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Abstract

In many everyday decisions, individuals choose between trialling something novel or something they know well. Deciding
when to try a new option or stick with an option that is already known to you, known as the “explore/exploit” dilemma, is
an important feature of cognition that characterises a range of decision-making contexts encountered by humans. Recent
evidence has suggested preferences in explore/exploit biases are associated with psychopathology, although this has typically
been examined within individual disorders. The current review examined whether explore/exploit decision-making represents
a promising transdiagnostic target for psychosis, depression, and anxiety. A systematic search of academic databases was
conducted, yielding a total of 29 studies. Studies examining psychosis were mostly consistent in showing that individuals
with psychosis explored more compared with individuals without psychosis. The literature on anxiety and depression was
more heterogenous; some studies found that anxiety and depression were associated with more exploration, whereas other
studies demonstrated reduced exploration in anxiety and depression. However, examining a subset of studies that employed
case-control methods, there was some evidence that both anxiety and depression also were associated with increased explora-
tion. Due to the heterogeneity across the literature, we suggest that there is insufficient evidence to conclude whether explore/
exploit decision-making is a transdiagnostic target for psychosis, depression, and anxiety. However, alongside our advisory
groups of lived experience advisors, we suggest that this context of decision-making is a promising candidate that merits
further investigation using well-powered, longitudinal designs. Such work also should examine whether biases in explore/
exploit choices are amenable to intervention.
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Introduction

In many everyday decisions, individuals choose between trial-
ling something novel or sticking with something they know well.
Do you try out the new pizzeria that has opened across the road
or go to your favourite café for lunch? Deciding when to try a
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new option or stick with an option that is already known to you,
known as the “explore/exploit” dilemma, is an important fea-
ture of cognition and is present across several decision-making
domains (Gabay & Apps, 2021). Explore/exploit decision-mak-
ing relies on a range of cognitive faculties, such as motivational
drives and executive functions (Lloyd et al., 2023). Notably,
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the cognitive faculties responsible for explore/exploit decision-
making are also implicated in the onset and maintenance of
psychopathology, including psychosis, depression, and anxi-
ety (Addicott et al., 2017). It is therefore plausible that explore/
exploit decision-making may be a transdiagnostic risk factor for
psychopathology and one that has the potential to significantly
improve life outcomes if targeted for intervention (Lloyd et al.,
2023). This view is shared by those with lived experience of
psychosis, depression, and anxiety, who have stated the topic
is one that affects their everyday lives as they “have a negative
bias [towards] trying new things” or conversely might try to
“escape the feelings that come with the illness” by exploring
new, potentially harmful alternatives (e.g., drugs and alcohol).
In this paper, we systematically review whether explore/exploit
decision-making as a potential transdiagnostic target for psycho-
sis, depression, and anxiety.

Explore/exploit decision-making requires the individual to
choose between exploiting an option with a known reward value
and exploring a novel option with a less known or unknown
reward value (Costa et al., 2019; Lloyd et al., 2023). Accounts
of optimal explore/exploit decision-making suggest that indi-
viduals should engage in some level of both exploration and
exploitation, and biases toward either option are thought to lead
to suboptimal outcomes (Speers & Bilkey, 2023). For example,
too little exploration can mean individuals remain with subopti-
mal options and do not discover other potentially better options,
whereas too much exploration can mean individuals do not
remain with a single option long enough to exploit the available
rewards. Moreover, it has recently been proposed that there are
normative changes to exploration across the lifespan, such that
younger individuals should explore more compared with older
individuals (Lloyd et al., 2023). These accounts suggest opti-
mal explore/exploit decision-making involves a balance between
both choices and individuals may exhibit biases in this context
of decision-making by relying too much on one strategy alone.

A range of behavioural paradigms have been used
to measure explore/exploit decision-making, including
n-armed bandit (Daw et al., 2006), horizon tasks (Wilson
et al., 2014), and patch foraging (Lloyd et al., 2021) (see
Text Box 1). These tasks provide particularly rich behav-
ioural measures, because they also are amenable to compu-
tational modelling (Daw et al., 2006)—a method that allows
for exploration to be precisely quantified using mathemati-
cal formulas (Wilson & Collins, 2019). Explore/exploit
tasks and their associated computational models provide a
rich, ecologically valid source of information about deci-
sion-making (Speers & Bilkey, 2023) and can yield unique
insights into the cognitive biases associated with psychopa-
thology (Addicott et al., 2017).

Early computational models of explore/exploit choices
measured exploration using an inverse temperature parameter.
This parameter measures the frequency with which the indi-
vidual selects the option that, to the best of their knowledge,
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does not yield the highest number of rewards (Wilson & Col-
lins, 2019). While the stochasticity parameter can measure
exploration, it is limited insofar as it can also reflect par-
ticipants’ inattention to the task (Zorowitz et al., 2023). To
address the limitation of these models, several new models
have since been developed that better distinguish explora-
tion from random responding (Costa et al., 2019; Daw et al.,
2006; Gershman, 2019). These models also measure dif-
ferent types of exploration. For example, strategic forms of
exploration where the individual receives a subjective bonus
from exploring novel options to reduce uncertainty in their
environment (Gershman, 2019). In addition, novel tasks have
been developed that better parse different types of explora-
tion. For example, Horizon tasks differentiate between explo-
ration used to gain knowledge about the environment that
has utility for future choices, known as directed exploration,
and more stochastic forms of exploration without utility for
future decisions, known as random exploration (Wilson et al.,
2014). Given the variation in which exploration can be meas-
ured across different tasks and computational models, it is
important to consider the methods used to measure biases in
explore/exploit choices in relation to psychopathology.

