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Self-referencing versus
other-referencing in gambling:
effects of vmPFC stimulation on
decision-making and feedback
processing
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Introduction: A key skill useful in everyday life is learning from our past choices
to overcome cognitive biases and cope with our environment. In this regard, we
are often responsible not only for ourselves but also for others.

Methods: As our previous results showed that after excitatory stimulation of
the ventromedial prefrontal cortex (vmPFC) people improved risk weighing and
reduced their cognitive biases via improved affective learning, here we examined
whether the above results differ when participants are playing for themselves
versus for someone else. Therefore, we added this experimental manipulation
to our previously well-validated gambling paradigm.

Results: We found that participants showed improved learning after excitatory
stimulation when playing for themselves but not when playing for someone else. At
the neural level, we observed interaction effects involving the stimulation (inhibitory
vs. excitatory), the frame (gain vs. loss) and the recipient (self vs. other) in prefrontal,
temporal and parietal areas during the decision-making and feedback phase.
Discussion: Our results suggest that excitatory vmPFC-tDCS can facilitate
gambling and enhance the neural processing of gambling-related stimuli when
playing for oneself.
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Introduction

We humans are characterized by the ability to think, refer and reflect on ourselves. Even
more impressively, we can take the perspective of another person and infer about their
thoughts, which is known as theory of mind (Carlson et al., 2013; Leslie et al., 2004). This
enables us to understand and stand up for the interests of another person. However, there may
be differences in how we pursue our own interests versus the interests of others.

As shown in functional magnetic resonance imaging (fMRI) studies, a core region for
processing self-related information (first-person perspective, or self-referencing) is the
ventromedial prefrontal cortex (ymPFC) (Jenkins et al., 2008; Soch et al., 2017; Stendardi et al.,
2021). Indeed, while the activity of ventromedial prefrontal brain regions has been found to
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be correlated with an egocentric perspective, it has shown no such
associations with an allocentric perspective (Vogeley and Fink, 2003).
When processing information about others (third-person perspective,
or other-referencing), different brain regions become active, such as
the posterior cingulate cortex, precuneus and the dorsomedial
prefrontal cortex (Soch et al., 2017). Yet, self-referencing seems to be a
necessary condition for being able to take the perspective of another
person (Jenkins et al., 2008), as has been revealed in hemodynamic
neuroimaging studies and in patients with lesions in the medial
prefrontal cortex (Jenkins et al., 2008; Soch et al., 2017; Stendardi
et al., 2021; Vogeley and Fink, 2003).

Useful tools for studying the processing of self-related and other-
related information in the brain include electroencephalography
(EEG) and magnetoencephalography (MEG), as previous literature
(Esslen et al., 2008; Knyazev, 2013) has shown that these tools can pick
up effects in event-related potentials/fields (ERPs/ERFS), which
provide high temporal resolution. Thus, these tools can complement
the high spatial but low temporal resolution of hemodynamic
methods. From studies using these tools, differences between self-
referencing and other-referencing conditions were found to occur in
early components after 130 ms, but also in later event-related potential
components such as N2 and P3, with P3 being described as the most
prominent. The latest ERP components showing differences between
the processing of self-and other-related information emerged between
400 and 500 ms (Esslen et al., 2008; Knyazev, 2013). Consistent with
the above fMRI results, EEG findings have also suggested that
ventromedial prefrontal areas are particularly important for self-
referencing, while referencing to others has been shown to activate
more dorsal prefrontal areas (Bradford et al., 2019; Gallagher and
Frith, 2003). These neural differences were also reflected in behavioral
differences in the perception of oneself and others (Bradford et al.,
2019); specifically, participants were faster and more accurate in
processing information about themselves compared to processing
information about others (Bradford et al., 2019). Thus, these findings
not only highlight the differences in processing information about
oneself versus another, but they indicate that both neural and
behavioral dimensions should be examined.

Another valuable tool for investigating brain function is
transcranial direct current stimulation (tDCS), which allows brain
activity to be modulated from outside the skull (Nitsche et al., 2008;
Sparing and Mottaghy, 2008). This allows causal inferences to be made
through non-invasive stimulation with little or no side effects (Poreisz
etal., 2007). For stimulating the vmPFC, tDCS provides advantages to
repetitive transcranial magnetic stimulation (rTMS), as it does not
induce uncomfortable co-stimulation of the eye muscles.

In the current study, we opted to examine differences in self-
referential versus other-referential information processing by
combining prior findings indicating that the vmPFC is involved in
self-referencing with our previous findings from gambling paradigms.
In prior studies, we showed that in a gambling situation, excitatory
stimulation of the vmPFC induced enhanced affective learning,
leading to reduced cognitive biases and increased overall gains
compared to sham and inhibitory stimulation (Kroker et al., 2022,
2023a, 2023b, 2025). In these prior studies, we have also been
particularly interested in the so-called framing effect, whereby
we humans are strongly influenced by how an option is presented (i.e.,
“framed”). For example, in a previous study we gave participants 50
cents to gamble with and presented two options, namely the “gamble”
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option and the “keep’ option. Here, the “keep” option could
be presented in one of two ways: it could be framed as a gain or a loss.
In the gain-frame condition participants were presented the option of
keeping 20 of the 50 cents, and in the loss-frame condition participants
were presented the option of losing 30 cents (i.e., 50 to 30 cents).
Participants tended to gamble more often in the loss-frame condition,
which is irrational because both options have the same value, namely
an outcome of +20 cents. Accordingly, the smaller the difference
between the gain frame minus the loss frame in risk-taking behavior
and in the outcome ratings, the more rationally the participants
behaved. Interestingly, this “framing difference” became smaller after
excitatory compared to sham and inhibitory stimulation of the ymPFC
(Kroker et al., 2022, 2023a, 2023b). While in the previous studies
participants were always gambling for themselves (egocentric
perspective), in the current study we asked participants to gamble for
themselves in half of the trials but for someone else in the other half
of the trials. In this way, here we investigated whether risk weighing,
learning and the framing effect differed between conditions of self-and
other-referencing, whether these effects were modulated by
stimulation and whether both factors revealed any kind of interaction.

By combining the well-known fact that the vmPFC is a hub for
self-referencing (Bradford et al., 2019; Soch et al., 2017) with findings
from our previous studies, we derived our current hypotheses. In the
decision-making phase, we expect to replicate a reduced framing
effect at the behavioral and neural level after excitatory vmPFC
stimulation, which should be particularly pronounced when playing
for oneself. Furthermore, we anticipate observing an enhanced
processing depth of stimuli after excitatory stimulation in the self-
referencing condition, also on the behavioral level, which will
be reflected in improved learning over the course of the experiment
after excitatory vimPFC stimulation, as observed in our previous
studies (Kroker et al., 2023a, 2023b, 2025), but this improvement
should be stronger in the self-referencing compared to the other-
referencing condition. At the neural level, we anticipate an interaction
effect of stimulation and recipient, featuring enhanced activity of
ventral prefrontal areas in response to trials in which the participants
gamble for themselves after excitatory stimulation but with no effect
of stimulation in the other-referencing condition.

In the feedback phase (i.e., with presentation of win or loss
feedback), we expect attenuated behavioral biases (i.e., a reduced
framing effect reflecting more rational gambling) on the Self-
Assessment Manikin (SAM-ratings) (Bradley and Lang, 1994) after
excitatory stimulation when participants play for themselves.
Furthermore, we expect neural correlates of these reduced framing
effects after excitatory stimulation within medial prefrontal areas, as
research suggests that these areas are associated with the framing
effect in gambling (DeMartino et al., 2006; Kroker et al., 2022, 2023b)
as well as self-and other-referencing (Bradford et al., 2019; Jenkins
et al.,, 2008; Vogeley and Fink, 2003).

Methods
Participants
We included 32 (17 female) right-handed volunteers aged

19-29 years (M = 23.42, SD = 2.70). Exclusion criteria were current or
lifetime psychiatric diagnosis, psychopharmacological treatment,
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current or past psychotherapy, neurological or severe somatic illness,
pregnancy and prior participation in one of the previous gambling
studies in our lab (the latter would result in knowledge about our
cover story). Participants were recruited from our institute’s existing
participant pools, announcements on the university campus and via
social media.

Participants were pseudo-randomly assigned to one of the two
experimental groups of tDCS stimulation (see below), which were
matched for demographic and psychometric characteristics. The study
was ethically approved by the Ethics Committee of the Medical
Faculty of the University of Miinster. All research was conducted in
accordance with the Declaration of Helsinki.

Participants were told a cover story to ensure authentic gambling
behavior. They were informed that, in addition to the fixed amount of
€30, they could win an amount between €0 and €36 for themselves,
and they would also have the opportunity to win money for others.
Additionally, they were told that any money they earned for others
would be evenly distributed among the other participants of the study.
At the end of the study, participants were informed about the cover
story, and everyone received the maximal amount of €66 for
themselves. For details, please consult the Supplementary material.

