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Abstract

Fronto-striatal structural connectivity is associated with choice impulsivity. Yet, to date, whether distinct fronto-striatal
functional coupling associates with impulsive choices are largely unknown. Using seed-based resting-state functional MRI
(rsfMRI) combined with multivariate pattern analysis (MVPA), the present study aimed to explore the predictions of dis-
sociable frontal—striatal functional connectivity on choice impulsivity in a relatively large sample (N =429). Adaptive
delay-discounting task was utilized to assess choice impulsivity and the striatum was further divided into three subregions
including the nucleus accumbens (NAcc), caudate, and putamen. Results revealed that both the functional coupling between
the NAcc and the limbic/dorsolateral prefrontal cortex, and between the caudate and the dorsal prefrontal cortex, including
the dorsomedial prefrontal cortex (DMPFC), successfully predicted the delay-discounting rate. However, such pattern was
not observed in the putamen-prefrontal functional connectivity. These findings suggest fronto-striatal-dependent neural
mechanisms of choice impulsivity and further provide a better understanding of the contributions of striatum subregions
and their functional connectivities with different areas of prefrontal cortex upon inter-temporal choice.

Keywords Inter-temporal choice - Multivariate pattern analysis - Prefrontal cortex - Choice impulsivity - Striatum -
Functional connectivity

Introduction

Impulsivity refers to the tendency to engage in behavior
that involves rashness, a lack of foresight or planning, or
as behavior that occurs without reflection or careful delib-
eration (Dawe et al. 2004). As one of the most important
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sub-component of impulsivity, choice impulsivity exists
ubiquitously in our everyday life and preschool children who
exhibit low choice impulsivity are more prone to develop
into cognitively and socially competent adolescents, mani-
festing higher scholastic performance and extraordinary abil-
ity to coping with frustration and stress (Mischel et al. 1989).
In general, the delay-discounting task is behaviorally and
objectively utilized to assess and measure impulsivity espe-
cially impulsive choice in the laboratory environment (Bari
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and Robbins 2013; Dalley et al. 2011). In this task, individu-
als are required to choose between a small but immediate
benefit and a large but delayed profit. A comparatively high
percentage of immediate reward choice rather than delayed
reward serves as a promising biomarker for various psychiat-
ric disorders such as substance abuse (Hu et al. 2015; Bickel
et al. 1999), pathological gambling (Alessi and Petry 2003),
and ADHD (Paloyelis et al. 2010). However, it is still elusive
about the precise neurobiological underpinnings of choice
impulsivity especially from the perspective of individual dif-
ferences in a large sample.

Basal ganglia have been implicated in a wide range of
functions, including motor, cognitive, motivational, and
reward processes (Di Martino et al. 2008). The striatum
is a critical component of basal ganglia, and its subdivi-
sions (i.e., the nucleus accumbens [NAcc], caudate, and
putamen) exert different involvements of mental processes
above-mentioned in impulsivity (Haber and Knutson 2010).
In particular, the ventral portion of the striatum (i.e., NAcc)
is predominantly involved in the motivation/reward-related
processes such as the delayed rewards valuation (Kable and
Glimcher 2007; Li et al. 2013), summed value encoding (Cai
et al. 2011), and immediate option preference processing
(McClure et al. 2004, 2007). Moreover, the ventral striatal
activity in response to positive and negative feedback as well
as functional connectivity intensity in this region can predict
individual’s impulsive choice (Hariri et al. 2006; Li et al.
2013). Such prediction likewise is consistently observed
even in the absence of choices about future rewards (Cooper
et al. 2013). In contrast, the dorsal portion of the striatum
(i.e., caudate and putamen) is selectively involved in time
and costs estimation for delay-related reward, which per-
haps reflects higher-level cognitive processes (Wittmann
et al. 2007). Additionally, the dorsal striatum is thought
to encode the temporally discounted value difference of
the two alternative options (Cai et al. 2011) and be more
activated during impulsive choices involving losses (Xu
et al. 2009), which also emphasizes the involvement of dor-
sal striatum on reward-related processes. Taken together,
above-mentioned studies suggest that it is a critical step to
independently examine striatal subdivisions functions (i.e.,
cognitive, reward, and motor processing), especially from
the perspective of functional connectivity with other brain
regions, on choice impulsivity, which will further deeper
our understanding of cognitive and neural mechanisms of
impulsivity.

