
Zurich Open Repository and
Archive
University of Zurich
University Library
Strickhofstrasse 39
CH-8057 Zurich
www.zora.uzh.ch

Year: 2017

Binding oneself to the mast: stimulating frontopolar cortex enhances
precommitment

Soutschek, Alexander ; Ugazio, Giuseppe ; Crockett, Molly J ; Ruff, Christian C ; Kalenscher, Tobias ;
Tobler, Philippe N

Abstract: Humans often give in to temptations that are in conflict with valuable long-term goals like
health or saving for the future. Such willpower failures represent a prevalent problem in everyday life and
in many psychiatric disorders. Strategies that increase resistance to temptations could therefore improve
overall societal well-being. One important strategy is to voluntarily precommit, i.e. to restrict one’s future
action space by removing the tempting short-term option from the choice set, thereby leaving only the
long-term option for implementation. The neural mechanisms necessary to implement precommitment
have remained unknown. Here, we test whether anodal transcranial direct current stimulation (tDCS)
over the frontopolar cortex (FPC) can improve precommitment. Participants performed a self-control
task in which they could precommit to obtain a delayed larger reward by removing an immediately
available smaller reward from the future choice options. We found that anodal stimulation over FPC
selectively increased the propensity to precommit. In contrast, tDCS had no effects on non-binding
decisions, impulse control or reward preference. Our data establish a causal role for the FPC in the
implementation of precommitment, revealing a novel route to improving resistance against temptations.

DOI: https://doi.org/10.1093/scan/nsw176

Posted at the Zurich Open Repository and Archive, University of Zurich
ZORA URL: https://doi.org/10.5167/uzh-143411
Journal Article
Published Version

 

 

The following work is licensed under a Creative Commons: Attribution-NonCommercial 4.0 International
(CC BY-NC 4.0) License.

Originally published at:
Soutschek, Alexander; Ugazio, Giuseppe; Crockett, Molly J; Ruff, Christian C; Kalenscher, Tobias;
Tobler, Philippe N (2017). Binding oneself to the mast: stimulating frontopolar cortex enhances precom-
mitment. Social Cognitive and Affective Neuroscience, 12(4):635-642.
DOI: https://doi.org/10.1093/scan/nsw176



Binding oneself to the mast: stimulating frontopolar

cortex enhances precommitment

Alexander Soutschek,1 Giuseppe Ugazio,1 Molly J. Crockett,2

Christian C. Ruff,1 Tobias Kalenscher,3 and Philippe N. Tobler1

1Laboratory for Social and Neural Systems Research, Department of Economics, University of Zurich, Zurich -

8006, Switzerland, 2Department of Experimental Psychology, University of Oxford, Oxford, UK, and
3Comparative Psychology, Institute of Experimental Psychology, Heinrich Heine University Dusseldorf,

Dusseldorf, Germany

Correspondence should be addressed to Alexander Soutschek, Laboratory for Social and Neural Systems Research, Department of Economics, University
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Abstract

Humans often give in to temptations that are in conflict with valuable long-term goals like health or saving for the future.

Such willpower failures represent a prevalent problem in everyday life and in many psychiatric disorders. Strategies that in-

crease resistance to temptations could therefore improve overall societal well-being. One important strategy is to voluntar-

ily precommit, i.e. to restrict one’s future action space by removing the tempting short-term option from the choice set,

thereby leaving only the long-term option for implementation. The neural mechanisms necessary to implement precom-

mitment have remained unknown. Here, we test whether anodal transcranial direct current stimulation (tDCS) over the

frontopolar cortex (FPC) can improve precommitment. Participants performed a self-control task in which they could pre-

commit to obtain a delayed larger reward by removing an immediately available smaller reward from the future choice op-

tions. We found that anodal stimulation over FPC selectively increased the propensity to precommit. In contrast, tDCS had

no effects on non-binding decisions, impulse control or reward preference. Our data establish a causal role for the FPC in

the implementation of precommitment, revealing a novel route to improving resistance against temptations.
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Introduction

Homer’s Odysseus ordered his crew to tie him to the mast in

order to resist the Sirens’ deadly temptation. Such voluntary re-

strictions of one’s future choice options in order to avoid antici-

pated willpower failures are referred to as “precommitment.”

