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Abstract

Background—Continued, persistent gambling to recover accumulating losses, or ‘loss-chasing’,
is a behavioral pattern linked particularly closely to gambling disorder (GD) but may reflect
impaired decision-making processes relevant to drug addictions like cocaine-use disorder (CUD).
However, little is known regarding the neurocognitive mechanisms of this complex, maladaptive
behavior, particularly in individuals with addictive disorders.

Methods—Seventy participants (25 GD, 18 CUD, and 27 healthy comparison (HC)) completed a
loss-chase task during fMRI. Engagement of functional brain networks in response to losing
outcomes and during decision-making periods preceding choices to loss-chase or to quit chasing
losses were investigated using independent component analysis (ICA). An exploratory factor
analysis was performed to examine patterns of coordinated engagement across identified networks.

Results—In GD relative to HC and CUD participants, choices to quit chasing were associated
with greater engagement of a medial frontal executive-processing network. By comparison, CUD
participants exhibited altered engagement of a striato-amygdala motivational network in response
to losing outcomes as compared to HC, and during decision-making as compared to GD. Several
other networks were differentially engaged during loss-chase relative to quit-chasing choices, but
did not differ across participant groups. Exploratory factor analysis identified a system of
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coordinated activity across prefrontal executive-control networks that was greater in GD and CUD
relative to HC participants and was associated with increased chasing persistence across all
participants.

Conclusions—Results provide evidence of shared and distinct neurobiological mechanisms in
substance and behavioral addictions, and lend insight into potential cognitive interventions
targeting loss-chasing behavior in GD.

Keywords

addiction; cocaine-use disorder; fMRI; gambling disorder; ICA,; loss-chasing

1. Introduction

‘Loss-chasing’, or continued gambling in an attempt to recover losses, is a behavioral pattern
that is arguably unique to gambling relative to substance addictions (American Psychiatric
Association, 2013), and may differentiate the most severely affected disordered gamblers
from non-problem gamblers (Breen and Zuckerman, 1999; Corless and Dickerson, 1989;
James et al., 2016; O’Connor and Dickerson, 2003; Toce-Gerstein et al., 2003). Loss-
chasing has been linked to heightened impulsivity, reward and loss sensitivity, emotional
regulation and decision-making (Bibby, 2016; Breen and Zuckerman, 1999; Lister et al.,
2016; Ochoa et al., 2013; Parke et al., 2016). While loss-chasing represents as a significant
feature of compulsive gambling, reflecting poor self-control and impaired decision-making
(el-Guebaly et al., 2012; Robbins and Clark, 2015), the neural mechanisms underlying the
behavior in individuals with addictive disorders remain unclear.

Loss-chasing is a salient feature of decision-making under risk and uncertainty even in non-
gambling populations (Shafir and Tversky, 1995). Initial neurobiological investigations of
loss-chasing behavior in minimally-experienced gamblers suggest contributions of distinct
and dissociable neural systems (Campbell-Meiklejohn et al., 2011; Campbell-Meiklejohn et
al., 2008). Decisions to discontinue (or ‘quit”) chasing losses is associated with activity in
the dorsolateral prefrontal, anterior cingulate, striatum and parietal cortices (Campbell-
Meiklejohn et al., 2008), regions that are commonly associated with networks of executive
cognitive functioning (Niendam et al., 2012). By comparison, decisions to chase losses are
associated with neural activity in ventral prefrontal regions, consistent with impulsive
behavior and impaired decision-making (Fineberg et al., 2010; Hare et al., 2009).
Furthermore, increased activity in the anterior cingulate following losing outcomes is
associated with the subsequent decisions to quit loss-chasing (Campbell-Meiklejohn et al.,
2008), suggesting terminating a chase is associated with increased emotional processing and
cognitive conflict in response to loss outcomes (Kim et al., 2010). Similarly, dissociable and
complementary contributions of serotonergic and dopaminergic mechanisms influence
chasing behavior (Campbell-Meiklejohn et al., 2012; Campbell-Meiklejohn et al., 2011,
Rogers et al., 2011). Together, these initial findings suggest that a complex of executive-
control and impulsivity-related systems involved in decision-making and loss-processing
may contribute to loss-chasing behavior in minimally experienced gamblers. In individuals
with gambling disorder, and possibly addictive disorders more broadly, alterations in the
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neural mechanisms of executive control, impulsivity and reward/loss processing (Leeman
and Potenza, 2012) may contribute to loss-chasing behavior.