Experimental procedure

In a within-subjects design, each participant received excitatory
and inhibitory stimulation over the course of two experimental
sessions, with a minimum interval of 48 h and a maximum of 30 days
between sessions (see Figure 1). Participants were informed of the two
appointments and that they would receive two stimulations. However,
they were not told that we were not using a placebo condition in order
to avoid possible inferences about the experimental hypotheses. The
order of stimulation (excitatory or inhibitory stimulation first) was
randomized across participants. At the beginning of the first session,
participants gave written informed consent then filled in
questionnaires comprising the Beck Depression Inventory (Beck et al.,
1996), the Reward Responsiveness Scale (Van den Berg et al., 2010),

the Intolerance of Uncertainty Scale (Gerlach et al., 2008) and the
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Social Desirability Scale (Crowne and Marlowe, 1960). We did not
expect responses to these questionnaires to be altered by the
stimulation, as they reflect stable personality traits. Following the
stimulation, participants performed the gambling task in the MEG,
where event-related fields (ERFs) were measured in response to the
choice and feedback stimuli. At the end of each session, participants
rated the feedback in terms of subjective hedonic valence and
emotional arousal on a Self-Assessment Manikin (SAM) rating scale
(Bradley and Lang, 1994), rated their mood on the Positive and
Negative Affect Schedule (PANAS; Watson et al., 1988) and rated the
perceived pleasantness of the stimulation and the stimulation intensity
on an in-house questionnaire. In the second session, the same
procedure was used with the opposite stimulation polarity (see
Figure 2). Finally, subjects were informed about the cover story. They
were informed about the stimulation conditions and which
stimulation was conducted when. The total duration of the two
sessions was approximately 200 min.

Gambling task

Each trial began with a fixation cross presented for 500 ms,
followed by the presentation of the “game stake” of 25, 50, 75 or 100
cents and who they were playing for (others, self; see Figure 1).
Second, the “choice stimulus” appeared, on the basis of which
participants had to decide whether they wanted to secure a smaller
amount (“keep”) or risk the full amount (“gamble”). The “keep” option
was framed as either a gain (gain frame: receiving a smaller but safe
amount) or as a loss (loss frame: losing a smaller safe amount). The
framing effect is relevant to the “keep” option: for example, if the stake
is 50 cents (Figure 1), the green gain frame communicates a sure win
of 20 cents (i.e., equivalent to a sure loss of 30 cents), while the red loss
frame predicts a sure loss of 30 cents (i.e., equivalent to a safe win of
20 cents). According to this scheme, for initial amounts of 25ct, 75ct
or 100ct, the gain frames inform about safe wins of 10ct, 30ct or 40ct,
respectively, and the loss frames inform about safe losses of 15ct, 45¢t
or 60ct, respectively. In addition to varying the recipient (others, self),
the frame (gain frame, loss frame) and the initial amount (25ct, 50ct,

Screening of
exclusion ”l 15 min i 10 min “ 10 min m 25 min 10 min
criteria )
PR _ DCS | : -Rating,
Session 1 Questionnaires | | MEG- GamblingI |} p\ N5 & (DCS-
BDLIL, RR, UL-18, SDS Preparations cathodal/ inhibitory 320 Trials Perception
tDCS
min. 48 h l
_ tDCS " SAM-Rating,
MEG. Gambllf]g 1I PANAS & tDCS.-
Session 2 Preparations anodal/ excitatory 320 Trials Perception
tDCS
FIGURE 1
Overview of the experimental procedure. BDI-II, Beck Depression Inventory-II; RR, Reward Responsiveness Scale; UI-18, Intolerance of Uncertainty
Scale; SDS-CM, Social Desirability Scale by Crowne and Marlowe; SAM-Rating, subjective ratings of hedonic valence and emotional arousal; PANAS,
Positive and Negative Affect Schedule. This figure was published first by Kroker et al. (2022). Excitatory and inhibitory stimulation did not differ in
perceived pleasantness and intensity (p-values >0.150).
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} Feedback ‘
I —— J
' Gain Frame

‘ Gamble ‘ /
’ Keep (smaller win) \
|
Loss Frame
Gamble
Keep (accept reduction)
|
1000 + 600 ms apprx. 1300 ms min. 1000 ms
FIGURE 2

Monetary gambling task. The paradigm consisted of a choice and a feedback phase. Stimuli were placed centrally to minimize eye movements and
related MEG artifacts. Each trial began with a 500 ms fixation cross, followed by the “game stake” (25, 50, 75, or 100 cents) and the recipient (self,
indicated in yellow or others, indicated in green). Participants then chose to either secure a smaller amount ("keep”) or risk the full amount (“gamble”).
The "keep” option was framed as a gain (safe win) or loss (safe loss). Risk levels (20, 40, 60, 80%) altered expected values, making "keep” preferable at
80% risk and "gamble” preferable at 20 and 40% risk, while at 60% risk both options had equal expected value. We analyzed effects of vmPFC
stimulation and self-/other-referencing on gambling behavior and MEG correlates of neural activity evoked by the choice and feedback stimuli.

75ct, 100ct), we also varied the risk of losing (20, 40, 60, 80%).
Importantly, this “risk of losing” variable resulted in different expected
values for the “keep” and the “gamble” option, so that it is more
adaptive to choose “keep” in the 80% risk condition and to choose
“gamble” in the 20 and 40% risk conditions. In the 60% risk condition,
“gamble” and “keep” had the same expected value.

tDCS

Transcranial direct current stimulation (tDCS) is a widely used
and effective method for non-invasively modulating brain activity
from outside the skull. Anodal or excitatory stimulation depolarizes
the membrane potential of neurons, which increases their excitability
depending on the strength of the applied electric field. In contrast,
cathodal or inhibitory stimulation hyperpolarizes the neural
membrane, reducing the likelihood of action potentials (Sparing and
Mottaghy, 2008). For simplicity and readability, we will refer to
excitatory and inhibitory stimulation instead of anodal/cathodal

Frontiers in Behavioral Neuroscience

stimulation. An important advantage of tDCS is the low rate of side
effects (e.g., headache, nausea and insomnia) and, with particular
relevance for ventral prefrontal target regions, the absence of
unwanted co-stimulation of facial or ocular muscles and nerves.
Changes in cortical excitability can persist for up to an hour after a
single stimulation (Poreisz et al., 2007).

We implemented the tDCS montage as used in our previous
studies to stimulate the vmPFC (Junghofer et al., 2017; Kroker et al.,
2022, 2023a; Rehbein et al., 2023; Roesmann et al., 2021; Winker et al.,
2018, 2019, 2020). The active electrode was placed on the forehead (3
x 3 cm), and the extraencephalic reference, allowing for a quasi-
reference-free stimulation, was placed under the chin (5 x 5 cm). The
electrodes were inserted into sponges soaked in a sodium chloride
solution to ensure electrical conductivity. For excitatory or inhibitory
stimulation, the forehead electrode was used as the anode or cathode,
respectively. This electrode configuration results in maximal
stimulation of the vmPFC and minimal stimulation of adjacent brain
regions, as shown by finite-element-based forward modeling of tDCS
currents (Wagner et al, 2014). Using a DC Stimulator Plus
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(NeuroConn GmbH), we administered a maximum current of 1.5 mA
for 10 min with both stimulation polarities (see Figure 3).

Recording and preprocessing of MEG

Event-related fields were measured with a 275 whole-head sensor
system (CTF Systems, first-order axial gradiometers) at a sampling
rate of 600 Hz over a frequency range of 0 to 150 Hz (hardware anti-
aliasing filtering). The continuous data were downsampled to 300 Hz
and filtered with a 0.1 high-pass filter and a 48 Hz low-pass filter.
Individual head shapes were measured using a 3D tracking device
(Polhemus, Colchester, VT, United States; http://www.polhemus.
com/) and individual head positions in the MEG were gathered by
three landmark coils (i.e., fiducials) in the ears and on the nasion.
We extracted epochs from 200 ms before and 600 ms after stimulus
onset and used the interval from —150 ms to 0 ms for baseline fitting.
To identify and reject artifacts, we used the method proposed by
Junghofer et al. (2000). This method detects individual and global
artifacts: when noisy channels are identified, their signal is estimated
by spherical-spline interpolation based on the weighted signal of all
remaining sensors. On average two channels were interpolated per
subject. A minimum threshold of 0.01 was applied to the estimated
goodness of interpolation, and trials exceeding this value were rejected
(on average 18 of 320 trials per subject). If more than 30% of the trials
in a session were discarded, the participant was excluded from further
analysis (eight participants). This resulted in a final sample for the
neural data of 24 participants. Trials within each experimental
condition were averaged for each participant and session, and the
underlying neural sources of the measured ERFs were estimated by
applying L2 minimum-norm estimates (Haméldinen and Ilmoniemi,
1994) (L2-MNE). The L2-MNE is an inverse modeling technique that
estimates the underlying neuronal sources based on the measured
magnetic fields. A spherical model comprising 350 dipole pairs
distributed evenly in both the azimuthal and polar directions, with a
source shell radius corresponding approximately to the gray matter
depth (i.e., 87% of the individually fitted head), was employed as the

10.3389/fnbeh.2025.1634058

source model. The topographies of the L2-MNE were established
using a Tikhonov regularization parameter of k=0.1. Source-
direction-independent neural activities (i.e., the vector length of the
estimated source activities at each position) were then calculated for
each participant, condition, and time point. Due to the inverse
problem, MEG (as EEG) cannot differentiate between neural activity
evoked by deeper more focal sources from weaker but more superficial
and distributed sources as both may evoke identical MEG signals.
With realistic head models and application of L2-Minimum-Norm
depth weighting, this inverse problem can be somewhat attenuated.
As individual MRIs for realistic source modeling was not available, the
L2-Minimum-Norm was applied without depth weighting. Thus,
potential neural activity generated by deeper neural structures are
projected to the surface and superpose with neural activity evoked by
sources in the estimated gray matter depth. Individual noise
covariance estimation, which could lead to improved precision in
source reconstruction, was also not applied. The preprocessing and
analysis of the MEG data was performed using the MATLAB (2023a)-
based EMEGS software (Peyk et al., 2011) (version 3.1).