Text Box 1: Tasks used to measure explore/exploit
decision-making.

n-armed Bandit: Participants are presented with two or more “ban-
dits” or slot machines, which each have a probability or yielding
areward. Some bandits will have a higher probability of yielding
a reward and participants must sample the available options to
determine which bandit has the highest reward yield. Exploration
on these tasks is quantified as the number of times participants
select the bandit with the lower probability of yielding a reward or
is formally quantified using computational modelling.

Reversal learning tasks: Like n-armed bandit tasks, reversal learning
tasks present participants with two or more stimuli with probabilis-
tic reward schedules. Participants select between these options, with
one having a higher likelihood of yielding a reward. The prob-
abilities associated with these options changes after a set number
of trials and participants are required to update their estimate of the
option expected to yield the highest reward. Exploration on these
tasks is operationalised as the number of times a participant selects
the option with the lower probability of yielding a reward or is
formally quantified using computational modelling.

Horizon tasks: This task requires the participant to select between
two slot machines that yield a varying number of points. Some
points are displayed, and others are obscured. However, the task is
manipulated such that one slot machine has a higher overall reward
yield than the other. There are two conditions in this task, which
manipulate the number of times the participant can sample each slot
machine to accumulate points. In the short horizon manipulation,
participants have fewer opportunities to sample machines to collect
points, whereas in the long horizon manipulation participants have
several attempts at sampling machines. The Horizon task measures
two types of exploration: Directed exploration (i.e., sampling the
lower valued machine in the long horizon condition) and random
exploration (i.e., sampling the lower valued machine in the short
horizon condition).
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Patch foraging: Patch foraging tasks require the decision-maker to
choose between a patch with gradually depleting rewards or explor-
ing a new patch with a fresh distribution of rewards. Exploration
incurs a time cost and therefore the participant must determine the
optimal point to leave their current patch to explore a novel one.
Exploration on these tasks is quantified as the threshold of rewards
the participant selects before each leaving decision.

Explore/exploit decision-making relies on a complex set
of neural circuits, many of which have been associated with
psychopathology. Determining whether to exploit a known
option or explore a novel one requires the individual to eval-
uate the value of staying with a known option or exploring a
novel option. The explore/exploit trade-off therefore relies
on reward processing abilities and neuroimaging work has
suggested the dopaminergic reward system is responsible
for determining the value of available options (Costa et al.,
2019; Hogeveen et al., 2022). That the dopaminergic reward
system has been implicated in explore/exploit choices is
notable, as psychosis has been associated with hyperactiv-
ity in the dopaminergic reward system (Kapur et al., 2005;
Kesby et al., 2018). In contrast, there is evidence of hypo-
activity in the dopaminergic reward system in individuals
with depression and anxiety compared with those without
these diagnoses (Dunlop & Nemeroff, 2007; Nestler & Car-
lezon, 2006). In addition, studies have identified the anterior
cingulate cortex, amygdala, and medial prefrontal network
as regions that monitor the value of other options available
to explore (Daw et al., 2006; Kolling et al., 2012). Notably,
interactions between these regions have been associated
with psychopathology (Park et al., 2018). Together, these
studies suggest that there are significant overlap in networks
responsible for explore/exploit decision-making and those
associated with psychopathology.

Research in nonhuman animals has provided further
insight into the contribution of specific networks of neu-
rons to explore/exploit strategies. For example, in rhesus
macaques, activation in the amygdala and ventral striatum
are associated with encoding the value of exploration and
exploitation choices (Costa et al., 2019). Furthermore,
recent work in mice has identified a series of cells within
the median raphe nucleus, a region associated with the pro-
motion of anxiety-like behaviours (Abela et al., 2020), in
promoting exploratory and exploitative choices (Ahmad-
lou et al., 2023). Work in human and nonhuman animals
suggests several common neural networks involved in
explore/exploit decision-making that may provide insight
into the association between explore/exploit biases and
psychopathology.

Considering common neural mechanisms underlying
explore/exploit biases in those with psychosis, depression,
and anxiety is pertinent in the context of transdiagnostic
approaches to mental health. Derived from observations of
heterogeneity within mental health classifications (Dalgleish

et al., 2020) and comorbidity across diagnoses (Eaton et al.,
2023; McGrath et al., 2020), transdiagnostic approaches are
designed to identify common risk factors for mental health
problems beyond traditional diagnostic categories (Krueger
& Eaton, 2015). According to transdiagnostic approaches,
an individual’s likelihood of experiencing mental health
problems is predicted by a general risk factor for psychopa-
thology (the “p-factor”; Caspi & Moffitt, 2018). Consistent
with transdiagnostic approaches, biases in explore/exploit
choices are not unique to any single diagnosis but occur
across a range of mental health problems including affec-
tive disorders like anxiety (Fan et al., 2023) and depression
(Blanco et al., 2013) and are present in individuals with
psychosis (Strauss et al., 2011). This evidence could indi-
cate that explore/exploit biases are associated with an indi-
vidual’s general risk factor for psychopathology (i.e., their
p-factor). To determine whether explore/explore choices
are a viable transdiagnostic target, the current review will
examine biases in explore/exploit decision-making across
psychosis, depression, and anxiety.

