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Individual Differences in Frontal Cortical Thickness
Correlate with the d-Amphetamine-Induced Striatal
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The meso-striatal dopamine system influences responses to rewards and the motivation to seek them out. Marked individual differences
in these responses are seen in laboratory animals, related in part to input from the prefrontal cortex. Here we measured the relation
between cortical morphology and drug-induced striatal dopamine release in healthy young people. Participants were 24 (17 male, 7
female; age 23.0 � 6.2 years) stimulant drug-naive subjects who underwent PET [ 11C]raclopride scans with 0.3 mg/kg d-amphetamine
orally and placebo, and an anatomical MRI scan for measuring cortical thickness. As expected, d-amphetamine produced significant
reductions in [ 11C]raclopride binding potential in the striatum as a percentage of the value in the placebo condition. There was substan-
tial individual variability in this response, which was correlated with cortical thickness in the frontal lobe as a whole. The association was
strongest in the anterior part of the right lateral prefrontal cortex and bilateral supplementary motor area. A thicker cortex was correlated
with a smaller dopamine response. Together, this work demonstrates in humans an association between cortical thickness and the striatal
dopamine response to drugs of abuse. Although prefrontal regulation of striatal function has been well studied, it was unclear whether the
thickness of the prefrontal cortex was an acceptable proxy to the function of that region. These results suggest it is.

Introduction
A common property of addictive drugs is to increase striatal do-
pamine neurotransmission (Di Chiara and Imperato, 1988). Stri-
atal function is regulated in part by anatomically distinct loops
connecting areas of the striatum to corresponding portions of the
cortex (Selemon and Goldman-Rakic, 1985; Alexander et al.,
1986; Lawrence et al., 1998; Haber and Knutson, 2010). Among
the various models proposed, the tripartite model (Selemon and
Goldman-Rakic, 1985; Parent and Hazrati, 1995; Nakano et al.,
2000; Saint-Cyr, 2003) is particularly useful in studies of dopa-
mine function: it divides the striatum into limbic, associative, and
sensorimotor subdivisions, and it describes the striatum’s con-
nectivity with both cortical and midbrain dopamine cell body
regions (Joel and Weiner, 2000; Martinez et al., 2003). Limbic

striatum (LST) comprises the nucleus accumbens and the most
ventral portions of the caudate and putamen, and it is connected
to medial aspects of the prefrontal, orbitofrontal, and anterior
cingulate cortices. Associative striatum (AST) comprises the pre-
commissural putamen and dorsal portions of the caudate and is
connected to primarily lateral aspects of prefrontal cortex. The
sensorimotor striatum (SMST) comprises the postcommissural
putamen and is connected to primary motor, premotor, and sup-
plementary motor areas.

The anatomical connectivity of the striatum and frontal cor-
tices is reflected in their functional connectivity. They are coacti-
vated in fMRI studies (Postuma and Dagher, 2006; Choi et al.,
2012; Robinson et al., 2012), and frontostriatal connections are
apparent with diffusion tensor imaging (Leh et al., 2007; Kamali
et al., 2010; Robinson et al., 2012). Transcranial magnetic stimu-
lation of parts of the frontal cortex alters striatal dopamine release
(Strafella et al., 2001, 2003, 2005; Ohnishi et al., 2004; Ko et al.,
2008), and increased metabolic activity in prefrontal regions is
associated with smaller amphetamine-induced striatal dopamine
release in healthy subjects (Volkow et al., 2007). In laboratory
animals, ablation of prefrontal dopamine terminals results in in-
creased striatal dopamine function (Pycock et al., 1980).

In the present study, we set out to determine whether the
anatomical and functional relationships between striatum and
cortex are reflected in cortical morphology. Using relatively new
automated algorithms, indices of cortical morphology, such as
cortical thickness, can be reliably calculated from T1-weighted
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MRI information. Thicker cortex has been repeatedly associated
with improved cognitive performance (Narr et al., 2007; Dicker-
son et al., 2008; Hartberg et al., 2010; Westlye et al., 2011; but see
Hyde et al., 2007), and it may be an index of the functional integ-
rity of the cortex. Here we assessed the relationship between cor-
tical thickness and the magnitude of the dopaminergic response
to a d-amphetamine challenge in healthy subjects. Based on the
metabolic findings (Volkow et al., 2007), we specifically hypoth-
esized that cortical thickness within the frontal lobe would be
inversely related to dopamine release within the striatum as mea-
sured with PET using a [ 11C]raclopride tracer. Data were exam-
ined from the striatum as a whole and within its functional
subdivisions.

