Received: 2 November 2023

Revised: 6 February 2024

W) Check for updates

Accepted: 20 February 2024

DOI: 10.1111/adb.13389

ORIGINAL ARTICLE

s WILEY

Increased ventral anterior insular connectivity to sports betting
availability indexes problem gambling

Damien Brevers 2 © |
Pierre Maurage® ® |

Louvain for Experimental Psychopathology
Research Group (LEP), Psychological Sciences
Research Institute, UCLouvain, Louvain-la-
Neuve, Belgium

2Department of Behavioural and Cognitive
Sciences, Institute for Health and Behaviour,
University of Luxembourg, Esch-sur-Alzette,
Luxembourg

3Department of Psychiatry, UZ Brussel,
Brussels, Belgium

“Department of Head and Skin, Ghent
Experimental Psychiatry (GHEP) Lab, Ghent
University Hospital, Ghent University, Ghent,
Belgium

SDepartment of Electrical Engineering,
Eindhoven University of Technology,
Eindhoven, The Netherlands

®Department of Psychology, University of
Southern California, California, Los Angeles,
USA

“Faculty of Psychology, Southwest University,

Chongging, China

8Lyon Neuroscience Research Center—
INSERM U1028—CNRS UMR5292, PSYR2
Team, University of Lyon, Lyon, France

?Institute of Psychology, University of
Lausanne, Lausanne, Switzerland

19Centre for Excessive Gambling, Addiction
Medicine, Lausanne University Hospitals
(CHUV), Lausanne, Switzerland

Correspondence

Damien Brevers, Louvain for Experimental
Psychopathology Research Group (LEP),
Psychological Sciences Research Institute,
UCLouvain, Louvain-la-Neuve, Belgium.
Email: damien.brevers@uclouvain.be

Funding information
Luxembourg National Research Fund (FNR),
Grant/Award Number: C18/BM/12552025

Chris Baeken®*° © | Antoine Bechara®® |

Guillaume Sescousse®

Qinghua He”’

92,10

| Claus Végele? | Joél Billieux

Abstract

With the advent of digital technologies, online sports betting is spurring a fast-
growing expansion. In this study, we examined how sports betting availability modu-
lates the brain connectivity of frequent sports bettors with [problem bettors (PB)] or
without [non-problem bettors (NPB)] problematic sports betting. We conducted
functional connectivity analyses centred on the ventral anterior insular cortex (VAl), a
brain region playing a key role in the dynamic interplay between reward-based pro-
cesses. We re-analysed a dataset on sports betting availability undertaken in PB
(n = 30) and NPB (n = 35). Across all participants, we observed that sports betting
availability elicited positive VAl coupling with extended clusters of brain activation
(encompassing the putamen, cerebellum, occipital, temporal, precentral and central
operculum regions) and negative VAl coupling with the orbitofrontal cortex.
Between-group analyses showed increased positive VAl coupling in the PB group, as
compared with the NPB group, in the left lateral occipital cortex, extending to the left
inferior frontal gyrus, the anterior cingulate gyrus and the right frontal pole. Taken
together, these results are in line with the central assumptions of triadic models of
addictions, which posit that the insular cortex plays a pivotal role in promoting the
drive and motivation to get a reward by ‘hijacking’ goal-oriented processes toward
addiction-related cues. Taken together, these findings showed that vAl functional
connectivity is sensitive not only to gambling availability but also to the status of

problematic sport betting.
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1 | INTRODUCTION

In recent years, online sports betting has become increasingly popular
and widespread among the general population, including in young
adults and adolescents.>? An inherent feature of this type of gam-
bling is that it combines macro (e.g., betting on the outcome of a
game) and micro (e.g., in-play betting) sports outcomes with the pros-
pect of winning money.® Furthermore, with the advent of online
technology design features, it is now possible to place a bet on
almost any sporting event, at any time and any place.? In this context
where sports betting is ubiquitous, merely perceiving an environmen-
tal cue related to a sport event (e.g., a game schedule) can act as a
powerful incentive to bet* Accordingly, this increased accessibility
to digitalized forms of gambling behaviours is fuelling the level of
dysregulated and problematic sports betting behaviours among
sports fans.”

In a previous functional magnetic resonance imaging (fMRI) study,
we employed a cue exposure paradigm where we manipulated gam-
bling availability through a design making sport events available or
unavailable for betting.® We showed that brain reactivity to sports
betting availability was modulated by the level of problem sports bet-
ting status. Specifically, unavailable sport events generally elicited
higher activation than available ones among frequent sports bettors
with problem gambling (i.e., problem bettors; PB), as compared with
frequent sports bettors without problem gambling (i.e., non-problem
bettors; NPB). The cluster of activation encompassed the dorsal stria-
tum, the posterior insula and the parahippocampal gyrus. This brain
pattern suggests that PB are more sensitive to the transient inaccessi-
bility of a betting opportunity than NPB.

In the present study, we further examined the brain dynamic of
gambling (un)availability using functional connectivity analyses. Spe-
cifically, in addition to examining neural activations triggered by task
conditions (i.e., available vs. non-available bets), a complementary
approach is to examine how the functional connectivity between
brain regions (i.e., psycho-physiological interaction analyses, PPI”) is
modulated by specific task conditions, and whether the functional
coupling between brain areas differs according to the level of problem
sports betting (i.e., PB vs. NPB). In other words, PPI analyses allow the
identification of functional brain networks, rather than the mere func-
tional brain activity.” Here, we were specifically interested in identify-
ing the brain areas that interact with the ventral anterior insular
cortex (VAl) when frequent sports bettors view sports events that are
available for betting, as compared with sports events that are not
available for betting.

Indeed, the insular cortex constitutes a ‘gating system’ in the

10-13 Specifically,

interplay between neurocognitive processes.
the insula has been divided into three major subregions that serve dis-
tinct functions, with the posterior insula (Pl) specializing in the proces-
sing of afferent bodily information, the dorsal anterior insula (dAl) in
higher-order executive control cognitive processes and the VAl
in emotional and reward-based processes.’°Y” Importantly, several
functional connectivity studies provided evidence for the hypothesis

that the insular cortex is a key hub for identifying interactions among
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the brain networks involved in the processing of salient-motivational

101 ‘For instance, Zhao et al.*®

cues (for a review, see previous works
highlighted that during monetary-based decision-making, the Pl is
connected to brain regions involved in sensorimotor motor processes
(e.g., supplementary motor area), the dAl is predominately connected
with brain regions commonly involved in higher cognition and execu-
tive control processes (e.g., dorsolateral prefrontal cortex), and the VAl
is preferentially connected to regions from the reward-brain system,
including the ventral striatum and the orbitofrontal cortex (i.e., the
fronto-striatal pathway; e.g., Weber et al.*®). Hence, the VAl should
specifically inform on the pattern of functional connectivity triggered
by reward processing. We thus selected the VAl as a seed region for
running PPI analyses (see Figure 1A) and posit that this brain region
allows for identifying patterns of functional connectivity triggered by
the transient availability of a reward, which corresponds here to a
sports betting opportunity.

