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In value-based decision making, people have to weigh different options based on their subjective value. This process, however,
also is influenced by choice biases, such as choice repetition: in a series of choices, people are more likely to repeat their decision
than to switch to a different choice. Previously, it was shown that transcranial direct current stimulation (tDCS) can affect such
choice biases. We applied tDCS over the medial prefrontal cortex to investigate whether tDCS can alter choice repetition in
value-based decision making. In a preregistered study, we applied anodal, cathodal, and sham tDCS stimulation to 52 partici-
pants. While we found robust choice repetition effects, we did not find support for an effect of tDCS stimulation. We discuss
these findings within the larger scope of the tDCS literature and highlight the potential roles of interindividual variability and

current density strength.
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Introduction

When we make decisions, we are not only influenced by the
decisions we face right now, but also by our previous deci-
sions. Our previous decisions—our decision history—impact
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our decision making both on a short-term timescale (i.e., the
current decision affects the next decision) and on a longer
timescale (i.e., the current decision affects the next couple of
decisions). Such so-called sequential effects have been studied
extensively in the context of perceptual decision making (Cho
etal., 2002; Friind et al., 2014; Gao et al., 2009; Soetens et al.,
1985, 2004; Urai et al., 2019). Recently, we showed that sim-
ilar effects also play a role in value-based decision making in
the form of choice repetition—a sequential effect character-
ized by the tendency to repeat a decision in the subsequent
trial instead of switching to an alternate decision —or hyster-
esis (Scherbaum et al., 2016; Schoemann & Scherbaum,
2020; Senftleben et al., 2019). Thus, the underlying mecha-
nisms of sequential effects seem to affect decision making in a
variety of domains. But what exactly are these mechanisms?

Several studies have used biologically plausible computa-
tional models to show that choice repetition emerges from the
residual activity from the previous trial (Bonaiuto et al., 2016;
Gao et al., 2009; Rustichini & Padoa-Schioppa, 2015;
Scherbaum et al., 2016; Senftleben et al., 2019). This residual
activity creates an advantage for the previously chosen option,
which in turn makes it more likely that this option will be
selected again in the new trial and leads to faster decision
times for repetitions.

Recently, Bonaiuto et al. (2016) probed this account by
altering the decay of residual activity through transcranial
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direct current stimulation (tDCS) in a perceptual decision task.
Transcranial direct current stimulation is a brain stimulation
method where a small electric current is sent through the brain
by placing two electrodes on the scalp of participants. This
electric current changes network dynamics by de- or hyperpo-
larizing the resting membrane potential (Nitsche et al., 2008;
Nitsche & Paulus, 2011). Bonaiuto et al. (2016) modeled the
effect of tDCS stimulation on perceptual choice repetition
using a biologically plausible neural network model. In their
model, two populations of neurons sample evidence for two
decision options (see Fig. 1 for an illustration of the model
architecture). Each population boosts its own activity through
self-excitation. The two populations are connected through
inhibitory interneurons, meaning that the activity of one pop-
ulation suppresses activity in the other population. Through
these processes of self-excitation and mutual inhibition, a
winner-takes-all dynamic emerges and the model settles into
a stable state (either for option 1 or option 2), which marks the
decision. After the model made a decision, the simulated neu-
ral activity decays over time, slowly returning to a neutral
resting level. If a new decision trial starts before both neural
populations have returned to resting level, this influences the
new decision and creates a repetition bias. Thereby, Bonaiuto
and colleagues’ computational modeling analysis revealed
that choice repetition emerges naturally from their biophysical
attractor model, which is in line with other neural network
models of decision making (Berlemont & Nadal, 2019; Cho
et al., 2002; Gao et al., 2009; Rustichini & Padoa-Schioppa,
2015; Scherbaum et al., 2016; Senftleben et al., 2019).

Crucially, the authors further showed that tDCS can alter
choice repetition by changing the membrane potential.
Specifically, they modeled the influence of tDCS through de-
polarization (anodal tDCS) and hyperpolarization (cathodal
tDCS) of the membrane potential. This affected how fast ac-
tivity from the previous trial decayed after a decision had been
made. Under depolarization, it took longer for the residual
activity of the previous trial to decay. Therefore, when the
next decision trial started, this residual activity biased the de-
cision toward repeating the previous decision. Through this
mechanism, depolarization amplified choice repetition effects
and led to faster decision times. In contrast, hyperpolarization
led to a faster decay of residual activity and therefore de-
creased choice repetition effects and increased decision times.
The authors tested these model predictions empirically
through applying tDCS over the left dorsolateral prefrontal
cortex (dIPFC) during a perceptual decision making task. As
predicted, choice repetition was stronger under depolarizing
(anodal) stimulation and weaker under hyperpolarizing
(cathodal) stimulation, which strongly supports the notion that
choice repetition is caused by the residual activity from the
previous trial. In addition, decision times were faster under
depolarizing and slower under hyperpolarizing stimulation,
as predicted by the model.

