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Neuromodulation of risk and
reward processing during decision
making in individuals with general
anxiety disorder (GAD)

Vahid Nejati%2*?, Jamal Amani Rad> & Amir Hosein Hadian Rasanan*

Individuals with general anxiety disorder (GAD) have an impaired future-oriented processing and
altered reward perception, which might involve the ventromedial prefrontal cortex (vmPFC) and
dorsolateral prefrontal cortex (dIPFC). Twenty-nine adults with GAD performed the balloon analogue
risk-taking task (BART) and delay discounting task (DDT) during five sessions of transcranial direct
current stimulation (tDCS) with different stimulation conditions. The stimulation conditions were:
anodal dIPFC (F3)/cathodal vmPFC (Fp2), anodal vmPFC (Fp2)/cathodal dIPFC (F3), anodal dIPFC (F3)/
cathodal right shoulder, anodal vmPFC (Fp2)/cathodal left shoulder, and sham stimulation. Cognitive
modeling was used to extract process-based measures. The process-based modeling measures, rather
than conventional outcome-based measures, showed a significant effect of stimulation condition. All
real stimulation conditions improved the updating rate of prevalence, and risk taking in the BART.
Moreover, for anodal dIPFC (F3)/cathodal vmPFC (Fp2), anodal vmPFC (Fp2)/cathodal dIPFC (F3),

and anodal vmPFC (Fp2)/cathodal left shoulder stimulations we have observed an improvement in
prior beliefs about the explosion. Also, for anodal dIPFC (F3)/cathodal vmPFC (Fp2), anodal dIPFC
(F3)/cathodal right shoulder, anodal vmPFC (Fp2)/cathodal left shoulder we have observed more
stable choice pattern. the DDT, exponential discounting rate and randomness were improved during
anodal dIPFC and anodal vmPFC stimulation with extracranial return electrodes. Different roles of the
targeted areas are discussed based on significant performance differences resulting from the specific
electrode positions. The results suggest that different domains of reward processing are controlled by
the vmPFC and dIPFC. The vmPFC is more relevant for value-based decision making with a positive
expectation and chance-based randomness, whereas the dIPFC is more relevant for logic-based
decision making.

Keywords General anxiety disorder (GAD), Ventromedial prefrontal cortex, Dorsolateral prefrontal cortex,
Transcranial direct current stimulation, Reward processing, Risky decision making, Delay discounting

General anxiety disorder (GAD) is characterized by persistent, excessive, and unrealistic worry about a variety of
events or activities, and is associated with restlessness, fatigue, irritability, muscle tension, and sleep disturbances’.
GAD is a future-oriented emotional state characterized by worries about negative possibilities in the future?.
Individuals with GAD cannot tolerate ambiguity and thus react negatively to uncertain information®*. This
increased uncertainty about the future in anxiety has been explained by several mechanisms: inflated estimates
of threat cost and probability, hypervigilance to threat, deficient safety learning, behavioral and cognitive
avoidance, and heightened reactivity to threat uncertainty®. This impairment reduces the subjective value of
delayed or uncertain rewards and therefore impairs respective reward processing such as delay discounting and
risky decision making.

Risky decision-making and delay discounting are two reward-based higher cognitive functions. Decision-
making refers to the selection of the most beneficial choice from several alternatives with respect to its reward/
punishment aspects®. Delay discounting indicates the ability to postpone gratification and to prefer a larger
later to a sooner smaller reward®. Both, risky decision-making and delay discounting require threat and reward
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processing. Relative anticipated reward and punishment have to be evaluated in both situations. For GAD,
numerous studies described a steeper rate of discounting future rewards”® and a biased decision making®!!.

The ventromedial prefrontal cortex (vmPFC) and the dorsolateral prefrontal cortex (dIPFC) are two main
cortical structures in reward/punishment processing. Increased activity of the medial orbitofrontal cortex, as a
subcomponent of the vmPFC, not only following receipt of reward, but also following successful avoidance of
an aversive outcome has been shown in healthy individuals'?. The vmPFC coordinates processes to minimize
danger or threat and to maximize pleasure or reward!>1°. Several functional neuroimaging studies describe a
role of the vmPFC in reward-related computation, which depends on subjective values rather than objective
properties of rewards'®!7.

The dIPFC is involved in cognitive reappraisal for regulation of negative emotions'®. The dIPFC coordinates
an adaptive and contextually appropriate response to emotions via top-down regulation of the amygdala and
ventral striatum®’.

In individuals with GAD, reduced activity of the vmPFC leads to impaired safety-threat differentiation and
reward-punishment perception®. The inability to discriminate reward from punishment and safety from threat
makes the environment ambiguous and threatening for these individuals?!.

Furthermore, neuroimaging studies described hypoactivity of the dIPFC?? and the vmPFC?® in GAD patients.
In healthy individuals, the dIPFC decreases the experience of stress-related negative mood and anxiety and
therefore regulates negative emotions'® and the vmPFC reduces acute stress and facilitates reward processes®.

Non-invasive brain stimulation (NIBS) techniques provide an opportunity to modulate neural processes to
study the causal contribution of neural structures to cognitive functions and behavior?!. Main NIBS techniques
include transcranial electrical stimulation (tES) and transcranial magnetic stimulation (TMS). Transcranial
direct current stimulation (tDCS), as a tES modality, alters neuronal resting membrane potentials via direct
currents, and depending on the stimulation polarity, enhances or reduces excitability of the cortical target at
a macroscale level®. tDCS over some minutes results in neuroplastic after-effects. The respective excitability
and plasticity alterations induced by tDCS allow to alter various brain processes and cognitive functions via the
modulation of cortical activity?®?.

The above-mentioned cortical areas involved in reward processing can be targeted with tDCS to study the
specific roles of these areas in different domains of reward processing. Numerous tDCS studies described more
conservative decision making and lower delay discounting during anodal stimulation over the dIPFC and the
vmPEC28-% In detail, some of these studies describe more conservative decision making with both anodal
right/cathodal left dIPFC stimulation and reversed electrode positions?*-3%3>36, anodal right/cathodal left dIPFC
stimulation®’-%°, and anodal left dIPFC/cathodal right vmPFC stimulation®**4. However, one tDCS study applied
cathodal or anodal tDCS over the left dIPFC in unipolar electrode arrangements, and report more risky decision
making with anodal stimulation*!. Another study used high definition-tDCS and found anodal left dIPFC with
the reference electrodes over the AF3, F1, F5, FC3 and a reverse electrode position found that only cathodal left
dIPFC reduced risk taking*2. Finally , a tDCS study found a null effect of dIPFC stimulation on risky decision
making in four stimulation conditions: right anodal/left cathodal, right cathodal/left anodal, and right or left
anodal unipolar electrode arrangements**.

