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A neurocomputational account of multi-line

electronic gambling machines

J. Peters ® 1+

Multi-line electronic gambling machines (EGMs) are strongly associated
with problem gambling. Dopamine (DA) plays a central role in substance-use
disorders, which share clinical and behavioral features with disordered
gambling. The structural design features of multi-line EGMs likely lead to the
elicitation of various dopaminergic effects within their nested anticipation-
outcome structure. The present account draws an analogy between EGM
gambling and latent state inference accounts of conditioning, and links mal-
adaptive gambling-related beliefs and expectancies to a process of erroneous
latent state inference that may be exacerbated by EGM design features and
associated dopaminergic processes. Over the course of repeated exposure
to gambling, these processes may foster the emergence of maladaptive state
priors, which clinically manifest as gambling-related cognitions, beliefs, and
expectancies.

The role of gambling formats in disordered gambling

Across many societies, gambling is a popular leisure activity. For the gambling industry, it is
a lucrative business model [1]. For some individuals, gambling can lead to a range of financial,
social, and mental health problems that can result in high costs for individuals and society.
Gambling disorder shares clinical aspects with substance-use disorders [2], including loss
of control over gambling, a preoccupation with gambling, and turning to gambling for the
regulation of negative affect and stress. Disordered gambling is also linked to more specific
behavioral and cognitive phenomena. ‘Loss chasing’ [3], a diagnostic criterion unique to
gambling disorder, refers to intensified gambling in order to recoup one’s losses. Individuals
suffering from disordered gambling also endorse various irrational and superstitious beliefs
about the role of skill in gambling, the nature of luck, and their own ability to influence or predict
gambling outcomes [4-9].

Different games of chance are differentially linked to problem gambling. EGMs (modern vari-
ants of slot machines) are amongst the gambling products exhibiting the strongest associa-
tion with problem gambling [10-13]. Individual cognitive and psychological factors likely
contribute to disordered gambling [14,15], but it is widely appreciated that the structural de-
sign features of gambling products, likely in interaction with individual risk factors [15], play a
central role in their addictive potential [10,15,16]. Which aspects of product design are at
play, and what are the mechanisms through which they might affect behavior, cognition,
and clinical outcomes? Addressing these issues requires the consideration of two aspects.
First, one needs to carefully consider the design features of the specific gambling product.
The present account focuses on modern multi-line EGMs, which show a particularly strong asso-
ciation with problem gambling. Second, design features need to be considered in the context of the
underlying neurocomputational mechanisms that they might facilitate. To this end, this review will
draw upon recent developments in neurocomputational theory.
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Highlights

Maladaptive and erroneous gambling-
related beliefs and cognitions (e.g.,
magical and superstitious thinking,
illusion of control) are core symptoms of
disordered gambling.

Modern multi-line electronic gambling
machines are associated with a high
problem gambling risk profile. Their
structural design features likely elicit
various dopaminergic responses (e.g.,
related to salience, prediction error, and
uncertainty).

It is argued that maladaptive gambling-
related beliefs and cognitions may arise
from the erroneous inference of latent
states during gambling (reflecting, e.g.,
‘hot’ vs. ‘cold” machine states and beliefs
regarding interal vs. external control).

Erroneous gambling-related beliefs may
therefore directly arise from exposure to
gambling and their emergence may be
exacerbated by specific machine design
features and associated dopaminergic
processes.
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Multi-line EGMs

EGMs resemble classical mechanical slot machines, consisting of several reels with symbols.
Pressing the spin button initiates the reel spin, and the objective is to obtain winning symbol com-
binations. Symbols vary in value, with lower-value card symbols (e.g., 10, J, Q, K, A) and higher-
value image symbols (e.g., the sun in Figure 1B). The greater the number of identical symbols fall-
ing from left to right on any given payline, the larger the win. Outcomes on mechanical slot ma-
chines were restricted by the constraints of the physical reels and typically employed three
reels with a single horizontal payline (Figure 1A). In contrast, multi-line EGMs are computer pro-
grams running on machines with touch screens, in a browser window, or on a mobile device,
and employ much larger symbol matrices (e.g., 3 x 5 reel positions, see Figure 1A), such that
vast numbers of symbol combinations are possible (€.g., a 3 x 5 EGM with ten different symbols
has 10'® possible outcome combinations). This design allows players to wager on a much larger
number of paylines (see Figure 1A for a subset of possible paylines on a 3 x 5 EGM). Both the
wager (i.e., the betting amount) and the number of paylines can be adjusted by the player on
each spin, but the maximum wager is often subject to regulation.

EGMs additionally use ‘scatter’ and ‘wild’ symbols. Scatter symbols are high-value symbols that
count towards a winning combination regardless of where they appear on the reels. For example,
obtaining at least three scatter symbols on any reel position might initiate a bonus game feature
(Box 1). Wild symbols, by contrast, can substitute for any symbol to achieve a winning combina-
tion on a payline.

Spin outcomes can be differentiated with respect to the signaled versus the objective reward.
The signaled reward on spin t (Rgig, 1) is the reward displayed to the player. The objective reward,
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J i | I | N | | - machines typically employed three

physical reels with a single central
payline on which winning symbol
combinations could be obtained. In
contrast, multi-line EGMs use at least
five reels with at least three reel
positions each, vastly increasing the
number of symbol combinations and
paylines. (B,C) Feedback is provided on
several levels during EGM gambling.
Outcomes of individual reel spins (B)
and the total spin outcome (C) are
signaled by audio-visual feedback that
scales in salience and complexity with
the magnitude of a win. Losses are
typically associated with a complete
absence of feedback. (D) Online casino
transaction data (credit history) from the
1000 ‘ 1500 author (=1500 high-volatility EGM spins
Spin with an initial credit of 100€) reflecting a
TrendsinCognitiveSciences  classical intermittent reinforcement
scheme [21]. (E) Replotting the data from (D) in terms of the objective reward (R = amount won — amount wagered) per
spin shows a large majority of losses, interspersed with a few large wins, as typical for high-volatility slots. The inset in (E)
shows a magnified section of illustrating three outcome types for a wager of 1€ per spin: regular losses (Rop = —1), wins (Rop;
> 0), and losses-disguised-as-wins, where the amount won is larger than zero, but lower than the wager (<1 < Rqpj < 0).
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Glossary

Gambler’s fallacy: the expectation
that sequences of random events
alternate more than they actually do.
Hot hand fallacy: the expectation that
a series of successes is likely to be
followed by another success.
Incentive salience: the motivational
(appetitive) value of a stimulus.
Intermittent reinforcement: irregular
delivery of reinforcement, leading to
reward uncertainty.