To examine this research question, we conducted vAl-centred
PPl analyses using the dataset of our previously published fMRI on
sports betting availability among PB (n = 30) and NPB (n = 35).° In
this previous work, we found extended bilateral vAl activations when
contrasting cues available for betting against cues non-available for
betting across the whole groups of participants (N = 65; see
Figure 1B). Based on this pattern of insular activation, we decided to
focus the present PPl analyses on the contrast ‘available betting
minus non-available betting’. Based on the literature on insular-based
PPI, we could expected that, for our whole sample and by contrast
with sports cues non-available for betting, sports cues available for
betting would trigger increased positive coupling between the vAl and
regions involved in the brain-reward pathway, including the ventral
striatum and the orbitofrontal cortex. However, in our previous
study,® we observed higher orbitofrontal and ventral striatal activation
in the non-available condition, rather than the available betting condi-
tion. It might thus be possible that a negative coupling between the
VAl and these two brain regions is observed. Accordingly, by using a
whole brain approach, we expected to observe increased vAI PPI with
the orbitofrontal cortex and the ventral striatum during sports betting
availability. Based on existing evidence, we expect a positive and neg-
ative vAi coupling with these regions (especially with the orbitofrontal
cortex).2°Y7 In addition, based on previous fMRI findings obtained
with our sports betting availability task, negative PPl could be
expected. These positive and negative dynamics of brain connectivity
likely reflect the complex nature of the interactions between the
insula and the so-called bottom-up impulsive and top-down reflective
systems. Specifically, dual-process models posit that the motivational
salience carried by reward-related cues may (i) sensitize or exacerbate
the activity of the reward-based ‘impulsive’ limbic system and
(i) lower down high-order cognitive resources of the prefrontal
‘reflective’ system.'?~23 Nevertheless, reward cue reactivity does not
necessarily lead to weaker or hypoactive cognitive control but may
instead redirects attention and executive control resources toward
reward consumption-related goals, thereby leading to an increase of
activation within prefrontal ‘reflective’ regions.?4~?® The insula has

emerged as a primary neural hub in these dynamic interplays between

95U8917 SUOWILLIOD SAITeRID 3|qed!(dde ay) Ag peusenoB a.e saja1e O ‘8sn J0 SajnJ 1o Axeiq i aul U AS|IM UO (SUONIPUOD-PUR-SWRIAL0D AS | 1M ARe1q)1BUIIUO//:SAY) SUONIPUOD pue SWIS 1 8U) 89S *[202/2T/6T] Uo Akelqiauliuo AS|IM ‘68EET qPe/TTTT OT/I0P/WO0d A3 1M ARelq 1 jBU1|UO//:ScY WOJj popeo|umod ‘€ ‘7202 ‘009T69ET



BREVERS ET AL.

FIGURE 1

limbic and prefrontal systems. Specifically, the (anterior) insula inte-
grates autonomic and visceral signals into reward-motivational

2930 \which could modulate the balance between the impul-

functions,
sive and reflective neural systems when facing reward-related
cues.2®1%31 Accordingly, we have no a priori hypotheses regarding
the directionality of the pattern of insular-based connectivity
(i.e., either positive or negative PPI). We combined an exploratory
(i.e., directionality of the PPI) and a confirmatory (i.e., the focus on the
ventral anterior part of the insular cortex, the expected vAl coupling
with the orbitofrontal cortex and the ventral striatum) approaches to
examine the patterns of functional connectivity triggered by the tran-
sient availability of a reward.

In addition to examining VAl functional connectivity in the con-
text of gambling availability across a whole sample of frequent
sports bettors, the second main goal of this study is to examine
whether patterns of vAl PPI differ according to the level of problem
sports betting (i.e., PB vs. NPB). Triadic models of addiction advance
that the insular cortex plays a pivotal role in promoting the
drive and motivation to get a reward by sensitization in the brain's
mesolimbic and mesocortical dopamine ‘impulsive’ systems and by
‘hijacking” goal-oriented ‘reflective’ processes toward addiction-
related cues at the expense of inhibitory control resources.>>~%° Spe-
cifically, across repetitions of gambling behaviour, stimuli that signal
the accessibility of a gambling-related reward induce sensitization in
the brain's mesolimbic and mesocortical dopamine systems.3>#1-44

This level of incentive salience is especially high in individuals who
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(A) lllustration of the bilateral vAl seed mask obtained from Chang et al.!* https://neurovault.org/collections/13/; the bilateral vAl
mask is available at https://neurovault.org/collections/KLCKYNIT/); (B) overlap between the VAl seed mask (in green) and pattern of brain
activation obtained by Brevers et al. on the ‘available minus non-available betting’ contrast.

maintain their level of gambling habits despite experiencing
gambling-related harms. This pattern has been demonstrated by neu-
roimaging studies that highlighted increased functional connectivity
in individuals with gambling disorder when exposed to gambling-
related cues (for a review, see the literature?**°). For example,
Limbrick-Oldfield and colleagues*® observed increased positive func-
tional coupling between the insular cortex, and ‘impulsive’ (the stria-
tum) and ‘reflective’ (the superior frontal gyrus) brain regions in
problem gamblers, as compared with non-gambling controls, when
these individuals were exposed to gambling-related cues. We thus
expect that, as compared with NPB, PB will exhibit higher positive
VAI functional connectivity, and especially with the ventral striatum,
when viewing sport cues available for betting. Accordingly, we
employed a confirmatory approach (i.e., the focus on the ventral
anterior part of the insular cortex, the expected positive VAI cou-
pling with the ventral striatum) to examine the differential patterns
of functional connectivity triggered by the transient availability of a
reward between NPB and PB.

2 | METHODS
21 | Participants

The dataset is taken from the 65 football (i.e., soccer) fans that par-

ticipated in Brevers et al.® study (61 males, mean age 26.04 years,
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standard deviation [SD] = 5.63, range: 19-51; see supporting infor-
mation for details on the recruitment procedure; gender and age
data are available at https://osf.io/dkrhw). All participants gave writ-
ten informed consent to the experimental procedure, which was
approved by the institutional review boards of University of
Luxembourg (ERP 19-035) and Ghent University (EC/2019/0410).
All participants were right-handed and had normal or corrected-
to-normal vision. We excluded participants who self-reported past
or present treatment for problem gambling. Participants were
advised to avoid drinking alcohol in the 24 h prior to participating in
the scanning session. Participants received a fixed amount of
50 euros as a compensation for their participation, plus the money
actually won in the sports betting task (up to 20 euros). Participants
filled out the Problem Gambling Severity Index (PGSI)*” while
reflecting on their sports betting behaviours. Based on clinical norms
provided by the PGSI*® 35 participants were classified as nonpro-
blem bettors (NPB; PGSI < 3, mean = 0.57, SD = 0.66; range: 0-2),
and 30 as moderate to high-risk gamblers (labelled problem bettors,
PB; PGSI = 3, mean = 6.33, SD = 3.21; range: 3-17; PGSI data are
available at https://osf.io/dkrhw).

BREVERS ET AL.

2.2 | Experimental task and MRI procedure

The cue-exposure task from Brevers et al.® (see Figure 2) depicted
football games cues that appeared on a screen (task length ~ 18 min
and 40 s). Prior to the scanning session, participants received task
instructions. We asked them to look attentively at each cue and
informed them that the task consists of two types of trials, ‘available’
and ‘non-available’. The games displayed in the ‘available’ condition
were available to the participant for betting at the end of a 10-trial
block. The games in the ‘non-available’ condition were not open for
betting; instead, participants were asked to merely observe. See sup-
porting information for a detailed description of the cue-exposure
task and MRI procedure.