As compared to general linear model (GLM) approaches to fMRI analysis, independent
component analysis (ICA) allows examination of distinct, functionally integrated brain
networks associated complex cognitive processes (Calhoun and Adali, 2006). ICA has been
proposed to have several advantages over GLM, including less susceptibility to functional
heterogeneity and the ability to separate inhibitory and excitatory influences on neuronal
activity (Xu et al., 2015; Xu et al., 2016). ICA is a data-driven, network-based computational
procedure that has been used to identify functional alterations in the multiple brain networks
that contribute to cognitive control (Worhunsky et al., 2013), decision-making (Elton et al.,
2017), and during resting-state (Ding and Lee, 2013) in individuals with substance-use
disorders. Thus, the current study aimed to extend previous investigations of loss-chasing
behavior by examining activity in functional brain networks in individuals with gambling
disorder (GD), individuals with cocaine-use disorder (CUD) and a healthy comparison (HC)
sample. Participants played a modified version of the loss-chase task (Campbell-Meiklejohn
et al., 2008) during fMRI. that allows We hypothesized that ICA-identified networks
associated with executive function and motivational processing would be functionally
related, or ‘engaged’, in response to losing outcomes and during decision-making periods of
the loss-chase task. We expected greater engagement of medial frontal and fronto-parietal
networks in GD relative to HC during decision-making, and losing outcomes, preceding
choices to quit compared to continue loss-chasing. We also expected ventromedial prefrontal
and striatal networks would be more engaged in GD relative to HC during decision-making
to continue loss-chasing compared to quit-chasing. It was expected that GD and CUD
participants would exhibit shared, addiction-related, and distinct, disorder-specific, patterns
of network engagement. Finally, we performed an exploratory factor analysis of engagement
patterns of ICA-identified networks to examine differences between GD, CUD and HC
individuals in coordinated network activity.

2. Methods

2.1. Participants

Participants were 25 individuals with GD, 18 with CUD and 27 HC individuals (Table 1)
recruited from the local community. GD and CUD participants were non-treatment-seeking,
and all participants were assessed using semi-structured clinical interviews according to
DSM-IV criteria (SCID; (First et al., 2002)). Exclusion criteria included the presence or
history of psychotic disorder or other serious mental, neurologic or general medical illness
that would interfere with the ability to participate in fMRI procedures (e.g., implanted
devices, claustrophobia). GD participants were excluded for a co-occurring current
substance addiction (other than tobacco/nicotine), and CUD participants with gambling-
severity scores indicative of probable problematic gambling (Lesieur and Blume, 1987) were
excluded from the current analyses. Urine toxicology screening for cocaine, marijuana
(THC), opiates, amphetamine/methamphetamine, methylenedioxymethamphetamine
(MDMA), barbiturates, phencyclidine (PCP), and benzodiazepines (Integrated EZ Split Key
Cup; Redwood Toxicology Laboratories, Santa Rosa, CA, USA) and alcohol breathalyzer
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screening (Alco-Sensor I11; Intoximeters, Saint Louis, MO, USA) were performed at the
time of scanning to confirm no recent substance use in GD and CUD participants. Study
procedures were approved by the Yale Human Investigations Committee, and participants
provided written informed consent.

2.2. Loss-Chase Task

Participants completed a modified version of the loss-chase task (Figure 1; (Campbell-
Meiklejohn et al., 2008)). Prior to scanning, participants were instructed that they had been
given a hypothetical $20,000 endowment to participate in a decision-making task. They were
informed that, in groups of 10 consecutive participants, the individual with the largest
amount remaining in their endowment would receive $50 in addition to research
compensation. Participants completed a brief practice prior to scanning to ensure
comprehension of the task structure and progression.

The loss-chase task was performed in two consecutive fMRI runs, each consisting of 12
‘chasing’ rounds and 6 ‘control’ rounds. Chasing rounds began with the imposition of an
initial loss ($40, $80, $160 or $320). Participants were given the option to either ‘play’ a
double-or-nothing wager (to try to recover the loss) or to ‘quit’ the current round and
surrender the loss. Within each chasing round, participants were allowed to continue double-
or-nothing wagers (i.e., chase losses) until a maximum loss of $1280 was accrued, a winning
outcome (i.e., recovery of accumulated losses) was delivered, or the option to terminate a
chase and surrender losses (i.e., quit chasing) was selected. Outcomes of each round were
pre-determined (and randomly ordered) such that, if participants elected to chase every loss,
half of the rounds would result in the recovery of losses, while the other half would result in
a maximum loss. To encourage engagement in both chasing and quitting behavior,
participants were informed that solely chasing or quitting was not the optimal strategy;
however, they were not provided explicit details regarding the outcome probabilities and
performed the task under uncertainty. Control rounds had the same structure as chasing
rounds; however, all stimuli were replaced with hash marks to match visual stimuli, and one
button was randomly labeled ‘push’ to prompt participants to press the corresponding button
to move forward in the control round. Additional details of the loss-chase task are provided
in Supplemental Material?.

