Psychopharmacology
DOI 10.1007/s00213-011-2543-6

ORIGINAL INVESTIGATION

Imaging human reward processing with positron emission
tomography and functional magnetic resonance imaging
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Abstract Functional neuroimaging (fMRI) studies show
activation in mesolimbic circuitry in tasks involving reward
processing, like the Monetary Incentive Delay Task
(MIDT). In voltammetry studies in animals, mesolimbic
dopamine release is associated with reward salience. This
study examined the relationship between fMRI activation
and magnitude of dopamine release measured with Positron
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emission tomography study (PET) in the same subjects
using MIDT in both modalities to test if fMRI activation is
related to dopamine release. Eighteen healthy subjects were
scanned with [''C]raclopride PET at baseline and after
MIDT. Binding potential (BPnp) was derived by equilibrium
analysis in striatal subregions and percent change across
conditions (ABPyp) was measured. Blood oxygen level
dependence (BOLD) signal changes with MIDT were
measured during fMRI using voxelwise analysis and ROI
analysis and correlated with ABPyp. ABPyp was not
significant in the ventral striatum (VST) but reached
significance in the posterior caudate. The fMRI BOLD
activation was highest in VST. No significant associations
between ABPyp and change in fMRI BOLD were observed
with VST using ROI analysis. Voxelwise analysis showed
positive correlation between BOLD activation in anticipation
of the highest reward and ABPyp in VST and precommissural
putamen. Our study indicates that endogenous dopamine
release in VST is of small magnitude and is related to BOLD
signal change during performance of the MIDT in only a few
voxels when rewarding and nonrewarding conditions are
interspersed. The lack of correlation at the ROI level may be
due to the small magnitude of release or to the particular
dependence of BOLD on glutamatergic signaling.

Keywords Human reward processing - Dopamine - MIDT -
PET- fMRI

Introduction

Dopamine (DA) is closely associated with reward-seeking
behaviors including approach, consumption, and addiction
(Arias-Carrion and Poppel 2007). Reward processing in the
central nervous system depends largely on the activity of
DA-releasing neurons located within the ventromedial
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substantia nigra (pars compacta, SNc) and ventral tegmental
area (VTA). Electrophysiological studies in nonhuman
primates show increased firing rate, predicting increased
DA release in terminal regions, in response to unpredictable
rewards, while no response is elicited from fully predictable
rewards (‘reward consumption’), and prolonged activation
seen with delayed rewards (‘anticipation’). Depression of
firing is observed when expected rewards are omitted
(‘punishment’) (Schultz et al. 1992; Schultz 1998).

These findings led to the “reward prediction error
hypothesis” (Bayer and Glimcher 2005): DA neurons
respond to the difference between how rewarding an event
is experienced vs. the anticipated reward—a signal used to
update the value attached to different actions and the main
basis for the assumption that DA is involved in reinforce-
ment learning (Sutton and Barto 1998), driving behavior.

The nucleus accumbens (NAcc) in the VST is a major
target of midbrain DA projections especially those arising
in the VTA. Human functional neuroimaging (fMRI)
studies found activation of the SN¢/VTA and the VST
during reward anticipation (Knutson et al. 2000; Knutson et
al. 2001a, b). When monetary gains and losses were used as
incentives, VTA BOLD responses were thought to reflect
positive reward prediction errors modulated by the proba-
bility of winning (D'Ardenne et al. 2008). The anticipation
phase revealed proportional activation for increasing levels
of reward, suggesting that motivation for goal-directed
behavior largely depended on the expected value of the
anticipated reward (Rademacher et al. 2010).

Studies examining the role of striatal DA and reward
learning in humans demonstrated that individual differences
in reward-related learning reflect variation in baseline
striatal DA synthesis capacity as measured with uptake of
["®F]fluorometatyrosine (Cools et al. 2009). Also, hetero-
zygote carriers of a specific polymorphism in the untrans-
lated region of the DA transporter gene (DAT1), associated
with high striatal DA, showed greater activity in the VST
during reward anticipation than homozygotes as well as
greater activity in the dorsomedial striatum during antici-
pation of high reward vs. low reward (Aarts et al. 2010).