2.3 | Data acquisition and image pre-processing
These MRI methodological steps correspond to those employed and
described in Brevers et al.® This information is fully detailed in supple-

mentary materials.

Or

2sec
This weekend

Saint-Etienne PSG

Next weekend

o (RN

Home T( Saint-Etienne

PSG

stim: 1sec

ITl: 1.7-2.6sec

“not available” cue: 4.8sec

Real Betis

Alletico Madrid

Al

ITI: 1.7-2.6sec \—|

stim: 1sec

ITI: 1.7-2.6sec

“available” cue: 4.8sec

After every 10 trials L]

overview slides: 8sec

.
N\ || O @

Real Betis Atletico Madrid

Home Team Visiting Team

Select one item for betting

o & 000 ¢ 98

FIGURE 2 Cue-exposure task. Examples of sport cues used and of one overview slide. Participants viewed cues representing real sport
events that will take place soon and made available or blocked for betting. Participants were instructed to choose, after a run of 10 trials, the
team they wanted to bet on. The red frame and the cross signal a trial non-available for betting. The green frame and the check mark indicates a

trial available for betting.
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2.4 | VAl centred brain connectivity analyses

We performed PPI analyses on the task contrast ‘available minus non-
available betting’ (i.e., the blood-oxygen-level-dependent, BOLD,
activity during the 4.8 s onset of ‘available betting’ and ‘non-available
betting’ trials; see Figure 2). To this aim, we modelled the brain imag-
ing data using an event-related general linear model (GLM) within
FSL's improved linear model (FILM) module. We first transformed
bilateral vAl seed mask (obtained from Chang et al.'#; see Figure 1A)
into individual space using FLIRT. Next, a time series of significantly
activated voxels in the VAl seed mask was extracted for each partici-
pant. A first-level PPl model was then set up using FSL including the
following user-specified regressors: (1) the time course of the seed
region; (2) the parametric regressor coding for the task contrasts and
(3) the regressor coding the interaction term, that is, the positive
and negative multiplications of time course and the task contrast.
Single-subject contrast images for each of these regressors were
created.

Each subject's PPl contrast image for the interaction regressor
was then entered into a second level random-effect model for group
analysis across all participants (N = 65). We also computed a second
level random-effect model for between-group analysis to compare
NPB (n = 35) to PB (n = 30). All group analyses were performed using
FSL FMRIB's local analysis of mixed effects (FLAME 1), with a height

FIGURE 3 Whole group
PPI. A, there was extended
pattern of positive vAl-centered
PPI (in red); B, negative VAI-
centred PPl with the orbitofrontal
cortex (in blue). All images were
thresholded using FSL FLAME
with a height threshold of z > 3.1
and a cluster probability of

p < 0.05, FWE corrected for
multiple comparisons across the
whole brain. Left on right.
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threshold of z>3.1 and a cluster probability of p <0.05
(as recommended by Eklund et al.*), family-wise error (FWE) cor-

rected for multiple comparisons across the whole brain.

3 | RESULTS

3.1 | Whole group PPI findings

Across the whole sample (N = 65), for the ‘available minus non-
available trials’ contrast, the analyses identified both positive and neg-
ative PPI (see Figure 3). We observed a positive PPI (see Figure 3A)
between the VAl seed and cluster peak activation in the left lateral
occipital cortex (voxel cluster size = 2,764, peak = —20, —62,54;
Zmax = 5.40; voxel cluster size =1,334, peak = —26, —74,26;
Znax = 4.76), cerebellum (voxel cluster size = 1711, peak = —8, —60,
—22; Znax = 4.69), left precentral gyrus (voxel cluster size = 671,
peak = —50, —6,24; Z,...x = 5.24; voxel cluster size = 163, peak = 50,
—10,36; Zinax = 3.89), brainstem (voxel cluster size = 575, peak = —4,
—28, —4; Zynax = 5.11), left superior temporal gyrus (voxel cluster
size = 475, peak = —52, —20, 4; Z,.x = 4.70), left frontal operculum
cortex (voxel cluster size = 270, peak = —44, 10, O; Zyax = 6.65),
right superior temporal gyrus (voxel cluster size = 232, peak = 56,

—16, 2; Zyax = 4.81) and right putamen (voxel cluster size = 144,

85US01 7 SUOWILLIOD BAIERID 3|ded|dde 3y} Aq paueA0B 88 SS[1e YO ‘SN J0 S8INJ J0j ARIq1T 3UIIUO AB]1/V\ UO (SUO 3 IPUCD-pUB-SLULIBYWO0D A8 | M ARJq 1 BU1|UO//SA1Y) SUORIPUOD PUe SWie 1 84} 83S " [7202/2T/6T] U0 A%iqiT aulluo A8 |1M ‘68EET APR/TTTT OT/I0P/W00 A8 1M Aeiq Ul u0//SARY Wol4 papeojumoq ‘€ ‘%202 ‘009T69ET



60f10 —
510 | \WiLE Y — I

peak = 20, 12, —6; Z.x = 4.41). Negative PPl (see Figure 3B) was
observed between the vAl seed and the orbitofrontal cortex (voxel
cluster size = 219, peak = 18, 32, —20; Zyax = 4.53; voxel cluster
size = 135, peak = —6, 24, —14; Z,,.x = 4.40).

To further determine the directionality of the PPI findings, we
undertook additional PPI analyses with the two simple contrasts:
‘available betting (minus implicit baseline)’; ‘non-available betting
(minus implicit baseline)’. We created two region of interest (ROI)
masks from the cluster of voxels with significant positive
(ROI_PPI_positive) and negative (ROI_PPI_negative) PPI for the ‘avail-
able minus non-available’ contrast, respectively (see Figure S1Ai in
supplementary materials). Using these two masks, we performed two
separate ROl analyses (with a height threshold of z > 3.1 and a cluster
probability of p <0.05) on the ‘available betting’ and the ‘non-
available betting’ contrasts. When using the ROI_PPI_positive mask
for the ‘available betting’ contrast, we observed significant positive
PPl in all clusters of voxels obtained with the ‘available minus non-
available’ contrast (see Figure S1Aii in supplementary materials).
When undertaken for ‘non-available betting’ contrast, the ROI_PPI_-
positive mask resulted in a less extended positive PPl or an absence
of significant positive PPI in the clusters of voxels obtained with the
‘available minus non-available’ contrast (see Figure S1Aiii in supple-
mentary materials). No significant negative PPl was observed with
ROI_PPI_positive mask (for either ‘available betting’ or ‘non-available
betting’). When using the ROI_PPI_negative mask for the ‘available
betting” contrast, we observed significant negative PPI in the orbito-

frontal cortex cluster (see Figure S1Bii in supplementary materials).

When undertaken for ‘non-available betting’ contrast, no significant

BREVERS ET AL.

negative PPl was observed in the orbito-frontal cortex. No
significant positive PPl was observed with ROI_PPI_negative mask
(for either ‘available betting’ or ‘non-available betting’). These supple-
mentary analyses confirm that the ‘available betting’ condition trig-
gered increased (positive and negative) PPI, as compared with the
‘non-available betting’ condition.