Loss-chase task performance measures included decision/response times, percentage of
decisions to chase losses and the average value of losses associated with decisions to chase
and decisions to quit. In addition, the average ‘depth’ of each decision, or the number of
sequential decisions within a round, was calculated for all chase and quit decisions. For
fMRI analyses, trials were defined as beginning with the delivery of a loss (either imposed
or incurred) and ending with the selection to continue or quit chasing. The ‘outcome’ and
subsequent “‘decision-making’ period for each trial were modeled separately and classified
by the participant’s choice at the end of the trial. That is, chase-related losing outcomes
preceded chase-related decision-making periods, which preceded responses to continue

1Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:...
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chasing. Similarly, quit-related losing outcomes and quit-related decision-making periods
preceded responses to quit chasing.

2.3. fMRI Acquisition And Image Processing

Image acquisition was performed on two Siemens Trio 3T systems (Siemens AG, Erlangen,
Germany). Identical acquisition procedures and sequences were employed on both systems.
Groups did not differ in proportion scanned on each magnet (X2:2.93, P=0.23), and there
was no main effect of magnet (Fg 56=0.80, £=0.62) or group-by-magnet interaction
(F18,114=1.12, P=0.43) on loss-chase task performance measures. Details of the fMRI
acquisition parameters and spatial processing are provided in Supplemental Materials.

2.4. Independent Component Analysis And Network Selection

ICA was performed on the fMRI time series using the Group ICA of fMRI Toolbox (GIFT
v2.0e; http://icath.sourceforge.net) (Calhoun et al., 2001). An estimate of the number of
maximally independent components present in each run was determined using a minimum
description length criterion (Li et al., 2007), and the maximum estimate of 78 components
across the dataset was used as higher-dimensional extractions improve regional estimates of
network integration (Abou-Elseoud et al., 2010). Data from all participants was
concatenated into a single group and reduced through a principle component analysis. The
78 components were extracted from the group aggregate using neural network algorithms
that maximize network independence (Bell and Sejnowski, 1995). ICA was iterated 20 times
using ICASSO to assess stability and consistency of extracted components (Himberg et al.,
2004). Component time courses and corresponding spatial source maps were reconstructed
and scaled to percent BOLD signal change for each participant (Calhoun et al., 2001).
Twenty-four components with stability metrics less than 0.8 or low- to high-frequency
spectral ratios less than 3.0 were considered likely artefactual sources (Allen et al., 2011)
and excluded from additional analyses.

Task-relatedness of remaining 52 components were assessed using multiple regression
analyses of component time courses with the time courses of canonical hemodynamic
activity convolved with the six task events: (i) losing outcomes preceding the choice to loss-
chase, (ii) losing outcomes preceding the choice to quit chasing, (iii) control outcomes, (iv)
decision-making period preceding the choice to loss-chase, (v) decision-making period
preceding the choice to quit chasing, and (vi) the period preceding control responses. The
limited number of winning and maximum-loss outcomes within runs precluded effective
fitting of brain activity to these events; thus, they were not included in the regression. This
process produced p-weights that represent a measure of ‘engagement’ or ‘recruitment’ of
each component associated with each task event. p-weights of each event for each
component were averaged across runs for participants with two runs included in the ICA.

Mixed effects linear models were performed on resulting p-weights to assess the effects of
group (GD, CUD, HC), choice (chase, quit) and event (outcome, decision-making) on
component engagement in a 3-group x 2-choice x 2-event design using SPSS 22.0 (IBM
Corporation, Armonk, NY). Components of interest were determined to be those exhibiting
a significant (A<0.05) group-by-choice interaction and/or a main effect of choice on task-
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related p-weights. One component demonstrated a group-by-choice interaction and a main
effect of choice, one component demonstrated a group-by-choice interaction, and six
components demonstrated a main effect of choice. The subject-level spatial source maps of
the eight components with task-related time courses were then entered into factorial models
in SPM12 to determine their regional integration patterns at a voxel-level family-wise error-
corrected (FWE) threshold of Prwg<0.001 with an extent threshold of 100 voxels (Figures 2
and 3, Supplemental Table 12).