Decision making as a higher cognitive function is a multifactorial process with several subprocesses.
Therefore, behavioral performance in standard laboratory decision tasks is the result of the interaction of several
different underlying neurocognitive processes, including risk taking, risk aversion, reward and/or loss sensitivity,
learning from past gains and losses, and/or erratic and impulsive choice processes***°. The conventional
approach to analyze behavioral performance does not allow us to break performance down into these underlying
processes, nor does it even allow us to specifically identify the processes which have led to overall performance
of a task?®*”. The conventional approach to quantify performance of people in the balloon analogue risk task
(BART) is to use the adjusted value (AV), the average number of pumps made by participants on unexploded
balloons*®, which correlates well with self-reported risky behaviors*®. Cognitive modeling provides evidence for
some latent neurocognitive processes determining decision making in this task, such as reward sensitivity and
the ability to learn from positive/negative feedback, that are difficult to deduce directly from pure behavioral
performance*>46, These latent parameters have been described at the neural levels. For instance, effective
connectivity between the dorsolateral prefrontal cortex and ventromedial prefrontal cortex plays a critical role
in predicting between-subject differences in the discount rate parameter®~>*. Furthermore, given model-driven
measurements, gamma as a measure BART, has a strong negative association with dIPFC activity and its effective
structural connectivity to the vmPFC>*->.

In sum, the conventional measures of risk taking and reward processing provide some information about the
outcome of decision-making or delay discounting, but the behavior of the examinee during task performance
while facing of reward and punishment as process-oriented measures remains elusive. During decision-making,
moreover arousal or regret after gain or loss can direct the next selection.

To put in a nutshell, earlier accounts revealed the role of the dIPFC and the vmPFC in reward processing,
the impaired reward processing in GAD, an altered activity of the dIPFC and the vmPFC in GAD, and the
possibility of alteration of the vmPFC and the dIPFC activity with tDCS. Furthermore, cognitive modeling
measures provide some processes-based measures that may be more informative compared to conventional
outcome-oriented measures to investigation of decision making.

In the present study, we aimed to evaluate the role the dIPFC and the vmPFC in the process of risky decision
making and delay discounting in individuals with anxiety. We aimed to evaluate the role of each area through
excitation of one coupled with inhibition of the other compared to simultaneous stimulation of both areas and
sham stimulation.
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Materials and methods

Participants

Twenty-nine individuals with GAD participated in the study. Eleven participants were not included in the data
analysis because of at least one missing session. The 18 remaining participants had an age range between 20 and
40, mean 20.35+6.83.

We used G*Power®® to determine the required sample size. Based on a power of 0.80, an alpha level of 0.05,
and a large effect size (f=0.68) derived from tDCS effects on executive functions in anxiety obtained in our
previous study®?, the required sample size for the primary statistical test in this study was 17. All participants were
diagnosed with GAD by a psychiatrist according to the Diagnostic and Statistical Manual of Mental Disorders
5th ed.%. The state-trait anxiety inventory was used to rate and confirm the diagnosis. Table 1 presents the
demographic parameters of the participants in detail. Exclusion criteria were presence or history of psychiatric
and/or neurologic comorbidities based on medical records and psychiatric interview. Participants were
medication-naive, non-smokers, right-handed, and had normal or corrected-to-normal vision. The procedures
were in accordance with the ethical standards of the Helsinki Declaration of 1975, as revised in 1983. The study
was approved by the ethical committee of Shahid Beheshti University.

The state-trait anxiety inventory (STAI)

The STAI is a 40-item inventory which consists of two parts, concerning trait and state anxiety®!. Items are
scored on a four-point Likert scale from one (not at all) to four (very much so). In the Persian version of the
STAL the Cronbach’s alpha for internal consistency is 0.886 for trait anxiety and 0.846 for state anxiety. Retest-
reliability is 0.765 for trait anxiety and 0.62 for state anxiety®2.

Balloon analogue risk task (BART)

This computerized task is a measure of risky decision making®®. It requires decision making under risk and
reward/punishment anticipations®. Participants are instructed to pump up a balloon shown on a computer
screen through pressing a button. Each button press increases the balloon size and a virtual monetary reward,
1000 RLS in the present study, appears on the balloon. Pumping can continue until explosion of the balloon. If
the balloon explodes, the earned money shown on the balloon is lost. The explosion can occur at any size, but
largber balloons are associated with a greater risk of explosion because of the balloon bursting probability which

urst 1

isp = Tsg—npwmps> Where n”“"P? is the number of pumps in the trial. Participants can choose during the

trial to press a button to “collect money”, or to continue to pump. If they choose to collect the money, the earned
money shown on the balloon is transferred to a permanent box and the next balloon appears. The task consists
of 30 trials and takes about 5 min to perform. The conventional measures of this task are: (a) adjusted value (AV),
the number of pumps of balloons which did not explode, and (b) the number of successfully pumped balloons
(SPB). In addition to the conventional measures, the results of estimating the parameters of the four-parameter
cognitive model fitted to the data are also reported here.