3.2 | Between-group PPI findings

We observed a between-group difference in the left lateral occipital
cortex (voxel cluster size = 164, peak = —58, —66, 32; Z.x = 4.02;
see Figure 4, Ai). When using a more lenient height threshold of
z > 2.3 (see Figure 4, Aii), we observed an extension of the between-
group difference in left and right inferior frontal gyri (voxel cluster
size = 835, peak = —48, 38, 4; Z,.x = 4.10), anterior cingulate gyrus
(voxel cluster size = 562, peak = —2, 32, —4; Z,ax = 3.71) and frontal
pole (voxel cluster size = 482, peak = 46, 48, 10; Z,.x = 3.45).

To determine the directionality of the PPI between-group effect,
we created an ROl mask from the cluster of voxels with significant
between-group PPI effect obtained in the left lateral occipital cortex.
Using this mask, we performed ROI analyses (with a height threshold
of z > 3.1 and a cluster probability of p < 0.05) by extracting parame-
ter estimates (PE) for each participant and separately for the addi-
tional whole brain simple contrasts: ‘positive PPl for available trials’;
‘negative PPI for available trials’; ‘positive PPI for non-available trials’;
and ‘negative PPI for non-available trials’. We only obtained signifi-

5

cant ROI activation for the contrasts ‘positive PPl available’ and

|)| ~

PE_available

PE_non-available

°

0o

0.5

NPB B NPB PB
(n=35) (n=30) (n=35)  (n=30)

FIGURE 4 Between-group PPI differences. (Ai) when using a threshold of z > 3.1, a between-group difference was observed in the left lateral
occipital cortex; (Aii) when using a height threshold of z > 2.3, between-group differences extended in the left inferior frontal gyrus, the anterior
cingulate gyrus, and the right frontal pole. (B) The red dot of box plots represent mean parameter estimate (PE) in the NPB (n = 35) and PB

(n = 30) groups within the cluster of voxels showing significant activation in the left lateral occipital cortex (obtained with the threshold of

z > 3.1) for the ‘available minus baseline’ (left panel) and the ‘non-available minus baseline’ (right panel) contrasts. Left on right.
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‘positive PPl non-available’. We then plotted the mean PE in group
(NPB and PB) obtained for these two contrasts (see Figure 4B). In
addition, post-hoc independent sample t-tests revealed moderate evi-
dence for between-group difference on the PE for the contrast ‘posi-
tive PPl for available trials’ (Bayes factor 10 = 3.32, Cohen's
d = 0.62), but no evidence for between-group difference for the con-
trast ‘positive PPl for non-available trials’ (Bayes factor 10 = 0.27,
Cohen'sd = 0.11).

4 | DISCUSSION

This study examined ventral anterior insular (vAl) functional connec-
tivity patterns in the context of sports betting availability. These PPI
patterns were investigated by capitalizing on an existing database
from a previous study by Brevers et al.® where a sample of frequent
sports bettors with (PB) and without problem gambling (NPB) were
exposed to sports cues that were made available or unavailable for
betting.

By using a whole brain approach across the whole sample of par-
ticipants, we observed both positive and negative vAl-centred PPI
when sports bettors were exposed to sports events that were avail-
able for betting. The positive pattern of PPl includes extended clusters
of brain activation, including the putamen, the cerebellum, occipital,
temporal, precentral and central operculum regions. Such extended
patterns of PPI signal the multi-process nature of vAl-centred brain
network that was triggered by sports betting availability. In striking
contrast, the negative pattern of vAl PPl only concerns the frontal
orbitofrontal cortex. Hence, as expected, we observed VAl coupling
with striatal and orbitofrontal regions. The striatal activation was
located in the ventral part of right putamen, but not in the nucleus
accumbens (i.e., ventral striatum) as predicted. However, like the ven-
tral striatum, the ventral parts of the putamen and caudate, are also
largely connected to ventral prefrontal and limbic regions thought to
be involved in motivation and emotion, respectively.>®

These patterns of striatal and orbitofrontal vAl coupling complete
well the findings obtained in our previous study through functional
brain activity analyses.® Specifically, supplementary PPl analyses
undertaken separately for whole brain simple contrasts (i.e., ‘positive
PPI for available trials’; ‘negative PPI for available trials’; ‘positive PPI
for non-available trials’; and ‘negative PPI for non-available trials’)
revealed that our observed between-group PPI effect is driven by an
increased positive VAI coupling to available betting in the PB group
compared with the NPB group. An intriguing finding from our previ-
ous study was the higher activation in the orbitofrontal cortex and in
the ventral striatum observed for non-available betting, as compared
with available betting (see also Brevers et al.?° for comparable find-
ings). Here, we show that striatal and orbitofrontal regions are also
involved in the processing of sports betting availability when coupled
with the insula-based neural network. Furthermore, the positive stria-
tal and negative orbitofrontal PPI patterns further suggest that the
insula acts as a key hub for the dynamic interactions between

the brain connectivity networks involved in the processing of salient-
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motivational cues.’®!! Indeed, the observation of both positive and
negative PPI not only offers new insights on brain mechanisms under-
lying humans' reactivity to sports betting cue exposure®?>°! put is
also in accordance with brain imaging studies showing that the orbito-
frontal cortex and the ventral striatum are involved in the coding of a
variety of loss and reward dynamics.*®°2-%2

When examining the effect of problem gambling status, and in
line with our expectations, we observed increased positive VAl PPI
in the PB group, as compared with the NPB group. Nevertheless, in
contrast to our expectations these between-group PPI, differences
were not observed in the ventral striatum, but in left lateral occipital
cortex, and extended to left inferior frontal gyrus, anterior cingulate
gyrus and right frontal pole when we employed a more lenient thresh-
old. This finding remains important as it suggests that increased VAl
connectivity to gambling availability is sensitive to problem gambling
status. These results also provide a deeper understanding of the brain
dynamics underlying gambling cue activity in problem gambling. In
particular, our previous work highlighted that PB are more sensitive to
the transient unavailability of a betting opportunity than NPB.® Here,
we show that the vAl-centred functional network is more sensitized
to the transient availability of a betting opportunity in PB, as com-
pared with NPB. These complementary patterns likely reflect the
complex nature of brain dynamics underlying addictive disorders,
which do not exclusively lead to either hypoactive or hyperactive pat-
terns of brain activation or brain connectivity (for a review, see the lit-
erature?*%%). This dynamic is also in line with the main assumption
from the triadic models of addictions advance that the insular cortex
plays a pivotal role in promoting the drive and motivation to get a
reward by ‘hijacking’ goal-oriented processes toward addiction-
related cues.®>3738%% This dynamic should lead to increased or
decreased insular coupling depending on whether a brain region trig-
gers cognitive resources allowing for the enactment of addiction-
related behaviours 373845