Examining biases in explore/exploit decision-making can
provide novel insight into behaviours commonly observed
in those with anxiety, depression, and psychosis (Brown
et al., 2023; Speers & Bilkey, 2023). For example, biases to
engage in greater levels of exploration and less exploitation
may reflect assumption that one’s surroundings are unstable/
changeable in those with psychosis (Charlton et al., 2022)
and increased avoidance of uncertainty in those with anxi-
ety (O’Briein et al., 2019; Zorowitz et al., 2020). Specifi-
cally, exploring available options can reduce the uncertainty
in one’s environment and may be used by individuals with
anxiety to reduce uncertainty about their surroundings (Mor-
ris et al., 2016). In contrast, biases to exploit only what is
known to the individual may reflect reduced pleasure in new
experiences reported by those with depression (i.e., anhedo-
nia; Pizzagalli, 2014; Watson et al., 2020) and behavioural
inhibition arising from feelings of worry or unease reported
by individuals with anxiety (Muris et al., 2001). Through
understanding the link between biases in explore/exploit
choices and the symptomology of psychosis, depression, and
anxiety, future work can longitudinally investigate whether
explore/exploit preference predict, or result from, changes
to mental health.

Indeed, determining whether biases in explore/exploit
choices are a cause or effect of mental health problems is
important, because biases in this behaviour can have signifi-
cant negative impacts on those with psychosis, depression,
or anxiety. Our lived experience advisors expressed that
biases to exploit can mean that individuals “don’t see the
positive sides of those new opportunities and stick with what
they know instead of exploring new experiences” but that
biases for exploration also may have “negative impacts if the
activities are negative,” such as trialling illicit drugs. These
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reflections suggest that biases in explore/exploit decision-
making may compound existing mental health problems by
reinforcing behaviours that exacerbate mental health prob-
lems. For example, exploiting known opportunities may lead
individuals to withdraw from new opportunities, increasing
negative affect (Heller et al., 2020), whereas exploring new,
risky opportunities may expose individuals to experiences
that can increase the likelihood of experiencing mental
health problems (e.g., substance use; Lipari et al., 2016).
Therefore, examining biases in explore/exploit choices
can provide unique insight into the interaction between
biased decision-making and the onset and maintenance of
psychopathology.

Biases in explore/exploit decision-making may be driven
by the cognitive faculties that are impacted by these diag-
noses. For example, psychosis has been associated with
a bias to perceive one’s surroundings as changeable (i.e.,
volatile; Cole et al., 2020). In volatile environments, the
options expected to yield the greatest reward are changeable;
therefore, the decision-maker should explore more often to
uncover these changing reward associations (Behrens et al.,
2007; Browning et al., 2015). Because psychosis has been
associated with a bias to perceive one’s surroundings as
volatile (Cole et al., 2020), individuals with psychosis may
explore more than individuals without psychosis. In contrast,
depression has been associated with reduced motivational
drives that affect goal-directed behaviour (Grahek et al.,
2019). Exploring novel alternatives rather that remaining
with a known option requires the recruitment of motiva-
tional resources (Chong et al., 2017), which could suggest
that depression will be associated with reduced explora-
tion. Finally, anxiety has been associated with intolerance
to uncertainty (Carleton et al., 2012; Osmanagaoglu et al.,
2018). One method to reducing uncertainty about one’s envi-
ronment is to sample the available options (i.e., engaging in
directed exploration), rather than remaining with a single
known option (Gershman, 2019), indicating anxiety could
be associated with increased exploration (however see Kry-
potos et al., 2022). Through understanding the link between
biases in explore/exploit choices and cognitive faculties
associated with psychosis, depression, and anxiety, future
work can longitudinally investigate whether explore/exploit
preference predict, or result from, changes to mental health.

The current review examines whether psychosis, depres-
sion, and anxiety are associated with biases in explore/
exploit choices. Based on previous work (Brown et al.,
2023; Furl et al., 2022; Pizzagalli, 2014) and the views of
our lived experience advisors, we preregistered predictions
(https://osf.io/tmcxz) that a) participants with psychosis will
explore more than participants without psychosis, b) par-
ticipants with depression/depressive symptoms will explore
less than participants without depression, and c) participants
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with anxiety/anxiety symptoms will explore more than par-
ticipants without anxiety.

Methods
Lived experience advisory groups

We recruited two advisory groups of lived experience
experts through an existing network of advisors engaged in
another project, and through social media advertisement.
The first advisory group was a young people’s advisory
group comprised of five individuals (aged between 16-24
years, 100% female) with lived experience of psychosis,
depression, or anxiety based across Nigeria, South Africa,
and the UK. The second advisory group was comprised
of two parents and carers of young people with psychosis,
depression, or anxiety based in the United States (100%
female). Applicants were asked to provide a short, written
application detailing their lived experience relevant to the
topic. However, we did not require participants (or in the
case of the Parent and Carer Advisory Group, their child)
to have a formal diagnosis to be considered eligible for the
advisory groups and therefore did not collect any question-
naire data from these individuals. Each group met four times
and were involved in priority setting, interpreting the results,
and supporting with dissemination activities (see Supple-
mentary Materials). Lived experience advisors were remu-
nerated £20 per hour for their role. As lived experience advi-
sors do not qualify as research participants, the involvement
of these individuals did not require approval from an ethical
review board (Co-Production Collective, 2023).

