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Abstract
This study aimed to better understand the neuroanatomical correlates of decision-making strategies, particularly focusing on 
win-stay and lose-shift behaviours, using voxel-based morphometry (VBM) in a large cohort of healthy adults. Participants 
completed a forced-choice card-guessing task designed to elicit behavioural responses to rewards and losses. Using this 
task, we investigated the relationship between win-stay and lose-shift behaviour and both grey matter volume (GMV) and 
white matter volume (WMV). The frequency of win-stay and lose-shift behaviours was calculated for each participant and 
entered into VBM analyses alongside GMV and WMV measures. Our results revealed that increased lose-shift behaviour was 
associated with reduced GMV in key brain regions, comprising of the left superior temporal gyrus, right middle temporal 
gyrus, and the bilateral superior lateral occipital cortices. Interestingly, no significant associations were found between GMV 
or WMV, and win-stay behaviour. These results suggest that specific regions within the temporal and occipital lobes may 
be involved in modulating decision-making strategies following negative outcomes. Further analyses revealed that increased 
lose-shift behaviour was also associated with increased WMV in the left superior temporal gyrus. The absence of significant 
findings in relation to win-stay behaviour and the differential involvement of brain structures in lose-shift responses indicate 
that decision-making in the face of losses may involve distinct neuroanatomical mechanisms compared to decision-making 
following wins. This study advances our understanding of the structural brain correlates linked to decision-making strategies 
and highlights the complexity of brain-behaviour relationships in choice behaviour.
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Introduction

Human decision-making is often guided by the outcomes 
of previous decisions (Rushworth et al. 2011). To make 
appropriate and subjectively advantageous decisions, we 
adapt our decision-making strategies based on whether a 
similar prior decision elicited a positive or negative outcome 

(Donahue et al. 2013; Neville et al. 2021). Generally, if a 
decision results in a positive outcome (i.e. it is rewarding), 
the individual is more likely to repeat the decision (i.e., 
win-stay behaviour; Nowak and Sigmund 1993; Forder and 
Dyson 2016; Zhang et al. 2023). However, if a decision 
results in a negative outcome (i.e., a loss that is subjectively 
aversive or unpleasant), the individual is more likely to 
avoid using a similar decision strategy in the future. (i.e., 
lose-shift behaviour; Nowak and Sigmund 1993; Donahue 
et al. 2013; Wang et al. 2014; Deng et al. 2016; Forder 
and Dyson 2016; Gutiérrez-Roig et al. 2016; Zhang et al. 
2021; Chu et al. 2022). This process of updating decision 
strategies is an example of adaptive behavioural learning, 
where individuals will adjust their actions based on prior 
experiences to optimise outcomes. Adaptive behavioural 
learning has been identified as a core mechanism underlying 
behavioural flexibility and neural processes that facilitate 
decision-making in dynamic environments (O’Reilly 2013; 
Schulz et al. 2019). Variations in how individuals respond to 
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losses may reflect differences in adaptive capacity and could 
be a precursor to the pervasive use of aberrant decision-
making strategies, such as those associated with gambling 
disorder (Bechara 2005; Brevers et al. 2013; Diekhof et al. 
2008). While adaptive decision-making is fundamental 
to behavioural flexibility, less is known about how choice 
behaviour operates in tasks that lack a clearly defined 
optimal decision strategy, such as the one employed in this 
study.

When the outcomes of our decisions are uncertain, we 
can employ decision-making strategies such as win-stay and 
lose-shift (WSLS). This strategy can be applied to games 
like ‘rock, paper, scissors’, a zero-sum game where there 
is no clear optimal decision strategy (Paulus et al. 2005; 
Forder & Dyson 2016). It is thought that playing randomly 
is optimal under these circumstances as it diminishes the 
opponent’s ability to predict a sequence in a series of choices 
(i.e., consistently choosing “rock” after a win) but evidence 
suggests that humans struggle to play completely randomly 
(Forder and Dyson 2016) and instead rely on strategies such 
as WSLS (Lin et al. 2007; Bonawitz et al. 2014; Forder and 
Dyson 2016; Gutiérrez-Roig et al. 2016). Forder and Dyson 
(2016) showed that increasing win and loss amounts on a 
rock, paper, scissors task can increase win-stay and reduce 
lose-shift behaviour, respectively. In addition, they showed 
that decision-making following a win was characterised as 
slow and flexible, with a behavioural increase in the use of 
the win-stay strategy and neural modulation of feedback-
related negativity and stimulus-preceding negativity com-
ponents. In contrast, decision-making following a loss was 
described as relatively fast and inflexible, with a failure to 
utilise the lose-shift strategy and a lack of significant neural 
modulation (Forder and Dyson 2016). These findings sug-
gest that the WSLS heuristic may not be a singular decision 
strategy but rather a dissociation between the underlying 
cognitive and neural processes (Forder and Dyson 2016).

WSLS behaviours are not limited to paradigms like “rock, 
paper, scissors” (e.g., Foder and Dyson, 2016) but are evi-
dent in real-world scenarios. For instance, a business might 
continue investing in a profitable venture (win-stay) while 
discontinuing a failing strategy to minimise losses (lose-
shift). Similarly, in everyday life, a driver may stick to a 
frequently used route that avoids traffic (win-stay) or take an 
alternative path after encountering congestion (lose-shift). 
These behaviours highlight how WSLS strategies enable 
individuals to optimise outcomes in dynamic and uncertain 
environments. By investigating the neuroanatomical corre-
lates of these behaviours, the present study provides insights 
into the structural brain mechanisms that support adaptive 
decision-making in response to real-world challenges.

WSLS behaviours have traditionally been linked to reward 
systems involving the striatum, anterior cingulate cortices 
and orbitofrontal cortices, which play critical roles in reward 

evaluation, reinforcement learning and decision-making 
(Haber and Knutson 2010; Peters and Büchel 2010). Such 
regions are involved in approach-avoidance behaviour, where 
approach behaviour is driven by positive outcomes (e.g., 
win-stay) and avoidance behaviour is driven by negative 
outcomes (e.g., lose-shift) (Amemori et al. 2015; Forder and 
Dyson 2016; LeDoux and Daw 2018). A well-established 
functional neuroimaging literature has demonstrated that 
receiving a reward is associated with increased activation 
within the mesolimbic dopaminergic system, particularly 
the ventral striatum (Balleine et al. 2007; Delgado et al. 
2000; Haber and Knutson 2010; O'Doherty et al. 2017; 
Pessiglione and Delgado 2015). Importantly, activation 
within the ventral striatum displays a differential response 
to reward and loss outcomes, with anterior regions activated 
by rewards and posterior regions by losses (Delgado et al. 
2000; Seymour et  al. 2007; Soares-Cunha et  al. 2016). 
However, emerging evidence suggests that the neural basis 
of WSLS behaviour may extend beyond traditional reward 
systems. For instance, decision-making following a loss has 
been associated with increased activation in the precuneus, 
superior temporal gyrus (Dong et al. 2015), insula (Dong 
et al. 2014; Xue et al. 2010), frontoparietal network (Xue 
et al. 2010), and regions such as the cingulate cortex and 
inferior frontal gyri (Dong et al. 2014; Xue et al. 2010).

While there is good evidence for the use of WSLS strate-
gies in human and animal behaviour (Nowak and Sigmund 
1993; Donahue et al. 2013; Wang et al. 2014; Deng et al. 
2016; Forder and Dyson 2016; Gutiérrez-Roig et al. 2016; 
Zhang et al. 2021; Chu et al. 2022), the relationship between 
such strategies and brain structure is not fully understood. In 
humans, reduced grey matter volume (GMV) in the insula 
and prefrontal cortex have been associated with loss aver-
sion (Markett et al. 2016) and heightened reward sensitivity, 
respectively (Adrián-Ventura et al. 2019), whilst increased 
GMV of the amygdala has been connected to greater loss 
sensitivity (Adrián-Ventura et al. 2019). In addition, research 
has highlighted the importance of considering the value 
of wins and losses, as this can influence the use of WSLS 
strategies (Sacré et al., 2017; Srihaput et al. 2020). Taken 
together, this research provides initial evidence that brain 
structure may be associated with internal representations of 
reward or loss outcomes.

The neural correlates of WSLS behaviour have been 
studied in rodents with some studies showing that lesions 
within the rodent striatum (dorsal medial and dorsal lateral) 
reduce lose-shift behaviour (Skelin et  al. 2014; Thapa 
and Gruber 2018) but not win-stay behaviour, suggesting 
that specific structural abnormalities may impact lose-
shift behaviour. In humans, reduced GMV within the 
thalamus and associated nuclei have been associated with 
increased use of WSLS behaviour in methamphetamine 
dependence (Harlé et al. 2015). Within WSLS paradigms, 
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responses to rewards and losses in healthy populations have 
been associated with increased neural activity compared 
to baseline (Forder and Dyson 2016; Xue et  al. 2012). 
Additionally, greater activation in the frontal pole and 
posterior cingulate cortex has been associated with the 
increased use of WSLS behaviour (Xue et al. 2012). WSLS 
behaviour may be a default strategy due to its associations 
with reinforcement learning (Barraclough et al. 2004; Huang 
et al. 2019), which is driven by the impact of rewards and 
losses (Forder and Dyson 2016). Therefore, WSLS behaviour 
may be related to a sensitivity to rewards and losses, which 
has been previously associated with GMV (Adrián-Ventura 
et al. 2019). In turn, GMV has previously been associated 
with the gambler’s fallacy (Huang et al. 2019), which is the 
mistaken belief that past independent events affect future 
outcomes. In healthy individuals, the gambler’s fallacy has 
been linked with increased GMV within the bilateral ventral 
striatum and orbitofrontal cortex and reduced GMV in the 
frontal pole, anterior cingulate and left medial temporal 
lobe (MTL) (Huang et al. 2019). WSLS strategy and the 
gambler’s fallacy are underpinned by different cognitive 
processes. The WSLS involves recognising and adjusting to 
actual outcome patterns, while the gamblers’ fallacy involves 
erroneous beliefs about the connection of independent 
events. However, both strategies are reflective of cognitive 
processes that monitor outcomes. As demonstrated by a 
recent investigation (Michel et al., 2024), it is important to 
consider both GMV and white matter volume (WMV) when 
measuring aspects of cognition, as such metrics provide 
distinct yet complementary evidence related to cognitive 
performance; specifically processing power (grey matter) 
and efficient communication (white matter). Given that the 
gambler’s fallacy has been associated with GMV in healthy 
individuals (Huang et al. 2019), we expect WSLS behaviour 
to also be associated with both GMV and WMV in healthy 
individuals.