Materials and Methods
Subjects were recruited from the community by advertisements in local
newspapers and on websites. Volunteers who passed a preliminary tele-
phone screen completed a semistructured clinical interview for DSM-IV
(SCID-IV, Nonpatient edition; First et al., 1995) for assessment of pres-
ent and past history of axis I disorders, and the Family Interview for
Genetic Studies (1992). The exclusion criteria were as follows: (1) any
personal history of axis I disorder; (2) first- or second-degree relatives
with current or past axis I disorder, including substance use problems;
(3) use of psychostimulant drugs; (4) use of other drug use of abuse,
except modest alcohol consumption and infrequent marijuana and to-
bacco use; (5) cardiovascular, neurological, or other disorders that might
be aggravated by participation in the study or complicate interpretation
of the study’s results; (6) seropositive pregnancy test; (7) adoption; or (8)
being unable to provide a complete family history.

The study was performed in accordance with the Declaration of Hel-
sinki and was approved by the Research Ethics Board of the Montreal
Neurological Institute. All participants gave written informed consent.
Data from these subjects have previously appeared as control popula-
tions in two studies (Casey et al., 2010; Cherkasova et al., 2010).
Procedure. We tested 24 healthy adults (17 male, 7 female; age 23.0 � 6.2
years, range 18 – 42 years). All subjects underwent two PET scans, on
separate days (subjects were scanned 21.4 � 27.1 d apart, range 3–95 d),
with the tracer [ 11C]raclopride after ingestion of either d-amphetamine
(0.3 mg/kg, p.o., 60 min before scanning) or a lactose placebo given in a
double-blind, fully randomized, and counterbalanced design. This pro-
cedure provides a reliable [ 11C]raclopride change signal (Leyton et al.,
2002) that can be increased (Boileau et al., 2006) and decreased (Leyton
et al., 2004) by experimental manipulations. On each test day, subjects
arrived at the laboratory in the morning after 2 h of fasting. Before each
test session, subjects abstained from tobacco for at least 12 h and from
alcohol for at least 24 h; cannabis users were asked to abstain for up to 1
month, or until they could provide a negative urine drug screen.
On the morning of each test day, all tested negative on a urine drug
screen sensitive to cocaine, opiates, phencyclidine, barbiturates, �9-
tetrahydrocannabinol, benzodiazepines, and amphetamines (Triage
Panel for Drugs of Abuse, Biosite Diagnostics). Women were tested dur-
ing the follicular phase and provided a negative urine pregnancy screen
on the morning of each PET scan (Assure FastRead hCG Cassette, Con-
ception Technologies).

Sixty minutes before PET scanning (time 0), a baseline blood sample
was drawn (collected via venipuncture directly into an EDTA vacutainer
for determination of plasma amphetamine concentration). Subjects then
ingested either d-amphetamine (0.3 mg/kg, p.o.) or a lactose placebo. At
time 30 min, subjects were installed on the PET couch where a heparin
and normal saline-primed catheter was inserted, and a transmission
scan for attenuation correction was performed. At time 60 min, the
[ 11C]raclopride tracer was injected, and a blood sample was collected.
Blood samples were taken again halfway through the scan (time 90 min)
and just before exiting the scanner (time 120 min).

PET and MRI testing. All subjects were scanned on a Siemens ECAT
HR� PET scanner (CTI/Siemens) with lead septa removed (63 slice
coverage, with a maximum resolution of 4.2 mm at full-width half-

maximum in the center of the field of view). Immediately after the trans-
mission scan, [ 11C]raclopride (range 8 –10 mCi) was injected as a bolus
into the antecubital vein. Emission data were collected over 60 min in 26
time frames of progressively longer duration.

For anatomical coregistration, high-resolution (1 mm) T1-weighted
MRIs were obtained for all subjects on a 1.5 T Siemens scanner, using
gradient echo pulse sequence (TR � 9.7 ms, TE � 4 ms, flip angle � 12°,
FOV � 250, and matrix 256 � 256). These volumes were corrected for
image intensity nonuniformity, and linearly and nonlinearly trans-
formed into standardized stereotaxic Talairach-like space (Talairach and
Tournoux, 1988) using an automated feature matching to the ICBM152
template (Collins et al., 1994). Each individual’s MRI was also coregis-
tered to their summed radioactivity PET images (Evans et al., 1992), and
this transformation was concatenated with the MRI to Talairach trans-
formation to move all PET data into standardize stereotaxic space. All
further analysis was conducted in standardized stereotaxic space.

