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Abstract

Previous literature suggests that a balance between Pavlovian and instrumental decision-

making systems is critical for optimal decision-making. Pavlovian bias (i.e., approach toward

reward-predictive stimuli and avoid punishment-predictive stimuli) often contrasts with the

instrumental response. Although recent neuroimaging studies have identified brain regions

that may be related to Pavlovian bias, including the dorsolateral prefrontal cortex (dlPFC), it is

unclear whether a causal relationship exists. Therefore, we investigated whether upregulation

of the dlPFC using transcranial current direct stimulation (tDCS) would reduce Pavlovian

bias. In this double-blind study, participants were assigned to the anodal or the sham group;

they received stimulation over the right dlPFC for 3 successive days. On the last day, partici-

pants performed a reinforcement learning task known as the orthogonalized go/no-go task;

this was used to assess each participant’s degree of Pavlovian bias in reward and punishment

domains. We used computational modeling and hierarchical Bayesian analysis to estimate

model parameters reflecting latent cognitive processes, including Pavlovian bias, go bias,

and choice randomness. Several computational models were compared; the model with sep-

arate Pavlovian bias parameters for reward and punishment domains demonstrated the best

model fit. When using a behavioral index of Pavlovian bias, the anodal group showed signifi-

cantly lower Pavlovian bias in the punishment domain, but not in the reward domain, com-

pared with the sham group. In addition, computational modeling showed that Pavlovian bias

parameter in the punishment domain was lower in the anodal group than in the sham group,

which is consistent with the behavioral findings. The anodal group also showed a lower go

bias and choice randomness, compared with the sham group. These findings suggest that

anodal tDCS may lead to behavioral suppression or change in Pavlovian bias in the punish-

ment domain, which will help to improve comprehension of the causal neural mechanism.
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Introduction

Decision-making is governed by multiple systems, including the fundamental Pavlovian and

instrumental systems. The Pavlovian system involves a pre-preprogrammed behavioral ten-

dency known as Pavlovian bias (i.e., approaching reward-predictive stimuli and avoiding pun-

ishment-predictive stimuli) [1]. In contrast, the instrumental system involves learning the

optimal response to each stimulus by evaluating its outcomes without prior preparation.

Although the Pavlovian bias has several benefits, it may hamper goal-directed behavior. For

example, animals (e.g., pigeons) with strong Pavlovian bias fail to learn to withhold pecking in

response to stimuli predictive of food, even when they can receive food only by withholding

pecking [2, 3]. Humans are also affected by Pavlovian bias in various decision-making situa-

tions, such as dieting [4, 5] or substance abuse [6]. Thus, there is a need to investigate methods

to effectively overcome such bias.

The neural mechanisms that underlie Pavlovian bias are not fully understood, but some

previous research has suggested that the prefrontal cortex plays a pivotal role in overcoming

Pavlovian bias [7–9]. A functional magnetic resonance imaging (fMRI) study of participants

who successfully employed the instrumental system during conflict with the Pavlovian system

found that such individuals showed hyperactivation of the bilateral inferior frontal gyri while

anticipating inhibition [9]. In addition, an electroencephalography study showed that the acti-

vation of the anterior cingulate cortex, as measured by the midfrontal theta power of the

electroencephalogram signal, was associated with overcoming Pavlovian bias [7]. However,

these studies failed to provide conclusive evidence for a causal neural mechanism, and the

brain regions that control Pavlovian bias remained unknown.

We speculated that the dorsolateral prefrontal cortex (dlPFC) might be a key region

involved in controlling Pavlovian bias. The dlPFC has been implicated in higher-level cogni-

tive control and goal-directed actions [4, 5, 10–17]. For example, dieters showed hyperactiva-

tion of the dlPFC when they successfully selected healthy food over tasty food [4]. In addition,

the dlPFC was important in individuals who valued stimuli in a context-dependent manner

and performed goal-directed behavior to maximize reward [10]. Although a previous fMRI

experiment studying the neural correlates of Pavlovian bias did not identify the dlPFC as a can-

didate region [9], the negative results are related to the imaging strategy used in the study,

rather than the lack of a relationship. The imaging was focused on subcortical structures; the

dlPFC regions were not assessed.

In the present study, we evaluated the presence of a causal relationship between the dlPFC

and Pavlovian bias using non-invasive brain stimulation (i.e., transcranial direct current stim-

ulation [tDCS]). Using tDCS was based on several previous studies of modulating decision-

making biases. For example, the competition between the model-based and the model-free sys-

tems [18], as well as affective bias of instrumental action [19], were modulated by tDCS target-

ing the prefrontal cortex.

Overall, we investigated whether anodal tDCS on dlPFC would suppress the Pavlovian bias

(sham-controlled); we sought to identify the causal neural mechanism underlying such bias.

We applied anodal tDCS over the right dlPFC [20–22] for 3 consecutive days [23–25]. On the

third day, we administered a reinforcement learning task known as the orthogonalized go/no-

go task, which measured the degree of Pavlovian bias [9]. The task had four conditions; two

were Pavlovian-congruent, where go was the action required to win the reward and no-go was

the action required to avoid punishment; the two remaining conditions were Pavlovian-incon-

gruent, where go was the action required to avoid punishment and no-go was the action

required to win the reward. Participants were required to learn the correct action for each con-

dition to maximize the reward and minimize punishment. We compared the degree of
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Pavlovian bias across tDCS groups using the difference in behavioral accuracy between Pavlov-

ian-congruent and Pavlovian-incongruent conditions. We also used a model parameter (i.e.,

Pavlovian bias parameter) estimated by computational modeling and hierarchical Bayesian

analysis (HBA) as another index of Pavlovian bias. Under the punishment domain, we found

significantly lower Pavlovian bias in the anodal tDCS group than in the sham group.