Human prefrontal cortex (PFC) is functionally organ-
ized as the medial-lateral axis (O’Reilly 2010). The medial
areas, especially ventromedial PFC (VMPFC), is prefer-
entially involved in value computation processes (Bechara
et al. 2000), such as the delayed reward valuation (Kable and
Glimcher 2007; Hare et al. 2014), decision value encoding
(Chib et al. 2009), and choice preference processes (McClure
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et al. 2004). Furthermore, it also links to the representation
of recent and distant time information (Koritzky et al. 2013)
and cognitive control functions (Ridderinkhof et al. 2004).
Similarly, the dorsomedial prefrontal cortex (DMPFC) rep-
resents immediate and delayed reward magnitude along the
anterior—posterior gradient in choice impulsivity (Wang
et al. 2014). Moreover, its morphological characteristics and
functional organizations, such as grey matter volume (Wang
et al. 2016), regional homogeneity (Lv et al. 2019), and acti-
vation patterns during risky decision task (Lv et al. 2020),
were found to successfully predict individual’s choice impul-
sivity. These findings support both ventral and dorsal por-
tions of MPFC are crucial for better understanding of choice
impulsivity. In contrast, the lateral areas, especially dorsolat-
eral prefrontal cortex (DLPFC), is predominantly engaged
in cognitive control processes (Miller and Cohen 2001). In
general, this region reflects the ability of top-down cognitive
control necessary to resist temptation deriving from imme-
diate reward (Figner et al. 2010; McClure et al. 2004) and
represents future reward delay during intertemporal choice
(Ballard and Knutson 2009), as well as modulate the com-
putation of stimulus value subserved by VMPFC to choose
delayed rewards (Hare et al. 2014). More importantly, the
medial and dorsal areas interactions with subcortical brain
regions (i.e., striatum) are commonly found to determine
the level of choice impulsivity (Peters and Biichel 2011).
However, few studies have systematically and independently
examine the extent to which different fronto-striatal circuit-
ries support individual’s variability in choice impulsivity.
Converging evidence has widely implicated that the
striatum receives the structural projections from prefrontal
cortex, and that together they underlie distinct psychologi-
cal processes such as reward-related/motivational processes
(i.e., NAcc), executive/cognitive control processes (i.e., cau-
date), and motor-related processes (i.e., putamen)(Alexander
et al. 1986). Such fronto-striatal structural connectivity has
been found associated with choice impulsivity. In particular,
prior research has emphasized the importance of the cortico-
striatal white matter integrity (e.g., caudate and putamen)
on choice impulsivity (Peper et al. 2012). Recent research
reported that the white matter connectivity estimated by
probabilistic tractography of diffusion imaging data between
the NAcc and vmPFC/DLPFEC, as well as between dorsal
striatum and DLPFC, were positively correlated with choice
impulsivity (Hampton et al. 2017). Additionally, some stud-
ies delineated an opposite associations between the fronto-
striatal connectivity and choice impulsivity, that is, greater
medial striatum-right DLPFC tract strength correlated with
less choice impulsivity (van den Bos et al. 2014, 2015).
Moreover, resting-state functional connectivity studies have
demonstrated dissociable neural circuits associated with
each of striatal subdivisions that are involved into motor,
cognitive control, and reward-related processes (Di Martino
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et al. 2008), which also highlights the importance of inde-
pendently examining the different striatal subregions func-
tional loops on choice impulsivity. Based on aforementioned
findings concerning on the functions of the subdivisions of
striatum and prefrontal cortex upon choice impulsivity, it has
been proposed that cognitive control processes subserved
by DLPFC selectively enable to modulate the valuation
computation subserved by the NAcc via biasing attention
away from immediate reward and/or highlighting long-term
goals (Figner et al. 2010; Hare et al. 2009) to reduce choice
impulsivity. Oversensitivity to immediate reward in valua-
tion networks including NAcc and vmPFC, is believed to be
another potential mechanism underlying choice impulsivity
(Peters and Biichel 2011; McClure et al. 2004). However, to
date, how dissociable fronto-striatal functional connectivi-
ties predict choice impulsivity is still largely unclear.

