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Both humans and animals are known to exhibit a violation of rationality known as “decoy effect”: introducing an irrelevant option
(a decoy) can influence choices among other (relevant) options. Exactly how and why decoys trigger this effect is not known. It may be an
example of fast heuristic decision-making, which is adaptive in natural environments, but may lead to biased choices in certain markets
or experiments. We used fMRI and transcranial magnetic stimulation to investigate the neural underpinning of the decoy effect of both
sexes. The left ventral striatum was more active when the chosen option dominated the decoy. This is consistent with the hypothesis that
the presence of a decoy option influences the valuation of other options, making valuation context-dependent even when choices appear
fully rational. Consistent with the idea that control is recruited to prevent heuristics from producing biased choices, the right inferior
frontal gyrus, often implicated in inhibiting prepotent responses, connected more strongly with the striatum when subjects successfully
overrode the decoy effect and made unbiased choices. This is further supported by our transcranial magnetic stimulation experiment:
subjects whose right inferior frontal gyrus was temporarily disrupted made biased choices more often than a control group. Our results
suggest that the neural basis of the decoy effect could be the context-dependent activation of the valuation area. But the differential
connectivity from the frontal area may indicate how deliberate control monitors and corrects errors and biases in decision-making.
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Introduction
In standard rational choice theory, decision-making is repre-
sented as assigning value to each feasible option and choosing the

option with the highest value. Moreover, the value of an option
should depend only on its intrinsic properties, not on the
context in which it appears. Neuroscientific studies suggest
that values of available options are indeed encoded (Padoa-
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Significance Statement

Standard theories of rational decision-making assume context-independent valuations of available options. Motivated by the
importance of this basic assumption, we used fMRI to study how the human brain assigns values to available options. We found
activity in the valuation area to be consistent with the hypothesis that values depend on irrelevant aspects of the environment, even
for subjects whose choices appear fully rational. Such context-dependent valuations may lead to biased decision-making. We
further found differential connectivity from the frontal area to the valuation area depending on whether biases were successfully
overcome. This suggests a mechanism for making rational choices despite the potential bias. Further support was obtained by a
transcranial magnetic stimulation experiment, where subjects whose frontal control was temporarily disrupted made biased
choices more often than a control group.
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Schioppa and Assad, 2006), but there is mixed evidence on the
extent to which these values depend on the context (Nieuwen-
huis et al., 2005; Padoa-Schioppa and Assad, 2008). In this
article, we use the well-known decoy effect to study context
dependence in the human brain.

A decoy is an option that is unlikely to be chosen but may
influence choice among other options. To illustrate, consider The
Economist magazine’s advertisement of three options: print-only
and print-and-web subscriptions, each at 125 dollars per year,
and web-only subscription at 59 dollars per year (Ariely, 2008).
The print-only subscription was a decoy because it was domi-
nated by print-and-web: it is clearly worse to get only print access
than to get both print and web accesses at the same price. The
domination was asymmetric in the sense that the decoy (print-only)
was dominated only by one option, called the target (print-and-
web), and not by the other, called the competitor (web-only). In the
marketing literature, the target is a promoted product, the com-
petitor a similar product not currently being promoted, and the
decoy introduced to boost the demand for the target. Although
consumers are not expected to choose the decoy, they might be
impelled by the asymmetric domination to choose the target that
could be favored because of the decoy instead of the competitor
that might be penalized.

The marketing strategy contradicts standard rational choice
theory, according to which adding an “irrelevant alternative” (the
decoy) to the menu should not influence the values assigned to
the target and the competitor. However, across taxa (such as
humans, gray jays, rufous hummingbirds, ants, and even an
amoeboid organism), the existence of a decoy does increase the
frequency of choice of the target: there is a decoy effect on choice
behavior (Huber et al., 1982; Shafir et al., 2002; Bateson et al.,
2003; Latty and Beekman, 2011; Sasaki and Pratt, 2011). Despite
its importance and prevalence in choice, the underlying neural
basis for the decoy effect is poorly understood. Maintaining the
assumption that decision-makers choose the option with the
highest value, we will investigate the context dependence of val-
ues. Specifically, we hypothesize that, if the context (the menu
from which options are chosen) includes a decoy option, then the
valuation of the target is increased relative to the competitor.
Such context-dependent valuations will necessarily deviate from
the intrinsic values of the options, which raises the issue of how
the brain can avoid biased choices.

We report two sets of experiments in which subjects made
choices from menus that included asymmetrically dominated de-
coys. In the fMRI experiment, the first question we address is
whether the value of the chosen option is influenced by the decoy.
Such context-dependent valuation could potentially bias choices
toward the target, causing a decoy effect on choice behavior. This
raises the next question of how the brain can correct the potential
bias. In addressing this question, we constructed a trial-by-trial
measure of the strength of the decoy effect and explored potential
control modulation from the frontal area for reducing the bias.
Because the fMRI data only establish correlations, in the trans-
cranial magnetic stimulation (TMS) experiment, we disrupted
the frontal area found in the fMRI experiment to examine
whether the decoy effect on choice behavior becomes more
pronounced when control is weakened. Our results suggest that
observable context-dependent choices or decoy effects may be
shaped by the interaction of two processes: an evaluation process
that is inherently context-dependent and a control system that
can possibly override context dependence.

Materials and Methods
There were two experiments: the fMRI experiment and the TMS exper-
iment. We describe them in turn.