Standard linear modeling approaches were used to investigate the nature of task-related
effects of interest and explore relationships of component engagement with demographic
and clinical measures. Multivariate mixed effects models indicated no between- or within-
subjects effects of covariates for acquisition magnet, age, estimated 1Q, or smoking status
across components of interest (Fg 58°s <2.0, 75>0.05), and thus these variables were
excluded from subsequent analyses. There was no main effect of gender or group-by-gender
interaction on between- or within-subjects factors across components (Fg 56/F1g 114’ <1.5,
FPs>0.2). Pearson correlations were performed to explore relationships of component
engagement with sample characteristics and task performance at a threshold corrected for
multiple comparisons (FA-pr<0.05).

2.5. Exploratory Factor Analysis

3. Results

While identified networks represent spatiotemporally independent sources of fMRI BOLD
signal, selection procedures based on differential task-related engagement resulted in
patterns of highly correlated network activity (Supplemental Table 23). Thus, an exploratory
factor analysis was performed to examine potential systems of coordinated engagement
across identified networks. Contrast p-weights (i.e., ‘quit minus chase’, for losing outcomes
and decision-making periods) for all eight networks were entered into a principal
components extraction followed by Varimax rotation. Factors with an eigenvalue >1 were
selected, and factor scores for participants were estimated using the Anderson-Rubin method
(Anderson and Rubin, 1956) in SPSS 22.0. Items with absolute factor coefficients = 0.4
were considered to load on respective factors, and the reliability of each factor was evaluated
using a standardized Cronbach’s alpha measure. Between-group differences in factor scores
were examined with exploratory univariate analyses.

3.1. Participants And Task Performance

Participant characteristics and loss-chasing performance measures are summarized in Table
1. GD and HC participants did not differ in age or 1Q. CUD participants were older than HC
participants (t43=3.65, A<0.001), and of a lower 1Q than both GD (t47=2.33, £=0.03) and HC
(t43=4.53, £<0.001) participants. GD and CUD participants were more likely to be daily
tobacco smokers than HC participants (x2=6.36, ~=0.12 and x2=17.70, A<0.001,
respectively). Decisions to quit or chase losses did not differ in duration (F1 g9=1.84,

2Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:...
Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:...
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P=0.18) and were longer than control responses (F1 g9’s>20, 7$<0.001). Participants
decided to chase 66.9% (SD=14.0) of all losses, recovering losses on 47.9% (SD=22.9) of
possible-win rounds, and incurring the maximum loss on 32.4% (SD=23.9) of non-winnable
rounds. That is, participants decided to quit approximately half of the chases that could have
resulted in the recovery of losses, and decided to quit approximately two-thirds of chases
that would have incurred maximum losses. Participants decided to chase at an average depth
of 1.8 decisions (SD=0.2), chasing an average loss of $229 (SD=47). Decisions to quit were
made at an average depth of 1.8 decisions (SD=0.4), surrendering an average loss of $250
(SD=83). There were no group effects or pair-wise differences on task performance
measures (Table 1).

3.2. ICA-Identified Functional Brain Networks

ICA identified eight distinct, functionally integrated brain networks that demonstrated
differential engagement patterns between loss-chasing and quit-chasing trials (Figures 2 and
3, Supplemental Table 14). Identified networks were spatially consistent with intrinsic
functional networks associated with executive functioning, motivational mechanisms and
sensory processing that have been detected during resting-state and that exhibit task-related
engagement patterns (Calhoun et al., 2008; Laird et al., 2011). There were group differences
in the engagement patterns of two of the eight networks related to loss-chasing behavior
(Figure 2). A medial frontal network (Figure 2A) exhibited a group-by-choice interaction
(F2,67=6.33, P=0.003), as well as a main effect of choice (F; 67=20.53, ~<0.001) that
survived correction for multiple comparisons (Pzpr<0.05). This executive-functioning-
related network was more strongly associated with events preceding choices to quit relative
to chase across participants. In GD, the difference in engagement between outcomes
preceding choices to quit relative to chase was greater than in both HC (F1 41=8.49,
P=0.005) and CUD (F1 41=4.42, P=0.042). Engagement differences between decision-
making periods preceding choices to quit relative to chase were greater in GD as compared
to CUD (Fy 41=4.72, P=0.036). A striato-amygdala network (Figure 2B) related to
motivational mechanisms also demonstrated a group-by-choice interaction (F; 67=4.09,
P=0.021) in engagement patterns related to loss-chasing behavior. In CUD, greater
engagement in responses to losing outcomes preceding choices to chase relative to quit
differed from HC (F1 43=11.11, £=0.002). By comparison, greater engagement in GD during
decision-making preceding choices to quit relative to chase differed from CUD (F1 41=4.81,
P=0.034).