Data analysis

We used mixed-effects models for the behavioral data because of
their robustness with repeated measures compared to conventional
models (Baayen et al., 2008). Following our previous studies (Kroker
etal, 2022,2023a, 2023b), we calculated the same analysis but added
the factor recipient (others, self). For the behavioral analyses, we used
the full sample of 32 participants. All results remained qualitatively
equivalent when only the MEG sample was used.

Thus, for behavioral analyses, we performed a mixed-effects
logistic regression with the predictors stimulation (excitatory,
inhibitory), frame (gain frame, loss frame) and recipient (others, self)
to analyze binary choice behavior (i.e., “gamble” or “keep”).
Additionally, we calculated a further mixed-effects logistic regression
with the predictors stimulation (excitatory, inhibitory), risk of losing
(20, 40, 60, 80%) and recipient (others, self). Since we also investigated

S

ulation
electrode

[mA/cm?]

Reference electrode

Current strength and direction

FIGURE 3

sponge color. This figure was published first in Junghofer et al. (2017).

An iterative gain function algorithm aimed at maximum vmPFC-targeted stimulation resulted in the use of a small mid-frontal electrode and an
extended extracephalic chin reference. This array allowed for quasi-reference-free stimulation, offering clear differentiation of excitatory and inhibitory
effects. Participants were stimulated on two different days for 10 min at 1.5 mA in either an excitatory (anodal forehead electrode) or inhibitory
(cathodal forehead electrode) manner. While the current strength was identical for excitatory and inhibitory stimulation, the direction of effect, as
indicated by the cones in the magnification, was reversed. A modeled 1.5 mA stimulation resulted in a maximum current density in the vinPFC regions
of approximately 0.09 mA/cm? (red colors). In the experiment, all sponges were the same color to avoid any inferences from participants based on the

Excitatory (anodal)

Inhibitory (cathodal)

stimulation stimulation
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improved affective learning from gambling stimuli in our previous
studies, we were interested in how learning would interact with the
recipient. Therefore, we calculated another mixed-effects logistic
regression with the predictors stimulation (excitatory, inhibitory), risk
of losing (20, 40, 60, 80%), recipient (self, others) and trial number
(1-320). In these analyses, we modeled random effects for stimulation.
Furthermore, we performed control analysis by including the factor
stimulation order to check for potential carryover effects. To analyze
the perceived hedonic valence and arousal SAM-rating (Bradley and
Lang, 1994) of the feedback (nine-point Likert scale), we computed a
mixed-effects linear regression with the predictors stimulation
(excitatory, inhibitory), decision (keep, gamble), outcome (gain, loss)
and recipient (others, self). Since we were particularly interested in the
framing effect, we conducted a separate analysis only in the “keep”
condition, because here the gain and loss frames have the same value,
just the framing is different. To this end, we calculated the difference
between the gain-and loss-framed ratings, since the larger the framing
difference, the more irrational the rating.

For the neural analyses, we computed repeated measures
ANOVAs and corrected for multiple comparisons using a
non-parametric approach proposed by Maris and Oostenveld (2007).
The two analyses in the decision-making phase (stimulation by frame
by recipient and stimulation by risk-to-lose by recipient) were
performed separately from each other to ensure a sufficient number
of trials per condition for a reasonable signal-to-noise ratio in the
source estimation. To analyze the neural data of the feedback-
processing phase, we calculated 2 x 2 x 2 x 2 repeated measures
ANOVA with the factors stimulation (excitatory, inhibitory), decision
(keep, gamble), outcome (gain, loss) and recipient (others, self). As
with the behavioral data, we performed an analysis only in the
framing-relevant “keep” condition and calculated the framing

10.3389/fnbeh.2025.1634058

difference. Since we were mainly interested in main or interaction
effects with stimulation, only these effects are depicted here in the
main text. All resulting clusters were then tested for main or
interaction effects involving stimulation order, as in the behavioral
data. Demographic variables, such as gender, and psychometric
measures such as mood were not included as covariates in the main
analyses because preliminary checks revealed no significant
associations with the dependent variables. In addition, we had no
specific hypothesis regarding this measures. Including them as
covariates would have unnecessarily reduced statistical power and
added model complexity without improving explanatory value.
Further effects are shown in the Supplementary material.

Results
Decision-making

The mixed-effects logistic regression using the predictors
stimulation (excitatory, inhibitory), frame (gain frame, loss frame) and
recipient (others, self) yielded an overall significant model
[¥*(9) = 197.32, p < 0.001], and within this model, the predicted main
effect of frame became significant: (z = 2.94, p = 0.003, OR = 1.20). As
expected, independent of the recipient, participants chose the gamble
option more often in response to the loss frame (see Figure 4).
Additionally, the main effect of stimulation (z=—2.05, p = 0.040,
OR = 1.11) reached significance, indicating that, again as predicted,
participants gambled more often after inhibitory compared to after
excitatory vimPFC stimulation. The predicted interaction effect of
stimulation by frame, with stronger effects of stimulation in the loss
frame, which we have repeatedly shown in previous studies (Kroker

Others
601

o
]

,Gamble* choices in %
o
erd

451

Gain Frame Loss Frame

Frame

FIGURE 4

confidence intervals.

Gain Frame

Percentage of "gamble” choices (y-axis) for gain-framed and loss-framed trials (x-axis). An “ideal rational agent” would have chosen the gain-framed
option and the loss-framed option with equal frequency, as both resulted in identical wins or losses. However, replicating a strong deviation from
rationality due to loss aversion, participants more often chose the risky “gamble” option in the loss-framed condition. Importantly, replicating our
previous findings, participants gambled more often after inhibitory compared to after excitatory vmPFC stimulation. Bars indicate mean and 95%
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etal,, 2022, 2023a, 2023b), was insignificant (z = 0.75, p = 0.457), as
was the three-way interaction of stimulation by frame by recipient
(z=0.790, p = 0.430). The control analysis including stimulation order
revealed no main or interaction effect involving stimulation (all
p-values >0.2, all £'s + <1.2).

The further mixed-effects logistic regression employing the
predictors stimulation (excitatory, inhibitory), risk of losing (20, 40,

10.3389/fnbeh.2025.1634058

60, 80%) and recipient (others, self) also showed a significant overall
model [*(9) = 9714.00, p < 0.001]. Here, the unsurprising main effect
of risk of losing was significant, as participants preferred the safe
“keep” option and gambled less when the risk of losing was high
(z=-38.32, p<0.001, OR=0.12; see Figure 5A). Importantly,
we were able to replicate the hypothesized adaptive/advantageous
effect of stimulation on the risk of losing (stimulation by risk of losing:
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FIGURE 5

shown with bold lines, individual regressions with thin lines.

Trial number

(A) Percentage of “gamble” choices (y-axis) according to the risk (x-axis) and recipient (self vs. other). After excitatory compared to inhibitory
stimulation, participants tended to gamble more adaptively/advantageously, as they gambled more often in the high chance of winning conditions (20
and 40% risk) and less often at the high risk of losing condition (80% risk). This effect of stimulation occurred for both self-and other-referencing
conditions alike. Bars indicate mean and 95% confidence intervals. (B) Mean actual wins per trial (y-axis) according to the trial number (x-axis)
stimulation and recipient (self vs. other). Learning gradients clearly indicate that participants showed improved affective learning after excitatory
compared to after inhibitory stimulation when playing for oneself but not when playing for others. Averaged regressions within stimulation groups are
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z=3.60, p=0.003, OR = 1.30). In fact, after excitatory stimulation,
participants chose the “gamble” option more often when the chance
of winning was high and opted for the “keep” option more often when
the risk of losing was high, as shown in our preceding studies. This
adaptive effect of stimulation was independent of the factor recipient,
as the three-way interaction of stimulation by risk of losing by
recipient was not significant (z=—0.294, p = 0.787). The control
analysis including the factor stimulation order revealed an interaction
of stimulation, risk of losing and stimulation order (z = 4.55, p < 0.001,
OR = 1.99). However, none of the effects were involving the recipient
(z-values < £1.2, p-values > 0.25). The respective figures were shown
in the Supplementary material.

Finally, the mixed-effects logistic regression with the predictors
stimulation (excitatory, inhibitory), risk of losing (20, 40, 60, 80%),
recipient (others, self) and trial number (1-320) also showed a
significant overall model [y*(17) = 9714.00, p < 0.001]. As in our
previous studies, the three-way interaction of stimulation by risk of
losing by trial number was significant (z = 3.64, p < 0.001, OR = 1.33;
see Figure 5B), indicating improved learning after excitatory compared
to after inhibitory stimulation. However, and interestingly, this
predicted three-way interaction was modulated by the factor recipient
(z=—-2.37,p=0.017, OR = 0.88). Post hoc tests revealed that improved
affective learning after excitatory stimulation occurred only when
participants played for themselves, as the three-way interaction of
stimulation by risk of losing by trial number was significant within
trials where participants played for themselves (z = 3.28, p = 0.001,
OR = 1.24) but not when participants played for others (z=1.27,
p=0.203). This led to increasing wins per trial after excitatory
stimulation in the “self” conditions over time (see Figure 5B), whereas
no increase in wins across trials were observed in the “others”
conditions (i.e., excitatory other, inhibitory other, inhibitory self). As
in the previous analysis the stimulation order had a significant impact
on the learning pattern (z = —3.42, p < 0.001, OR = 0.61). Again, the
effects did not involve recipient (z-values < £0.6, p-values >0.5).