A limitation of the present findings is that functional connectivity
does not allow to infer causality on the PPI patterns. Nevertheless,
the PPI patterns observed in this study allowed to identify seed
regions that could be used for running effective connectivity
analyses,®! allowing to shed light on the causal relation of the
observed VAI coupling in our task.®® Further studies should also
include a control condition that does not require participants to be
engaged in sports betting cue exposure (e.g., passive exposure to the
sports events cues). This design would enable to further identify
the pattern of insula effective and functional connectivity that is trig-
gered by the ‘available betting’ conditions. Another potential limita-
tion of this study is that our sample was mostly constituted of male
participants, which hampers generalization of the present results to
the population of female football fans. It is also important to extend
this research to a sample of individuals at both extreme ends of the
spectrum of problem sports betting gambling. Specifically, a central
goal of this study was to compare insular-based PPl between two
groups of football fans classified as non-problem bettors (PGSI <3), or
problem bettors (PGSI 23) using the clinical norms provided by the
PGSI. This recruitment procedure resulted in PGSI scores that were
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not normally distributed (Chapiro Wilk p < 0.001), with only 8%
(n = 6) of our sample with a PGSC score of 28 (i.e., corresponding to
moderate level of problem gambling; PGSI data are available at
https://osf.io/dkrhw). Hence, future studies should recruit a sample
with PGSI scores distribution that matches the proportion of problem

1,66,67 and

sport betting observed in the population of sports bettors
ranging continuously at both extreme ends of the spectrum of prob-
lem sports betting severity. This would allow the adoption of a
dimensional—rather than categorical—approach by examining how the
magnitude of the PPI effect is modulated by the degree of problem
sports betting severity. Moreover, the brain Z-maps of the present
study (available at https://neurovault.org/collections/KLCKYNIT/)
can be used as ROl masks by future studies assessing group activation
differences in predefined regions of interest in participants with high-
levels of problematic sports betting habits, that is, hard to recruit par-
ticipants resulting in small and underpowered samples. These studies
would allow us to examine whether the pattern of insular-based con-
nectivity of gambling availability is modulated in the same way in indi-
viduals with problem gambling who are active users, compared with
individuals who are trying to reduce or stop gambling. Indeed, a chal-
lenge for sports fans trying to reduce or stop betting is to watch
sports events without betting on them.®® In addition, the brain imag-
ing literature has already shown that neural cue reactivity is modu-
lated by the current clinical status of the participant (active user,
trying to quit and striving for abstinence). For example, drug-related
cues elicit increased brain activation in individuals who are actively
using drugs and not seeking treatment at the time of testing, as com-
pared with treatment-seeking drug users.®>° Therefore, recruiting
sports bettors who differ in their clinical status should allow for fur-
ther understanding of the role of the insular network in the processing
of salient-motivational cues in problem sports betting behaviours.

In conclusion, the present findings add new insights to the brain
imaging literature on problem gambling by identifying the insular-
centered brain circuitry triggered by the availability of sports betting
in individuals with different levels of sports betting harm.

AUTHOR CONTRIBUTION

Damien Brevers, Chris Baeken, Antoine Bechara, Qinghua He, Pierre
Maurage, Guillaume Sescousse, Claus Vogele and Joél Billieux partici-
pated to the conception and design of the work. Damien Brevers and
Chris Baeken were involved in data acquisition. Damien Brevers,
Qinghua He and Guillaume Sescousse undertook the data analysis.
Damien Brevers, Chris Baeken, Antoine Bechara, Qinghua He, Pierre
Maurage, Guillaume Sescousse, Claus Vogele, and Joél Billieux partici-
pated to data interpretation and on the writing of the manuscript. All

authors approve final version of the manuscript prior its submission.

ACKNOWLEDGMENTS

This work was supported by the Luxembourg National Research Fund
(FNR); CORE - Junior Track (BETHAB; C18/BM/12552025). Pierre
Maurage (Senior Research Associate) is funded by the FRS-FNRS
(Belgium). CB was supported by the Queen Elisabeth Medical Founda-
tion for Neurosciences, by an Applied Biomedical (TBM) grant of the

SSAEL™

BREVERS ET AL.

Agency for Innovation through Science and Technology (IWT), part of
the Research Foundation - Flanders (FWO) PrevenD Project 2.0
(TO00720N) and FWO project GO11018N.

CONFLICT OF INTEREST STATEMENT
All authors declare no conflicts of interest relevant to this manuscript.

DATA AVAILABILITY STATEMENT

The experimental task code and stimuli are available on github: https://
github.com/dbrevers/sports_betting_study/tree/task/(un)availability
task. The raw data are available on openneuro: doi:10.18112/
openneuro.ds002513.v1.0.0.

ORCID
Damien Brevers
Chris Baeken
Antoine Bechara
Qinghua He
Pierre Maurage

https://orcid.org/0000-0003-4503-0898
https://orcid.org/0000-0001-9885-3041
https://orcid.org/0000-0001-5127-2549
https://orcid.org/0000-0001-6396-6273
https://orcid.org/0000-0003-0197-0810

Guillaume Sescousse "= https://orcid.org/0000-0002-8556-3755

Claus Végele "= https://orcid.org/0000-0001-8086-0788
Joél Billieux "= https://orcid.org/0000-0002-7388-6194
REFERENCES

1. Brevers D, Vogele C, Billieux J. The evolving landscape of sports bet-
ting: a risk for young people? In: Heinen A, ed. Well-being and Health
Among Young People. Springer International Publishing; 2022.

2. Etuk R, Xu T, Abarbanel B, Potenza MN, Kraus SW. Sports betting
around the world: a systematic review. J Behav Addict. 2022;11(3):
689-715. doi:10.1556/2006.2022.00064

3. Newall PWS, Russell AMT, Hing N. Structural characteristics of fixed-
odds sports betting products. J Behav Addict. 2021;10(3):371-380.
doi:10.1556/2006.2021.00008

4. Flayelle M, Brevers D, King DL, Maurage P, Perales CJ. A taxonomy
of technology design features that promote potentially addictive
online behaviours. Nat Rev Psychol. 2023;2(3):136-150. doi:10.1038/
s44159-023-00153-4

5. Hing N, Li E, Vitartas P, Russell AMT. On the spur of the moment:
intrinsic predictors of impulse sports betting. J Gambl Stud. 2018;
34(2):413-428. doi:10.1007/s10899-017-9719-x

6. Brevers D, Baeken C, Bechara A, He Q, Maurage P, Petieau M.
Increased brain reactivity to gambling unavailability as a marker of
problem gambling. Addict Biol. 2021;26(4).:e12996. doi:10.1111/adb.
12996

7. Friston KJ, Buechel C, Fink GR, Morris J, Rolls E, Dolan RJ. Psycho-
physiological and modulatory interactions in neuroimaging. Neuro-
image. 1997;6(3):218-229. doi:10.1006/nimg.1997.0291

8. Friston KJ. Functional and effective connectivity: a review. Brain Con-
nect. 2011;1(1):13-36. doi:10.1089/brain.2011.0008

9. O'Reilly JX, Woolrich MW, Behrens TE, Smith SM, Johansen-Berg H.
Tools of the trade: psychophysiological interactions and functional
connectivity. Soc Cogn Affect Neurosci. 2012;7(5):604-609. doi:10.
1093/scan/nss055

10. Droutman V, Bechara A, Read SJ. Roles of the different sub-regions
of the insular cortex in various phases of the decision-making
process. Front Behav Neurosci. 2015;9:309. doi:10.3389/fnbeh.2015.
00309

11. Droutman V, Read SJ, Bechara A. Revisiting the role of the insula in
addiction. Trends Cogn Sci. 2015;19(7):414-420. doi:10.1016/j.tics.
2015.05.005