The need for strategies to resist temptations stems from the

limited ability to resist appealing immediate rewards (Muraven

and Baumeister, 2000). Caving into temptation hampers the

achievement of higher-order goals like health or saving money

for the future, causing great costs to individual and societal

well-being. Moreover, self-control problems are among the

defining symptoms of several psychiatric disorders, including

addiction and obesity (Kirby et al., 1999; Bickel and Marsch, 2001;

Baumeister and Vonasch, 2015; Stutzer and Meier, 2015). Thus,

finding means to facilitate the implementation of higher-order

goals has both clinical and societal relevance.

While most research on self-control has focused on the abil-

ity to resist temptation impulses through willpower, there is

evidence that precommitment represents an effective alterna-

tive strategy that enables humans to make binding choices and

thereby avoid impulse control failures in many situations of

everyday life (Rachlin and Green, 1972; Kalenscher and
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Pennartz, 2008; Fujita, 2011 ). For example, many humans buy

unhealthy food only in smaller quantities to restrict their access

to such “vices” (Wertenbroch, 1998), voluntarily impose strict

deadlines in order to avoid procrastination (Ariely and

Wertenbroch, 2002) or invest money in inaccessible retirement

funds. Enhancing precommitment therefore has the potential

to increase individual and societal well-being in many respects,

especially for impulsive agents (Kurth-Nelson and Redish, 2010,

2012). In line with this assumption, gambling machines requir-

ing the gambler to preset a maximum loss limit reduced the ex-

penditure of pathological gamblers (Ladouceur et al., 2012).

Despite its societal and clinical relevance, the neurocogni-

tive mechanisms underlying precommitment are largely un-

known. One functional magnetic resonance imaging (fMRI)

study (Crockett et al., 2013) has identified regions that may play

a role in making binding choices. In contrast to conditions in

which no precommitment was possible, precommitment

choices activated the frontopolar cortex (FPC). The authors con-

cluded that the FPC might be involved in monitoring the ex-

pected value of precommitment. In this view, FPC biases

decisions in favor of precommitment when the expected value

of precommitment exceeds the costs of restricting one’s choice

options. If this assumption is correct, it should be possible to

improve precommitment by stimulating the FPC with anodal

transcranial direct current stimulation (tDCS), because anodal

tDCS is thought to increase the neural excitability of the stimu-

lated brain region (Nitsche and Paulus, 2000). Increasing the ex-

citability of the FPC should enhance its sensitivity to the

expected value of precommitment, which in turn should facili-

tate the decision to precommit to the delayed reward. In add-

ition, we tested for potential effects of cathodal tDCS over FPC,

which decreases neural excitability and may thus reduce pre-

commitment (but note that cathodal tDCS tends to show

weaker effects on cognitive functions than anodal tDCS; see

Jacobson et al., 2012). We expected anodal tDCS over FPC to in-

crease the number of precommitment choices in a self-control

task (Crockett et al., 2013). Such a finding would indicate a

causal link between FPC activation and precommitment and

provide insights into potential ways of improving precommit-

ment in disorders related to self-control problems.

Importantly, we assessed the specificity of FPC stimulation

on the willingness to engage in precommitment by testing for

tDCS effects on other cognitive processes that may play a role in

precommitment. In particular, the propensity to make precom-

mitment choices for delayed rewards might also be influenced

by the propensity to make nonbinding choices of delayed re-

wards, by the ability to resist temptation impulses or by the

preference for larger, relative to smaller, rewards. Therefore, we

examined whether tDCS over FPC affects nonbinding choices of

delayed rewards, impulse control and preference for larger re-

wards. Because our neuroimaging results ascribe the FPC a spe-

cific role in making precommitment choices (Crockett et al.,

2013), we hypothesized that anodal tDCS over FPC would select-

ively improve precommitment without affecting choices in the

control conditions.

Materials and methods

Participants

Seventy-eight healthy heterosexual males (mean age ¼ 23.1

year, age range 18–38 years) volunteered in the study after having

given informed consent. Two further subjects were excluded for

not following task instructions, i.e. for not permanently keeping

their response fingers on the response keys during the delay

phases. Three further subjects were removed from the analysis

because they showed a preference for the smaller reward in the

no-delay condition (the inclusion of all of these subjects, how-

ever, did not qualitatively change the results). The study was

approved by the local ethics committee of the Canton Zurich.

Stimuli

Subjects performed a decision task requiring them to make

choices between smaller sooner (SS) and larger later (LL) rewards.