Reward sensitivity-based paradigms such as the Monetary
Incentive Delay Task (MIDT) activate a “reward circuit” that
includes the NAcc, amygdala, midbrain, VTA, mesial prefron-
tal cortex, caudate, putamen, hippocampus, anterior cingulate,
insula and orbitofrontal cortex (OFC) (Knutson et al. 2005).
The contribution of DA signaling to the fMRI BOLD signal
detected during rewarding tasks has not been extensively
studied. Initial Positron emission tomography study (PET)
studies have explored behavioral effects on D2/3 receptor
antagonist radiotracer binding. Koepp et al. found PET [''C]
raclopride binding was significantly reduced after a goal-
directed motor task compared to baseline consistent with
competition from task induced DA release (Laruelle 2000).
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The reduction in binding potential correlated positively with
the performance level during the task and was greatest in the
VST (Koepp et al. 1998). Additionally, rewarded tasks were
associated with a stronger striatal [''Clraclopride BPyp
decrease than nonrewarded tasks with comparable sensori-
motor activity (Zald et al. 2004), and a positive correlation
was found between neural activity of the SNc¢/VTA during
reward anticipation (evaluated with fMRI and a modified
MIDT) and reward-related ['' CJraclopride displacement in
VST in the same subjects (Schott et al. 2008).

Here, we present a study with PET and fMRI aimed at
assessing reward-related DA release and BOLD activation
in the same subjects in response to a modified MIDT
(Knutson et al. 2000). We hypothesized that MIDT induces
DA release detectable as decrease in binding potential
(BPnp) of the D2/3 radiotracer [!! Clraclopride compared to
baseline and that percent decrease (ABPyp) would correlate
with fMRI BOLD activation in the corresponding regions.

Material and methods
Study population

Eighteen to 45 years old, medically and psychiatrically
healthy male and female volunteers of all ethnicities
participated in study as shown in Table 1. Exclusion criteria
were pregnancy or lactation for women, current use of
psychotropic medication, presence or positive history of
severe medical illness and history of prior or current
substance abuse or dependence. Offspring of alcoholic
mothers were excluded to avoid alcohol fetopathy. Eligi-
bility criteria were ascertained with the Structured Clinical
Interview for DSM-IV (SCID, (First et al. 1995)), physical
exam, and basic clinical screening tools (electrocardiogram,
comprehensive laboratory tests and urine toxicology).

Study design

The study consisted of two [''Clraclopride PET scans
performed on the same day and one fMRI scan performed

Table 1 Demographics. Shown are demographics for all subjects who
completed PET scans and the subgroup that also completed fMRI with
the MIDT

Demographics PET fMRI

N 18 15

Age (years) 29.1+6.4 28.6+5.5
Gender IM,9F 8M,7F
Smokers 0 0
Ethnicity (C,AA,H,As) 4,932 3,8,2,2
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within 1 month of PET in a counterbalanced order (eight
subjects received fMRI first, ten subjects PET scans first).
MIDT was performed during each imaging modality.

Monetary Incentive Delay Task (MIDT)

The MIDT was modified from a design published by
Knutson (Knutson et al. 2000) as described in Andrews et
al. (2010). The same paradigm was used for both PET and
fMRI studies. Subjects engaged in one 24-minute session of
the MIDT before the PET scan and two 12-minute sessions
during fMRI scan acquisition. Sessions consisted of 55 13-
second trials. Trials were contiguous and included a cue, an
anticipation phase, the response to a target, and feedback.
During each incentive trial, participants saw one of six
word cues (“WIN $ 0/1/5”. “LOSE $0/1/5”, duration=
1,000 ms) followed by a fixation on a crosshair (anticipa-
tory interval 1, Al, “prospect of reward”) before respond-
ing with a button press (one of two depending on the cue
“win” or “lose”) to the target in the form of a white
rectangle. During the anticipatory interval 2 (A2, “antici-
pation of reward”), subjects fixated on a crosshair again
before finally receiving feedback notifying them if they had
won or not (outcome of reward) or lost or avoided loss
(outcome of loss) of money during that trial as well as of
their cumulative winnings. The ‘outcome’ represented the
consummatory phase (Fig. 1). Sufficiently fast responses
resulted in rewards/nonlosses, slow or incorrect responses
in nonrewards. Task difficulty, modified by three possible
time durations for the target, was individually calibrated
according to reaction times (RT) collected during a 5-
minute prescan practice session. During fMRI, volume
acquisitions were time-locked to the offset of each cue and
thus acquired during anticipatory delay periods. Compared
to the original task, a neutral stimulus of Win/lose $0 was
added, the timing of all viewing conditions (Al, A2 and
outcome of reward and loss) were extended to more clearly
separate them, the “reward anticipation”, “A2” period was
modeled separately from the outcome period and fixed
event onset was added to minimize intercorrelations across
regions in order to better separate different periods in the
fMRI analysis. Our modified version also incorporated an

Delay A1 Delay A2
4500 ms 5500 ms
“Winjlose button press “you wonS/
$51,0 did not winS/
lost$”

Fig. 1 Monetary Incentive Delay Task (MIDT). Represented is one
trial in the MIDT, including cue, prospect of reward/punishment (A1),
stimulus (box), anticipation of reward/punishment (A2), and feedback
(outcome, OC) with respective durations

adjusted win: negative outcome ratio of 64:36 to make the
task more salient by keeping a favorable win ratio. Subjects
received payment of the amount earned during the task, a
maximum of $138 on the PET day and $132 during fMRL
Subjects were asked a series of postscan debriefing questions
to assess their subjective response to each condition of the
task (Subjective Experience Rating Scale, SER), rated on a
scale from 1 (very unhappy) to 5 (very happy).

