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Abstract

Reward mediates the acquisition and long-term retention of procedural skills in humans. Yet, 

learning under rewarded conditions is highly variable across individuals and the mechanisms that 

determine interindividual variability in rewarded learning are not known. We postulated that 

baseline functional connectivity in a large-scale frontostriatal-limbic network could predict 

subsequent interindividual variability in rewarded learning. Resting-state functional MRI was 

acquired in two groups of subjects (n = 30) who then trained on a visuomotor procedural learning 

task with or without reward feedback. We then tested whether baseline functional connectivity 

within the frontostriatal-limbic network predicted memory strength measured immediately, 24 h 

and 1 month after training in both groups. We found that connectivity in the frontostriatal-limbic 

network predicted interindividual variability in the rewarded but not in the unrewarded learning 

group. Prediction was strongest for long-term memory. Similar links between connectivity and 

reward-based memory were absent in two control networks, a fronto-parieto-temporal language 

network and the dorsal attention network. The results indicate that baseline functional connectivity 

within the frontostriatal-limbic network successfully predicts long-term retention of rewarded 

learning.
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INTRODUCTION

Humans vary in their capacity to acquire and retain memories [Forstmann et al., 2010; 

Zimerman et al., 2013], and one fundamental determinant for this variability is the degree to 
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which reward facilitates learning [Buitrago et al., 2004; Ericsson et al., 1993; Forstmann et 

al., 2010; Zimerman et al., 2013]. Previous studies focused on the contribution of specific 

brain regions to reward-based memory including the ventral striatum [Wächter et al., 2009], 

midbrain, and hippocampus [Adcock et al., 2006; Kuhl et al., 2010; Wittmann et al., 2005]. 

However, reward-related brain activity is present beyond this circuitry and throughout the 

human brain [Vickery et al., 2011], mainly in structures along the mesocortical and 

mesolimbic dopaminergic pathways [Liu et al., 2011; Sescousse et al., 2013].

While there has been increasing interest in the role of reward in procedural and declarative 

learning [Adcock et al., 2006; McGinty et al., 2013; Wittmann et al., 2005], a systems-level 

mechanistic understanding of the way by which reward modulates learning across 

individuals remains missing. This gap in knowledge is of translational relevance as deficits 

in rewarded learning have been well documented in neuropsychiatric disorders such as 

depression [Kumar et al., 2008; Vrieze et al., 2012], schizophrenia [Gold et al., 2008; 

Strauss et al., 2011] and addiction [Hyman et al., 2006; Volkow et al., 2009] and in 

neurological conditions such as Parkinson’s disease [Bodi et al., 2009; Peterson et al., 2009] 

and Stroke [Rochatet al., 2013].

To address this question, we assessed functional interactions within a large-scale network of 

brain areas implicated in reward processing using resting-state functional magnetic 

resonance imaging (fMRI) [Biswal et al., 1995; Friston et al., 1994]. Resting-state fMRI 

provides valuable information on intrinsic interactions among local and distributed brain 

networks [Albert et al., 2009; Birn, 2007; Vahdat et al., 2011; van den Heuvel and Hulshoff 

Pol, 2010; Van Dijk et al., 2010]. We, thus, evaluated the extent to which baseline functional 

connectivity in a frontostriatal-limbic functional network [Di Martino et al., 2008] predicted 

memory in two groups of healthy subjects (n = 30) half of whom then trained on a 

visuomotor procedural learning task with and the other half without reward feedback. Since 

the neural substrates of immediate and more long-term procedural memory differ [Dayan 

and Cohen, 2011; Doyon and Benali, 2005], and these forms of memory appear to be 

differentially affected by reward [Abe et al., 2011; Dayan and Cohen, 2011; Wächter et al., 

2009] links between baseline network connectivity and memory measured at different time 

intervals after training were examined.