The fMRI experiment
Subjects
Thirty-two right-handed healthy individuals (16 females; mean age 23.94
years) participated in the fMRI experiment approved by the Institutional
Review Board of National Yang-Ming University. Each participated in
two pretests, the scanning experiment, and a post-test. One trial from the
scanning experiment was randomly drawn when a subject left the scan-
ner, and she received a voucher and cash payment corresponding to her
choice, in total worth of 1500 New Taiwan dollars (�50 U.S. dollars).
Each subject was also paid 300 dollars for each of the pretests and the
post-test, totaling 900 dollars.

Task
Subjects made choices from a series of two- and three-option menus.
Each option was a restaurant meal with a specified price and a quality
rating. The price was the cost of a typical meal at the restaurant. The price
and the rating (with a higher percentage implying a better quality) were
based on information from the Taiwanese gourmet website www.
enjoygourmet.com. In each trial, the subject was endowed with 1500
dollars, from which the price of the meal she selects would be deducted.
Four trials are illustrated in Figure 1A. For instance, the menu in the top
left panel has two options. The left option is a meal at a restaurant with a
72% rating, at a price of 680 dollars. If she chooses this option, she will be
given a voucher for a meal at a restaurant with the specified quality rating.
She will receive what remains of her endowment (1500 � 680 � 820
dollars) in cash. The right option is a meal at a better restaurant; it has a
95% rating and costs 1010 dollars. Thus, the trade-off facing the subject
is that she can spend more of her endowment to get a better meal. In some
trials, one of the options on the menu was an asymmetrically dominated
decoy. By definition, such a decoy is dominated in every dimension, in
the sense that it is both more expensive and has a lower quality than the
target. For instance, in the bottom left panel, the middle option is the
decoy and the left-most option is the target. The right-most option is
the competitor, which does not dominate the decoy. In the marketing
literature, there are many types of decoys. Compromise decoys are also a
common type. The idea is to include an undominated yet very unattract-
ive decoy to make the target a compromise and hence chosen. However,
because compromise decoys are not dominated and can be chosen with
substantial probability, the irrelevance of them is more questionable.

Experimental design and statistical analysis
The experiment consists of three stages: the pretest, the post-test, and the
scanning experiment. Each pretest and post-test consisted of 192 trials
with two available options. They served to identify how each subject
traded off price versus quality without the influence of decoys. The mea-
sured trade-off from the pretests was used to tailor-make each subject’s
decision problems in the scanning experiment. The post-test was admin-
istered right after the scanning experiment. The measured trade-off from
the post-test was used to estimate each subject’s utility function as ex-
plained in Context-dependent values below.

In the scanning experiment, the main focus was on decoy trials with
three available options: two Options A and B, neither dominating the
other, and a third decoy option. The decoy trials were paired so that each
undominated option would be the target in one trial and the competitor
in the other. Such a matching pair of decoy trials has the form {A, B, A�}
and {A, B, B�}. In {A, B, A�}, the decoy A� is dominated by A (the target)
but not by B (the competitor), whereas in {A, B, B�}, the decoy B� is
dominated by B (the target) but not by A (the competitor). The choice is
said to be along (Along) the decoy if the target is chosen (e.g., A is chosen
from {A, B, A�}) and against (Against) the decoy if the competitor is
chosen (e.g., A is chosen from {A, B, B�}).

There were 192 trials in the scanning experiment. Each pair of Options
A and B appeared six times: once in a two-option choice problem {A, B};
twice in a three-option choice problem {A, B, A�}; twice in a three-option
choice problem {A, B, B�}; once in a three-option choice problem {A, B,
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Figure 1. A, Sample screens from the experiment. Subjects were endowed with 1500 New Taiwan Dollars to spend in each trial and made choices from a series of two- and three-option menus.
The options on the menus were restaurant meals with specified prices and quality levels in which higher percentages imply better qualities. The top left is a two-option trial and the top right is a
three-option trial. The bottom two are a matching pair of decoy trials. In this example, Option A has quality 72% and price $680; Option B has quality 95% and price $1010; Option E has quality 84%
and price $900; Option A� has quality 61% and price $690; Option B� has quality 94% and price $1110. An option is dominated by another option (Figure legend continues.)
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E} where E was an undominated third option. By including {A, B, E} trials
with three undominated options, we avoided a situation where all three-
option decision problems had an asymmetrically dominated option,
which would have been too repetitive and predictable. The order of the
trials and the ordering of options in a trial were randomized, with one
exception: for every {A, B, A�} trial, there was a matching {A, B, B�} trial
in which the ordering of the options on the screen (in terms of target,
competitor, and decoy) was controlled to be the same, so that the only
difference between these two trials was that the decoy changed and the
roles of A and B (in terms of being target or competitor) were reversed (as
illustrated in Fig. 1A, two bottom panels). The similarity of the two
matching trials could potentially reduce the decoy effect.

The scanning experiment was self-paced. In each trial, pictures of
foods (to remind subjects the experiment involved restaurant meals)
were presented for 0.5 s, after which a fixation cross (randomized be-
tween 0 and 2 s) appeared. The choice screen followed and was on until
the subject made her choice. Finally, the fixation cross appeared again
during the jittered intertrial interval (randomized between 2 and 6 s)
before the next trial began.