Materials and methods

Participants

We recruited 39 participants from Seoul National University in Seoul, Korea, using online and

offline advertisements. The experimental protocol was approved by the Seoul National Univer-

sity Research Ethics Committee and all participants provided informed consent before partici-

pation. Participants were excluded if they were unwilling to participate in the study, or were

not fluent in Korean; they were also excluded if they reported impaired color discrimination,

psychiatric medication use, neurological or psychiatric illness, or any health conditions that

would make them unsuitable for the experiments. In addition, participants were excluded if

they had low-quality data such as sleep during the experiment or results that indicated an

inability to understand the task. Finally, we eliminated participants with a go-to-win accuracy

of< 0.1 because learning failure in the easiest go-to-win condition indicated a lack of under-

standing or concentration. In total, data from 17 and 14 participants in the anodal and sham

sessions, respectively, were analyzed (see below for more information).

Experimental protocol

First, we collected data regarding the participants’ basic demographic information (age and

sex) and psychological characteristics. We administered the Structured Clinical Interview for

DSM-5 to detect mental illnesses. In addition, we evaluated the psychological characteristics of

obsession-compulsion (Yale-Brown Obsessive Compulsive Scale), depression (Beck’s Depres-

sion Inventory), anxiety (State-Trait Anxiety Inventory), and impulsivity (Barratt Impulsive-

ness Scale version 11). The participants visited the laboratory for 3 consecutive days and

repeated the visits to counterbalance the tDCS polarity (six total sessions). For the first 2 days,

participants received tDCS for 20 min; on the third day, participants performed an orthogo-

nalized go/no-go task after they had received tDCS stimulation for 20 min. The daily visiting

time was matched on a within-participant basis to remove the confounding effect of circadian

rhythm [26, 27]. Participants were randomly assigned to receive anodal or sham stimulation

on the first or second 3 days of visits. The first and second sets of visits were separated by a

mean of 24 days. We found significantly better performance in the second task (see S1 Fig),

suggesting a practice effect. Therefore, we analyzed behavior data only from the first task to

avoid any potential confounding effects.

tDCS stimulation

During each session, tDCS was applied for 20 min using circular sponge electrodes (size = 25

cm2) and the Starstim system (Neuroelectrics, Barcelona, Spain). The target electrode was

positioned on the right dlPFC (i.e., F4 according to the 10–10 International 10–20 electroen-

cephalogram electrode system); the return electrode was positioned on the left cheek (Fig 1).

The stimulation protocol was based on previous studies that used tDCS targeting dlPFC [20].

The left cheek was selected as the return position to avoid confounding cortical activation [28–

31]. The stimulation included 30 s of ramp-up and ramp-down at the beginning and end of

the stimulation, respectively. During the anodal session, anodal stimulation to F4 was
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performed for 19 min between ramp-up and ramp-down stimulations; however, in the sham

session, participants were not stimulated between the ramp-up and ramp-down stimulations.

During the stimulation, participants were instructed to sit with their gaze fixed on a crosshair

on the computer monitor. The double-blind mode in the Starstim software was used to ensure

that all experimenters and participants remained unaware of the order of polarity. The soft-

ware blinds the type of current stimulation using a 4-digit password lock set by a third-party

administrator.

We employed some strategies to reduce the potential limitations of tDCS in the current

stimulation protocol. First, the electrode placement and size can affect the spatial distribution

of stimulation [32]. Therefore, we placed a return electrode in an extracephalic area (i.e., left

chick) to minimize the stimulation of other cortical areas and the shunting effect caused by a

short inter-electrode distance [33]. In addition, the effects of tDCS can be confounded by bio-

logical and lifestyle factors [33]. We mitigated such factors by stimulating participants over 3

consecutive days before the task to produce cumulative and larger effects. The participants vis-

ited the laboratory at the same time (variation of< 3 h) to reduce the effects of circadian

rhythm. Finally, to reduce confounding factors related to the experimental design, we used a

sham-controlled double-blind protocol.

Experimental task

We used the orthogonalized go/no-go task reported by Guitart-Masip et al. (2012) (Fig 2). At

the beginning of each trial, a 1000-ms cue (fractal image) was presented to indicate one of four

conditions; go-to-win reward, go-to-avoid punishment, no-go-to-win reward, and no-go-to-

avoid punishment. After a variable interval of 250–2000 ms, a target circle appeared for a max-

imum of 1500 ms, after which the participants responded with go or no-go within 1000 ms.

Fig 1. Montage of tDCS. A sponge was placed over the right dlPFC (F4) to stimulate the brain using weak electric

current (2 mA) for 20 min. Another sponge was placed on the left cheek. This figure was adapted from the protocol

summary panel in Starstim software NIC (copyright notice © Neuroelectrics SLU).

https://doi.org/10.1371/journal.pone.0286632.g001
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After 1000 ms, participants received feedback according to their response and cue condition.

The feedback included virtual monetary gain as a reward, a yellow bar as a neutral outcome,

and an electric shock as punishment instead of monetary loss to maximize the effect of punish-

ment [34]. The optimal response led to a beneficial outcome for each condition, with a proba-

bility of 0.7. Therefore, participants learned the optimal response to each cue from trial and

error. The task included 180 trials, with 45 trials for each condition.