White matter is essential for neural connectivity, 
facilitating efficient communication between brain regions 
and enabling coordinated cognitive and behavioural 
regulation (Fields 2008; Filley 2010). Recent studies have 
highlighted the significance of WMV in predicting cognitive 
performance and decision-making outcomes. For example, 
Michel et al. (2024) found that WMV was the strongest 
predictor of cognitive performance, even when compared 
to more microstructural measures such as diffusion 
tensor imaging (DTI), emphasising its role as a robust 
macrostructural marker of brain function. Other studies have 
reported similar findings, linking WMV to temperament and 
character in young females (Van Schuerbeek et al. 2011), 
cognitive performance in older adults (Fletcher et al. 2013; 
Feng et al. 2013), and both processing speed (Magistro et al. 
2015) and deception (Yang et al. 2005). Together, these 

findings underscore the importance of examining both GMV 
and WMV in the context of Voxel-based Morphometry 
(VBM) based protocol/analysis to provide a comprehensive 
understanding of brain-behaviour relationships.

WSLS behaviours reflect decision-making strategies that 
rely on immediate feedback to guide future choices, distin-
guishing them from the more complex risk-taking behav-
iours observed in gambling contexts (Worthy et al. 2013). 
While WSLS involves a relatively straightforward evaluation 
of outcomes—repeating decisions after wins and altering 
strategies following losses—gambling behaviours often 
incorporate subjective risk preferences, probabilistic reason-
ing, and emotional biases, such as overconfidence or loss 
aversion (Kahneman & Tversky 1979; Tom et al. 2007). For 
instance, a gambler may persist in betting despite repeated 
losses due to cognitive biases such as the “gambler's fal-
lacy,” which assumes that a win is due after a series of losses 
(Croson and Sundali 2005). This contrasts with the lose-shift 
behaviour, which encourages individuals to change their 
approach to minimise losses. Additionally, while WSLS 
focuses on discrete, immediate decisions, gambling often 
involves long-term strategies and anticipation of uncertain 
outcomes, further complicating the neural and behavioural 
mechanisms involved (Clark et al. 2009). Understanding 
these distinctions helps position WSLS within a broader 
framework of decision-making strategies and highlights its 
role in adaptive behaviours that are less influenced by risk 
tolerance or irrational beliefs.

The current study investigated the neuroanatomical cor-
relates of choice behaviour, specifically WSLS behaviour, 
in contexts where optimal decision-making processes are 
absent. A prior investigation found that whole brain GMV 
was associated with “switching” behaviour (changing 
response selection) regardless of the outcome of a previous 
trial (Sun et al. 2018), with a positive relationship between 
the frequency of response-switching and GMV of the pos-
terior cingulate gyrus, left insula and frontal pole, and a 
negative correlation with GMV of the MTL and right insula. 
However, Sun et al. (2018) did not investigate the effect of 
the valence of a previous outcome (reward or loss) on this 
relationship. We, therefore, aimed to build upon the find-
ings of Sun et al. (2018) to determine whether whole-brain 
GMV is associated with general switching behaviour and to 
identify associations between GMV and WSLS behaviour.

On the basis of the literature reviewed here, three hypoth-
eses were formulated which were pre-registered on the Open 
Science Framework (https://​osf.​io/​e563n) but have since 
been refined to improve specificity. We predicted that: 1. 
There would be a significant positive correlation between 
GMV in the frontal pole, posterior cingulate and left insula, 
and the overall tendency to switch response option, 2. There 
would be a significant negative correlation between GMV 

https://osf.io/e563n
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in the MTL and right insula, and the overall tendency to 
switch response options, and 3. There would be a significant 
correlation between GMV of the right insula and MTL, and 
frequency of switching after loss trials.

Method

Participants

We obtained structural MRI scans that were collected by the 
Human Connectome Project (HCP; Van Essen et al. 2013) 
from 1113 participants originally released within the 1200 
subjects release dataset on March 1st, 2017. Informed con-
sent had previously been obtained for all participants (con-
sent procedure outlined in Van Essen et al. 2013). 889 par-
ticipants had both T1-weighted MRI scans and behavioural 
data from the card value task. A further 16 participants 
were excluded due to incomplete behavioural data, three 
were missing a full T1 structural scan, one participant was 
discounted for having all response times faster than 200ms, 
and a further 19 were excluded as they did not engage with 
the task (pressed only one response throughout). The final 
sample size was, therefore, 850 participants. Participants 
were aged between 21 and 36 years of age (M = 26.92, 
SD = 3.49) of which 390 were male (Median age for all par-
ticipants = 27.5). Handedness was also assessed as part of 
the restricted HCP dataset using the Edinburgh Handedness 
Inventory (Oldfield 1971). (EHI). Based on their EHI scores, 
participants were classified into five handedness groups—
strong right-handed (+ 100 to + 80; n = 478), moderate right-
handed (+ 79 to + 40; n = 262), ambidextrous (+ 39 to − 39; 
n = 56), moderate left-handed (− 40 to − 79; n = 35), and 
strong left-handed (− 80 to − 100; n = 19). Ethical approval 
for this study was granted by the School of Human and 
Health Sciences – School Research Ethics and Integrity 
Committee (SREIC) at the University of Huddersfield. All 
participants included in the HCP Healthy Young Adult 1200 
dataset had corrected to normal vision and had no significant 
history of psychiatric disorder, substance abuse, neurologi-
cal or cardiovascular disease, head injuries or genetic dis-
orders. For a full list of exclusion criteria, please see sup-
plementary data 01 in Van Essen et al., (2013). All data 
utilised in the current study were reviewed by a radiologist 
at the HCP (see Marcus et al. 2013). In addition, each scan 
was checked for artefacts by an experienced member of the 
research team. The current study was preregistered on the 
Open Science Framework (https://​osf.​io/​e563n/).

Card guessing paradigm

The current study utilised data collected from an adapted 
version of the Delgado et al. (2000) reward paradigm in 

which participants guessed whether the hidden number of a 
playing card (i.e., 1–9) was greater or less than the value of 
5. Each trial began with a question mark (1500ms), which 
cued participants to make a guess as to the value of a single 
card using one of two buttons, one on the right indicating 
“higher” and one on the left indicating “lower”. The 
outcome of each trial was predetermined, categorising trials 
into either a ‘reward’ trial (correct guess; + $1), a ‘loss’ trial 
(incorrect guess; −$0.50) or a neutral event (i.e., the card 
was 5; no gain or loss). Feedback on whether the response 
was correct or incorrect was then presented for 1000 ms, 
followed by an intertrial interval in which a fixation (“ + ”) 
was presented for 1000 ms. The task was presented in blocks 
of eight trials that were either mostly reward or mostly loss 
but still contained a mix of trial types. In each of the two 
runs, there were two mostly reward and two mostly loss 
blocks interleaved with four fixation blocks (duration 15 s). 
Each participant completed a total of 64 trials. Trials on 
which participants changed their response (i.e., higher to 
lower or lower to higher) were identified as ‘switch’ trials 
and were further split into switches following reward and 
switches following loss. Neutral trials were infrequent in 
occurrence and were excluded from analyses (6 trials in 
total). Any trial with a response quicker than 200ms was 
also excluded from the analyses (Fig. 1).

Structural MRI data collection

Structural MRI scans were acquired at Washington Uni-
versity in St Louis between August 2012 and October 
2015 on a Siemens 3.0 T “Connectome Skyra” (Siemens 
AG, Erlanger, Germany), using a 32-channel head coil. 
T1-weighted images were acquired using 3D, gradient echo 
pulse sequence (MPRAGE) with a resolution of 0.7 × 0.7x 
0.7 mm3 isotropic (FOV = 224 × 224, matrix = 320 × 320, 
256 sagittal slices; TR = 2400 ms and TE = 2.14 ms). For 
further information on quality control procedures, see HCP 
quality control documentation (Marcus et al. 2013).

Voxel‑based morphometry pre‑processing

Raw T1 data were pre-processed using statistical paramet-
ric mapping software (SPM12; Wellcome Department of 
Cognitive Neurology, London, UK, https://​www.​fil.​ion.​ucl.​
ac.​uk/​spm/) implemented in MATLAB (Mathworks Inc., 
Natick, MA). Initially, T1-weighted images were segmented 
into grey matter, white matter and cerebrospinal fluid using 
an extension of the standard unified segmentation model in 
SPM12. The resulting grey matter volumes from the seg-
mentation step were normalised to Montreal Neurological 
Institute (MNI) standard space generating template images 
and flow fields. Grey matter volumes were spatially normal-
ised across all participants using the DARTEL algorithm 

https://osf.io/e563n/
https://www.fil.ion.ucl.ac.uk/spm/
https://www.fil.ion.ucl.ac.uk/spm/


Brain Structure and Function          (2025) 230:40 	 Page 5 of 14     40 

(Ashburner 2007) voxel size: 0.7 × 0.7x 0.7 mm3 in MNI 
space. Finally, the data were smoothed with a 6mm FWHM 
(full-width half-maximum) Gaussian Filter (Shen and Sterr 
2013). Images were then modulated to create Jacobian-
scaled grey matter images using deformations estimated in 
the DARTEL step. Total intracranial volume was calculated 
by summing the values of grey matter, white matter, and 
cerebrospinal fluid using the 'tissue volumes' option within 
SPM12.

Behavioural data analysis

Win-stay behaviour was categorised as repeating the pre-
vious choice following a reward. Lose-shift behaviour was 
categorised as changing responses from a previous selection 
following a loss. To assess WSLS behaviour, a paired sam-
ples t-test comparing behavioural strategies (WSLS behav-
iour) was conducted on the behavioural task data using SPSS 
26 (IBM, SPSS Statistics, Chicago, IL, USA).

MRI quality check

Quality control procedures were undertaken for the HCP 
dataset by trained radiologists (see Marcus et al. 2013). 
We also conducted a thorough quality assessment of the 
data using tools available in the CAT12 toolbox within the 
SPM framework (see supplementary document S1 & S2). 
Preprocessing included automated quality control checks for 
image homogeneity and noise, as implemented in CAT12. 
Pre- and post-processing noise values (measured as mean 
correlation and overall image quality index) were examined 

to detect images with excessive artefacts or poor signal 
quality.