As the task included relatively short delays in the range of 4–10 s,

we used erotic stimuli as primary reinforcers consumable at the

time of delivery (Prevost et al., 2010; Crockett et al., 2013). In order

to approximately match the subjective value of SS and LL rewards

across subjects, all subjects had to rate the attractiveness of 300

pictures of women in lingerie on a Likert-scale of 0–10 some days

(mean ¼ 3.2 days) before the main experimental session. Based

on these ratings, we constructed individualized stimulus sets by

first removing all pictures rated as not attractive (ratings of 0 or 1)

and then splitting the remaining pictures at each individual’s me-

dian. Pictures rated above the median were designated as LL re-

wards (mean attractiveness rating¼ 7.1) and those below were SS

rewards (mean attractiveness rating¼ 4.2). Thus, an individual-

ized set of SS and LL pictures was used for each subject in the

main experimental session. Moreover, the same picture was

never shownmore than once in order to avoid saturation effects.

The task included the following four conditions: precommit-

ment condition, opt-out condition, willpower condition and no-

delay condition (Figure 1). The precommitment condition

started with a pre-delay phase (4 s): subjects decided whether to

have a free choice between the SS and the LL option during a

subsequent delay phase or to precommit to the LL option,

removing the SS option from the delay phase. The LL reward

was presented automatically after the indicated temporal delay,

except if the SS option was chosen before (in which case the SS

reward was presented immediately). Subjects indicated their

choice by pressing the left control key (for the option shown on

the left side of the screen) or the right control key (for the option

on the right side of the screen) on a QWERTZ keyboard. The as-

signment of options to screen sides was counterbalanced across

subjects. If subjects decided to have the free choice (i.e. not to

precommit), then a delay phase started after the pre-delay

phase. In contrast, if subjects decided to commit to the LL op-

tion in the pre-delay phase, the SS reward was not available for

selection during the delay phase, such that subjects could not

reverse their decision for the LL reward during the delay.

Depending on subjects’ choices, either the SS or the LL reward

was presented for 2.5 s, followed by a variable inter-trial interval

(ITI) in which a fixation cross was presented on the center of

the screen. If subjects chose the LL option, the length of the

ITI was 1.5 s, whereas in case of SS choices the remaining

duration of the terminated delay phase was added to these

1.5 s. This was done to ensure that subjects could not finish the

task more quickly by choosing the SS reward, and we informed

subjects about this procedure before the start of the

experiment.

The opt-out condition tested whether stimulation effects on

LL choice depended on the binding nature of the precommit-

ment option. The opt-out condition was closely matched to the

precommitment condition in terms of choice structure and

choice complexity, with the exception that participants could

not precommit themselves to the LL reward. Thus, just as pre-

commitment trials, opt-out trials, too, started with a pre-delay
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phase. In this pre-delay phase, subjects chose whether to see

the SS reward immediately after the pre-delay phase or to wait

for the LL reward. If subjects decided to wait, then the pre-delay

phase was followed by the same delay phase as in the precom-

mitment condition after a non-commitment choice, in which

the SS reward remained available for selection. Thus, in con-

trast to the precommitment condition, subjects’ choice of the LL

reward in the pre-delay phase of the opt-out condition was not

binding as subjects could reverse their decisions during the

delay phase and select the SS reward.

The willpower condition assessed stimulation effects specif-

ically when subjects were exerting self-control. Trials in this

condition included no pre-delay phase but started with a delay

phase, in which only the SS reward was available for immediate

selection, whereas the LL reward was presented automatically

after the indicated temporal delay. This delay phase was termi-

nated immediately if subjects chose the SS option (in this case,

the remaining part of the terminated delay phase was again

added to the ITI). Thus, the willpower condition required sub-

jects to suppress the temptation to choose the SS reward in

order to obtain the LL reward, allowing us to control for poten-

tial stimulation effects on impulse control.

Finally, the no-delay condition assessed whether stimula-

tion affected preference for larger rewards irrespective of tem-

poral delay. In trials of this condition, both the smaller and the

larger rewards were available for selection during the pre-delay

phase. The chosen reward was presented immediately (i.e.

without temporal delay) after the pre-delay phase. In the sham

group, this condition allowed us also to validate the effective-

ness of our reward manipulation by testing whether subjects in-

deed show a preference for the larger over the smaller rewards

when delays are absent. In addition, it allowed us to control for

potential effects of tDCS over FPC on reward preference.