Eligibility criteria

Studies were considered eligible if they met the following
criteria:

1. Human participants (adults, adolescents and children).

2. Clinically diagnosed participants or participants exhibit-
ing elevated levels of psychosis, depression or anxiety.

3. Measured explore/exploit decision-making using an
established task.

4. Reported at least one metric of exploration behaviour
(e.g., use of directed versus random exploration, fre-
quency of exploration, inverse temperature parameter,
etc.).

5. Included an explicit reinforcer (i.e., rewards or punish-
ment).
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Search strategy

We preregistered our search strategy on the Open Science
Framework (https://osf.io/tmcxz). Searches were con-
ducted between April-May 2023. EMBASE, MEDLINE,
PsychINFO, and Web of Knowledge data were searched
for eligible studies. The term used to search databases was:
(phobia OR anxi* OR psycho* OR schizo* OR depressi*
OR major depressive disorder OR bipolar disorder OR
OCD) AND (explore-exploit OR bandit OR forag* OR prob-
abilistic reversal OR reversal learning) (Fig. 1). Included
studies were screened for bias by using the Appraisal tool
for Cross-Sectional Studies (AXIS; Downes et al., 2016).

Study selection and data extraction

The full text of studies identified from the databases were
independently screened by two reviewers (AB & ZF) against
the eligibility criteria. Any disagreements about inclusion
were discussed between AB, ZF, and AL and a consensus
reached (see https://osf.io/tmcxz). The following data from
eligible studies were then extracted into a Microsoft Excel
file:

e Study characteristics: Study authors, year of publication,
country study was conducted, study design, recruitment
method, allocation method (if applicable).

e Participant characteristics: Inclusion/exclusion criteria,
follow-up period (if applicable), sample size, age (sample

Identification of studies via databases and registers ]
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o——
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=
'
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e
o \d
(7}
Reports assessed for eligibility Reports excluded:
(n=332) 4 (n=303)
-/
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= (n=29)
[T}
=
—/

Fig.1 PRISMA flow chart highlighting the number of records identified from databases
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mean and SD), gender (% male, female, or other), ethnic-
ity, socioeconomic information, diagnosis or symptoms
measure, method used to measure diagnosis or symp-
toms, comorbid diagnoses, or symptoms.

e Task characteristics: Description of explore/exploit task,
number of trials, reinforcer, remuneration for participa-
tion, explore-exploit measure(s), analysis method.

e Outcome information: Main results, missing data.

¢ Potential moderators: Gender distribution in the sample,
age, concurrent pharmacological treatments, concurrent
therapeutic treatments.

e General information: Limitations identified by the study
author(s), funding information.

Data synthesis

Because of the heterogeneity across studies, including the
populations recruited, diagnosis method, and explore/exploit
tasks used, we were unable to conduct a meta-analysis or any
quantitative synthesis. Rather, we synthesised the findings as
a narrative review. To avoid any conflicts of interest, litera-
ture searches, data extraction, and risk of bias assessments
were conducted by members of the research team who had
not been involved in any of the studies identified.

Results
Summary of studies

Twenty-nine studies met our inclusion criteria, which
included a total of 4945 participants. The mean age of
participants across all included studies was 34.02 (range
20.50-70), and the percentage of female participants was
47.35% (see Table 1 for demographic information).

Psychosis

Ten studies examined differences between individuals with
a diagnosis of psychosis and healthy controls on explore/
exploit choices. Eight (80%) found that people with psycho-
sis explored more compared with people without psychosis,
one (10%) study did not detect a difference between peo-
ple with and without psychosis on explore/exploit choices,
and one study (10%) found people with psychosis explored
less than people without psychosis. Most of the studies
that examined explore/exploit biases in psychosis justi-
fied their samples sizes, suggesting they were sufficiently
powered to detect a difference between patient and healthy
controls groups. Based on these findings, we suggest that
there is moderate-strong evidence for a bias toward greater
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exploration in people with psychosis, relative to those with-
out psychosis.

The conflicting findings from two studies about the asso-
ciation between psychosis and explore/exploit choices may
be explained by differences in methodologies and popula-
tions utilised by these two studies. The one study finding
no difference between those with and without psychosis on
explore/exploit choices reported that all participants were
being treated with antipsychotic medication at the time
of completing the explore/exploit task (Martinelli et al.,
2018), the side effects of which can reduce exploration
(Speers & Bilkey, 2023). Moreover, the authors suggest
that the difference between their clinical and healthy con-
trol groups were trending towards significance, such that
individuals with psychosis explored more than individu-
als without psychosis (Martinelli et al., 2018). In contrast,
the eight studies finding greater exploration in those with
psychosis reported variable levels of antipsychotic usage
in their clinical populations. Furthermore, the one study
that found less exploration in those with psychosis utilised
a Horizon task (Waltz et al., 2020), specifically finding
those with psychosis exhibited less directed exploration,
whereas there was no difference between participants
with and without psychosis on random exploration. In
contrast to Waltz et al. (2020), the eight studies finding
greater exploration in psychosis utilised reversal learning
tasks. Horizon tasks measure directed and random explo-
ration separately, whereas these two types of exploration
are not disentangled in reversal learning tasks (however,
see Speekenbrink & Konstantinidis, 2015), suggesting the
association between psychosis and exploration may depend
on the type of exploration being measured. Together, we
suggest that there is moderate-strong evidence for height-
ened exploration in psychosis and that conflicting findings
in the literature can be explained by differences in meth-
odology or populations between studies.