Although money is secondary feedback and shock is primary feedback, we decided to use

monetary gain as the reward and electric shock as the punishment based on previous studies

[34–37]. The electric shock was applied to each participant’s left wrist. The intensity of the

electric shock (2–12.4mA) was adjusted to cause a “moderately unpleasant” sensation (5 points

on an 11-point Likert scale [i.e., 0 = not at all unpleasant, 10 = very un- pleasant]). (see S1 File

for more information).

Behavioral data analysis

Behavioral data were analyzed using R [38]. Response accuracy was calculated as the propor-

tion of correct choices. The difference in accuracy between Pavlovian-congruent and Pavlov-

ian-incongruent conditions was evaluated using Student’s t-test. The behavioral Pavlovian bias

index was evaluated as the difference between the accuracy of Pavlovian-congruent and

Fig 2. Orthogonalized go/no-go task. Four types of stimuli were presented. Two stimuli were Pavlovian-congruent:

go action to win reward and no-go action to avoid punishment. The remaining two stimuli were Pavlovian-

incongruent: go action to avoid punishment and no-go action to win reward. Participants were instructed to maximize

reward and minimize punishment by learning the correct action for each stimulus. Participants were asked to select an

action when a target was presented. The reward was a picture of money, 1000 won (approximately US$ 1), whereas the

punishment was an electric shock to the wrist. RT: response time, ITI: intertrial interval.

https://doi.org/10.1371/journal.pone.0286632.g002
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Pavlovian-incongruent conditions; it was calculated individually for each domain. For exam-

ple, Pavlovian bias index in the punishment domain was calculated by subtracting the accuracy

of the go-to-avoid condition from the accuracy of the no-go-to-avoid condition.

Pavlovian bias ¼ go to winþ no go to avoidð Þ � no go to winþ go to avoidð Þ

Pavlovian bias ðrewardÞ ¼ go to winð Þ � no go to winð Þ

Pavlovian bias ðpunishmentÞ ¼ no go to avoidð Þ � go to avoidð Þ

Computational modeling

We tested three models. A previous study suggested that Model 1 had the best fit and con-

sisted of five parameters (Model RW + noise + bias + Pav; Guitart-Masip et al., 2012). Model

1 calculates the probability of performing (or withholding it) an action in response to the

stimulus in each trial, based on action weights. If a participant successfully learned the

action-reward contingency, the probability of performing a correct action was higher. It is

calculated as follows:

p a1 j sð Þ ¼
expðWtða1; sÞÞ

expðWtða1; sÞÞ þ expðWtða2; sÞÞ

( )

1 � xð Þ þ
x

2
. . . ð1Þ

In particular, the go action probability was larger if the W value for go (a1) was greater

using squashed softmax and for no-go (a2), vice versa. Here, t is the trial number (1� t� 180)

and s is the stimulus (s 2 {1, 2, 3, 4}). The four stimuli indicate four conditions, respectively:

go-to-win reward, go-to-avoid punishment, no-go-to-win reward, and no-go-to-avoid punish-

ment. In addition, a is the action (a 2 {0, 1}), where 1 is go and 0 is no-go. ξ is the irreducible

noise (0� ξ� 1), where a value closer to 1 indicates random choice less considering the W

value. W(a, s) is the action weight, which is defined as follows:

Wtða; sÞ ¼
Qtða; sÞ þ b þ pVtðsÞ if a ¼ go

Qt a; sð Þ otherwise
. . . ð2Þ

(

Q(a, s) and V(s) are updated by each trial according to the equations below:

Qtðat; stÞ ¼ Qt� 1ðat; stÞ þ ε rrt � Qt� 1ðat; stÞð Þ . . . ð3Þ

Vt ðstÞ ¼ Vt� 1 ðstÞ þ ε rrt � Vt� 1 ðstÞð Þ . . . ð4Þ

In Eq (3), r is the feedback (r 2 {-1, 0, 1}), where 1 is the reward, 0 is neutral, and −1 is pun-

ishment. ε is the learning rate (0� ε� 1); If ε is closer to 1, it is more likely to reflect the previ-

ous feedbacks to update Q values. Furthermore, ρ is outcome sensitivity (0� ρ). A larger ρ
indicates the participant subjectively exaggerates the outcome value. Using this process, the Q

value converges to the high-probability outcome for each stimulus when the correct action for

the stimulus is accumulated.

In Eq (4), the V value is updated in a manner similar to the Q value, but it converges to the

high-probability feedback for each stimulus, regardless of the performed actions. In Eq (2), for

the updated Q values when the action was go, the go bias parameter b and V value multiplied

by the Pavlovian bias parameter π (0� π) were added to the Q values; they consisted of the W
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values. A large go bias was correlated with large W(go, s). When the V value converged to

reward, and the action was go, the large Pavlovian bias parameter was correlated with generally

large W(go, reward) and generally small W(no-go, reward). When the V value converged to

punishment and the action was go, the large Pavlovian bias parameter was correlated with gen-

erally small W(go, punishment) and generally large W(no-go, punishment). This suggests that

a large Pavlovian bias parameter was correlated with greater predisposition to Pavlovian-con-

gruent choices.

Model 2 shares almost all equations and updating rules with Model 1, although it has dis-

tinct feedback sensitivity parameters for reward and punishment cues: ρrew, and ρpun, respec-

tively. Therefore, Model 2 contains six parameters. Model 3 shares almost all equations and

updating rules with Model, although it has different Pavlovian bias parameters for reward and

punishment cues: πrew and πpun, respectively. Model 3 contains seven parameters and was used

to test the distinct effect found in behavioral data, where Pavlovian bias was only significant in

the punishment domain.