Latent state: an individual’s belief
about a state of the environment.
Reward prediction error: the
difference between received and
predicted reward.

Sensory prediction error: the
difference between experienced and
predicted sensory input.
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Box 1. Symbols, bonus features, and multipliers in EGM design

In addition to the design features outlined in the main text, several other structural features of EGMs deserve mention:

e Symbol design: perceptual symbol salience in EGMs typically scales with value, such that high-value image symbols
(e.g., scatter and wild symbols) stand out in size, color, contrast, luminance, and depth features and are paired with
salient audio-visual effects, ensuring prioritized processing [34,111]. High-value symbols also often cover an area
beyond their reel positions, skewing the overall proportion of high-value symbols amongst all visible symbols [112].

e Emphasized stopping: the visualization and sound effects accompanying the reel spin often depend on the potential
win magnitude. For example, if reels one, two, three, and four have already revealed the same high-value symbol on
a particular payline, the reel-stopping phase for reel five will typically be accompanied by highly salient audio-visual
effects to emphasize the potential for a big win.

® Bonus- and free-spin features: bonus games are usually initiated by hitting a specific symbol combination on a regular
spin. They are often associated with a greater potential win magnitude (multiplier potential) along with audio-visual
effects. ‘Free-spins’ do not require additional wagers and are often associated with an increased multiplier potential.
The term ‘free-spins’ is of course in itself misleading, as they are obviously not free, but incorporated into the overall
return-to-player calculation of the product [113].

e Hidden deductions: many EGMs deduct the wager from the balance at the time the spin button is pressed during
demo play, but shift this time point to the reel spin phase during gambling for actual money [112]. Because attention
is predominantly allocated to the reels [114], this may lead to an underestimation of cumulating losses.

* Double-or-nothing: this gives the player the option to ‘gamble’ following a win, receiving a 50% chance to double the
win or lose everything. It thus constitutes a further multiplier potential mechanism that can increase outcome variance.

e Stop-button: in some products, all reels may be stopped immediately by pressing a stop button at any time during the
reel spin phase. Since the outcome of the spin is determined a priori, this of course does not affect the result, but in
some individuals may affect the perceived control over the outcome [115].

Ropj, t, is the amount won minus the amount wagered, leading to the following outcome types (see
also Figure 1D):

(1) Regular wins (Rop;, + > 0) are celebrated via audio-visual effects that scale in complexity and
salience with the magnitude of the win.

(2) Losses-disguised-as-wins (Rsig, 1 > 0 and Ry, + < 0) yield a net-negative outcome that is
nonetheless celebrated with feedback similar to a regular win [17-19].

(8) Near misses are a specific type of regular loss where a winning symbol falls just above or
below a payline [17].

(4) Regular losses yield a loss of the full amount wagered and are usually accompanied by the
complete absence of audio-visual feedback.

This design leads to a high event frequency and a nested anticipation-feedback structure within a
single spin: The reels stop sequentially, such that anticipation and outcome processing occur for
each individual reel (Figure 1B). Anticipation and outcome phases also occur with respect to the
overall spin outcome, which is revealed following the stopping of the final reel (Figure 1C). High
event frequencies likely contribute to the risk profile of EGMs [10,20].

EGMs operate via intermittent reinforcement (see Glossary) [21,22], specifically via random
ratio schedules, where frequent losses are randomly interspersed with fewer, but potentially
much larger, wins (Figure 1D,E). Because spin outcomes are determined in advance by a random
number generator [22], outcomes are independent, unpredictable, and depend only on the
mathematics of the product (although manufacturers can manipulate the relative frequencies of
specific outcomes such as near misses [23] or losses-disguised-as-wins). Primary aspects that
can affect product preferences [24-26] are return-to-player and volatility. Return-to-player is
the average percentage of payback per wager. Typical values for EGMs range around 89—
96%, substantially lower than, for example, European Roulette, which has a return-to-player of
97.3%. Volatility, however, refers to payout variance. An EGM with low volatility pays out smaller
wins with higher frequency, whereas high-volatility EGMs are associated with very infrequent but
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potentially very large wins (see Figure 1D,E for an example of actual gambling transaction data
from high-volatility EGMs).

DA and EGM gambling

The addictive properties of psychoactive substances are directly linked to their ability to elicit
phasic release of the neurotransmitter DA [27]. It is therefore not surprising that the potential
role of DA in gambling and gambling disorder has been extensively discussed [28-33]. Recent
findings indicate that exposure to gambling-like reward uncertainty (intermittent reinforcement)
can elicit behavioral and dopaminergic effects similar to drugs of abuse (see later), which is likely
a major initial driving factor of the addictive process in gambling. At least three related DA
responses likely factor into gambling in general, and EGMs more specifically.

Salience

Two aspects of dopaminergic salience processing may contribute to EGM gambling: perceptual
and incentive (motivational) salience. The perceptual salience of a stimulus depends on the de-
gree to which its features differ from the surroundings [34], and DA release is greater for stimuli
with greater perceptual salience [35-40]. Perceptual salience is masterfully leveraged in EGM de-
sign (see earlier and Box 1). The perceived salience and the motivational properties of cues
(incentive salience [41]) are directly related to their association with states of high DA release,
which, in the case of substance-use, is elicited by drug effects [41]. In gambling, this likely occurs
via uncertainty exposure [42-44] (see section on uncertainty later). Notably, such effects may be
modulated by genetic factors [45] and may depend on cue characteristics [46].

Prediction errors

DA neurons in the ventral tegmental area (VTA) encode reward prediction errors [47] — they
increase their firing rate for better-than-expected outcomes (positive prediction errors) and
reduce their firing rate below baseline for worse-than-expected outcomes (negative prediction
errors). In formal learning models [39,47,48], prediction errors update a model of the environment
to enable a better reward prediction in the future. Phasic activity of DA neurons thus associates
stimuli and/or actions with reinforcement [49,50]. DA neurons also signal sensory prediction
errors [51] where outcomes deviate from expectation in terms of their sensory features
[52-56]. Due to their nested anticipation-feedback structure, EGMs likely elicit several reward
and sensory prediction error responses during a single spin, with respect to individual reels
(Figure 1B) and with respect to the overall spin outcome (Figure 1C). Given the random reinforce-
ment scheme of EGMs, prediction error signaling will be permanently elevated.