MATERIALS AND METHODS

Participants

Thirty-Six right-handed, healthy volunteers (20 males; mean age 24.3 ± 3.1 years) gave 

written informed consent approved by the Combined Neuroscience Institutional Review 

Board, National Institutes of Health. Inclusion criteria were normal physical and 

neurological examinations, no MRI contraindications and no use of psychoactive 

medication. We also required a minimum of 6 h sleep prior to every testing session. Data 

from six subjects (four from the rewarded and two from the unrewarded group, see below) 

were later excluded due to excessive head movements with predefined criteria of translation 

or rotation movements above 1.5 mm during fMRI acquisition. Therefore, our final pool of 

participants included 30 volunteers (16 males, mean age 24.2 ± 2.7 years).
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Procedural Learning Task

Subjects were assigned to one of two groups: a rewarded (15 subjects; eight males, mean age 

24 ± 2.4 years) or an unrewarded (15 subjects; eight males; mean age 24.5 ± 2.9 years) 

group, both of whom trained on a modified version of a previously published visuomotor 

learning task used for studying procedural learning and memory [Dayan et al., 2014; Reis et 

al., 2009; Schambra et al., 2011]. Sitting in front of a laptop computer (Dell, Latitude 

E5510, screen size 15.6″) placed at comfortable viewing height and distance, subjects were 

asked to move a cursor through a numbered sequence of five targets (four gates and one 

thick line, Fig. 1A) horizontally arranged on the screen. Movement of the cursor was 

controlled by pinching a force-transducer with the distal phalanx of the thumb and the 

proximal interphalangeal joint of the index of the right dominant hand (Fig. 1B). When 

pressure was applied to the transducer, the cursor moved to the right, and by releasing 

pressure, the cursor moved back to the left. Subjects had to accurately move the cursor 

through the following sequence: Target 1, return, Target 2, return, Target 3, return, Target 4, 

return, and Target 5. In both groups, auditory feedback (a “beep” sound) was given 

whenever a target was reached successfully, that is, the cursor was moved in between the 

lines of a gate (or on the line of Target 5) for a minimum of 0.2 sec. A trial was successful if 

it was completed within 8 sec without overshooting beyond the boundaries of any of the 

targets. A GO-Signal, which was displayed as a bright green circle below the target zones, 

indicated the beginning of each trial. The GO-signal was switched off when a trial was 

completed or the subject overshot the target boundaries. Disappearance of the Go-signal 

signaled the subject to wait for the next trial. The sequence of targets was the same for all 

subjects and did not change over the course of the experiment. Subjects were instructed to be 

as accurate as possible while completing the sequence within the allocated time (8 sec). 

During training, the rewarded group received visual feedback, indicating: “You Win: $0.6,” 

after the completion of each successful trial. A “Total Winnings” display was shown beneath 

this section, accumulating winnings throughout the entire training session. If a trial was 

unsuccessful, subjects received no reward feedback (“You Win: $0”). Thus, in our training 

paradigm accuracy was rewarded, rather than a combination of accuracy and speed [Dayan 

et al., 2014; Reis et al., 2009; Schambra et al., 2011]. As a control, the unrewarded group 

trained on the same task in the absence of reward feedback at the end of each trial. Both 

groups received identical real time visual depiction of cursor movements and heard auditory 

tones indicating a successfully reached target and a completed trial. Unbeknownst to the 

subjects, both groups ultimately received an identical compensation for their participation in 

the study after the third session, when the experiment was completed.

Experimental Setup

Session 1 began with an 8-min resting-state fMRI scan (Fig. 1C). Subjects were instructed to 

lay still inside the scanner, close their eyes, and avoid falling asleep. Foam inserts were used 

to limit head movements. After scanning, baseline performance was measured with 20 trials 

of the visuomotor learning task. Subsequently, subjects trained on the visuomotor learning 

task (5 blocks of 20 trials each, approximately lasting 30 min) with or without reward 

feedback. After training, memory was measured [Dayan and Cohen, 2011] immediately 

after (Immediate), the following day (Delayed24h, ± 110 min) and a month later 

(Delayed4wk, ± 0.6 days). Testing on the Delayed24h and Delayed4wk consisted of 22 
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trials, where the first two trials were discarded to exclude the warm-up effect [Ajemian et al., 

2010; Schmidt and Lee, 2011].