Depression

Seventeen studies examined the association between depres-
sion and explore/exploit choices. Unlike studies examining
psychosis, there was significant heterogeneity in the samples,
operationalisation of explore/exploit choices, and measure-
ment of psychopathology in this literature. There also was
significant heterogeneity in the association between depres-
sion and explore/exploit choices in these studies: Six studies
(35.29%) found that participants with depression explored
more than participants without depression, four (23.53%)
studies found that participants with depression explored less
than those without depression, and seven (41.18%) stud-
ies did not detect any association between depression and
explore/exploit choices.
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Table 1 (continued)

18

Potential
moderators

Result

Explore/
exploit
measure

Explore/
exploit
task

Comorbidi-

ties

Diagnostic
method

Ethnicity

Gender (%
female)

Inclusion/exclusion criteria  Sample size Mean age (SD)

ment
method

Country  Recruit-

Reference

First author

Springer

Patients showed  Antipsy-

NR Horizon Direct and

Psy:

Patients — 36 Patients: Cau-

Patients — 37.0

141 (108
patients, 33
controls)

N=

Patient group: Clinically

USA Patients

(Waltz et al.,

Waltz

reduced chotic

random

task

casian — 53 Structured

(33.3%)

HC-11

(10.1)

HC -36.4

stable (physician

were out-
patients

2020)

medica-
tions

directed

exploration.

clinical

(49%), African
American — 43

assessed), No changes
in type or prescription

exploration
(F(1,139)

interview for

DSM-1V

(33.3%)

(10.4)

from out-
patient

(40%), Asian —

amount of medication for
previous four weeks.
Controls: No Axis I or

8.83,p

0.003).
Patients did

4 (4%) mixed/

clinics.

other — 7 (6%)

Control: Cau-

1I disorder. No family

not differ

casian — 18

or personal history of

in random
exploration
(F(1,139)

(55%), African

psychosis or psychiatric

disorder

American — 13

(39%), Asian

=0.70,p =
0.403)

— 0, mixed/
other — 2 (6%)

healthy control; SZ = schizophrenia patient

= major depressive disorder; HC =

depression; Psy: psychosis; MDD

NR = not reported; Anx = anxiety; Dep

We preregistered that we would focus on studies recruit-
ing participants with clinical levels of depression should
enough studies be identified through our literature search
(see “Miscellaneous search strategy details”: https://osf.
io/tmcxz). In line with this preregistered methodology, we
focussed on the ten (of a total of 17) studies that compared
those with clinical levels of depression to a healthy control
group. Studies that recruited participants with clinical lev-
els of depression typically employed case-control methods,
where participants are matched on age and sex, reducing
the possibility of these variables confounding the findings.
Notably, 60% of these ten studies also did not detect dif-
ferences between clinical and healthy samples on meas-
ures that could confound task performance, such as IQ and
Education (Brosolma et al., 2022; Dezfouli et al., 2019;
Mukherjee et al., 2020; Murphy et al., 2003; Taylor Tavares
et al., 2008; Vandendriessche et al., 2023). However, 30%
of studies did not report this information (Aylward et al.,
2019; Dombrovski et al., 2010; Harlé et al., 2017) and one
study (10%) did identify differences between their clinical
and healthy control groups (Robinson et al., 2022). Restrict-
ing the results to the ten studies that compared those with
clinical levels of depression to healthy controls, six (60%)
found that people with depression explored more than peo-
ple without depression, whereas four (40%) did not detect an
association between depression and explore/exploit choices.

Examining these studies in further detail, three of the stud-
ies that found no difference between participants with and
without depression had a relatively low sample size (i.e., 30
or fewer participants per group), which could suggest they
were underpowered to detect a difference between participants
with and without depression (Dombrovski et al., 2010; Taylor
Tavares et al., 2008; Vandendriessche et al., 2023). Further-
more, one of these studies recruited older adults only, with
a mean age older than 60 years (Dombrovski et al., 2010).
Empirical and theoretical work has suggested that exploration
declines into older adulthood (Lloyd et al., 2023; Mata et al.,
2013); therefore, the age of the sample in Dombrovski et al.
(2010) may be a confounding variable in this study.

The heterogeneity in this literature was not informed by
examining model fitting methods. While hierarchical esti-
mation methods provide more accurate measures of param-
eters within groups (i.e., between clinical and healthy control
groups; Mukherjee et al., 2020), there was not evidence that
the model fitting method affected whether differences were
detected between clinical and healthy control groups. Based on
the available evidence, we cannot currently conclude whether
depression is associated with biases in explore/exploit choices.