Recently, we used a similar model to successfully pre-
dict choice repetition effects in value-based decision mak-
ing (Scherbaum et al., 2016; Schoemann & Scherbaum,
2020; Senftleben et al., 2019). In value-based decision
making, it is assumed that people make decisions based
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Fig. 1. Computational model by Bonaiuto et al. (2016). The model sim-
ulates decision making in a random dot kinematogram task, where the
task is to identify coherent motion to the left or the right. The model
consists of two populations of pyramidal cells (p; and pr) and a common
pool of inhibitory interneurons (i). The pyramidal cell populations receive
the task-related evidence as input (left and right motion strength). Each
pyramidal cell population possesses self-excitation, and they mutually
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inhibit each other through the interneurons. In addition, the model in-
cludes background noise. The influence of transcranial direct current
stimulation is simulated via changes of the membrane potential of pyra-
midal cells and interneurons. Anodal stimulation (red) leads to a depolar-
ization of pyramidal cells, whereas cathodal stimulation (green) leads to a
hyperpolarization of pyramidal cells. Figure adapted from Bonaiuto et al.
(2016), DOLI: 10.7554/eLife.20047.003.
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on subjective values that they attribute to the different
choice options. This value signal is generated in the me-
dial prefrontal cortex (mPFC), the brain region most
strongly associated with value-based decision making,
which has been demonstrated in a large number of neuro-
imaging studies (Hare et al., 2009; Hunt et al., 2012;
Kable & Glimcher, 2007; Rolls et al., 2008; Rushworth
et al., 2011), physiological animal studies (Padoa-
Schioppa & Assad, 2006; Strait et al., 2014; Wallis &
Miller, 2003), as well as lesion studies (Camille et al.,
2011; Fellows, 2006; Gléscher et al., 2012). On a behav-
ioral level, we have shown in previous studies that
humans show value-based choice repetition effects
(Scherbaum et al., 2016; Schoemann & Scherbaum,
2020; Senftleben et al., 2019). While the neural origins
of value-based choice repetition effects have been rarely
studied so far in humans, there is evidence that monkeys
show choice repetition effects when choosing between
different types of juice and that this is associated with
neuronal activity in the orbitofrontal cortex (Padoa-
Schioppa, 2013; Padoa-Schioppa & Assad, 2006, 2008;
Rustichini & Padoa-Schioppa, 2015). Furthermore, tDCS
over the mPFC in humans has been shown to alter value-
based decision making through changing activity in the
pretrial interval, as predicted by the same mechanisms of
hyperpolarization and depolarization suggested by
Bonaiuto et al. (2016) (Himmerer et al., 2016). Hence,
this leads us to assume that domain-specific neural net-
work dynamics are involved in choice repetition process-
es, i.e., mPFC for value-based choice repetition, dIPFC
for perceptual choice repetition. In their study,
Héammerer et al. (2016) used a risky choice task where
participants chose between two options with different re-
ward values and probabilities. The probabilities of win-
ning the rewards changed over time. The authors mea-
sured how much participants’ choices were guided by
the expected value of the options compared with how
much they were guided by noise. As predicted by the
same model (Bonaiuto et al., 2016), Himmerer et al.
(2016) found that depolarizing stimulation increased the
influence of background noise and therefore led to an
decrease in choice accuracy (i.e., participants were more
random in their decision making). However, in contrast to
Bonaiuto et al. (2016), the authors did not explicitly con-
sider the influence of the previous decision and did not
investigate choice repetition effects, even though this is
directly predicted by the model.

Here, we close this gap and apply tDCS over the mPFC
in order to alter choice repetition in value-based deci-
sions. We use our previously introduced value-based de-
cision game in which we reliably found choice repetition
effects (Scherbaum et al., 2013, 2016, 2018; Senftleben
et al., 2019). In that game, people have to collect coins in

a two-dimensional virtual world. In each trial, they are
faced with the choice between one coin that has a smaller
value but is closer (i.e., quicker to collect) and another
coin that has a larger value but is further away (i.e., takes
longer to collect). Because people have a limited amount
of time to play the game, they have to decide in each trial
which coin has a higher subjective value to them (i.e., Is it
worth the extra time that they would need to collect the
coin with the higher value?). We now measure how mak-
ing a choice in one trial is affected by the directly preced-
ing choice. We expect that participants will show a choice
repetition bias in their choices and decision times and that
this choice repetition bias is increased under anodal tDCS
and decreased under cathodal tDCS of the mPFC.
Furthermore, we expect that decision times will be faster
under anodal tDCS and slower under cathodal tDCS.

Methods
Preregistered hypotheses

We preregistered this study, including hypotheses and statis-
tical analyses, at https://osf.io/rj4t7. Specifically, we expect
the following hypotheses:

HI.1) Participants show choice repetition when they do
not receive any brain stimulation (sham), that is, they are
more likely to repeat their previous decision than to
switch to a different decision.

H1.2) Because participants have the tendency to repeat
choices, repeating the same choice leads to shorter deci-
sion times than switching to a different choice.'

H2.1.1) Anodal tDCS-stimulation of the mPFC will in-
crease the influence of the previous choice on the current
decision, leading to a higher likelihood of repeating the
same choice (compared with cathodal and sham
stimulation).

H2.1.2) Cathodal tDCS-stimulation of mPFC will de-
crease the influence of the previous choice on the current
decision, leading to a smaller likelihood of repeating the
same choice (compared with anodal and sham
stimulation).

H2.2.1) Anodal tDCS-stimulation of mPFC will decrease
decision times (compared with cathodal and sham
stimulation).

H2.2.2) Cathodal tDCS-stimulation of mPFC will in-
crease decision times (compared with anodal and sham
stimulation).

! Please note that this hypothesis was not pre-registered; we decided to inves-
tigate this hypothesis before data analysis in order to replicate similar findings
from previous studies (e.g., Senftleben et al., 2019)
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Furthermore, we report how we determined our sample
size, all data exclusions (if any), all manipulations, and all
measures in the study. All data and analysis scripts are openly
accessible at https://osf.io/aq9xd/.

Participants

We expected the tDCS stimulation to have a small to medium
effect size, based on effect sizes from similar tDCS-studies
(Andrews et al., 2011; Casula et al., 2017; Fregni et al.,
2005; Hammerer et al., 2016). Based on power analysis using
G*Power (Faul et al., 2007), we needed a sample size of 52 to
detect an effect size of d = 0.4 with a power of 80%. We
recruited participants from the ORSEE-based database
(Greiner, 2015) of the Department of Psychology of the TU
Dresden, Dresden, Germany (80 participants recruited; 24
participants were excluded after the measurement block due
to decision making that did not allow for our experimental
manipulation (see Task design); 1 participant was excluded
because they were familiar with the task and the experimental
design; and 3 participants were excluded due to technical dif-
ficulties with the tDCS device). The final sample consisted of
52 participants (31 females, mean age = 24.52 years, SD =
5.62 years). All participants had normal or corrected-to-
normal vision and did not fulfill any exclusion criteria for
tDCS (see supplementary materials for screening material).
Participants gave informed consent and received reimburse-
ment of 8€ per hour as well as the money that they collected
within the decision task. The study was approved by the
Institutional Review Board at the Technische Universitit
Dresden (EK 155042017) and was performed in accordance
with the Declaration of Helsinki.