PET images were reconstructed using a 6 mm full-width half-
maximum Hanning filter and corrected for movement (Costes et al.,
2009). Parametric images were generated by computing [ 11C]raclo-
pride’s binding potential relative to the nondisplaceable concentration
(BPND) (Innis et al., 2007) at each voxel using a simplified kinetic model
that uses the cerebellum as a reference tissue nearly devoid of dopamine
D2/D3 receptors to describe the kinetics of the free and specifically
bound ligand (Gunn et al., 1997). BPND expresses the ratio at equilibrium
of specifically bound radioligand to that of nondisplaceable ligand in
tissue using the estimated concentration of available dopamine D2/D3
receptors (Bavail), the dissociation constant of the radiotracer from
D2/D3 receptors (Kd), and the free fraction of nonspecifically bound
tracer in the brain (FND) (Innis et al., 2007), as follows:

BPND � FNDBavail/KD

In a resting condition, BPND is proportional to the concentration of
available D2/D3 receptors; BPND decreases when dopamine release is
elicited, and the magnitude of the change in BPND has been shown to be
proportional to the increase in extracellular dopamine (Laruelle et al.,
1997a, b; Laruelle, 2000).

Striatal ROIs. The striatum was divided into six ROIs as described by
Martinez et al. (2003). ROIs comprising the whole striatum (caudate,
putamen, and nucleus accumbens), LST, AST, and SMST were defined
on both left and right sides of each individual’s MRI (Martinez et al.,
2003), and BPND values were extracted from those regions in both the
amphetamine and placebo condition. The amphetamine-induced
change in BPND (�BPND) was then calculated for each subject as a per-
centage of placebo day BPND.

Cortical thickness. Native T1-weighted MRIs were processed through
the CIVET (in-house software developed in the laboratory of Alan C.
Evans, Montreal Neurological Institute) automated pipeline (version
1.1.11) (Ad-Dab’bagh et al., 2006). This pipeline includes the CLASP
(in-house software developed in the laboratory of Alan C. Evans, Mon-
treal Neurological Institute) algorithm for generating cortical thickness
measurements at 40,962 vertices per hemisphere (Collins et al., 1995;
MacDonald et al., 2000; Kim et al., 2005; Ad-Dab’bagh et al., 2006; Lyt-
telton et al., 2007). Cortical thickness is calculated as the distance be-
tween the outer CSF– gray matter and gray matter–white matter
interfaces (MacDonald et al., 2000; Kim et al., 2005; Lyttelton et al.,
2007).

Statistics. Statistical analyses were implemented using SurfStat, a sta-
tistical toolbox created for MATLAB (MathWorks) by Dr. Keith Worsley
(http://www.math.mcgill.ca/keith/surfstat/), and the inbuilt multiple
linear regression tools in Matlab12b (linear model). Each subject’s abso-
lute native-space cortical thickness image (blurred to 20 mm) was lin-
early regressed against �BPND. A series of linear models were considered.
These models included up to two continuous variables of subjects’ age
(age) and brain volume (total brain volume), and up to two categorical
variables of sex (male/female) and the study that subjects were originally
recruited for other studies (Casey et al., 2010; Cherkasova et al., 2010).
The models were tested using the average thickness of the frontal lobe as
the response variable. A model allowing for main effects of all factors and
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interactions between �BPND and the categorical variables sex and study
was used as a starting point. This model was used as the upper limit in
stepwise linear regression (linear model stepwise), terms were dropped
when nested models were compared, and the more complex model was
not better than the simpler model ( p � 0.10, SSE method). The false
discovery rate was used to correct for multiple comparisons, with a crit-
ical threshold of Q � 0.05 (interpreted similarly to a p value). We a priori
predicted that �BPND would be positively related to the thickness of the
frontal cortex (thicker cortex would correlate with smaller dopaminergic
responses to amphetamine), and results within the frontal cortex were
corrected only for the volume of that mask.

Cortical ROIs. Analysis was conducted first at a cortical lobe scale of
analysis, and then at each vertex within the frontal lobe and cingulate.
ROIs for each lobe were defined on the average cortical surface using the
AAL label set (Tzourio-Mazoyer et al., 2002), the ROIs were frontal lobe
(labels 1–28), insula (labels 29 and 30), limbic (labels 31– 40), occipital
(labels 43–56), parietal (labels 57–70), and temporal (79 –90). Average
cortical thickness was calculated in each ROI and was then considered as
a function of the whole striatum dopamine response using model 1 (see
Results).