Baseline and test measurements (Immediate, Delayed24h, Delayed4wk) were administered 

in the absence of reward feedback in both groups. Two subjects in the unrewarded group 

dropped out prior to the third testing session and, thus, data in the Delayed4wk was obtained 

from n = 13 in this group.

Imaging Setup

Scanning was performed on a 3.0-T GE Signa HDx scanner using an 8-channel coil. T2*-

weighted images were acquired using a gradient echo echoplanar imaging sequence (201 

volumes; 38 ascending axial slices, 4 mm thickness, 2.400 ms repetition time, 35 ms echo 

time, 90° flip angle, 24 × 24 cm2 field of view, 64 × 64 matrix size). In addition, high-

resolution 3D magnetization prepared rapid gradient echo images (1 × 1 × 1 mm) were 

acquired from each subject to allow for volume-based statistical analysis and for 

visualization purposes.

fMRI Preprocessing

Data were preprocessed using Brainvoyager QX. Anatomical images were aligned to an 

ACPC plane and then transformed to Talairach space [Talairach and Tournoux, 1988]. The 

first two functional volumes were discarded to insure the experimental data were acquired 

after the scanner reached steady-state magnetization. The remaining 199 volumes were used 

for analysis. Preprocessing of functional data included slice scan time correction, head 

motion correction, spatial smoothing with a Gaussian filter of 4 mm full width half 

maximum (FWHM) and temporal filtering using low-pass frequency filter of 0.01 Hz, and 

high-pass Gaussian-FWHM filter of 4 sec, resulting in frequencies between 0.01 and 0.1 Hz 

and reducing low-frequency drifts and high-frequency noise [Meindl et al., 2010; Wang et 

al., 2006]. Each subject’s functional images were then coregistered to the corresponding 3-D 

anatomical image to produce a 4-D volume time course. Every coregistration was checked 

manually and adjusted if needed.

Network Identification

Seed-based functional connectivity analysis was performed with the data from all 30 

subjects (i.e., collapsed across groups) to identify a network of areas showing functional 

connectivity with the right nucleus accumbens (NAcc), a subset of the ventral striatum 

crucial in reward processing. Further analysis compared the results with those obtained with 

a left NAcc seed. Because of its small size and variable localization, NAcc was identified 

anatomically for every subject individually using a published procedure based on anatomical 

landmarks [Neto et al., 2008]. A spherical volume of interest (VOI; 123 voxels, voxel size 1 

× 1 × 1 mm) was placed within each subject’s localized NAcc. The average Talairach 

coordinates of the NAcc VOIs across the 30 subjects were 8/7/−4 (± 0.86/1.1/0.95), which is 

in agreement with a recent meta-analysis of reward-processing studies and with a previous 

study of ventral striatum functional connectivity [Di Martino et al., 2008; Liu et al., 2011]. 

Average time series were then extracted from each NAcc VOI and served as predictors in a 

multisubject general linear model. Heart rate and respiration data from every subject were 
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used as nuisance covariates to account for the influence of these slowly fluctuating signals 

on the BOLD contrast. Statistical activation maps were corrected for multiple comparisons 

using a false discovery rate (FDR) correction at P < 0.01. VOIs with identical shape and size 

(spherical, 512 voxels, voxel size 1 × 1 × 1 mm) were placed at the center of each cluster of 

activity, of activity that showed connectivity with the NAcc. Beta-weights from these VOIs 

were then extracted and averaged to compute a subject specific index of network 

connectivity.