Apparatus and stimuli

Figure 2 shows an exemplary view of the value-based deci-
sion game. The game was presented on a 17-inch screen (1280
x 1,024 pixels, 72 Hz). It was controlled using the
Psychtoolbox version 3 (Brainard, 1997; Pelli, 1997) in
Matlab 2006b (the Mathworks, Inc.) on a Windows XP SP2
personal computer. Participants used a Logitech USB comput-
er mouse to make their responses. The decision game
consisted of a two-dimensional world of 20 x 20 fields, with
one field consisting of 50 x 50 pixels. The stimuli used within
this paradigm were circular shapes with a diameter matching
that of a single field (i.e., 50 pixels). Participants controlled an
avatar that they could move freely from field to field by
clicking with the computer mouse into either vertical or hor-
izontal adjacent fields outlined in white. The coins used as
reward stimuli were gold with the value written inside the coin
in red. Throughout the whole task, the remaining time within
each block was displayed above the avatar.
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Fig. 2. Value-based decision game. Participants controlled the red avatar
by clicking into vertical or horizontal fields (outlined by white) using the
computer mouse. Throughout each block, the remaining time was
displayed above the avatar. Upon reaching one of the coins, both coins
disappeared, and the collected credit was added to the overall
accumulated credit and displayed below the avatar. The avatar
remained in the position of the collected coin and could not be moved
until the next trial started (i.e., two new coins appeared). Dark green fields
(representing trees) were included for more intuitive spatial orientation
and were not relevant to the task (i.e., they did not restrict movement and
participants could freely cross these fields).

Two questionnaires were used in this study: the German
version of the Trail Making Test (Rodewald et al., 2012) and
the German version of the Action Control Scale (HAKEMP
90; Kuhl, 1994). The purpose of the questionnaires was to
provide a distraction in between blocks of the experiment,
they were not part of the research question.

Procedure

Participants performed the decision task while receiving tDCS
stimulation in two repeated sessions. The second session took
place exactly one week after the first session (same day and
time). An illustration of the procedure is presented in Fig. 3. In
each session, sham stimulation was started while participants
read the instructions for the game and went through a tutorial
(two minutes) to familiarize themselves with the task. Then
they played one block of the decision game for six minutes
(the so-called measurement block, see Design). We applied
sham stimulation to ensure similar conditions (i.e., presence of
tDCS) as later blocks of the experiment (out of concern that
even sham tDCS might alter decision making).

After that, participants played another four blocks of the
decision game under tDCS stimulation: two blocks under
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Fig. 3. Experimental procedure. A. Illustration of the within-session pro-
cedure. Each session had a measurement (1 block) and an experimental
part (4 blocks). Transcranial direct current stimulation (tDCS) was ap-
plied for two blocks during the experimental part (real tDCS). If real
stimulation was applied during blocks 2 and 3, sham tDCS was applied

sham stimulation and two blocks under real stimulation (either
anodal or cathodal). Each block lasted for 6 minutes.
Participants filled in questionnaires before the first block of
each stimulation (sham or real) in order to allow potential
after-effects of the previous stimulation to subside. Within
one session, the decision game consisted of five blocks that
took 30 minutes in total (1 measurement block with sham
tDCS stimulation, 4 experimental blocks with tDCS stimula-
tion/sham). Participants could determine the length of the
break in between two blocks themselves.

Within a trial of the decision game, two coins always ap-
peared at the same time. Participants had to choose between
these two coins by using the computer mouse to move the
avatar field-by-field until it reached the chosen coin. Upon
reaching that coin, both coins disappeared and the accumulat-
ed credit collected so far appeared. The avatar remained in the
position of the last coin. The next trial started with the appear-
ance of two new coins. The inter-trial interval (IT]) was either
500 or 1,500 ms (see Design). During the ITI, the mouse
cursor was locked to the position of the avatar; it could only
be moved again when the next trial started and new coins
appeared.

Task design

Our study had a within-subject design with two sessions.
Participants received three different types of tDCS stimula-
tion: cathodal mPFC stimulation, anodal mPFC stimulation,
or sham mPFC stimulation. In each session, participants re-
ceived sham stimulation and real stimulation (either anodal or

during blocks 4 and 5 and vice versa. In between blocks 3 and 4, partic-
ipants filled out questionnaires to provide a temporal buffer. B. Order of
tDCS conditions within and across sessions. Each participant went
through one of the four scenarios, which we balanced between
participants

cathodal); participants (but not experimenters) were unaware
of which stimulation they received. We balanced the order of
the stimulation within each session (i.e., if a participant had
received the sham stimulation first in the first session, they
received the real stimulation first in the second session) as
well as between participants (i.e., half received anodal stimu-
lation in the first and cathodal stimulation in the second ses-
sion and half of the participants vice versa).

In each session, participants played the decision game. The
game was split into two different parts: a measurement part
intended to measure participants’ individual decision prefer-
ences (one block of 6 minutes), and an experimental part
intended to induce choice repetition (four blocks of 6 mi-
nutes). For both parts, trials were constructed so that one coin
was closer to the avatar but had a smaller value (small/near
(SN) option), and the other coin was further away but had a
larger value (large/far (LF) option). Coins were situated at
least 90 degrees away from each other with respect to the
avatar. This ensured that moving toward one coin increased
the distance to the other one. One credit in the game equaled
0.01 € in real money, which participants received after the
experiment.