In the present study, we hypothesized that dissocia-
ble fronto-striatal functional connectivities could predict
choice impulsivity. Specifically, the functional connectivity
between (1) the NAcc and vmPFC including orbitofrontal
cortex (OFC) and/or dIPFC, (2) the caudate and DLPFC, as
well as (3) the putamen and motor cortex might all predict
individual’s impulsivity. To address these hypotheses, the
striatum was divided into three subregions, including the
NAcc, caudate, and putamen based on the Harvard—Oxford
Structural Atlas, a validated probabilistic atlas included
in FSL. After which, a seed-based resting-state functional
connectivity analysis was employed to predict individual’s
choice impulsivity due to that impulsivity has been consid-
ered as a stable trait. Compared to univariate analysis, multi-
variate pattern analysis is considered as a more sensitive tool
to uncover the underlying mechanisms how the human brain
works and thus was utilized to investigate the association
between the fronto-striatal functional couplings and choice
impulsivity in a large sample size (n =429).

Materials and methods
Participants

This study was approved by the Institutional Review Board
of Southwest University. Written informed consent was
obtained from each adult participant (age 18—-26) before
formal experiments. Four adolescent participants (age 17)
were required to sign the consent form after receiving the
verbal consent from their parents via telephone.

Four hundred and twenty-nine (315 females and 114
males) healthy Chinese college students were included in
the present study (age ranges from 17-26 years old with
mean age =19.58 + 1.59 years). Subjects were included if
they had small head motion during fMRI scans (mean frame-
wise displacement [FD] <1 mm), and good model-fitted

behavioral scores (k) based on maximizing the likelihood
of the observed choices and visual inspection of fitting curve
(van den Bos et al. 2014; Wang et al. 2016). All subjects had
no history of psychiatric or neurological disease according
to self-report.

Behavioral measures
Adaptive delay-discounting task

The adaptive delay-discounting task was employed to assess
impulsive magnitude (Wang et al. 2016; van den Bos et al.
2014). In this task, subjects were required to make a decision
between a fixed immediate reward option (SS)(RMB 60) and
a varied delayed reward option (LL) (RMB 78-108, to be
paid in 15-45 days). Following our previous studies (Wang
et al. 2014), the hyperbolic function (SV =A/(1 +kx D)) was
used to fit temporal discounting, where SV is the subjective
value, A is the reward magnitude, D is the delay time, and
k is the delay discounting rate. The initial discounting rate
was set to 0.02 and was increased or decreased as a function
of participant’s choices. Specifically, if the subjects chose
the SS option, the delay-discounting rate k was increased
by having a larger LL on the next trial. In contrast, if the
subjects chose the delay option, the delay discounting rate
k was decreased by having a small LL on the next trial. For
the first twenty of the total 60 trials, the size of each step
was 0.01 and for the remaining 40 trials the step size was
5%. Based on previous findings (Johnson and Bickel 2002;
Lagorio and Madden 2005), hypothetical money was served
as a valid proxy for real money. In addition, all participants
received monetary compensation of RMB 500 at the end of
our Gene-Brain-Behavior (GBB) project (Lv et al. 2019,
2020; Wang et al. 2016).

Behavioral data analysis

MATLAB (MathWorks, Natick, MA, USA) was used
to perform statistical analyses of the behavioral data. In
delay-discounting task, we employed the multidimensional
unconstrained nonlinear minimization function (fminsearch)
of the optimization toolbox implemented in MATLAB for
model fitting. Hyperbolic function (SV =A/(1 + kX D)) was
used to compute the subjective value. To model trial-by-
trial choice, we utilized a softmax function to calculate the
probability of choosing the immediate option (Pgg) on trial
t as a function of the difference in Vgg and V;;: Pgg=1/
(1+exp( — 1*m*(Vgg — V1)), where m is the decision
slope, Vgg and V[ is the subjective value of immediate and
delayed option, respectively. Individual discounting rates
were determined as the value k that maximized the likeli-
hood of the observed choices. We used log-transformed &
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to represent impulsive choice (logk) based on prior studies
(Van Den Bos et al. 2015; Wang et al. 2016).

