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Abstract
The behavioral approach system (BAS), based on reinforcement sensitivity theory (RST), is a neurobehavioral system respon-
sible for detecting and promoting motivated behaviors towards appetitive stimuli. Anatomically, the frontostriatal system has
been proposed as the core of the BAS, mainly the ventral tegmental area and the ventral striatum and their dopaminergic
connections with medial prefrontal structures. The RST also proposes the personality trait of reward sensitivity as a measurable
construct of stable individual differences in BAS activity. However, the relationship between this trait and brain connectivity Bat
rest^ has been poorly studied, mainly because previous investigations have focused on studying brain activity under reward-
related contingency paradigms. Here, we analyzed the influence of reward sensitivity on the resting-state functional connectivity
(rs-FC) between BAS-related areas by correlating the BOLD time series with the scores on the Sensitivity to Reward (SR) scale in
a sample of 89 healthy young adults. Rs-FC between regions of interest were all significant. Results also revealed a positive
association between SR scores and the rs-FC between the VTA and the ventromedial prefrontal cortex, and between the latter
structure and the anterior cingulate cortex. These results suggest that reward sensitivity could be associated with different resting-
state activity in the mesocortical pathway.
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Introduction

Reinforcement sensitivity theory (RST) describes a widely
used taxonomy of personality at both behavioral and neuro-
psychological levels (Gray, 1982; Gray & McNaughton,
2000). This model proposes different brain systems responsi-
ble for promoting motivated behaviors to approach or avoid
stimuli with a positive or negative emotional valence. In par-
ticular, the behavioral approach system (BAS) is responsible
for detecting and initiating behaviors towards appetitive stim-
uli. Anatomically, the BAS is associated with brain structures

belonging to the mesolimbic and mesocortical dopaminergic
pathways (Pickering & Gray, 1999, 2001). The key region is
the ventral tegmental area (VTA), which is connected to the
ventral striatum (VS; mesolimbic tract) and the medial pre-
frontal cortex (mesocortical tract), including the anterior cin-
gulate (ACC) and the ventromedial prefrontal cortex
(vmPFC). All these areas define the reward network, that is,
the main structures involved in processing and responding to
reward stimuli (see Haber & Knutson, 2010; Sescousse,
Caldú, Segura, & Dreher, 2013).

According to the BAS description in the RST model, this
system is involved not only in managing rewarding stimuli,
but also in determining stable individual differences in the
detection and response to appetitive stimuli. In other words,
the model proposes that the reward sensitivity trait is associ-
ated with stable differences in BAS functioning, determining
the probability of perceiving stimuli as rewarding and actively
approaching them once detected (Ávila & Torrubia, 2008;
Corr, 2004; Gray & McNaughton, 2000). To measure these
differences, some psychometric measures have been devel-
oped, such as the Sensitivity to Reward (SR) scale included
in the Sensitivity to Punishment and Sensitivity to Reward
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Questionnaire (SPSRQ; Torrubia, Ávila, Moltó, & Caseras,
2001) or the three BAS subscales included in the BIS/BAS
questionnaire (Carver & White, 1994). Psychometric studies
have shown that these measures are related to other personal-
ity traits such as extraversion, impulsivity, or sensation seek-
ing (Caseras, Àvila, & Torrubia, 2003; Torrubia, Avila, &
Caseras, 2008). BAS measures have also been found to be a
good measure of proneness or vulnerability to some psychiat-
ric pathologies. Higher reward sensitivity has been related to
the presence of attention-deficit hyperactivity disorder
(ADHD) symptoms (Mitchell & Nelson-Gray, 2006), sub-
stance use and abuse (Boog et al., 2014; Franken, Muris, &
Georgieva, 2006; Knyazev, 2004; Pardo, Aguilar, Molinuevo,
& Torrubia, 2007; Yen et al., 2012), eating disorders
(Glashouwer, Bloot, Veenstra, Franken, & de Jong, 2014;
Matton, Goossens, Braet, & Vervaet, 2013; Matton,
Goossens, Vervaet, & Braet, 2015), psychopathy (Newman,
MacCoon, Vaughn, & Sadeh, 2005), and cluster B personality
disorders (Bijttebier, Beck, Claes, & Vandereycken, 2009;
Pastor et al., 2007; Taylor, Reeves, James, & Bobadilla,
2006).Moreover, lower reward sensitivity has been associated
with depressive disorders (Kasch, Rottenberg, Arnow, &
Gotlib, 2002; Pinto-Meza et al., 2006).