Six other networks were identified as exhibiting a main effect of choice on task-related
engagement across participants (Figure 3). These included greater quit-related relative to
chase-related engagement of an executive-function-related right-lateralized fronto-parietal
network (Figure 3A) (F1 67=16.17, £<0.001) that survived correcting for multiple
comparisons (Pepr<0.05), and in a cognitive-control-related bilateral middle prefrontal
network (F1 67=8.14, P=0.005) (Figure 3B). Main effects of choice with greater negative
engagement, or greater ‘disengagement’, related to quit as compared to chase choices was
exhibited by an auditory-processing-related bilateral temporal network (Fq 67=6.22,

4Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:...
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P=0.015) (Figure 3C) and a visual-processing-related bilateral occipito-parietal network
(F1,67=5.47, P=0.022) (Figure 3D). By comparison, additional visual-processing-related
networks, including a bilateral middle occipital network (Figure 3E) and a bilateral lingual
network Figure 3F), were more engaged during chase-related compared to quit-related
choices (F1 67=7.12, £=0.010 and F1 67=5.41, P=0.023 respectively).

There were no correlations between task-related engagement and demographic or loss-chase
performance-related measures that survived multiple comparison correction for any of the
eight identified networks (Prpr’s>0.05).

3.3. Exploratory Factor Analysis Of Network Engagement

Principal component analysis (PCA) with Varimax rotation was performed to explore
systems of coordinated engagement across loss-chase-related networks. Sampling adequacy
was validated using the Kaiser-Meyer-Olkin measure (KMO=0.63) and Bartlett’s test of
sphericity (X2:406.2, FP<0.001). Five factors with eigenvalues greater than one cumulatively
accounted for 66.5% of the total variance (Table 2). Absolute component loadings >0.4 were
considered significant in order to determine factor compositions and interpret potential
functional systems. The first factor, termed “Sensory Coordination”, consisted of coherent
engagement of auditory- and visual-processing-related networks following delivery of
outcomes, with inversely coordinated engagement of visual mechanisms and the middle
frontal control network during decision-making periods. The second factor, termed
“Outcome Sensitivity”, consisted of striato-amygdala engagement following outcomes, and
inversely coordinated middle frontal and visual engagement during decision-making. The
third factor, “Executive Decisions”, consisted of coordinated engagement of executive
control networks and disengagement of sensory networks during decision-making. The
fourth factor, “Sustained Control”, consisted of coordinated engagement of executive control
networks following outcomes and during decision-making. The last factor, termed
“Motivated Decisions”, consisted of coordinated engagement of the striato-amygdala and a
visual network during decision-making. Exploratory between-group analysis revealed a
main effect of group on Factor 4 (Sustained Control) scores (F2 9=3.51, £=0.036), with GD
and CD participants demonstrating greater factor scores than HC participants (Table 2).
There were no other group differences in factor scores. Factor 4 scores were significantly
correlated with average chase-depth across all participants (r=0.39, £<0.001), and within the
HC group (r=0.48, £=0.012) (Supplemental Figure 15).

4. Discussion

Functionally integrated brain networks associated with loss-chasing behavior in GD, CUD
and HC participants were investigated using ICA. Multiple brain networks were
differentially engaged in response to losing outcomes and during decision-making periods
preceding choices to quit chasing as compared to choices to continue loss-chasing. These
networks included functional circuitry associated with executive-integration and
motivational mechanisms that differed between GD, CUD and HC participants, and

5Supp|ementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:...
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cognitive and sensory processing networks that were similarly engaged across groups.
Exploratory factor analysis further identified systems of coordinated network engagement. A
system of executive-function-related networks with coordinated engagement in making
choices to quit chasing was greater in individuals with addictive disorders relative to HC.

4.1. Functional Networks Associated With Loss-Chasing

ICA identified multiple, distinct brain networks of functionally integrated activity associated
with loss-chasing behavior. The previous investigation into neural correlates of loss-chasing
indicated greater activity in prefrontal regions, particularly the anterior cingulate,
dorsolateral prefrontal and parietal cortices, as well as the striatum, in making decisions to
quit relative to continue chasing in minimally experienced gamblers (Campbell-Meiklejohn
et al., 2008). Consistent with these initial results using standard linear (GLM) analysis of
BOLD signal, networks encompassing regions of the medial frontal, dorsolateral prefrontal
and parietal cortices, and limbic structures were more strongly associated with choices to
quit compared to continue loss-chasing.