Brain imaging data acquisition

All structural and resting-state functional MRI images were
acquired on a Siemens 3 T Trio scanner (Siemens Medical
Systems, Erlangen, Germany). One session of high-resolu-
tion T1-weighted structural images were acquired by using
a Magnetization Prepared Rapid Acquisition Gradient-Echo
(MPRAGE) sequence: TR/TE =1900 ms/2.52 ms; inver-
sion time (TI) =900 ms; Flip angle=9°; FOV =256 X256
mm?; Slice = 176; thickness = 1.0 mm; voxel size=1x1x 1
mm°. Resting state functional MRI images were collected
based on the Gradient Echo type Echo Planar Imag-
ing (GRE-EPI) sequence; TR/TE =2000 ms/30 ms; Flip
angle =90°; Resolution matrix =64 X 64; FOV =220 x 220
mm?; Thickness =3 mm; slip gap =1 mm; acquisition voxel
size=3.4x3.4x4 mm’>. A total of 32 slices were acquired
to cover the whole brain. The resting state fMRI images
contained 242 volumes with a running time of 8 min 4 s.
During the resting-state scanning, all subjects were required
to relax and keep their eyes closed but not to sleep (Damoi-
seaux et al. 2006).

Resting-state fMRI preprocessing

The resting-state fMRI data were preprocessed using Data
Processing Assistant for Resting-State fMRI (DPARSF,
https://resting-fmri.sourceforge.net/) implemented in the
MATLAB (Math works, Natick, MA, USA) platform. The
first 10 volumes of each participant were discarded due to
the magnetization disequilibrium and the subject’s adapta-
tion to the scanning noise. The remaining 232 volumes were
slice-timing corrected and then realigned to the middle slice
of the brain to correct for head motion. All realigned images
were spatially normalized to the MNI template, resample
into 3 x 3 x3 mm? resolution, and then smoothed with an
isotropic 8 mm FWHM Gaussian kernel. White matter, cer-
ebrospinal fluid, global signal, and six motion parameters
for head movement were regressed out as nuisance vari-
ables to reduce the effects of head motion and non-neuronal
BOLD fluctuations (Fox et al. 2005). Temporal filtering
(0.01-0.08 Hz) and voxel-wise linear detrending were also
applied to the resting-sate fMRI data (Shin et al. 2014).

Resting-state functional connectivity (RSFC)
analysis

Sub-regions of striatum were firstly defined based on the
Harvard—-Oxford Structural Atlas, a validated probabilistic
atlas included in FSL. In this atlas, each voxel is assigned
a value that corresponds to its probability of belonging
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to a given parceled region. In this study, we selected a
50% probability-weighted striatum atlas that included
three sub-regions such as the bilateral caudate, putamen,
and NAcc because the lateralization effects were not
highlighted in previous studies. Seed-based resting-state
functional connectivity maps were produced by extracting
the BOLD time course from each seed region and then
computing the correlational coefficients between that time
course and the time courses from all other brain voxels.
The correlational coefficients were converted to a normal
distribution through Fisher’s Z transform and then selected
for further analyses, including the univariate and multi-
variate pattern analysis. In univariate analysis, group-level
analyses were conducted by using a mixed-effects model
(FLAME) implemented in FSL. Corrections for multiple
comparisons were performed at the cluster level using
Gaussian random field theory (voxel wise threshold z> 3.1
and cluster wise FWE corrected p < 0.05) (Eklund et al.
2016).

Support vector regression (SVR) analysis

The preprocessed RSFC data were employed to predict
individual logk using an Epsilon-insensitive support vec-
tor regression (SVR) (Drucker et al. 1997) with a linear
kernel, as implemented in PyMVPA (Multivariate Pattern
Analysis in Python; https://www.pymvpa.org/). A search-
light procedure with a three-voxel radius (Kriegeskorte
et al. 2006) was utilized to produce the decoding accuracy
in the neighborhood of each voxel. Following previous
studies (Jimura and Poldrack 2012; Wang et al. 2016; He
et al. 2013), we set the € parameter in the SVR to be 0.01.