Behavioral studies have consistently demonstrated that in-
dividuals with higher scores on these scales show better learn-
ing (i.e., conditioning) in appetitive situations than low scorers
(i.e., those with lower reward sensitivity) (see Corr, 2004 for a
review). On tasks requiring decision making, individuals with
higher reward sensitivity focus their attention on rewarding
stimuli (Derryberry & Reed, 1994), show faster responses to
obtain rewards in the presence of possible aversive stimuli
(Avila, 2001), prefer immediate rewards over delayed rewards
(Avila, Parcet, Ortet, & Ibáñez-Ribes, 1999), and perseverate
in dominant responses for rewards (Avila, Moltó, & Segarra,
1995; Avila & Parcet, 2000; Newman, Widom, & Nathan,
1985) compared to individuals with lower reward sensitivity.
This entire cognitive system oriented toward detecting reward
cues and making approach responses to them is manifested in
different social behaviors. As a result, individuals with higher
reward sensitivity are more impulsive on multiple-choice ex-
aminations (Ávila & Torrubia, 2004), show more food crav-
ings (Franken & Muris, 2006), have more sexual experiences
(Aluja, 2004), exhibit early-stage entrepreneurial action
(Lerner, Hatak, & Rauch, 2018), or initiate the use of drugs
at a younger age (Pardo et al., 2007).

Behavioral studies have also shown that reward sensitivity
determines differences on cognitive tasks with no specific
reward contingencies. According to Aarts, van Holstein, and
Cools (2011), individual differences in appetitive motivation
appear to have parallel effects to those of increases in striatal
dopamine, that is, the enhancement of cognitive flexibility,
which may, however, come at the expense of reduced cogni-
tive focusing (i.e., greater distractibility). There are different

behavioral and functional magnetic resonance imaging
(fMRI) studies showing that reward sensitivity determines
differences in cognitive processing (Avila, 1995; Avila et al.,
2012; Avila, Barrós, Ortet, Parcet, & Ibañez, 2003; Avila &
Parcet, 1997; Avila & Parcet, 2002; Fuentes-Claramonte et al.,
2015, 2016a, 2016b; Fuentes et al., 2014a, 2014b). All this
evidence is compatible with the idea that BAS-related traits
should explain individual differences in cognition.

RST is based on neuropsychological studies mainly con-
ducted in animal research. The RST model predicts specific
relationships between certain brain areas and the different per-
sonality dimensions. However, these proposals have been in-
vestigated less in the human brain. Previous morphometric
studies have found associations between BAS scores and gray
matter reductions in BAS-related areas, including the striatum,
the anterior cingulate cortex, and prefrontal areas (Barrós-
Loscertales et al., 2006; Holmes, Hollinshead, Roffman,
Smoller, & Buckner, 2016). In addition, some fMRI studies
have also linked BAS activation to brain activity in these basic
structures. Specifically, task-based studies with different kinds
of rewards (i.e., food and erotic stimuli, monetary incentives,
etc.) have associated higher reward sensitivity with greater
activation in brain areas involved in the mesolimbic and
mesocortical pathways. Thus, a number of studies have found
this association in mesolimbic areas, including the midbrain
and ventral striatal regions (Beaver et al., 2006; Carter,
Macinnes, Huettel, & Adcock, 2009; Costumero et al.,
2016; Costumero et al., 2013a, 2013b; Hahn et al., 2009;
Mortensen, Lehn, Evensmoen, & Håberg, 2015; Simon
et al., 2010), whereas others have also reported this correlation
with ventromedial prefrontal regions of the mesocortical path-
way (Barrós-Loscertales et al., 2010; Beaver et al., 2006;
Costumero et al., 2013b; Hahn et al., 2009; Locke & Braver,
2008; Mortensen et al., 2015; Simon et al., 2010). Functional
connectivity analysis revealed that BAS scores were also as-
sociated with relatively less connectivity between the VTA
and vmPFC during the processing of high-incentive monetary
cues (Costumero et al., 2013a). Thus, BAS scores in healthy
participants correlated with greater activity in the brain areas
involved in the mesolimbic and mesocortical pathways during
the processing of reward cues. Importantly, other research has
demonstrated that BAS scores determine different activity in
mesolimbic and prefrontal areas during performance on exec-
utive tasks (Avila et al., 2012; Fuentes-Claramonte et al.,
2016a, 2016b, 2015; Fuentes et al., 2014a, 2014b).