The measurement part of the task consisted of one
block of trials with a wide range of combinations of dis-
tances and values. The SN option was either 2 or 3 fields
away from the avatar, the LF option was either 1, 4, 8, or
12 fields further away from the avatar than the SN option
(this variable is called distance from here on). In each
trial, the value of the LF option was drawn randomly from
a range of 65 to 85 credits, whereas the value of the SN
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option randomly varied between 20% to 95% of the LF
option. During the measurement block, the ITI was kept
constant at 500 ms.

We used the choice data of this measurement block to
estimate participants’ indifference points. Indifference points
describe the specific ratio of SN to LF value where both op-
tions are equally attractive to the participant (i.e., the proba-
bility of choosing either the LF or SN option is 50% respec-
tively). For each participant, we calculated indifference points
for each distance (1, 4, 8, 12 fields) (for details, see the
Supplement). Based on these four indifference points for the
four distances used in the measurement block, we interpolated
the indifference points for the remaining distances between 1
and 12.2 As a result, we obtained estimates of indifference
points for each distance between 1 and 12, which we then
used to construct trials in the subsequent experimental part.
If participants discounted very highly or not all—specifically,
if participants’ discounting did not allow to us to create trials
with values 30% above or below the indifference points for at
least two different distances—the experiment ended after the
measurement block because the manipulation of the experi-
mental blocks would not have been possible.

The experimental part consisted of four blocks. We built
triplets of trials where the first two trials served as bias trials
(SN or LF) and the third trial as a neutral target trial. For the
bias trials, we chose reward values so that either the SN option
or the LF option was more attractive. We achieved this by
setting the value of the SN option either to 30% above the
indifference point, making the SN option more attractive, or
by setting the value of the SN option to 30% below the indif-
ference point, making the LF option more attractive. Based on
participants’ discounting, we identified for which distances
this manipulation was possible (as the indifference point had
to be either below 0.7 for attractive SN trials or above 0.3 for
attractive LF trials) and drew randomly from these distances
for each bias trial. The value of the LF option ranged from 65
to 85.

We constructed neutral target trials—that is, trials where
participants were equally likely to choose either option—by
setting the value of the SN option to the indifference point.
Distances for neutral target trials were drawn randomly from a
range of 1 to 12 fields.

We also varied the ITI between trials. We used a short ITI
(500 ms) and a long ITT (1,500 ms). The ITI between the
second bias trial and the target trial was always short to max-
imize the effect of the bias since choice repetition is strongest
for short ITIs (Bonaiuto et al., 2016; Senftleben et al., 2019).

2 We interpolated in the following ways: If the measured indifference points
were monotonically decreasing, we interpolated cubically using the “pchip”
method within the function interpl in Matlab. If the measured indifference
points were not monotonically decreasing, we fit them to an exponential and a
hyperbolic model. The model that provided the better fit (as quantified by
standard errors) was used to interpolate the indifference points.
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For the other two ITIs (target trial to first bias trial; first bias
trial to second bias trial), one ITI was short and one was long,
but the order was randomized in order to mask the triplet-
structure of the trials from participants.

Transcranial direct current stimulation

We used a battery driven constant current stimulator (DC-
Stimulator Plus, neuroConn GmbH, Germany) and two con-
ductive 5- x 5-cm rubber electrodes. The electrodes were
inserted in synthetic sponges that were soaked in saline solu-
tion and held in position by a headband. We had three differ-
ent stimulation conditions: anodal mPFC stimulation, cathod-
al mPFC stimulation, and sham mPFC stimulation. We placed
the electrodes in the same montage as reported by Himmerer
et al. (2016) and verified mPFC targeting. To this end, we
simulated current flow using SimNIBS (SimNIBS 3.1.2 and
gmsh 3.0; Saturnino et al., 2019), GetFEM (Renard &
Poulios, 2020), and Python code (for results, see Fig. 4). For
anodal mPFC stimulation, the anodal electrode was placed
over electrode Fpz according to the international EEG 10-20
system while the reference electrode was placed just below the
inion, roughly corresponding to Oz. For cathodal mPFC stim-
ulation, electrode placement was reversed. For sham stimula-
tion, we used the same electrode placement as in anodal
mPFC stimulation.

For each active stimulation condition, stimulation was ap-
plied at a constant current of 1 mA for 12 minutes (equals a
current density of 0.04 mA/cm?), with additional fade in and
fade out times of 30 seconds. Stimulation started 2 minutes
before the task. For sham stimulation, stimulation was applied
at a constant current of 1 mA for 30 seconds, with fade in and
fade out times of 30 seconds. This was to ensure that partici-
pants felt the tingling sensation that can occur in the first
seconds of tDCS stimulation, so that they were kept unaware
of the sham condition (Gandiga et al., 2006).

Data analysis

Data processing was carried out in Matlab 2017b running on a
Windows 10 computer. Further statistical analysis was carried
out in JASP version 0.11.1 (JASP Team, 2019). Decision
times were log-transformed for statistical analysis in order to
reduce skewness.

Results
Behavioral results
Results of the measurement block are summarized in the

Supplement. We performed a manipulation check which
showed that we successfully manipulated the subjective
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Fig. 4. tDCS current simulation. A. Illustration of the electrode

placement. 5 x 5 cm electrodes were placed over Fpz and just below
the inion, roughly corresponding to Oz. B. Simulated current flow at

values according to the trial type (i.e., participants chose the
LF option in LF trials, the SN option in SN trials, and were
indifferent in neutral target trials), which is presented in
Figure S2 in the Supplement. In the experimental block, par-
ticipants completed an average of 479.55 trials (SD = 77.87
trials) in session 1 and 492.71 trials (SD = 86.67 trials) in
session 2.