Delay discounting task (DDT)

The DDT is a monetary reward task that provides a choice between a small immediate, or large delayed reward.
In this task, two choices are presented to the participant to choose, an immediate reward (Vi, Now) and a later
larger reward (A, After D,). The main variable of this test is rate of discounting (K) which is calculated by the
function Ki= (Ai-Vi)/Di.°. In the current study, eight V (102, 105, 125, 300, 700, 1350, 3000, 6500 KRLS) were
presented with eight D (1 day, 1 week, 2 months, 6 months, 1 year, 5 years, 25 years), randomly in 64 trials. The
Ks as the main variable were calculated separately for each situation and the mean of Ks was calculated as K
mean. Performing this task took about 5 min for our participants.

tDCS protocol

The ActivaDose transcranial stimulator (ActivaTek Inc., USA) was used for brain stimulation. An electrical
direct current of 1.5 mA generated by the stimulator was applied through a pair of saline-soaked sponge
electrodes with a size of 25 cm? (5% 5) for 20 min. The stimulation was applied in five separate sessions with one
week interval. The electrodes were placed according to the 10-20 EEG international system. The stimulation
conditions were: (a) anodal dIPFC (F3)/cathodal vmPFC (Fp2), (b) anodal vmPFC (Fp2)/cathodal dIPFC (F3),
(c) anodal dIPFC (F3)/cathodal right shoulder, (d) anodal vmPFC (Fp2)/cathodal left shoulder, and (e) a sham
stimulation condition with one of the above-mentioned electrode placements randomly chosen. For sham

Variables M(sd)/description
Age (Years) 28.22 (8.29)
Education (Years*) 12.66 (4.14)
STAI—State 58.94 (10.01)
STAI—Trait 59.00 (11.76)
Gender (Female: Male) | 11:7

Tablel. Demographic characteristics of participants. Abbreviation: M, mean; sd, standard deviation; STAI,
state-trait anxiety inventory; *Number of formal academic years of education
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stimulation, the electrical current was ramped up for 30 s to generate the same sensation as the active condition,
and then turned off without participants’ awareness®*.

Procedure

This study had a single-blinded and crossover design. After participant selection and explanation of the
procedure, participants signed a written informed consent form, and then the examiner explained the task
instructions. The stimulation sessions were performed in a quiet room in a psychology clinic with a week (+ 10 h)
interval to prevent carry-over effects. The order of stimulation and tasks was randomized across participants
based on a randomization list. The participants were blinded to the stimulation condition. Five minutes after
the beginning of stimulation, participants performed BART and DDT, which lasted for about 15 min. Both,
tDCS and behavioral task instruction and supervision were performed by one researcher/author (S.K.). After
each stimulation session, a side-effect checklist was completed®, and the participants guessed the type of the
stimulation (real or sham).

Cognitive modeling

Four-parameter model for BART

In the four-parameter model®®, two major assumptions are made about the behavior of the participants during
BART performance. The first one is that the participants learn at each trial and then update the belief about the
probability of the balloon bursting. The second assumption is that the participants decide about the optimal
number of pumps before the onset of the trial. In this model the assumption is that the participants start with a
prior belief about bursting of the balloon and update their belief at each trial based on the feedback received. The
updating rule for this model which is constant during the trial k is as follow®®¢7:

k—1 psuccess
burst d) + nz
k =1- k— 1 pumps
L+n) o,

0<dp<1,0<n,

where pP**** shows the perceived probability that pumping the balloon in trial k will make the balloon explode,
n;"“°°** shows the number of successful pumps at i-th trial, which is equal to zero if the balloon explodes at the

trial, and n}"™"® shows the number of pumps at the i-th trial. In the first trial Z ~Inguecess and Z ~inpumes

are equal to zero, and pE“m =1 — ¢, therefore, ¢, shows the prior belief of balloon explosion, and 1 is the
belief updating rate from the feedback received. To be more precise, it can be said that the very smallness (the
very largeness) of this parameter actually close to zero makes p-burst unaffected (to be strongly affected) by the
feedback received from that trial, so that in the case of this parameter is very large, it can be seen that p-burst is
fast approaching the observed probability of the explosion.

For the purpose of calculating the optimal number of pumps before each trial (i.e. the second assumption), the
expected utility after pumps in trial k, can be obtained by®*¢”:

Uk] _ (1 _ pburst) (lr)

in which r shows the amount of reward per successful pump and y stands for risk-taking propensity. The optimal
number of pumps can be calculated by finding the root of the first derivative of Uy with respect to . So, the
optimal number of pumps in trial k which is denoted by v can be computed as follows®>¢”:

Y
- Y >
T Y S
Now for obtaining the probability of pumping the balloon in trial k for pump that is denoted by pf;™", the
optimal number of pumps vy should be compared with the number of pumps  as follows®®¢7:

1
1+eT(l Vk)’ Z 0>

pump _
P

where T is the inverse temperature parameter which determines how deterministic (more consistent) or random
the choice probability is; Lower values for T make the choice rule more deterministic.

For a simple overview of the parameters of this model, the free parameters of the revised four-parameter model
and their implications are summarized in the Table 2667,

Now the only other important step left is to calculate the likelihood function to establish a bridge between the
model and the observed data and to fit the model so that the parameters can be estimated and then interpreted.
For this model, the probability of the data given the parameters, p (D|d, 1,7, T), is given by:

30 1Loet
dy,
p (Do, v, =[] H PR (L= PPt )™,
k=1 1=1
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Free parameter | Name Interval | Cognitive interpretation

®(Phi) Prior belief [0,1] This parameter shows the initial belief of a participant that the balloon will not explode, it is a probability value
n — 0 : The subjective probability of bursting is affected by observation, no learning takes place

n(Eta) Updating [0, 400) | N — +o0: The participant learns quickly and the subjective probability of bursting tends to the observed
probability of burst quickly

. . Y — 0 : The participant is very conservative

v(Gamma) Risk taking [0, +00) Y — —+oo: The participant prefers a risky strategy
T — 0 : the participant behaves randomly

T(Tau) Inverse temperature | [0, +-00) T — +oo: the participant behaves deterministically

Table 2. The parameters of four-parameter.

where 1:*%" is the last number of pumping opportunities on trial k. Also here dx can be one or zero, more
precisely we can say that dj, on trial k will be equal to one if the subject decides to collect the money and transfer
the money to the permanent box, and on the other hand dj, will be equal to zero if the balloon bursts in trial k.