For each subject, we obtained contrasts in which we are interested.
Parameter estimates from contrasts in single-subject models were en-
tered into the second-level random-effect analysis to perform a one-
sample t test on whether the activation of a contrast was significantly
different from zero after whole-brain cluster correction. The criterion we
used in all analyses is cluster-defining threshold uncorrected p value of
0.001 and familywise error rate of 0.05. We also verified our key results
are robust using nonparametric cluster-level inference (Eklund et al.,
2016) (data not shown). In all GLMs and psychophysiological interac-
tion (PPI) analysis 1 indicated below, the degree of freedom is 29. In PPI
2, it is 28.

fMRI data acquisition and preprocessing
Imaging was performed using a 3T Siemens Trio MR scanner. An EPI
sequence was used to acquire the functional data (TR � 2000 ms, TE �
30 ms, flip angle � 90°, voxel size � 3.4 mm � 3.4 mm � 3.4 mm). The
functional (T2*-weighted, BOLD) images were collected in 33 transverse
planes parallel to the anterior commissure-posterior commissure line to
cover the whole brain. There were four EPI sessions so that each session
had 192/4 � 48 trials. A high-resolution T1-weighted MP-RAGE ana-
tomical MRI volume scan of the entire head was run once on each subject
(TR � 2530 ms, TE � 3.03 ms, flip angle � 7°, voxel size � 1 mm �
1 mm � 1 mm).

Data analysis was performed using SPM8. The functional images were
corrected for differences in slice-acquisition time, realigned, coregis-
tered, normalized to the MNI average template, and smoothed. The first
four images were discarded from the analysis for magnetization to reach
steady state. Two subjects were removed due to excessive head motions.

fMRI data analysis
The fMRI analysis has two: decoy-induced changes in valuations, and
how these changes might be overcome to restore rational (unbiased)
choice.

Context-dependent values. We first addressed the hypothesis that the
valuation of the chosen option is influenced by the decoy. We estimated
a linear utility function from choices in the post-test with only two avail-
able options. In the absence of decoys, this utility function reflects the
intrinsic values of the options. We then constructed a comprehensive
model where various value signals and an indicator of Along versus
Against trials are included. Our aim was to find regions correlating with
valuations and to see how the value signals differentiate between Along
and Against trials.

To estimate a linear utility function, consider a trial {A, B} in the
post-test where the price of A (resp. B) is PA (resp. PB) and the quality is
QA (resp. QB). The intrinsic utility of choosing A is u( A) � bP(1500 �
PA) � bQQA, where bP and bQ are weights put on the cash payment
1500 � PA and the quality QA. This is called intrinsic utility because it
only depends on the price and quality of the option. The intrinsic utility
of B is u( B) � bP(1500 � PB) � bQQB. Using the logit function, the
probability of choosing A is as follows:

1

1 � exp���u� A	�u�B		

where � is the precision parameter. We normalized so that bP � bQ � 1,
and estimated bP and � by maximum likelihood. We then used the esti-
mated bP to calculate the intrinsic utility of each option for each trial of
the scanning experiment.

We ran GLM 1 with three regressors of interest. They are convolved
with the canonical form of the hemodynamic function and will not be
mentioned later on. The first regressor is to model the half-second when
subjects saw pictures of foods (called picture). The second is to model the
motor response when subjects made choices (called motor). The third is
to model the entire duration of the choice. To account for the values of
each option and whether choice is Along or Against in every trial, we
included six parametric modulations for the third regressor.

We attempted to control for those value signals that would most likely
be behaviorally relevant. The value of the chosen option is certainly im-
portant and is defined for all trials. Undominated unchosen options may
also influence the decision process. For two-option trials and decoy trials,
we control for the value of the unique undominated unchosen option. In
{A, B, E} trials, there are actually two undominated unchosen options:
the one with the highest value is the one most likely to influence the decision
process by competing with the chosen option, but we cannot rule out that the
worst unchosen option also plays a role. Therefore, for {A, B, E} trials, we
separately include the values of both the best and the worst unchosen op-
tions. Finally, the value of the decoy is also controlled for.

Specifically, the six parametric modulations are as follows. The first is
on the utility of the chosen option (defined for all trials). The second is on
the utility of the undominated unchosen option in two-option trials and
decoy trials (taking the value of 0 for {A, B, E} trials). The third is on the
utility of the highest valued unchosen option in {A, B, E} trials (taking the
value of 0 for two-option and decoy trials). The fourth is on the utility of
the decoy in decoy trials (taking the value of 0 for two-option and {A, B,
E} trials). The fifth is on the utility of the lowest valued unchosen option
in {A, B, E} trials (taking the value of 0 for two-option and decoy trials).
The sixth parametric modulation is an indicator of Along versus Against
(taking the value of 1 when choice is along the decoy, �1 when choice is
against the decoy, and 0 for two-option and {A, B, E} trials). We shut
down the orthogonalization procedure in SPM. We thus made it harder
to obtain significance because the unorthogonalized value modulations
are correlated.