Analysis at each vertex was conducted within a frontal region of inter-
est, which comprised the frontal lobe (labels 1–28) and the anterior and
median portions of the cingulate (labels 31–34). Cortical thickness at
each vertex was then considered as a function of the whole striatum
dopamine response using model 1.

Analysis of striatal subregions. Our goal in examining the striatal sub-
regions was to assess the possibility that the activity in a given region
would be more closely associated to thickness in cortical regions to which
it is anatomically connected. To this end, we compared the t-maps re-
sulting from fitting the selected linear model (see Results) in all six striatal
subregions and assigned each vertex in the frontal cortex to the subregion
with the highest t value at that vertex (we required a minimum t of 1.7,
equivalent to p � 0.05 unadjusted).

We then tried to more precisely attribute cortical thickness to the
striatal subregions by removing the shared variance between the striatal
subregions from the model. Principal component analysis (Factor pro-
cedure in IBM SPSS Statistics v20) of �BPND values in the six striatal
subregions yielded a one-factor solution explaining 79.34% of the vari-
ance in the ROIs. The regression scores associated with this factor were
entered then entered into the selected linear model (see Results).

Plasma amphetamine determination. Plasma amphetamine concen-
trations were analyzed using combined gas chromatography-mass
spectrometry after extraction and derivatization of amphetamine as
described by Asghar et al. (2001)

Results
BPND

Tracer dose
The data used here come from two samples with identical exper-
imental procedures; however, because of changing standards, the
ethics committees required different limits on the injected dose of
[ 11C]raclopride. Specific activity of representative samples of
[ 11C] labeled tracers at the Montreal Neurological Institute varies
between 200 and 500 Ci/mmol. The injected dose in the Cherka-
sova et al. (2010) subjects was 6.42 � 0.48 mCi (mean � SD), the

mass dose was in the range of 4.28 –10.69 �g, or 0.18 – 0.44 nmol/
kg, and receptor occupancy was in the range of 1.01–2.51%. In
Casey et al. (2010), the injected dose was 9.10 � 1.45 mCi, cor-
responding to a mass dose of 6.06 –15.16 �g, or 0.25– 0.62 nmol/
kg, and receptor occupancy in the range of 1.43–3.51% (Hume et
al., 1998). BPND is thought to be insensitive to mass effects of
raclopride at concentrations �1–2 nmol/kg (Alexoff et al., 2003),
and estimates in our work are substantially below this threshold.

The injected doses did not vary systematically by day (paired t
test t(23) � 1.17, p � 0.255), and there was no association between
the injected dose on a day and BPND on that day (partial correla-
tions adjusted for study: placebo, r � �0.11, p � 0.624; amphet-
amine, r � �0.14, p � 0.533), nor did we find associations
between an individual’s mean [ 11C]raclopride dose and �BPND

in the striatum (r � 0.15, p � 0.481), or between �BPND and
�[ 11C]raclopride dose (r � �0.22, p � 0.320) (Table 1).

Order effects
d-Amphetamine or placebo was given in a randomized, double-
blind, and counterbalanced order. Of the 24 subjects, 13 had
amphetamine followed by placebo and 11 had placebo followed
by amphetamine. No order effects were observed in placebo day
(BPND t(22) � �0.43, p � 0.669) or �BPND in the whole striatum
(t(22) � �1.31, p � 0.203).

�BPND

d-Amphetamine administration produced significant decreases
in BPND in the whole striatum (p � 0.005), the LST (p � 0.001),
and SMST (p � 0.001), and AST on the right (p � 0.031) but not
left (p � 0.085) sides (Table 2; Fig. 1). The magnitude of the
reduction in BPND was not markedly dissimilar to previous work
using an intravenous route of administration (Martinez et al.,
2003) (Table 3) or longer intervals between drug and scanning
(Shotbolt et al., 2012) (Table 4). Peak plasma amphetamine was
19.6 � 13.7 ng/ml. Plasma amphetamine levels were unrelated to
�BPND (r � �0.11, p � 0.645).