A ten-fold cross-validation was applied. The 429 par-
ticipants were divided into 10 groups of 42 or 43 par-
ticipants, with matched gender as well as matched logk,
depending on the specific analysis. Firstly, age and gender
were regressed out from RSFC of sub-regions of striatum
and the residual were further subjected to SVR. Then, for
each iteration, an SVR model was trained based on 386 or
387 participants. Once trained, this SVR model then gen-
erated a prediction from the score of the excluded 42 or 43
participants based on corresponded imaging data. Voxel-
wise accuracy of SVR prediction was then calculated as
the Pearson’s correlation coefficient between actual and
predicted values of the logk and then transformed to the
corresponding Z-score maps. To control the effect of head
motion on RSFC, individuals’ mean FDs were additionally
regressed out and the residual were subjected to SVR in
validation analysis. Multiple comparisons were corrected
at the cluster level for each analysis (voxel wise threshold
z>3.1 and cluster wise FWE corrected p < 0.05)(Eklund
et al. 2016).
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Univariate correlation analysis

To further explore the direction of correlation between
functional connectivity and behavioral delay-discount-
ing rate (logk), we selected the significantly predicted
multivariate brain region as the seed regions, and then
extracted the average functional connectivity strength
respectively with the subregions of striatum. Then, we
calculated the correlational values between them and
behavioral discounting rate (logk). Due to the double
dipping problem, only relevant directions (i.e., positive
or negative trend) but not the r and p value were further
reported in our study.

Results
Behavioral results

The mean discounting rate (logk) assessed by the hyper-
bolic function was — 1.96 +0.49 and its range was from
— 3.64 to — 0.75. The mean FD was 0.11 +0.04 and its
range was from 0.04 to 0.26. There was not a significant
correlation between the logk and head motion (r=— 0.03,
p=0.61), which suggests that head motion has a limited
impact on consequent analysis. In addition, gender differ-
ences were also not observed in impulsivity (7(4,7,=1.20,
p=0.231).

(a) NAcc-based RSFC

(d) NAcc-based vs. Caudate-based RSFC (e) NAcc-based vs. Putamen-based RSFC (f) Caudate-based vs. Putamen-based RSFC

.'\N

Fig. 1 Resting-state functional networks related to the NAcc-, cau-
date-, and putamen-seed regions and their functional network com-
parisons between them. (a—c), respectively, illustrates the functional
networks of the striatum subdivisions. Red color indicates positive

RSFC network differences among the network
of sub-regions of striatum

Figure 1 illustrates the functional networks of different stri-
atum subdivisions and their network differences between
them. In particular, significant functional connectivity with
the NAcc seed regions was predominantly observed with the
ventral medial prefrontal cortex (Fig. 1a) whereas significant
functional connectivity with the caudate and putamen seeds
regions was respectively found with the dorsal prefrontal
cortex (Fig. 1b) and dorsal motor-related brain regions
(Fig. 1c). In addition, stronger functional connectivity with
the NAcc seed than the caudate seed was found in the ven-
tral prefrontal cortex (vmPFC), posterior cingulate cortex
(PCC), temporal lobe, hippocampus, and posterior occipital
cortex (Fig. 1d, red areas) whereas stronger functional con-
nectivity with the caudate seed than the NAcc was observed
with the dorsal prefrontal cortex, SMG, mid-cingulate cor-
tex, interior temporal cortex and insula (Fig. 1d, blue areas).
Similarly, stronger functional connectivity with the NAcc
seed than the putamen seed was found with the vmPFC,
PCC, temporal pole, and hippocampus (Fig. le, red areas)
whereas stronger functional connectivity with the putamen
seed than the NAcc seed was observed in the dorsal pre-
frontal cortex, supplementary motor areas (SMA), precentral
and postcentral gyrus, insula, and medial occipital cortex
(Fig. le, blue areas). In contrast, stronger functional con-
nectivity with the caudate seed than putamen seed was found
in ventral and dorsal medial prefrontal cortex, PCC, interior
temporal cortex, SMG, and frontal pole (Fig. 1f, red areas)

Putamen-based RSFC

= N

functional connectivity with the different seeds whereas blue indi-
cates negative functional connectivity with different seeds. (d—e) Dis-
plays functional network comparisons between distinct seeds-based
networks
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whereas stronger functional connectivity with the putamen
seed than the caudate seed was observed in the SMA, pre-
central and postcentral gyrus, and occipital cortex (Fig. 1f,
blue areas). These findings suggest that striatum subdivi-
sions respectively projected to distinct regions of prefrontal
cortex, which may form distinct neural circuitries underlying
different aspects of impulsivity.