Positron emission tomography study (PET)
PET data acquisition

PET scans were conducted at Milstein Hospital, Columbia
University Medical Center on an ECAT EXACT HR+
scanner (Siemens Medical Systems, Knoxville, TN, USA).
Subject preparation included placement of two venous
catheters, one for radiotracer infusion and one for blood
sampling and a blood pregnancy test. Reduction of head
movement was achieved with a polyurethane head immo-
bilizer system molded around the head of the subject.
Baseline scans preceded scan with MIDT.

For each of the two scans, ['' C]raclopride was admin-
istered as a bolus plus constant infusion (3-minute bolus,
80-minute infusion, total injected volume=60 mL) (Mawlawi
et al. 2001; Martinez et al. 2003). The decay corrected
radioactivity was limited to 15 mCi at the time of the bolus
and the ['! CJraclopride mass dose did not exceed 6.54 pg.
Subjects were positioned in the PET scanner 25 min into the
infusion. Emission data were collected in the 3D mode for
40 min, obtained from 40 to 80 min after the bolus, as eight
successive frames of S5-minute duration. A 10-minute
transmission scan was obtained at the end of the emission
scans. Venous blood samples were drawn manually at 40, 50,
60, 70 and 80 min to measure tracer concentration and free
fraction (f;,) in plasma and for calculation of the distribution
volume of ['! C]raclopride in the cerebellum (Vyp).

MIDT was started 5 min before the second [''C]
raclopride injection and continued for 24 min while the
subject was seated outside of the PET scanner (Fig. 2).

PET data analysis

Image analysis was performed as described previously
(Mawlawi et al. 2001). PET data were coregistered to
individual subjects' structural MRI scans obtained prior to
fMRI, using maximization of mutual information as
implemented in SPM2 (Ashburner 2009). Regions of
interest (ROIs) were drawn on each individual's MR image
and applied to the coregistered PET images. The striatum
was divided into five anatomical ROIs including pre- and
postcommissural putamen (preDPU, postPU), pre- and
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["'C]raclopride injection

Scan acquisition

MIDT
- —

* T I * Time (min)
0 24 40 90

Fig. 2 Timeline of PET scan. Schematic representation of adminis-
tration of Monetary Incentive Delay Task during PET. Beginning of
MIDT coincided with the [''CJraclopride bolus injection and was
carried out outside of the PET scanner for 24 min. The subject was

then placed inside the camera and emission scan started 40 min after
initial tracer injection

postcommissural caudate (preDCA, postCA) and VST as
described previously (Martinez et al. 2003). Functional
subdivisions analyzed separately consisted of the associa-
tive striatum (AST=preDPU+preDCA+postCA), sensori-
motor striatum (SMST=postPU), VST and striatum as a
whole (sum of all anatomical ROI) (Haber et al. 2000).
Cerebellum (CER) was used as a low D2/3 receptor
reference region to measure free and nonspecifically bound
[HC]raclopride activity (Hall et al. 1994). Equilibrium
analysis was used to derive the specific to nondisplaceable
equilibrium partition coefficient BPyp (unitless) as ROI
activity/CER activity—1 during steady state (Martinez et al.
2005). The distribution volume of nondisplaceable [''C]
raclopride (Vxp) was computed as the ratio of cerebellum
activity to unmetabolized ['' CJraclopride in venous plasma
at equilibrium. Steady state conditions were verified by
calculating the slopes of ROI activity over 40 min (Laruelle
et al. 1994; Martinez et al. 2003).

The primary outcome measure for the study was the
percent change in BPynp between conditions (ABPyp),
calculated as:

ABPnp = [(BPnpMminT/BPNDbaseline) —

expressing the relative reduction in D2/3 receptor avail-
ability for ['! CJraclopride binding after MIDT induced DA
release.

1] x 100%,

Statistical analysis

Comparisons between baseline and postMIDT were per-
formed with paired #-tests. A two-tailed probability value of
p<0.05 was chosen as statistically significant.