Constant-sensitivity (CS) model for DD
Based on the utility-based approach, our present subjective reward value S(R, D) of an objective reward R at a
given delay D, for an individual whose discounting rate is r (r>0), is given by

S(R,D) =U (R) - F(D),

where U (R) is a real-valued utility function relating objective rewards R to subjective values, which has similar
properties as the utility function of prospect theory (Kahneman and Tversky 1979; Tversky and Kahneman
1992). However, the usual approach in the discount literature is to consider the subjective value function as
linear by assuming the identity function for U (R), i.e. U (R)= R in which case U (R) is in units of Rials,
Dollars, Pounds, Euros, etc. We also follow this approach in this research. To explain the discounting effect,
the constant-sensitivity model (Ebert, Prelec, & Prelec, 2007) assumed that the discount function F'(D) is a
generalized exponential of subjective time,

F (D) =exp(=(sD)"),

where s(s > 0) is the impatience parameter that defines the boundary between the near (i.e. times shorter than
1/r) and far (i.e. times greater than 1/7) future. To be more precise, an immediate discounting of value in an
individual is equivalent to having a greater impatience parameter. As we said before, in the DD task, two options
are presented to the participant to choose from, an immediate reward (i.e. a smaller-sooner reward, let’s denote
it by SS) and a later larger reward (i.e. a later-lager reward, let’s denote it by LL). In addition to the fact that
the subject values of the two options are modeled with the exponential function mentioned above, a Sigmoid
function is used to translate subjective values into the choice probability on trial ¢:

1

P (chooseLL) =
(chooseL L) 1+ exp (,5. [SLL@ szs<t>])

)

where S5g() and St 1 (4) are subjective values of the SS and LL options on trial ¢, and 3 is the inverse temperature
parameter, which means that the higher values of 5 make the options appear more distinct, resulting in a more
consistent choice, and lower values make the option more similar for the subject, leading the probability of
selection to 0.5.

For a simple overview of the parameters of this model, the free parameters of the CS model and their implications
are summarized in Table 3.

Similar to the BART modeling procedure, a maximum likelihood process is utilized for fitting this model
on behavioral data and then the best fitted parameters for each individual are included in the further analysis.

Model fitting

To fit the models, we employed the hBayesDM package in Python. This package is developed based on Stan and
utilizes a Monte Carlo Markov Chain (MCMC) technique to estimate the parameters. For each model, we ran
four chains, with 1,000 warmup iterations and 1,000 sampling iterations per chain. To check the convergence of
the chains, we used the Gelman-Rubin convergence diagnostic index (¥ <1.01).

Data analysis

This study had a single-blind, complete crossover design. Data analyses were conducted using the statistical
package SPSS for Windows, version 21. To explore the effect of tDCS on task performance, repeated measures
one-factorial analyses of variance (ANOVA) were conducted for the within subject factor “Stimulation
condition”, 3 different conditions. Dependent variables, with respect to BART were the conventional measures
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Free parameter | Name Interval | Cognitive interpretation
Exponential discounting [0, +00) A higher r will result in more choices in favor of the smaller, sooner option because of the greater impact of the
r rate ’ delay in the later option
s Impatience [0, +00) | Defines the boundary between the near (i.e. times shorter than 1/r) and far (i.e. times greater than 1/7) future
T — 0 : the participant behaves randomly
Beta Inverse temperature [0, +00) T — +-00: the participant behaves deterministically

Table 3. The parameters of constant sensitivity model.

Conditions, M(SD) Statistics
Measures | dl/vm vm/dl dl/EC vm/EC Sham df |F P np2
Pain 0.21 (0.53) | 0.26 (0.73) | 0.21 (0.42) | 0.52 (1.17) | 0 (0) 4,72 |1 1.95 | 0.112 0.098
Confusion | 0.10 (0.31) | 0.10 (0.31) | 0.31 (1) 0(0) 0.05(0.23) |4,72 | 1.04 | 0.391 | 0.055

Burning | 1.74(1.15) | 2.47(1.7) |2.26(1.24) | 1.74(1.28) | 0.89(0.57) | 4,72 | 9.40 | <0.001 | 0.715
Itching 0.47(0.70) | 0.79(1.44) | 1.16(1.77) |0.42(1.22) | 0.05(0.23) | 4,72 | 233 | 0.103 | 0.383
Fatigue | 0.32(0.58) | 0.16 (0.50) | 0.47 (0.90) | 0.37 (0.89) | 0.05(0.23) | 4,72 | 1.32 | 0.308 | 0.260
Vertigo | 0.58 (1.21) | 0.37 (0.83) | 0.42 (1.12) | 0.63 (1.26) | 0 (0) 472 (192 | 0159 | 0.339
Nausea | 032 (1.16) | 0.32 (0.94) | 0.10(0.31) | 0.16 (0.50) | 0 (0) 472 [ 130 [ 0314 |0.258

Table 4. Side effects of tDCS (means and sd) in the different stimulation conditions and the results of the
respective ANOVAs are shown. Abbreviations: M, mean; SD, standard deviation; vm, ventromedial prefrontal
cortex; dl, dorsolateral prefrontal cortex; EC, extracranial areas pre and post the dash indicate anodal and
cathodal electrode placement respectively; df, degree of freedom; E, F-value; P, P-value; np2, partial eta squared

(AV, SPB) and the measures extracted from cognitive modeling BART (Phi, Eta, Gamma, Tau). With respect to
DDT, conventional measures were Ks in different situations and cognitive modeling measures (R, S, 3). Mauchly,
Levene, and Fisher’s Least Significant Difference (LSD) tests were used for evaluation of Sphericity, normality
and homogeneity of variance of the data, and Post hoc analyses. The degrees of freedom were corrected using
the Greenhouse-Geisser method, if required. Session order and task order were integrated as covariates in an
additional ANCOVA. A significance level of p <0.05 was used for all statistical comparisons.

Results

All participants tolerated the stimulation without major side effects, except one who was excluded after the first
session because of severe headache. Participants reported some degree of mild and tolerable itching, tingling
and burning sensations under the electrodes during approximately the first 30 s of stimulation in each tDCS
condition. Table 4 present means and standard deviations of side effects in different stimulation conditions. One-
way ANOVAs showed no differences between conditions in pain (F,,,=1.95, p=0.112, np?=0.098), confusion
(F,,,=1.04, p=0.391, np>=0.098), itching (E, ,,=2.33, p=0.103, np*>=0.383), fatigue (F,.,=1.32, p=0.308,
np*=0.260), vertigo (F, ,=1.92, p=0.159, np°=0.339) and nausea (F,,,=1.30, p=0.314, np>=258), but
significant differences in burning (E, ,,=9.40, p <0.001, np>=0.715). The LSD post hoc analysis showed fewer
burning sensations in the sham, as compared to anodal vmPFC/cathodal dIPFC (mean difference (MD) =0.85,
p<0.001), anodal dIPFC/cathodal vmPFC (MD=1.58, p<0.001), anodal dIPFC with extracranial cathodal
electrode (MD =1.37, p <0.001), and anodal vmPFC with extracranial cathodal electrode (MD = 0.85, p <0.001).