10.3389/fnbeh.2025.1634058

To investigate the neural basis of this behavioral finding,
we examined the interaction effects of stimulation, rational decision-
making and recipient in the MEG data (see Figure 6). We found a
significant neural spatiotemporal cluster for the interaction of
stimulation by recipient between 70 and 120 ms in the left orbitofrontal
and anterior temporal areas (p-cluster = 0.045). Post hoc t-tests showed
that the difference between stimulations was significant within the
“others” condition [#(23) = —2.74, p = 0.012, 5> = 0.15] but not within
the “self” condition (t = —1.47, p = 0.143). Furthermore, the neural
activity in response to the “self” condition was significantly higher
after excitatory stimulation (t = —2.56, p = 0.024, #* = 0.13), while this
comparison was insignificant following inhibitory stimulation

(t=0.18, p = 0.854). Interestingly, the cluster was negatively correlated
with gambling (ie., risky) choices (p=—0.18, p=0.014) after
excitatory stimulation and positively correlated with gambling choices
(p=0.19, p = 0.010) after inhibitory stimulation. The correlation was
inverted not only between the stimulations but also between the
recipients (others: p = —0.42, p < 0.001; self: p = 0.35, p < 0.001). No
neural cluster showed any main or interaction effect involving
stimulation order (all p-values >0.3, all £'s + <1.4).

No other main or interaction effect involving the factor
stimulation was significant in the MEG data of the decision phase.

Feedback processing

In the SAM-pleasantness feedback ratings, the mixed-effects
linear regression using the predictors stimulation (excitatory,
inhibitory), decision (keep, gamble), outcome (gain, loss) and
recipient (others, self) to predict the SAM-pleasantness rating resulted
in an overall significant model [y*(17) = 514.91, p < 0.001]. Within
this model, the unsurprising main effect of outcome became
significant (f = —14.66, p < 0.001, 5> = 0.88), as gains were rated more
positively than losses (see Figure 7). Furthermore, the interaction of
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for visualization.

Significant spatiotemporal cluster in left orbitofrontal prefrontal and anterior temporal areas featuring an interaction of stimulation by recipient (others
vs. self). Bars indicate mean and 95% confidence intervals. Topographies of effects observed in L2-MNE were projected on standard 3D brain models

Self

Frontiers in Behavioral Neuroscience

08

frontiersin.org


https://doi.org/10.3389/fnbeh.2025.1634058
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org

Kroker et al. 10.3389/fnbeh.2025.1634058
Others Self
o
g
-
=
St
2
f::: Stimulation
E ] Excitatory
2 M Inhibitory
D
=
=
<
7]
Gain Loss Gain Loss
QOutcome
FIGURE 7
SAM-pleasantness rating of feedback as a function of stimulation, outcome and recipient. In particular, the stimulation modulated the way participants
processed losses depending on the recipient (self vs. other).

stimulation by recipient (f=2.14, p=0.042, n*=0.14) and the
three-way interaction of stimulation by outcome by recipient (¢ = 2.05,
p =0.048, n> = 0.13), and, thus two interaction effects involving the
factor stimulation, became significant. The three-way interaction was
mainly driven by the two-way interaction of stimulation by recipient
in the loss condition (f=2.29, p=0.028, #*=0.15), while the
respective interaction in the gain condition remained insignificant
(t=0.41, p = 0.68). Within the “others” and the “loss” conditions, the
difference between the stimulation conditions was trend significant
(t=1.53, p =0.090, * = 0.03), while in “self” and “gain” conditions,
the difference between the stimulation conditions was not significant
(t=—0.78, p = 0.217).

With our special interest in the framing effect, we also calculated
a model within the framing-relevant “keep” condition only employing
the predictors stimulation (excitatory, inhibitory), outcome (gain, loss,
here: frame) and recipient (others, self). In this model, no main or
interaction effect involving stimulation was significant (all p-values
>0.3, all s + <1.4). This revealed a significant difference between
gain-and loss-framed outcomes (t = 11.09, p < 0.001, 5> = 0.81) even
though they held the same value, indicating a strong framing effect.
In addition, the two-way interaction of outcome (frame) by recipient
was significant (f=—2.12, p =0.041, > =0.11). To illustrate the
framing effect more clearly, we calculated the difference between the
gain frame and the loss frame (i.e., gain frame minus loss frame),
which indicated a greater framing difference when playing for yourself
than when playing for others (t = —2.32, p = 0.033, > = 0.12).

Regarding the SAM-arousal feedback rating, we used the same
four predictors (stimulation, decision, outcome and recipient), which
again revealed a significant model [y*(17) =150.87, p <0.001].
Unsurprisingly, the main effect of decision was significant (t = —7.48,
p <0.001, n* = 0.66), indicating higher arousal ratings after “gamble”
choices compared to the safe outcomes in the “keep” option.
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Additionally, the main effect of recipient became significant (t = 2.33,
p =0.027, > = 0.16), with higher arousal ratings when participants
played for themselves. The main effect of outcome was insignificant
(t=-0.48, p = 0.630). However, the interaction effect of stimulation
by outcome was significant (t = —2.37, p = 0.024, 5> = 0.16), and this
interaction was mainly driven by the main effect of stimulation in the
gain condition (t = —2.07, p = 0.046, n* = 0.13; higher arousal ratings
after inhibitory stimulation), while the respective main effect of
stimulation in the loss condition was insignificant (¢ = 0.38, p = 0.694).

To investigate the framing effect, we also analyzed the
SAM-arousal ratings in the “keep” condition only. In this analysis,
only the main effect of outcome (gain, loss, i.e., here: frame) was
significant (t = —4.04, p < 0.001, 5> = 0.36). Participants rated gain-
framed outcomes (M =3.23) as less arousing than loss-framed
outcomes (M = 3.99), even though they both held the same value.

At the neural level, we found a significant spatiotemporal cluster
overlapping the vmPFC, right OFC and dorsal prefrontal areas,
showing a three-way interaction of stimulation by outcome by
recipient in a mid-latency time interval between 270 and 360 ms
(p-cluster = 0.035; see Figure 8). Post hoc tests revealed that the
stimulation by outcome interaction was significant within the “self”
condition (t = 2.12, p = 0.045, > = 0.18) and also, at least by trend, in
the “others” condition (f = —1.97, p = 0.061, > = 0.16). In the “others”
condition, this interaction was mainly driven by differential effects
induced by the stimulation after gains (t = —2.01, p = 0.042, > = 0.10),
while in the “self” condition differential effects due to the stimulation
were mainly observed after losses (t = —2.94, p = 0.004, > = 0.13).
Since the same three-way interaction of stimulation by outcome by
recipient was also present in the SAM-pleasantness rating (see
Figure 7), we calculated a correlation between the neural and
behavioral data, which revealed a highly significant positive
correlation between the neural activity in this cluster and the
SAM-pleasantness rating [r(382) = 0.21, p < 0.001]. The neural activity
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in this cluster was not correlated with the SAM-arousal rating
[r(382) = 0.01, p = 0.823].

As for the behavioral data, we analyzed the neural data again in
the “keep” condition only, because of our special interest in the
framing effect, and used the predictors stimulation (excitatory,
inhibitory), outcome (gain, loss, i.e., here: frame) and recipient
(others, self). This analysis revealed two significant spatiotemporal
clusters showing interactions with the factor stimulation (see
Figure 9): first, we could replicate a cluster in dorsomedial frontal
areas from our previous studies between 270 and 360 ms featuring an
interaction effect of stimulation by frame (p-cluster = 0.028). As in our
previous studies (Kroker et al.,, 2022, 2023a, 2023b), the neural
framing difference in this cluster was smaller after excitatory than after
inhibitory stimulation (¢t = —4.04, p < 0.004, * = 0.45). Moreover, and
importantly, the neural framing difference in this cluster was strongly
correlated with the behavioral framing difference in the
SAM-pleasantness rating [r(382) = 0.22, p < 0.001], i.e., the activity in
this cluster was strongly associated with actual rational gambling
behavior, as reflected in the ratings. The neural framing difference in
this cluster was not correlated with the framing difference in the
SAM-arousal ratings [r(382) = —0.02, p = 0.858].

Second, we found a spatiotemporal cluster in dorsomedial,
parietal and frontal areas at 270-360 ms showing a three-way
interaction between stimulation, frame and recipient at 310 and
430 ms (p-cluster = 0.025). The post hoc tests indicated that the
interaction was driven by both the interaction between stimulation
and recipient within the gain frame (t = —3.74, p < 0.001, 1> = 0.36)
and, though by trend, also within the loss frame (¢ = 1.93, p = 0.061,
#* = 0.13). Interestingly, the neural activity in this cluster also strongly
correlated with the SAM-pleasantness ratings, but now, in contrast to
the slightly earlier and more frontal cluster depicted in Figure 8, in a
negative direction [r(382) = —0.20, p = 0.007]. Further post hoc tests
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on the difference (gain frame minus loss frame) revealed that this
interaction was mainly driven by the main effect of stimulation in the
“others” condition (¢ = 2.53, p = 0.019, 5> = 0.23), while the respective
effect was not significant in the “self” condition (¢ = —1.57, p = 0.130).
The behavioral and neural framing differences in this cluster were not
r(382) = —0.08, p=0.447;

correlated  [pleasantness: arousal:

r(382) = 0.01, p = 0.892].