Model parameter estimation using HBA

The model parameters were estimated using HBA [39–41]. HBA has some advantages over the

traditional maximum likelihood estimation (MLE) method. First, HBA provides estimated

parameters as posterior distributions, rather than the point estimates provided by MLE. The

distributions provide additional information, particularly regarding the uncertainty of esti-

mated values. Second, the hierarchical structure of HBA allows stable and reliable estimation

of individual parameters. Individual-level MLE estimates are often noisy and unreliable;

group-level MLE estimates do not include information concerning individual differences. In

HBA, each individual estimate informs the group estimate (hyperparameter), and the individ-

ual commonalities reflected in the hyperparameter inform individual estimates. Therefore,

individual estimates are more stable and reliable, even when data are insufficient. Previous

studies have found that parameters estimated by HBA are more accurate than parameters esti-

mated by MLE [42].

We separately fitted the models for anodal and sham groups to make stable and reliable

individual estimates that reflected similarities within each group. HBA was conducted by

hBayesDM (v. 1.1.1) [43] and R Stan (v. 2.21.0) [44]. Stan is a probabilistic program used for

Bayesian modeling; it provides inferences based on Markov chain Monte Carlo (MCMC) algo-

rithms, such as the Hamiltonian Monte Carlo, for sampling from high-dimensional parameter

spaces. Weakly informative priors were used to reduce their influence on the posterior distri-

butions [43]. In addition, non-centered parameterization (Matt trick) was used to optimize the

sampling process [45]. We used four independent chains and a sample size of 4000, including

2000 burn-in samples per chain. The use of four independent chains ensured that the esti-

mated parameters were stable, despite variations in the starting points [46]. We also confirmed

the accuracy of parameter estimation by inspecting well-mixed trace plots and the Rhat values

(Rhat< 1.1).

Model comparison

We used LOOIC to compare the models [47]. The LOOIC value for each model was calcu-

lated by estimating the out-of-sample prediction accuracy of the fitted models. This

method uses the log-likelihood from posterior simulations of the estimated parameters.

We used R package loo to identify the model with the lowest LOOIC value, which had the

best fit [47].
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Group comparison of model parameters

For each group-level parameter, we subtracted the posterior distribution of the sham group

from the posterior distribution of the anodal group for analysis of group-level differences.

Group differences were considered credible when the 95% highest density intervals of poste-

rior difference distributions did not include the value 0 [48].

Results

Anodal and sham group characteristics

We analyzed data from 31 participants, including the basic demographic information (age and

sex), psychiatric symptoms, and psychological characteristics (Table 1). There were no signifi-

cant group-level differences in terms of demographic, psychiatric, and psychological variables

Table 1. Descriptive statistics.

Sham (N = 14) Anode (N = 17) p value

Age 25.071 (3.731) 23.529 (3.484) 0.245

Sex; male 5 (35.7%) 8 (47.1%) 0.524

SCIDa

avoidant 2.357 (2.098) 2.294 (1.724) 0.927

dependent 1.286 (1.773) 1.412 (1.228) 0.817

obsessive-compulsive 2.714 (1.816) 3.353 (1.656) 0.315

passive-aggressive 1.000 (1.109) 1.353 (1.967) 0.555

depressive 1.714 (1.858) 2.059 (1.919) 0.618

paranoid 1.500 (1.871) 1.706 (1.929) 0.767

schizotypal 0.857 (1.027) 0.765 (1.480) 0.845

schizoid 0.929 (1.207) 1.412 (1.502) 0.339

histrionic 1.929 (1.269) 2.176 (1.590) 0.640

narcissistic 3.429 (2.503) 3.353 (2.783) 0.938

borderline 1.429 (1.742) 2.941 (3.750) 0.176

antisocial 0.857 (1.406) 0.412 (0.870) 0.289

Y-BOCSb

obsessive 1.357 (2.530) 1.824 (3.206) 0.662

compulsive 4.143 (4.258) 3.688 (3.860) 0.761

BDIc

3.714 (2.920) 9.176 (12.259) 0.115

STAI-Xd

state 38.000 (9.397) 40.941 (9.523) 0.396

trait 37.071 (6.956) 40.176 (10.212) 0.342

BIS11e

cognitive 16.429 (3.322) 16.412 (3.692) 0.990

motor 20.357 (3.934) 19.882 (5.171) 0.780

non-planning 24.571 (5.721) 24.176 (5.637) 0.848

Mean (standard deviation) for continuous variables and count (%) for categorical variables.
aSCID: Structured Clinical Interview for DSM-5
bY-BOCS: Yale-Brown Obsessive Compulsive Scale
cBDI: Beck’s Depression Inventory
dSTAI-X: State-Trait Anxiety Inventory
eBIS 11: Barratt Impulsiveness Scale Version 11

https://doi.org/10.1371/journal.pone.0286632.t001
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between the sham and the anodal groups. We also measured the perceived side effects of

tDCS; we found no differences between groups in terms of itching, skin irritation, skin pain,

fatigue, mood disturbance, and visual distortion (p> 0.05 for all; see S1 Table). However, the

intensity of perceived tingling was significantly higher in the anodal group than in the sham

group (t(91) = -2.12; p = 0.04). In addition, the degrees of headache and difficulty in concen-

tration were significantly higher in the sham group than in the anodal group (headache: t(91)

= 2.84; p = 0.006, concentration: t(91) = 2.15; p = 0.03). The differences in perceived side

effects did not affect the behavioral Pavlovian bias. However, there were significant differences

in perceived duration and continuity of stimulation between the sham and anodal groups (S2

Table).