Effects of drug use
Although all of our subjects were stimulant drug-naive, some
reported use of alcohol (N � 16, 138 � 135 uses, range 0 –500

Table 1. Comparison of BPND with 	11C
raclopride dosea

Placebo Amphetamine Mean �

L AST r � �0.17, p � 0.434 r � �0.14, p � 0.516 r � 0.22, p � 0.303 r � �0.17, p � 0.432
L LST r � �0.08, p � 0.724 r � �0.22, p � 0.304 r � �0.18, p � 0.419 r � �0.17, p � 0.438
L SMST r � �0.03, p � 0.895 r � �0.11, p � 0.602 r � 0.12, p � 0.597 r � �0.27, p � 0.211
R AST r � �0.12, p � 0.575 r � �0.14, p � 0.533 r � 0.17, p � 0.432 r � �0.12, p � 0.583
R LST r � �0.14, p � 0.537 r � �0.11, p � 0.615 r � 0.09, p � 0.679 r � �0.13, p � 0.554
R SMST r � 0.07, p � 0.766 r � �0.03, p � 0.892 r � 0.11, p � 0.629 r � �0.11, p � 0.604
Striatum r � �0.11, p � 0.624 r � �0.14, p � 0.533 r � 0.15, p � 0.481 r � �0.22, p � 0.320
aPartial correlations (df � 21, adjusted for study) of BPND versus 	11C
raclopride dose. Placebo: BPND and dose from the placebo day; Amphetamine: BPND and dose from the amphetamine day; Mean: �BPND and the individual’s mean dose;
�: �BPND and �dose. L, Left; R, right. No significant associations were observed.

Table 2. BPND in striatal ROIsa

Placebo day BPND �BPND (%) t(23) p

L AST 2.14 (0.32) �4.14 (14.28) �1.42 0.085
L LST 2.08 (0.33) �9.45 (12.18) �3.80 �0.001
L SMST 2.49 (0.34) �9.35 (11.84) �3.87 �0.001
R AST 2.21 (0.29) �5.15 (12.83) �1.97 0.031
R LST 2.15 (0.28) �12.88 (11.25) �5.61 �0.001
R SMST 2.42 (0.33) �9.54 (11.52) �4.06 �0.001
Whole striatum 2.18 (0.27) �6.73 (11.6) �2.84 0.005
aPlacebo day BPND: related to dopamine D2/D3 receptor concentrations; �BPND: expresses the amphetamine-
induced change in BPND as a percentage of BPND on the placebo day. One-tailed tests of the proposition that �BPND

is �0.
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uses), cannabis (N � 14, 24 � 29 uses,
range 0 –100 uses), and tobacco (N � 8,
81 � 260 uses, range 0 –1068 uses). As
these data were highly right-skewed, they
were log10 transformed (after adding a
constant of 1 to all values) and regressed
against �BPND. No associations were ob-
served (alcohol: r � 0.04, p � 0.870;
cannabis: r � �0.20, p � 0.437; tobacco:
r � 0.06, p � 0.808). The same regressions
were conducted with the reported age of
first use, average uses per year, and use in
past 30 d; no associations were observed.
Drug use data were available for 17 of the 24
participants.

Cortical thickness
Model selection
In developing a model to assess the rela-
tionships between the average thickness of
the frontal lobe and �BPND, we started
with a model that was likely to be overfit-
ted and then simplified it. The initial
model included age, total cerebral vol-
ume, sex, and study, as well as interaction
between �BPND and the categorical vari-
ables of sex and study. This model sug-
gests that the �BPND term was the biggest
contributor to the model’s explanatory
power (t(16) � 1.97, p � 0.067) but that
overall the model did not accurately de-
scribe the variability in cortical thickness
(F(1,16) � 1.82, p � 0.152). Stepwise linear
regression with the preceding model as an
upper bound suggested that the best-fitting model included only
a constant and �BPND. In this simplified model (model 1),
�BPND was a strongly associated with cortical thickness in the
frontal lobe (t(22) � 3.25, p � 0.004). None of the other terms
were significant contributors (age, t(16) � �0.04, p � 0.968; total
cerebral volume, t(16) � 1.35, p � 0.195; sex, t(16) � �0.47, p �
0.641; study, t(16) � �0.87, p � 0.392; �BPND � sex, t(16) �
�0.73, p � 0.478; �BPND � study, t(16) � 0.38, p � 0.709).

(Model 1) Thickness � �1 � �2�BPND

Further examination of this model at both the lobewise and vox-
elwise scales of analysis suggested that the data were suitable for
regression with ordinary least-squares. In the frontal lobe as a
whole, none of the points had leverage scores �0.33 (maximum
leverage 0.30, maximum Cook’s distance � 0.13). In the voxel-
wise analysis, only 3.7% of vertices (1026 of 27,448) had points
with leverage scores �0.33, suggesting that this simplified model
(model 1) was appropriate in a great majority of vertices.