Before the start of the stimulation, subjects obtained de-

tailed task instructions and performed six trials of each task

condition as practice. During stimulation, we presented a total

of four blocks per condition, with each block containing six tri-

als (with balanced numbers of 4, 7 and 10 s delays). Thus, 24 tri-

als were presented per condition, resulting in a total of 96 trials.

The experimental blocks were presented in randomized order.

Fig. 1. Schematic illustration of task conditions and trial procedure. In all task conditions, subjects chose between a SS and a LL option. When making their choices,

subjects did not know which pictures exactly would be presented and could only decide between a more attractive (LL) and a less attractive (SS) option. The duration of

the delay subjects had to wait in order to obtain the LL reward was indicated above the LL option (4, 7 or 10 s). Solid lines indicated that the option was currently avail-

able for selection, whereas dashed lines indicated that the option was currently not available for selection. (A) The precommitment condition included a pre-delay

phase in which subjects decided whether or not to make a precommitment choice for the LL reward. If subjects decided to precommit to the LL reward, then the SS op-

tion was not available during the delay phase, such that subjects could not reverse their initial choice and the LL reward was delivered automatically after the delay. If

subjects preferred not to precommit but to have the free choice between SS and LL options, then the SS reward was available for selection during the delay phase, pre-

sumably requiring subjects to suppress the impulse to select the SS reward while waiting for the LL reward. If subjects chose the SS option during the delay phase, the

reward was delivered immediately, otherwise, the LL reward was delivered automatically after the indicated delay. (B) In the pre-delay phase of the opt-out condition,

subjects decided between obtaining the SS reward immediately or waiting for the LL reward. During the delay phase, the SS option remained available for selection,

such that (contrary to the precommitment condition) choices were not binding and subjects could reverse their initial preference for the LL option. (C) The willpower

condition consisted of the delay phase of the precommitment task. Thus, there was no pre-delay phase, the SS reward was available for selection, while in case of in-

action the LL reward was presented automatically after the indicated delay. (D) The no-delay condition included only a pre-delay but no delay phase. The chosen

smaller or larger reward option was presented immediately after the decision phase.
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The total duration of the task was 23min. In order to increase the

distinctiveness of the conditions, the frames of the available and

unavailable options were shown in different colors (the assign-

ment of conditions to colors was counterbalanced across sub-

jects). In addition, before the start of a block, a cue presented for

2 s alerted subjects to the upcoming condition (e.g. “blue task”).

tDCS protocol. We applied anodal, cathodal or sham tDCS

using a multi-channel stimulator over the left FPC region show-

ing the strongest BOLD response during binding relative to non-

binding choices (peak activation: x ¼ �34, y ¼ 58, z ¼ �8) in the

study by Crockett et al. (2013). Figure 2 illustrates electrode pos-

itioning and the modeled current density for anodal stimulation

(Jung et al., 2013). In 31 participants, we used T1-scans of the in-

dividual subject to determine the center point of the frontal elec-

trode over the left FPC with Brainsight 2.0 frameless stereotaxy.

As we found the center of the frontal electrode to be reliably

placed at electrode position LL1 on a Waveguard Duke 128 chan-

nels cap in these subjects, we fixed the electrode at this elec-

trode position for the remaining subjects. The vertex electrode

was placed over electrode position Z7 on the 128 channels cap.

As frontal and vertex electrodes, we applied standard 5 � 5 and

10 � 10cm electrodes, respectively, fixed by rubber straps. We

used larger vertex than frontal electrodes to minimize the stimu-

lation effect at the control vertex site relative to the FPC site.

During task performance, we stimulated subjects with 1mA

current strength in the anodal and cathodal groups, while in the

sham group, the current was turned off after 30 s. Such sham

tDCS protocols have been shown to reliably blind participants

(Woods et al., 2016). To account for possible delays in the onset

of tDCS effects, subjects had to wait 4min following stimulation

onset before they started the self-control task.