The identified medial frontal network (Figure 2A) is spatially consistent with a functional
system associated with executive integration of cognitive, emotional, reward and response
processing (Margulies et al., 2007; Zarr and Brown, 2016). Greater engagement of this
network in GD participants preceding choices to quit suggests an increased demand on
cognitive processing mechanisms in ceasing a loss-chase and surrendering a loss. This
pattern of engagement suggests individuals with GD can successfully inhibit loss-chasing
tendencies, rather than exhibiting a loss of control under increased stress (Ciccarelli et al.,
2017; Goudriaan et al., 2014; Parke et al., 2016). However, this heightened medial frontal
network engagement does suggest that chase-quitting may involve substantial emotional and
cognitive control in GD individuals, not present in non-gambling-related response inhibition
(de Ruiter et al., 2012), and represents a potential target for cognitive interventions for
individuals with GD.

Consistent with the previous investigation (Campbell-Meiklejohn et al., 2008), individuals
with gambling experience exhibited greater engagement of a striato-amygdala network
(Figure 2B) in making choices to quit relative to continue chasing losses. The identified
striato-amygdala network encompasses regions implicated in motivational and reinforcement
processing relevant to addictive behavior (Noél et al., 2013; Zorrilla and Koob, 2013). As a
distinct intrinsic network, it has been linked to reward and emotion processing and response
inhibition (Laird et al., 2011), and functional alterations in these regions, across multiple
cognitive domains, are well-established in individuals with addictive disorders (Potenza,
2008). Within the context of loss-chasing behavior, the striato-amygdala network likely
reflects a complex of emotional, reward-based, decision-making and impulsivity/
compulsivity-related mechanisms (Rutledge et al., 2010; Tom et al., 2007; Watanabe et al.,
2013; Yin and Knowlton, 2006). GD as compared to CUD participants displayed greater
striato-amygdala engagement during decisions to quit relative to continued chasing,
consistent with evidence of increased regional activity during value-based decision-making
in individuals with GD (Peters et al., 2013). In CUD, greater engagement associated with
choices to loss-chase may be associated with alterations in reward-processing in individuals

Drug Alcohol Depend. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Worhunsky et al.

Page 10

with substance addictions (Tanabe et al., 2013). The dissociation of engagement patterns
related to loss-chasing between individuals with GD and CUD may represent a notable
cognitive distinction between substance and behavioral addictions, and require further
research to clarify possible underlying cognitive correlates.

The right-lateralized fronto-parietal network (Figure 3A), which is associated with executive
functioning domains including response inhibition, attention and decision-making (Laird et
al., 2011), did not differ between groups. Neuropsychological studies have indicated
impairments in executive functioning processes in individuals with GD (van Holst et al.,
2010). However, neurobiological evidence for altered fronto-parietal functioning in GD is
limited. Individuals with GD exhibit fronto-parietal hyper-activation under the context of
extended delayed rewards (Miedl et al., 2015). However additional research examining non-
reward-related cognitive control (Potenza et al., 2003) and reversal learning (Verdejo-Garcia
et al., 2015) report no functional difference in fronto-parietal circuitry in GD relative to non-
addicted control participants. In individuals with CUD, fronto-parietal hyper-activation
(Mayer et al., 2013), hypo-activation (Barros-Loscertales et al., 2011) and no functional
alterations have been reported (Worhunsky et al., 2013). The absence of group differences in
fronto-parietal engagement during the loss-chase task suggests general coordination of
cognitive resources and attention mechanisms were similarly engaged and intact across
participants.

Contrary to hypotheses and the previous report of increased ventromedial prefrontal activity
associated with loss-chasing (Campbell-Meiklejohn et al., 2008), no networks involving the
ventromedial prefrontal cortex were differentially associated with choices to loss-chase or
quit chasing. Post-hoc examination of the 52 non-artefactual networks identified by ICA
identified one candidate network involving the ventromedial prefrontal cortex (Supplemental
Figure 26). While the network was more negatively engaged during quit-related choices as
compared to control trials as in the previous report, there were no differences between quit
and chase choices across participants.