Lobe scale analysis
As predicted, cortical thickness was most closely associated
with striatal �BPND in model 1 in the frontal cortex (t(22) �
3.25, Q � 0.011; Fig. 2). Significant associations were also
observed in limbic cortex (t(22) � 1.93, Q � 0.050), parietal
cortex (t(22) � 2.12, Q � 0.045), and temporal cortex (t(22) �
2.22, Q � 0.045). Although the effect was similar in the insula
(t(22) � 1.20, Q � 0.122) and occipital cortex (t(22) � 1.74, Q �
0.058), the effect was not statistically significant in these
regions.

Because we predicted a priori that the effect would be prefer-
entially found in the frontal lobe, we examined this region in
more detail. The frontal cortex ROI was divided into right and left
hemispheres, and the effect of striatal �BPND in model 1 was
estimated in these regions, false discovery rate correcting for only
these two comparisons. We found significant associations in both
left (t(22) � 2.38, Q � 0.013) and right (t(22) � 3.65, Q � 0.001)
hemispheres.

Vertex scale analysis
Next, model 1 was assessed at each of the 81,924 vertices on the
cortical surface, where the value at each vertex represented an

Figure 1. Amphetamine-induced decreases in BPND. �BPND in the striatal regions of interest. �BPND is significantly less than
zero in all regions of interest, except L AST ( p � 0.085). L, Left hemisphere; R, right hemisphere; STRI, whole striatum.

Table 3. Comparison of �BPND across studiesa

Current study: 0.3 mg/kg p.o., 1 h before tracer
injection

Martinez et al. (2003)57: 0.3 mg/kg
i.v., 2 min before tracer injection

LST �11 � 12 �16 � 12
AST �5 � 14 �6.5 � 8
SMST �9 � 12 �13 � 8
aData are mean � SD of percent �BPND in LST, AST, and SMST from the present work and Martinez et al. (2003).57

ROI subregions were averaged across hemisphere for comparison.

Table 4. Comparison of �BPND across studiesa

Shotbolt et al. (2012)72: 0.3 mg/kg p.o., 3 h before tracer injection

VST �13 � 7
CD �7 � 4
PU �11 � 6
aData are mean � SD of percent �BPND in ventral striatum (VST, identical to LST) and the remaining portions of the
caudate (CD) and putamen (PU) from Shotbolt et al. (2012).72 ROI subregions were averaged across hemisphere for
comparison.
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individual’s absolute cortical thickness at that point. We then looked
within the frontal ROI (27,448 vertices) for areas where striatal
�BPND was significantly correlated with cortical thickness, and as-
sessed significance after adjusting for the false discovery rate. After
adjustment, 1393 vertices were identified as being significantly asso-
ciated with �BPND (Q values � 0.05). Areas of significant associa-
tion were found in the left hemisphere in medial prefrontal cortex (x,
y, z � �6, 58, 15), orbitofrontal cortex (x, y, z � 4, 45, �26), sup-
plementary motor area (x, y, z � �12, �4, 76), and primary motor
cortex (x, y, z � �45, �12, 56). In the right hemisphere, areas of
association were found in lateral prefrontal cortex (x, y, z � 32, 52, 8;
x, y, z � 39, 43, 16; and x, y, z � 45, 27, 26) and supplementary motor
area, right (x, y, z � 13, 3, 70) (Figure 3).

Placebo day BPND

BPND on the placebo day, which gives an index of the number of
available D2/D3 receptors, was also examined as a correlate of
cortical thickness at both scales of analysis (using model 1). No
associations between BPND on the placebo day and cortical thick-
ness were observed at the lobe level (minimum Q � 0.870) or the
vertex level of analysis (minimum Q � 0.998).

Associations with striatal morphology
It is conceivable that the observed association between �BPND

and cortical thickness is secondary to changes in gray matter that
affect both striatum and cortex. To address this possibility, we
compared the volume of the striatum (based on the ROIs used to
assess BPND) with cortical thickness. The volume of the striatum
was not correlated with the thickness of the frontal cortex as a

whole (t(22) � �0.67, Q � 0.745), or in left and right hemispheres
(left t(20) � �0.15, Q � 0.864; right t(20) � �1.13 Q � 0.864). No
associations were observed when striatal volume was regressed
against cortical thickness at each vertex in the frontal lobe (min-
imum Q � 0.471).

We also compared thickness of the frontal lobe (left, right, and
combined) to voxelwise maps of gray matter density within the
striatum (Zijdenbos et al., 1998; Tohka et al., 2004) (from the
same 8 mm blurred gray matter classification images that were
used in the measurement of cortical thickness). Frontal thickness
was not associated with gray matter density in any part of the
striatal ROI (minimum Q whole frontal lobe � 0.863; left hemi-
sphere � 0.947; right hemisphere � 0.497).