Last, the six head motion parameters are included as the regressors of
no interest. They are always included in all GLMs and will not be men-
tioned later on. The contrast of the first parametric modulation allows us
to find brain correlates of the utility of the chosen option, other utility-
related measures being controlled for. Similarly, the sixth modulation
allows us to test which brain region is more active when choice is along
(rather than against) the decoy, again controlling for the possible influ-
ence of the utility-related measures. This amounts to a simple additive
effect of the context. For between-subject correlation of striatal Along-
Against activity and two behavioral measures of how “decoyable” a subject is,

4

(Figure legend continued.) if it has both lower quality and higher price. Thus, A� is dominated by
A but not by B, whereas B� is dominated by B but not by A. The target, denoted T, is the option
that dominates the decoy, denoted D; there is no domination relationship between the com-
petitor, C, and the decoy. Hence in the bottom left trial, the target is A (quality 72% and price
$680), the decoy is A’ (61%, $690) and the competitor is B (95%, $1010). In the bottom right
trial, B (95%, $1010) is the target, B’ (94%, $1110) is the decoy and A (72%, $680) is the
competitor. B, Percentage of preference reversals and anti-choices. The figure is a subject-by-
subject breakdown of the percentage of preference reversals and anti-choices of decoy trials.
We number subjects in descending order of the former. Preference reversals occur when A is
chosen from {A, B, A�} and B from {A, B, B�}, whereas anti-choices occur when B is chosen from {A, B,
A�} and A from {A, B, B�}. Two subjects had neither preference reversals nor anti-choices. C,
Shorter RTs in Along than in Against behaviorally rational pairs. The figure is a subject-by-
subject breakdown of the percentage decrease of RT in Along than in Against behaviorally
rational pairs. We number subjects in descending order. The percentage decrease of RT is the
difference of RT in Against trials and Along trials divided by the average of them in percentage.
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we extract the coefficients of the Along-Against contrast within a 4 mm
sphere at three peak voxels of putamen and one peak voxel of caudate.

Overcoming the decoy effect. The results in Context-dependent values are
consistent with the hypothesis that context-dependent values deviate
from intrinsic utilities. This may bias choices in favor of the target, which
raises the question of whether the brain has some mechanism for correct-
ing the potential bias. We hypothesized that regions related to this mech-
anism would, on the one hand, correlate negatively with the strength of
the decoy effect and, on the other hand, would differentially connect with
the valuation area depending on whether or not the decoy effect was success-
fully overridden. We constructed a trial-by-trial measure of the strength of
the decoy effect d(t) (see equation (1) below) and identified brain regions
correlating negatively with it. If these regions are part of a mechanism for
mitigating a decoy-induced bias, then because context-dependent values
suggested that decoy-induced changes in valuations may be reflected in
differential striatal activity, the regions identified should differentially
connect with the striatum depending on whether the decoy effect is suc-
cessfully overridden.

To investigate which brain areas correlate with d(t), we ran GLMs 2
and 3. In GLM 2, for each subject, we classified the decoy trials into two
halves according to the size of d(t). The half with a stronger decoy effect
(a larger d(t)) was classified as Strong. The half with a weaker decoy effect
(a smaller d(t)) was classified as Weak. We include six regressors of
interest. The binary classification gives Strong and Weak as two regres-
sors. The next two are on trials with only two options to choose from
(classified as two-option trials) and on trials with three undominated
options (classified as three-undominated-option trials). These four re-
gressors model the entire duration of the choice. Last, picture and motor
regressors are added. The final four regressors (the first modeling two-
option trials, the second modeling trials with three undominated options,
the picture and the motor regressors) will be called the four standard control
regressors.

To find regions coding d(t) parametrically, we tried GLM 3. There are
six regressors of interest. The first is a regressor modeling the decoy trials.
For this regressor, we included a parametric modulation d(t). These two
regressors model the entire duration of the choice. We also included the
four standard control regressors.

The binary classification (Weak vs Strong) in GLM 2 is coarser and
depends less on the functional form of (1) than the parametric modula-
tion in GLM 3. We identified the inferior parietal lobule (IPL) in both.
We also performed several robustness checks on IPL’s negative correla-
tion with d(t), including allowing for the possibility that the decision
bound T in (1) might have changed during the scanning experiment
and measuring the strength of the decoy effect in two model-free
ways. We also explored a model of random utility and found its neural
correlates.

The fact that IPL negatively correlates with d(t) suggests that it may
play a role in a control mechanism for reducing the decoy effect. Because
context-dependent values indicated that the decoy effect is reflected in
differential striatal activity, we explored how IPL might differentially
connect with the striatum depending on whether the decoy effect is suc-
cessfully reduced. We did not find a direct modulation from IPL in our
data. We did find a plausible indirect modulation through the right
inferior frontal gyrus (rIFG), which we will further verify by a TMS
experiment. The indirect modulation is based on two PPIs.

PPI 1 between IPL and rIFG
A decoy trial {A, B, A�} is a Conflict trial if u( A) � u( B) 
 0, so the
competitor is intrinsically better. It is a NoConflict trial if u( A) � u( B) �
0, so the target is intrinsically better. Exerting control to reduce the decoy
effect is important in Conflict trials, to prevent the intrinsically inferior
target from being chosen. In NoConflict trials, control is less important
because the option favored by the decoy effect, the target, is anyway the
intrinsically better option.