Discussion

We investigated whether non-invasive stimulation of the vmPFC,
a structure with cardinal functions for reward processing, modulates
gambling behavior depending on whether one is playing for oneself
or someone else. Using tDCS to either excite or inhibit the vmPFC,
we replicated our previous finding that excitatory vmPFC stimulation
(compared to inhibitory stimulation) resulted in improved risk
weighing and, consequently, in more adaptive gambling behavior (see
Figure 4). However, in contrast to our previous findings, this effect
now occurred in both frames alike and not specifically in the loss
frame. Interestingly, we also replicated our finding that modulated risk
weighing was driven by altered affective learning following vmPFC
excitation (see Figure 5B). However, in the current study this effect
only occurred when participants played for themselves but not when
they played for someone else. The neural data suggest that excitation
of the vmPFC results in increased neural activity relative to vmPFC-
inhibition when playing for oneself compared to playing for someone
else in the decision phase. In the feedback phase (i.e., when gain or
loss icons were presented), we found that the stimulation
predominately modulated the perceived (un)pleasantness of loss
feedback (see Figure 7). Losses were rated more negatively when they
affected oneself versus someone else (i.e., participants were more
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sensitive to their own losses), and this tendency of enhanced loss
sensitivity was rather amplified by excitatory compared to inhibitory
stimulation. At the neural level (see Figure 8), excitatory stimulation
reduced neural activity at the vmPFC and neighboring PFC regions
also particularly for losses in the self-referencing condition. This
nicely converged with the behavioral findings, supported by the highly
significant positive correlation between neural activity and the
SAM-pleasantness ratings. We further replicated findings showing
that a cluster in prefrontal regions reflect the neural framing effect
depending on the stimulation, and, importantly, the framing effect
within this cluster was correlated with the behavioral framing effect.
Finally, we also identified a neural cluster suggesting that the neural
framing depending on the stimulation is also modulated by
the recipient.

At the behavioral level, we were unable to replicate our prior
finding that the framing effect is modulated by the stimulation in the
decision phase (see Figure 4). This could be due to the cumulative
effects of stimulation and recipient, as participants often display more
rational gambling behavior when playing for others, i.e., a smaller
framing difference. In line with this explanation, prior work has
indicated that people evaluate gambling more rationally when they are
not affected themselves (Youn et al., 2000). In addition, stimulation
might also modulate gambling behavior, although none of the two
mentioned effects reached significance in the decision phase.
Furthermore, simply adding another factor and its associated main
effects adds extra variance in the statistical model, so this could also
explain why we could not replicate the interaction effect of stimulation
by frame in the decision phase. Additionally, in this study the general
effect of inhibitory stimulation independent of frame or recipient,
which increases willingness to take risks, was stronger than in our
previous within-design study (Kroker et al., 2022). This might also
mask the interaction effect of stimulation and frame.
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Importantly, as found in many previous studies, here we also
found an interaction between stimulation and risk of losing (see
Figure 5A), whereby more adaptive gambling behavior occurred after
excitatory versus inhibitory stimulation (Kroker et al., 2022, 2023a,
2023b; Rehbein et al., 2023). This altered rationality is characterized
by a greater tendency to gamble when the chance of winning is high
and a greater tendency to avoid risk when the risk of losing is high.
Interestingly, although unexpected, excitatory stimulation not only
relatively increased rationality for self-referenced gambling, but it also
increased rationality for other-referenced gambling, which was
significant, albeit somewhat weaker. However, the three-way
interaction between stimulation, risk of losing and trial number (i.e.,
progress of learning) was modulated by recipient; i.e., the four-way
interaction of stimulation by risk of losing by recipient by trial number
was significant. Post hoc tests revealed that participants showed
relatively improved learning over the paradigm after excitatory
stimulation only when playing for themselves (see Figure 5B). As an
explanation, other researchers have suggested that participants use the
information they receive when they gamble for others to maximize
their own gains (Yu and Zhou, 2006), and this could be promoted by
excitatory stimulation. However, the literature on this topic is thin. As
shown in Supplementary Figure 1, the stimulation order influences
choice behavior and the resulting actual wins. This indicates that,
compared to inhibitory stimulation, excitatory stimulation not only
induces facilitated learning from the beginning of the experiment, but
also carry-over effects from the previous stimulation. Possibly
excitatory stimulation relatively improves the reactivation of gambling
skills learned in the first (inhibitory) session, while inhibitory
stimulation impairs this ability. However, this does not alter the
conclusion that vmPFC stimulation improves overall choice behavior
and learning relative to inhibitory stimulation, it merely changes the
underlying (learning) pattern.
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This behavioral finding is particularly interesting in light of the
neural results. Specifically, the interaction cluster of stimulation by
recipient in the left ventral prefrontal and anterior temporal areas
(80-120 ms) indicates greater neural activity in the excitatory
condition when participants played for themselves (see Figure 6). This
could be interpreted to mean that participants put more effort into
maximizing their own outcomes when they have a more active
vmPFC. Ultimately, this could have resulted in improved learning in
the excitatory condition compared to inhibitory stimulation.
Furthermore, the correlations in this cluster are very interesting, since
ventral prefrontal activity is typically associated with the inhibition of
maladaptive behavioral responses not only in gambling (van Holst
et al, 2010a, 2010b) but also, for example, in fear paradigms
(Kaczkurkin et al., 2017; Lissek et al., 2014). Thus, one would expect
a negative correlation between the neural activity in this cluster and
risk-taking behavior. However, this seems to strongly depend on the
condition, as the correlation with risky choices was negative in the
excitatory and “others” conditions and positive in the inhibitory and
“self” conditions. Accordingly, other higher cognitive functions and
not just behavioral inhibition must also play a role here. For example,
van Holst et al. (2012) showed that the vmPFC is also involved in
reward anticipation, as is reflected in the inhibitory and “self”
condition, which are rather associated with irrational behavior in the
present study. On the other hand, the excitatory condition and the
“others” condition could trigger the inhibitory function of this ventral
prefrontal area (Hiser and Koenigs, 2018).

In the feedback phase, we found a three-way interaction of
stimulation by outcome by recipient affecting the SAM-pleasantness
ratings, which was particularly driven by the interaction of stimulation
by recipient in the loss condition (see Figure 7). Participants rated
losses more negatively after excitatory stimulation when they played

10.3389/fnbeh.2025.1634058

for themselves, while this effect was inverted after inhibitory
stimulation. The more negative rating of losses may indicate an
enhanced processing depth, which could ultimately result in
comparatively improved learning from losses after excitatory
stimulation when playing for oneself. In this regard, researchers have
already proposed that avoiding losses or risks was important for
evolutionary survival and is, nowadays, important for economic
sustainability (Gigerenzer, 2018; Todd and Gigerenzer, 2000). Thus,
excitatory stimulation could help us avoid unreasonable risks.
Furthermore, we tested whether stimulation and recipient influenced
the SAM-pleasantness ratings in the framing-relevant “keep”
condition, and we did in fact reveal an interaction between frame and
recipient (see Figure 10). This indicates a reduced framing difference
(gain frame rating — loss frame rating), i.e., more rational ratings,
when participants gambled for others compared to when participants
gambled for themselves. This makes sense, since gambling for others
does not require a more cautious avoidance of risk (i.e., loss aversion)
(Kahneman and Tversky, 1979), as one’s own assets are not at risk.

In the SAM-arousal ratings, we observed an interaction effect of
stimulation and outcome, which was strongly driven by greater
arousal after gains in the inhibitory condition compared to the
excitatory condition (see Figure 11). This might be interpreted as an
overweighing of short-term gains, resulting in a poor and short-
sighted strategy. This is typically seen in patients with vmPFC lesions
or hypoactivity, such as pathological gamblers (Antons et al., 2020; van
Holst et al., 2010a, 2010b), who fail to disengage from gambling
(Bechara et al., 2000; Perales et al., 2020).

At the neural level, we observed the same three-way interaction
of stimulation by outcome by recipient, which we also found in the
behavioral data. The respective cluster was located in prefrontal and
parietal areas at 270-360 ms and overlapped the vmPFC (see
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FIGURE 10
SAM-pleasantness rating in the "keep” condition as a function of frame and recipient (self vs. other). Here, a stronger framing effect (i.e., a stronger
framing difference between the gain and loss frames) was observed when playing for oneself than when playing for others.
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SAM-arousal ratings as a function of stimulation and outcome. This indicates higher arousal ratings for gains after inhibitory stimulation.

Figure 8). This was mainly driven by effects of stimulation on the
processing of gains in the “others” condition and the processing of
losses in the “self” condition. After excitatory stimulation, gains and
losses made for others were less strongly processed. Again, this
suggests that the vmPFC is particularly involved in maximizing one’s
own benefit, which makes sense, as the vmPFC is also part of the
reward system (Arias-Carridn et al., 2010). This is supported by the
finding that the neural activity in this cluster is positively correlated
with SAM-pleasantness ratings, suggesting that this cluster may
be involved in particularly positive ratings after gains. Furthermore,
this correlation supports the assumption that the vmPFC and more
dorsal prefrontal regions are associated with higher evaluative
processes such as feedback evaluation. Analogous to the behavioral
data, we computed a further analysis in the “keep” condition only. This
revealed an interaction effect in dorsomedial prefrontal areas between
450 and 500 ms (see Figure 9) and, again, represents a replication of
our earlier findings (Kroker et al., 2022, 2023a, 2023b), which showed
the exact same pattern. Importantly, the positive correlation between
the neural and the behavioral framing differences suggests that the
activity in this cluster is actually associated with irrational feedback
processing, because the greater the framing effect/difference in this
cluster, the greater the behavioral framing effect/difference. This is
puzzling at a first glance, as one would rather expect a negative
correlation of the framing effect with this dorsomedial prefrontal area.
However, the dorsomedial prefrontal cortex is part of the task-positive
network, whereas the ventral prefrontal cortex is part of the default-
mode network (Cheng et al., 2020) typically showing an anti-
correlation (Fox et al., 2006). Thus, a correlation with the framing
effect within ventral prefrontal areas should have been expected to
be negative, which has been shown previously (DeMartino
et al., 2006).