Anxiety

Six studies investigated the association between anxiety
and explore/exploit choices. Three studies (50%) found that


https://osf.io/tmcxz
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anxiety was positively associated with exploration, whereas
a further three studies (50%) found a negative association
between anxiety and exploration. It is important to note that
there was significant heterogeneity in the operationalisation
of exploration in this literature. The three studies utilising
n-armed bandit tasks consistently evidenced a positive asso-
ciation between anxiety and exploration, and scored “Good”
on our AXIS measure. Examining the models used to meas-
ure exploration in n-armed bandit tasks, there was evidence
that exploration was used as a strategy to reduce uncertainty
about the environment in those with anxiety, rather than aris-
ing from a stochastic switching policy or inattention (Aberg
et al., 2022; Smith et al., 2020).

The three studies demonstrating a negative associa-
tion between anxiety symptoms and exploration used an
alternative set of paradigms (specifically foraging, Hori-
zon, or volatile bandit tasks). When directed and random
exploration were measured using Horizon tasks, anxiety
was associated with less directed exploration (Fan et al.,
2023; Smith et al., 2022). Notably, individuals with height-
ened anxiety were found to underestimate uncertainty in
the Horizon task (Fan et al., 2023). This finding could
indicate that individuals with anxiety underestimate the
uncertainty in Horizon tasks and therefore do not explore
to reduce uncertainty in the task. In contrast, individuals
with and without anxiety may perceive similar levels of
uncertainty in n-armed bandit tasks. Under these condi-
tions, our review suggests that individuals with anxiety
explore more in these tasks to reduce the perceived uncer-
tainty in their environment.

Sample characteristics may also contribute to the conflict-
ing findings in the literature examining anxiety. Two of the
three studies finding a negative association between anxiety
and exploration recruited their sample from Prolific (Busta-
mante et al., 2022; Fan et al., 2023). This design feature is
notable, as the levels of anxiety symptomology is lower in
community samples than in clinical samples. These studies
did not report the proportion of individuals who met the
clinical cut off for anxiety; therefore, we cannot determine
whether these studies had enough individuals who met clini-
cal criteria for anxiety to study the association between clini-
cal levels of anxiety and explore/exploit choices. Another
study finding a negative association between anxiety and
exploration recruited a convenience sample of predomi-
nantly female undergraduates (Smith et al., 2022), which
may confound the association between anxiety and explore/
exploit choices, as previous work has demonstrated sex dif-
ferences in exploration choices (Bach et al., 2020; Chen
et al., 2021). Compared with studies that employed case-
controlled designs, studies recruiting community samples
were less diverse in symptom severity and were overrepre-
sented by female participants, which may obscure the true
association between anxiety and explore/exploit choices.

Is explore/exploit decision-making
a transdiagnostic target?

The purpose of this review was to consider whether explore/
exploit decision-making is a transdiagnostic predictor or
psychosis, depression, and anxiety. Considering the results
across the diagnostic categories reviewed, the findings of
the included studies could be consistent with transdiagnos-
tic approaches insofar as the association between explore/
exploit biases and psychopathology was heterogenous within
each diagnostic category. Moreover, there was a degree of
homogeneity across diagnostic categories insofar as more
severe presentations of psychopathology (i.e., those stud-
ies that recruited clinical populations) were associated with
greater exploration compared to healthy controls.

To further understand whether explore/exploit decision-
making is a promising transdiagnostic target, we exam-
ined whether specific symptom profiles were associated
with biases across the included studies, where these were
reported. Examining positive, negative, and disorganisa-
tion symptoms in psychosis, two studies (Cathomas et al.,
2021; Reddy et al., 2016) found symptoms of disorganisa-
tion, measured using the Positive and Negative Syndrome
Scale (PANSS) and were positively associated with explo-
ration in their clinical samples. Moreover, Reddy & col-
leagues (2016) found that negative symptoms on the PANSS
also were associated with greater exploration in those with
psychosis. However, it is important to note that Cathomas
& colleagues (2021) did not detect an association between
depressive symptoms in their clinical sample, and Sheffield
et al. (2022) did not detect an association between anxiety
symptoms and exploration in their clinical samples.

Regarding symptom profiles across depression and anxi-
ety, two studies (Aylward et al., 2019; Mukherjee et al.,
2020) found a positive association between symptoms of
depression and anxiety in their clinical population of indi-
viduals with major depressive disorder (MDD). Notably,
both studies reported positive associations between explo-
ration and depression, as well as exploration and anxiety in
their MDD samples. This finding is consistent with stud-
ies finding that heightened anxiety was associated with
greater exploration (Aberg et al., 2022; Smith et al., 2020).
Moreover, Murphy & colleagues (2003) found that symp-
toms of anxiety were higher in their sample of individuals
with MDD relative to healthy controls, although they did
not formally test whether this translated to similar positive
associations between anxiety symptoms and exploration. In
contrast, one study (Brosolma et al., 2022) found no evi-
dence for an association between exploration and depres-
sion (including symptoms of anhedonia) nor exploration and
anxiety in their sample of individuals with MDD. Together,
these studies could indicate the presence of common symp-
tom profiles associated with biases in explore/exploit choices

@ Springer
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cross diagnostic boundaries, consistent with transdiagnostic
approaches.