95U8917 SUOWILLIOD SAITeRID 3|qed!(dde ay) Ag peusenoB a.e saja1e O ‘8sn J0 SajnJ 1o Axeiq i aul U AS|IM UO (SUONIPUOD-PUR-SWRIAL0D AS | 1M ARe1q)1BUIIUO//:SAY) SUONIPUOD pue SWIS 1 8U) 89S *[202/2T/6T] Uo Akelqiauliuo AS|IM ‘68EET qPe/TTTT OT/I0P/WO0d A3 1M ARelq 1 jBU1|UO//:ScY WOJj popeo|umod ‘€ ‘7202 ‘009T69ET


https://osf.io/dkrhw
https://neurovault.org/collections/KLCKYNIT/
https://github.com/dbrevers/sports_betting_study/tree/task/(un)availability_task
https://github.com/dbrevers/sports_betting_study/tree/task/(un)availability_task
https://github.com/dbrevers/sports_betting_study/tree/task/(un)availability_task
https://doi.org/10.18112/openneuro.ds002513.v1.0.0
https://doi.org/10.18112/openneuro.ds002513.v1.0.0
https://orcid.org/0000-0003-4503-0898
https://orcid.org/0000-0003-4503-0898
https://orcid.org/0000-0001-9885-3041
https://orcid.org/0000-0001-9885-3041
https://orcid.org/0000-0001-5127-2549
https://orcid.org/0000-0001-5127-2549
https://orcid.org/0000-0001-6396-6273
https://orcid.org/0000-0001-6396-6273
https://orcid.org/0000-0003-0197-0810
https://orcid.org/0000-0003-0197-0810
https://orcid.org/0000-0002-8556-3755
https://orcid.org/0000-0002-8556-3755
https://orcid.org/0000-0001-8086-0788
https://orcid.org/0000-0001-8086-0788
https://orcid.org/0000-0002-7388-6194
https://orcid.org/0000-0002-7388-6194
info:doi/10.1556/2006.2022.00064
info:doi/10.1556/2006.2021.00008
info:doi/10.1038/s44159-023-00153-4
info:doi/10.1038/s44159-023-00153-4
info:doi/10.1007/s10899-017-9719-x
info:doi/10.1111/adb.12996
info:doi/10.1111/adb.12996
info:doi/10.1006/nimg.1997.0291
info:doi/10.1089/brain.2011.0008
info:doi/10.1093/scan/nss055
info:doi/10.1093/scan/nss055
info:doi/10.3389/fnbeh.2015.00309
info:doi/10.3389/fnbeh.2015.00309
info:doi/10.1016/j.tics.2015.05.005
info:doi/10.1016/j.tics.2015.05.005

BREVERS ET AL.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Molnar-Szakacs I, Uddin LQ. Anterior insula as a gatekeeper of execu-
tive control. Neurosci Biobehav Rev. 2022;139:104736. doi:10.1016/j.
neubiorev.2022.104736

Zhao H, Turel O, Bechara A, He Q. How distinct functional insular
subdivisions mediate interacting neurocognitive systems. Cereb
Cortex. 2019;29(8):3090-3103. doi:10.1093/cercor/bhz012

Chang LJ, Yarkoni T, Khaw MW, Sanfey AG. Decoding the role of the
insula in human cognition: functional parcellation and large-scale
reverse inference. Cereb Cortex. 2013;23(3):739-749. doi:10.1093/
cercor/bhs065

Craig A. How do you feel? Interoception: the sense of the physiologi-
cal condition of the body. Nat Rev Neurosci. 2002;3(8):655-666. doi:
10.1038/nrn8%94

Craig AD. How do you feel—now? The anterior insula and human
awareness. Nat Rev Neurosci. 2009;10(1):59-70. doi:10.1038/
nrn2555

Ghahremani DG, Pochon JF, Diaz MP, Tyndale RF, Dean AC,
London ED. Nicotine dependence and insula subregions: functional
connectivity and cue-induced activation. Neuropsychopharmacology.
2023;48(6):936-945. doi:10.1038/s41386-023-01528-0

Weber SC, Kahnt T, Quednow BB, Tobler PN. Frontostriatal
pathways gate processing of behaviorally relevant reward
dimensions. PLoS Biol. 2018;16(10):€2005722. doi:10.1371/journal.
pbio.2005722

Hofmann W, Friese M, Strack F. Impulse and self-control from a dual-
systems perspective. Perspect Psychol Sci. 2009;4(2):162-176. doi:10.
1111/j.1745-6924.2009.01116.x

Hofmann W, Gschwendner T, Friese M, Wiers RW, Schmitt M. Work-
ing memory capacity and self-regulatory behavior: toward an individ-
ual differences perspective on behavior determination by automatic
versus controlled processes. J Pers Soc Psychol. 2008;95(4):962-977.
doi:10.1037/a0012705

Lindgren KP, Hendershot CS, Ramirez JJ, Bernat E, Rangel-Gomez M,
Peterson KP. A dual process perspective on advances in cognitive sci-
ence and alcohol use disorder. Clin Psychol Rev. 2019;69:83-96. doi:
10.1016/j.cpr.2018.04.002

Wiers RW, Bartholow BD, van den Wildenberg E, et al. Automatic
and controlled processes and the development of addictive behaviors
in adolescents: a review and a model. Pharmacol Biochem Behav.
2007;86(2):263-283. doi:10.1016/j.pbb.2006.09.021

Wiers RW, Gladwin TE, Rinck M. Should we train alcohol-dependent
patients to avoid alcohol? Front Psych. 2013;4:33.

Brevers D, Sescousse G, Maurage P, Billieux J. Examining neural reac-
tivity to gambling cues in the age of online betting. Curr Behav Neu-
rosci Rep. 2019;6(3):59-71. doi:10.1007/s40473-019-00177-2
Brevers D, Baeken C, De Smet C, Catoira B, De Witte S, He Q. Stimu-
lation of the dorsolateral prefrontal cortex modulates brain cue reac-
tivity to reward (un)availability. Cortex. 2023;164:51-62. doi:10.
1016/j.cortex.2023.03.008

Hommel B, Wiers RW. Towards a unitary approach to human action
control. Trends Cogn Sci. 2017;21(12):940-949. doi:10.1016/j.tics.
2017.09.009

Melnikoff DE, Bargh JA. The mythical number two. Trends Cogn Sci.
2018;22(4):280-293. doi:10.1016/j.tics.2018.02.001

Monterosso J, Luo S. Willpower is not synonymous with ‘executive
function’. Behav Brain Sci. 2013;36(6):700-701; discussion 707-726.
doi:10.1017/50140525X1300112X

Billaux P, Maurage P, Cabé N, Laniepce A, Segobin S, Pitel AL. Insular
volumetry in severe alcohol use disorder and Korsakoff's syndrome
through an anatomical parcellation: let us go back to basics. Addict
Biol. 2023;28(10):€13324. doi:10.1111/adb.13324

Nummenmaa L, Hirvonen J, Hannukainen JC, et al. Dorsal striatum
and its limbic connectivity mediate abnormal anticipatory reward pro-
cessing in obesity. PLoS ONE. 2012;7(2):e31089. doi:10.1371/journal.
pone.0031089

Addiction Biolo

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

SSAEE _W ILE Ym

He Q, Huang X, Zhang S, Turel O, Ma L, Bechara A. Dynamic causal
modeling of insular, striatal, and prefrontal cortex activities during a
food-specific Go/NoGo task. Biol Psychiatry Cogn Neurosci Neuroimag-
ing. 2019;4(12):1080-1089. doi:10.1016/j.bpsc.2018.12.005