Uncertainty

VTA DA neurons also signal reward uncertainty [30,57,58] and exhibit greater anticipatory activity
for cues that signal higher reward uncertainty [58]. This resonates with human neuroimaging work
showing the greatest responses in regions of the DA system when uncertainty is highest [59].
Again, due to the nested anticipation-feedback structure of EGMs, several such anticipatory
effects may occur per spin —for each reel and the overall spin outcome. In line with the importance
of anticipatory effects, reinforcement-related neural circuits respond to the anticipatory reel
spin phase [60], and anticipatory responses in dopaminergic regions are upregulated in individ-
uals suffering from disordered gambling [61,62]. Exposure to intermittent reinforcement elicits
behavioral and neural effects highly similar to those of drugs of abuse: DA release in the nucleus
accumbens increases during intermittent reinforcement [63] and repeated exposure to reward
uncertainty increases the attribution of incentive salience (i.e., motivational properties, see earlier)
to conditioned stimuli [42—-44]. This likely reflects neuroadaptation processes (incentive sensitization)
in the DA system, similar to those that are elicited by drugs of abuse [63-67]. Uncertainty exposure,
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rather than winning per se, might therefore be an important reinforcing component of EGM
gambling. This dovetails with field observations that individuals engaging in machine gambling
often spend their winnings to increase the time spent gambling rather than cash out [68].

A latent state perspective on EGM gambling

Gambling shares structural similarities with conditioning paradigms, where agents learn to predict
reinforcement based on experienced cues and outcomes. Conditioning likely involves the infer-
ence of latent states that underlie cues and outcomes [69-71]. For example, an animal may
learn during acquisition that cues predict reinforcement, and later learn during extinction that
this association no longer holds (Figure 2A). Latent state models conceptualize extinction as
the learning of a new latent state where the conditioned stimulus is no longer reinforced, rather
than the unlearning of the initial association [69-71]. This can explain renewal, where a condi-
tioned response rapidly re-emerges in a new context following extinction, suggesting that the
original association was not unlearned.

In contrast to conditioning paradigms, where acquisition and extinction are statistically distinct
(i.e., reinforcement occurs during acquisition, but not during extinction), EGMs only have a single
machine state [22,69], which is defined, for example, by return-to-player and volatility (see earlier).
Nonetheless, gambling often involves seemingly erroneous inferences about latent states. For ex-
ample, common misconceptions include the idea that EGMs cycle through ‘hot” and ‘cold” ma-
chine states, where wins are likely and less likely, respectively (Figure 2B), that situational cues
or outcome sequences predict that bonus games or jackpots are ‘due’ (Box 1), or that outcomes
may in some situations be controllable or predictable [4-9]. The idea that such gambling-related
beliefs may be linked to maladaptive state inferences was first put forth by Redish et al. [69]. Such
latent state inference accounts also resonate with active inference accounts of behavior and cog-
nition [72] that are centered around the idea that the brain continuously attempts to update an in-
ternal model of the environment.

(A)
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“Slot is hot“

Prior beliefs

Trends in Cognitive Sciences
Figure 2. Latent states in conditioning and machine gambling. (A) Latent state perspective on acquisition and
extinction in Pavlovian conditioning. During acquisition, cues are consistently paired with reinforcement. During extinction,
reinforcement is omitted. An animal might therefore attribute trials during acquisition to the presence of a common latent
state sy, where cues predict reinforcement. From the absence of reinforcement during extinction, the animal might infer
that the environment has transitioned to a different latent state, s.. (B) Latent state perspective on electronic gambling
machine (EGM) gambling. Based on experienced sequences of spin outcomes, individuals might (erroneously) infer that an
EGM cycles through ‘hot’ (s;) and ‘cold’ (sy) states, where wins are likely and less likely, respectively. Prior beliefs (S) may
influence these erroneous latent state inferences.

¢? CellPress

Trends in Cognitive Sciences, July 2025, Vol. 29, No. 7 673



move_f0010
Image of &INS id=

¢ CellPress Trends in Cognitive Sciences

EGM design features and underlying dopaminergic mechanisms may foster erroneous latent
state inferences in several ways. First, latent state inference is thought to depend in part on the
similarity of observed cues to learned representations [69-71,73]. Given their perceptual similarity
to actual wins, losses-disguised-as-wins [17-19] (and potentially also near misses) might errone-
ously be attributed to a ‘hot’” machine state (Figure 3). In line with this account, despite their net
negative value, losses-disguised-as-wins tend to be miscategorized as wins [17] and elicit similar
neural effects [74]. Dopaminergic prediction errors support the updating of an agent’s beliefs
about the current state of the environment [48]. In several recent models, belief updating depends
on cue salience [75-79] such that highly salient events coupled with positive prediction errors
(such as an EGM big win) may exert disproportional effects on state updating. This might specif-
ically foster the stabilization of erroneously inferred latent states linked to conditions of high pos-
itive prediction errors and high salience. DA release associated with salient big wins may also
facilitate episodic memory encoding via interactions of the DA system with the hippocampus
[80-82]. This resonates with the availability heuristic [83], where the ease of memory access to
past events influences probability estimates, and with the idea that (early) big wins may play an
important role in driving excessive gambling [69,84,85]. Such effects may also contribute to the
observation that individuals often continue to gamble following big wins rather than cash out
[68]. Big wins may be interpreted as particularly salient indicators for the transition into a ‘hot’ ma-
chine state (Figure 3), where more wins are expected to follow. Within the skewed belief system of
an individual who regularly participates in gambling [86], quitting in such a situation may appear
irrational.

Second, latent state inference in gambling likely depends on erroneous interpretations of event
sequences [4,5,9,87]. Prominent examples include the gambler’s fallacy and the hot hand

Spin
history
“Slot is hot*“ < s
Internal control 2
Prior beliefs
m‘l 1; K ‘ 10
Current Q —Rdl| al A (IRIdE
spin Loy Lo Lo I L2 A L | .
' Loss-disguised- Near miss L
as-win 0ss