In the conventional outcome measures of the BART, the repeated measure ANOVA showed a non-significant
main effect of stimulation for AV (F, ,,=1.015, p=0.406, np*=0.056), PN (F, ., =1.52, p=0.204, np*=0.082),
and also the value of Win (F4‘68 =0.541, p=0.706, qu =0.031), Figs. 1 and 2.

The analysis of the four-parameter modeling measures shows a significant difference between conditions
with respect to prior beliefs about explosion (Phi) (F 168 = 2764.310, p<0.001, np*=0.998), updating rate of
prevalence (Eta) (F4,68=278'379’ £<0.001, np?=0.942), risk taking (Gamma) (F, ,=2468.609, p<0.001,
Np>=0.993), as well as consistency (Tau) (F, ., =2497.289, p <0.0001, np>=0.993).

The LSD post hoc analysis revealed larger Phi during anodal vmPFC/cathodal dIPFC compared to anodal
dIPFC/cathodal vmPFC stimulation (MD =0.005, p <0.001), larger Phi during anodal vmPFC stimulation with
an extracranial return electrode (MD=0.011, p<0.001), and a larger Phi during anodal dIPFC stimulation
with an extracranial return electrode (MD =0.016, p <0.001) and sham stimulation (MD=0.011, p <0.001).
Also, the Phi during anodal vmPFC stimulation with an extracranial cathodal electrode was larger compared to
anodal dIPFC stimulation coupled with an extracranial cathodal electrode (MD =0.005, p <0.001), and sham
(MD=0.0004, p<0.001). The Phi during sham stimulation was larger than anodal dIPFC stimulation coupled
with an extracranial cathodal electrode (MD=0.005, p<0.001). Finally, Phi during anodal dIPFC/cathodal
vmPFC stimulation was greater compared to anodal dIPFC stimulation coupled with an extracranial cathodal
electrode (MD=0.011, p<0.001), and the anodal vmPFC stimulation coupled with an extracranial cathodal
electrode (MD =0.006, p <0.001), and sham stimulation (MD =0.006, p <0.001), Table 5.

For the Eta, the analysis showed significant main effects of stimulation (F, . =278.379, p <0.001, np*>=0.942)
The LSD post hoc tests between stimulation conditions revealed a greater Eta during anodal dIPFC/cathodal

4,68

4,68

Scientific Reports | (2025) 15:371 | https://doi.org/10.1038/s41598-024-84520-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

0.9800
0.9775
0.9750

- 0.9725
0.9700
0.9675

0.9650

7.00
6.75

6.50

S 6.00
5.75

5.50
5.25

5.00

®
ok
o W
S . .. N ——
......... 2 S
ok ~- (':.?\
----------- Y
ok --.._.‘ .....
----------- L2 2

Sham vm/dl dl/vm vm/EC dI/EC

3.8e-04 4

3.6e-04 {

3.4e-04 4

3.2e-04 4

3.0e-04 {

2.8e-04 4

2.6e-04 {

2.4e-04 4

0.032 1

0.030 4

0.028 {

0.026 {

0.024 4

0.022 {

0.020

.Sham vm/dl dl/vm vm/EC dI/EC

Fig. 1. BART modeling parameters in different stimulation conditions. The point in the violin plot represents
the median of the parameters, while the line indicates the 95% confidence interval. The width of the violin
plot reflects the data distribution. Abbreviation: vm: ventromedial prefrontal cortex, dl: dorsolateral prefrontal
cortex, EC: extracranial; areas pre and post the dash indicate anodal and cathodal electrode placement
respectively. @ (Phi): prior belief, n (Eta): updating, y (Gamma): risk taking, T (Tau): inverse temperature,

*p<0.05, *p <0.01, **p < 0.001.
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Fig. 2. DDT modeling parameters in different stimulation conditions. The point in the violin plot represents
the median of the parameters, while the line indicates the 95% confidence interval. The width of the violin
plot reflects the data distribution. Abbreviation: vm: ventromedial prefrontal cortex, dl: dorsolateral prefrontal
cortex, EC: extracranial; areas pre and post the dash indicate anodal and cathodal electrode placement
respectively. r =exponential discounting rate, s=impatience, Beta =inverse temperature, *p <0.05, **p <0.01,
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Tests Sham dl/vm vm/dl dl/EC vm/EC

Measures | M(sd) M(sd) M(sd) M(sd) M(sd) df F P np?
BART

A e 1529 e 532) 1206 468 | 1015|0406 | 0056
e B B B [ve] | o o
e e AR [ R Py oy ey e
Phi ((’('fg(?g;‘;‘g) ?6?555;3;4) 0.980714 (0.000178) ?6?(?3&;533) ?6?5882659) 4,68 | 9764.310 | <0.0001 | 0.998
Eta ?fgggggg) ?698833?6) 0.000266 (0.000013) ?(')(.)(())(())3(?36) (()698833122) 4,68 | 278379 | <0.0001 | 0.942
Gamma ?6%;195654) (5(.)%3728686272) ?6(.)55123327) (5(')?53636135) 5.949460 (0.037086) | 4, 68 | 2468.609 | <0.0001 | 0.993
Tau 0.024359 (0.000472) | 0.025894 (0.000478) (()6(,)(?(())(?26952) 0.032531 (0.000425) ?6(.)3551127) 4,68 | 2497.289 | <0.0001 | 0.993
DDT

K ©379) (344 (0433) (1129) 053 4720|0613 | 0654|0033
s (0201 (0129 O212) (0207 (0o145) 4720|7031 | <0001 | 0281
R (0206 (0163 (0150 (G19) (0169 72| 8909 | <0001 | 0331
Bea | (Gr0) (0226 (0331 (0292 (0249) 472 | 7881 | <0001 | 0305