The majority of the images (97.3%) fell within the accept-
able range of homogeneity, with Z-scores tightly distributed 
around the median value of approximately 1.3 (considered 
as excellent image quality by the CAT12 manual). A small 
number of images appeared as outliers with higher Z-scores 
(> 2.5), representing less homogeneous data but remain-
ing within an acceptable range for inclusion in the analy-
sis. Overall, the results confirmed excellent to good image 
quality across the dataset, with the majority of images dem-
onstrating high homogeneity and low noise. A total of 23 
outliers with higher Z-scores (between 4 and 5) were visu-
ally inspected and retained, as they did not exhibit significant 
artefacts or distortions that would warrant exclusion.

VBM analysis

Voxel-based morphometry (VBM) analysis was conducted 
following established guidelines (Ashburner and Friston 
2000; Good et al. 2001). Behavioural measures—the fre-
quency of win-stay and lose-shift behaviours—were entered 
into a multiple regression model using the “Basic Models” 
module in SPM12. Covariates included age, sex, and total 
intracranial volume to account for potential confounding fac-
tors. Previous neuroimaging studies have indicated that total 
GMV decreases linearly with age in normal adult brains, 
with additional interactions by sex (Good et al. 2001; Ren 
et al. 2024). Further, we controlled for sex, age, and total 
GMV, consistent with prior neuroimaging studies (e.g., 
Ren et al. 2024). To eliminate noisy voxels, we masked the 

Fig. 1   Card guessing task 
collected as part of the HCP 
data set. The top panel depicts 
a ‘reward’ trial. The lower 
panel depicts a ‘loss’ trial. 
Participants were required to 
guess whether the value of a 
card was higher or lower than 5. 
If correct, participants received 
a reward of $1. If incorrect, they 
incurred a loss of $0.50. Note: 
This figure has been created for 
illustrative purposes and is not a 
direct visual example of the task
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smoothed images with an absolute threshold masking of 
0.2 as in previous studies (e.g., Ren et al. 2024). All VBM 
analyses were performed using SPM12, run under MATLAB 
software (The Mathworks, Inc., Natick, MA). A cluster size 
threshold of 5 voxels was selected.

In all regression models, collinearity diagnostics con-
firmed that multicollinearity was not a concern, with VIF 
values below 1.1 and Tolerance values exceeding 0.9 for 
all predictors. These results indicate that the win-stay and 
lose-shift behavioural variables were sufficiently independ-
ent. Consistent with our hypothesis, lose-shift behaviour 
demonstrated significant negative associations with GMV 
across the left superior temporal gyrus (LSTG), right mid-
dle temporal gyrus (RMTG), and bilateral lateral occipital 
cortices (Right LOC, Left LOC). In contrast, no significant 
associations were observed between win-stay behaviour and 
GMV, suggesting that distinct neuroanatomical mechanisms 
underpin adaptive decision-making following wins versus 
losses.

For VBM analysis (Ashburner and Friston 2000; Good 
et al. 2001), the frequency of ‘stays’ after rewards and fre-
quency of ‘shifts’ after losses were entered into a multiple 
regression model within SPM12 that controlled for age, 
sex and total intracranial volume. To control for multiple 
comparisons, the Family Wise Error (FWE) was set at a 
threshold of p < 0.05.” We also conducted an exploratory 
analysis to examine four possible behavioural strategies: 1. 
Win-stay: Repeating a choice after a reward, 2. Win-shift: 
Switching a choice after a reward, 3. Lose-stay: Repeating 
a choice after a loss, and 4. Lose-shift: Switching a choice 
after a loss. For this analysis, a whole-brain VBM analy-
sis was performed using multiple regression, with all four 
behavioural strategies entered as predictors. The aim of this 
follow-up analysis was to determine whether GMV was 
associated with any additional strategies beyond win-stay 
and lose-shift behaviour.

Results

Random effects testing

Following the approach used by Zhang et  al. (2021), 
we implemented a one-way ANOVA to assess whether 
participants’ shift and stay behaviours were random (i.e., 
not influenced by any specific strategy) or systematically 
affected by the outcome of the previous trial (win or loss). 
This analysis compared the proportions of four decision 
strategies: win-stay, win-shift, lose-stay, and lose-shift. 
The results revealed a significant effect of decision strategy 
F(3,3399) = 63.54, p < 0.001, η2 = 0.05, indicating that the 
proportions of these strategies differed significantly. These 

findings suggest that participants' choices were not random 
and were systematically influenced by the outcome of the 
preceding trial, reflecting a structured adaptation rather than 
random behaviour (Table 1).

Descriptive statistics

Post‑hoc pairwise comparisons

We conducted post-hoc Tukey’s HSD tests to examine pair-
wise differences between the strategies.

The comparisons in Table 2 confirm that the differences 
between most strategy pairs are statistically significant, 
except for Lose-shift vs. Win-Switch, where the adjusted 
p-values are marginally above the threshold for significance 
(Fig. 2).

Behavioural analysis

In our study, we initially focused on two main behavioural 
conditions: 1. The frequency of win-stay behaviour 
(repeating a choice following a reward), and 2. The 
frequency of lose-shift behaviour (switching a choice 
following a loss). To further examine the relative dominance 
of different decision strategies and explore participants’ 
choice behaviour to prior outcomes, we conducted a series 
of pairwise comparisons using paired-sample t-tests. 
Participants tended to use the win-stay strategy (M = 54.53% 
SD = 4.89) more than the lose-shift strategy (M = 45.47% 
SD = 4.11; t(850) = 10.88, p < 0.001). Participants 
also tended to use the lose-stay strategy (M = 55.57%, 

Table 1   The descriptive statistics for each strategy

Strategy Mean (%) SD SE Coefficient 
of variation

Lose-stay 28.08 8.49 0.29 0.30
Lose-shift 22.00 8.41 0.29 0.38
Win-stay 26.81 9.89 0.34 0.37
Win-shift 23.12 9.76 0.34 0.42

Table 2   Post-hoc Tukey’s HSD test to examine pairwise differences 
between each of the four strategies

Comparison Mean difference SE t p (Tukey)

Lose-stay vs. lose-shift 6.08 0.44 13.68  < .001
Lose-stay vs. win-stay 1.27 0.44 2.86 0.022
Lose-stay vs. win-shift 4.97 0.44 11.17  < .001
Lose-shift vs. win-stay −4.81 0.44 −10.82  < .001
Lose-shift vs. win-shift −1.12 0.44 −2.51 0.058
Win-stay vs. win-shift 3.69 0.44 8.31  < .001



Brain Structure and Function          (2025) 230:40 	 Page 7 of 14     40 

SD = 15.54), more that the win-shift strategy (M = 44.43%, 
SD = 15.54; t(850) = 10.44, p < 0.001). When comparing 
strategies following win outcomes, participants tended to use 
the win-stay strategy (M = 53.65%, SD = 19.56) more than a 
win-shift strategy (M = 46.35%, SD = 19.56, t(850) = 4.44, 
p < 0.001). Following loss outcomes, participants tended 
to use the lose-stay strategy (M = 56.03%, SD = 16.72) 
more than the lose-shift strategy (M = 43.97%, SD = 16.73, 
t(850) = 10.47, p < 0.001).

GMV VBM analysis

Whole brain corrected VBM analysis (FWE = 0.05) using 
multiple regression was conducted to assess whether GMV 
was associated with each strategy (win-stay, win-shift, 
lose-stay, lose-shift). As previous studies have indicated 
that total GMV decreases linearly with age in normal 
adult brains, and interacts with sex (Good et al. 2001; Ren 
et al. 2024), we controlled for sex, age, and total GMV. No 
clusters were associated with lose-stay, win-stay or win-shift 
behaviour. However, lose-shift behaviour was negatively 
correlated with GMV in the left superior temporal gyrus 
(STG), right middle temporal gyrus (MTG) and bilateral 
occipital cortices (see Fig. 3). Correlation analyses revealed 
significant but small negative associations between GMV 
and lose-shift behaviour across key regions (r = correlation 
coefficient,). The left superior temporal gyrus (STG; r = 
− 0.04, p < 0.001) and right superior lateral occipital 
cortex (SLOC; r = − 0.04, p < 0.001) explained 0.16% of 
the variance in lose-shift behaviour. Similarly, the right 
middle temporal gyrus (MTG; r = − 0.03, p < 0.001) and 
left SLOC (r = − 0.03, p < 0.001) explained 0.09% of the 
variance. Collinearity analyses were conducted to ensure 
the independence of the predictors in the regression models. 
Variance inflation factor (VIF) values for all predictors—
age, total intracranial volume (TIV), win-stay, and lose-
shift behaviours—remained below the threshold of 5 
(range: 1.014–1.090), indicating no substantial collinearity. 
Tolerance values similarly supported the independence of 
the regressors (range: 0.918–0.986) (Table 3).

Fig. 2   Boxplot depicting the percentage of overall trials within the 
four decision strategies. The black straight line indicates the median 
values for each strategy. The black dotted line indicates the mean 
value for each strategy. For lose-stay and lose-shift behaviour, the 
median and mean lines overlap. On average, participants employed 
the Win-Stay strategy in 26.81% of trials, Lose-Stay in 28.06%, Win-
Shift in 23.12%, and Lose-Shift in 22.00% of trials

Fig. 3   Whole brain statistical maps in MNI space showing negative 
correlations between GMV and lose-shift behaviour. Slices were 
chosen to best display the area of interest alongside plots comparing 
GMV against lose-shift behaviour. FWE = .05. A: Coronal view 
of left STG (r = −0.04, p < .001). B: Coronal view of right MTG 

(r = −0.03, p < .001). C: Sagittal view of right SLOC (r = −0.04, 
p < .001). D: Axial view of left SLOC (r = −0.03, p < .001). Slices 
were chosen to clearly identify brain regions associated with lose-
shift behaviour. T maps are shown in radiological inversion
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WMV VBM analysis

Whole-brain white matter VBM multiple regression 
(FWE = 0.05) showing a positive correlation (Z = 5.83, 
cluster size = 1137, MNI coordinates: x = −58.4, y = −16.8, 
T = 8.3, p < 0.001) between WMV in the STG and lose-shift 
behaviour. No clusters were associated with win-stay, win-
shift, or lose-stay behaviour (Fig. 4).