Behavioral results

We used the difference in behavioral accuracy under Pavlovian-congruent and Pavlovian-

incongruent conditions to compare the degree of Pavlovian bias across tDCS groups. In the

punishment domain, the anodal group did not show any significant difference in behavior

under the two punishment conditions (Fig 3A; t(32) = 0.18; p = 0.86). In contrast, the sham

group exhibited significantly lower accuracy under the Pavlovian-incongruent punishment

condition (e.g., go-to-avoid) than under the Pavlovian-congruent condition (e.g., no-go-to-

avoid) (Fig 3B; t(26) = -2.31; p = 0.03). Neither group exhibited a significant difference in accu-

racy under the two reward conditions (e.g., go-to-win and no-go-to-win). Consistent with

these findings, the behavioral Pavlovian bias index in the punishment domain was significantly

lower in the anodal group than in the sham group (t(29) = -3.09; p = 0.004).

Computational modeling

We tested three computational models to explain the data. Model 1 was a reinforcement learn-

ing model suggested by Guitart-Masip et al. (2012) which included five parameters (ξ: irreduc-

ible noise; ε: learning rate; ρ: outcome sensitivity; b: go bias; π: Pavlovian bias). Model 2 was a

model with six parameters, including separate feedback sensitivity parameters for reward and

punishment cues (ρrew and ρpun), compared to Model 1. Model 3 further separated Pavlovian

bias parameters for reward and punishment cues (πrew and πpun) compared with Model 2. We

compared the models using the leave-one-out information criterion (LOOIC) values, which

were calculated using leave-one-out cross-validation [47] (Table 2). Data from the sham and

Fig 3. Pavlovian bias in the punishment domain decreased in the anodal session (accuracy). In the sham group, we

found a significant difference in behavioral accuracy between the punishment conditions, which indicated the

presence of Pavlovian bias, particularly in the punishment domain. This difference was not observed in the anodal

group. The behavioral index of Pavlovian bias in the punishment domain also showed significantly lower bias in the

anodal group than in the sham group. Error bars indicate SEM. *p< 0.05.

https://doi.org/10.1371/journal.pone.0286632.g003
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anodal groups were fitted separately. Model 3, which had separate Pavlovian bias parameters

for reward and punishment domains the best fit (see S2 and S3 Figs in the supplementary

material to check one-step ahead prediction results). Models 2 and 1 were the second and

third best-fitting models, respectively. Thus, we used estimated parameter values from Model

3 for the subsequent analyses.

Model parameters

We calculated the posterior distributions of all group-level parameters from Model 3; we com-

pared the results between the anodal and sham groups (Table 3, Fig 4). The anodal group dis-

played credibly lower irreducible noise (ξ), compared with the sham group. Go bias (b) was

also credibly lower in the anodal group than in the sham group. Finally, the anodal group had

credibly lower Pavlovian bias in the punishment domain (πpun), compared with the sham

group; this is consistent with the behavioral analysis findings that behavioral Pavlovian bias in

the punishment domain was significantly lower in the anodal group than in the sham group.

Increased involvement of the frontal-striatal network after anodal stimulation might suppress

the biases (e.g. Pavlovian bias in the punishment domain, go bias, and choice randomness),

thereby interrupting goal-directed behavior of the instrumental system.

However, there were no credible differences between groups in terms of other parameters,

such as learning rate (ε), Pavlovian bias in reward domain (πrew), reward sensitivity (ρrew), and

punishment sensitivity (ρpun).

Discussion

Our results suggest a causal role of the dlPFC in modulating Pavlovian bias in the punishment

domain. Moreover, we found that other decision-making tendencies (i.e., go bias and irreduc-

ible noise) were also modulated.

Table 2. Model comparison (LOOIC).

Parameters sham anode

Model 1 ξ, ε, b, π, ρ 1852.5 2168.7

Model 2 ξ, ε, b, π, ρrew, ρpun 1813.6 2129.7

Model 3 ξ, ε, b, πrew, πpun, ρrew, ρpun 1769.7 2093.0

Lower LOOIC values indicated better model performance.

https://doi.org/10.1371/journal.pone.0286632.t002

Table 3. Posterior mean (95% HDI highest density interval) of group mean parameters in anodal and sham groups.

Anode Sham Difference

ξ
irreducible noise

0.027 [0.009, 0.060] 0.092 [0.056, 0.141] -0.064 [-0.117, -0.017]

ε
learning rate

0.430 [0.316, 0.554] 0.321 [0.224, 0.442] 0.107 [-0.052, 0.264]

b

Go-bias

-0.173 [-0.689, 0.334] 1.27 [0.437, 2.46] -1.45 [-2.72, -0.461]

πrew
Pavlovian bias (reward)

0.045 [-0.223, 0.322] -0.141 [-0.428, 0.351] 0.183 [-0.364, 0.587]

πpun
Pavlovian bias (punishment)

-0.063 [-0.212, 0.091] 0.411 [-0.033, 0.855] -0.473 [-0.939, -0.006]

ρrew
reward sensitivity

12.4 [7.72, 21.8] 12.3 [7.63, 21.4] 0.146 [-9.91, 10.7]

ρpun
punishment sensitivity

6.24 [4.69, 8.31] 8.83 [5.92, 14.0] -2.58 [-8.02, 1.02]

https://doi.org/10.1371/journal.pone.0286632.t003
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We found that anodal stimulation of the dlPFC reduced Pavlovian bias, which might be

related to goal-directed control in the frontal-striatal circuit. The frontal-striatal circuit con-

nects the prefrontal cortex and striatum (including following key areas: ventral striatum