All this evidence suggests that reward sensitivity is related
to a different general and stable functioning of reward-related
areas involved in motivation and emotion: VTA, VS, ACC,
and vmPFC. This variability in the functioning of these areas
could be studied by measuring the functional connectivity
(FC) between them using resting-state fMRI. As far as we
know, only one previous study investigated the FC between
striatal and cortical areas, including the prefrontal and
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cingulate cortex, based on a BAS measure (Angelides, Gupta,
& Vickery, 2017). In this article, the authors reported a posi-
tive correlation between BAS-fun seeking and the FC between
the middle OFC and the putamen, and a negative correlation
between BAS-drive and the rs-FC between the middle cingu-
late cortex and the caudate. However, this study did not spe-
cifically investigate BAS-relevant structures such as the VS or
the VTA.

The aim of this study was to investigate the relationship
between the reward sensitivity trait, measured with the SR
scale from the SPSRQ, and the FC among key structures of
the brain reward system (i.e., the VTA, VS, ACC, and
vmPFC) in a sample of healthy adults. Based on previous
reports, we hypothesize that the activity between all these
structures will be positively associated, and that individuals
with higher reward sensitivity would show a stronger FC be-
tween all these regions.

Methods

Participants

One hundred and twenty-eight participants took part in this
study (63 women; age (years): mean=22.5, SD=4.8,
range=18–37). All the participants were recruited from a com-
munity sample through local advertisements and word of
mouth. Most of them were undergraduate students, given that
our research group is integrated in a university campus.
Following subject exclusion due to excessive head motion
(see Image preprocessing section), the final sample for analy-
ses included 89 participants (48 women; age (years):
mean=22.4, SD=4.7, range=18–37). All the participants were
right-handed, according to the Edinburgh Handedness
Inventory (Oldfield, 1971). No participant had a history of
head injury with loss of consciousness, currently used psycho-
active medications, or had ever been diagnosed with DSM-IV
Axis I or II disorders or severe medical or neurological ill-
nesses. Participants were informed of the nature of the re-
search, and they provided written informed consent prior to
their participation in the study. All the study procedures
conformed to the Code of Ethics of the World Medical
Association.

Personality assessment

All the participants completed the Sensitivity to Reward (SR)
scale from the Sensitivity to Punishment and Sensitivity to
Reward Questionnaire (Torrubia et al., 2001) as a measure
of reward sensitivity. This questionnaire is a self-report mea-
sure with 48 dichotomous items that assess the reactivity and
responsivity of the behavioral inhibition and activation sys-
tems described by Gray (1982; Gray & McNaughton, 2000).

As our interest was reward sensitivity, only the SR scale was
included in the study. The SR scale is a self-reported measure
consisting of 24 yes–no items related to one’s habitual behav-
ior. In this particular case, the questionsmeasure the proneness
to approach behaviors towards appetitive stimuli. Different
studies have shown the SR scale’s convergent validity with
other measures, as well as the association with disinhibitory
and depressive pathologies (Torrubia et al., 2008). The mean
score on the SR scale was 10.2 (SD=4.7; range=1–21).