Discussion

In the current study, we explored the relationship between 
brain morphometry and switching behaviour, with a focus 
on the use of the Win-stay, Lose-shift (WSLS) strategy. 
In our first hypothesis, we predicted that there would be a 
significant positive correlation between GMV in the frontal 
pole, posterior cingulate and left insula and the overall 
tendency to switch response options irrespective of the 
outcome of the previous trial. In our second hypothesis, 
it was predicted that there would be a significant negative 
correlation between GMV of the MTL and right insula and 
the overall tendency to switch response options irrespective 
of the outcome of the previous trial. Contrary to these 
hypotheses, we found no significant associations between 
GMV or WMV and the overall tendency to switch response 
options, irrespective of the outcome of the previous trial. 
Finally, it was hypothesised that lose-shift behaviour would 
be associated with GMV of the right insula and right 

MTL. Contrary to our hypothesis, we found that lose-shift 
behaviour was associated with reduced GMV within the 
right STG, left MTG and bilateral SLOC. In addition, lose-
shift behaviour was positively correlated with WMV within 
the left STG. No correlations between win-stay and brain 
morphometry survived correction. This is, to the authors’ 
knowledge, the first time that lose-shift behaviour has been 
linked with reduced GMV and increased WMV.

Our findings broaden the understanding of approach-
avoidance systems, including WSLS behaviour, by empha-
sising the involvement of brain regions that are not tradition-
ally associated with this framework, such as the STG, MTG, 
and SLOC. While core regions related to approach-avoid-
ance, such as the striatum, insula, anterior cingulate cortex 
and prefrontal cortices, drive immediate reward-seeking or 
loss-avoidance behaviours (Livermore et al. 2021; Zorowitz 
et al. 2019), the STG appears to play a key role in contextual 
outcome processing and integration of negative feedback 
to guide subsequent decision-making (Paulus et al. 2005). 
Similarly, reduced GMV in the MTG may impair work-
ing memory-dependent mechanisms, such as retaining and 
updating prior outcome information, which are essential 
for flexible behavioural adjustments (Foerde et al. 2013). 
Indeed, several studies have implicated neighbouring regions 
of the STG, such as the supramarginal gyrus (Canessa et al. 
2017), posterior insula (Canessa et al. 2013; Markett et al. 
2016), and opercular cortex (Canessa et al. 2022), in pro-
cesses related to loss aversion. While it is possible that 
shared functions related to loss aversion may influence the 
findings of this study, it is crucial to exercise caution when 

Table 3   Results from the 
whole-brain VBM multiple 
regression showing a negative 
correlation with lose-shift 
behaviour (FWE = .05)

Region Cluster size (mm3) Side Peak T value X Y Z p

Superior temporal gyrus 79.96 Left 6.47 −66.1 −31.5 7.1  < .001
Middle temporal gyrus 104.96 Right 6.00 71.8 −35.7 −1.5  < .001
Superior lateral occipital cortex 68.94 Right 5.95 58.5 −64.4 27  < .001
Superior lateral occipital cortex 14.06 Left 5.74 −52.8 −78.4 17  < .001

Fig. 4   Figure in MNI space illustrating increases in WMV within the left superior temporal gyrus associated with lose-shift behaviour. T-map is 
shown in radiological inversion



Brain Structure and Function          (2025) 230:40 	 Page 9 of 14     40 

interpreting the involvement of neighbouring brain regions. 
Spatial proximity does not necessarily imply a shared func-
tion (Alexander-Bloch et al. 2013; Mišić et al. 2014) and 
further research is needed to delineate the specific contribu-
tions of these regions to loss aversion and related cognitive 
processes. Future work could benefit from higher-resolution 
imaging to disentangle these closely situated regions and 
further clarify their specific roles in the context of loss aver-
sion. Finally, reductions in GMV in the occipital cortex align 
with recent evidence suggesting its role in processing visual 
uncertainty cues and outcome salience (Zhang et al. 2024). 
These findings indicate that loss-shift behaviour, rather 
than solely resulting from reward-punishment systems, may 
involve a more complex interaction of contextual evalua-
tion, memory integration, and uncertainty monitoring. By 
identifying structural correlates in these regions, our results 
expand current models of adaptive learning and loss-related 
decision-making.

The STG and MTG findings align with established 
frameworks of feedback-based learning and contextual 
processing. The STG has been implicated in integrating 
negative feedback and contextual cues to guide adaptive 
decision-making, suggesting that reduced GMV may 
reflect diminished neural resources for responding to losses 
(Paulus et al. 2005). Similarly, the MTG plays a critical 
role in working memory modulation and retaining outcome 
history, processes necessary for flexible behavioural 
adjustment following negative outcomes (Foerde et  al. 
2013). Specifically, lose-shift behaviour may engage 
processes of aversive response modulation and goal-
directed decision-making, which are potentially linked to 
regions such as the STG and MTG. These regions have 
been implicated in processing salience and integrating 
multimodal information, supporting their role in associating 
the context of a negative outcome with adaptive shifts in 
subsequent behaviour (Menon and Uddin 2010; Visser et al. 
2012; Humphreys et al. 2015; Zou et al. 2024). In contrast, 
the lack of significant findings for win-stay behaviour 
underscores the possibility of distinct neural mechanisms 
driving responses to positive feedback compared to 
negative feedback, suggesting that the two types of strategy 
may rely on fundamentally different cognitive and neural 
pathways (Kahneman 2011). Furthermore, the association 
between reduced GMV in the occipital cortex and lose-shift 
behaviour aligns with its role in processing visual salience 
and uncertainty cues, which are essential for recognising 
and adapting to unfavourable outcomes (Zhang et al. 2024). 
These findings expand traditional approach-avoidance 
models, which focus predominantly on regions such as the 
striatum, insula, anterior cingulate cortex and prefrontal 
cortices (Livermore et al. 2021; Zorowitz et al. 2019). We 
suggest that lose-shift behaviour reflects an interaction 

of contextual evaluation (STG), memory-based updating 
(MTG), and uncertainty monitoring (occipital cortex), 
highlighting a broader neural basis for adaptive feedback-
based strategies.

The role of adaptive behavioural learning in this task war-
rants careful consideration. Adaptive behavioural learning 
is a core mechanism underpinning behavioural flexibility 
and the neural processes that support decision-making in 
dynamic environments (O’Reilly 2013; Schulz et al. 2019). 
Notably, paradigms investigating adaptive behavioural learn-
ing often focus on the development of strategies aimed at 
achieving optimal decision-making outcomes (e.g., Trimmer 
et al. 2015; Schiffer et al. 2017; Sharif et al. 2024). However, 
the task employed in this study lacks a clearly defined opti-
mal decision-making strategy, which is needed to support 
adaptive behavioural learning. As such, while it is plausible 
that the task engages some neural mechanisms similar to 
those involved in adaptive behavioural learning, it should 
also be interpreted in the context of its design, which does 
not necessitate learning of optimal outcomes.

While lose-shift behaviour was associated with 
both GMV and WMV, the current study found no such 
association with win-stay behaviour, suggesting that its 
neural underpinnings may not be directly related to brain 
morphology. This raises the possibility that win-stay 
strategies could involve more complex neural interactions or 
functional activations not captured by structural volumetric 
measures. Supporting this idea, Van de Steen et al. (2020) 
found that during the same task, increased activation in the 
occipital cortex was linked to win and loss outcomes but not 
to neutral trials, implying that specific neural activations are 
more responsive to outcome valence. This finding suggests 
that win-stay strategies likely depend on dynamic brain 
responses to trial-by-trial win outcomes, whereas there is 
evidence that responses to losses can remain more stable 
across tasks (see Spektor et al. 2024). Further, activation 
in the occipital cortex has been associated with processing 
visual cues related to uncertainty and free energy (Zhang 
et al. 2024). In the “Free energy” principle proposed by 
Friston (2009), the brain is thought to attempt to minimise 
“free energy,” which is a measure of the difference between 
top-down predictions and actual sensory inputs, to enable 
the agent to adapt to their environment (Friston 2009). This 
explanation may account for the association between reduced 
GMV in the occipital cortices and the increased frequency 
of 'lose-shift' behaviour. Specifically, individuals with lower 
GMV in these areas may struggle more with adapting to loss 
outcomes, making them more likely to switch strategies after 
a negative outcome. Additionally, individual differences 
in sensitivity to losses (Adrián-Ventura et  al. 2019) or 
uncertainty (Zhang et al. 2024) may influence decision-
making in the task used in the current study, as it may 
increase the drive to minimise prediction errors, resulting 
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in more frequent lose-shift behaviour. Given the stability of 
individual differences in responses to losses across different 
task types (Spektor et al. 2024), future longitudinal research 
should examine how lose-shift behaviour in this task relates 
to broader measures of loss aversion.

Contrary to our hypotheses, and the findings by Sun 
et al. (2018), we did not find an association between overall 
response-switching and GMV regardless of the outcome of 
the previous trial. It is unclear what might have caused this 
discrepancy as although the tasks were different, they elic-
ited similar percentages of switch responses (current study: 
40%, Sun et al. 2018: 43%). One intriguing possibility might 
be that the findings reflect cultural differences between US 
and Asian populations in how rewards and losses are pro-
cessed (e.g., Chen et al. 2020). However, further research 
would be required to substantiate this. Alternatively, these 
different findings might be due to the disparity in ages 
between the two studies (average age: 28.7 years, Sun et al.’s 
(2018) average age was 19.9) as prior evidence suggests that 
grey matter volume changes with age (Bourisly et al. 2015; 
Hafkemeijer et al. 2014; Fjell and Walhovd 2010; Resnick 
et al. 2003).

Several limitations of this study should be acknowledged. 
First, the task was presented in blocks of eight trials that 
were either mostly reward or mostly loss, but still contained 
a mix of trial types. The organisation of these blocks may 
have influenced participants by making rewards and losses 
less or more impactful, thus influencing choices through-
out the experiment. In blocks where losses predominated, 
participants may have experienced a heightened sensitivity 
to losses, potentially increasing the likelihood of lose-shift 
behaviour as they adjusted their choices in response to the 
negative outcomes. Conversely, in blocks where rewards 
were more frequent, the impact of occasional losses might 
have been diminished as a win is two times the value of a 
loss, possibly leading to a reduced tendency to shift behav-
iour after a loss.

