results demonstrate
that this relationship cannot be explained by individual differ-
ences in endogenous DA release during the resting state re-
sulting from differential engagement of the default mode net-
work.

Further consistent with this interpretation, between-scan
changes in DA release resulting from a reward manipulation
were unrelated to trait impulsiveness. This stands in contrast to
our prior study using this same data set, in which a behavioral
measure of attentional capture was correlated with this exact
same measure of task-dependent DA release but not baseline
receptor availability (Anderson et al. 2016). This prior result
confirms that our experimental approach produces genuine
task-related changes in DA release with a range of individual
differences, providing a useful basis for comparison to the
baseline measure.

It is important to note that impulsiveness was measured in
the present study using self-reporting. It is unclear whether the
observed relationships would generalize to performance-re-
lated measures of impulsiveness such as stop signal reaction
time (e.g., Robertson et al. 2015). Our findings provide evi-
dence supporting a stable, task-independent role for the striatal
DA system in mediating impulsiveness, likely reflecting indi-
vidual differences in the measurement of the density of the

available DA receptors rather than endogenous DA release,
which confirms interpretations of the same relationship that
have been observed during the resting state (Buckholtz et al.
2010; Dalley et al. 2007; Lee et al. 2009).
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