Data analysis. We used mixed general linear models (MGLMs)

as implemented in IBM SPSS 22 to analyze subjects’ choices in

the four experimental conditions. We excluded all trials in

which subjects failed to make a choice within the duration of

the 4 s pre-delay phase of the precommitment (mean dropout

rate ¼ 1.5%), opt-out (1.6%) and no-delay (1.3%) conditions. The

advantage of MGLMs over analyses of variance is that they

allow to flexibly control for potentially confounding effects of

covariates (see below) when modeling the effects of the experi-

mental manipulations. Specifically, we analyzed the effects of

anodal and cathodal tDCS on choices in the pre-delay phases of

the precommitment, opt-out and no-delay conditions, and in

the delay phase of the precommitment, opt-out and willpower

condition. We predicted subjects’ propensity to make a binding

choice for the larger reward in the precommitment condition

and to choose the larger reward (percentage of choices of larger

reward relative to all choices) in the other conditions using

stimulation predictors for active, i.e. anodal and cathodal, tDCS.

Importantly, our results are robust against analyzing choices in-

stead of mean choice probabilities. The two stimulation pre-

dictors were dummy variables that were set to 1 if a subject

received anodal or cathodal tDCS, respectively, otherwise their

value was set to 0. Thus, they allowed us to test for effects of an-

odal and cathodal tDCS relative to baseline performance in the

sham condition. In conditions where the larger reward was de-

livered after a temporal delay (i.e. precommitment, opt-out and

willpower), we included also predictors for delay length (4, 7 or

10s) and the interactions between delay length and anodal or

cathodal tDCS. Because the willingness to precommit depends on

individual differences in delay discounting and impulsiveness

(Noor, 2007; Kurth-Nelson and Redish, 2012; Crockett et al., 2013),

and because delay discounting varies across the lifespan

(Steinberg et al., 2009), we included covariates for delay discount-

ing, age and impulsiveness as predictors of no interest. Delay dis-

counting and impulsiveness were measured using the delay

discounting questionnaire of Kirby et al. (1999; German version by

Forstmeier and Maercker (2011)) and the Barratt Impulsiveness

Scale (BIS-15; Spinella, 2007; German version by Meule et al., 2011),

respectively. All predictors for tDCS, delay length and the covari-

ates represented fixed effects. In addition, a subject regressor rep-

resented a random effect. The observed result pattern was robust

to excluding these covariates from the model. Parameter esti-

mates were obtained using maximum-likelihood estimation and

tested for significance using F-statistics.

Results

Baseline measures and task validation

We randomly assigned 78 subjects to one of three between-

subjects experimental groups that received anodal (27 subjects),

cathodal (26 subjects) or sham (25 subjects) tDCS over the FPC

while performing the self-control task. The three experimental

groups were well balanced with respect to age as well as

Fig. 2. Illustration of electrode positioning and modeled current density for the anodal stimulation over the left FPC.

638 | Social Cognitive and Affective Neuroscience, 2017, Vol. 12, No. 4

Downloaded from https://academic.oup.com/scan/article-abstract/12/4/635/2972862
by University of Zurich user
on 15 December 2017



baseline measures of impulsiveness (Spinella, 2007) and delay

discounting (Kirby et al., 1999), all F < 2, all P > 0.14. In addition,

to control for potential tDCS effects on subjects’ emotional

state, we measured their mood, alertness and calmness before

the start and before the end of stimulation using the multidi-

mensional mood state questionnaire (Steyer et al., 1994). Again,

there were no significant differences between tDCS groups, all F

< 1, all P > 0.43. These data suggest that potential tDCS effects

are not confounded with baseline group differences in delay

discounting, impulsivity or mood.

First, we evaluated the effectiveness of our task manipula-

tions by examining choice behavior of the sham group. In the

no-delay condition, subjects predominantly chose the high-

rated pictures (mean ¼ 97%, standard error of the mean (SEM)

¼ 2%), suggesting a strong preference for the large rewards over

the small rewards when both were available immediately. Note

that this also holds when the three subjects with a preference

for the low-rated images (see Materials and methods) were

included into the analysis (mean ¼ 95%, SEM ¼ 3%). Compared

to the no-delay condition, preference for the larger reward op-

tion significantly dropped in the precommitment (mean ¼ 76%,

SEM ¼ 5%; collapsing over pre-delay and delay phase); opt-out

(mean ¼ 68%, SEM ¼ 5%; collapsing over pre-delay and delay

phase); and willpower (mean ¼ 69%, SEM ¼ 6%) conditions, all

t(24)> 4.56, all P < 0.001 (Figure 3A). Thus, whenever the LL re-

ward was available only after a temporal delay, subjects were

more likely to choose SS compared to when the LL reward was

presented without a delay.