Image acquisition

Scan sessions consisted of an eyes-closed resting-state.
Participants were instructed to simply rest with their eyes
closed without sleeping or thinking about anything in partic-
ular. Images were acquired on a 1.5T scanner (Siemens
Avanto, Erlangen, Germany). Participants were placed in a
supine position in the MRI scanner, and their heads were
immobilized with cushions to reduce motion artifacts. For
the rs-fMRI, a total of 200 volumes were recorded using a
gradient-echo T2*-weighted echo-planar imaging sequence
(TR, 2000 ms; TE, 48 ms; matrix, 64 × 64; voxel size, 3.5 ×
3.5 mm; flip angle, 90°; slice thickness, 4 mm; slice gap, 0.8
mm). We acquired 24 interleaved axial slices parallel to the
anterior–posterior commissure plane covering the entire brain.
The total rs-fMRI scan length was 6:40 min. Prior to the rs-
fMRI sequences, structural images were acquired using a
high-resolution T1-weighted MPRAGE sequence with TR/
TE = 2200/3.79 ms, flip angle 15°, voxel size = 1 × 1 × 1
mm, which facilitated the localization and co-registration of
functional data.

Image preprocessing

We used the Data Processing Assistant for Resting-State
(DPARSF, http://rfmri.org/DPARSF), which is a plug-in soft-
ware within the Data Processing and Analysis for Brain
Imaging (DPABI V2.0_151201, http://rfmri.org/dpabi; Yan,
Wang, Zuo, & Zang, 2016), based on Statistical Parametric
Mapping (SPM, http://www.fil.ion.ucl.ac.uk/spm), to carry
out rs-fMRI data processing. Preprocessing included the fol-
lowing steps: (1) the first five volumes of each raw rs-fMRI
dataset were discarded to allow for T1 equilibration; (2) slice
timing correction for interleaved acquisitions (the middle slice
was used as the reference point); (3) realignment using a six-
parameter (rigid body) linear transformation with a two-pass
procedure (registered to the first image and then registered to
the mean of the images after the first realignment); (4) co-
registration of the individual structural images (T1-weighted
MPRAGE) to the mean functional image; (5) segmentation of
structural images into gray matter (GM), white matter (WM),
and cerebrospinal fluid (CSF) using the Diffeomorphic
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Anatomical Registration Through Exponentiated Lie algebra
(DARTEL) tool (Ashburner, 2007); (6) removal of spurious
variance through linear regression: 24 parameters from the
realignment step (six head motion parameters, six head
motion parameters one time point before, and the 12
corresponding squared items; Friston, Williams, Howard,
Frackowiak, & Turner, 1996), scrubbing within regression
(spike regression as well as one back and two forward
neighbors; Yan, Craddock, He, &Milham, 2013) at framewise
displacement of (FD) > 0.2 mm (Power, Barnes, Snyder,
Schlaggar, & Petersen, 2012), linear and quadratic trends,
the WM signal (segmentation mask thresholded at 90% prob-
ability), and the CSF signal (segmentation mask thresholded
at 70% probability); (7) spatial normalization to the Montreal
Neurological Institute (MNI) space (voxel size 3 × 3 × 3 mm);
(8) spatial smoothing with a 4-mm FWHM Gaussian Kernel;
and (9) band-pass temporal filtering (0.01–0.1 Hz) to reduce
the effect of low-frequency drift and high-frequency noise
(Biswal, Zerrin Yetkin, Haughton, & Hyde, 1995; Lowe,
Mock, & Sorenson, 1998).

Participants with more than 1 mm/degree of movement in
any of the six directions or a large removal of data points
during scrubbing regression (more than 50 volumes, ensuring
at least 5 mins of remaining data) were excluded from the
analyses. In the final sample, descriptive statistics for the head
motion metrics provided by DPARSFAwere as follows: mean
RMS (mean=0.11, SD=0.04, range=0.04–0.26), mean FD
Power (mean=0.12, SD=0.03, range=0.05–0.20), mean FD
Jenkinson (mean=0.06, SD=0.02, range=0.03–0.10), and
mean FD Van Dijk (mean=0.03, SD=0.01, range=0.01–0.07).