Trends in Cognitive Sciences
Figure 3. Factors that may contribute to latent state inference during machine gambling. Latent state inference
during electronic gambling machine (EGM) gambling is likely affected by the experienced spin history, the outcome of the
current spin, and an individual’s priors over gambling latent states. The perceptual similarity of spin outcomes (see main
text) may lead to an attribution of outcomes to different latent states (e.g., sy, S2). These states might, for example,
correspond to erroneously inferred ‘hot’ or ‘cold” machine states, or more generally, to perceived internal versus external
control over outcomes. In reality, there are no latent states, and all outcomes result from a single statistical machine state.
Spin outcomes are associated with a combination of audio-visual cues, a signaled reward, and the objective reward
corresponding to the signaled reward minus the wager. Due to their perceptual similarity to actual wins, losses-disguised-
as-wins and near misses may both be preferentially attributed to s4, despite their net negative values. Latent state
inference may be additionally affected by the experienced spin history, subject to additional processing constraints
(e.g., limited working memory capacity, temporal discounting, see main text) and an individual’s prior beliefs over states (S).
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fallacy [5] and beliefs about the cyclical nature of luck [4]. Processing of sequences is subject to
additional cognitive constraints and biases (Figure 3): a limited working memory capacity and
attentional constraints imply that individuals only process a ‘sliding window’ of outcomes —
small samples that often deviate from the true long-run statistics of the environment [388]. Further,
the salience of wins and losses-disguised-as-wins implies that these events may be prioritized in
working memory [89], thereby further skewing sequence-based inference. In some models, the
probability that a new latent state is inferred increases with decreasing average reward prediction
error [69], and this may contribute to the erroneous attribution of wins and losses to different
latent states [69]. Gambling episodes may also be subjectively structured into sequences of
‘losses culminating in a win’ [90]. If sequence values are only tallied up following wins, discounting
of temporally more distant losses in the sequence (Figure 3) may inflate the subjective value of net
negative sequences, thereby skewing an individual’s perception of actual wins [90].

While ‘hot’ and ‘cold’ machine states are examples of erroneous latent state inferences that
exhibit a clear analogy to conditioning, a latent state perspective may accommodate other
gambling-related cognitive distortions and beliefs [4-8,69]. For example, wins may be taken at
‘face value’, or interpreted as related to skill, ability, or expertise, whereas losses are ‘explained
away’, or related to circumstances [6,69,91]. Gambling is also linked to control illusions
(e.g., erroneous beliefs that chance outcomes can, in some situations, be controlled [8,9,92] or
predicted [6,9]; sometimes referred to as primary and secondary control [93]). At the most funda-
mental level, gambling latent states may fall into two broad categories: states linked to perceived
internal versus perceived external control [94,95]. Under real-world conditions, latent state infer-
ences contributing to gambling behavior are likely to be idiosyncratic and individual latent state
priors (Figure 3) may depend on experience, contextual factors, and situational cues [36].

This account suggests two levels at which gambling-related cognitive distortions may affect
gambling behavior. The first level involves state inferences on the level of an ongoing gambling
episode. The second level involves an individual’s prior beliefs, which may bias episode-level
inferences [8,96] (note that current self-report scales do not clearly dissociate these levels
[5-7]). Over time, erroneous latent state inferences may then foster the formation and stabilization
of maladaptive state priors, which clinically manifest as gambling-related beliefs and expectancies
(Figure 4). This account makes several predictions. First, erroneous beliefs should primarily arise
from exposure to gambling, rather than preceding gambling. Indeed, problematic gambling tends
to increase maladaptive beliefs rather than vice versa [97], and non-gambling individuals also
exhibit erroneous cognitions when exposed to a simulated slot machine [87]. Second, early in
EGM gambling, the number of previously inferred latent states is likely limited (Figure 4A), and
prior beliefs may often be relatively vague and restricted to more general beliefs, such as the gam-
bler’s fallacy [88]. However, skill-based features in EGMs [98,99], and gambling formats with

Early EGM gambling Disordered gambling Figure 4. Gambling beliefs and
latent state inference over the

course of problem gambling. (A)

9 @ During the early phases of electronic

gambling machine (EGM) gambling,

individuals may only have naive and

vague prior beliefs (e.g., reflecting more

naive priors Gambling-related general beliefs such as the gambler’s

cognitions and beliefs fallacy), and a limited portfolio of latent

TrendsinCognhiiveSclences gyt representations (s1, So). (B) Over

the course of extended exposure to gambling, the size of the portfolio of erroneously inferred latent states is predicted to

increase (s1 to sy), fostering the development of maladaptive state priors that clinically manifest as gambling-related cogni-
tions, beliefs, and expectancies. States in (B) then reflect an individual’s belief portfolio.
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some role of expertise (e.g., sports betting [100]), may skew initial priors towards internal (vs. ex-
ternal) control states. This has direct implications for policy and regulation (Box 2). Over time, par-
ticipation in EGM gambling should then increase the number of previously inferred erroneous
latent states in a gambler’s ‘state portfolio’ (Figure 4B). This would not only increase the likelihood
of erroneous state inferences occurring during future gambling episodes, but an increasing size of
the state portfolio should also increase the likelihood of latent state switches occurring during a
gambling episode. The reason is that a larger state portfolio increases the likelihood of a match
with a stored state representation, thereby evoking a state switch. Third, to the extent to which
current clinical scales accurately measure these processes, state portfolio size should be a direct
function of the degree to which gambling-related beliefs and expectancies are endorsed.

Maladaptive beliefs, gambling, and the model-based system

Conditions of uncertainty have long been linked to the formation of superstitious, magical, and
conspiratorial beliefs [101-105], which exhibit substantial conceptual links to gambling-related
cognitive distortions [4-7] that arise under reward uncertainty. Generally, decision-making may
be driven by model-based predictions that are based on a model of the environment and
model-free predictions that are based on the past reinforcement history [106]. In this view, erro-
neous latent state inferences correspond to the formation of an incorrect model of the environ-
ment. Gambling disorder has repeatedly been linked to impaired model-based control in multi-
step reinforcement learning tasks [107-109], consistent with the idea of erroneous latent state in-
ference. Despite this general impairment in case-control studies, when individuals suffering from
problem gambling are exposed to gambling-related environments, model-based control is mark-
edly improved [110]. This is consistent with the idea that gambling may lead to the formation of
state priors facilitating latent state inference in those settings in which gambling regularly takes
place. Such priors may be maladaptive under the unpredictable reinforcement scheme of
EGMs, where they facilitate erroneous latent state inference. However, when there are regularities
that can be exploited by the model-based system, as in standard tasks used to measure model-
based control, such priors may result in performance improvements [110].