We hypothesized that, when IPL is active and control is more impor-
tant, the connectivity between IPL and a control area might be stronger.
We took the average activity of a 4 mm sphere surrounding the IPL peak
voxel (�40, �40, 46) identified in GLMs 2 and 3 as the seed. First, we
estimated a GLM, which was built solely for PPI 1. There are six regres-

sors of interest. We have Conflict trials and NoConflict trials as two
regressors. They model the entire duration of the choice. We also in-
cluded the four standard control regressors. Second, the time series of the
average activity of the 4 mm IPL sphere was extracted, removing the
variances associated with the head motion parameters. Third, we ran PPI
1 with the psychophysiological interaction of the seed activity and the
contrast of Conflict-NoConflict. The psychological contrast Conflict-
NoConflict and the bold eigenvariate were also included as regressors.

PPI 2 between rIFG and striatum
We hypothesized that, in trials where control is important, the connec-
tivity between control and valuation areas may be stronger when control
is successful compared with when control is unsuccessful. As argued in
PPI 1, control is important in Conflict trials, to make sure that the intrin-
sically best option (the competitor) is chosen against the decoy. Hence,
in Conflict trials, control is successful if the competitor is chosen (i.e., in
Against trials). It is unsuccessful if the target is chosen (i.e., in Along
trials).

To explore the hypothesis, we took the average activity of a 4 mm sphere
surrounding the peak voxel (60, 16, 22) of rIFG identified in PPI 1 as the seed.
First, we estimated a GLM that was built solely for PPI 2. There are seven
regressors of interest. There are mainly two regressors for Conflict trials: one
for Against trials (SuccessfulControl) and one for Along trials (Unsuccess-
fulControl). In addition, a regressor for NoConflict trials is added. These
three regressors model the entire duration of the choice. We also included
the four standard control regressors. Second, the time series of the aver-
age activity of the 4 mm rIFG sphere was extracted, removing the vari-
ances associated with the head motion parameters. Third, we ran PPI 2
with the psychophysiological interaction of the seed activity and the con-
trast of SuccessfulControl-UnsuccessfulControl. The psychological con-
trast SuccessfulControl-UnsuccessfulControl and the bold eigenvariate
were also included as regressors. The results were based on 29 subjects
because one subject managed to always choose the intrinsically better
option. Eight subjects always chose the intrinsically better options in
some EPI session, so the contrast was scaled by the number of sessions in
which it could be built. The scaled contrasts were then entered into the
second level random-effect analysis.

The TMS experiment
Subjects
Sixty-four healthy individuals (25 females; mean age 22.70 years) partic-
ipated in the TMS experiment approved by the Institutional Review
Board of Taipei Veterans General Hospital. The TMS experiment closely
resembled the fMRI experiment. Each subject participated in a pretest,
the TMS session, and a post-test. One trial from the TMS session was
randomly drawn, and the subject received a voucher and cash payment
corresponding to her choice, in total worth of 1500 New Taiwan dollars.
Each subject was also paid 300 dollars for the pretest and the post-test,
totaling 600 dollars.

Task
The task is the same as that in the fMRI experiment. Subjects made
choices from a series of two- and three-option menus.

Experimental design and statistical analysis
The pretests and post-tests are the same as those for the fMRI experi-
ment. The post-tests were administered 1.5 h after TMS was delivered,
when the effect should have expired (Huang et al., 2005). The TMS
session closely resembles the fMRI experiment, except that all trials have
three options. There were 216 trials. Among them, 192 trials are decoy
trials in matching pairs. The remaining 24 trials are {A, B, E} trials. The
main focus of the analysis is on the matching pairs. Because the effect of
TMS is estimated to be 1 h at most, we did not include two-option trials
to have as many decoy trials as possible. A few {A, B, E} trials were
included to avoid the task being too repetitive and predictable.

The TMS session was self-paced. In each trial, pictures of foods were
presented for 0.5 s, after which a fixation cross of 0.25 s appeared. The
choice screen followed and was on until the subject made her choice.
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Finally, the fixation cross appeared again during the jittered intertrial
interval (randomized between 2 and 3 s) before the next trial began.

The degree of freedom for between-group t test is 1. That for within-
group t test is 31.

TMS parameters and sites
We applied theta burst TMS before subjects started the choice task. The
TMS pulses were applied in a continuous theta burst TMS pattern as
specified by a previous study (Huang et al., 2005). Because this theta
burst TMS protocol can induce longer effects on neural activities, it is
especially suitable for our current experimental design due to long re-
sponse time (RT). Subjects received 3 pulses of stimulation at 50 Hz,
which were repeated every 200 ms for 40 s at 40% of maximum output of
2.53 tesla. This approximately corresponds to 47%–73% of typical Tai-
wanese subject motor thresholds. We used a customized figure-of-8 flat
coil of 55 mm and a Rapid2 Stimulator (Magstim) to deliver the pulses. A
fixed stimulation level was used because it has been proven successful and
replicable in many studies and over a wide range of tasks (Kim et al.,
2011). Moreover, motor cortex excitability may not provide a good guide
to TMS thresholds in other cortical areas (Stewart et al., 2001).

According to the fMRI result, rIFG could be playing a role in imple-
menting control to reduce decoy-induced decision-making bias. Yet be-
cause IPL functionally connects more strongly with rIFG in Conflict than
in NoConflict trials, potentially, both rIFG and IPL could be our region
of interest for the TMS experiment. In the literature, rIFG is often impli-
cated in overriding irrelevant responses. Moreover, IFG and its vicinity
have stronger anatomical and functional connections with the basal gan-
glion than IPL (Manes et al., 2014), and we argue that the striatum might
be related to the decoy effect due to its differential Along versus Against
activity; we therefore chose rIFG as the region of interest. If rIFG is
temporarily disrupted, then the inhibitory control is expected to be
weaker and the decoy effect is expected to be stronger.