NAcc-based RSFC’s associations
with delay-discounting rate

Firstly, we explored whether NAcc-based functional net-
work predicts logk using MVPA. Our findings revealed
that logk could be successfully predicted by the RSFC
between the bilateral NAcc and limbic-prefrontal cortex,
including the left medial orbitofrontal cortex extending to
vmPFC (mOFC; peak point MNI=— 14, 30, — 24, Z=4.01),
right dorsolateral prefrontal gyrus (DLPFC; MNI =26, 0,
64, Z=13.29), and right frontal pole (FP; MNI =24, 66, 0,
Z=4.05) (Fig. 2a). Other brain regions showing similar pre-
diction accuracy included the left precuneus (MNI=— 6,
— 46, 52, Z=4.42), right lingual gyrus (MNI=18, — 48,
— 8, Z=4.39), left central opercular cortex (MNI=— 54,
— 14, 14, Z=4.36), right frontal opercular cortex (MNI=36,
18, 6, Z=4.10), and right occipital pole (MNI=18, — 100,
6, Z=4.08) (Table 1). To probe the direction of the associa-
tion between fronto-striatal RSFC and logk, further correla-
tional analysis indicated that decision impulsivity (logk) was
negatively correlated with the RSFC between the NAcc and

(b)

NAcc-seed-region

~

~DLPFC

.
\ FEC FP
P

0.049

e
E]
2
3
£
o
b
g
g
<
z
Y)
e
&
=
a

FP-NAcc FC (residual)
& o
o
=3

mOFC/VMPFC-NAcc FC (residual)

Caudate-seed-region

g
o
X

2 -0 4 3 2 -
logk logk

Fig.2 MVPA and univariate results on the associations between dis-
sociable fronto-striatal functional connectivities and delay discount
rate (logk) after controlling for age and gender. (a—c) respectively
illustrates the predictions of RSFC of the striatum subdivisions such
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DLPFC, but positively correlated with the RSFC between
the NAcc and mOFC/VMPFC and FP (Fig. 2d).

Caudate-based RSFC’s associations
with delay-discounting rate

Using bilateral caudate as seed regions, we found that logk
could be predicted by the RSFC between this seed region
and the dorsal portions of the prefrontal cortex, including
the right DMPFC (MNI=12, 48, 24, Z=4.41), right DLPFC
(MNI=18, 12, 66, Z=3.76), and right middle frontal gyrus
(MFG; MNI =34, 12, 52, Z=4.17)(Fig. 2b). Other brain
regions showing similar prediction accuracy included the
right supracalcarine (MNI=16, — 64, 18, Z=4.08), left
postcentral (MNI=— 60, — 6, 24, Z=5.02), right lateral
occipital cortex (LOC; MNI=48, — 78, 0, Z=3.90), right
supramarginal gyrus (SMG; MNI=54, — 42, 20, Z=3.72),
and right Heschl’s gyrus (MNI=48, — 20, 12, Z=5.26)
(Table 1). Similarly, correlational analysis revealed that
individual’s decision impulsivity (logk) was positively corre-
lated with all fronto-caudate coupling (Fig. 2e). Conjunction
analysis revealed no common region between NAcc- and
caudate-based RSFC associations with delay-discounting
rate.

Putamen-based RSFC’s associations
with delay-discounting rate

Unlike our observations with the NAcc and caudate, logk
was not predicted by the RSFC between the bilateral

Putamen-seed-region

DMPFC-caudate FC (residual)
MFG-caudate FC (residual)

as the NAcc, caudate, and putamen on individual’s impulsivity. (d)
and (e) exhibits the correlations between fronto-NAcc and fronto-cau-
date functional connectivity and logk
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Table 1 Brain regions