Discussion

The present review examined whether explore/exploit
decision-making is a transdiagnostic target across psy-
chosis, depression, and anxiety. The findings suggest
that there is currently insufficient evidence to conclude
whether explore/exploit decision-making is a transdi-
agnostic target. Despite some evidence that psychosis,
depression, and anxiety are associated with increased
exploration, there was significant heterogeneity in meth-
ods used in this literature. Compared with the literature
on depression and anxiety, studies examining explore/
exploit biases in psychosis employed more consist-
ent methods, and therefore, we are better able to draw
conclusions about the association between psychosis
and explore/exploit choices. We suggest that biases
in explore/exploit choices can have profound, long-
term consequences for individuals across the lifespan,
as expressed by one of our lived experience advisors,
“There is probably a happy medium when it comes to
explore/exploit decision-making, and mental illness can
alter the ability to maintain this, which can affect a per-
son long term.” Therefore, this feature of decision-mak-
ing should be further studied as a transdiagnostic target
for mental health problems.

We originally predicted that psychosis and anxiety
would be associated with heightened exploration, relative
to those without these diagnoses, whereas we predicted that
depression would be associated with reduced exploration
compared to those without depression. There was moderate-
strong evidence that psychosis was associated with increased
exploration, consistent with our hypothesis. The evidence
for anxiety partly supported our hypothesis, as half of the
included studies examining anxiety found greater explora-
tion in those with elevated levels of anxiety or a diagnosis of
anxiety. Contrary to our prediction, several of the included
studies found that individuals with depression explored
more than those without depression. Our original hypoth-
esis derived from evidence that depression is associated with
reduced motivational drives (Grahek et al., 2019), which
have been implicated in exploration choices (Bustamante
et al., 2022). That we found depression was associated with
heightened exploration could suggest that cognitive facul-
ties other than motivation are responsible for explore/exploit
decision-making are biased in mood disorders. One such
cognitive faculty is individuals’ sensitivity to reward, which
is diminished in individuals with depression (Halahakoon
et al., 2020; Liu et al., 2016). Reduced reward sensitivity
in those with depression could account for the heightened

@ Springer

exploration observed in this population as participants are
insensitive to the rewards available from exploiting a known
option, instead selecting alternative options with unknown
reward values (Costa et al., 2019). Computationally, reward
sensitivity has been associated with the inverse temperature
parameter (Browning et al., 2023), which was used to opera-
tionalise exploration in several of the studies included in
the review. Indeed, reduced reward sensitivity also has been
associated with psychosis (Saleh et al., 2023) and anxiety
(LaFreniere & Newman, 2019; Potsch & Rief, 2023), indi-
cating a mechanism that may underpin biases in explore/
exploit choices across diagnostic boundaries.

The potential role of reward sensitivity in explore/exploit
biases is notable, as there is evidence that these biases are
modifiable through dopaminergic manipulation. Several
studies that have demonstrated pharmacological agents
are effective at modifying explore/exploit choices through
increasing reward sensitivity (Chen et al., 2023; Cremer
et al., 2022; Dubois et al., 2021; Sidorenko et al., 2023).
For example, administering L-DOPA to healthy partici-
pants reduces their rates of exploration (Chakroun et al.,
2020; Pessiglione et al., 2006). However, to date, no studies
have attempted pharmacological manipulations to modify
explore/exploit choices in the context of mental health
problems, despite several of these pharmacological agents
being relevant for the treatment of psychosis, depression,
and anxiety.

The significant heterogeneity across this literature high-
lights the need for more precise specification regarding the
feature(s) of exploration hypothesised to be impacted by
psychopathology, such as whether exploration is driven by
reduced reward sensitivity or an avoidance of uncertainty
(Nussenbaum et al., 2023). In the current review, inconsist-
encies in the operationalisation of explore/exploit decision-
making complicated our ability to draw conclusions about
whether anxiety and depression were associated with biases
in this behaviour. To robustly establish whether explore/
exploit choices are biased in those with psychopathology,
future work should refine measures of explore/exploit deci-
sion-making that can disentangle different cognitive faculties
involved in these decisions and ensure these behavioural and
computational measures are psychometrically valid and reli-
able over time (Pezzoli et al., 2023; Zorowitz & Niv, 2023)
to allow systematic, longitudinal investigation of explore/
exploit biases in psychopathology. Such methodological
developments will be necessary to establish whether biases
in explore/exploit decision-making are a cause or effect of
mental health problems.

To address the heterogeneity with which mental health
was recorded, future research should standardise which
measures are used to assess symptomology and recruit large
sample sizes with sufficient participants with high levels of
symptomology. Studies that found a bias for heightened
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exploration in individuals with psychopathology were those
that recruited participants with severe presentations (i.e.,
those with a diagnosed mental health problem), rather than
community samples with lower levels of symptomatology.
These findings could be considered consistent with transdi-
agnostic approaches, as there was heterogeneous presenta-
tion within diagnostic categories (i.e., between low-moder-
ate and severe presentations) but some consistency across
diagnostic categories insofar as those with clinical diagno-
ses typically explored more compared with healthy controls
(Dalgleish et al., 2020; Krueger & Eaton, 2015). Moreover,
there was some consistency in the symptom profiles that
were associated with biases in explore/exploit decision-mak-
ing, although these were not widely reported. To overcome
these limitations, future research should explicitly examine
this topic from a transdiagnostic perspective by recruiting
samples that span across different diagnostic categories and
symptom presentations.