Resting-state functional connectivity analysis

A seed-based correlation approach between a priori regions of
interest (ROIs) was performed to investigate the link between
reward sensitivity and the rs-FC between the main areas of the
brain reward system. In this method, FC relies on the correla-
tion between the averaged BOLD signal of a ROI, also called
the seed, and the BOLD signals of other parts of the brain
(voxels or other ROIs). For this study, we defined seeds for
four BAS-related areas involved in motivational and emotion-
al processes (Haber & Knutson, 2010; McNaughton & Corr,
2008): the ventral tegmental area (VTA), the ventral striatum
(VS), the anterior cingulate cortex (ACC), and the ventrome-
dial prefrontal cortex (vmPFC). The seeds for the ACC and
vmPFC (gyrus rectus plus medial orbital frontal cortex) were
defined with the anatomical automatic labeling (AAL) tem-
plate (Tzourio-Mazoyer et al., 2002). Unfortunately, this atlas
does not include ROIs for VTA and VS. Thus, we used other
atlases for these ROIs, as described below. For the VTA, we
used a published probabilistic atlas provided by Murty et al.
(2014) at a probability threshold of 80%, whereas for the VS
we used a published atlas provided by Tziortzi et al. (2014),

taking the ventral striatal region defined within the Blimbic
network.^ All the seeds were included bilaterally (see Fig. 1).

After seed definition, the rs-FCs between the ROIs were
investigated through pairwise correlations between the time-
series of the seeds. After the correlations, Fisher's r-to-z trans-
formation was performed to normalize the variance in corre-
lation values.

Statistical analyses were performed using SPSS Statistics
for Windows, Version 25.0 (IBM Corp., Armonk, NY, USA).
First, we carried out a one-sample t-test analysis on the frame-
work of the general linear model using the z scores for each
pair of ROIs as the dependent variable. Afterwards, in order to
investigate how the connectivity between the a priori seeds
was related to reward sensitivity, partial correlation analyses
between the SR scores and the z scores were performed.
Effects of age and gender were regressed out in all the analy-
ses. The statistical significance threshold for all the analyses
was set at p < 0.05 FDR-corrected (Benjamini & Hochberg,
1995) using a syntax script for SPSS (http://www-01.ibm.
com/support/docview.wss?uid=swg21476447). Because we
took four ROIs as seeds, six comparisons were carried out.

Results

Seed-based connectivity analyses

One-sample t-test analyses revealed a significant FC between
all the seed time series used in the study (Table 1), thus
resulting in an interconnected network at rest (p < .05 FDR-
corrected). All the FCs resulted in positive values, except for
the vmPFC-VTA FC.

Fig. 1 Seed regions of interest (ROIs) included in the rs-FC analyses.
Red: anterior cingulate cortex; Blue: ventromedial prefrontal cortex;
Green: ventral striatum; Purple: ventral tegmental area
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To investigate personality effects of the rs-FCs, partial cor-
relations were carried out by taking rs-FCs between ROIs and
scores on the SR scale. A significant effect was found in the rs-
FC between the VTA-vmPFC (p < .05 FDR-corrected), show-
ing an increase in the connectivity strength between the two
structures. Furthermore, we also observed a stronger connec-
tivity between the vmPFC-ACC (p < .05 FDR-corrected).
Partial correlation analysis details are reported in Table 2
and Fig. 2.

Moreover, because the ROIs selected as seeds differed con-
siderably in size (mainly between cortical and subcortical re-
gions), we performed further analyses to check that our results
were not affected by different signal-to-noise levels (see
details in Supplementary Material).

Discussion

In this study we analyzed the relationship between reward
sensitivity, as a measure of BAS activity, and the rs-FC be-
tween key structures within the brain reward system in healthy
adults.With one exception (the rs-FC between the vmPFC and
VTA), our results showed a significant positive and moderate
interconnectivity between all the areas included in the study,
thus providing information about the neural coupling of BAS-
related areas at rest. Furthermore, as expected, we observed a
connection between the reward sensitivity trait and the rs-FC
between areas of the BAS. Specifically, we observed a posi-
tive correlation between the scores on the SR scale and the rs-
FC between the ACC and vmPFC and the vmPFC and VTA.

Thus, the individual differences in BAS activity were associ-
ated with a different, stable connectivity between the brain
areas involved in reward detection and processing.