Next, we tested the efficacy of precommitment as a self-

control strategy by comparing the consumption of larger later

rewards in the precommitment condition with the opt-out and

willpower conditions. Note that for this analysis (as for the pre-

ceding one), we collapsed data across the pre-delay and delay

phases of the precommitment and opt-out conditions to obtain

an indicator of the overall consumption of larger reward

images. As hypothesized, the possibility to make binding

choices in the precommitment condition resulted in a signifi-

cantly higher number of LL choices relative to both the will-

power and opt-out conditions, all t(24) > 2.47, all P < 0.05,

confirming previous findings that precommitment is an effect-

ive self-control strategy (Noor, 2007; Kurth-Nelson and Redish,

2012; Crockett et al., 2013). As the preference for the larger re-

ward dropped in conditions where the rewarding stimulus was

presented after a temporal delay, we further tested how the

length of the delay affected reward preference. We found that

delay length (4, 7 or 10 s) predicted preference for the LL reward

in the willpower task, F(1,75) ¼ 4.93, P < 0.001, indicating that

the subjective value of the LL reward was discounted as a func-

tion of increasing temporal delay (Figure 3B). This confirms the

effectiveness of the willpower manipulation and suggests that

whenever the SS reward remained obtainable, longer temporal

delays required subjects to suppress the temptation to select

the SS reward instead of waiting for the preferred LL reward.

Taken together, the result pattern in the baseline group was

qualitatively similar to the behavioral results of Crockett et al.

(2013), even though subjects tended to be more patient across

all task conditions in the current sample (which may be ex-

plained by cultural differences; see Wang et al., 2016).

Anodal tDCS over FPC promotes precommitment

The main goal of the current study was to test whether anodal

stimulation of the FPC enhances the willingness of our subjects

to engage in precommitment. If our hypothesis is correct,

anodal stimulation should lead to more precommitment

choices in the pre-delay phase of the precommitment condi-

tion. We tested this with a MGLM that predicted the number of

precommitment choices using dummy variables for the effect

of anodal tDCS and cathodal tDCS relative to sham tDCS. In add-

ition, we included predictors for delay length and the inter-

actions between delay length and anodal or cathodal tDCS.

Importantly, we found that subjects receiving anodal stimula-

tion made significantly more precommitment decisions (mean

¼ 67%, SEM ¼ 5%) compared with subjects receiving sham

stimulation (mean ¼ 52%, SEM ¼ 6%), F(1,75) ¼ 4.83, P ¼ 0.036,

while the data revealed no significant effect of tDCS in subjects

receiving cathodal stimulation (61%), F(1,78) ¼ 1.5, P ¼ 0.27

(Figure 4). The mean number of precommitment choices was

non-significantly higher in the cathodal tDCS than in the base-

line sham tDCS group. There were no interactions between

delay length and anodal or cathodal stimulation, all F < 1.34, all

P > 0.26. This finding supports our hypothesis that anodal FPC

stimulation increases the propensity to precommit.

To investigate the specificity of the anodal stimulation effect

on decisions to precommit, we analyzed the effects of anodal

stimulation also during the pre-delay phase of the opt-out and

no-delay conditions (Figure 4). In the opt-out condition, where

the SS option remained available during the later delay phase,

we found a main effect of delay length, F(2,155) ¼ 45.80, P <

Fig. 3. Validation of experimental manipulations. (A) At baseline (sham tDCS),

subjects showed a strong preference for the larger reward in the no-delay condi-

tion, while choices of the larger reward significantly dropped when it was avail-

able only after a temporal delay. However, the possibility to precommit resulted

in a higher number of choices of the LL reward relative to the opt-out and will-

power conditions. (B) In the willpower condition, the preference for the LL re-

ward decreased as a function of temporal delay. Error bars indicate standard

error of the mean.
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0.001, but no further effect passed the statistical threshold, all F

< 1, all P> 0.54. There was also no evidence for significant

tDCS effects on choices in the no-delay condition in which the

chosen image was presented without delay, all F < 1, all P >

0.57. To test specificity more stringently, we examined whether

the effects of anodal tDCS were significantly stronger in the pre-

commitment condition than in the opt-out and no-delay condi-

tions. For that purpose, we computed a further MGLM including

predictors for anodal tDCS, task condition (a dummy-coded pre-

dictor that was 1 for the precommitment condition and 0 for the

opt-out and no-delay conditions), and the interactions between

these factors. This MGLM revealed a significant anodal

tDCS� task condition interaction, F(1,104) ¼ 4.68, P < 0.05, con-

firming that anodal stimulation effects were significantly stron-

ger in the precommitment condition than in the opt-out and

no-delay conditions. These data suggest that FPC tDCS has little

effect on choices of the larger reward when no precommitment

was possible and support our hypothesis that the FPC plays a

crucial role specifically in making precommitment choices.