Functional MRI study

Image acquisition

Functional data were acquired on a 3 T GE Sigma MR
scanner (GE Healthcare, Waukesha, Wisconsin) at the
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New York State Psychiatric Institute, Columbia Univer-
sity Medical Center, using an echoplanar sequence
(TR=1,500 ms, TE=27 ms, FOV=22 cm, flip angle=
70°, acquisition matrix=64x64, voxel size=3.44x3.44,
slice thickness=5 mm, number of slices=29, acquired in
a sequential order). The subjects used an MRI-
compatible hand-held response pad for responding to
the task (multibutton response unit). The MIDT task
was viewed through dual channel binocular goggles. For
the purpose of anatomical coregistration of PET, a TI-
weighted structural MRI was acquired for each subject
prior to fMRI.

Data processing and analysis

fMRI data

Analyses focused on changes in activation specifically
during anticipatory delay periods for both hit and miss
trials (i.e., after subjects saw cues but before they
responded to targets) as described in Andrews et al.
(2010). Task phases were compared to the relevant neutral
conditions Win/lose $0, Win$0, and lose$0 as well as to
the implicit baseline. Functional images were prepro-
cessed using SPM2 (Wellcome Department of Imaging
Neuroscience, UCL, UK, (Ashburner 2009), running in
Matlab 7.1 (Mathworks, Natick, MA) on a Linux
platform. The first six images of each time series were
removed to compensate for saturation effects. Data were
motion-corrected using INRIAlign and then spatially
normalized to the standardized EPI template image in
SPM2. After normalization, images were spatially
smoothed with a 9-mm isotropic kernel.

Statistical comparisons

For each subject, regressors were formed by convolving
impulses at the times of events with a hemodynamic
response function. Subjects' data were fitted to a linear
sum of these responses, generating coefficients (s) for the
BOLD response to each condition during the trial at each
voxel (8 maps). Group level analyses were then applied to
the 5 maps with contrasts for prospect of $5 reward (A1),
the maximal reward, or anticipation of $5 reward (A2) vs.
all neutral conditions (Win or lose $0, implicit baseline).
We also evaluated the same set of contrasts for $1 win and
$5 and $1 losses. Statistical maps (voxel by voxel ¢
statistics) were created in SPM2 and analyzed with small
volume correction for multiple comparisons using a mask
of the VST as defined in the PET ROI analysis. The
anatomical location and the spatial validity of the VST
mask were verified independently by three imaging analysts
(S.M., G.P. and X.X.). Corrections for multiple compar-
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isons were performed using the false discovery rate
criterion (FDR) with p=0.05 as the corrected significance
level.

Correlational analysis of fMRI and PET data

As the primary aim of our study was the identification of
BOLD indices of endogenously released DA, fMRI contrasts
were compared with ['' CJraclopride ABPyp. Two sets of
analyses were performed. In the first, voxel-based analysis,
fMRI contrasts between rewarded conditions and both
implicit baseline and “Win/lose$0” were tested for correla-
tion (Pearson product moment coefficient) with regional
ABPyp (for each ROI). “Implicit baseline” refers to the
activation left after all effects from contrasts have been
removed. In a second, ROI-based analysis, an ROI average
was computed from each subject's 3 differences (for each
contrast of interest) in each ROI and tested for correlation
with PET ABPyp from the same region. A probability value
of p<0.05 was chosen as statistically significant.

Results
Subjects

Eighteen subjects completed both PET and fMRI scans.
FMRI data from three subjects had to be excluded from
analysis due to technical problems with the scan data
(partial recording). See Table 1 for demographics.

Behavioral data

Subjects reliably recognized cues during the task in both
imaging modalities. The average time to respond (RT)
to each trial condition (Win/lose$5, Win/lose$1, Win/
lose$0) did not differ significantly between trials nor
between fMRI and PET, although there was a trend to
slower RT during the PET task (fMRI: 209.5+22.2 ms,
PET: 237.4+56.0 ms; p=0.07). A paired #-test revealed
no significant differences between the two performances
of the task within subject (p=0.17).

The average total monetary reward for the fMRI task
was $77.3£$21.8 and for PET $86.1+£$35.2 (p=0.44).
There was no significant correlation between fMRI activa-
tion or [''Clraclopride displacement in any region and
individual monetary rewards.

Participants rated the experience with higher mean
scores for the more rewarding trials on SER (“Won/did
not lose$5”: 4.4+0.6), lower scores for the least rewarding/
most punishing trials (“Lost/did not win$5: 1.4+0.6), and
intermediate scores for the neutral trials in both imaging
modalities (“Won/did not lose$0: 2.7+0.7).

Imaging results
Effect of MIDT on DA release (PET)

Table 2 shows scan parameters for all subjects. There were
no significant differences between conditions in any of
these. There was a small, average overshoot of steady state
that was not significantly different between conditions
(activity decrease in the whole striatum: 11.0£11% per
hour at baseline, 10.5+11.8% per hour after MIDT, p=0.819,
paired #-test).