. Brain regions L/R No of voxels MNI coordinates Z

that RSFC of the striatum

subdivisions predicted delay X y z

discounting rate in multivariate

analysis after controlling for age NAcc-Seed RSFC

and gender Medial OFC L 86 - 14 30 —-24 4.01
SFG R 85 26 0 64 3.29
Frontal pole R 90 —-24 66 0 4.05
Frontal opercular cortex R 124 36 18 6 4.10
Central opercular cortex L 186 - 54 - 14 14 4.36
Precuneus L 101 -6 —46 52 4.42
Lingual gyrus R 108 18 - 48 -8 4.39
Occipital pole R 103 18 — 100 6 4.08

Caudate-seed RSFC
DMPFC R 175 12 48 24 441
SFG R 137 18 12 66 3.76
Middle frontal cortex R 133 34 12 52 4.17
Postcentral gyrus L 138 - 60 -6 24 5.02
SMG R 112 54 —-42 20 3.72
LOC R 115 48 —-78 0 3.90
Supracalcarine R 142 16 - 64 18 4.08
Heschl’s gyrus R 175 48 -20 12 5.26
Putamen-seed RSFC

Occipital Fusiform gyrus L 85 —40 -72 - 12 4.42

OFC orbitofrontal cortex, SFG superior frontal gyrus, DMPFC dorsomedial prefrontal cortex, SMG supra-
marginal gyrus, LOC lateral occipital cortex, L left, R right

putamen and the prefrontal cortex, though it was predicted
by the RSFC between the bilateral putamen and the left
occipital fusiform gyrus (MNI=— 40, — 72, — 12, Z=4.42)
(Table 1 and Fig. 2c). Conjunction analysis revealed no
overlapping region between these three seed-based RSFC
conditions.

When additionally controlling for head motion, the
above-mentioned findings still remained significant (Figure
S1 and Table S1). Therefore, these findings suggested that
head motion did not influence the prediction of fronto-stri-
atal RSFC upon choice impulsivity through the multivariate
pattern analysis.

Discussion

This study used multivariate pattern analysis and a relatively
large sample data to examine the extent to which fronto-
striatal functional connectivity predicts choice impulsiv-
ity, assessed by the adaptive delay-discounting task. Our
results indicated that the functional couplings between
the NAcc and MPFC/DLPFC and between the caudate
and DLPFC including DMPFC could successfully predict
individual’s delay-discounting rate (logk). However, such
associations were not replicated for the functional connectiv-
ity between the putamen and prefrontal cortex. To the best

of our knowledge, this is the first work to systematically
and comprehensively delineate the contributions of distinct
fronto-striatal functional couplings upon choice impulsivity
combined with multivariate pattern analysis in a relatively
large sample. These findings suggest that choice impulsivity
may largely depend on dissociable fronto-striatal functional
circuitries. This work further provides a better understanding
of the importance of fronto-striatal circuitry on decision-
making from the perspective of individual differences.
Ample imaging studies have especially emphasized
the critical contributions of the valuation system includ-
ing the NAcc, vmPFC, and mOFC on choice impulsivity
(Peters and Biichel 2011; McClure et al. 2004). Such neural
system’s oversensitivity to immediate reward was associ-
ated with higher choice impulsivity, which has been con-
sidered as one of the potential neural substrates of choice
impulsivity (McClure et al. 2004, 2007). Additionally, top-
down cognitive control is able to modulate this system’s
activation in response to reward-related options to reduce
choice impulsivity via biasing attention to delay option or
weighting the future goals (McClure et al. 2004, 2007; Luo
et al. 2009). In accordance with these findings, the func-
tional coupling between the NAcc and mOFC/vmPFC and
between the NAcc and DLPFC indeed predicted individu-
al’s choice impulsivity via a multivariate pattern analysis
approach in present study. Such findings are also consistent
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with previous studies that suggest associations between
the fronto-striatal structural (Hampton et al. 2017; van den
Bos et al. 2014, 2015), functional connectivity (Wang et al.
2016; Christakou et al. 2011), and the delay-discounting
rate. Therefore, choice impulsivity might largely rely upon
interactions within the valuation system and between the
valuation system and cognitive control systems, through
the different fronto-striatal connectivity patterns involved
in these processes.