The design is between-group. Subjects were randomly assigned to two
groups so that each group has 32 subjects, the same number as we had for
the fMRI experiment. In one group, the site of stimulation was at the
peak voxel of rIFG (60, 16, 22) identified from the fMRI experiment. The
site was determined by each subject’s T1-weighted anatomical image
with Brainsight software (Rogue Research). To determine the correspon-
dence between the location on the skull and the site of stimulation on the
T1 image, subjects wore goggles with a mounted Polaris infrared tracker
(Northern Digital) attached to coregister them with their structural im-
age. This helps pinpoint the skull point overlying the stimulated region to
be identified. In the other group, the site of stimulation was the vertex.
The vertex is a point midway between the nasion and the inion and of
equal distance to the right and left intertragal notches (Muggleton et al.,
2008). It serves as a control site for the experiment. To make sure the
procedures experienced by vertex subjects were exactly the same as for
IFG subjects, we also used the Brainsight pen tool to point out (and
localize) the vertex for stimulation. During stimulation over rIFG, the
coil handle was oriented toward the superior portion of the head,
whereas the coil handle was oriented toward the right side of the head
during stimulation over the vertex.

Results
Behavior: choices and RT
In terms of choices, 81.20% of the matching pairs of trials were
behaviorally rational: the subject chose the same option from
{A, B, A�} and {A, B, B�}; 16.41% exhibited preference reversals:
the subject chose the target in both trials (i.e., she switched from
A to B when the decoy changed from A� to B�). These numbers
are in line with previous studies, which typically have preference
reversals occurring �20% of the time. Only 2.05% of the match-
ing pairs exhibited anti-choices: the subject chose the competitor
in both trials (i.e., she switched from B to A when the decoy
changed from A� to B�). Thus, when choices were not behavior-
ally rational, there was a strong tendency to favor the target: A in
{A, B, A�} and B in {A, B, B�}. The subject-by-subject breakdown

of the percentage of preference reversals and anti-choices is
shown in Figure 1B.

Because the great majority of matching pairs were behaviorally
rational, choices in this experiment were largely context-indepen-
dent, but this does not necessarily imply context-independent valu-
ations. A decoy-induced increase in the value of the target would
not influence choice if the target has a higher intrinsic utility than
the competitor. Even if the intrinsic utility of the target is lower,
the decoy effect will not influence choice unless it is large enough
to overcome the intrinsic utility difference that favors the com-
petitor. However, neural activity can indicate changes in values
that do not manifest themselves in choice behavior. The RT dif-
ference in behaviorally rational pairs provides the first evidence
that values may depend on the context even when choices do not.
Because a behaviorally rational pair consists of an Along trial
(where the choice is along the decoy) and an Against trial (where
the choice is against the decoy), if the same chosen option is
valued more when it is the target than when it is the competitor,
choosing this option will be easier in the Along trial than in the
Against trial. Across all subjects, the average RT was 8.36 s in
Along and 9.94 s in Against behaviorally rational trials, indicating
that it was indeed easier to make a decision in the former situa-
tion. The average percentage decrease of RT in Along trials is
16.20%. The average percentage decrease of RT in Along than in
Against behaviorally rational trials is strongly significantly differ-
ent from zero over all 32 subjects, having the p value (two-tailed)
of 0.0000052 (Fig. 1C).

Neural signature of a decoy effect in the valuation area
We aim to find a neural manifestation of the decoy effect. If
valuations are context-independent, then after controlling for
the possible influence of various value signals, the valuation area
should not differentiate between Along and Against trials. On the
other hand, if valuations are context-dependent, then options
might be more highly valued when they dominate the decoy.
Hence, reward-sensitive areas are predicted to be more active in
Along than in Against trials. This prediction was supported by
our fMRI data. In GLM 1, we included various value signals and
an indicator of Along or Against trials. We found that the stria-
tum activity correlates parametrically with the estimated intrinsic
utility of the chosen option positively (Fig. 2A; Table 1). Also, the
left ventral striatum was more active in Along than in Against
trials (Fig. 2B; Table 2). The striatum region correlating with the
value of the chosen option overlapped with that more active in
Along than in Against trials (Fig. 2C). That the same neural
structure correlating with the value of the chosen option is
more active when the decoy favors the chosen option is con-
sistent with context-dependent valuations.

If the striatal differential activity Along versus Against indi-
cates that valuations are biased in favor of the target, then subjects
whose striatal activity differentiates more strongly between Along
and Against trials should exhibit a stronger decoy effect on choice
behavior. Across subjects, we indeed find that the striatal Along
versus Against activity is positively correlated with two behav-
ioral measures of how “decoyable” a subject is (Table 3). The first
such measure is simply the number of preference reversals (Fig.
2D). The second measure � is the average strength of the decoy
effect as explained below (Fig. 2E).