Concluding remarks

By drawing an analogy between EGM gambling and latent state inference accounts of conditioning
[69-71], the present account casts maladaptive gambling-related cognitions, beliefs, and expec-
tancies as erroneous latent state inferences arising during exposure to random reinforcement.
This process may be facilitated by dopaminergic processes associated with salience, prediction
error, and uncertainty, which can be linked to specific EGM design features (see Outstanding
questions). Over repeated exposure to gambling, an individual’s portfolio of erroneously inferred
latent states increases, contributing to the formation of maladaptive latent state priors over

Box 2. Implications for policy and regulation

Gambling regulation and harm prevention should be informed by the consideration of structural design features of prod-
ucts, as argued previously [15,18,26,113,116-118]. Regulation differs between jurisdictions, but some approaches focus
on mechanisms highlighted here. These include, for example, imposing minimum spin durations or mandatory breaks
(targeting event frequency) and maximum bet- or win-sizes (targeting outcome variance and limiting losses per unit time).
However, such measures can only serve harm reduction if no regulatory loopholes are exploited [119]. EGM design fea-
tures that may drive erroneous latent state inferences may constitute potential further targets for prevention and regulation
[18,86]. Furthermore, many of the considerations outlined here might also apply to other gambling formats. Sports betting
products, for example, have a similar risk profile as EGM gambling [10,12] and share several design features with EGMs,
including high event frequencies, multiplier potentials and near-miss outcomes [100]. These mechanisms should therefore
be taken into account in future approaches to the regulation of these products. In the present framework, maladaptive
or erroneous latent state priors might facilitate the development of erroneous gambling-related beliefs and cognitions.
Therefore, the role of gambling advertising also warrants further investigation [120], as advertising content may be a route
towards the induction of erroneous priors (e.g., priors related to internal control states).
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Outstanding questions

How do experimental manipulations
targeting the dopamine system affect
erroneous latent state inference during
gambling?

How are latent state priors affected
by contextual and situational cues in
gambling?

What new experimental approaches
are required to map an individual’s
‘latent state portfolio’?

How do different EGM design features
interact in driving maladaptive belief
emergence in EGM gambling?

Which individual risk and resilience factors
may explain individual differences in
gambling-related beliefs and cognitions?
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gambling episodes, which in turn clinically manifest as gambling-related cognitions, beliefs, and ex-
pectancies. EGMs, by virtue of their structural design, may foster such erroneous latent state infer-
ences, thereby facilitating persistent gambling despite negative consequences.

Acknowledgments
| thank Tobias Hayer, Anja Kréplin, and Ruth van Holst for helpful comments on a previous version of this paper, and three
anonymous reviewers for insightful comments. This work was supported by the Deutsche Forschungsgemeinschaft
(DFG), project code 502778657. J.P. acknowledges financial support from the Mapping Autonomic Neural Interaction and
Control (MANIAC) Emerging Group by the University of Cologne Excellent Research Support Program via the DFG.

Declaration of interests
No interests are declared.

References

1.

N

w

o

(o2}

~

o]

©

10.

18.

14.

15.

16.

17.

18.

19.

Yakowicz, W. (2023) U.S. Set Gambling Record in 2022 with
More Than $54.9 Billion in Revenue, Forbes

. American Psychiatric Association (2013) Diagnostic and Statis-

tical Manual of Mental Disorders (5th edn), American Psychiatric
Association

. Banerjee, N. et al. (2023) Behavioural expressions of loss-

chasing in gambling: a systematic scoping review. Neurosci.
Biobehav. Rev. 153, 105377

. Ejova, A. et al. (2015) Erroneous gambling-related beliefs as illu-

sions of primary and secondary control: a confirmatory factor
analysis. J. Gambl. Stud. 31, 133-160

. Goodie, A.S. and Fortune, E.E. (2013) Measuring cognitive dis-

tortions in pathological gambling: review and meta-analyses.
Psychol. Addict. Behav. 27, 730-743

. Raylu, N. and Oei, T.P.S. (2004) The Gambling Related Cogni-

tions Scale (GRCS): development, confirmatory factor validation
and psychometric properties. Addiction 99, 757-769

. Steenbergh, T.A. et al. (2002) Development and validation of

the Gamblers’ Beliefs Questionnaire. Psychol. Addict. Behav.
16, 143-149

. Clark, L. and Wohl, M.J.A. (2022) Langer's illusion of control

and the cognitive model of disordered gambling. Addiction
117, 1146-1151

. Ladouceur, R. et al. (1988) Gambling: relationship between the

frequency of wins and irrational thinking. J. Psychol. 122,
409-414

Allami, Y. et al. (2021) A meta-analysis of problem gambling risk
factors in the general adult population. Addiction 116,
2968-2977

. Delfabbro, P. et al. (2020) Do EGMs have a stronger association

with problem gambling than racing and casino table games?
Evidence from a decade of Australian prevalence studies.
J. Gambl. Stud. 36, 499-511

. Meyer, G. et al. (2023) Problem gambling in Germany: results of

a mixed-mode population survey in 2021. Int. Gambl. Stud. 24,
1-18

Tran, L.T. et al. (2024) The prevalence of gambling and prob-
lematic gambling: a systematic review and meta-analysis. Lan-
cet Public Health 9, 594-e613

van Timmeren, T. et al. (2018) Compulsivity-related neurocogni-
tive performance deficits in gambling disorder: a systematic re-
view and meta-analysis. Neurosci. Biobehav. Rev. 84, 204-217
Yicel, M. et al. (2018) Hooked on gambling: a problem of
human or machine design? Lancet Psychiatry 5, 20-21
Griffiths, M. (1999) Gambling technologies: prospects for prob-
lem gambling. J. Gambl. Stud. 15, 265-283

Barton, K.R. et al. (2017) The effect of losses disguised as wins
and near misses in electronic gaming machines: a systematic
review. J. Gambl. Stud. 33, 1241-1260

Myles, D. et al. (2019) Cognitive neuroscience can support pub-
lic health approaches to minimise the harm of “losses disguised
as wins” in multiline slot machines. Eur. J. Neurosci. 50,
2384-2391

Dixon, M.J. et al. (2010) Losses disguised as wins in modern
multi-line video slot machines. Addiction 105, 1819-1824

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Harris, A. and Griffiths, M.D. (2018) The impact of speed of play
in gambling on psychological and behavioural factors: a critical
review. J. Gambl. Stud. 34, 393-412

Ferster, C.B. and Skinner, B.F. (1957) Schedules of Reinforce-
ment, Appleton-Century-Crofts

Turner, N. and Horbay, R. (2004) How do slot machines and
other electronic gambling machines actually work? J. Gambl.
Issues 11, 1-36

Harrigan, K.A. (2008) Slot machine structural characteristics:
creating near misses using high award symbol ratios. Int.
J. Ment. Heal. Addict. 6, 353-368

Coates, E. and Blaszczynski, A. (2013) An analysis of switching
and non-switching slot machine player behaviour. J. Gambl.
Stud. 29, 631-645

Dixon, M.J. et al. (2014) The allure of multi-line games in modern
slot machines. Addiction 109, 1920-1928

Delfabbro, P. et al. (2020) The effects of parameter variations in
electronic gambling simulations: results of a laboratory-based
pilot investigation. Gambl. Res. J. Natl. Assoc. Gambl. Stud.
(Australia) 17, 7-25