Given the specific tDCS effects on precommitment decisions

in the pre-delay phase, we also tested whether tDCS affected

choices in the delay phases of the precommitment, opt-out and

willpower conditions (Figure 5). In order to obtain the LL reward

in the delay phases of these conditions, participants presum-

ably had to suppress the temptation to select the immediately

available SS reward while waiting for the delivery of the LL re-

ward. For each of these conditions, we computed a MGLM test-

ing whether tDCS predicted subjects’ ability to wait for the LL

reward during the delay phase of the willpower condition (again

including predictors for delay length and its interactions with

tDCS). None of these task conditions showed significant effects

of anodal or cathodal tDCS nor interactions between tDCS and

delay length, all F < 2.66, all P > 0.1. In order to provide evi-

dence for the specificity of the anodal tDCS effects on making

binding choices, we tested whether anodal tDCS effects were

significantly stronger in the pre-delay phase of the precommit-

ment condition than in the delay phases of the precommit-

ment, opt-out and willpower conditions. We computed an

MGLM with predictors for anodal tDCS, delay length, and task

condition (which was 1 for the pre-delay phase of the

precommitment condition and 0 for the delay phases of the pre-

commitment, opt-out and willpower conditions) and the inter-

actions between these factors. Again, we found a significant

anodal tDCS� task condition interaction, F(1,572)¼ 6.15,

P< 0.05. Thus, we can also rule out the possibility that tDCS

over FPC improved precommitment by affecting impulse con-

trol in general.

Discussion

The current study assessed whether anodal stimulation over

FPC can improve self-control by enhancing subjects’ willingness

to precommit. In line with our hypothesis, we found that anodal

tDCS over left FPC increased the number of precommitment

choices for the LL reward in the precommitment condition. This

result confirms the neuroimaging-inspired hypothesis of a

causal role of the FPC in precommitment (Crockett et al., 2013)

and suggests that anodal tDCS over FPC may be a promising

tool to improve self-control. Importantly, the data revealed no

effects of tDCS over FPC on non-binding choices of LL rewards

(opt-out condition), on impulse control (willpower condition), or

on subjects’ preference for the larger reward when delivered im-

mediately (no-delay condition). The specificity of our FPC tDCS

findings on precommitment suggests that the increased num-

ber of binding choices is unlikely to be caused by improved im-

pulse control or changes in the value representation of the LL

and SS options. Thus, the current data provide causal evidence

for a functional role of the FPC in precommitment and demon-

strate that anodal tDCS can effectively foster the ability to resist

temptations by voluntarily restricting one’s choice options.

The FPC tDCS effects on precommitment may be explained

within the framework of a recent neural model of precommit-

ment (Crockett et al., 2013), which assumes that FPC biases the

decision to precommit as a function of the expected value of

precommitment. According to this neural model, anodal tDCS

may have improved precommitment by increasing the FPC’s

sensitivity to the expected value of precommitment. This inter-

pretation is in line with previous studies relating the FPC to

metacognitive functions like counterfactual thinking (Daw et al.,

2006; Rushworth et al., 2011). As an individual’s sensitivity to

the expected value of precommitment depends on the anticipa-

tion of counterfactual events in the future (e.g. “If I went to the

bar, I’d drink. Therefore, I’d better not go.”), such metacognitive

functions may play an important role in precommitment

Fig. 4 Effects of anodal and cathodal tDCS relative to sham stimulation on

choices in the pre-delay phases of the precommitment, opt-out, and no-delay

conditions. The y-axis indicates the percentage of precommitment choices in

the precommitment condition and the percentage of choices of the larger re-

ward in the opt-out and no-delay conditions. Relative to sham tDCS, anodal FPC

stimulation increased the number of precommitment decisions but showed no

effects on the control conditions. There were no significant effects of cathodal

tDCS on task performance. An asterisk (*) indicates a significant effect at a

threshold of P < 0.05. Error bars indicate SEM.