In our study, we delimited four ROIs related to the BAS
associated with emotional and motivational processing: the
VTA, the VS, the ACC, and the vmPFC. As expected, the
results of this study corroborated that the activity of these
areas during resting-state is moderately coupled. This is espe-
cially true between the last three ROIs, showing that the ac-
tivities of the VS, vmPFC, and ACC are closely interrelated.
Previous resting-state fMRI studies have shown a strong con-
nectivity between the VS and the vmPFC and ACC (Cauda
et al., 2011; Choi, Yeo, & Buckner, 2012; Di Martino et al.,
2008), and animal and human studies have suggested that this
relationship mediates the processing of rewards (Pujara,
Philippi, Motzkin, Baskaya, & Koenigs, 2016; Richard &
Berridge, 2013; Smith & Graybiel, 2013). In addition, the
vmPFC and the ACC are functionally interrelated, as found
in previous studies (Bzdok et al., 2013; Margulies et al.,
2007), supporting the evaluation function of emotional and
social stimuli (Bzdok et al., 2013). Although we obtained a
strong interconnectivity between these areas, our results
showed that the values of rs-FCs decreased when the VTA
was involved (especially with ACC and vmPFC). The VTA
is a small region that is of great relevance in processing reward
stimuli (D’Ardenne, McClure, Nystrom, & Cohen, 2008;
Düzel et al., 2009; Hayes, Duncan, Xu, & Northoff, 2014),
but the cortical areas are bigger and are influenced by a large
number of brain structures. Hence, this could be one of the
reasons we observed a negative correlation between the VTA

Table 2 Partial correlations
(controlling for age and gender)
between reward sensitivity (SR)
scores and Fisher’s z correlation
coefficients among seed time
series

ACC-vmPFC ACC-VS ACC-VTA VS-vmPFC VS-VTA vmPFC-VTA

SR Correlation (r) .257 -.029 .086 -.117 .117 .257

Significance .016* .792 .427 .279 .281 .016*

ACC anterior cingulate cortex, vmPFC ventromedial prefrontal cortex, VS ventral striatum (bilateral), VTAventral
tegmental area

*FDR-corrected at p < .05

Table 1 Results from the one-sample t-test (controlling for age and gender) on Fisher’s z correlation coefficients (as a measure of connectivity)

t Significance (2-tailed) Mean SD Min. Max. 95% confidence intervals

Inferior Superior

ACC-vmPFC 17.06 .000* .38 .21 -.24 .92 .34 .42

ACC-VS 14.75 .000* .31 .20 -.16 .72 .27 .35

ACC-VTA 7.29 .000* .11 .15 -.27 .44 .08 .14

VS-vmPFC 9.98 .000* .23 .22 -.18 .88 .19 .28

VS-VTA 5.07 .000* .10 .18 -.40 .63 .06 .13

vmPFC-VTA -2.65 .010* -.06 .20 -.60 .54 -.10 -.01

ACC anterior cingulate cortex, vmPFC ventromedial prefrontal cortex, VS ventral striatum (bilateral), VTA ventral tegmental area

*FDR-corrected at p < .05
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and vmPFC. Nonetheless, even in this negative correlation,
the range of rs-FCs is wide. Therefore, some individuals pre-
sented a strong positive coupling between the VTA and corti-
cal areas, whereas others presented negatively correlated ac-
tivity between these two structures.

We also hypothesized that SR scores would be associated
with the rs-FC between the BAS-related structures. According
to this hypothesis, SR scores would be positively correlated
with the rs-FC between the vmPFC (themedial segment of the
OFC cortex) and the VTA, and between the vmPFC and the
ACC. Both the vmPFC and the VTA are connected via the
mesocortical pathway, a dopaminergic branch responsible for
initiating motivated reward-based approach behaviors (Arias-
Carrión, Stamelou, Murillo-Rodríguez, Menéndez-González,
& Pöppel, 2010; D’Ardenne et al., 2008; Haber & Knutson,
2010). The VTA has largely been described as the main com-
ponent of the reward brain circuitry because the mesocortical
and mesolimbic pathways arise from this structure (Arias-
Carrión et al., 2010; Krebs, Schott, & Düzel, 2009).
Furthermore, the dopamine cells in the VTA are involved in
motivational salience and value (Bromberg-Martin,
Matsumoto, & Hikosaka, 2010; Depue & Collins, 1999;
Hayes et al., 2014), thus promoting reward approach and con-
sumption, which is the Bwanting^ component of reward-based
behaviors (Berridge, Robinson, & Aldridge, 2009). In addi-
tion to the VTA, the vmPFC is also a key region of the brain
reward network and the principal projection from the VTA
within the mesocortical pathway. Similar to the VTA, the
vmPFC has also been involved in reward processing, mainly
in reward assessment and decisionmaking (Hayes et al., 2014;
Rangel, Camerer, & Montague, 2008; Sescousse et al., 2013).
Importantly, one of the factors that is responsible for the
vmPFC being involved in reward-related decision-making
stems from the modulatory effect on dopaminergic neuro-
transmission. Previous studies identified an inhibitory path-
way between the medial prefrontal cortex and the VTA