Our lived experience advisors expressed the importance
for future research to better establish links between explore/
exploit tasks and real-world decisions. To our knowledge,
no studies have examined the association between explo-
ration preferences on explore/exploit paradigms and indi-
viduals’ proclivity to trial new experiences. Moreover, our
lived experience advisors highlighted how explore/exploit
choices may be affected by the individual’s cultural context
where definitions of exploratory behaviour, and the extent to
which exploration is promoted, may differ: “further research
should be done taking into account factors...such as cultural
contexts.” Indeed, all studies included in the review were
conducted in high-income countries. Future research should
consider how socioeconomic factors affect explore/exploit
decision-making. To inform these important questions, our
lived experience advisors suggested future research should
be supplemented by a mixed-method approach to understand
qualitative experiences of exploration and how they relate to
mental health outcomes.

Examining how lab-based explore/exploit tasks relate to
real world outcomes will be an important step in understand-
ing how biases in explore/exploit choices are associated with
the symptomology of psychosis, depression, and anxiety.
Exploiting known options can lead people to reap rewards
from their environment, whereas exploring novel oppor-
tunities can sometimes lead individuals to forfeit the most
rewarding option. A bias to insufficiently exploit rewarding
options could reflect symptoms commonly observed in psy-
chosis, depression, and anxiety, such as the overestimation of
the volatility of one’s surroundings in psychosis (Katthagen
et al., 2022), reduced pursuit of pleasurable experiences in
depression (Pizzagalli, 2014; Watson et al., 2020), or behav-
ioural avoidance in individuals with anxiety (O’Brien et al.,
2019; Zorowitz et al., 2020). Understanding the relation-
ship between the symptomology of psychosis, depression,

and anxiety and explore/exploit choices can contextualise
commonly observed behaviours in individuals with these
diagnoses.

Establishing whether explore/exploit biases are com-
mon across psychosis, depression, and anxiety has impor-
tant implications for intervention development. We have
suggested that explore/exploit choices may be biased in
psychosis, depression, and anxiety due to altered reward
sensitivity associated with these disorders. Several existing
behavioural interventions focus on improving reward sen-
sitivity as a method to reduce symptoms of psychopathol-
ogy. For example, positive affect treatment is an interven-
tion that encourages individuals to plan pleasurable activities
and reinforce the positive mood affects associated with these
experiences (Craske et al., 2016). Positive affect treatment
has been demonstrated to improve symptoms of depression
and anxiety at 6-month follow-up in clinical samples (Craske
et al., 2019) and may be a promising intervention to improve
explore/exploit biases in those with psychosis, depression,
and anxiety. However, future research will need to explicitly
examine whether the efficacy of positive affect treatment
on psychopathology is mediated by an increased ability to
exploit rewarding options. Such work should account for
environmental exposures associated with biases in explore/
exploit choices, such as experiences of childhood trauma
(Lloyd et al., 2022). The potential for interventions to ame-
liorate biases in explore/exploit choices may be particularly
impactful during adolescence, a period during which most
mental health problems emerge (McGrath et al., 2023).

There are some important limitations to this review to
consider. Although we examine explore/exploit decision-
making as a transdiagnostic predictor of psychosis, depres-
sion, and anxiety, it is has been proposed that evidence of
the “p-factor” is a statistical artefact rather than a genuine
latent construct (Levin-Aspenson et al., 2021; Watts et al.,
2019). We suggest that this debate can be partly informed by
work to identify the existence (or lack thereof) of common,
transdiagnostic cognitive biases that persist across diagnos-
tic boundaries. Should common transdiagnostic cognitive
biases be identified, this would lend some support to the
notion of general vulnerability to psychopathology, and
we suggest that explore/exploit decision-making should be
empirically examined as one such bias. A methodological
limitation of the reviewed studies is that it is not always pos-
sible to disentangle whether biases in explore/exploit deci-
sion-making in psychopathology are attributable to param-
eters measuring exploration alone or an interaction between
parameters. For example, Martinelli et al. (2018) found that
individuals with a diagnosis of Schizophrenia also exhibited
differences in the learning rate parameter, which is respon-
sible for updating the expected value of available options.
Biases in the learning rate parameter meant that individuals
failed exploit high-reward options they had already samples.
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Therefore, it is not always possible to conclude whether
exploration arises from a bias to sample available options
or an inability to identify and exploit high-reward options.
In summary, the current review examined explore/exploit
decision-making as a transdiagnostic target for psychosis,
depression, and anxiety. Findings were mixed regarding the
association between explore/exploit choices and depression
and anxiety, although we have suggested that such incon-
sistencies could be attributed to methodological differences
in the literature. In contrast, the findings related to psycho-
sis supported the view that those with psychosis explore
more than those without psychosis. We have suggested that
there is currently insufficient evidence to conclude whether
explore/exploit decision-making is a transdiagnostic tar-
get for psychosis, depression, and anxiety, but we encour-
age future research in this area. Biases in explore/exploit
decision-making may explain symptoms associated with
psychosis, depression, and anxiety, and we have proposed
that existing interventions might be promising routes to
ameliorate biases in explore/exploit decision-making asso-
ciated with psychopathology. These views were endorsed by
our lived experience advisory groups, who highlighted the
need to support those with psychosis, depression, and anxi-
ety to identify and exploit rewarding opportunities available
to them. Altogether, explore/exploit decision-making is a
feature of cognition that has the potential to significantly
improve the lives of individuals if targeted for intervention.
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