To test for choice repetition in each session, we calculated
the percentage of LF choices in target trials separately for SN
bias or LF bias in the preceding bias trial. We only included
trials from the sham stimulation blocks and trials where the
bias manipulation was successful (i.e., SN choice in SN bias
trial, LF choice in LF bias trial; mean success rates of the bias
manipulation were 80.21% of trials in session 1 (SD =7.66%)
and 79.71% of trials in session 2 (SD = 7.70%)). As planned in
the preregistration, we pooled trials across sham sessions be-
cause there were no significant differences between LF choice
percentages between conditions, #(51) =—1.13, p =0.27, g =
—0.17. We expected choice repetition to lead to more LF
choices in target trials after an LF bias trial compared with
target trials after an SN bias trial (H1.1). Indeed, the percent-
age of LF choices was significantly higher after LF bias trials
(M = 56.15%, SD = 17.53%) compared with after SN bias
trials (M = 40.24%, SD = 15.51%), «(51) = 7.76, p < 0.001
(one-tailed), g = 0.95; see Fig. SA. Exploratory analyses
showed that this choice repetition effect was present in both
sessions (Fig. 5B) and in the vast majority of participants
(79% in the first session, 83% in the second session; see
Figure S3 in the Supplement). The repetition index was cor-
related across sessions ( = 0.28, p = 0.04), hinting to some
degree of within-subjects stability.” Hence, participants
showed choice repetition as expected and this effect was ro-
bust in both sessions.

3 Please note that this is an exploratory analysis and this study was not de-
signed (and not powered) for correlation analyses between sessions.

0V/m
EE

y=-355

130 mV/m 260 mV/m

1 mA showing maximum current at targeted region, i.e., mPFC at
sagittal midline view (left panel) and frontal brain view (right panel;
cut-outat x = 0 and y = —35.5)

Next, we tested if choice repetitions were faster than choice
switches (H1.2). We analyzed log-transformed decision times
in target trials where participants either repeated the choice
from the bias trial or where they switched to the other choice
option. In parallel to the choice repetition analysis described
above, we only included trials from sham stimulation and
trials where the bias trial manipulation was successful.
Averaged across sessions, we found that repetitions (M =
798.65 ms, SD = 125.12 ms) were indeed significantly faster
than switches (M = 852.61 ms, SD = 147.37 ms), #(51) = 9.09,
p<0.001, g=0.39; see Fig. 6A. Hence, we found support for
our hypothesis that repetitions are easier and therefore faster
than switches. Interestingly, we also found that decision times
differed across sessions (Fig. 6B). While we had no prior
hypotheses on session effects regarding decision times, we
ran a 2x2 factorial repeated measures ANOVA with the fac-
tors Session (1 or 2) and Type (repetition or switch) to test
this.* (For descriptive statistics, see Table S2 in the
Supplementary Materials). The analysis revealed a significant
main effect of Type, F(1,51) = 87.87, p < 0.001, npz =0.63,
which is in line with our hypothesis of faster decision times for
repetitions. Post hoc #tests confirmed that this effect was sig-
nificant in each session, ps < 0.001 (Holm-corrected). The
analysis also revealed a significant main effect of Session,
F(1,51)=35.27, p < 0.001, np2 = 0.41, indicating that partic-
ipants were faster in the second session compared with the
first session. The interaction Type x Session was close to
significance, F(1,51)=3.65, p =0.06, npz =0.07, which might
indicate that the decision time effect of repetitions vs. switches
was attenuated in the second session.

In summary, we found support for both our choice repeti-
tion hypotheses: Participants tended to repeat their choices,
and they were faster when repeating choices. We also

4 Please note that this analysis is of exploratory nature, as we did not have any
hypotheses for this session effect
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Fig. 5. Choice repetition effect. Percentage of large/far (LF) choices un-
der sham stimulation, after small/near (SN) or LF bias choice. Panel A
depicts this effect averaged across both sessions, Panel B depicts this

conducted exploratory analyses, which showed that decision
times were generally faster in the second session (possibly
indicating familiarity with the paradigm/training effects), and
that the decision time advantage of repetitions over switches
was somewhat attenuated in the second session.

tDCS results—confirmatory analyses

We expected tDCS stimulation to affect choice repetition (hy-
pothesis 2.1). Specifically, we expected choice repetition to
increase under anodal stimulation and to decrease under cath-
odal stimulation compared with sham (hypotheses 2.1.1 and
2.1.2). Because participants underwent the sham condition in
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Fig. 6. Decision times for target trials under sham stimulation, for
repetitions (rep) of the bias choice and for switches from the bias choice.
A. Effect averaged across both sessions, while B) shows this effect
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effect separately for session 1 (orange circles) and session 2 (blue
squares). Error bars represent standard errors

both sessions and there were no significant differences in
choice behavior between them (see Behavioral results), we
pooled data from both sessions for the sham condition. To test
our hypothesis that tDCS alters choice repetition, we first cal-
culated a repetition index. For this repetition index, we took
the percentage of LF choices in target trials separately for trials
following SN bias choices and for trials following LF bias
choices; we only included trials with a successful bias manip-
ulation (see Behavioral results). We then calculated the differ-
ence between these two LF percentages for each participant;
the bigger this difference is, the stronger is the choice repeti-
tion. We calculated this repetition index separately for each
tDCS condition (Fig. 7). We then ran a one-way repeated
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separately for session 1 (orange circles) and session 2 (blue squares).
Error bars represent standard errors
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Fig. 7. Effect of tDCS stimulation on choice repetition. A. Percentages of
large/far (LF) choices in target trials, after small/near (SN) or LF bias
choice. Cathodal = purple dashed line, anodal = blue dotted line, sham
= orange solid line. B. Perseveration index for each tDCS stimulation.

measure ANOVA with the repetition index as outcome and
with the factor tDCS (anodal, cathodal, sham). Contrary to our
hypothesis, the main effect of tDCS was not significant,
F(2,102) = 1.00, p = 0.37, T]2 = 0.007. Post hoc t-tests of
anodal vs. sham and cathodal vs. sham were also not signifi-
cant, ps > 0.56. Finally, we ran a Bayesian repeated measures
ANOVA that revealed evidence in favor of the null hypothesis
(BFgy; = 6.73; for details, see Supplementary Materials
Table S3). Hence, we did not find any effect of tDCS on
choice repetition and could not confirm hypothesis 2.1.