Two control networks, the dorsal attention network [Buckner et al., 2013; Fox et al., 2006; 

Thomas Yeo et al., 2011] and a fronto-parieto-temporal language network [Tomasi and 

Volkow, 2012] were defined following the same procedure as described earlier but using the 

right intraparietal sulcus (rIPS) and left inferior frontal gyrus (lIFG), respectively, as seeds. 

Seed coordinates were identical in each subject, and were 27/−58/49 for rIPS [Fox et al., 

2006] and −49/25/18 for lIFG [Tomasi and Volkow, 2012]. In the dorsal attention network, 

where voxels showed highly significant correlation with the rIPS seed, a higher minimal 

statistical threshold was used (t = 12, compared to t = 7) to allow for the identification of 

distinct nodes within the network. These networks were chosen because we expected them 

to have little overlap with the reward circuits in the frontostriatal-limbic pathway. Single 

region beta-weights were extracted and connectivity indices were again computed for each 

subject by averaging beta-weights across all nodes within each of the networks.

Data Analysis

Accuracy (number of correct trials in a block) served as the behavioral outcome measure. 

Group performance was analyzed using a two-way repeated-measures analysis of variance, 

where “Group” (rewarded, unrewarded) served as the between-subjects factor and “Testing 

Session” (all testing sessions) as the within-subject factor. Pearson’s correlations were used 

to examine links between memory scores and network connectivity within subjects. 

Between-group comparisons of correlations between network connectivity and memory 

were performed with a Fisher r-to-z transformation [Fisher, 1915]. Statistical analyses were 

performed with SPSS and MATLAB. Robust correlation tests were performed using the 

“Robust Correlation Toolbox” in MATLAB [Pernet et al., 2012]. Significance levels for all 

statistical tests were set at P < 0.05 and were corrected for multiple comparisons.

RESULTS

Baseline performance was comparable in the rewarded and unrewarded groups (1.7 ± 0.5 

and 1.5 ± 0.5 correct trials, respectively). There was a significant effect of Group 

(F1,26=4.28, P < 0.05, Fig. 1D) in the absence of a Group × Testing session interaction (F3,78 

= 1.48, ns). Thus, both groups’ performance in the task improved immediately post training 

(P < 0.01) reaching 14.6 ±1 and 11.8 ± 0.6 correct trials in the rewarded and unrewarded 

groups, respectively. Memory then remained relatively stable at 24 h (14.4 ± 0.7 and 12.3 

± 0.6 correct trials in the rewarded and unrewarded groups, respectively) and 4 weeks (14.3 

± 1 and 12.3 ± 0.8 correct trials, respectively) testing times.

We then evaluated the relationship between baseline connectivity and memory. A seed-based 

functional connectivity analysis focusing on the brain regions showing functional 
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connectivity with the right NAcc [Cauda et al., 2011; Di Martino et al., 2008] identified a 

frontal-cingulate-striato-limbic network (Fig. 2A and Table I, Methods). Further analysis 

averaged the beta-weights (regression coefficients) across all nodes in the network allowing 

computation of an index of network connectivity for each individual subject. Average 

connectivity in this network was comparable across the rewarded and unrewarded groups 

(t28 = 1.88, ns).

In the rewarded group, network connectivity correlated with memory at Delayed4wk (r = 

0.625, P < 0.01, Bonferroni corrected for multiple comparisons; Fig. 2B; see also Supporting 

Information Fig. 1) but not at the Immediate or Delayed24h testing times (r = 0.057; ns and r 
= 0.35; ns, respectively; Fig. 2B). Significant correlations at Delayed4wk were not restricted 

to the network connectivity index but were also evident in pairwise correlations with 

multiple single regions within the network (Supporting Information Fig. 2A). In the 

unrewarded group, network connectivity did not correlate with memory at any testing time 

(Immediate: r = −0.001; ns, Delayed24h: r = 0.069; ns, Delayed4wk: r = −0.418; ns, Fig. 2C 

and Supporting Information Fig. 2B). Correlations between baseline connectivity and 

memory were significantly different between groups at Delayed4wk (z = 2.75; P < 0.01) but 

not at the Immediate and Delayed24h tests (z = 0.14, ns and z = 0.73, ns, respectively).