Second, reduced GMV in the temporal and occipital cor-
tices associated with lose-shift behaviour may not directly 
reflect the neuroanatomical basis for loss aversion, or 
impairments in attention or memory processing, particularly 
given the absence of an optimal decision-making strategy in 
the task. While these effects are statistically significant due 
to the large sample size, the small proportion of explained 
variance suggests subtle structural contributions to lose-shift 
behaviour. To better understand this relationship, future stud-
ies should investigate how brain morphometry is associated 
with WSLS behaviour in tasks that include clear optimal 
decision strategies. This could help determine whether vari-
ations in WSLS behaviour contribute to maladaptive deci-
sion-making. While factors such as outcome history and risk 
preferences are known to influence decision-making (Sitkin 
and Weingart 1995), these parameters were not included in 

the current analysis. The forced-choice card-guessing task 
used in this study lacked a clearly defined or optimal deci-
sion strategy, making it less suited to capturing risk propen-
sity, adaptive decision making or learning. Instead, the task 
encouraged heuristic responses, such as WSLS behaviours. 
Moreover, including additional parameters could have intro-
duced unnecessary complexity and confounded the interpre-
tation of our results, particularly as these behaviours are not 
inherently tied to explicit risk-reward structures. Thirdly, it 
should be noted that the associations we found were cor-
relational, so it remains unclear whether behaviour was the 
consequence or the cause of the variation in GMV. Finally, 
while the use of VBM to analyse WMV has faced scru-
tiny due to concerns regarding segmentation accuracy and 
partial volume effects (Ashburner 2007), these limitations 
have been addressed through advancements in preprocessing 
pipelines. In particular, the DARTEL algorithm used in our 
study improves normalisation accuracy, enhancing sensitiv-
ity to subtle volumetric differences (Ashburner 2007). Addi-
tionally, by controlling for TIV we minimised confounds 
associated with individual differences in brain size, further 
strengthening the validity of our results (Whitwell 2009). 
Our inclusion of WMV aligns with literature emphasising 
its role in structural connectivity and its contributions to 
cognitive and behavioural processes. For instance, WMV 
reductions have been linked to age-related visual changes 
in eye disease (Hernowo et al. 2014), theory of mind abili-
ties (Soylu et al. 2023), and cognitive impairments in con-
ditions such as early-onset psychosis (Si et al. 2024) and 
Alzheimer’s disease (Li et al. 2012). These studies derived 
WMV through VBM demonstrating that WMV variations 
can serve as meaningful markers of brain-behaviour rela-
tionships across domains. Future research should replicate 
these results with the same sample using combined metrics 
of WMV and diffusion tensor imaging, as in Michel et al. 
(2024) to further understand the contributions of white mat-
ter in behavioural choice adaptations. Furthermore, future 
studies could explore how structural findings interact with 
functional activations during feedback-based tasks, provid-
ing a more comprehensive understanding of the neural basis 
of win-stay and lose-shift behaviour.

In summary, this study provides evidence that lose-shift 
behaviour is associated with reductions in GMV within the 
STG, MTG, and bilateral occipital cortex and a reduction in 
WMV in the STG. These results may be explained through 
the roles of specific brain regions, such as the occipital cor-
tices, in directing attention to task-relevant stimuli, which, 
in turn, impact lose-shift behaviour. Further research is 
required to more systematically examine the precise role 
each brain region plays in decision-making processes.



Brain Structure and Function          (2025) 230:40 	 Page 11 of 14     40 

Supplementary Information  The online version contains 
supplementary material available at https://​doi.​org/​10.​1007/​
s00429-​025-​02901-z.

Acknowledgements  Data were provided by the Human Connectome 
Project, WU-Minn Consortium (Principal Investigators: David Van 
Essen and Kamil Ugurbil; 1U54MH091657) funded by the 16 NIH 
Institutes and Centers that support the NIH Blueprint for Neuroscience 
Research; and by the McDonnell Center for Systems Neuroscience at 
Washington University.

Author contributions  M.W.: Writing—original draft preparation; 
Writing—review & editing; Methodology; Conceptualisation; Formal 
analysis; Data curation; Investigation. G.H.: Writing—review & edit-
ing; Methodology; Conceptualisation; Formal analysis; Data curation. 
A.K.: Writing—review & editing. H.D.H.B.: Writing—review & edit-
ing; Visualisation; Formal analysis. C.R.: Writing—review & editing; 
Supervision; Conceptualisation; Methodology; Formal analysis; Data 
curation. All authors reviewed the manuscript.

Funding  The authors have not disclosed any funding.

Data Availability  No datasets were generated or analysed during the 
current study.

Declarations 

Conflict of interest  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Adrián-Ventura J, Costumero V, Parcet MA, Ávila C (2019) Linking 
personality and brain anatomy: a structural MRI approach to 
reinforcement sensitivity theory. Soc Cognit Affect Neurosci 
14(3):329–338. https://​doi.​org/​10.​1093/​scan/​nsz011

Alexander-Bloch A, Giedd JN, Bullmore E (2013) Imaging structural 
co-variance between human brain regions. Nat Rev Neurosci 
14(5):322–336. https://​doi.​org/​10.​1038/​nrn34​65

Amemori K, Amemori S, Graybiel AM (2015) Motivation and affective 
judgments differentially recruit neurons in the primate dorsolateral 
prefrontal and anterior cingulate cortex. J Neurosci 35(5):1939–
1953. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​1731-​14.​2015

Ashburner J (2007) A fast diffeomorphic image registration algorithm. 
Neuroimage 38(1):95–113. https://​doi.​org/​10.​1016/j.​neuro​image.​
2007.​07.​007

Ashburner J, Friston KJ (2000) Voxel-based morphometry—the 
methods. Neuroimage 11(6 Pt 1):805–821. https://​doi.​org/​10.​
1006/​nimg.​2000.​0582

Balleine BW, Delgado MR, Hikosaka O (2007) The role of the dorsal 
striatum in reward and decision-making. J Neurosci: Off J Soc 
Neurosci 27(31):8161–8165. https://​doi.​org/​10.​1523/​JNEUR​
OSCI.​1554-​07.​2007

Barraclough DJ, Conroy ML, Lee D (2004) Prefrontal cortex and 
decision making in a mixed-strategy game. Nat Neurosci 
7(4):404–410. https://​doi.​org/​10.​1038/​nn1209

Bechara A (2005) Decision making, impulse control and loss of 
willpower to resist drugs: a neurocognitive perspective. Nat 
Neurosci 8(11):1458–1463. https://​doi.​org/​10.​1038/​nn1584

Bonawitz E, Denison S, Gopnik A, Griffiths TL (2014) Win-stay, lose-
sample: a simple sequential algorithm for approximating Bayesian 
inference. Cogn Psychol 74:35–65. https://​doi.​org/​10.​1016/j.​cogps​
ych.​2014.​06.​003

Bourisly AK, El-Beltagi A, Cherian J, Gejo G, Al-Jazzaf A, Ismail M 
(2015) A voxel-based morphometric magnetic resonance imaging 
study of the brain detects age-related gray matter volume changes 
in healthy subjects of 21–45 years old. Neuroradiol J 28(5):450. 
https://​doi.​org/​10.​1177/​19714​00915​598078

Brevers D, Bechara A, Cleeremans A, Noel X (2013) Iowa gambling 
task (IGT): twenty years after—gambling disorder and IGT. Front 
Psychol. https://​doi.​org/​10.​3389/​fpsyg.​2013.​00665

Canessa N, Crespi C, Motterlini M, Baud-Bovy G, Chierchia G, 
Pantaleo G, Tettamanti M, Cappa SF (2013) The functional and 
structural neural basis of individual differences in loss aversion. 
J Neurosci: Off J Soc Neurosci 33(36):14307–14317. https://​doi.​
org/​10.​1523/​JNEUR​OSCI.​0497-​13.​2013

Canessa N, Crespi C, Baud-Bovy G, Dodich A, Falini A, Antonellis 
G, Cappa SF (2017) Neural markers of loss aversion in resting-
state brain activity. Neuroimage 146:257–265. https://​doi.​org/​
10.​1016/j.​neuro​image.​2016.​11.​050

Canessa N, Basso G, Poggi P, Gianelli C (2022) Altered striatal-
opercular intrinsic connectivity reflects decreased aversion to 
losses in alcohol use disorder. Neuropsychologia 172:108258. 
https://​doi.​org/​10.​1016/j.​neuro​psych​ologia.​2022.​108258

Chen N, Zhou M, Dong X, Qu J, Gong F, Han Y, Qiu Y, Wang 
J, Liu Y, Wei Y, Xia J, Yu T, Zhang X, Zhang L (2020) 
Epidemiological and clinical characteristics of 99 cases of 2019 
novel coronavirus pneumonia in Wuhan, China: a descriptive 
study. Lancet (London, England) 395(10223):507–513. https://​
doi.​org/​10.​1016/​S0140-​6736(20)​30211-7

Chu C, Cui S, Yuan Z, Yu C (2022) A win-stay-lose-learn mechanism 
based on aspiration can promote cooperation in a multigame. 
Chaos Solitons Fractals 159:112125. https://​doi.​org/​10.​1016/j.​
chaos.​2022.​112125

Clark L, Lawrence AJ, Astley-Jones F, Gray N (2009) Gambling 
near-misses enhance motivation to gamble and recruit win-
related brain circuitry. Neuron 61(3):481–490. https://​doi.​org/​
10.​1016/j.​neuron.​2008.​12.​031

Croson R, Sundali J (2005) The gambler’s fallacy and the hot hand: 
empirical data from casinos. J Risk Uncertain 30(3):195–209. 
https://​doi.​org/​10.​1007/​s11166-​005-​1153-2

Delgado MR, Nystrom LE, Fissell C, Noll DC, Fiez JA (2000) 
Tracking the hemodynamic responses to reward and punishment 
in the striatum. J Neurophysiol 84(6):3072–3077. https://​doi.​
org/​10.​1152/​jn.​2000.​84.6.​3072

Deng X, Zhang Z, Deng Y, Liu Q, Chang S (2016) Self-adaptive 
win-stay-lose-shift reference selection mechanism promotes 
cooperation on a square lattice. Appl Math Comput 284:322–
331. https://​doi.​org/​10.​1016/j.​amc.​2016.​03.​010