Associations with striatal subregions
�BPND in the functional subdivisions of the striatum were un-
surprisingly highly correlated to both the whole striatum and to
each other (r 2 range, 0.33– 0.94). We compared the t-maps re-
sulting from fitting model 1 in all six striatal subregions and
produced a plot of areas of best fit based on which subregion
resulted in the highest t value at that vertex. The resulting map of
best-fitting subregions is presented in Figure 4.

We then tried to more precisely attribute cortical thickness to
the striatal subregions by removing the shared variance between
the striatal subregions from the model using model 2.

(Model 2) Thickness � �1 � �2�BPND

� �3�BPNDStriatalFactor

Figure 2. �BPND is correlated with the average thickness of the whole frontal lobe. �BPND versus average thickness of the frontal lobe in model 1. �BPND contributed significantly to the model
(t(22) � 3.25, Q � 0.011).
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Although the results of model 2 are illustra-
tive of the distinct patterns of association be-
tween striatal subregions and cortex, as
expected the t-values were smaller (the
shared variance of the striatum, which was
associated with cortical thickness was cova-
ried out) and they were not statistically
significant after correction for multiple
comparisons (all Q � 0.14).

Discussion
The present study indicates that cortical
thickness, particularly within the frontal
lobe, is related to drug-induced striatal
dopamine release. Subjects who showed
larger dopaminergic responses to amphet-
amine challenge, as indexed by decreases in
[ 11C]raclopride binding potential, had
thinner cortex. This effect was evident both
when cortical thickness was averaged across
the frontal lobe and at a higher statistical
threshold in aspects of the motor cortices
(primary, supplementary, premotor), the
lateral PFC, medial PFC, and OFC.

Both anatomical and functional con-
nections between the frontal cortex and
striatum have been extensively reported.
The novel aspect of this work is to associ-
ate a measure of striatal dopamine release
to the structure of the frontal cortex in
humans. This association is of particular
interest because alterations in both striatal
dopamine and thickness of the frontal
cortex have been observed in disease
states, including addiction (Volkow et al.,
1997; Martinez et al., 2005, 2007; Makris
et al., 2008a,b; Durazzo et al., 2011a,b),
Parkinson’s disease (Brooks, 2003; Lyoo
et al., 2010; Sioka et al., 2010; Jubault et al.,
2011; Pereira et al., 2012), and schizo-
phrenia (Laruelle et al., 1996, 1999; Abi-
Dargham et al., 1998; Bertolino et al.,
2000; Kuperberg et al., 2003; Nesvåg et al.,
2008; Goldman et al., 2009; Kegeles et
al., 2010; Rimol et al., 2012). Evidence
from these disease states suggests that the
relationship between cortex and striatal
dopamine function is complex. In all
three diseases, patients showed cortical
thinning; however, Parkinson’s patients
and drug-addicted populations show reduced dopamine recep-
tor concentrations and blunted dopamine responses, whereas pa-
tients with schizophrenia show minor increases in receptor
concentration and much larger enhancements in striatal respon-
sivity. The present results, in combination with studies of glucose
metabolism (Volkow et al., 2007), suggest that in healthy subjects
the integrity of frontal cortex is associated with reductions in
striatal dopamine responsivity. It is currently unknown whether
this relationship is disturbed in disease states.

We found regions of association between �BPND and thick-
ness in six aspects of the frontal cortex. Of the regions we identi-
fied, only the supplementary motor area appeared bilaterally
after correction for multiple comparisons. However, there was a

broad association between cortical thickness and �BPND in most
of the frontal cortex, and the same association was present at a
lower statistical threshold in the contralateral hemisphere for the
groups of vertices we identified in medial PFC, OFC, and primary
motor cortex. This noted, examination of the t-map (Fig. 1) and
maps without adjustment for multiple comparisons (Fig. 4, left)
suggests that the association tended to be right lateralized, and the
aspects of lateral PFC we identified as being closely associated
with �BPND in the right hemisphere showed no relationship on
the left. It has been suggested that the right frontal lobe, particu-
larly in (1) an area of lateral PFC overlapping that described here
(Garavan et al., 1999), (2) more ventrally in the inferior frontal
gyrus (Aron et al., 2003), and (3) more dorsally in the dorsolateral
PFC (Knoch et al., 2006; Fecteau et al., 2007) are preferentially