For completeness, we also report regions correlating with the
utility difference of the chosen option and the undominated
unchosen option; the latter competes with the chosen option and
presumably influences decision-making (Table 4). Further, we

11652 • J. Neurosci., November 29, 2017 • 37(48):11647–11661 Chung, Sjöström et al. • fMRI-TMS Study of Context-Dependent Preferences
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Intrinsic Chosen Utility Along versus Against

Overlap

Figure 2. A, The left striatum (shown at y � 8) correlated parametrically with the intrinsic utility of the chosen option positively ( p 
 0.05 at whole-brain cluster correction). B, The left striatum
was more active in Along than in Against trials (shown at y � 8) ( p 
 0.05 at whole-brain cluster correction). C, Overlap. The left striatum was more active in Along than in Against trials (shown
at y � 8) (shown in yellow at p 
 0.001, uncorrected) and correlated parametrically with the intrinsic utility of the chosen option positively (shown in red at p 
 0.001, uncorrected). The cluster
of the left striatum is circled. Orange represents the overlapping area. D, Positive correlation between the number of preference reversals and the differential striatal Along versus Against activity. The robust
regression slope is 0.0064; p�0.065 (two-tailed). The putamen activity is based on a 4 mm sphere centered at (�20, 12, 2). E, Positive correlation between the average strength of the decoy effect�and the
differential striatal Along versus Against activity. The robust regression slope is 0.1833; p � 0.009 (two-tailed). The putamen activity is based on a 4 mm sphere centered at (�20, 12, 2).
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find no brain region correlating with the utility sum of the chosen
option and the undominated unchosen option.

Trial-by-trial strength of the decoy effect
How well an option will satisfy a person’s wants and needs de-
pends on the intrinsic properties of price and quality. If valua-
tions are influenced by irrelevant aspects of the context, as
suggested by the higher striatal activity in Along than in Against

trials, choices may become biased toward the target and an
intrinsically worse option may be chosen. Unbiased choice may
therefore require some cognitive control. To find out how cogni-
tive control could be recruited and its potential effect on valua-
tion, we first constructed a measure of the trial-by-trial strength
of the decoy effect using a simplified linear ballistic accumulator
(LBA) model (Brown and Heathcote, 2008). The number of pref-
erence reversals of a subject can be used to compare between-
subject who is more decoyable but cannot be used to determine
within-subject when she experiences a stronger decoy effect.
For this, we need a trial-by-trial measure. We hypothesized that
regions related to a putative control mechanism will correlate
negatively with the trial-by-trial strength of the decoy effect.
Moreover, if the decoy-induced change in valuation manifest
itself in differential striatal activity, regions related to control may
exhibit differential connectivity with the striatum depending on
whether the bias induced by decoys is successfully overridden.
We will explore these hypotheses after discussing the LBA model
and the trial-by-trial measure.

The idea behind the LBA model is that the time to make a
decision is inversely proportional to the “evidence” in favor of the
decision. In a decoy trial, because the decoy is dominated and
may no longer be considered relevant as decision goes, the rele-
vant objects of choice are the chosen option and the undomi-
nated unchosen option. The intrinsic utility difference between
them is uchosen � uunchosen, where the intrinsic utilities uchosen and
uunchosen were estimated in Context-dependent values. We hypoth-
esized that the decoy effect in trial t causes the relative value
assigned to the target to be shifted by some amount d(t). We do

Table 1. Regions parametrically correlating with the utility of the chosen option
positively (GLM 1)a

Cluster size Brain region

MNI coordinate

z valuex y z

7324 Left premotor and striatum
BA 6 �58 2 38 5.18
BA 9 �58 4 26 5.06
BA 4 �36 �30 58 4.80
BA 24 �2 0 46 4.40
SMA 14 0 64 4.29
Caudate �12 10 0 4.79
Putamen �16 8 0 3.74

347 Medial frontal gyrus �8 50 �14 4.03
985 Middle frontal gyrus

BA 9 48 2 34 4.35
BA 6 58 2 42 4.27

337 Precentral gyrus
BA 6 30 �14 56 3.95

323 Postcentral gyrus
BA 2 50 �18 26 3.72

277 Middle occipital gyrus
BA 19 52 �70 4 4.04

4157 Occipital cortex
BA 19 �24 �78 24 4.32
Cuneus 20 �84 24 4.30
BA 18 �4 �68 2 4.09

aLocal maxima of clusters with p 
 0.05 at whole-brain cluster correction with a t threshold of 3.40 and an extent of
277 voxels. There is no region parametrically correlating with the utility of the chosen option negatively.

Table 2. Regions more active in Along than in Against trials (GLM 1)a

Cluster size Brain region

MNI coordinate

z valuex y z

1587 Left IFG
BA 46 �40 42 10 4.9
BA 9 �50 6 22 4.4
BA 10 �36 34 8 4.27
BA 6 �30 �6 56 3.71

910 Right IFG
BA 46 40 32 20 4.17
BA 10 38 40 12 4.16
BA 9 42 4 34 4.11

549 Striatum/insula
Insula �28 18 4 4.79
Caudate �12 8 8 4.22
Putamen �20 8 0 3.86

530 Premotor cortex
BA 6 22 �6 56 3.96
BA 6 32 4 62 3.81
BA 6 30 18 58 3.77

1356 Right IPL
BA 40 34 �60 42 5.42
BA 40 40 �56 50 4.59
Precuneus 12 �70 50 4.39

917 Left IPL
BA 40 �30 �64 46 4.84
BA 40 �38 �58 48 4.42
BA 40 �44 �44 46 4.09

aLocal maxima of clusters with p 
 0.05 at whole-brain cluster correction with a t threshold of 3.40 and an extent of
530 voxels. There is no region more active in Against than in Along trials.