Diekhof EK, Falkai P, Gruber O (2008) Functional neuroimaging of 
reward processing and decision-making: a review of aberrant 
motivational and affective processing in addiction and mood 
disorders. Brain Res Rev 59(1):164–184. https://​doi.​org/​10.​
1016/j.​brain​resrev.​2008.​07.​004

https://doi.org/10.1007/s00429-025-02901-z
https://doi.org/10.1007/s00429-025-02901-z
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/scan/nsz011
https://doi.org/10.1038/nrn3465
https://doi.org/10.1523/JNEUROSCI.1731-14.2015
https://doi.org/10.1016/j.neuroimage.2007.07.007
https://doi.org/10.1016/j.neuroimage.2007.07.007
https://doi.org/10.1006/nimg.2000.0582
https://doi.org/10.1006/nimg.2000.0582
https://doi.org/10.1523/JNEUROSCI.1554-07.2007
https://doi.org/10.1523/JNEUROSCI.1554-07.2007
https://doi.org/10.1038/nn1209
https://doi.org/10.1038/nn1584
https://doi.org/10.1016/j.cogpsych.2014.06.003
https://doi.org/10.1016/j.cogpsych.2014.06.003
https://doi.org/10.1177/1971400915598078
https://doi.org/10.3389/fpsyg.2013.00665
https://doi.org/10.1523/JNEUROSCI.0497-13.2013
https://doi.org/10.1523/JNEUROSCI.0497-13.2013
https://doi.org/10.1016/j.neuroimage.2016.11.050
https://doi.org/10.1016/j.neuroimage.2016.11.050
https://doi.org/10.1016/j.neuropsychologia.2022.108258
https://doi.org/10.1016/S0140-6736(20)30211-7
https://doi.org/10.1016/S0140-6736(20)30211-7
https://doi.org/10.1016/j.chaos.2022.112125
https://doi.org/10.1016/j.chaos.2022.112125
https://doi.org/10.1016/j.neuron.2008.12.031
https://doi.org/10.1016/j.neuron.2008.12.031
https://doi.org/10.1007/s11166-005-1153-2
https://doi.org/10.1152/jn.2000.84.6.3072
https://doi.org/10.1152/jn.2000.84.6.3072
https://doi.org/10.1016/j.amc.2016.03.010
https://doi.org/10.1016/j.brainresrev.2008.07.004
https://doi.org/10.1016/j.brainresrev.2008.07.004


	 Brain Structure and Function          (2025) 230:40    40   Page 12 of 14

Donahue CH, Seo H, Lee D (2013) Cortical signals for rewarded 
actions and strategic exploration. Neuron 80(1):223–234. 
https://​doi.​org/​10.​1016/j.​neuron.​2013.​07.​040

Dong G, Lin X, Zhou H, Lu Q (2014) How the win–lose balance 
situation affects subsequent decision-making: functional 
magnetic resonance imaging evidence from a gambling task. 
Neuroscience 272:131–140. https://​doi.​org/​10.​1016/j.​neuro​
scien​ce.​2014.​04.​058

Dong G, Zhang Y, Xu J, Lin X, Du X (2015) How the risky features of 
previous selection affect subsequent decision-making: evidence 
from behavioral and fMRI measures. Front Neurosci. https://​doi.​
org/​10.​3389/​fnins.​2015.​00364

Feng L, Isaac V, Sim S, Ng T-P, Krishnan KRR, Chee MWL 
(2013) Associations between elevated homocysteine, cognitive 
impairment, and reduced white matter volume in healthy old 
adults. Am J Geriatr Psychiatry 21(2):164–172. https://​doi.​org/​
10.​1016/j.​jagp.​2012.​10.​017

Fields RD (2008) White matter in learning, cognition and psychiatric 
disorders. Trends Neurosci 31(7):361–370. https://​doi.​org/​10.​
1016/j.​tins.​2008.​04.​001

Filley CM (2010) White matter: organization and functional relevance. 
Neuropsychol Rev 20(2):158–173. https://​doi.​org/​10.​1007/​
s11065-​010-​9127-9

Fjell AM, Walhovd KB (2010) Structural brain changes in aging: 
courses, causes and cognitive consequences. Rev Neurosci 
21(3):187–221. https://​doi.​org/​10.​1515/​REVNE​URO.​2010.​21.3.​
187

Fletcher E, Raman M, Huebner P, Liu A, Mungas D, Carmichael 
O, DeCarli C (2013) Loss of fornix white matter volume as a 
predictor of cognitive impairment in cognitively normal elderly 
individuals. JAMA Neurol 70(11):1389–1395. https://​doi.​org/​10.​
1001/​jaman​eurol.​2013.​3263

Foerde K, Race E, Verfaellie M, Shohamy D (2013) A role for the 
medial temporal lobe in feedback-driven learning: evidence from 
amnesia. J Neurosci 33(13):5698–5704. https://​doi.​org/​10.​1523/​
JNEUR​OSCI.​5217-​12.​2013

Forder L, Dyson BJ (2016) Behavioural and neural modulation of win-
stay but not lose-shift strategies as a function of outcome value 
in Rock, Paper Scissors. Sci Rep 6(1):33809. https://​doi.​org/​10.​
1038/​srep3​3809

Friston K (2009) The free-energy principle: a rough guide to the brain? 
Trends Cogn Sci 13(7):293–301. https://​doi.​org/​10.​1016/j.​tics.​
2009.​04.​005

Good CD, Johnsrude IS, Ashburner J, Henson RN, Friston KJ, 
Frackowiak RS (2001) A voxel-based morphometric study of 
ageing in 465 normal adult human brains. Neuroimage 14(1 Pt 
1):21–36. https://​doi.​org/​10.​1006/​nimg.​2001.​0786

Gutiérrez-Roig M, Segura C, Duch J, Perelló J (2016) Market imitation 
and win-stay lose-shift strategies emerge as unintended patterns 
in market direction guesses. PLoS ONE 11(8):e0159078. https://​
doi.​org/​10.​1371/​journ​al.​pone.​01590​78

Haber SN, Knutson B (2010) The reward circuit: Linking primate 
anatomy and human imaging. Neuropsychopharmacol: Off Publ 
Am College Neuropsychopharmacol 35(1):4–26. https://​doi.​org/​
10.​1038/​npp.​2009.​129

Hafkemeijer A, Altmann-Schneider I, de Craen AJM, Slagboom PE, 
van der Grond J, Rombouts SARB (2014) Associations between 
age and gray matter volume in anatomical brain networks in 
middle-aged to older adults. Aging Cell 13(6):1068–1074. https://​
doi.​org/​10.​1111/​acel.​12271

Harlé KM, Zhang S, Schiff M, Mackey S, Paulus MP, Yu AJ 
(2015) Altered statistical learning and decision-making in 
methamphetamine dependence: evidence from a two-armed bandit 
task. Fron Psychol. https://​doi.​org/​10.​3389/​fpsyg.​2015.​01910

Hernowo AT, Prins D, Baseler HA, Plank T, Gouws AD, Hooymans 
JMM, Morland AB, Greenlee MW, Cornelissen FW (2014) 

Morphometric analyses of the visual pathways in macular 
degeneration. Cortex 56:99–110. https://​doi.​org/​10.​1016/j.​cortex.​
2013.​01.​003

Huang X, Zhang H, Chen C, Xue G, He Q (2019) The neuroanatomical 
basis of the Gambler’s fallacy: a univariate and multivariate 
morphometric study. Hum Brain Mapp 40(3):967–975. https://​
doi.​org/​10.​1002/​hbm.​24425

Humphreys GF, Hoffman P, Visser M, Binney RJ, Lambon Ralph MA 
(2015) Establishing task- and modality-dependent dissociations 
between the semantic and default mode networks. Proc Natl Acad 
Sci 112(25):7857–7862. https://​doi.​org/​10.​1073/​pnas.​14227​60112

Kahneman D, Tversky A (1979) Prospect theory: an analysis of 
decision under risk. Econometrica 47(2):263–291. https://​doi.​
org/​10.​2307/​19141​85

Kahneman D (2011) Thinking, fast and slow. Farrar, Straus and Giroux. 
pp 278–288

LeDoux J, Daw ND (2018) Surviving threats: Neural circuit and 
computational implications of a new taxonomy of defensive 
behaviour. Nat Rev Neurosci 19(5):269–282. https://​doi.​org/​10.​
1038/​nrn.​2018.​22

Li J, Pan P, Huang R, Shang H (2012) A meta-analysis of voxel-
based morphometry studies of white matter volume alterations 
in Alzheimer’s disease. Neurosci Biobehav Rev 36(2):757–763. 
https://​doi.​org/​10.​1016/j.​neubi​orev.​2011.​12.​001

Lin C-H, Chiu Y-C, Lee P-L, Hsieh J-C (2007) Is deck B a 
disadvantageous deck in the Iowa Gambling Task? Behav Brain 
Funct 3(1):16. https://​doi.​org/​10.​1186/​1744-​9081-3-​16

Livermore JJA, Klaassen FH, Bramson B, Hulsman AM, Meijer SW, 
Held L, Klumpers F, de Voogd LD, Roelofs K (2021) Approach-
avoidance decisions under threat: the role of autonomic 
psychophysiological states. Front Neurosci 15:621517. https://​
doi.​org/​10.​3389/​fnins.​2021.​621517

Magistro D, Takeuchi H, Nejad KK, Taki Y, Sekiguchi A, Nouchi R, 
Kotozaki Y, Nakagawa S, Miyauchi CM, Iizuka K, Yokoyama 
R, Shinada T, Yamamoto Y, Hanawa S, Araki T, Hashizume 
H, Sassa Y, Kawashima R (2015) The relationship between 
processing speed and regional white matter volume in healthy 
young people. PLoS ONE 10(9):e0136386. https://​doi.​org/​10.​
1371/​journ​al.​pone.​01363​86

Marcus DS, Harms MP, Snyder AZ, Jenkinson M, Wilson JA, 
Glasser MF, Barch DM, Archie KA, Burgess GC, Ramaratnam 
M, Hodge M, Horton W, Herrick R, Olsen T, McKay M, House 
M, Hileman M, Reid E, Harwell J, Van Essen DC (2013) Human 
Connectome project informatics: Quality control, database 
services, and data visualization. NeuroImage 80:202–219. 
https://​doi.​org/​10.​1016/j.​neuro​image.​2013.​05.​077

Markett S, Heeren G, Montag C, Weber B, Reuter M (2016) Loss 
aversion is associated with bilateral insula volume. a voxel 
based morphometry study. Neurosci Lett 619:172–176. https://​
doi.​org/​10.​1016/j.​neulet.​2016.​03.​029