Figure 3. �BPND is correlated with cortical thickness in subregions of the frontal lobe. Top, t-map of the effect of striatal �BPND

in model 1 fit at each vertex over the cortical mantle. Bottom, Areas of significant association between�BPND and cortical thickness
in frontal ROI. False discovery rate-corrected Q values �0.05.
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involved in response inhibition. This lateralization may be rele-
vant to striatal dopamine and addiction. Dopamine synthesis
capacity in AST has been associated with fMRI activation during
a working memory task in an aspect of right, but not left, middle
frontal gyrus, which overlaps the area described here (Fusar-Poli
et al., 2010); cocaine addicts show reductions in gray matter den-
sity in similar aspects of right, but not left, middle frontal gyrus,
which correlate with the duration of their cocaine use (Barrós-
Loscertales et al., 2011); and activity of the right DLPFC during an
emotional regulation task attenuated striatal reward encoding
during reward anticipation (Staudinger et al., 2011). However,
the activity of the left DLPFC has also been implicated in regulat-

ing ventral striatal activity (Kober et al.,
2010). Given these observations, a unilat-
eral association between cortical thickness
in right lateral PFC and drug-induced do-
pamine is perhaps not unusual.

The anatomical connections between
frontal cortex and the striatum appear to
have a well-conserved spatial relationship,
with ventral striatum receiving the bulk of
its inputs from ventral and medial aspects
of cortex, the associative striatum receiv-
ing inputs from lateral aspects of the fron-
tal cortex, and the sensorimotor striatum
receiving most of its inputs from motor
areas (Selemon and Goldman-Rakic,
1985; Alexander et al., 1986; Parent and
Hazrati, 1995; Lawrence et al., 1998; Na-
kano et al., 2000; Saint-Cyr, 2003; Haber
and Knutson, 2010). Here we attempted
to distinguish these corticostriatal net-
works by relating �BPND in the functional
subdivisions of the striatum to cortical
thickness. We did not find preferential
associations that were able to survive sta-
tistical correction, likely because the cova-
riance of �BPND between the striatal
subregions was high. Using more liberal
statistical thresholds and assigning each
vertex of the frontal lobe to a striatal sub-
region produced a pattern that was only
partially consistent with the predicted
distribution. This issue might be better ex-
plored using tasks that preferentially induce
dopamine release in different striatal subre-
gions. Alternatively, drug administration
regimens that produce larger effects in stria-
tum might better delineate associations with
cortical thickness, although this remains an
empirical question.

This work should be interpreted
in light of the following considerations.
First, although our subject population
(n � 24) is large for PET imaging, it is
relatively small for studies of cortical
thickness. Second, we cannot rule out the
possibility that the observed association
between dopamine release and cortical
thickness is a consequence of some third
latent factor (e.g., degradation of white
matter in the corticostriatal loops) or gen-
eralized gray matter atrophy. We find this

possibility unlikely as our measures of cortical thickness were
only associated with the drug-induced change in dopamine re-
lease, not with a measure of dopamine receptor availability dur-
ing the placebo condition, and not with either the volume or gray
matter density of the striatum. Degradation of gray matter within
the striatum would also be expected to result in smaller dopamine
responses, which is the opposite direction of effect to that ob-
served here. Third, cortical thickness should not be conflated
with cortical function. Although thicker cortex is often associated
with improved cognitive performance (Narr et al., 2007; Dicker-
son et al., 2008; Hartberg et al., 2010; Westlye et al., 2011), this is
not always true (e.g., Hyde et al., 2007). It is tempting to speculate

Figure 4. Vertexwise assignment of each frontal vertex to AST, LST, or SMST. Top, Each vertex in which �BPND was correlated
to cortical thickness in model 1 at an unadjusted p � 0.05 was assigned to AST, LST, or SMST based on the highest t-value among
the striatal subregions. Bottom, Assignment to striatal subregions as on top, but t-values were assessed in model 2, which removes
the shared variance of the striatal subregions from the equation. Purple represents AST; green represents LST; red represents SMST.
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that thicker frontal cortex directly contributes to the inhibition of
drug-induced dopamine release, but this work does not directly
test that assertion.

Together, these findings suggest that the structure of the frontal
cortex is related to the dopamine release produced by a test dose of
amphetamine in a healthy, stimulant drug-naive population. The
T1-weighted MRI scans used to calculate cortical thickness are rou-
tinely obtained in PET imaging studies for anatomical coregistra-
tion, which suggests that many of the datasets required to explore
potential differences in these relationships in disease states have al-
ready been collected and that these questions can be rapidly
addressed.
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