[nucleus accumbens], dorsal striatum [caudate and putamen], ventromedial prefrontal cortex,

dlPFC, and dorsal anterior cingulate cortex [dACC]) [17, 49]. The dlPFC neurons that project

to the striatum may modulate the action-outcome contingency that is encoded and updated in

the striatum and ventromedial prefrontal cortex. Therefore, anodal stimulation over the right

dlPFC may facilitate high-level cognitive control [4, 5, 12–17] and enhance goal-directed

behavior by suppressing Pavlovian bias. Another possible mechanism is that anodal stimula-

tion of the dlPFC increases dopamine release in the striatum [50, 51]; when the dlPFC is stimu-

lated, information about instrumental control is transmitted to the striatum, which responds

by increasing dopamine release and overcoming the Pavlovian bias. Furthermore, the tDCS

might lead to increased connectivity between the dlPFC and dACC. The dACC, along with the

Fig 4. Pavlovian bias parameter in the punishment domain and other parameters decreased in the anodal session

(modeling parameter). We found lower parameter values in irreducible noise, go bias, and Pavlovian bias in the

punishment domain in the anodal session, compared with the sham session. The decrease in Pavlovian bias in the

punishment domain is consistent with the behavioral analysis. * 95% highest density interval of the posterior difference

did not include zero.

https://doi.org/10.1371/journal.pone.0286632.g004
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dlPFC, plays a critical role in updating action values and modulating the integration of subjec-

tive value and action-outcome contingency. Previous studies showed that Pavlovian bias was

suppressed by frontal midline theta power, an electroencephalography correlate of dACC [7,

8]. Therefore, it is plausible that the tDCS over the dlPFC facilitated the dACC activation,

which would reduce Pavlovian bias.

However, the current study only found suppression of Pavlovian bias in the punishment

domain, not the reward domain. A recent intracranial study also reported that the electroen-

cephalogram implanted in dlPFC appears to signal punishment learning rather than reward

during the instrumental learning task [52]. The anodal stimulation on dlPFC maybe facilitated

the value updating for the punishment domain and resulted in a significant change in Pavlov-

ian bias only in the punishment domain. On the other hands, the present findings contribute

to knowledge about aversion-related decision-making in the Pavlovian system [53–55]. The

underlying neural mechanisms of appetitive-related decision-making have been widely inves-

tigated, but the mechanisms that underlie aversive-related decision-making have received less

attention [56]. A recent study found that aversive stimuli were associated with active escape

response or passive avoidance response [54]. The authors suggested that serotonin might be

involved in passive inhibitory responses [57–59], while dopamine might be involved in active

escape responses; this is similar to the active approach response toward appetitive stimuli [53,

60]. Therefore, the current results concerning suppression of Pavlovian bias in the aversive

domain, obtained by connecting behavioral activation and avoidance (go-to-avoid), might

reflect a similar neural process for active escape response. These results are consistent with pre-

vious evidence that increased dopamine release after anodal tDCS of the dlPFC might suppress

Pavlovian bias [26, 55]. Future tDCS studies should separate avoidance and escape trials to fur-

ther explore the mechanism that underlies suppression of Pavlovian bias in the punishment

domain.

We also observed decreases in go bias and choice randomness in the anodal group. Because

go bias and choice randomness interrupt the goal of maximizing benefit, a similar mechanism

for interrupting goal-directed behavior may exist, as previously discussed. Increased involve-

ment of the frontal-striatal network (dlPFC, striatum, and dACC) after electrical stimulation

of the dlPFC might lead to the suppression of go bias and choice randomness. We presume

that the instrumental system may gain preference under conflicting conditions between the

instrumental and Pavlovian systems.

Our result showed that decision-making biases were modulated by external intervention,

which may have clinical relevance, particularly for substance misuse and other addictive

behaviors. For example, increased Pavlovian bias has been linked to substance use and gam-

bling disorders [61, 62], while increased go bias, which may reflect impaired response inhibi-

tion, has also been associated with various addictive disorders [63, 64]. Choice randomness

(e.g. decision-making noise or inverse temperature) was greater in patients with cocaine abuse

and gambling disorders than in healthy individuals [65, 66]. Thus, the current findings may

aid in the development of treatments that can reduce the decision-making biases implicated in

the various psychiatric conditions. Because the current study only included healthy partici-

pants, future studies should include individuals with psychiatric disorders.

One of the potential limitations of the current study is that the second session data were

affected by the task practice effect. Therefore, the overall accuracy of task performance was sig-

nificantly higher in the second session than in the first session. To control for the practice

effect, we only analyzed data from the first session and performed between-subject analyses.

The resulting smaller sample size might underpower the current findings. For example, while

our sham group showed similar behavioral patterns reported in the previous study with

healthy controls [9], previously reported Pavlovian bias in the reward domain (go-to-win
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versus no-go-to-win) [9] was not replicated, as the bias was trending but not statistically signif-

icant. Future studies should attempt to eliminate the practice effect from the experimental pro-

tocol and increase the statistical power of the study. Also, we note that the qualitative

difference between electric shock and money might make the experimental design and result

less consistent with the previous study [9], although electric shock has been used as feedback

alongside monetary gain in some studies [34–37]. Lastly, brain regions other than dlPFC were

not tested. Contrasting the effects of stimulating other brain regions to stimulating dlPFC

might strengthen the causal link between dlPFC and Pavlovian bias. However, it should be

also noted that we used a sham-controlled protocol, which is generally considered as effective

control condition [33, 67, 68].