Our second hypothesis about tDCS was that tDCS alters
decision times (hypothesis 2.2). Specifically, we predicted
that anodal tDCS decreases decision times (H2.2.1) and that
cathodal tDCS increases decision times (H2.2.2). We again
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The repetition index is the difference of LF choice percentage after LF
bias and LF choice percentage after SN bias. Anod = anodal, cath =
cathodal. Error bars represent standard errors

pooled data from the sham conditions of both sessions for
each participant. We log-transformed decision times to
reduce skewness, and we included decision times from
all target trials. We analyzed the log-transformed
decision time by running a repeated measures ANOVA
with the factor tDCS (anodal/cathodal/sham). Against
our expectations, tDCS had no significant effect on
decision times, F(2,102) = 0.31, p = 0.73, n2 = 0.01;
see Fig. 8. Post hoc #-tests of anodal vs. sham and
cathodal vs. sham were also not significant, ps >0.41.
We further ran a Bayesian repeated measures ANOVA
that revealed evidence in favor of the null hypothesis
(BFo; = 12.15; for details, see Supplementary Materials
Table S4).

750 I
anodal

cathodal

[ I
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Fig. 8. Decision times in milliseconds across all target trials, separately for anodal, cathodal, and sham stimulation. Error bars represent standard errors

@ Springer



Cogn Affect Behav Neurosci

tDCS results - exploratory analyses

We ran additional analyses to further investigate our
tDCS null effects. First, we looked at the single-subject
level in order to understand the nature of the tDCS effect
on choice repetition. We thought it possible that perhaps
tDCS modulated choice repetition in some but not in all
participants. However, when looking at the effect of
tDCS on the repetition index in all 52 participants, we
did not find any evidence indicating a systematic influ-
ence of tDCS; rather, there was a considerable amount of
interindividual variance that did not reveal a homoge-
neous pattern (Fig. 9).

Next, we explored potential effects of tDCS on overall
choice behavior. First, we wanted to make sure that our
pooled sham condition was appropriate and not affected
by potential after-effects of tDCS. Although we did not
find any difference between the two sham sessions for
target trials, we wanted to look at choices in all trials of
the experimental block. Hence, we compared overall LF
choice percentages between the sham session where sham
stimulation was first (before real stimulation) with the
sham session where the real stimulation came first. We
found no difference between the two conditions, #51) =
0.98, p = 0.33, g = 0.14 (Fig. 10A). Hence, there is no
evidence that the sham condition that occurred after real

stimulation was influenced by after-effects of tDCS.
Second, we checked whether tDCS affected overall choice
preferences, regardless of trial type. Therefore, we ran a
repeated measures ANOVA with the factor tDCS (sham,
anodal, cathodal) on overall LF choice percentage across
all trials in the experimental blocks (bias and target trials).
Again, we found no evidence for an effect of tDCS,
F(2,102) = 1.49, p = 0.23, n* = 0.008 (Fig. 10B). Third,
we explored whether tDCS had an effect on our trial type
manipulation, that is, whether tDCS altered participants’
sensitivity to the subjective value manipulation (Fig.
10C). We calculated the biasing success rate (i.e., how
often did participants choose the SN option in SN bias
trials and the LF option in LF bias trials) and ran a re-
peated measures ANOVA with the factor tDCS (sham,
anodal, cathodal). There was no significant effect of
tDCS, F(2,102) = 0.25, p = 0.78, n* = 0.002.

Finally, we looked at decision times (Fig. 10D). While our
confirmatory analysis did not reveal an impact of tDCS on
overall decision times, we were interested in looking at the
effect of tDCS on the switch costs we found between choice
repetitions and choice switches. We ran a repeated measures
ANOVA with the factors tDCS (sham, anodal, cathodal) and
trial type (switch, repetition) on decision times in target trials.
Neither the main effect of tDCS, F(2,102) =0.37, p = 0.70, n2
= 0.001, nor the interaction, F(2,102) = 1.33, p = 0.27, nz =
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Fig. 9. Repetition index for each tDCS condition (a: anodal; c: cathodal;
s: sham), displayed for each of the 52 participants. The repetition index is
defined as the percentage of LF choices after LF bias trials minus the
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Fig. 10. Results of exploratory analysis of tDCS. A) Choice percentages
for the large/far (LF) option across all trials in the experimental blocks for
each sham sessions. Sham first means that participants first received
sham, then real stimulation; sham second means that participants first
received real, then sham stimulation. B. LF choice percentages across
all trials in the experimental block for each tDCS condition. Trials in
the sham condition were pooled over the sham blocks of both sessions.

0.001, was significant. The main effect for trial type was sig-
nificant as expected, F(2,102) = 57.05, p < 0.001, n2 =0.02.
Overall, our exploratory analyses did not reveal any further
indications of tDCS effects on behavior.

Discussion

In this study, we investigated whether choice repetition effects
in value-based choices can be altered through transcranial cur-
rent stimulation (tDCS) over the medial prefrontal cortex
(mPFC). While we found model-predicted choice repetition
effects both on choice and on response times, we did not find
evidence for an effect of tDCS.