Finally, we observed a large rather posterior cluster, which also
reaches into frontal areas at 310 to 430 ms (Figure 12). This cluster
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showed an attenuated neural framing effect/difference after excitatory
stimulation in the “self” condition, which was not present in the
inhibitory condition. This would indicate that excitatory stimulation
relatively weakens the tendency that participants gamble more
rationally when they play for others (Youn et al., 2000), as vmPFC
excitation primarily enhances gambling when playing for oneself
(Figure 5). However, this interpretation is highly speculative, and
further research is necessary to clarify this research question.
Unfortunately, this cluster was not correlated with the behavioral data,
further complicating the interpretation of this neural effect.

Limitations and implications for future
research

Although our study has provided novel insights into the potential
causal role of the vmPFC in gambling and self-and other-referencing,
several aspects and limitations require consideration. Crucially, the
stimulation montage utilized in this study also co-stimulated, though
to a smaller degree, other prefrontal regions implicated in self-and
other-referencing in gambling. To address this limitation, alternative
stimulation methods, such as rTMS, could be employed to target focal
prefrontal regions with greater precision. Furthermore, we did not use
a sham condition in this study limiting the interpretability regarding
clinical applications of vmPFC-tDCS. However, we have shown that
the sham condition is typically “in between” the excitatory and
inhibitory condition (Kroker et al., 2025; Roesmann et al., 2021).
Accordingly, the interpretations regarding causal functionality of the
vmPFC remain unaffected. Notably, we applied this within-subjects
design to reduce interindividual variance and successfully blind
participants to the experimental conditions, as participants typically
recognize the difference between active and sham stimulation, but not
between the two active conditions. In addition, we must acknowledge
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FIGURE 12
Significant spatiotemporal cluster in dorsomedial frontal, parietal and frontal areas featuring a three-way interaction of stimulation X frame X recipient
in the framing-relevant "keep” condition. “Framing Difference” refers to the difference of GainFrame minus LossFrame. Bars indicate mean and 95%
confidence intervals. Topographies of effects observed in L2-MNE were projected on standard 3D brain models for visualization.

that our sample consisted mainly of young adults, so we cannot
generalize our findings to the general population. This is particularly
important when considering the first and second onset peaks of
pathological gambling, which are 15-19 and 40-44 years of age,
respectively (Black et al., 2015). Thus, the neurocognitive risk factors
identified here do not fully apply to these age groups. Furthermore,
we were unable to replicate the behavioral framing effect in the
decision and feedback phases. This interaction was not present in the
“self” nor in the “others” conditions, suggesting that it was not
dependent on the recipient. Future studies may be able to determine
whether this was due to additional variance that was added by the
factor recipient, was due to the stronger effects of the inhibitory
stimulation in this study or was caused by something else. Interpreting
three-way interactions involving the recipient at the neural level is
challenging (Figures 8, 12), particularly in the absence of a
corresponding behavioral finding or correlation with behavioral data,
as the results in both conditions could always be interpreted in both
directions. In general, we have to acknowledge the fact that we have
observed dissociations between behavioral and neural data. It is
possible that vmPFC stimulation modulates subtle aspects of neural
processing that contribute to behavior, but where other factors (e.g.,
individual variability, task complexity/engagement, or the strength of
other competing neural processes) might dilute the behavioral effect
of interest in our paradigm. Furthermore, it is well known that the
sensitivity of MEG sensors is lower in prefrontal areas (Coquelet et al.,
2020), so that these neural effects must be evaluated more cautiously.
Another aspect to consider is that we did not gather ratings right after
the trials, but only at the end of the experiment. This may have
induced recency effects and thus biased the ratings, so that the last
stimuli influenced the ratings to greater degree (Di Plinio et al., 2020).
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Future studies should look at the stimulation effects in more detail,
which could be done by including demographic und personality data
as covariates or use individualized stimulation montages. This would
not only optimize the stimulation (i.e., stimulation of the intended
target), but also reveal whether the stimulation has stronger effects on
certain groups. In addition, it should be considered that participants
played for other participants (i.e., strangers), whereas gambling
behavior might be different if they had played for a person with whom
they have a close bond. Therefore, future studies should use paradigms
in which participants play for a person with whom they have a closer
relationship. Because fMRI studies have shown that feeling empathy
for a friend activates the mPFC, while feeling empathy for a stranger
does not (Meyer et al., 2013, 2015). This could be, because feeling
empathy for friend may be more related to the default-mode network,
to which the vmPFC belongs and is known to be rather associated
with emotional processing (Cheng et al., 2020). Feeling empathy for a
stranger, on the other hand, possibly activates the “cold” or “more
cognitive” task-positive network in more dorsal prefrontal regions.
These could be more involved in the rather cognitive aspects of
perspective-taking. Furthermore, it could be that feeling empathy for
a friend, goes along with a greater benefit for the individual playing,
and thus activates the vmPFC.

Conclusion

In summary, the present study suggests that non-invasive
stimulation of the vmPFC modulates gambling depending on who the
gambling will affect (self or others). The behavioral and neural results
suggest that excitation (compared to inhibition) of the vmPFC
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increases the depth of processing and the effort to maximize one’s own
gains, whereas this effect is small or absent in the “others” condition.
As such, the participants’ learning process was modulated by the
stimulation as a function of whom they were playing for. This effect
was supported by the different correlations between risk-taking
behavior and neural activity in ventral prefrontal areas for the “self”
and “others” conditions. This provides evidence for our hypothesis
predicting comparatively enhanced gambling predominantly in the
“self” condition. In the feedback phase, participants were less
susceptible to the framing effect when playing for someone else than
when playing for themselves, while stimulation did not affect the
framing effect, as we would have expected. The neural effects, however,
suggest that the framing effect is differentially affected by the
stimulation between the “self” and “others” conditions, which could
indicate that participants process the framing more deeply when
playing for themselves, as they are more susceptible to the effect in this
condition. In summary, our results may indicate improved gambling
and learning from feedback across paradigms following excitatory
stimulation at the behavioral and neural levels. The novel finding of
this study is the differential modulation of gambling behavior by
vmPFC-tDCS in a recipient-dependent manner. This is evidenced by
opposite interaction patterns at the neural level (see Figure 12),
different learning patterns at the behavioral level (see Figure 5), and
notably different correlations between recipients in prefrontal clusters
that were modulated by the stimulation. These results clearly indicate
that gambling performance is enhanced after excitatory compared to
inhibitory stimulation when playing for oneself, but not when playing
for others. Thus, our findings support more complex neurocognitive
models of empathy, theory of mind, and self-referencing that posit
interactions between these processes, but also certain differences.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Ethics Committee
of the University of Miinster. The studies were conducted in accordance
with the local legislation and institutional requirements. The participants
provided their written informed consent to participate in this study.

Author contributions

TK: Methodology, Writing - review & editing, Writing - original
draft, Conceptualization. MR: Conceptualization, Writing — original

References

Antons, S., Brand, M., and Potenza, M. N. (2020). Neurobiology of cue-reactivity,
craving, and inhibitory control in non-substance addictive behaviors. J. Neurol. Sci.
415:116952. doi: 10.1016/j.jns.2020.116952

Arias-Carrian, O., Stamelou, M., Murillo-Rodriguez, E., Menéndez-Gonzlez, M., and
Poppel, E. (2010). Dopaminergic reward system: a short integrative review. Int. Arch.
Med. 3:24. doi: 10.1186/1755-7682-3-24

Frontiers in Behavioral Neuroscience

15

10.3389/fnbeh.2025.1634058

draft, Writing — review & editing. MW: Writing - review & editing.
SH: Writing - review & editing, Writing - original draft. RB: Writing -
review & editing, Writing — original draft. AE-P: Writing - review &
editing, Writing - original draft. MJ: Methodology, Writing — review
& editing, Software, Funding acquisition, Conceptualization,
Writing - original draft.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
by the DFG (Projects JU 445/9-1 and JU 445/10-3), the National
Science Center (UMO-2018/31/G/HS6/02490). SH is supported by
the DFG (German Research Foundation)—493624047 (Clinician
Scientist CareerS Miinster).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnbeh.2025.1634058/
full#supplementary-material

Baayen, R. H., Davidson, D. J., and Bates, D. M. (2008). Mixed-effects modeling with
crossed random effects for subjects and items. . Mem. Lang. 59, 390-412. doi:
10.1016/j,jm1.2007.12.005

Bechara, A., Tranel, D., and Damasio, H. (2000). Characterization of the decision-
making deficit of patients with ventromedial prefrontal cortex lesions. Brain 123,
2189-2202. doi: 10.1093/brain/123.11.2189

frontiersin.org


https://doi.org/10.3389/fnbeh.2025.1634058
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnbeh.2025.1634058/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnbeh.2025.1634058/full#supplementary-material
https://doi.org/10.1016/j.jns.2020.116952
https://doi.org/10.1186/1755-7682-3-24
https://doi.org/10.1016/j.jml.2007.12.005
https://doi.org/10.1093/brain/123.11.2189

Kroker et al.