For right and left sides combined, ABPyp between
baseline and MIDT was only significantly different in the
postCA (ABPyp=—6.4£10.1%, p=0.009) that survived
Bonferroni correction for multiple comparisons across
n=>5 subregions (p=0.047). Baseline BPyp and ABPyp in
all ROIs are displayed in Table 3. When separating right
and left sides for all ROIs, displacement was significantly
different from 0 in postCA both on the right and on the
left (=5.6%=+10.3%, p=0.03; —7.0%+12.9%, p=0.02,
respectively) and in AST on the left (—3.7%+6.8%, p=0.03).
Magnitude of ABPyp was numerically greater on the left
side but the difference between sides did not reach statistical
significance.

There were no significant correlations between BPyp
and RT in any ROI for either PET or fMRI.

fMRI data of reward anticipation

Rewarded trials were compared with control trials of both
the rewarded and the neutral condition (weighted 1:3,
proportionally to the total number of cues). In line with
previous studies, reward anticipation was associated with
activation of numerous mesolimbic regions involved in the
reward network. Compared with neutral cues, reward-
predicting cues were associated with an increased fMRI
response in the VST and caudate.

Table 2 Scan parameters. Injected dose (ID), injected mass (IM),
specific activity (SA), distribution volume of the reference region
(Vnp) plasma-free faction (f,) and brain-free fraction (f\p) are shown.
Parameters did not differ between conditions or groups

PET (n=18)
PET parameters Baseline MIDT paired ¢ (p)
ID (mCi) 8.38+1.39 8.26+1.45 0.83
IM (png) 3.65+1.22 4.07+1.69 0.22
SA (Ci/mmol) 1,374+594 1,317£738 0.68
V'ND 0.50+0.15 0.49+0.12 0.91
b 4.03+0.57% 4.00+0.62% 0.86
Jxp P/ Vap) 8.57+2.10% 8.54+2.22% 0.94
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Table 3 Bilateral binding potential. ['' CJraclopride binding (BPyp) for
all regions of interest (ROI), right and left sides combined, at baseline
and after MIDT. ABPyp is the percent difference between conditions.
Significant differences in binding were found in the posterior caudate
(postCA)

ROI Baseline (BPxp) MIDT (BPyp) ABPyp P

VST 2.15+0.24 2.13+0.32 ~1.049.7%  0.65
AST 2.53+0.27 2454035 -3246.9%  0.07
PreDCA  2.50+0.29 2.4240.40 ~35+8.9%  0.12
PreDPU  2.83+0.29 2.77+0.33 2.0+6.9% 023
PostCA  1.99+0.31 1.87+0.39 ~6.4+10.1%  0.01
PostPU  3.05+0.36 3.004+0.41 -1.9+7.1% 027
STR 2.64+0.27 2.57+0.35 ~2.746.6%  0.12

Statistically significant p-values appears in italics
fMRI activation

Consistent with previous studies using similar versions of
the MIDT, the most robust activation was detected for the
contrast A1 Win $5—A1 Lose $0, and showed activation in
VST (7=5.45, FDR-corrected p=0.062, peak voxel coor-
dinates [x, y, z]=[24, 18, —9]) and caudate nucleus (7=5.41,
FDR-corrected p=0.062, peak voxel coordinates [21, 18,
6]); however, only reaching trend level significance. The
local maximum for activation in the anterior cingulate was
located at [12, 9, 42] (T=4.55, FDR-corrected 0.082). SPM
results (n=15) for “A1Win $5—A1 Lose $0”, T map
display threshold: p=0.001 uncorrected, are shown in
(Fig. 3). Using “Win/lose$0” combined as a baseline
contrast showed weaker activation, contrast with Win$0
alone showed no activation in key regions of the reward
circuit. As expected, no significant effects were observed
for contrasts of neutral conditions (Win/lose$0 Al vs.
implicit baseline). Activation peaks coincided with the
anticipatory delay and anticipatory activation did not differ
as a function of outcome. None of the contrasts for A2
(“A2Win $5—A2 Lose or A2Win$0 or A2Win/lose$0”
showed significant activation.