Choice repetition bias in value-based decisions
Our study shows that, as expected, people have a tendency to

repeat their choices in a value-based decision task. This find-
ing is in line with our previous studies using the same decision
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C. Percentage of successful bias manipulation, that is, bias trials where
participants chose the option that was more valuable (SN choice in SN
bias trials, LF choice in LF bias trials), for each tDCS condition. Sham
conditions were pooled. D) Mean decision times across target trials that
were either a repetition of the previous trial (repeat) or a switch, for each
tDCS condition (sham data pooled across sessions). Error bars represent
standard errors

task, where we gradually made one choice option less and less
valuable and measured how long participants would stick to
that choice option (due to choice repetition tendencies)
(Scherbaum et al., 2016; Schoemann & Scherbaum, 2020;
Senftleben et al., 2019). Our present study shows that choice
repetition is not merely a by-product of longer, gradual deci-
sion sequences; rather, choice repetition also occurs on a trial-
by-trial basis. This effect was equally strong in both sessions,
indicating its robustness. Furthermore, acting against this
choice repetition bias comes at a cost, as indicated by slower
decision times when not repeating the previous choice. This
decision time effect seems more prone to practice effects, as it
was attenuated (but still present) in the second session. In the
context of our paradigm, where participants have to collect as
much rewards as possible under time pressure, longer decision
times have direct costs for the overall task performance and
task rewards. Hence, this might indicate that repeating deci-
sions might be an advantageous strategy (as it minimizes de-
cision time), even though simply repeating decisions can lead
to choosing the less valuable option.
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Our results are in line with other empirical and modeling
work on decision sequence effects in both value-based (Alos-
Ferrer et al., 2016; Himmerer et al., 2016; Rustichini &
Padoa-Schioppa, 2015) and perceptual decision making
(Berlemont & Nadal, 2019; Bonaiuto et al., 2016; Braun
et al., 2018; Gao et al., 2009; Nguyen et al., 2019; Urai
et al., 2019). Hence, while this phenomenon has primarily
received attention in the field of perceptual decision making,
our present study and a growing body of research highlights
that decision sequence effects, such as choice repetition, play a
role in various domains of decision making. Therefore, re-
search on economic and value-based decision making should
take this into account when modeling and predicting choice
behavior, instead of merely focusing on isolated decisions.

No influence of tDCS on choice repetition

Against our expectations, we did not find any effect of medial
frontal tDCS on choice repetition. This goes against previous
results in a perceptual decision-making task (Bonaiuto et al.,
2016). Those authors applied tDCS over the left dorsolateral
prefrontal cortex (dIPFC) while participants performed a ran-
dom dot kinematogram task (identifying if there is coherent
movement to the left or right in a group of mostly randomly
moving dots). The authors found choice repetition effects,
such that participants were more likely to perceive movement
to the left if there was movement to the left in the previous
trial. Crucially, tDCS affected this choice repetition. As pre-
dicted by a computational neural network model, anodal tDCS
(which is thought to depolarize the network) increased the
influence of the previous decision, whereas cathodal tDCS
(which is thought to hyperpolarize the network) decreased
the influence of the previous decision. Furthermore,
Hammerer et al. (2016) demonstrated similar effects in a
value-based decision task while applying tDCS over the
mPFC. In their experiment, they presented participants with
a risky choice task where the probabilities for each option
changed over time. They measured how much participants’
decision making was driven by the expected value of the options
versus by random noise. While the authors did not specifically
investigate choice repetition effects, they showed that anodal
tDCS over mPFC (but not sham or dIPFC stimulation) affected
choice accuracy by amplifying the influence of background noise
in the neural system, particularly in the time period before the
current trial. While inter-trial effects were not investigated, this
would be consistent with an increased influence of the previous
decision (as the decaying activity from the previous trial affects
activity levels in the time period before the current trial).
Therefore, it is surprising that we did not find any influence
of tDCS on choice repetition, which leads us to speculate about
potential explanations for this null effect. We cannot say for
certain that choice repetition effects, such as studied here, orig-
inate in the mPFC, because this has not been studied before in
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humans. Perhaps we did not find any effects of mPFC stimula-
tion on choice repetition, because we simply did not stimulate
the causally responsible brain region. While the mPFC is re-
sponsible for value calculation and therefore choice, it may be
that value-based choice repetition originates in the dIPFC in-
stead (as Bonaiuto et al. (2016) showed for perceptual deci-
sions). In other words, perhaps choice repetition is a domain-
general process that is located in an executive control area, such
as the dIPFC, and not a domain-specific process that is located
in the respective processing area (as we assumed). However,
there are two arguments to be made against this point. First,
choice repetition effects naturally emerge from neural network
dynamics caused by excitation and inhibition. These network
dynamics have been demonstrated to occur in the mPFC.
Specifically, mPFC activity during value-guided choice has
been linked to such neural network dynamics caused by mutual
inhibition and self-excitation in a magnetoencephalography
study with human participants (Hunt et al., 2012). This is cor-
roborated by evidence showing that the levels of inhibitory and
excitatory neurotransmitters (GABA and glutamate) influence
value-based decision making in humans as predicted (Jocham
et al., 2012). In addition, studies in nonhuman primates have
clearly demonstrated choice repetition effects that are tracked
by neurons in the orbitofrontal cortex (Padoa-Schioppa &
Assad, 2006, 2008). Second, the null effects were not specific
to choice repetition. Rather, we did not find any effect of tDCS
on decision making at all. The evidence for the role of mPFC in
value-guided choice is overwhelming, as reviewed in the intro-
duction. Furthermore, medial frontal tDCS has been shown to
affect behavior in various different value-based decision para-
digms, such as probabilistic decision making (Casula et al.,
2017), risky decision making (Himmerer et al., 2016; Leon
et al., 2020), and delay discounting (Manuel et al., 2019).
Hence, successful mPFC stimulation realistically should have
had some impact on choice preferences or decision times, but
we did not find any evidence of that.