Bechara A. Decision making, impulse control and loss of willpower to
resist drugs: a neurocognitive perspective. Nat Neurosci. 2005;8(11):
1458-1463. doi:10.1038/nn1584

Naqvi NH, Bechara A. The hidden island of addiction: the insula.
Trends Neurosci. 2009;32(1):56-67. doi:10.1016/j.tins.2008.09.009
Naqgvi NH, Bechara A. The insula and drug addiction: an
interoceptive view of pleasure, urges, and decision-making. Brain
Struct Funct. 2010;214(5-6):435-450. doi:10.1007/s00429-010-
0268-7

Naqvi NH, Gaznick N, Tranel D, Bechara A. The insula: a critical neu-
ral substrate for craving and drug seeking under conflict and risk. Ann
N Y Acad Sci. 2014;1316(1):53-70. doi:10.1111/nyas.12415

Naqvi NH, Rudrauf D, Damasio H, Bechara A. Damage to the insula
disrupts addiction to cigarette smoking. Science. 2007;315(5811):
531-534. doi:10.1126/science.1135926

Noél X, Brevers D, Bechara A. A neurocognitive approach to under-
standing the neurobiology of addiction. Curr Opin Neurobiol. 2013;
23(4):632-638. doi:10.1016/j.conb.2013.01.018

Noél X, Brevers D, Bechara A. A triadic neurocognitive approach to
addiction for clinical interventions. Front Psych. 2013;4:179. doi:10.
3389/fpsyt.2013.00179

Sutherland MT, Carroll AJ, Salmeron BJ, Ross TJ, Hong LE,
Stein EA. Down-regulation of amygdala and insula functional
circuits by varenicline and nicotine in abstinent cigarette smokers.
Biol Psychiatry. 2013;74(7):538-546. doi:10.1016/j.biopsych.2013.
01.035

Verdejo-Garcia A, Bechara A. A somatic marker theory of addiction.
Neuropharmacology. 2009;56(Suppl 1):148-162.

Berridge KC, Robinson TE. Parsing reward. Trends Neurosci. 2003;
26(9):507-513. doi:10.1016/5S0166-2236(03)00233-9

Everitt BJ, Robbins TW. Neural systems of reinforcement for drug
addiction: from actions to habits to compulsion. Nat Neurosci. 2005;
8(11):1481-1489. doi:10.1038/nn1579

Miller M, Kiverstein J, Rietveld E. Embodying addiction: a predictive
processing account. Brain Cogn. 2020;138:105495. doi:10.1016/j.
bandc.2019.105495

Robinson TE, Berridge KC. The neural basis of drug craving: an
incentive-sensitization theory of addiction. Brain Res Brain Res Rev.
1993;18(3):247-291. doi:10.1016/0165-0173(93)90013-P
Garcia-Castro J, Cancela A, Cardaba MAM. Neural cue-reactivity in
pathological gambling as evidence for behavioral addiction: a system-
atic review. Curr Psychol. 2022;43(32):28026-28037. doi:10.1007/
s12144-022-03915-0

Limbrick-Oldfield EH, Mick I, Cocks RE, McGonigle J, Sharman SP,
Goldstone AP. Neural substrates of cue reactivity and craving in gam-
bling disorder. Transl Psychiatry. 2017;7(1):e992. doi:10.1038/tp.
2016.256

Ferris J, Wynne H. The Canadian Problem Gambling Index: Final Report.
Canadian Centre on Substance Abuse; 2011.

Walker M, Blaszczynski A. Clinical assessment of problem gamblers
identified using the Canadian Problem Gambling Index. Independent
Gambling Authority. 2011: Adelaide.

Eklund A, Nichols TE, Knutsson H. Cluster failure: why fMRI infer-
ences for spatial extent have inflated false-positive rates. Proc Natl
Acad Sci U S A. 2016;113(28):7900-7905. doi:10.1073/pnas.
1602413113

Groenewegen HJ, Uylings HB. The prefrontal cortex and the integra-
tion of sensory, limbic and autonomic information. Prog Brain Res.
2000;126:3-28. doi:10.1016/50079-6123(00)26003-2

Brevers D, Herremans SC, He Q, Vanderhasselt MA, Petieau M,
Verdonck D. Facing temptation: the neural correlates of gambling

95U8917 SUOWILLIOD SAITeRID 3|qed!(dde ay) Ag peusenoB a.e saja1e O ‘8sn J0 SajnJ 1o Axeiq i aul U AS|IM UO (SUONIPUOD-PUR-SWRIAL0D AS | 1M ARe1q)1BUIIUO//:SAY) SUONIPUOD pue SWIS 1 8U) 89S *[202/2T/6T] Uo Akelqiauliuo AS|IM ‘68EET qPe/TTTT OT/I0P/WO0d A3 1M ARelq 1 jBU1|UO//:ScY WOJj popeo|umod ‘€ ‘7202 ‘009T69ET


info:doi/10.1016/j.neubiorev.2022.104736
info:doi/10.1016/j.neubiorev.2022.104736
info:doi/10.1093/cercor/bhz012
info:doi/10.1093/cercor/bhs065
info:doi/10.1093/cercor/bhs065
info:doi/10.1038/nrn894
info:doi/10.1038/nrn2555
info:doi/10.1038/nrn2555
info:doi/10.1038/s41386-023-01528-0
info:doi/10.1371/journal.pbio.2005722
info:doi/10.1371/journal.pbio.2005722
info:doi/10.1111/j.1745-6924.2009.01116.x
info:doi/10.1111/j.1745-6924.2009.01116.x
info:doi/10.1037/a0012705
info:doi/10.1016/j.cpr.2018.04.002
info:doi/10.1016/j.pbb.2006.09.021
info:doi/10.1007/s40473-019-00177-2
info:doi/10.1016/j.cortex.2023.03.008
info:doi/10.1016/j.cortex.2023.03.008
info:doi/10.1016/j.tics.2017.09.009
info:doi/10.1016/j.tics.2017.09.009
info:doi/10.1016/j.tics.2018.02.001
info:doi/10.1017/S0140525X1300112X
info:doi/10.1111/adb.13324
info:doi/10.1371/journal.pone.0031089
info:doi/10.1371/journal.pone.0031089
info:doi/10.1016/j.bpsc.2018.12.005
info:doi/10.1038/nn1584
info:doi/10.1016/j.tins.2008.09.009
info:doi/10.1007/s00429-010-0268-7
info:doi/10.1007/s00429-010-0268-7
info:doi/10.1111/nyas.12415
info:doi/10.1126/science.1135926
info:doi/10.1016/j.conb.2013.01.018
info:doi/10.3389/fpsyt.2013.00179
info:doi/10.3389/fpsyt.2013.00179
info:doi/10.1016/j.biopsych.2013.01.035
info:doi/10.1016/j.biopsych.2013.01.035
info:doi/10.1016/S0166-2236(03)00233-9
info:doi/10.1038/nn1579
info:doi/10.1016/j.bandc.2019.105495
info:doi/10.1016/j.bandc.2019.105495
info:doi/10.1016/0165-0173(93)90013-P
info:doi/10.1007/s12144-022-03915-0
info:doi/10.1007/s12144-022-03915-0
info:doi/10.1038/tp.2016.256
info:doi/10.1038/tp.2016.256
info:doi/10.1073/pnas.1602413113
info:doi/10.1073/pnas.1602413113
info:doi/10.1016/S0079-6123(00)26003-2