Menon V, Uddin LQ (2010) Saliency, switching, attention and 
control: a network model of insula function. Brain Struct Funct 
214(5–6):655–667. https://​doi.​org/​10.​1007/​s00429-​010-​0262-0

Michel LC, McCormick EM, Kievit RA (2024) Gray and white 
matter metrics demonstrate distinct and complementary 
prediction of differences in cognitive performance in children: 
findings from ABCD (N = 11,876). J Neurosci: Off J Soc 
Neurosci 44(12):e0465232023. https://​doi.​org/​10.​1523/​JNEUR​
OSCI.​0465-​23.​2023

Mišić B, Fatima Z, Askren MK, Buschkuehl M, Churchill N, 
Cimprich B, Deldin PJ, Jaeggi S, Jung M, Korostil M, Kross E, 
Krpan KM, Peltier S, Reuter-Lorenz PA, Strother SC, Jonides J, 
McIntosh AR, Berman MG (2014) The functional connectivity 
landscape of the human brain. PLoS ONE 9(10):e111007. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​01110​07

https://doi.org/10.1016/j.neuron.2013.07.040
https://doi.org/10.1016/j.neuroscience.2014.04.058
https://doi.org/10.1016/j.neuroscience.2014.04.058
https://doi.org/10.3389/fnins.2015.00364
https://doi.org/10.3389/fnins.2015.00364
https://doi.org/10.1016/j.jagp.2012.10.017
https://doi.org/10.1016/j.jagp.2012.10.017
https://doi.org/10.1016/j.tins.2008.04.001
https://doi.org/10.1016/j.tins.2008.04.001
https://doi.org/10.1007/s11065-010-9127-9
https://doi.org/10.1007/s11065-010-9127-9
https://doi.org/10.1515/REVNEURO.2010.21.3.187
https://doi.org/10.1515/REVNEURO.2010.21.3.187
https://doi.org/10.1001/jamaneurol.2013.3263
https://doi.org/10.1001/jamaneurol.2013.3263
https://doi.org/10.1523/JNEUROSCI.5217-12.2013
https://doi.org/10.1523/JNEUROSCI.5217-12.2013
https://doi.org/10.1038/srep33809
https://doi.org/10.1038/srep33809
https://doi.org/10.1016/j.tics.2009.04.005
https://doi.org/10.1016/j.tics.2009.04.005
https://doi.org/10.1006/nimg.2001.0786
https://doi.org/10.1371/journal.pone.0159078
https://doi.org/10.1371/journal.pone.0159078
https://doi.org/10.1038/npp.2009.129
https://doi.org/10.1038/npp.2009.129
https://doi.org/10.1111/acel.12271
https://doi.org/10.1111/acel.12271
https://doi.org/10.3389/fpsyg.2015.01910
https://doi.org/10.1016/j.cortex.2013.01.003
https://doi.org/10.1016/j.cortex.2013.01.003
https://doi.org/10.1002/hbm.24425
https://doi.org/10.1002/hbm.24425
https://doi.org/10.1073/pnas.1422760112
https://doi.org/10.2307/1914185
https://doi.org/10.2307/1914185
https://doi.org/10.1038/nrn.2018.22
https://doi.org/10.1038/nrn.2018.22
https://doi.org/10.1016/j.neubiorev.2011.12.001
https://doi.org/10.1186/1744-9081-3-16
https://doi.org/10.3389/fnins.2021.621517
https://doi.org/10.3389/fnins.2021.621517
https://doi.org/10.1371/journal.pone.0136386
https://doi.org/10.1371/journal.pone.0136386
https://doi.org/10.1016/j.neuroimage.2013.05.077
https://doi.org/10.1016/j.neulet.2016.03.029
https://doi.org/10.1016/j.neulet.2016.03.029
https://doi.org/10.1007/s00429-010-0262-0
https://doi.org/10.1523/JNEUROSCI.0465-23.2023
https://doi.org/10.1523/JNEUROSCI.0465-23.2023
https://doi.org/10.1371/journal.pone.0111007


Brain Structure and Function          (2025) 230:40 	 Page 13 of 14     40 

Neville V, Dayan P, Gilchrist ID, Paul ES, Mendl M (2021) 
Dissecting the links between reward and loss, decision-making, 
and self-reported affect using a computational approach. PLoS 
Comput Biol 17(1):e1008555. https://​doi.​org/​10.​1371/​journ​al.​
pcbi.​10085​55

Nowak M, Sigmund K (1993) A strategy of win-stay, lose-shift that 
outperforms tit-for-tat in the Prisoner’s Dilemma game. Nature 
364(6432):56–58. https://​doi.​org/​10.​1038/​36405​6a0

O’Doherty JP, Cockburn J, Pauli WM (2017) Learning, reward, and 
decision making. Annu Rev Psychol 68:73–100. https://​doi.​org/​
10.​1146/​annur​ev-​psych-​010416-​044216

O’reilly JX (2013) Making predictions in a changing world—
Inference, uncertainty, and learning. Front Neurosci. https://​
doi.​org/​10.​3389/​fnins.​2013.​00105

Oldfield RC (1971) The assessment and analysis of handedness: the 
Edinburgh inventory. Neuropsychologia 9(1):97–113. https://​
doi.​org/​10.​1016/​0028-​3932(71)​90067-4

Paulus MP, Feinstein JS, Leland D, Simmons AN (2005) Superior 
temporal gyrus and insula provide response and outcome-
dependent information during assessment and action selection 
in a decision-making situation. Neuroimage 25(2):607–615. 
https://​doi.​org/​10.​1016/j.​neuro​image.​2004.​12.​055

Pessiglione M, Delgado MR (2015) The good, the bad and the brain: 
Neural correlates of appetitive and aversive values underlying 
decision making. Curr Opin Behav Sci 5:78–84. https://​doi.​org/​
10.​1016/j.​cobeha.​2015.​08.​006

Peters J, Büchel C (2010) Episodic future thinking reduces reward 
delay discounting through an enhancement of prefrontal-
mediotemporal interactions. Neuron 66(1):138–148. https://​
doi.​org/​10.​1016/j.​neuron.​2010.​03.​026

Ren H, Liu Z, Zhong Z, Wang S (2024) “High empathic response but 
low interest”: Machiavellianism and its neurostructural basis relate 
to perceived risk of social exclusion and workplace deviance. J 
Res Pers 113:104548. https://​doi.​org/​10.​1016/j.​jrp.​2024.​104548

Resnick SM, Pham DL, Kraut MA, Zonderman AB, Davatzikos C 
(2003) Longitudinal magnetic resonance imaging studies of older 
adults: a shrinking brain. J Neurosci: Official J Soc Neurosci 
23(8):3295–3301. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​23-​08-​
03295.​2003

Rushworth MFS, Noonan MP, Boorman ED, Walton ME, Behrens TE 
(2011) Frontal cortex and reward-guided learning and decision-
making. Neuron 70(6):1054–1069. https://​doi.​org/​10.​1016/j.​
neuron.​2011.​05.​014

Sacré P, Subramanian S, Kerr MSD, Kahn K, Johnson MA, Bulacio 
J, González-Martínez JA, Sarma SV, Gale JT (2017) The 
influences and neural correlates of past and present during 
gambling in humans. Sci Rep 7(1):17111. https://​doi.​org/​10.​1038/​
s41598-​017-​16862-9

Schiffer A-M, Siletti K, Waszak F, Yeung N (2017) Adaptive behaviour 
and feedback processing integrate experience and instruction in 
reinforcement learning. Neuroimage 146:626–641. https://​doi.​org/​
10.​1016/j.​neuro​image.​2016.​08.​057

Schulz E, Wu CM, Ruggeri A, Meder B (2019) Searching for 
rewards like a child means less generalization and more directed 
exploration. Psychol Sci 30(11):1561–1572. https://​doi.​org/​10.​
1177/​09567​97619​863663

Seymour B, Daw N, Dayan P, Singer T, Dolan R (2007) Differential 
encoding of losses and gains in the human striatum. J Neurosci 
27(18):4826–4831. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​0400-​
07.​2007

Sharif M, Rea O, Burling R, Ellul Miraval M, Patel R, Saman Y, Rea P, 
Yoon H-J, Kheradmand A, Arshad Q (2024) Migrainous vertigo 
impairs adaptive learning as a function of uncertainty. Front 
Neurol. https://​doi.​org/​10.​3389/​fneur.​2024.​14361​27

Shen S, Sterr A (2013) Is DARTEL-based voxel-based morphometry 
affected by width of smoothing kernel and group size? A 
study using simulated atrophy. J Magn Reson Imaging: JMRI 
37(6):1468–1475. https://​doi.​org/​10.​1002/​jmri.​23927

Si S, Bi A, Yu Z, See C, Kelly S, Ambrogi S, Arango C, Baeza I, 
Banaj N, Berk M, Castro-Fornieles J, Crespo-Facorro B, Crouse 
JJ, Díaz-Caneja CM, Fett A-K, Fortea A, Frangou S, Goldstein BI, 
Hickie IB, Kempton MJ (2024) Mapping gray and white matter 
volume abnormalities in early-onset psychosis: an ENIGMA 
multicenter voxel-based morphometry study. Mol Psychiatry 
29(2):496–504. https://​doi.​org/​10.​1038/​s41380-​023-​02343-1

Sitkin SB, Weingart LR (1995) Determinants of risky decision-making 
behavior: A test of the mediating role of risk perceptions and 
propensity. Acad Manag J 38(6):1573–1592. https://​doi.​org/​10.​
2307/​256844

Skelin I, Hakstol R, VanOyen J, Mudiayi D, Molina LA, Holec V, 
Hong NS, Euston DR, McDonald RJ, Gruber AJ (2014) Lesions 
of dorsal striatum eliminate lose-switch responding but not mixed-
response strategies in rats. Eur J Neurosci 39(10):1655–1663. 
https://​doi.​org/​10.​1111/​ejn.​12518

Soares-Cunha C, Coimbra B, Sousa N, Rodrigues AJ (2016) 
Reappraising striatal D1- and D2-neurons in reward and aversion. 
Neurosci Biobehav Rev 68:370–386. https://​doi.​org/​10.​1016/j.​
neubi​orev.​2016.​05.​021

Soylu F, May K, Kana R (2023) White and gray matter correlates of 
theory of mind in autism: a voxel-based morphometry study. 
Brain Struct Funct 228(7):1671–1689. https://​doi.​org/​10.​1007/​
s00429-​023-​02680-5