This leads us to speculate about potential methodological
explanations for these null effects. To discern potential explana-
tions, we compare our study to Himmerer et al. (2016). The
obvious differences are 1) that our design was slightly different
and 2) that our tDCS stimulation was of weaker intensity. We will
discuss these points as potential limitations in more detail below.

The first divergence is our research design. We implement-
ed anodal, cathodal, and sham stimulation in a within-subjects
design with two separate sessions (whereas Hammerer and
colleagues compared anodal mPFC stimulation to dIPFC
stimulation and no stimulation in separate within-subjects ses-
sion). In each session, participants received both sham and
real (block-wise) stimulation, with the order of sham and real
stimulation balanced within and between subjects. This means
that for each participant, they had one session where the sham
stimulation came before the real stimulation (sham-first) and
one session where the real stimulation came before the real
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stimulation (sham-second). Because tDCS stimulation has
been shown to have after-effects (Nitsche & Paulus, 2001),
it is possible that participants were still influenced by the pre-
ceding real stimulation in the sham-second condition. In that
case, the data collected under the sham-second condition
would not constitute actual sham data. This could potentially
play a role in our null findings, because we pooled sham data
across both sessions. However, we did not find any differ-
ences in decision making between the sham-first and sham-
second conditions. We also did not find any difference be-
tween cathodal and anodal stimulation (which took place in
separate sessions and could not have been affected by any
after-effects). Hence, it is implausible that this null effect is
simply a by-product of our research design.

The second divergence is the tDCS protocol itself. Our
electrode placement and sizes were the same as used by
Héammerer et al. (2016), which is a comparable setup to other
medial frontal tDCS studies (Adenzato et al., 2017; Liao et al.,
2018; Wang et al., 2020; Zheng et al., 2016). However, we
used a lower current intensity of 1 mA (compared with 2 mA
used by Hammerer et al. (2016)). We chose the lower current
intensity after all participants of a pilot study correctly indi-
cated when they received real compared with sham stimula-
tion, even with a gradual increase of current intensity in both
the real and sham stimulation conditions as suggested in the
literature (Gandiga et al., 2006). We wanted to ensure that
participants remained blind to the tDCS conditions and that
they did not experience any strong side effects that might in
turn affect their behavior. Therefore, we decided to use a cur-
rent intensity of 1 mA, yielding a current density of 0.04 mA/
cm?. This is a common current density strength that has been
used in various other tDCS studies (Bogdanov et al., 2015;
Gandiga et al., 2006; Hummel et al., 2005; Hummel & Cohen,
2005; Iyer et al., 2005; Yuan et al., 2017), and significant
effects of tDCS on cognition have even been reported for
lower current densities, such as 0.029 mA/cm? (for a review,
see Nitsche & Paulus, 2011). However, current density and
focality is a topic of ongoing research and discussion. For
example, there is considerable intra- and interindividual vari-
ability in how people respond to tDCS stimulation (Chew
et al., 2015; Fig. 9), and there is an ongoing debate on the
specifics of electrode sizes and setups (e.g., standard vs. high-
definition tDCS, cephalical or extra-cephalical reference elec-
trodes; see Nitsche & Paulus, 2011). Furthermore, it is unclear
whether the relationship between electric current density and
cortical excitability is linear or nonlinear (Bastani &
Jaberzadeh, 2013; Batsikadze et al., 2013; Ho et al., 2016;
Kidgell et al., 2013). In addition, the effects of current density
might depend on the targeted brain area. Reflecting this un-
certainty, a recent guide on conducting tDCS studies recom-
mends that stimulation duration and current density should
“replicate similar protocols that have stimulated the same tar-
get region as the proposed experiment” (Thair et al., 2017, p.

5). Taking a closer look at publications reporting significant
effects of medial frontal tDCS on cognitive processing, cur-
rent densities of 0.057 mA/cm? or higher dominate the field in
recent years (Casula et al., 2017; Chib et al., 2013; Civai et al.,
2014; Hammerer et al., 2016; Liao et al., 2018; Mainz et al.,
2020; Manuel et al., 2019; Zheng et al., 2016). Amongst the
few studies reporting lower current densities, one did not find
any effects of anodal or cathodal tDCS on performance in a
trust game (Colzato et al., 2015). Two other studies reported
mixed results based on gender effects and direction of current
flow (Adenzato etal., 2017; Wang et al., 2020). To our knowl-
edge, so far there is no systematic investigation of current
strength density in medial frontal tDCS and its effects on
decision making. However, a study on working memory per-
formance directly compared the effect of tDCS over the dIPFC
under low (0.029 mA/cm?) and high (0.057 mA/cm?) current
density and found a significant effect only for high current
density (Teo et al., 2011). The same pattern was found for
tDCS over the right intraparietal sulcus in a visual attention
task, where again only a current density of 0.057 mA/cm?
(compared with 0.029 mA/cm?) had a significant effect on
performance (Moos et al., 2012). Taken together, this leads
us to speculate that for medial frontal tDCS, current densities
of 0.04 mA/cm? may be insufficient to affect cortical excit-
ability reliably in a majority of people; hence, interindividual
variability, as we found in our study (Fig. 9), may then lead to
a null effect. Future research is necessary to clarify this 1) by
systematically investigating the effect of current density on
medial frontal cortex excitability, and 2) by replicating the
current study with a stronger current density. Attention needs
to be paid to potentially stronger side-effects and their conse-
quences for participants’ blindness to the study protocol.

Conclusions

In our preregistered study, we show that humans display a
robust choice repetition bias in value-based decision making.
Specifically, this is reflected in faster decision times and in a
higher frequency of choice repetitions as compared to
switches. We did not find any effect of medial frontal tDCS
on decision making. This may be a consequence of interindi-
vidual variability in the tDCS effect and its interaction with
current strength density or may question the robustness of
medial frontal brain involvement in this type of decision task.
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