In conclusion, our results suggest a causal relationship between non-invasive dlPFC stimu-

lation and corresponding decision-making behavior. We found reduced Pavlovian bias in the

punishment domain, go bias, and choice randomness after dlPFC facilitation using anodal

stimulation. However, further clarification using neuroimaging techniques is needed to iden-

tify the neural mechanism that underlies the effects of tDCS; efforts are also needed to deter-

mine how biases are modulated by neural changes in the dlPFC and connected brain

networks. In addition, because decision-making biases have been implicated in addictive dis-

orders, our results have practical implications for the treatment of individuals with such disor-

ders. Furthermore, only Pavlovian bias in the punishment, but not the reward domain, was

modulated; thus, there is a need for further studies concerning aversive-related decision-mak-

ing to explain why behavior related to avoiding an aversive state was only modulated by tDCS.
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S1 Fig. The order effect found in choice accuracy. When comparing the task performance of

the first (third day) and the second time (sixth day) the participants conducted, we found sig-

nificantly higher accuracy in the second time. This indicates that the second task performance

is vulnerable to confounding effects caused by the task order. Therefore, we included only the

first task performance to eliminate this potential confounding factor. Error bars indicate SEM.

*p< 0.05.
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S2 Fig. One-step ahead prediction of computational models. We conducted the one-step-

ahead prediction to compare the predicted results and actual choice behaviors. To generate

predictions, we utilized 8000 MCMC samples (2000 samples x 4 chains) drawn from individual

posterior distributions to predict the probability of a “Go” choice in each of the four condi-

tions, and averaged the predictions with each participant. Model 3 (7-parameter model)

emerged as the best performing model, with a mean correlation coefficient of 0.890.
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S3 Fig. Group prediction accuracy of parameters from Model 2 and Model 3. Although

Model 3 was the best model, Model 2 also showed closely comparable prediction values (mean

correlation value = 0.885). The only difference between the two models is the utilization of sep-

arate Pavlovian bias parameters for reward and punishment. Consequently, we further com-

pared Models 2 and 3 and investigated whether having two parameters for Pavlovian bias (as

in Model 3) would aid in classifying tDCS group membership. By employing ridge logistic

regression and leave-one-out cross-validation, we compared the classification accuracy of both

models. Model 3 (AUC = 0.806) demonstrated enhanced classification accuracy in comparison

to Model 2 (AUC = 0.710). Error bars indicate SEM.
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45. Papaspiliopoulos O, Roberts GO, Sköld M. A General Framework for the Parametrization of Hierarchi-

cal Models. Stat Sci. 2007; 22: 59–73.

46. Vehtari A, Gelman A, Simpson D, Carpenter B, Bürkner P-C. Rank-normalization, folding, and localiza-

tion: An improved Rˆ for assessing convergence of MCMC (with discussion). Bayesian Anal. 2021; 16.

https://doi.org/10.1214/20-ba1221

47. Vehtari A, Gelman A, Gabry J. Practical Bayesian model evaluation using leave-one-out cross-valida-

tion and WAIC. Stat Comput. 2017; 27: 1413–1432.

48. Kruschke J. Doing Bayesian Data Analysis: A Tutorial with R, JAGS, and Stan. Academic Press; 2014.

49. Griffiths KR, Morris RW, Balleine BW. Translational studies of goal-directed action as a framework for

classifying deficits across psychiatric disorders. Front Syst Neurosci. 2014; 8: 101. https://doi.org/10.

3389/fnsys.2014.00101 PMID: 24904322

PLOS ONE tDCS on dlPFC modulates Pavlovian bias in the punishment domain bias

PLOS ONE | https://doi.org/10.1371/journal.pone.0286632 June 2, 2023 16 / 17

https://doi.org/10.3389/fncel.2015.00181
https://doi.org/10.3389/fncel.2015.00181
http://www.ncbi.nlm.nih.gov/pubmed/26029052
https://doi.org/10.1212/wnl.57.10.1899
http://www.ncbi.nlm.nih.gov/pubmed/11723286
https://doi.org/10.1016/s1388-2457%2803%2900235-9
http://www.ncbi.nlm.nih.gov/pubmed/14580622
https://doi.org/10.1113/jphysiol.2003.049916
http://www.ncbi.nlm.nih.gov/pubmed/12949224
https://doi.org/10.1088/0031-9155/57/8/2137
http://www.ncbi.nlm.nih.gov/pubmed/22452936
https://doi.org/10.1016/j.neuroimage.2007.01.027
https://doi.org/10.1016/j.neuroimage.2007.01.027
http://www.ncbi.nlm.nih.gov/pubmed/17337213
https://doi.org/10.3389/fnins.2017.00641
https://doi.org/10.3389/fnins.2017.00641
http://www.ncbi.nlm.nih.gov/pubmed/29213226
https://doi.org/10.1073/pnas.1323586111
http://www.ncbi.nlm.nih.gov/pubmed/25071182
https://doi.org/10.1093/scan/nst053
http://www.ncbi.nlm.nih.gov/pubmed/23547242
https://doi.org/10.1523/JNEUROSCI.2026-09.2009
https://doi.org/10.1523/JNEUROSCI.2026-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19923294
https://doi.org/10.1111/j.1467-9280.2009.02304.x
http://www.ncbi.nlm.nih.gov/pubmed/19254237
https://www.R-project.org/
https://doi.org/10.1037/a0020684
https://doi.org/10.1037/a0020684
http://www.ncbi.nlm.nih.gov/pubmed/23795233
https://doi.org/10.1162/CPSY%5Fa%5F00002
https://doi.org/10.1162/CPSY%5Fa%5F00002
http://www.ncbi.nlm.nih.gov/pubmed/29601060
https://mc-stan.org/
https://doi.org/10.1214/20-ba1221
https://doi.org/10.3389/fnsys.2014.00101
https://doi.org/10.3389/fnsys.2014.00101
http://www.ncbi.nlm.nih.gov/pubmed/24904322
https://doi.org/10.1371/journal.pone.0286632