Correlations of fMRI activation with ABPyp

The volumes of ROIs drawn on MR images in MNI space
were 5,088 mm’ for postCA, 4,760 mm? for preDPU,
2,240 mm® for VST, 904 mm? for preDCA, and 4,544 mm?®
for postPU with a volume of 2x2x2 mm® per voxel. In the
first, voxel-based analysis, fMRI contrasts between
rewarded conditions and implicit baseline were tested for
correlation with regional ABPyp, (for each ROI). Voxelwise
correlation analysis between contrast values and ABPyp
showed positive correlation between the A1 Win $5 vs.
baseline contrast and (—)ABPyp in the preDPU (7=5.45,
FDR-corrected p-value=0.03, peak voxel MNI coordinates
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[x, », z]=[21, 9, —6]). These coordinates were located in the
VST (Fig. 4). The contrast between “outcome of all wins”
and baseline also correlated at trend level with ABPyp in
VST (7=5.45, FDR-corrected p-value=0.062, peak voxel
coordinates [x, y, z]=[—15, 9, 12]). Table 4 shows
significant correlations between ABPyp in other ROI and
their localization. Table 5 shows correlations between ROI
averages of fMRI contrasts (% change in BOLD signal as
well as 3 coefficients) and ABPynp in the VST and postCA
for the contrasts of largest activation (Win/lose$5 vs. Win/
lose$0). The correlation reached a level of statistical
significance for several contrasts (not displayed), but none
survived correction for multiple comparison.

Discussion

We evaluated MIDT-induced DA release in striatal regions
with PET and MIDT-induced BOLD activation with fMRI
in the same subjects. We examined DA release induced by
all phases and trials of the task combined together for PET,
while we examined activation to different phases and
conditions of the task with fMRI: Al as the prospect of
reward indicated by a cue, A2 equaling anticipation of
reward after response to the cue, and OC, consummation of
reward. We failed to detect a change in [''CJraclopride
binding in the primary area of reward processing (VST) but
detected a significant change in the postCA. With fMRI, we
observed the typical pattern of activation in regions
involved in reward-processing, although they did not reach
statistical significance. Voxelwise analysis found significant
correlations for fMRI contrasts between the highest reward
condition vs. implicit baseline and regional ABPyp local-
izing to the VST, but we failed to detect a relationship
between the two imaging modalities' outcome measures in
the ROI-based analysis of correlations between ABPnp and
subjects' 3 coefficients in the corresponding ROIL. Our study
is consistent in some respects with previous findings
comparing DA release in a rewarded task with the
hemodynamic reward anticipation response to the same
task in young healthy adults (Schott et al. 2008) and
provides further evidence to understand physiological
correlates of fMRI activation in human reward circuitry.

fMRI

In our hands, the fMRI MIDT paradigm produced a similar
pattern of activation in reward-processing regions as in
previous studies, with the strongest signal in response to the
most rewarding trial anticipation found in the VST. We
observed activation in similar regions as previously
reported (Knutson et al. 2000; Knutson et al. 2001a, b;
Schott et al. 2008; Andrews et al. 2010), with activated
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Fig. 3 t-Statistics map for con-
trast “A1Win$5 vs. AlLose $0”
(n=15); the voxels of greatest
intensity had the coordinates

[x, v, zZ]=[24, 18, —9] (T=5.45,
FDR p=0.062), and [21, 18, 6]
(T=5.41, FDR p=0.062). This
corresponded to the VST and the
caudate nucleus, respectively.
The crosshairs are located at
[18, 8, 5] in the caudate. The
slice shown was chosen in order
to depict both activation
maxima. As per radiological
convention, left is on the

right and vice versa

areas in caudate, putamen, mesial prefrontal cortex/anterior
cingulate, and left motor cortex. Schott et al. found that
“punishment” trials also revealed additional activation in
thalamus and anterior cingulate. While we also found
activation in these areas for the most rewarding contrasts,
punishment trials showed a more diffuse pattern.

Similar to Schott et al. (2008), stimuli only elicited
activation when paired with incentive value in our study; we
found no discernible pattern in the fMRI statistical maps for

Fig. 4 Coronal view of t-statistics map for “A1WS$5 vs. implicit
baseline” correlated with ABPyp in the preDPU (n=15); FDR=0.03 at
the peak coordinates [x, y, z]=[21, 9, —6], which were located in the
VST (indicated by the crosshair). As per radiological convention, left
is on the right and vice versa

neutral contrasts (WS$0/L$0 vs. baseline). This also reduces
the likelihood that activation merely reflected motor responses
as the observed patterns were specific to incentive trials.

We found greater activation in VST for the anticipatory
phase Al than the consummatory phase OC. Al is the
phase best described as the opportunity—vs. expectation or
consumption—of reward. This is consistent with the
finding that VTA DA neurons fire more readily to cues
that predict potential reward than to reward delivery per se
in animal studies (Schultz et al. 1997).