Wise, R.A. and Robble, M.A. (2020) Dopamine and addiction.
Annu. Rev. Psychol. 71, 79-106

Anselme, P. and Robinson, M.J.F. (2013) What motivates gam-
bling behavior? Insight into dopamine’s role. Front. Behav.
Neurosci. 7, 182

Potenza, M.N. (2013) How central is dopamine to pathological
gambling or gambling disorder? Front. Behav. Neurosci. 7, 206
Zack, M. et al. (2020) Dopaminergic signaling of uncertainty
and the aetiology of gambling addiction. Prog. Neuro-
Psychopharmacol. Biol. Psychiatry 99, 109853

Heiden, P. et al. (2017) Pathological gambling in Parkinson’s
disease: what are the risk factors and what is the role of impul-
sivity? Eur. J. Neurosci. 45, 67-72

Voon, V. et al. (2006) Prevalence of repetitive and reward-seeking
behaviors in Parkinson disease. Neurology 67, 1254-1257
Clark, L. et al. (2019) Neuroimaging of reward mechanisms in
gambling disorder: an integrative review. Mol. Psychiatry 24,
674-693

Rust, N.C. and Cohen, M.R. (2022) Priority coding in the visual
system. Nat. Rev. Neurosci. 23, 376-388

de Lafuente, V. and Romo, R. (2011) Dopamine neurons code
subjective sensory experience and uncertainty of perceptual
decisions. Proc. Natl. Acad. Sci. USA 108, 19767-19771
Gonzalez, L.S. et al. (2023) Ventral striatum dopamine release
encodes unique properties of visual stimuli in mice. eLife 12,
e85064

Kutlu, M.G. et al. (2021) Dopamine release in the nucleus
accumbens core signals perceived saliency. Curr. Biol. 31,
4748-4761.e8

Litt, A. et al. (2011) Dissociating valuation and saliency signals
during decision-making. Cereb. Cortex 21, 95-102
Gershman, S.J. et al. (2024) Explaining dopamine through pre-
diction errors and beyond. Nat. Neurosci. 27, 1645-1655
Bromberg-Martin, E.S. et al. (2010) Dopamine in motivational
control: rewarding, aversive, and alerting. Neuron 68, 815-834

Trends in Cognitive Sciences, July 2025, Vol. 29, No. 7

¢ CellP’ress

677



http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0005
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0005
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0010
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0010
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0010
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0015
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0015
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0015
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0020
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0020
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0020
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0025
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0025
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0025
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0030
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0030
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0030
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0035
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0035
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0035
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0040
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0040
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0040
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0045
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0045
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0045
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0050
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0050
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0050
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0055
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0055
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0055
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0055
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0060
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0060
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0060
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0065
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0065
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0065
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0070
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0070
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0070
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0075
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0075
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0080
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0080
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0085
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0085
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0085
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0090
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0090
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0090
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0090
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0095
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0095
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0100
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0100
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0100
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0105
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0105
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0110
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0110
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0110
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0115
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0115
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0115
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0120
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0120
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0120
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0125
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0125
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0130
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0130
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0130
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0130
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0135
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0135
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0140
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0140
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0140
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0145
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0145
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0150
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0150
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0150
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0155
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0155
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0155
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0160
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0160
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0165
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0165
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0165
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0170
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0170
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0175
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0175
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0175
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0180
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0180
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0180
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0185
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0185
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0185
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0190
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0190
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0195
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0195
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0200
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0200

¢? CellPress
OPEN ACCESS

4

=

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61

62.

63.

64.

65.

66.

. Berridge, K.C. (2007) The debate over dopamine’s role in re-

ward: the case for incentive salience. Psychopharmacology
191, 391-431

Anselme, P. et al. (2013) Reward uncertainty enhances incen-
tive salience attribution as sign-tracking. Behav. Brain Res.
238, 53-61

Robinson, M.J.F. et al. (2014) Initial uncertainty in Pavlovian re-
ward prediction persistently elevates incentive salience and ex-
tends sign-tracking to normally unattractive cues. Behav. Brain
Res. 266, 119-130

Robinson, M.J.F. et al. (2015) Amphetamine-induced sensitiza-
tion and reward uncertainty similarly enhance incentive salience
for conditioned cues. Behav. Neurosci. 129, 502-511
Fitzpatrick, C.J. et al. (2013) Variation in the form of Pavlovian
conditioned approach behavior among outbred male
Sprague-Dawley rats from different vendors and colonies:
sign-tracking vs. goal-tracking. PLoS One 8, 75042

Meyer, P.J. et al. (2014) The form of a conditioned stimulus can
influence the degree to which it acquires incentive motivational
properties. PLoS One 9, e98163

Schultz, W. et al. (1997) A neural substrate of prediction and
reward. Science 275, 1593-1599

Gershman, S.J. and Uchida, N. (2019) Believing in dopamine.
Nat. Rev. Neurosci. 20, 703-714

Tsai, H.-C. et al. (2009) Phasic firing in dopaminergic neurons is
sufficient for behavioral conditioning. Science 324, 1080-1084
Steinberg, E.E. et al. (2013) A causal link between prediction er-
rors, dopamine neurons and learning. Nat. Neurosci. 16,
966-973

Lerner, T.N. et al. (2021) Dopamine, updated: reward prediction
error and beyond. Curr. Opin. Neurobiol. 67, 123-130
Howard, J.D. and Kahnt, T. (2018) Identity prediction errors in
the human midbrain update reward-identity expectations in
the orbitofrontal cortex. Nat. Commun. 9, 1611

Iglesias, S. et al. (2013) Hierarchical prediction errors in mid-
brain and basal forebrain during sensory learning. Neuron 80,
519-530

Stalnaker, T.A. et al. (2019) Dopamine neuron ensembles signal
the content of sensory prediction errors. eLife 8, e49315
Suarez, J.A. et al. (2019) Sensory prediction errors in the human
midbrain signal identity violations independent of perceptual
distance. eLife 8, e43962

Takahashi, Y.K. et al. (2017) Dopamine neurons respond to
errors in the prediction of sensory features of expected
rewards. Neuron 95, 1395-1405.e3

Linnet, J. et al. (2012) Striatal dopamine release codes uncer-
tainty in pathological gambling. Psychiatry Res. 204, 55-60
Fiorillo, C.D. et al. (2003) Discrete coding of reward probability
and uncertainty by dopamine neurons. Science 299,
1898-1902

Preuschoff, K. et al. (2006) Neural differentiation of expected re-
ward and risk in human subcortical structures. Neuron 51,
381-390