Dorsal striatum, mainly composing of the caudate and
putamen, is involved in choice impulsivity and has been
thought to associate with executive control (Eagle et al.
1999), cost overcoming (Benningfield et al. 2014), and deci-
sion value (Cai et al. 2011). Moreover, structural alteration
in the dorsal striatum (i.e., caudate and putamen) was also
correlated with choice impulsivity (Tschernegg et al. 2015).
Interestingly, the functional connectivity between the cau-
date and DLPFC was found to be predictive of impulsive
scores in present study. This is consistent with previous
research that indicates the close associations between choice
impulsivity and dorsal striatum-DLPFC white matter con-
nectivity (Hampton et al. 2017). As such, we speculate that
top-down cognitive control processes might down-regulate
the value computation, executive function, and costs over-
coming substrated by the caudate to reduce individual’s
impatience.

More interestingly, we observed that caudate-DMPFC
functional connectivity could predict behavioral scores in
choice impulsivity. The DMPFC is functionally thought to
represent the subjective value of delayed rewards (Wang
et al. 2014) and has been also implicated in high-level cogni-
tive control processes (Ramnani and Owen 2004; Venkatra-
man et al. 2009) and exploratory decision (Daw et al. 2006),
as well as is responsible for encoding information in rela-
tion to future, low certainty, or less tangibility (Bechara and
Damasio 2005). In addition to the caudate’s influence upon
decision value, it may also be involved in choice impulsiv-
ity. That is, the subjective value of delayed options may be
computed in the DMPFC and then subsequently compared
by the caudate to make an adaptive decision. Such specula-
tion still needs to call for empirical study to bridge the gap
between theoretical hypothesis and experimental evidence
via task-based fMRI design in future.

It should be noted, however, that in present study, we
did not observe similar prediction patterns for putamen-
prefrontal functional connectivity in choice impulsivity.
Relative to the NAcc and caudate brain areas, the putamen
is predominantly involved in motor execution (Morein-
Zamir and Robbins 2015) and has functional connections
with motor-related cortical regions such as premotor, sup-
plementary motor areas (SMA), and preSMA (Di Martino
et al. 2008). Importantly, our previous study has demon-
strated the dissociated neural substrates between choice
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impulsivity and action impulsivity (Wang et al. 2016),
which might imply that choice impulsivity does not rely
on the putamen-prefrontal/motor cortices functional con-
nectivity but still recruits the engagement of single brain
region of putamen. In keeping with this speculation, some
studies have likewise reported the associations of puta-
men functional activations and structural metrics in choice
impulsivity (Tschernegg et al. 2015).

In this study, a multivariate pattern analysis approach
and relatively large sample data were utilized to explore
the underlying neural substrates of impulsive choice from
the perspective of individual differences. Our findings not
only promoted a deeper understanding of the neural basis
of inter-temporal choice but also further emphasize the
importance of dissociable fronto-striatal functional cou-
pling patterns in inter-temporal choice. Although other
studies have shown that striatal subdivision-related func-
tional networks were inter-connected, we emphasized dif-
ferent nodes from a micro perspective. Additionally, it is
necessary to further substantiate these findings in other
independent samples and to implement clever experimen-
tal designs that can distinguish specific mental processes
related to distinct fronto-striatal functional connectivities
in impulsive choice. It is worth noting that 101 adoles-
cents (age 17-18) were included in our analysis but no
significant group differences between this group and adults
group were observed in impulsivity scores (Z457,=0.580,
p=0.494) and in NAcc-/Caudate-based functional con-
nectivity. Furthermore, adolescence period only altered
the putamen-based functional coupling with VMPFC
(MNI=- 3, 42, 0) but not the left occipital fusiform gyrus
found in main analysis. Such findings hint that neurode-
velopment changes from adolescence to adulthood may
do not influence our key conclusion of different fronto-
striatal loops supporting impulsivity. Additionally, this
study is correlational in nature and cannot provide a causal
description between fronto-striatal functional connectivity
and impulsive choice. Finally, future work may wish to
investigate white matter fiber fronto-striatal connections,
to provide cross-validation and a more comprehensive per-
spective for human choice impulsivity.

In conclusion, our study showed dissociable fronto-stri-
atal-dependent neural mechanisms of impulsivity and fur-
ther provided a better understanding of the contributions of
striatum subdivisions, as well as their functional connec-
tivity with separate areas of prefrontal cortex, upon inter-
temporal choice.
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