through glutamatergic activation of GABA interneurons in
the VTA, thus reducing the levels of dopamine in the VS
(mesolimbic pathway) (Carr & Sesack, 2000; Sesack, Carr,
Omelchenko, & Pinto, 2003).

The results obtained are consistent with previous pro-
posals relating reward sensitivity (Pickering & Gray, 2001)
and extraversion (Depue & Collins, 1999; Pickering &
Gray, 1999) to dopaminergic transmission from the VTA.
Individual differences in the dopaminergic transmission
from the VTA via the mesocortical pathway may be re-
sponsible for a different ability to detect and evaluate re-
warding stimuli. Interestingly, our results coincide with
these previous reports, as we observed greater connectivity
between the primary mesocortical areas during a resting-
state condition (absence of stimuli), that is, during one’s
default basal activity. Therefore, the stronger rs-FC
between the VTA and vmPFC may predispose the person
to interpret more situations as rewarding. Importantly, the
FC connectivity between the two areas is reversed when
an incentive is detected (Costumero et al., 2013a). In the
study by Costumero et al. (2013a), the authors compared
the neural processing of low- and high-magnitude incen-
tives as a function of reward sensitivity. Rewarding stimuli
activated the VTA and VS significantly more in individ-
uals with higher scores on the SR scale, but the connec-
tivity between the VTA and vmPFC during high-incentive
stimuli was reduced in high-SR individuals. Overall, these
results may suggest that the reward sensitivity trait would
be directly related to the connectivity between the VTA
and vmPFC and, therefore, to the proneness to detecting
(positive correlation under absence of stimuli) and
responding (negative correlation under presence of stimuli)
to rewarding stimuli. However, this hypothesis is specula-
tive, and further studies are need to investigate the rela-
tionship between BAS activity and VTA-vmPFC
connectivity.

Fig. 2 Scatterplots of residuals illustrating the partial correlations of
ACC-vmPFC and vmPFC-VTA rs-FC with SR scores after regressing
out age and gender in each variable. ACC anterior cingulate cortex,

vmPFC ventromedial prefrontal cortex, rs-FC resting-state functional
connectivity, SR reward sensitivity, VS ventral striatum (bilateral), VTA
ventral tegmental area
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Our results also showed a positive correlation between SR
scores and rs-FC between the ACC and vmPFC. Both are
dopaminergic-innervated adjacent structures within the re-
ward brain circuitry, and they are involved in evaluating, man-
aging, and selecting rewarding situations. Global results
showed a stronger rs-FC between them in the absence of a
task, but previous literature has demonstrated this strong FC
during reinforcement-guided decision making (Fatahi,
Haghparast, Khani, & Kermani, 2018). The role of the two
structures is different: whereas the ACC is relevant for reward
prediction and prediction error encoding, the vmPFC is more
involved in outcome evaluation, establishing stimulus-
outcome associations and encoding rewarding features of a
stimulus (Rushworth, Noonan, Boorman, Walton, &
Behrens, 2011). The main dissociation is that the vmPFC en-
codes outcomes predicted by the ACC, but it also encodes
unexpected rewarding outcomes not predicted by the ACC
(Vassena, Krebs, Silvetti, Fias, & Verguts, 2014). In relation
to our results, we observed stronger connectivity at rest be-
tween these structures associated with SR, thus suggesting a
tendency to predict contingencies associated with emotional
stimuli. Thus, the increased rs-FC observed in participants
with high SR scores may serve to establish more frequent
predictions of positive outcomeswhen processing reward cues
and evaluate these outcomes as more positive.