Fig. 5 tDCS effects on choices of the larger-later reward in the delay phases of

the precommitment, opt-out, and willpower conditions. Note that in the delay

phase no decision to precommit to the larger later reward was possible. There

were no significant tDCS effects on task performance. Error bars indicate SEM.
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(Kurth-Nelson and Redish, 2010, 2012). Thus, our results are

consistent with current theories on FPC functioning and suggest

that anodal tDCS over FPC may have increased sensitivity to the

expected value of precommitment by increasing metacognitive

functioning.

Note that one critical issue with regard to interpreting tDCS

findings arises from its relatively low spatial resolution

(Bestmann et al., 2015; Woods et al., 2016). Thus, the observed ef-

fects could in principle result from stimulation effects on brain

regions adjacent to FPC, such as ventromedial prefrontal cortex

(vmPFC) and lateral prefrontal cortex. However, it is important

to note that the current data provide no evidence for stimula-

tion effects on subjective value representations (no-delay condi-

tion) or impulse control (willpower condition), which are related

to ventromedial prefrontal cortex (vmPFC) and lateral prefrontal

cortex activity, respectively (Figner et al., 2010; Rushworth et al.,

2011;Bartra et al., 2013). Moreover, given that our previous fMRI

study found that precommitment choices selectively activated

FPC (Crockett et al., 2013), the specificity of our tDCS effects on

precommitment suggests that tDCS exerted its effects by modu-

lating this neural activity in the FPC rather than in other brain

regions that were not activated by the current task.

In addition, a recent theoretical model of tDCS effects has

debated the directionality of tDCS (Bestmann et al., 2015). In line

with this, a meta-analysis showed that only 16% of the pub-

lished studies investigating tDCS effects on cognitive functions

reported both an excitatory effect of anodal tDCS and an inhibi-

tory effect of cathodal tDCS (Jacobson et al., 2012). The majority

of studies find only facilitatory anodal effects, with cathodal

tDCS showing little effects on performance. Jacobson et al. (2012)

proposed that in such cases the non-stimulated hemisphere

might compensate the effects of unilateral tDCS. Consistent

with this proposal, FPC activity during precommitment is bilat-

eral (Crockett et al., 2013), whereas in the current study, we

stimulated only the left FPC. Alternatively, cathodal tDCS might

even improve cognitive functioning by decreasing neural com-

petition (Antal et al., 2004). This might explain why we found a

higher number of precommitment decisions in the cathodal

tDCS than in the sham tDCS group, even though this difference

was clearly non-significant. While our data do not support the

assumption that cathodal tDCS impairs FPC excitability, the re-

sult pattern is consistent with the conclusions of meta-analyses

reporting more reliable effects for anodal than cathodal tDCS

(Jacobson et al., 2012). Moreover, although the directionality of

tDCS is still a matter of debate, it is important to note that the

finding of enhanced precommitment during anodal tDCS over

FPC is consistent with the neuroimaging findings of increased

FPC activation for precommitment decisions (Crockett et al.,

2013).

It is also worth mentioning that recent meta-analyses have

suggested that tDCS may have small or inconsistent effects on

physiological measures and cognition (Horvath et al., 2015a,

2015b). However, these meta-analyses are themselves debated

since they are based on low numbers of studies with heteroge-

neous electrode montages (Nitsche et al., 2015; Santarnecchi

et al., 2015). Given the ongoing debate on how tDCS may best be

used for modulating cognition and behavior, the results of the

current study may be taken as first, tentative evidence that pre-

commitment can be improved by FPC stimulation. The finding

that precommitment can be facilitated with brain stimulation

may be of relevance for the treatment of psychiatric disorders

involving self-control problems (Kirby et al., 1999; Bickel and

Marsch, 2001; Baumeister and Vonasch, 2015;). For example, pa-

tients with gambling addiction were found to benefit from

precommitment (Ladouceur et al., 2012). Thus, enhancing pre-

commitment may be a promising tool for reducing willpower

failures in these clinical populations. The current data deepen

our understanding of the neural mechanisms underlying pre-

commitment and suggest that the use of precommitment strat-

egies may be enhanced by FPC stimulation.
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