Beck, A. T, Steer, R. A., and Brown, G. K. (1996). BDI-II. San Antonio, TX: The
Psychological Corporation.

Black, D. W,, Shaw, M., Coryell, W., Crowe, R., McCormick, B., and Allen, J. (2015).
Age at onset of DSM-IV pathological gambling in a non-treatment sample: Early- versus
later-onset. Compr Psychiatry. 60, 40-46. doi: 10.1016/j.comppsych.2015.04.007

Bradford, E. E. F, Gomez, J. C., and Jentzsch, I. (2019). Exploring the role of self/other
perspective-shifting in theory of mind with behavioural and EEG measures. Soc.
Neurosci. 14, 530-544. doi: 10.1080/17470919.2018.1514324

Bradley, M. M., and Lang, P. J. (1994). Measuring emotion: the self-assessment
manikin and the semantic differential. J. Behav. Ther. Exp. Psychiatry 25, 49-59. doi:
10.1016/0005-7916(94)90063-9

Carlson, S. M., Koenig, M. A., and Harms, M. B. (2013). Theory of mind. Wiley
Interdiscip. Rev. Cogn. Sci. 4, 391-402. doi: 10.1002/wcs.1232

Cheng, X., Yuan, Y., Wang, Y., and Wang, R. (2020). Neural antagonistic mechanism
between default-mode and task-positive networks. Neurocomputing 417, 74-85. doi:
10.1016/j.neucom.2020.07.079

Coquelet, N., De Tiége, X., Destoky, F, Roshchupkina, L., Bourguignon, M.,
Goldman, S., et al. (2020). Comparing MEG and high-density EEG for intrinsic
functional connectivity mapping. Neurolmage 210:116556. doi:
10.1016/j.neuroimage.2020.116556

Crowne, D. P, and Marlowe, D. (1960). A new scale of social desirability
independent of psychopathology. J. Consult. Psychol. 24, 349-354. doi:
10.1037/h0047358

DeMartino, B., Kumaran, D., Seymour, B., and Dolan, R. J. (2006). Frames, biases, and
rational decision-making in the human brain. Science 313, 684-688. doi:
10.1126/science.1128356

Di Plinio, S., Arno, S., Perrucci, M. G., and Ebisch, S. J. H. (2020). The evolving sense
of agency: context recency and quality modulate the interaction between prospective
and retrospective processes. Conscious. Cogn. 80:102903. doi:
10.1016/j.concog.2020.102903

Esslen, M., Metzler, S., Pascual-Marqui, R., and Jancke, L. (2008). Pre-reflective and
reflective self-reference: a spatiotemporal EEG analysis. Neurolmage 42, 437-449. doi:
10.1016/j.neuroimage.2008.01.060

Fox, M. D., Corbetta, M., Snyder, A. Z., Vincent, J. L., and Raichle, M. E. (2006).
Spontaneous neuronal activity distinguishes human dorsal and ventral attention
systems. Proc. Natl. Acad. Sci. US.A. 103, 10046-10051. doi:
10.1073/pnas.0604187103

Gallagher, H. L., and Frith, C. D. (2003). Functional imaging of ‘theory of mind’
Trends Cogn. Sci. 7, 77-83. doi: 10.1016/S1364-6613(02)00025-6

Gerlach, A. L., Andor, T., and Patzelt, J. (2008). Die bedeutung von unsicherheits-
intoleranz fiir die generalisierte angststorung: Modelliiberlegungen und Entwicklung
einer deutschen version der unsicherheitsintoleranz-skala. Z. Klin. Psychol. Psychother.
37,190-199. doi: 10.1026/1616-3443.37.3.190

Gigerenzer, G. (2018). The bias bias in behavioral economics. Rev. Behav. Econ. 5,
303-336. doi: 10.1561/105.00000092

Hamildinen, M. S., and Ilmoniemi, R. J. (1994). Interpreting magnetic fields of the
brain: minimum norm estimates. Med. Biol. Eng. Comput. 32, 35-42. doi:
10.1007/BF02512476

Hiser, J., and Koenigs, M. (2018). The multifaceted role of the ventromedial prefrontal
cortex in emotion, decision making, social cognition, and psychopathology. Biol.
Psychiatry 83, 638-647. doi: 10.1016/j.biopsych.2017.10.030

Jenkins, A. C., Macrae, C. N., and Mitchell, J. P. (2008). Repetition suppression of
ventromedial prefrontal activity during judgments of self and others. Proc. Natl. Acad.
Sci. US.A. 105, 4507-4512. doi: 10.1073/pnas.0708785105

Junghoéfer, M., Elbert, T., Tucker, D. M., and Rockstroh, B. (2000). Statistical control
of artifacts in dense array EEG/MEG studies. Psychophysiology 37, 523-532. doi:
10.1111/1469-8986.3740523

Junghdfer, M., Winker, C., Rehbein, M. A., and Sabatinelli, D. (2017). Noninvasive
stimulation of the ventromedial prefrontal cortex enhances pleasant scene processing.
Cereb. Cortex 27, 3449-3456. doi: 10.1093/cercor/bhx073

Kaczkurkin, A. N., Burton, P. C., Chazin, S. M., Manbeck, A. B., Espensen-Sturges, T.,
Cooper, S. E., et al. (2017). Neural substrates of overgeneralized conditioned fear in
PTSD. Am. J. Psychiatry 174, 125-134. doi: 10.1176/appi.ajp.2016.15121549

Kahneman, D., and Tversky, A. (1979). Prospect Theory: An Analysis of Decision
under Risk. Econometrica, 47, 263-291. doi: 10.2307/1914185

Knyazev, G. G. (2013). EEG correlates of self-referential processing. Front. Hum.
Neurosci. 7:264. doi: 10.3389/fnhum.2013.00264

Kroker, T., Rehbein, M. A., Wyczesany, M., Bélte, J., Roesmann, K., Wessing, L, et al.
(2023a). Higher-order comparative reward processing is affected by noninvasive
stimulation of the ventromedial prefrontal cortex. J. Neurosci. Res. 102:¢25248. doi:
10.1002/jnr.25248

Kroker, T., Rehbein, M. A., Wyczesany, M., Roesmann, K., Wessing, 1., and
Junghdofer, M. (2025). Non-invasive ventromedial prefrontal cortex stimulation can
enhance and impair affective learning from rewarding and threatening stimuli. Soc.
Cogn. Affect. Neurosci. 20:nsaf041. doi: 10.1093/scan/nsaf041

Frontiers in Behavioral Neuroscience

16

10.3389/fnbeh.2025.1634058

Kroker, T., Wyczesany, M., Rehbein, M. A., Roesmann, K., Wessing, I., and
Junghdfer, M. (2022). Noninvasive stimulation of the ventromedial prefrontal cortex
modulates rationality of human decision-making. Sci. Rep. 12:20213. doi:
10.1038/s41598-022-24526-6

Kroker, T., Wyczesany, M., Rehbein, M. A., Roesmann, K., Wessing, I., Wiegand, A.,
et al. (2023b). Excitatory stimulation of the ventromedial prefrontal cortex reduces
cognitive gambling biases via improved feedback learning. Sci. Rep. 13:17984. doi:
10.1038/s41598-023-43264-x

Leslie, A. M., Friedman, O., and German, T. P. (2004). Core mechanisms in ‘theory of
mind. Trends Cogn. Sci. 8, 528-533. doi: 10.1016/j.tics.2004.10.001

Lissek, S., Bradford, D. E., Alvarez, R. P, Burton, P, Espensen-Sturges, T.,
Reynolds, R. C., et al. (2014). Neural substrates of classically conditioned fear-
generalization in humans: a parametric fMRI study. Soc. Cogn. Affect. Neurosci. 9,
1134-1142. doi: 10.1093/scan/nst096

Maris, E., and Oostenveld, R. (2007). Nonparametric statistical testing of EEG-and
MEG-data. J. Neurosci. Methods 164, 177-190. doi: 10.1016/j.jneumeth.2007.03.024

Meyer, M. L., Masten, C. L., Ma, Y., Wang, C., Shi, Z., Eisenberger, N. I, et al. (2013).
Empathy for the social suffering of friends and strangers recruits distinct patterns of
brain activation. Soc Cogn Affect Neurosci. 8, 446-454. doi: 10.1093/scan/nss019

Meyer, M. L., Masten, C. L., Ma, Y., Wang, C., Shi, Z., Eisenberger, N. I, et al. (2015).
Differential neural activation to friends and strangers links interdependence to empathy.
Culture and Brain, 3, 21-38.