Shao, R. et al. (2013) Shifts in reinforcement signalling while
playing slot-machines as a function of prior experience and im-
pulsivity. Transl. Psychiatry 3, 213

. van Holst, R.J. et al. (2012) Distorted expectancy coding

in problem gambling: is the addictive in the anticipation? Biol.
Psychiatry 71, 741-748

Worhunsky, P.D. et al. (2014) Altered neural correlates of
reward and loss processing during simulated slot-machine
fMRI in pathological gambling and cocaine dependence. Drug
Alcohol Depend. 145, 77-86

Mascia, P. et al. (2019) Exposure to conditions of uncertainty
promotes the pursuit of amphetamine. Neuropsychopharma-
cology 44, 274-280

Fugariu, V. et al. (2020) Effects of exposure to chronic uncer-
tainty and a sensitizing regimen of amphetamine injections on
locomotion, decision-making, and dopamine receptors in rats.
Neuropsychopharmacology 45, 811-822

Zack, M. et al. (2014) Chronic exposure to a gambling-like
schedule of reward predictive stimuli can promote sensitization
to amphetamine in rats. Front. Behav. Neurosci. 8, 36

Zeeb, F.D. et al. (2017) Uncertainty exposure causes behav-
ioural sensitization and increases risky decision-making in

678  Trends in Cognitive Sciences, July 2025, Vol. 29, No. 7

67.

68.

69.

70.

4

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9

92.

Trends in Cognitive Sciences

male rats: toward modelling gambling disorder. J. Psychiatry
Neurosci. 42, 404-413

Vezina, P. (2004) Sensitization of midbrain dopamine neuron re-
activity and the self-administration of psychomotor stimulant
drugs. Neurosci. Biobehav. Rev. 27, 827-839

Schdill, N.D. (2014) Addiction by Design: Machine Gambling in
Las Vegas, Princeton University Press

Redish, A.D. et al. (2007) Reconciling reinforcement learning
models with behavioral extinction and renewal: implications for
addiction, relapse, and problem gambling. Psychol. Rev. 114,
784-805

Gershman, S.J. et al. (2010) Context, learning, and extinction.
Psychol. Rev. 117, 197-209

. Cochran, A.L. and Cisler, J.M. (2019) A flexible and generaliz-

able model of online latent-state learning. PLoS Comput. Biol.
15, 1007331

Pezzulo, G. et al. (2024) Active inference as a theory of sentient
behavior. Biol. Psychol. 186, 108741

Pettine, W.W. et al. (2023) Human generalization of internal
representations through prototype learning with goal-directed
attention. Nat. Hum. Behav. 7, 442-463

Myles, D. et al. (2024) Losses disguised as wins evoke the
reward positivity event-related potential in a simulated machine
gambling task. Psychophysiology 61, e14541

Kalhan, S. et al. (2023) Reward prediction-errors weighted by
cue salience produces addictive behaviours in simulations,
with asymmetrical learning and steeper delay discounting.
Neural Netw. 168, 631-650

Zhang, J. et al. (2009) A neural computational model of incen-
tive salience. PLoS Comput. Biol. 5, 1000437

Smith, B.J. and Read, S.J. (2022) Modeling incentive salience
in Pavlovian learning more parsimoniously using a multiple
attribute model. Cogn. Affect. Behav. Neurosci. 22, 244-257
Zhu, Y. et al. (2018) Dynamic salience processing in paraven-
tricular thalamus gates associative learning. Science 362,
423-429

Chien, S. et al. (2016) Congruence of inherent and acquired
values facilitates reward-based decision-making. J. Neurosci.
36, 5003-5012

Lisman, J.E. and Grace, A.A. (2005) The hippocampal-VTA
loop: controlling the entry of information into long-term memory.
Neuron 46, 703-713

Clos, M. et al. (2019) Dopamine enhances item novelty detec-
tion via hippocampal and associative recall via left lateral pre-
frontal cortex mechanisms. J. Neurosci. 39, 7920-7933

Jang, A.l. et al. (2019) Positive reward prediction errors during
decision-making strengthen memory encoding. Nat. Hum.
Behav. 3, 719-732

Tversky, A. and Kahneman, D. (1973) Availability: a heuristic for
judging frequency and probability. Cogn. Psychol. 5, 207-232
Edson, T.C. et al. (2023) A large-scale prospective study of big
wins and their relationship with future involvement and risk
among actual online sports bettors. Comput. Hum. Behav.
142, 107657

Custer, R.L. (1984) Profile of the pathological gambler. J. Clin.
Psychiatry 45, 35-38

Delfabbro, P. (2004) The stubborn logic of regular gamblers:
obstacles and dilemmas in cognitive gambling research.
J. Gambl. Stud. 20, 1-21

Krébesz, R. et al. (2023) Non-problem gamblers show the
same cognitive distortions while playing slot machines as prob-
lem gamblers, with no loss of control and reduced reality con-
trol, though - an experimental study on gambling. Front.
Psychol. 14, 1175621

Hahn, U. (2014) Experiential limitation in judgment and decision.
Top. Cogn. Sci. 6, 229-244

Constant, M. and Liesefeld, H.R. (2021) Massive effects of
saliency on information processing in visual working memory.
Psychol. Sci. 32, 682-691

Rachlin, H. et al. (2015) The attraction of gambling. J. Exp. Anal.
Behav. 103, 260-266

. Gilovich, T. (1983) Biased evaluation and persistence in

gambling. J. Pers. Soc. Psychol. 44, 1110-1126
Langer, E.J. (1975) The illusion of control. J. Pers. Soc. Psychol.
32,311-328


http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0205
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0205
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0205
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0210
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0210
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0210
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0215
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0215
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0215
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0215
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0220
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0220
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0220
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0225
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0225
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0225
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0225
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0230
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0230
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0230
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0235
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0235
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0240
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0240
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0245
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0245
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0250
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0250
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0250
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0255
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0255
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0260
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0260
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0260
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0265
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0265
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0265
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0270
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0270
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0275
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0275
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0275
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0280
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0280
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0280
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0285
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0285
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0290
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0290
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0290
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0295
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0295
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0295
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0300
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0300
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0300
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0305
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0305
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0305
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0310
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0310
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0310
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0310
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0315
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0315
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0315
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0320
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0320
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0320
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0320
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0325
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0325
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0325
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0330
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0330
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0330
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0330
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0335
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0335
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0335
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0340
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0340
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0345
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0345
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0345
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0345
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0350
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0350
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0355
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0355
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0355
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0360
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0360
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0365
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0365
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0365
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0370
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0370
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0370
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0375
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0375
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0375
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0375
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0380
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0380
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0385
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0385
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0385
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0390
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0390
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0390
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0395
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0395
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0395
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0400
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0400
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0400
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0405
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0405
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0405
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0410
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0410
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0410
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0415
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0415
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0420
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0420
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0420
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0420
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0425
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0425
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0430
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0430
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0430
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0435
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0435
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0435
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0435
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0435
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0440
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0440
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0445
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0445
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0445
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0450
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0450
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0455
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0455
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0460
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0460