4.2. Systems Of Loss-Chasing Networks

Investigations into coordinated systems of functional brain networks may provide further
insight into the neural mechanisms of complex cognitive processes such as loss-chasing
behavior. An exploratory factor analysis of the loss-chase-related functional networks
identified five systems of coordinated engagement. These systems included coherent
engagement across outcome and decision-making periods of sensory-processing related
networks (Factor 1, “Sensory Coordination”), executive-control networks (Factor 4,
“Sustained Control™) and a mixture of motivational, sensory, and executive networks (Factor
2, “Outcome Sensitivity”). Additional systems included decision-making-related systems of
coordinated executive and sensory networks (Factor 3, “Executive Decisions”) and
motivational and sensory networks (Factor 5, “Motivated Decisions”). Greater factor scores
in GD and CUD relative to HC of the Sustained Control system suggests coordinated
engagement of executive control networks from losing outcome through decision-making is

6Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:...
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required to quit loss-chasing in individuals with addictive disorders. Greater factor scores
were associated with an increased chase depth across participants, and within HC
participants. That is, participants requiring greater coordination of executive functioning to
quit chasing were more likely to continue a loss-chase, suggesting this greater coordination
of executive control may be associated with overcoming impulsive tendencies or deficient
decision-making faculties.

4.3. Implications And Future Directions

This study represents the first to examine the neural correlates of loss-chasing behavior in
individuals with GD, and as compared to individuals with a substance addiction and HC
participants. Results implicate contributions of several functional brain networks in the
performance of loss-chase decision-making. Broadly, network engagement patterns suggest
coordinated executive-function-related mechanisms following loss delivery and during
decision-making are associated with quitting a loss-chase. In GD, this includes increased
engagement of conflict-related processes, perhaps indicating a greater degree of ‘conflict
tolerance’ in GD during a loss-chase, with quitting a chase being associated with reaching a
greater threshold of emotional and cognitive conflict than non-gamblers. By comparison,
continuing a loss-chase was associated with engagement of sensory-processing-related
networks across participants, perhaps suggesting loss-chasing may represent an automatic or
compulsive-like behavior that is more externally rather than internally or cognitively
oriented. In CUD, continuing a loss-chase also differentially engaged reward-related
circuitry, perhaps implicating alterations in risk sensitivity or reward-based motivations.
Future research investigating contextual influences on CUD-related alterations related to
chasing behavior (e.g., using drug-related cues) may help clarify if network engagement
differences are associated with substance as compared to behavioral addictions, or if the
differences are due to the monetary and gambling context of the loss-chase task. Additional
future research could include qualitative interviews with GD individuals regarding emotional
and cognitive states associated with loss-chasing and chase-quitting behavior, testing the
clinical efficacy of cognitive interventions targeting conflict on loss-chasing tendencies, and
neurobiological research to understand possible influences of risk-sensitivity and reward-
responsivity on motivational mechanisms during loss-chasing behavior.

4.4. Limitations

The current study is limited by relatively small samples that were collected across two
magnets. However, multi-site fMRI research indicates inter-magnet effects on overall BOLD
signal are negligible in comparison to inter-subject differences, and there were no magnet-
related differences on task-relatedness of ICA-identified networks (Gountouna et al., 2010).
The higher-dimensional ICA strategy used in the current analysis can provide improved
accuracy of regional constitution of functional networks (Abou-Elseoud et al., 2010);
however, task-related engagement differences in only two networks (main effect of choice
on engagement of the right fronto-parietal and medial frontal networks), survived
corrections for the multiple comparisons performed. Similarly, group differences in loadings
from the exploratory factor analysis were not corrected for multiple comparisons. Thus, firm
conclusions of the study results are cautioned, and replication of the current findings is
needed.
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CUD participants were not well-matched on age and 1Q to the GD or HC participants,
though these differences did not alter ICA or behavioral results when included in analyses.
On average, participants chose to chase less than two consecutive losses, limiting
examination of network engagement differences as the depth of chases increased and losses
accumulated. GD participants did not perform differently relative to non-gamblers (HC and
CUD) on the loss-chase task. While this facilitated investigation of loss-chasing neural
mechanisms between groups, future testing with paradigms that better elicit chasing
behavior in problematic gamblers may identify additional neural correlates of this harm-
related behavior.