Additional analyses were carried out to confirm the reliability of the significant correlation 

between network connectivity and learning scores at Delayed4wk in the rewarded group. 

First, the correlation between network connectivity and scores at Delayed4wk was preserved 

after a leave-one-out cross validation procedure (with r-values ranging from 0.563 to 0.694, 

all significant at P < 0.02). We next tested the correlation using two robust correlation 

procedures, where outliers are down weighted or removed and accounted for in significance 

testing [Pernet et al., 2012]. The first procedure, the percentage-bend correlation [Wilcox, 

1994], is robust against the influence of marginal outliers and estimates linear associations 

without computing a Pearson’s correlation coefficient [Pernet et al., 2012]. The second 

procedure, skipped-correlations [Wilcox, 2004], directly reflects Pearson’s r and protects 

against the influence of bivariate outliers. The correlation between network connectivity and 

scores at Delayed4wk in the rewarded group was significant using both techniques (Bend 

correlation: r = 0.63, P < 0.02; skipped correlation: r = 0.62, P < 0.05).

The literature points to the involvement of both right and left NAcc in reward processing 

[Liu et al., 2011], with some evidence for right lateralization [Cauda et al., 2011; Di Martino 

et al., 2008; Knutson et al., 2001]. While, for brevity, our focus here was on right NAcc, 

comparable results were obtained also when the network was defined using a left NAcc seed 

(Supporting Information Fig. 3). A significant correlation was found between network 

connectivity defined with left NAcc and learning scores at Delayed4wk for the rewarded (r = 

0.552, P < 0.02) but not for the unrewarded group (r = −0.425; ns). These correlations were 

significantly different (z = 2.51, P < 0.02). Moreover, average network connectivity between 

the networks based on right and left NAcc did not differ (t = 1.675, P = 0.105) and showed a 

strong correlation across subjects (r = 0.678; P < 0.01).

To evaluate the topographic specificity of the findings, we examined two control networks. 

The first network, referred to as the language network [Tomasi and Volkow, 2012], is 
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composed of frontal parietal and temporal regions, all showing functional connectivity with 

left IFG (FDR-corrected at P < 0.01, Fig. 3A and Supporting Information Table 1). The 

second control network, known as the dorsal attention network [Buckner et al., 2013; Fox et 

al., 2006] is primarily composed of frontal and parietal regions, that show functional 

connectivity with the right IPS (FDR-corrected at P < 0.01, Fig. 3B and Supporting 

Information Table 2). Baseline connectivity within neither the language network (Fig. 3C), 

nor the dorsal attention network (Fig. 3D) correlated with any of the memory measures in 

the rewarded group (all P values > 0.091). Similarly, connectivity in neither of the networks 

correlated significantly with any of the memory measures in the unrewarded group (all P 
values > 0.089; see Supporting Information Fig. 4A,B). Consistently, no significant 

differences between the correlations obtained for the rewarded and unrewarded groups were 

found (all z tests < 1.2, all ns).

DISCUSSION

The results demonstrate that baseline functional connectivity within a frontostriatal-limbic 

network predicts the formation of long-term procedural memory acquired with rewarded 

feedback. The specificity of the frontostriatal-limbic network for predicting reward-based 

long-term memory was established by training a second group of subjects who performed 

the same learning task in the absence of reward feedback. There were significantly weaker 

correlations between network connectivity and procedural memory in this group. Similar 

links between connectivity and reward-based memory were absent in two control networks, 

confirming the topographic specificity of the findings.