Peak fMRI activation in response to the highest reward
condition was in the VST or closely associated areas. We

Table 4 Voxel-based analysis for Pearson product moment correla-
tions between fMRI contrasts and regional ABPyp. Shown are ROI for
which ABPyp was significantly correlated with the fMRI contrast for
A1Win$5 vs. implicit baseline, the locus of the correlated voxel, T
values, FDR-corrected p-values and the peak voxel coordinates
according to the Montreal Neurological Institute (MNI)

ABPyp ROI Locus of R T p MNI coordinates
PreDCA Right postPU 4.41 0.02 [30, 3, 3]
PreDCA Left preDCA 3.49 0.05 [9, 12, 3]
PostCA Right postPU 3.6 0.05 [30, 3, —3]
PreDCA Left preDCA 4.61 0.02 [-9, 15, 0]
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Table 5 Correlations between fMRI and PET. Pearson product
moment correlations between fMRI contrasts of primary interest for
0 (*=absolute, **=normalized) and fMRI blood oxygenation level
(BOLD) and ABPyp in ventral striatum (VST) and posterior caudate
(postCA). There were no significant correlations between fMRI
activation and DA release with this method

fMRI contrast ABPyp VST  ABPyp postCA
R p T P

Al Win$5 vs. Win/lose$0 (beta)*  —0.86 0.76 0.001 1.00

Al Win$5 vs. Win/lose$0 (beta)** 0.392  0.15 0.180 0.54

Al Win$5 vs. Win/lose$0 (BOLD) —0.234 0.40 0.098 0.74

Al Lose$5 vs. Win/lose$0 (BOLD) 0.374 0.17 —-0.345 0.23

did not evaluate a separate ROI mask for the NAcc. NAcc
is included in VST, but to maximize reliability, our
operational definition requires inclusion of ventral caudate
and putamen rostral to the anterior commissure. Voltam-
metry studies in rodents show the greatest activity in the
NAcc during appetitive (anticipatory) rather than consum-
matory phases of reward (Richardson and Gratton 1996;
Garris et al. 1999). We chose to model anticipatory and
consummatory trials separately, and this might help explain
why we found greater activation for the Al phase rather
than OC.

In our model, it also appeared that “prospect of reward”
(A1) provided a stronger incentive than “anticipation of
reward” (A2), maybe partially explained by the subjects'
ability to predict fairly reliably whether they had responded
correctly. These coordinates were located in the VST when
the stimulus appeared, and thus were better able to predict
the following feedback (“outcome™). As A2 thus repre-
sented less of a novelty, waiting for a more predictable
outcome may have been less salient and activation may be
little different from the consummatory phase itself.

Activation of the mesial prefrontal cortex/anterior cin-
gulate by both rewards and punishments has also been
demonstrated by Schott et al. (2008) and in more detail by
Fujiwara et al. (2009). Similar to Schott et al., we found
slightly more activation in left striatal areas both in fMRI
group maps as well as a trend in the PET outcome measure.

PET

We did not detect a significant effect of MIDT performance
on VST ABPynp. We did, however, detect a significant
difference in ABPyp in the posterior caudate suggesting DA
release in response to reward. This ROI, drawn as
previously described (Martinez et al. 2003), comprises the
dorsal part of the caudate, which has been linked to reward/
punishment processing (Schultz et al. 2000). The signal in
this region may have been augmented to a detectable level
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by the motor component of the task, as simple motor tasks
like finger tapping have been found to displace [''C]
raclopride in caudate and putamen in healthy subjects
(Ouchi et al. 2002; Goerendt et al. 2003), albeit to a lesser
degree than tasks involving both motor and cognitive
components (Koepp et al. 1998; Lappin et al. 2009).
Decreases in [''Clraclopride binding have also been
observed during several behavioral paradigms including
playing an engaging video game (Koepp et al. 1998) as
well as during exposure to (conditioned) sensory stimuli
such as highly palatable food (Small et al. 2003), exposure
to drug cues in drug addicts (Volkow et al. 2006), and
during placebo administration of analgesics (Scott et al.
2007) and psychostimulants (Boileau et al. 2007).

Koepp et al. found a [''CJraclopride displacement of
—13% in the VST during a video game task, which is
comparable to [''CJraclopride displacement after pharma-
cological challenges with e.g., amphetamine (Koepp et al.
1998). An even larger effect of cognitive and reward-
predicting components was suggested by Boileau et al. in
subjects scanned with ['' CJraclopride after amphetamine or
placebo. In that study, placebo decreased ['' CJraclopride
binding in the VST to the same extent as amphetamine
(23%) (Boileau et al. 2007). Also, a study in which
Parkinson's disease patients were presented with different
probabilities of receiving levodopa, while in fact receiving
placebo, found a significant effect of expectation on ['' C]
raclopride displacement in the VST and putamen (Lidstone
et al. 2010). These findings suggest that conditioned cues
associated with reward alone can increase DA transmission
in striatal areas providing further evidence that this system
is involved in reward prediction in humans. Other reports
examining responses to monetary rewards have shown
mixed results. In a study in which response to a gambling
task (simulated slot machine) led to monetary rewards on
an unpredictable subset of trials, Martin-Soelch et al. (2011)
observed modest decreases in ['' C]raclopride binding in
the VST (the overall decrease in VST was approximately
4%) that had some dependency on sex and laterality
(neither effect of sex nor effect of laterality nor their
interaction were statistically significant in VST in the
current study nor were significant effects of sex or sex by
laterality interaction observed in any ROI, data not shown).
Hakyemez et al. did not observe decreases in [''C]
raclopride binding in rewarded compared to unrewarded
trials using a design in which monetary rewards were given
on an unpredictable subset of passively viewed trial
presentations, and in fact, saw increased binding in the
dorsal putamen suggestive of reduced DA transmission
(Hakyemez et al. 2008).