Table 5. Mean and standard deviation of measures and results of the ANOVA. Abbreviations: M, mean; SD,
standard deviation; vm, ventromedial prefrontal cortex; dl, dorsolateral prefrontal cortex; ec, extracranial, areas
pre and post the dash indicate anodal and cathodal electrode placement respectively; df, degrees of freedom; F,
F-value; P, P-value; np2, partial eta squared

vmPFC stimulation compared to anodal vmPFC/cathodal dIPFC stimulation (MD =0.0001, p <0.001) and the
anodal dIPFC stimulation coupled with an extracranial cathodal electrode (MD =0.00003, p <0.001), but not
anodal vimPFC stimulation coupled with an extracranial cathodal electrode (MD =0.00001, p=0.26). The Eta
during anodal dIPFC/cathodal vmPFC stimulation was greater than sham stimulation (MD =0.0001, p <0.001).
The Eta during anodal dIPFC stimulation coupled with an extracranial cathodal electrode (MD=0.0001,
p<0.001) and anodal vmPFC stimulation coupled with an extracranial cathodal electrode (MD =0.0001,
p<0.001) was greater than anodal vmPFC/cathodal dIPFC stimulation. The Eta during anodal vmPFC
stimulation coupled with an extracranial cathodal electrode was greater than anodal dIPFC stimulation coupled
with an extracranial cathodal electrode (MD =0.00002, p <0.001) and sham (MD =0.0001, p <0.001). Finally,
Eta during anodal dIPFC stimulation coupled with an extracranial cathodal electrode (MD =0.0001, p <0.001)
and anodal vmPFC/cathodal dIPFC stimulation (MD =0.00002, p <0.001) was greater than sham stimulation.

For the Gamma, the ANOVA analysis showed a significant main effect of stimulation (F 68— 2468.609,
P <0.001,np?=0.993). The LSD post hoc comparisons between stimulation conditions revealed a greater Gamma
during anodal dIPFC/cathodal vmPFC stimulation compared to anodal vmPFC/cathodal dIPFC stimulation
(MD=0.221, p<0.001). Also, the Gamma during anodal vmPFC stimulation coupled with an extracranial
cathodal electrode (MD =0.938, p <0.001) and anodal dIPFC stimulation coupled with an extracranial cathodal
electrode (MD =0.878, p <0.001) and sham stimulation (MD =1.804, p <0.001) was grater compared to anodal
vmPFC/cathodal dIPFC stimulation.

The Gamma during anodal vmPFC stimulation coupled with an extracranial cathodal electrode was grater
compared to anodal dIPFC/cathodal vmPFC stimulation (MD =0.717, p <0.001) and anodal dIPFC stimulation
coupled with an extracranial cathodal electrode (MD=0.06, p<0.05). The Gamma during anodal dIPFC
stimulation coupled with an extracranial cathodal electrode (MD=0.657, p<0.001) and sham stimulation
(MD=1.58, p<0.001) was greater than anodal dIPFC/cathodal vmPFC stimulation. Finally, the Gamma during
sham stimulation was larger than anodal dIPFC stimulation coupled with an extracranial cathodal electrode
(MD=0.926, p<0.001), and anodal vmPFC stimulation coupled with an extracranial cathodal electrode
(MD=0.866, p <0.001).

For Tau, the analysis showed significant main effects of stimulation (F, ., =2497.289, p <0.0001, np*=0.993).
The LSD post hoc analysis in stimulation condition revealed a greater Tau during anodal dIPFC/cathodal
vmPFC stimulation compared to sham stimulation (MD =0.002, p <0.001). Also, the Tau during anodal dIPFC
stimulation coupled with an extracranial cathodal electrode (MD=0.008, p<0.001), and anodal vmPFC
stimulation coupled with an extracranial cathodal electrode (MD =0.002, p <0.001) was larger than sham, but
the Tau during sham stimulation was larger than anodal vimnPFC/cathodal dIPFC stimulation (MD =0.004,
p<0.001). The Tau during anodal dIPFC/cathodal vimPFC stimulation (MD=0.005, p<0.001), and anodal
vmPFC stimulation coupled with an extracranial cathodal electrode (MD =0.006, p <0.001), and anodal dIPFC
stimulation coupled with an extracranial cathodal electrode (MD=0.012, p<0.001) was greater compared
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to anodal vmPFC/cathodal dIPFC stimulation. Also, the Tau during anodal dIPFC stimulation coupled with
an extracranial cathodal electrode (MD=0.007, p<0.001) and anodal vmPFC stimulation coupled with an
extracranial cathodal electrode (MD=0.001, p <0.001) was than anodal dIPFC/cathodal vmPFC stimulation.
Finally, the Tau was greater during anodal dIPFC stimulation coupled with an extracranial cathodal electrode
compared to anodal vmPFC stimulation coupled with an extracranial cathodal electrode (MD = 0.006, p < 0.001).

The results of data analysis of variance with repeated measures of the DDT showed a non-significant main
effect of stimulation for the performance of the subjects in the delay-discounting task, which was performed on
different stimulation positions (F,,,=0.613, p=0.654, np2=0.033). Results of the LSD post hoc analyses. The
analysis of the three parameter modeling measures showed a significant difference between conditions with
(R) (F,,,=8.909, p<0.001, np2=0.331), ($) (F,,,=7.031, p<0.001, np2=0.281), and (Beta) (F, ,,=7.881,
p<0.001, np2=0.305).

For R, the analysis showed significant main effects of stimulation (F4,72=8.909, p <0.001, np2=0.331).

The LSD post hoc analysis in stimulation condition revealed a greater R during Sham stimulation compared
to anodal dIPFC stimulation coupled with extracranial cathodal electrode (MD =0.088, p <0.05). For S, the
analysis showed significant main effects of stimulation (F4,72=7.031, p <0.001, np2=0.281). The LSD post hoc
analysis in stimulation condition revealed a greater S during anodal dIPFC stimulation coupled with extracranial
cathodal electrode (MD=0.132, p<0.05), and anodal vmPFC/cathodal dIPFC stimulation (MD=0.127,
P <0.001) compared to anodal vmPFC stimulation coupled with an extracranial cathodal electrode. For Beta,
the analysis showed significant main effects of stimulation (F4,72=7.881, p <0.001, np2=0.305). The LSD post
hoc analysis in stimulation condition revealed a greater Beta during anodal vmPFC stimulation coupled with
an extracranial cathodal electrode compared to sham (MD=0.125, p<0.05), and anodal vmPFC stimulation
coupled with an extracranial cathodal electrode compared to anodal dIPFC/cathodal vmPFC stimulation
(MD=0.153, p<0.05). The impact of tDCS on parameters of utilized computational models are exhibited in
Fig. 2.