50. Fonteneau C, Redoute J, Haesebaert F, Le Bars D, Costes N, Suaud-Chagny M-F, et al. Frontal Tran-

scranial Direct Current Stimulation Induces Dopamine Release in the Ventral Striatum in Human. Cereb

Cortex. 2018; 28: 2636–2646. https://doi.org/10.1093/cercor/bhy093 PMID: 29688276

51. Fukai M, Bunai T, Hirosawa T, Kikuchi M, Ito S, Minabe Y, et al. Endogenous dopamine release under

transcranial direct-current stimulation governs enhanced attention: a study with positron emission

tomography. Transl Psychiatry. 2019; 9: 115. https://doi.org/10.1038/s41398-019-0443-4 PMID:

30877269

52. Gueguen MCM, Lopez-Persem A, Billeke P, Lachaux J-P, Rheims S, Kahane P, et al. Anatomical dis-

sociation of intracerebral signals for reward and punishment prediction errors in humans. Nat Commun.

2021; 12: 3344. https://doi.org/10.1038/s41467-021-23704-w PMID: 34099678

53. Lloyd K, Dayan P. Safety out of control: dopamine and defence. Behav Brain Funct. 2016; 12: 15.

https://doi.org/10.1186/s12993-016-0099-7 PMID: 27216176

54. Millner AJ, Gershman SJ, Nock MK, den Ouden HEM. Pavlovian Control of Escape and Avoidance. J

Cogn Neurosci. 2018; 30: 1379–1390. https://doi.org/10.1162/jocn_a_01224 PMID: 29244641

55. Paulus MP. Driven by Pain, Not Gain: Computational Approaches to Aversion-Related Decision Making

in Psychiatry. Biol Psychiatry. 2020; 87: 359–367. https://doi.org/10.1016/j.biopsych.2019.08.025

PMID: 31653478

56. Dayan Huys. Neurophysiology: Serotonin’s many meanings elude simple theories. Elife. 2015. Avail-

able: https://elifesciences.org/articles/7390

57. Graeff FG, Silveira Filho NG. Behavioral inhibition induced by electrical stimulation of the median raphe

nucleus of the rat. Physiol Behav. 1978; 21: 477–484. https://doi.org/10.1016/0031-9384(78)90116-6

PMID: 154108

58. Crockett MJ, Clark L, Robbins TW. Reconciling the role of serotonin in behavioral inhibition and aver-

sion: acute tryptophan depletion abolishes punishment-induced inhibition in humans. J Neurosci. 2009;

29: 11993–11999. https://doi.org/10.1523/JNEUROSCI.2513-09.2009 PMID: 19776285

59. Crockett MJ, Clark L, Apergis-Schoute AM, Morein-Zamir S, Robbins TW. Serotonin modulates the

effects of Pavlovian aversive predictions on response vigor. Neuropsychopharmacology. 2012; 37:

2244–2252. https://doi.org/10.1038/npp.2012.75 PMID: 22643930

60. Navratilova E, Porreca F. Reward and motivation in pain and pain relief. Nat Neurosci. 2014. Available:

https://idp.nature.com/authorize/casa?redirect_uri=https://www.nature.com/articles/nn.3811&casa_

token=mV6mzYAzdI4AAAAA:iN9Jw421XS2oV0KY-

RPhvi0qotzoCn3K4pqIDqqeHXHrA8RBCySZLavOtFITL-GCF5jI0FBRkyEjWfo_9Gw https://doi.org/

10.1038/nn.3811 PMID: 25254980

61. Everitt BJ, Belin D, Economidou D, Pelloux Y, Dalley JW, Robbins TW. Neural mechanisms underlying

the vulnerability to develop compulsive drug-seeking habits and addiction. Philos Trans R Soc Lond B

Biol Sci. 2008; 363: 3125–3135.

62. Flagel SB, Robinson TE, Clark JJ, Clinton SM, Watson SJ, Seeman P, et al. An animal model of genetic

vulnerability to behavioral disinhibition and responsiveness to reward-related cues: implications for

addiction. Neuropsychopharmacology. 2010; 35: 388–400. https://doi.org/10.1038/npp.2009.142

PMID: 19794408

63. Zilverstand A, Huang AS, Alia-Klein N, Goldstein RZ. Neuroimaging Impaired Response Inhibition and

Salience Attribution in Human Drug Addiction: A Systematic Review. Neuron. 2018; 98: 886–903.

https://doi.org/10.1016/j.neuron.2018.03.048 PMID: 29879391

64. Spechler PA, Chaarani B, Hudson KE, Potter A, Foxe JJ, Garavan H. Response inhibition and addiction

medicine: from use to abstinence. Prog Brain Res. 2016; 223: 143–164. https://doi.org/10.1016/bs.pbr.

2015.07.024 PMID: 26806775

65. Zhukovsky P, Puaud M, Jupp B, Sala-Bayo J, Alsiö J, Xia J, et al. Withdrawal from escalated cocaine
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