Unlike Schott et al. (2008) who published the first
study to directly investigate the relationship between
reward-related striatal DA release and the fMRI correlates
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of reward anticipation and found significant ['' C]raclopr-
ide displacement in the left VST during the rewarded
condition, and despite a similar design, we did not observe
measureable change in [''CJraclopride binding across
conditions. In Schott et al.'s (2008) experiment, PET
sessions were carried out on two different days. One day
contained a majority of neutral trials (135 neutral:45
rewarded), the other day had the reversed ratio of
rewarded and unrewarded conditions (135 rewarded:45
nonrewarded), and a mean hit (win) rate of 80%. In our
study, the “neutral” condition was a simple baseline scan
with no task performance and the “rewarded” condition
provided an adjusted win:negative outcome ratio of 64:36
to make the task more salient by keeping a favorable win
ratio. If rewarding stimuli induce DA release and decrease
['! Clraclopride binding, while “nonreward” may actually
reduce DA levels, the combination of rewarding and
nonrewarding stimuli during a single scan may have led to
an overall weakening of the effect on DA release, despite
the overall bias to win. The difference between the two
results may be related to a slightly more favorable win
ratio in the design of Schott vs. ours. Timing relative to
the PET scan may have also decreased the likelihood of
detecting changes in BPyp: in our design, MIDT was
carried out while equilibrium between [''C]raclopride
concentration in blood plasma, striatum and cerebellum
was being established but ended before the emission scan
began—small changes in DA release induced by the task
may have been too transient to cause detectable changes in
[''C] raclopride binding. We adopted this design to
minimize the effects of task performance on head motion
during the scanning session that would result in motion-
related decrease in the signal.

Correlational analysis

Pharmacological fMRI (Pessiglione et al. 2006) and
correlations between [''Clraclopride ABPyp and reward
activation of the VST (Schott et al. 2007) have suggested a
quantitative role for DA signaling in the ventral striatal
reward anticipation response in humans. Schott et al.
demonstrated that under constant task conditions, the VST
hemodynamic response to reward anticipation correlates
positively with DA release in the same rewarded task. We
failed to detect a relationship between the two imaging
modalities' outcome measures in the ROI-based analysis of
correlations between ABPyp and subjects' 3 coefficients in
the corresponding ROI, possibly due to the lack of
observable ['' CJraclopride displacement. We would have
predicted that using ABPyp from an ROI as a covariate,
voxelwise correlations with fMRI contrasts would be
localized to the same ROI as the covariate. This was the
case for the preDCA, but the fact that ROIs were not

entirely congruent may also suggest the possibility that
fMRI activation is not entirely explained by DA release.

Our results here again differ from Schott who found a
positive correlation between neural activity of the SNc/
VTA during reward anticipation and reward-related ['' C]
raclopride displacement in the VST (Schott et al. 2008). In
that paper, the correlational analysis approach to the VST
used selected “individual spherical ROIs” seeded at the
individual local maxima identified by voxelwise analysis of
PET data, while our analysis used a predefined anatomi-
cally driven ROI analysis. These differences in analytical
approach may explain the difference in findings and
suggest that the relationship, if present, may be at best
attributed to few voxels rather than a global regional effect.

In conclusion, our study indicates that endogenous DA
release may either be very modest or very difficult to detect
with PET under conditions of a behavioral task where
rewarding conditions are interspersed with nonrewarding
conditions despite overall bias for winning. An alternative
explanation may be that BOLD signal reflects changes in
neuronal activity related to changes in excitatory tone,
mostly driven by glutamate neurotransmission (Shulman et
al. 2002). To our knowledge, this is only the second study
to date that explores the relationship between functional
and neurochemical imaging outcome measures using a
monetary reward paradigm, and while some congruency in
the findings between this and previous studies provides
encouraging evidence for understanding the neurochemical
changes underlying fMRI activity, further studies are
needed.
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