The frontostriatal-limbic network studied here is composed of regions implicated in reward–

related computations. First, the NAcc, part of the ventral striatum, is engaged in reward 

anticipation [Knutson et al., 2001; Schott et al., 2008], encoding of reward prediction errors 

[Abler et al., 2006; Rodriguez et al., 2006] and evaluation of reward [Liu et al., 2007]. In the 

context of reward-based learning, it has been proposed that the striatum integrates 

dopaminergic reward signals with sensory cues via corticostriatal and thalamo-striatal 

afferents to modulate the generation of motor commands [Hosp et al., 2011; Wickens et al., 

2003]. This effect is mediated by direct and indirect output pathways to the motor cortex 

(M1) [Wickens et al., 2003], including a projection from the ventral tegmental area (VTA) to 

M1 [Hosp et al., 2011]. Moreover, it was recently reported that activity within a local 

neuronal network in the rat’s NAcc is strongly predictive of performance of a locomotor task 

[McGinty et al., 2013]. Other regions within the frontostriatal-limbic network have also been 

implicated in reward-related functions. Activity in ventromedial prefrontal cortex (vmPFC), 

supports the formation of memory under predictable reward [Bialleck et al., 2011]. The 

orbitofrontal cortex (OFC) is engaged in encoding of reward value [Elliott et al., 2003] and 

in processing motivational relevant variables [Elliott et al., 2000; Fellows and Farah, 2005]. 

The anterior cingulate cortex is essential for integrating reward and motor responses 

[Williams et al., 2004], while other structures including the thalamus, amygdala, and vmPFC 

interact during associative memory encoding acquired under reward [Gaffan and Murray, 

1990]. Additionally, medial temporal lobe interactions with the prefrontal cortex (PFC) are 

required for transitioning recently acquired memories into long-term memories [Frankland 

and Bontempi, 2005; Simons and Spiers, 2003]. Similarly, the amygdala is not only 
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activated by rewarding stimuli [Canli et al., 2002] but also couples with the striatum during 

learning [Popescu et al., 2009] and interacts with the medial temporal lobe to coordinate 

memory formation [Dolcos et al., 2004]. Anatomically, direct projections from VTA to the 

hippocampus contribute to reward-based formation of adaptive memory, as do disinhibitory 

projections from NAcc and globus pallidum and excitatory projections from the PFC to VTA 

[Shohamy and Adcock, 2010]. The amygdala, PFC and NAcc also receive direct 

dopaminergic projections from VTA sending disinhibiting projections back to VTA [Düzel 

et al., 2009]. Altogether, these findings support our current focus on the frontostriatal-limbic 

network and fit in well with its role in predicting interindividual variability in rewarded 

learning.

Interestingly, connectivity in the frontostriatal-limbic network predicted procedural memory 

4 weeks after but not immediately post-training. These preliminary findings raise the 

hypothesis that this network may play a more prominent role in consolidation of rewarded 

learning over time, taking place after the end of training [Dayan and Cohen, 2011]. 

Consistent with our findings, reward has been shown to specifically facilitate long-term 

procedural memory [Abe et al., 2011; Dayan et al., 2014], plausibly through engaging 

similar circuitries as those included in the frontostriatal-limbic network. While our results 

cannot specifically provide evidence as to whether different networks are involved in the 

formation of memory immediately, one day or several weeks after training, the strengthening 

of correlations over time imply that the same network could be engaged in memory 

formation, across all temporal windows, dynamically reshaping through systems 

consolidation, a process known to last between weeks to months [Dudai, 2004]. Additional 

work is needed to confirm this suggestion.