4,72 4,72

Discussion

In the present study, we aimed to explore the role of the dIPFC and the vmPFC in the process of reward
processing. In general, the result showed a null effect of stimulation on conventional measures of BART and
delay discounting but a significant effect on latent modeling measures. Therefore, the process, and not the
outcome, of reward processing influenced by the stimulation of the vmPFC and the dIPFC.

In detail, the conventional results of BART showed no significant difference between different stimulation
conditions for conventional measures, including earning, AV, and PN. Although we cannot draw conclusions
about the psychopathology of GAD without comparing it to a healthy control group in our study, earlier tDCS
studies described more conservative decision-making based on AV and earnings during anodal left dIPFC/
cathodal right vmPFC stimulation in healthy individuals®*3°. It might be interpreted that the upregulation or
downregulation of the impaired areas cannot influence performance during risky decision-making.

In modeling measures, Phi, a positive prior belief about explosion, was larger during all real compared to
sham stimulation, except the anodal left dIPFC with an extracranial return electrode tDCS condition. The dIPFC
governs behavior based on reward information, past outcomes, and previous decisions®®®. Furthermore, the
dIPFC has been known as the neural correlates of belief updating in neuroimaging studies’’. Therefore, the
dIPEC is not involved in unrealistic optimistic view about the probability of explosion.

However, some studies described more positive ratings of negative stimuli during anodal left dIPFC
stimulation’>”® or improved resiliency as a positive adaptation in the context of risk or adversity’*. Another
study of our research group described more positive rating of negative stimuli and more negative rating of
positive stimuli during anodal vmPFC/cathodal dIPFC stimulation (Nejati et al., 2021). This study attributed a
modulatory role of the left dIPFC on rating of emotional valence. In the present study, positive prior beliefs are
accompanied with a positive and unrealistic expectation about the balloon explosion. Thus, isolated stimulation
of the dIPFC provides a more realistic, and not optimistic, state with respect to prior beliefs.

The vmPFC, with a putative role in valuation of reward, facilitates a positive bias in information processing”.
The results of the present study showed that isolated stimulation of the vmPFC increased the positive prior
beliefs. The results showed a higher Phi during anodal vmPFC compared to anodal dIPFC stimulation, both
with an extracranial return electrode. Given the role of the dIPFC in updating and the role of the vmPFC in the
valuation of information, reward valuation has more effect on the prior belief compared to updating. Indeed,
updating prunes the unrealistic prior belief. This preference was confirmed by the higher Phi during anodal
vmPFC/cathodal dIPFC stimulation compared to the reversed order of electrodes. Furthermore, Phi was larger
during bipolar conditions compared to unipolar stimulation of the dIPFC or vmPFC with extracranial reference
electrode. This finding might be explained in the light of realistic belief compared to unrealistic pessimistic/
optimistic belief. Meanwhile, in a mutual interaction, the vmPFC makes the positive beliefs and the dIPFC
removes the unrealistic parts of the formed belief.

It is worth mentioning that the vmPFC and the dIPFC are hypoactive in GAD patients and it make difficult to
use above mentioned studies with healthy participant for discussion. A tDCS study in GAD patients found fewer
attention bias to threat-related stimuli during anodal stimulation of both, the left dIPFC and the right vmPFC,
with an extracranial reference electrode®®. With respect to the threat related attention bias in GAD patients,
this improvement could be attributed to the more realistic interpretation accomplished by the dIPFC and more
positive processing of the vmPFC.

The Eta, the updating or learning rate of explosion, was larger during all real conditions compared to sham
stimulation, which shows the role of both dIPFC and vimPFC in updating and learning rates. Although learning
and updating rates cannot be discerned in Eta, these might be discriminated at the neural level. The vmPFC is
involves in learning, and the dIPFC predominantly in updating’®. The former stores incoming information and
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the latter deletes unwanted information. This could be confirmed by the regulatory role of the dIPFC on the
vmPFC”’. In the current study, in unipolar conditions, anodal stimulation of the vmPFC increased Eta more
than anodal stimulation of the dIPFC, indicating a higher role of learning compared to updating in Eta per se.
However, in the bipolar condition, a higher Eta during anodal dIPFC/cathodal vmPFC stimulation was found
compared to the reversed order electrode placement, indicating more importance of updating compared to
learning in Eta. With respect to unipolar condition, Eta was greater during anodal dIPFC/cathodal vimPFC,
indicating a sort of active learning with higher executive, updating, component compared to passive learning
with lower executive demand for Eta. It might be explained in the light of different role of the dIPFC and vmPFC
in learning. It means that updating is more important than learning. In other words, updating makes learning
more effective compared to increasing rate of learning. This relation has been described earlier in working
memory performance’®. The key role of the dIPFC in the updating of memory, has been described earlier
through a neuroimaging’® and neuromodulation studies’*”*%.

The Gamma, as an index of risk taking was smaller during all real conditions compared to sham stimulation,
indicating the role of the dIPFC and vmPFC in regulation of risk taking. Gamma was larger during unipolar
stimulation compared to bipolar conditions indicating the cooperative role of the dIPFC and the vmPFC in
conservative decision making. In bipolar conditions, Gamma was greater during anodal dIPFC/cathodal vimPFC
compared to anodal vmPFC/cathodal dIPFC. Earlier neuroimaging studies described the vimPFC decreased as
the participants further expanded balloon during performing BART in healthy individuals®>. They stated that
decrease in the vmPFC activity during performing BART accompany with decreasing expected value.

However, the Gamma was greater during isolated stimulation of the vmPFC compared to isolated stimulation
of the dIPFC. It might be explained by rule-based function of the dIPFC compared value-based function of
the vmPFC. One tDCS study found decrease attitude toward risky behaviors after cathodal stimulation of the
left AIPFC with extracranial return electrode in healthy adults®!. Based on our search, the present study is the
first tDCS study which compared anodal dIPFC and anodal vmPFC stimulation with extracranial reference
electrode. Based on the result, it seems an optimal level of activity is required for normal activity of the vmPFC
in risk taking behaviors, the inhibition of activity during anodal dIPFC/cathodal vmPFC and isolated excitation
of the vmPFC increase risky decisions. Notably, the hypoactivity of the vmPFC in GAD should be taken into
consideration in the interpretation of this finding. As mentioned earlier, the vmPFC is involved in subjective
valuation of rewards and in the case of risky decision making it refers to the level of safeness. This activity as a
baseline performance influences the impact of stimulation on the respective performance. A tDCS study found
anodal left/cathodal right dIPFC stimulation decreased risk taking in smokers, but increased it in non-smokers®.