The loss-chase task is a laboratory-simulated scenario of increasing losses, and thus limits
the generalizability to real-world gambling scenarios in which actual financial losses can be
accrued over extended periods of time. Inter-session loss-chasing, or re-engaging in a
gambling behavior days or weeks later to recover losses, may significantly impact an
individual’s well-being (Lesieur, 1979; O’Connor and Dickerson, 2003) and represent a
behavior of interest that was not assessed in the current study. Furthermore, the task was
performed under hypothetical conditions toward the potential for additional compensation,
and thus the lack of real-world consequence may have limited the involvement of emotional
and motivational processes that can contribute to loss-chasing behavior (Bibby, 2016; Breen
and Zuckerman, 1999; Parke et al., 2016). Similarly, laboratory conditions may influence
immersion in gambling behavior (Anderson and Brown, 1984), potentially increasing self-
awareness, limiting dissociation and discouraging loss-chasing. Winning and maximum-loss
outcomes may also have influenced chasing behavior in subsequent rounds; however, these
events did not occur with a frequency that would allow effective examination of associated
neural mechanisms. The cognitive mechanisms identified in the current study do however
provide some insight into the outcome-processing and decision-making mechanisms that
contribute to choices to quit chases within gambling sessions, and these findings may have
implications for cognitive and behavioral intervention strategies for disordered gambling and
addictions more broadly.

5.0 Conclusions

Investigation of functional brain networks associated with loss-chasing behavior identified
multiple distinct functional brain networks related to executive, motivational and sensory
processing. Individuals with GD displayed greater engagement of a medial frontal cognitive-
integration network, and individuals with CUD displayed aberrant engagement of a striato-
amygdala motivational network. Exploratory factor analysis of network engagement
identified greater scores in GD and CUD relative to HC in a factor comprised of coordinated
activity across executive-control networks associated with choices to quit chasing losses.
Network engagement patterns are consistent with models of shared and distinct
neurobiological mechanisms in substance and behavioral addictions, and lend insight into
potential targets for cognitive interventions related to interrupting loss-chasing behavior in
GD.
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Figure 2.
Functional brain networks identified as displaying a group (GD, CUD, HC)-by-choice

(chase, quit) interaction in task-related engagement. (A) GD participants exhibited greater
quit-relative chase-related engagement of a medial frontal network as compared to CUD and
HC following outcomes, and as compared to CUD during decision-making. (B) CUD
participants displayed negative quit-relative to chase-related engagement of a striato-
amygdala network that differed from HC following outcomes, and differed from greater
quit-related engagement in GD during decision-making. Regional integrations displayed at a
voxel-level P-ye<0.001, k>100. **/A<0.01; *F<0.05.
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Quit > Chase
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Figure 3.
Functional brain networks identified as displaying a main effect of choice (chase, quit)

during loss-chase game performance. Right fronto-parietal (A) and middle frontal (B)
networks were more strongly engaged during quit- relative to chase-related trials. Auditory
(C) and occipito-parietal visual (D) networks were more strongly dis-engaged during quit-
relative to chase-related trials. Middle occipital (E) and lingual gyrus (F) visual networks
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were more strongly engaged during chase-related compared to quit-related trials. Regional
integrations displayed at a voxel-level Aryg<0.001, k>100.
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Table 1
Participant characteristics and task performance
HC GD CuD Fit/x2 (P)

N

Participant characteristics 27 25 18
Gender, Female (%) 12 (44.4) 9 (36.0) 7(38.9) 0.40 (0.82)
Age, years (SD) 33.6(10.8) 384(115) 43.7(5.3) 5.48 (0.006)
1Q, estimated 1Q (SD) 108 (9.9) 103.1(13.2)  94.7 (9.4) 7.89 (0.001)
Tobacco user, N (%) 2(7.4) 9 (36.0) 12 (66.7) 17.37 (<0.001)
Disorder chronicity, years (SD) - 13.5(10.0) 14.4 (7.9) 0.30 (0.77)

Loss-chase performance
Chase decision-time, ms (SD) 1477 (672) 1482 (674) 1736 (749) 0.91 (0.407)
Quit decision-time, ms (SD) 1661 (879) 1519 (668) 1727 (463) 0.49 (0.617)
Control reaction time, ms (SD) 1269 (684) 1167 (568) 1390 (487) 0.73 (0.487)
Chase depth (SD) 1.7(0.2) 1.8(0.2) 1.8(0.2) 1.21 (0.306)
Quit depth (SD) 1.9 (0.5) 1.7 (0.4) 1.8(0.3) 1.86 (0.164)
Chase value, $ (SD) 230 (48) 234(51) 221 (40) 0.4 (0.644)
Quit value, $ (SD) 266 (96) 230 (88) 256 (49) 1.24 (0.296)
Chases won, per run (SD) 3.0(1.4) 29(1.4) 27(1.4) 0.35(0.707)
Maximum losses, per run (SD) 1.7 (0.7) 22(13) 19(14) 1.32 (0.273)

Abbreviations: HC, Healthy comparison; GD gambling disorder; CUD, cocaine-use disorder.
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