One of the relevant results of this study is that the influ-
ence of reward sensitivity on rs-FC within the reward net-
work is more focused on the mesocortical pathway than on
the mesolimbic pathway. Contrary to previous observations
investigating reward processing as a function of reward
sensitivity, where the mesolimbic and mesocortical path-
ways are relevant (Costumero et al., 2013a; Costumero
et al., 2013b; for a review see Kennis, Rademaker, &
Geuze, 2013), the absence of emotional stimuli seems to
move the focus of attention to the mesocortical pathway.
The results of a recent study are consistent with this pattern
(Richter & Gruber, 2018). This study compared the brain
areas involved in processing salient infrequent stimuli to
those involved in processing salient rewarding stimuli.
Results showed that both kinds of stimuli activated the
VTA and the VS, but the PPI analysis revealed a different
FC of the VTA: whereas reward stimuli only co-activated
the VS, salient non-rewarding stimuli showed a FC of the
VTA with both vmPFC and ACC. Similarly, our results
revealed higher coupling of the VTA and vmPFC during a
resting-state condition in participants with high reward sen-
sitivity. Therefore, the reward sensitivity trait would be
related to brain areas specialized in processing salient stim-
uli (and not only salient rewarding stimuli). Overall, this
finding suggests that the mesocortical pathway is more in-
volved in detecting salient stimuli, and the role of the
vmPFC/ACC areas should be more related to regulating
responses to these stimuli.

The present results are aligned with previous literature
showing that reward sensitivity is associated with differences
in cognitive processing. On different tasks, previous studies
showed that reward sensitivity was positively associated with
more cognitive flexibility on tasks requiring fast, automatic
processing (Avila et al., 2003; Avila & Parcet, 1997) and better
cognitive focusing on tasks requiring slow, conscious process-
ing (Avila, 1995; Ávila & Parcet, 2002). These tasks reflected
differences in the capacity to process stimuli that, in fact,
would determine a different capacity to detect rewarding stim-
uli. The results of the present study seem to suggest that these
differences would be more related to the mesocortical
pathway.

In sum, the present study adds to the extensive litera-
ture testing for neural differences associated with individ-
ual differences in BAS activity. All this literature has
shown that reward sensitivity is associated with structural
differences in frontostriatal areas and with enhanced re-
sponses to reward stimuli in the mesolimbic network.
However, the RST model also predicts that a personality
trait, such as reward sensitivity, would also determine a
different functioning role in detecting possible rewarding
stimuli (Avila, Parcet, & Barrós-Loscertales, 2008;
Derryberry & Reed, 1994). The present study has focused
these differences on the mesocortical dopaminergic path-
way, which could act as a global vigilance system pre-
pared to detect reward stimuli.

Finally, our study presents some limitations. One of
them is related to the rs-FC approach to the research ques-
tion. Based on our a priori ROIs, we decided to use a seed-
based (pairwise) correlation approach, as opposed to other
useful methods for studying rs-FC, such as seed-based
whole-brain FC or independent component analysis
(ICA). Thus, although our method was more appropriate
for testing specific hypotheses, these methods could pro-
vide further results not observed with our approach.
Regarding our ROIs, another limitation would be related
to their location, as the VTA and vmPFC are located at the
ventral edge of the brain, making them vulnerable to the
nuisance of susceptibility artefacts. However, this problem
is inherent to all fMRI, and new methods should be imple-
mented to improve this aspect. Moreover, the sample se-
lected for this study could also be a limitation. Although
we recruited participants from a community sample, the
majority of our participants were undergraduates, thus
resulting in a relatively young sample (i.e., mean of 22.4
years). Even though this is not a problem in itself, it could
impede the generalization of the results to older popula-
tions. In addition, although the aim of this study was not
to analyze sex differences in the rs-FC linked to reward
sensitivity, future studies should investigate this subject
because recent data have revealed differences in the rs-
FC between males and females (Nostro et al., 2018).
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