The results are consistent with the view that reward processing is distributed throughout the 

human brain [Liu et al., 2011; Vickery et al., 2011]. Integrative processing within this large-

scale network is likely rooted in anatomical connections between core network nodes [Haber 

and Knutson, 2010]. For instance, projections from limbic areas [Friedman et al., 2002; 

Fudge et al., 2002] and the OFC reach the ventral striatum, and similarly from the ventral 

striatum to pallidum and midbrain [Haber et al., 1995]. Human studies demonstrated 

diffusion MRI-based structural connectivity between the striatum, ventromedial frontal 

cortex and limbic regions such as the uncus and the amygdala [Johansen-Berg et al., 2008; 

Lehéricy et al., 2004]. Links between functional connectivity as detected at rest and 

structural network architecture have been widely reported [Greicius et al., 2009; Tomassini 

et al., 2011], and may potentially provide the neuroanatomical basis for the results reported 

here. Namely, stronger functional connectivity within the frontostriatal-limbic network may 

facilitate long-term memory retention by maximizing the efficiency of information 

processing in both local and distant network interactions [Sepulcre et al., 2010], conceivably 

through an underlying variation in structural connectivity [Fields, 2011].

Procedural learning is crucial for rehabilitation after focal brain lesions such as stroke 

[Dimyan and Cohen, 2011]. Stroke often severely disrupts motor function, requiring patients 

to relearn basic procedural skills. Various rehabilitative interventions for stroke utilize 

reinforcement schemes [Krakauer, 2006; Pulvermüller et al., 2001], and reward can 

modulate specific functional abnormalities after stroke [Malhotra et al., 2013]. However, 

Hamann et al. Page 8

Hum Brain Mapp. Author manuscript; available in PMC 2016 May 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



stroke patients, particularly those with lesions in the basal ganglia, thalamus, insula, and 

PFC show deficits in their sensitivity to reward [Rochat et al., 2013], necessitating tools that 

could potentially differentiate among patients who are more and less likely to respond to 

reward. Thus, it is conceivable that functional connectivity within frontostriatal-limbic 

circuits may help in predicting interindividual variability in the success of reinforcement-

based interventions after brain lesions.

CONCLUSIONS

In summary, we report that baseline task-free functional connectivity in a frontostriatal-

limbic network predicts formation of long-term memories acquired under rewarded training. 

Baseline variation in intrinsic task-free brain connectivity may thus underlie the 

interindividual differences that characterize reward learning.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Behavioral training on a visuomotor task. A: Subjects had to move a cursor through a 

sequence of five targets horizontally arranged on a computer screen (1-Return, 2-Return, 3-

Return, 4-Return, 5). B: Pinching a force-transducer with the right hand moved the cursor to 

the right (i.e., toward a target) whereas releasing pressure moved it back to the left (toward 

the start position). C: Experimental setup of the 3-session experiment. Day one began with 

an 8 min resting state scan. Subjects then trained on the visuomotor task outside of the 

scanner for 30 min. Tests of procedural memory were administered immediately 

(Immediate), one day (Delayed24h) and 4 weeks (Delayed4wk) after training. D: While at 

baseline performance between these two groups was comparable, differences between the 

groups emerged after training at the Immediate, Delayed24h and Delayed4wk tests.
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Figure 2. 
Frontostriatal-limbic network. A: Seed-based connectivity analysis with NAcc revealed a 

network composed of frontal, striatal, and limbic regions, visualized here on inflated and 

flattened brains (FDR-corrected at P < 0.01). B: Correlations of average network 

connectivity with memory at Immediate, Delayed24h and Delayed4wk testing points in the 

rewarded group. Only long-term memory (Delayed4wk) showed significant correlations 

with average network connectivity. C: Correlations of average network connectivity with 

memory in the unrewarded group. No significant correlations were found.
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Figure 3. 
Specificity of the memory-connectivity links to the frontostriatal-limbic network. A: The 

fronto-parieto-temporal language network, composed of regions showing functional 

connectivity with left IFG (FDR-corrected at P < 0.01) was used as a first control network. 

B: The dorsal attention network, composed of regions showing functional connectivity with 

right IPS (FDR-corrected at P < 0.01) was used as a second control network. C: In the 

rewarded group, no significant correlations were obtained between any of the memory 

measures and connectivity in the fronto-parieto-temporal language network or D: the dorsal 

attention network. Similar results were obtained for the unrewarded group (Supporting 

Information Fig. 4 A,B).
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