The Tau, as an index of randomness, was larger during the real stimulation conditions, except for anodal
vmPFC/cathodal dIPFC, compared to sham stimulation, indicating a role of dIPFC and vmPFC in considering
probability in decision-making. This role is more prominent for the dIPFC than the vmPFC based on the larger
Tau in anodal dIPFC compared to anodal vmPFC stimulation conditions, both with extracranial return electrode
positions. A similar finding was observed in bipolar conditions, larger Tau in anodal dIPFC/cathodal vmPFC
compared to the reversed electrode placement. Earlier fMRI studies described the dIPFC and the vmPFC as a
probability-sensitive area. An fMRI study in healthy adults described enhanced activity of the dorsal prefrontal
regions during infrequent events and ventral prefrontal regions during frequent events in an oddball paradigm®2.
In the present study, we found larger Tau during unipolar conditions compared to bipolar condition, indicating
the independent and facilitatory role of the vmPFC and dIPFC in randomness/probability learning. Randomness
by definition could be defined in two way: (1) a special type of cause and (2) existence of multiple possibility or
uncertainty®. In the former randomness perceives as a rule, governed by the dIPFC, and in the latter, it perceives
as luck or chance, with a motivational/positive view, as a function of the vmPFC. Based on the results of unipolar
conditions, the greater randomness in anodal dIPFC compared to anodal dIPFC, the logic-based role of the
dIPFC is more decisive to make a random choice. However, these two functions of randomness are inclusive and
larger Tau in unipolar stimulation compared to bipolar condition could be explained accordingly.

In the delay discounting task, K as a conventional measure of delay discounting or hyperbolic discounting rate
was not significant in different stimulation conditions. In the modeling data, the R, as exponential discounting
rate, was smaller during anodal stimulation of the dIPFC with extracranial reference electrode, compared to
sham condition. This difference could be explained based on the logic of hyperbolic and exponential model to
calculate K and R in order. The R is more sensitive than K, because of the importance of pure duration between
smaller sooner and larger later choices, without considering the distance from now. An fMRI study found that
the left dIPFC was more active in the selection of choices with delayed rewards®'. The dIPFC is involved in
temporal prediction of future events, particularly the time of reward, and activated in representation of an
anticipated reward 8485,

The S as a measure of impatience was smaller during anodal vmPFC with an extracranial reference electrode
compared to the anodal dIPFC with an extracranial reference electrode and anodal vmPFC/cathodal dIPFC. This
finding is in line with the result of a tDCS study, which found lower resilience during anodal vmPFC coupled
with cathodal dIPFC”4,

The Beta, as an index of randomness, was increased during anodal stimulation of the vmPFC with extracranial
return electrodes compared to sham condition. The vmPFC is involved in learning from outcome and larger
Beta during stimulation of the vmPFC described lower randomness. A lesion study described an impairment
in searching for information, considering the consequences of decisions, and shifting from their preference to
the alternative in the vmPFC patients. This study described the role the vmPFC in delayed and probabilistic
rewards®®. The Beta in the delay discounting test is the same as BART conceptually. However, the nature of
respective tasks makes them different functionally. The choices in the delay discounting are more uncertain
because of delayed reward. Based on above-mentioned role of the dIPFC and vmPFC in logical and motivational
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domain of randomness, the future-oriented uncertainty in delay discounting makes the motivational component
more prominent.

Limitations and future directions

Some limitation should be taken into account. First, we used an exploratory single-blind design with sham
control with relatively small sample of GAD patients without healthy control group to study the impact of
psychopathology. Second, we target two prefrontal areas to investigate reward processing, the other cortical and
even subcortical areas should be taken into account in the study of decision making. Third, we consider decision
making and delay discounting as two candidate tasks of reward processing. Further studies can consider other
decision making or delay discounting tasks or some other domains of reward processing such as planning,
reward sensitivity, and reward processing. Fourth, this study utilizes a single computational model for each
experiment to interpret the behavioral results. The models employed have been frequently used in empirical
research. However, alternative competing models exist, such as the two-parameter model for the BART task
and the hyperbolic discounting model for the DD task. Since different models incorporate distinct mechanisms
for capturing human choice patterns, they may yield varying conclusions. Therefore, we should refrain from
overinterpreting our results as general conclusions and acknowledge the need for further research. Additionally,
it remains unclear which mechanisms are essential for explaining human choice behavior, and conducting model
comparisons with larger datasets could provide valuable insights for drawing more generalized conclusions.

Conclusion

In conclusion, our study provides a new insight into the roles of the dIPFC and the vmPFC in reward processing,
highlighting their distinct contributions to decision-making under risk. The findings indicate that while
stimulation of these regions did not significantly alter conventional measures of risk-taking in tasks such as
the BART and delay discounting, it did impact latent modeling measures, suggesting that the process of reward
evaluation is more sensitive to neural modulation than the outcomes themselves. It could be interpreted as low
sensitivity of outcome-related tasks in the study of risky decision-making in GAD. Future studies could consider
incorporating measures of the decision-making process to evaluate the dynamics of decision-making.

The dIPFC appears to play a critical role in updating beliefs and regulating decision-making processes,
whereas the vmPFC contributes to the valuation of rewards and the formation of positive biases in information
processing. Notably, the interactions between these two areas underscore the importance of maintaining a balance
in their activities for optimal decision-making, particularly in individuals with GAD, who exhibit hypoactivity
in these regions. In essence, the vmPFC and dIPFC work in concert to navigate the complexities of decision-
making. The vimPFC fosters an optimistic perspective, embracing the potential for positive outcomes and the
inherent randomness of choices®”. In contrast, the dIPFC acts as a critical evaluator, ensuring that this optimistic
learning is tempered by a realistic appraisal of the information at hand. This dynamic interplay between value-
based optimism and logic-driven realism not only enhances our understanding of decision-making processes
but also highlights the need for a balanced approach in therapeutic interventions targeting decision-making
deficits in various psychological conditions.

Data availability
The datasets generated during the current study are available from the corresponding author on reasonable
request.
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