Trends in Cognitive Sciences

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Rothbaum, F. et al. (1982) Changing the world and changing
the self: a two-process model of perceived control. J. Pers.
Soc. Psychol. 42, 5-37

Rotter, J.B. (1966) Generalized expectancies for internal versus
external control of reinforcement. Psychol. Monogr. Gen. Appl.
80, 1-28

Rosecrance, J. (1986) Attributions and the origins of problem
gambling. Sociol. Q. 27, 463-477

Klusowski, J. et al. (2021) Does choice cause an illusion of
control? Psychol. Sci. 32, 169-172

Nicholson, R. et al. (2016) The temporal relationship between
faulty gambling cognitions and gambling severity in young
adults. J. Gambl. Stud. 32, 1215-1229

Newall, P. et al. (2024) Skill-based electronic gaming machines:
features that mimic video gaming, features that could contribute
to harm, and their potential attraction to different groups.
J. Gambl. Stud. 40, 1483-1498

Gainsbury, S.M. et al. (2020) Skill gambling machines
and electronic gaming machines: participation, erroneous
beliefs, and understanding of outcomes. Int. Gambl. Stud.
20, 500-514

Newall, P.W.S. et al. (2021) Structural characteristics of fixed-
odds sports betting products. J. Behav. Addict. 10, 371-380
Douglas, K.M. et al. (2017) The psychology of conspiracy
theories. Curr. Dir. Psychol. Sci. 26, 538-542

Hofstadter, R. (1964) The paranoid style in American politics,
Harper's Magazine

Malinowski, B. and Redfield, R. (1948) Magic, Science and
Religion and Other Essays, Beacon Press; Free Press

van Prooijen, J.-W. and Douglas, K.M. (2017) Conspiracy theo-
ries as part of history: the role of societal crisis situations. Mem.
Stud. 10, 323-333

Whitson, J.A. and Galinsky, A.D. (2008) Lacking control
increases illusory pattern perception. Science 322, 115-117
Voon, V. et al. (2017) Model-based control in dimensional
psychiatry. Biol. Psychiatry 82, 391-400

Wyckmans, F. et al. (2019) Reduced model-based decision-
making in gambling disorder. Sci. Rep. 9, 19625

Bruder, L.R. et al. (2021) Increased temporal discounting and
reduced model-based control in problem gambling are not

100.

110.

111,

112.

118.

114.

116.

116.

117.

118.

119.

120.

substantially modulated by exposure to virtual gambling envi-
ronments. bioRxiv, Published online September 17, 2021.
https://doi.org/10.1101/2021.09.16.459889

Wiehler, A. et al. (2021) Attenuated directed exploration during
reinforcement learning in gambling disorder. J. Neurosci. 41,
2512-2522

Wagner, B. et al. (2022) Gambling environment exposure
increases temporal discounting but improves model-based
control in regular slot-machine gamblers. Comput. Psychiatry
6, 142-165

Liesefeld, H.R. et al. (2019) Biasing allocations of attention via
selective weighting of saliency signals: behavioral and neuroim-
aging evidence for the dimension-weighting account. Curr. Top.
Behav. Neurosci. 41, 87-113

Peters, J. (2023) Fake misses and hidden deductions in multi-
line electronic gambling machines. PsyArXiv, Published online
August 21, 2023. https://doi.org/10.31234/0sf.io/wkb9p
Livingstone, C. and Woolley, R. (2007) Risky business: a few
provocations on the regulation of electronic gaming machines.
Int. Gambl. Stud. 7, 361-376

Murch, W.S. et al. (2020) Zoned in or zoned out? Investigating
immersion in slot machine gambling using mobile eye-
tracking. Addiction 115, 1127-1138

Dixon, M.J. et al. (2018) Near-misses and stop buttons in slot
machine play: an investigation of how they affect players, and
may foster erroneous cognitions. J. Gambl. Stud. 34,
161-180

Meyer, G. and Hayer, T. (2023) Schadensbegrenzung beim
glucksspiel. Prav. Gesundheitst. 18, 1-9

Newall, P.W.S. (2023) Reduce the speed and ease of online
gambling in order to prevent harm. Addiction 118, 204-205
Griffiths, M.D. (2009) Minimizing harm from gambling: what
is the gambling industry’s role? Addiction 104, 696-697
discussion 697-698

Meyer, G. (2020) Pravention der gliicksspielsucht: warum
maBnahmen des spielerschutzes von gllicksspielanbietern
kaum wirkung erzielen. SUCHT 66, 45-56

Torrance, J. et al. (2021) Emergent gambling advertising;
a rapid review of marketing content, delivery and structural
features. BMC Public Health 21, 718

¢ CellP’ress
OPEN ACCESS

Trends in Cognitive Sciences, July 2025, Vol. 29, No. 7 679



http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0465
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0465
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0465
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0470
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0470
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0470
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0475
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0475
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0480
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0480
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0485
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0485
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0485
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0490
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0490
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0490
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0490
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0495
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0495
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0495
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0495
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0500
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0500
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0505
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0505
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0510
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0510
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0515
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0515
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0520
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0520
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0520
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0525
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0525
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0530
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0530
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0535
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0535
https://doi.org/10.1101/2021.09.16.459889
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0545
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0545
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0545
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0550
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0550
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0550
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0550
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0555
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0555
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0555
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0555
https://doi.org/10.31234/osf.io/wkb9p
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0565
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0565
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0565
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0570
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0570
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0570
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0575
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0575
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0575
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0575
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0580
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0580
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0585
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0585
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0590
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0590
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0590
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0595
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0595
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0595
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0600
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0600
http://refhub.elsevier.com/S1364-6613(24)00330-9/rf0600

	A neurocomputational account of multi-�line electronic gambling machines
	The role of gambling formats in disordered gambling
	Multi-line EGMs
	DA and EGM gambling
	Salience
	Prediction errors
	Uncertainty

	A latent state perspective on EGM gambling
	Maladaptive beliefs, gambling, and the model-based system
	Concluding remarks
	Acknowledgments
	Declaration of interests
	References