Spektor MS, Kellen D, Rieskamp J, Klauer KC (2024) Absolute and 
relative stability of loss aversion across contexts. J Exp Psychol 
Gen 153(2):454–472. https://​doi.​org/​10.​1037/​xge00​01513

Srihaput V, Craplewe K, Dyson BJ (2020) Switching competitors 
reduces win-stay but not lose-shift behaviour: the role of outcome-
action association strength on reinforcement learning. Games. 
https://​doi.​org/​10.​3390/​g1103​0025

Sun Y, Zhang H, Li Y, Xue G, He Q (2018) To switch or not to switch?: 
Cognitive and neural mechanisms of card switching behaviour. 
Acta Psychologica Sinica 50(12):1449–1459. https://​doi.​org/​10.​
3724/​SP.J.​1041.​2018.​01449

Thapa R, Gruber AJ (2018) Lesions of ventrolateral striatum eliminate 
lose-shift but not win-stay behaviour in rats. Neurobiol Learn 
Mem 155:446–451. https://​doi.​org/​10.​1016/j.​nlm.​2018.​08.​022

Tom SM, Fox CR, Trepel C, Poldrack RA (2007) The neural basis of 
loss aversion in decision-making under risk. Science (New York, 
NY) 315(5811):515–518. https://​doi.​org/​10.​1126/​scien​ce.​11342​
39

Trimmer PC, Higginson AD, Fawcett TW, McNamara JM, Houston 
AI (2015) Adaptive learning can result in a failure to profit from 
good conditions: implications for understanding depression. 
Evolut Med Public Health 2015(1):123–135. https://​doi.​org/​10.​
1093/​emph/​eov009

Van de Steen F, Krebs RM, Colenbier N, Almgren H, Marinazzo D 
(2020) Effective connectivity modulations related to win and loss 
outcomes. Neuroimage 207:116369. https://​doi.​org/​10.​1016/j.​
neuro​image.​2019.​116369

Van Essen DC, Smith SM, Barch DM, Behrens TEJ, Yacoub E, Ugurbil 
K, WU-Minn HCP Consortium (2013) The WU-minn human 
connectome project: an overview. NeuroImage 80:62–79. https://​
doi.​org/​10.​1016/j.​neuro​image.​2013.​05.​041

Van Schuerbeek P, Baeken C, De Raedt R, De Mey J, Luypaert R 
(2011) Individual differences in local gray and white matter 
volumes reflect differences in temperament and character: a voxel-
based morphometry study in healthy young females. Brain Res 
1371:32–42. https://​doi.​org/​10.​1016/j.​brain​res.​2010.​11.​073

https://doi.org/10.1371/journal.pcbi.1008555
https://doi.org/10.1371/journal.pcbi.1008555
https://doi.org/10.1038/364056a0
https://doi.org/10.1146/annurev-psych-010416-044216
https://doi.org/10.1146/annurev-psych-010416-044216
https://doi.org/10.3389/fnins.2013.00105
https://doi.org/10.3389/fnins.2013.00105
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1016/j.neuroimage.2004.12.055
https://doi.org/10.1016/j.cobeha.2015.08.006
https://doi.org/10.1016/j.cobeha.2015.08.006
https://doi.org/10.1016/j.neuron.2010.03.026
https://doi.org/10.1016/j.neuron.2010.03.026
https://doi.org/10.1016/j.jrp.2024.104548
https://doi.org/10.1523/JNEUROSCI.23-08-03295.2003
https://doi.org/10.1523/JNEUROSCI.23-08-03295.2003
https://doi.org/10.1016/j.neuron.2011.05.014
https://doi.org/10.1016/j.neuron.2011.05.014
https://doi.org/10.1038/s41598-017-16862-9
https://doi.org/10.1038/s41598-017-16862-9
https://doi.org/10.1016/j.neuroimage.2016.08.057
https://doi.org/10.1016/j.neuroimage.2016.08.057
https://doi.org/10.1177/0956797619863663
https://doi.org/10.1177/0956797619863663
https://doi.org/10.1523/JNEUROSCI.0400-07.2007
https://doi.org/10.1523/JNEUROSCI.0400-07.2007
https://doi.org/10.3389/fneur.2024.1436127
https://doi.org/10.1002/jmri.23927
https://doi.org/10.1038/s41380-023-02343-1
https://doi.org/10.2307/256844
https://doi.org/10.2307/256844
https://doi.org/10.1111/ejn.12518
https://doi.org/10.1016/j.neubiorev.2016.05.021
https://doi.org/10.1016/j.neubiorev.2016.05.021
https://doi.org/10.1007/s00429-023-02680-5
https://doi.org/10.1007/s00429-023-02680-5
https://doi.org/10.1037/xge0001513
https://doi.org/10.3390/g11030025
https://doi.org/10.3724/SP.J.1041.2018.01449
https://doi.org/10.3724/SP.J.1041.2018.01449
https://doi.org/10.1016/j.nlm.2018.08.022
https://doi.org/10.1126/science.1134239
https://doi.org/10.1126/science.1134239
https://doi.org/10.1093/emph/eov009
https://doi.org/10.1093/emph/eov009
https://doi.org/10.1016/j.neuroimage.2019.116369
https://doi.org/10.1016/j.neuroimage.2019.116369
https://doi.org/10.1016/j.neuroimage.2013.05.041
https://doi.org/10.1016/j.neuroimage.2013.05.041
https://doi.org/10.1016/j.brainres.2010.11.073


	 Brain Structure and Function          (2025) 230:40    40   Page 14 of 14

Visser M, Jefferies E, Embleton KV, Lambon Ralph MA (2012) Both 
the middle temporal gyrus and the ventral anterior temporal 
area are crucial for multimodal semantic processing: distortion-
corrected fMRI evidence for a double gradient of information 
convergence in the temporal lobes. J Cogn Neurosci 24(8):1766–
1778. https://​doi.​org/​10.​1162/​jocn_a_​00244

Wang Z, Xu B, Zhou H-J (2014) Social cycling and conditional 
responses in the Rock-Paper-Scissors game. Sci Rep 4(1):5830. 
https://​doi.​org/​10.​1038/​srep0​5830

Whitwell JL (2009) Voxel-based morphometry: an automated 
technique for assessing structural changes in the brain. J Neurosci 
29(31):9661–9664. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​2160-​
09.​2009

Worthy DA, Hawthorne MJ, Otto AR (2013) Heterogeneity of strategy 
use in the Iowa gambling task: a comparison of win-stay/lose-shift 
and reinforcement learning models. Psychon Bull Rev 20(2):364–
371. https://​doi.​org/​10.​3758/​s13423-​012-​0324-9

Xue G, Lu Z, Levin IP, Bechara A (2010) The impact of prior risk 
experiences on subsequent risky decision-making: the role of the 
insula. Neuroimage 50(2):709–716. https://​doi.​org/​10.​1016/j.​
neuro​image.​2009.​12.​097

Xue G, Juan C-H, Chang C-F, Lu Z-L, Dong Q (2012) Lateral 
prefrontal cortex contributes to maladaptive decisions. Proc Natl 

Acad Sci 109(12):4401–4406. https://​doi.​org/​10.​1073/​pnas.​11119​
27109

Yang Y, Raine A, Lencz T, Bihrle S, Lacasse L, Colletti P (2005) 
Prefrontal white matter in pathological liars. Br J Psychiatry 
187(4):320–325. https://​doi.​org/​10.​1192/​bjp.​187.4.​320

Zhang H, Moisan F, Gonzalez C (2021) Rock-paper-scissors play: 
beyond the win-stay/lose-change strategy. Games. https://​doi.​
org/​10.​3390/​g1203​0052

Zhang Y, Huynh TKT, Dyson BJ (2023) Deliberately making miskates: 
Behavioural consistency under win maximization and loss 
maximization conditions. Npj Sci Learn 8(1):1–7. https://​doi.​org/​
10.​1038/​s41539-​023-​00206-6

Zhang S, Tian Y, Liu Q, Wu H (2024) The neural correlates of 
ambiguity and risk in human decision-making under an active 
inference framework. eLife. https://​doi.​org/​10.​7554/​eLife.​92892.2

Zorowitz S, Rockhill AP, Ellard KK, Link KE, Herrington T, Pizzagalli 
DA, Widge AS, Deckersbach T, Dougherty DD (2019) The neural 
basis of approach-avoidance conflict: a model based analysis. 
eNeuro. https://​doi.​org/​10.​1523/​ENEURO.​0115-​19.​2019

Zou T, Li L, Huang X, Deng C, Wang X, Gao Q, Chen H, Li R (2024) 
Dynamic causal modeling analysis reveals the modulation of 
motor cortex and integration in superior temporal gyrus during 
multisensory speech perception. Cogn Neurodyn 18(3):931–946. 
https://​doi.​org/​10.​1007/​s11571-​023-​09945-z

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1162/jocn_a_00244
https://doi.org/10.1038/srep05830
https://doi.org/10.1523/JNEUROSCI.2160-09.2009
https://doi.org/10.1523/JNEUROSCI.2160-09.2009
https://doi.org/10.3758/s13423-012-0324-9
https://doi.org/10.1016/j.neuroimage.2009.12.097
https://doi.org/10.1016/j.neuroimage.2009.12.097
https://doi.org/10.1073/pnas.1111927109
https://doi.org/10.1073/pnas.1111927109
https://doi.org/10.1192/bjp.187.4.320
https://doi.org/10.3390/g12030052
https://doi.org/10.3390/g12030052
https://doi.org/10.1038/s41539-023-00206-6
https://doi.org/10.1038/s41539-023-00206-6
https://doi.org/10.7554/eLife.92892.2
https://doi.org/10.1523/ENEURO.0115-19.2019
https://doi.org/10.1007/s11571-023-09945-z

	Examining neuroanatomical correlates of win-stay, lose-shift behaviour
	Abstract
	Introduction
	Method
	Participants
	Card guessing paradigm
	Structural MRI data collection
	Voxel-based morphometry pre-processing
	Behavioural data analysis
	MRI quality check
	VBM analysis

	Results
	Random effects testing
	Descriptive statistics
	Post-hoc pairwise comparisons

	Behavioural analysis
	GMV VBM analysis
	WMV VBM analysis

	Discussion
	Acknowledgements 
	References