29| \WiLE Y—

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

availability during sports picture exposure. Cogn Affect Behav Neu-
rosci. 2018;18(4):718-729. doi:10.3758/s13415-018-0599-z
Chumbley JR, Burke CJ, Stephan KE, Friston KJ, Tobler PN, Fehr E.
Surprise beyond prediction error. Hum Brain Mapp. 2014;35(9):4805-
4814. doi:10.1002/hbm.22513

Daniel R, Pollmann S. A universal role of the ventral striatum in
reward-based learning: evidence from human studies. Neurobiol Learn
Mem. 2014,;114:90-100. doi:10.1016/j.nIlm.2014.05.002

Delgado MR, Locke HM, Stenger VA, Fiez JA. Dorsal striatum
responses to reward and punishment: effects of valence and magni-
tude manipulations. Cogn Affect Behav Neurosci. 2003;3(1):27-38. doi:
10.3758/cabn.3.1.27

Fouragnan E, Retzler C, Philiastides MG. Separate neural representa-
tions of prediction error valence and surprise: evidence from an fMRI
meta-analysis. Hum Brain Mapp. 2018;39(7):2887-2906. doi:10.1002/
hbm.24047

Galvan A. Adolescent development of the reward system. Front Hum
Neurosci. 2010;4:6. doi:10.3389/neuro.09.006.2010

Howard JD, Kahnt T. Identity-specific reward representations in orbi-
tofrontal cortex are modulated by selective devaluation. J Neurosci.
2017;37(10):2627-2638. doi:10.1523/JNEUROSCI.3473-16.2017
Knutson B, Fong GW, Adams CM, Varner JL, Hommer D.
Dissociation of reward anticipation and outcome with event-related
fMRI. Neuroreport. 2001;12(17):3683-3687. doi:10.1097/00001756-
200112040-00016

Lopatina N, McDannald MA, Styer CV, Sadacca BF, Cheer JF,
Schoenbaum G. Lateral orbitofrontal neurons acquire responses to
upshifted, downshifted, or blocked cues during unblocking. Elife.
2015;4:e11299. doi:10.7554/¢eLife.11299

McDannald MA, Esber GR, Wegener MA, et al. Orbitofrontal neurons
acquire responses to ‘valueless’ Pavlovian cues during unblocking.
Elife. 2014;3:02653. doi:10.7554/¢Life.02653

O'Doherty J, Critchley H, Deichmann R, Dolan RJ. Dissociating
valence of outcome from behavioral control in human orbital and
ventral prefrontal cortices. J Neurosci. 2003;23(21):7931-7939. doi:
10.1523/JNEUROSCI.23-21-07931.2003

Stalnaker TA, Cooch NK, Schoenbaum G. What the orbitofrontal cor-
tex does not do. Nat Neurosci. 2015;18(5):620-627. doi:10.1038/nn.
3982

BREVERS ET AL.

63.

64.

65.

66.

67.

68.

69.

Jasinska AJ, Stein EA, Kaiser J, Naumer MJ, Yalachkov Y. Factors
modulating neural reactivity to drug cues in addiction: a survey of
human neuroimaging studies. Neurosci Biobehav Rev. 2014;38:1-16.
doi:10.1016/j.neubiorev.2013.10.013

Brevers D, Noél X. Pathological gambling and the loss of willpower: a
neurocognitive perspective. Soc Affect Neurosci Psychol. 2013;3(1):
21592. doi:10.3402/snp.v3i0.21592

Friston KJ. Functional and effective connectivity in neuroimaging: a
synthesis. Hum Brain Mapp. 1994;2(1-2):56-78. doi:10.1002/hbm.
460020107

Hing N, Russell AMT, Vitartas P, Lamont M. Demographic, beha-
vioural and normative risk factors for gambling problems amongst
sports bettors. J Gambl Stud. 2016;32(2):625-641. doi:10.1007/
s10899-015-9571-9

Seal E, Cardak BA, Nicholson M, et al. The gambling behaviour and
attitudes to sports betting of sports fans. J Gambl Stud. 2022;38(4):
1371-1408. doi:10.1007/510899-021-10101-7

Johansen AB, Helland PF, Wennesland DK, Henden E, Brendryen H.
Exploring online problem gamblers' motivation to change. Addict
Behav Rep. 2019;10:100187. doi:10.1016/j.abrep.2019.100187
Wilson SJ, Sayette MA, Fiez JA. Prefrontal responses to drug cues: a
neurocognitive analysis. Nat Neurosci. 2004;7(3):211-214. doi:10.
1038/nn1200

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Brevers D, Baeken C, Bechara A, et al.
Increased ventral anterior insular connectivity to sports
betting availability indexes problem gambling. Addiction
Biology. 2024;29(3):e13389. doi:10.1111/adb.13389

95U8917 SUOWILLIOD SAITeRID 3|qed!(dde ay) Ag peusenoB a.e saja1e O ‘8sn J0 SajnJ 1o Axeiq i aul U AS|IM UO (SUONIPUOD-PUR-SWRIAL0D AS | 1M ARe1q)1BUIIUO//:SAY) SUONIPUOD pue SWIS 1 8U) 89S *[202/2T/6T] Uo Akelqiauliuo AS|IM ‘68EET qPe/TTTT OT/I0P/WO0d A3 1M ARelq 1 jBU1|UO//:ScY WOJj popeo|umod ‘€ ‘7202 ‘009T69ET


info:doi/10.3758/s13415-018-0599-z
info:doi/10.1002/hbm.22513
info:doi/10.1016/j.nlm.2014.05.002
info:doi/10.3758/cabn.3.1.27
info:doi/10.1002/hbm.24047
info:doi/10.1002/hbm.24047
info:doi/10.3389/neuro.09.006.2010
info:doi/10.1523/JNEUROSCI.3473-16.2017
info:doi/10.1097/00001756-200112040-00016
info:doi/10.1097/00001756-200112040-00016
info:doi/10.7554/eLife.11299
info:doi/10.7554/eLife.02653
info:doi/10.1523/JNEUROSCI.23-21-07931.2003
info:doi/10.1038/nn.3982
info:doi/10.1038/nn.3982
info:doi/10.1016/j.neubiorev.2013.10.013
info:doi/10.3402/snp.v3i0.21592
info:doi/10.1002/hbm.460020107
info:doi/10.1002/hbm.460020107
info:doi/10.1007/s10899-015-9571-9
info:doi/10.1007/s10899-015-9571-9
info:doi/10.1007/s10899-021-10101-7
info:doi/10.1016/j.abrep.2019.100187
info:doi/10.1038/nn1200
info:doi/10.1038/nn1200
info:doi/10.1111/adb.13389

	Increased ventral anterior insular connectivity to sports betting availability indexes problem gambling
	1  INTRODUCTION
	2  METHODS
	2.1  Participants
	2.2  Experimental task and MRI procedure
	2.3  Data acquisition and image pre-processing
	2.4  vAI centred brain connectivity analyses

	3  RESULTS
	3.1  Whole group PPI findings
	3.2  Between-group PPI findings

	4  DISCUSSION
	AUTHOR CONTRIBUTION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