Nitsche, M. A., Cohen, L. G., Wassermann, E. M., Priori, A., Lang, N., Antal, A, et al.
(2008). Transcranial direct current stimulation: state of the art 2008. Brain Stimul. 1,
206-223. doi: 10.1016/j.brs.2008.06.004

Perales, J. C., King, D. L., Navas, J. F, Schimmenti, A., Sescousse, G., Starcevic, V.,
et al. (2020). Learning to lose control: a process-based account of behavioral addiction.
Neurosci. Biobehav. Rev. 108, 771-780. doi: 10.1016/j.neubiorev.2019.12.025

Peyk, P, De Cesarei, A., and Junghdéfer, M. (2011). Electro magneto encephalography
software: overview and integration with other EEG/MEG toolboxes. Comput. Intell.
Neurosci. 2011:861705. doi: 10.1155/2011/861705

Poreisz, C., Boros, K., Antal, A., and Paulus, W. (2007). Safety aspects of transcranial
direct current stimulation concerning healthy subjects and patients. Brain Res. Bull. 72,
208-214. doi: 10.1016/j.brainresbull.2007.01.004

Rehbein, M. A., Kroker, T., Winker, C., Ziehfreund, L., Reschke, A., Bélte, ., et al.
(2023). Non-invasive stimulation reveals ventromedial prefrontal cortex function in
reward prediction and reward processing. Front. Neurosci. 17:1219029. doi:
10.3389/fnins.2023.1219029

Roesmann, K., Kroker, T., Hein, S., Rehbein, M., Winker, C., Leehr, E. ], et al. (2021).
Transcranial direct current stimulation of the ventromedial prefrontal cortex modulates
perceptual and neural patterns of fear generalization. Biol. Psychiatry Cogn. Neurosci.
Neuroimaging 7, 210-220. doi: 10.1016/j.bpsc.2021.08.001

Soch, J., Deserno, L., Assmann, A., Barman, A., Walter, H., Richardson-Klavehn, A., et al.
(2017). Inhibition of information flow to the default mode network during self-reference
versus reference to others. Cereb. Cortex 27, 3930-3942. doi: 10.1093/cercor/bhw206

Sparing, R., and Mottaghy, E M. (2008). Noninvasive brain stimulation with
transcranial magnetic or direct current stimulation (TMS/tDCS)-from insights into
human memory to therapy of its dysfunction. Methods 44, 329-337. doi:
10.1016/j.ymeth.2007.02.001

Stendardi, D., Biscotto, E,, Bertossi, E., and Ciaramelli, E. (2021). Present and future
self in memory: the role of vmPFC in the self-reference effect. Soc. Cogn. Affect. Neurosci.
16, 1205-1213. doi: 10.1093/scan/nsab071

Todd, P. M., and Gigerenzer, G. (2000). Simple heuristics that make us smart. Behav.
Brain Sci. 23, 727-780. doi: 10.1017/S0140525X00003447

Van den Berg, I, Franken, I. H. A., and Muris, P. (2010). A new scale for measuring
reward responsiveness. Front. Psychol. 1:239. doi: 10.3389/fpsyg.2010.00239

van Holst, R. ]., van den Brink, W., Veltman, D. J., and Goudriaan, A. E. (2010a). Brain
imaging studies in pathological gambling. Curr. Psychiatry Rep. 12, 418-425. doi:
10.1007/s11920-010-0141-7

van Holst, R. J., van den Brink, W., Veltman, D. J., and Goudriaan, A. E. (2010b). Why
gamblers fail to win: a review of cognitive and neuroimaging findings in pathological
gambling. Neurosci. Biobehav. Rev. 34, 87-107. doi: 10.1016/j.neubiorev.2009.07.007

van Holst, R. ., Veltman, D. J., Bchel, C., van den Brink, W.,, and Goudriaan, A. E.
(2012). Distorted expectancy coding in problem gambling: is the addictive in the
anticipation? Biol. Psychiatry 71, 741-748. doi: 10.1016/j.biopsych.2011.12.030

Vogeley, K., and Fink, G. R. (2003). Neural correlates of the first-person-perspective.
Trends Cogn. Sci. 7, 38-42. doi: 10.1016/S1364-6613(02)00003-7

Wagner, S., Rampersad, S. M., Aydin, U., Vorwerk, J., Oostendorp, T. E, Neuling, T.,
et al. (2014). Investigation of tDCS volume conduction effects in a highly realistic head
model. J. Neural Eng. 11:016002. doi: 10.1088/1741-2560/11/1/016002

Watson, D., Clark, L. A., and Tellegen, A. (1988). Development and validation of brief
measures of positive and negative affect: the PANAS scales. J. Pers. Soc. Psychol. 54,
1063-1070. doi: 10.1037//0022-3514.54.6.1063

Winker, C., Rehbein, M. A., Sabatinelli, D., Dohn, M., Maitzen, J., Roesmann, K., et al.
(2019). Noninvasive stimulation of the ventromedial prefrontal cortex indicates valence

frontiersin.org


https://doi.org/10.3389/fnbeh.2025.1634058
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.comppsych.2015.04.007
https://doi.org/10.1080/17470919.2018.1514324
https://doi.org/10.1016/0005-7916(94)90063-9
https://doi.org/10.1002/wcs.1232
https://doi.org/10.1016/j.neucom.2020.07.079
https://doi.org/10.1016/j.neuroimage.2020.116556
https://doi.org/10.1037/h0047358
https://doi.org/10.1126/science.1128356
https://doi.org/10.1016/j.concog.2020.102903
https://doi.org/10.1016/j.neuroimage.2008.01.060
https://doi.org/10.1073/pnas.0604187103
https://doi.org/10.1016/S1364-6613(02)00025-6
https://doi.org/10.1026/1616-3443.37.3.190
https://doi.org/10.1561/105.00000092
https://doi.org/10.1007/BF02512476
https://doi.org/10.1016/j.biopsych.2017.10.030
https://doi.org/10.1073/pnas.0708785105
https://doi.org/10.1111/1469-8986.3740523
https://doi.org/10.1093/cercor/bhx073
https://doi.org/10.1176/appi.ajp.2016.15121549
https://doi.org/10.2307/1914185
https://doi.org/10.3389/fnhum.2013.00264
https://doi.org/10.1002/jnr.25248
https://doi.org/10.1093/scan/nsaf041
https://doi.org/10.1038/s41598-022-24526-6
https://doi.org/10.1038/s41598-023-43264-x
https://doi.org/10.1016/j.tics.2004.10.001
https://doi.org/10.1093/scan/nst096
https://doi.org/10.1016/j.jneumeth.2007.03.024
https://doi.org/10.1093/scan/nss019
https://doi.org/10.1016/j.brs.2008.06.004
https://doi.org/10.1016/j.neubiorev.2019.12.025
https://doi.org/10.1155/2011/861705
https://doi.org/10.1016/j.brainresbull.2007.01.004
https://doi.org/10.3389/fnins.2023.1219029
https://doi.org/10.1016/j.bpsc.2021.08.001
https://doi.org/10.1093/cercor/bhw206
https://doi.org/10.1016/j.ymeth.2007.02.001
https://doi.org/10.1093/scan/nsab071
https://doi.org/10.1017/S0140525X00003447
https://doi.org/10.3389/fpsyg.2010.00239
https://doi.org/10.1007/s11920-010-0141-7
https://doi.org/10.1016/j.neubiorev.2009.07.007
https://doi.org/10.1016/j.biopsych.2011.12.030
https://doi.org/10.1016/S1364-6613(02)00003-7
https://doi.org/10.1088/1741-2560/11/1/016002
https://doi.org/10.1037//0022-3514.54.6.1063

Kroker et al.

ambiguity in sad compared to happy and fearful face processing. Front. Behav. Neurosci.
13:83. doi: 10.3389/fnbeh.2019.00083

Winker, C., Rehbein, M. A., Sabatinelli, D., Dohn, M., Maitzen, J., Wolters, C. H.,
et al. (2018). Noninvasive stimulation of the ventromedial prefrontal cortex
modulates emotional face processing. Neurolmage 175, 388-401. doi:
10.1016/j.neuroimage.2018.03.067

Winker, C., Rehbein, M. A., Sabatinelli, D., and Junghdofer, M. (2020). Repeated
noninvasive stimulation of the ventromedial prefrontal cortex reveals cumulative

Frontiers in Behavioral Neuroscience

17

10.3389/fnbeh.2025.1634058

amplification of pleasant compared to unpleasant scene processing: a single subject pilot
study. PLoS One 15:€0222057. doi: 10.1371/journal.pone.0222057

Youn, S., Faber, R., and Shah, D. (2000). Restricting gambling advertising and the
third-person effect. Psychol. Market. 17, 633-649. doi: 10.1002/(SICI)1520-6793(200007)
17:73.0.CO;2-B

Yu, R., and Zhou, X. (2006). Brain responses to outcomes of one’s own and other’s
performance in a gambling task. Neuroreport. 17, 1747-1751. doi: 10.1097/01.
wnr.0000239960.98813.50

frontiersin.org


https://doi.org/10.3389/fnbeh.2025.1634058
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://doi.org/10.3389/fnbeh.2019.00083
https://doi.org/10.1016/j.neuroimage.2018.03.067
https://doi.org/10.1371/journal.pone.0222057
https://doi.org/10.1002/(SICI)1520-6793(200007)17:73.0.CO;2-B
https://doi.org/10.1002/(SICI)1520-6793(200007)17:73.0.CO;2-B
https://doi.org/10.1097/01.wnr.0000239960.98813.50
https://doi.org/10.1097/01.wnr.0000239960.98813.50

	Self-referencing versus other-referencing in gambling: effects of vmPFC stimulation on decision-making and feedback processing
	Introduction
	Methods
	Participants
	Experimental procedure
	Gambling task
	tDCS
	Recording and preprocessing of MEG
	Data analysis

	Results
	Decision-making
	Feedback processing

	Discussion
	Limitations and implications for future research

	Conclusion

	References