Table 3. Positive correlation between the number of preference reversals and the
differential striatal activity Along versus Against and positive correlation between
� and the differential striatal activity Along versus Againsta

(�20, 12, 2) (�22, 10, �2) (�24, 14, �2) (�12, 14, 4)

Reversals
Slope 0.0064 0.0076 0.0051 0.0045
p value 0.065* 0.025** 0.063* 0.141

�
Slope 0.1833 0.1319 0.1047 0.2010
p value 0.009*** 0.099* 0.093* 0.003***

aThe striatum activity is based on a 4 mm sphere centered at putamen (�20, 12, 2), putamen (�22, 10, �2),
putamen (�24, 14, �2), and caudate (�12, 4, 4) (from left to right). The slopes of the robust regressions and their
associated p-values (two-tailed) are provided.

*Significance at 10% level; **Significance at 5% level; ***Significance at 1% level.

Table 4. Regions parametrically correlating with the intrinsic utility difference of
the chosen option versus the undominated unchosen option positively (GLM 1)a

Cluster size Brain region

MNI coordinate

z valuex y z

481 Premotor cortex
BA 6 �58 0 38 4.7

2039 Sensorimotor cortex
BA 4 �28 �16 60 4.1
BA 3 �46 �20 62 4.0
BA 6 (medial) �4 2 42 3.9

888 Visual cortex
Cuneus 14 �84 18 3.7
Cuneus �12 �68 4 3.5

511 Inferior frontal gyrus
BA 9 48 2 34 4.2
BA 6 58 2 44 4.0

aLocal maxima of clusters with p 
 0.05 at whole-brain cluster correction with a t threshold of 3.40 and an extent of
481 voxels. There is no region parametrically correlating with the intrinsic utility difference of the chosen option
versus the undominated unchosen option negatively.
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not impose a sign on d(t), although in general we would expect
d(t) to be positive. The strength of relative evidence favoring the
chosen option will be uchosen � uunchosen � d(t) if the chosen op-
tion is the target (an Along trial) and uchosen � uunchosen � d(t) if
the chosen option is the competitor (an Against trial). Hence,

RT �
T

uchosen � uunchosen � �I	d�t	
, (1)

where RT is the RT of trial t, T � 0 is the decision bound, uchosen �
uunchosen is the intrinsic utility difference between the chosen op-
tion and the undominated unchosen option of this trial, and d(t)
is the strength of the decoy effect of this trial. The indicator func-
tion is I � 1 for an Along trial and I � � 1 for an Against trial. The
sign in front of d(t) is different in Along and Against trials because
the decoy effect favors a different option in the two cases. Assum-
ing d(t) is drawn from a normal distribution with subject-specific
mean � and standard deviation �, we used maximum likelihood
to estimate T, �, and � for each subject. The trial-by-trial strength
of the decoy effect d(t) was backed out from (1). The LBA model
uses the intrinsic utility difference and whether the decoy is
helping the chosen option to estimate the RT and hence to
back out d(t).

The parameters estimated using (1) have the expected prop-
erties, suggesting the model is appropriate (Table 5). In particu-
lar, a subject’s estimated average strength of the decoy effect, �, is
a measure of how “decoyable” she is. If the decoy makes the target
more valuable, � is expected to be positive. For all but 2 subjects,
it is indeed positive. Furthermore, � is strongly positively corre-
lated with the number of preference reversals, the natural mea-
sure of how strongly decoys influence choices, suggesting that �
effectively captures how decoyable each subject is. As mentioned
above, � is also strongly positively correlated with the differential
striatum activity in Along versus Against trials. This is evidence in
favor of a link between striatal activity and the behavioral decoy
effect. Because T can be interpreted as the threshold for making a
decision, a larger T should imply a longer RT, and indeed the
positive correlation between T and the average RT of decoy trials
is very strong.

Neural correlate of the trial-by-trial strength of the decoy
effect
For each subject, we divided the decoy trials into two halves de-
pending on the size of d(t). The half with large d(t) was classified
as Strong trials, suggesting a strong decoy effect. The half with
small d(t) was classified as Weak trials. Neurally, no region was
found contrasting Strong to Weak. The left IPL was the only
region more active contrasting Weak to Strong (Fig. 3A; Table 6).
Indeed, its activity parametrically tracks d(t) negatively (Fig. 3B;

Table 7). The overlapping area is shown in Figure 3C. IPL has
previously been implicated in goal-directed preparation of atten-
tion (Hopfinger et al., 2000; Raz and Buhle, 2006; Shomstein,
2012). In particular, even though IPL is a large region, the area
close to our activation cluster is activated more when there is a
switch than when a task is repeated, when trials are incongruent
than when they are congruent in the Stroop or flanker tasks, when
stimulus and response are incompatible than when they are com-
patible, and when working memory is more heavily taxed (Syl-
vester et al., 2003; Liston et al., 2006a; McNab et al., 2008; Ye and
Zhou, 2009). The common denominator in these experiments is
that IPL may support the allocation of attention to facilitate task-
relevant representations.

The fact that the target dominates the decoy is a salient aspect
of the choice menu, which may attract attention. This attention
to a salient but irrelevant aspect may underlie the decoy effect
(Krajbich et al., 2010). Switching attention to the relevant aspects
of the menu, such as the intrinsic properties of the undominated
options, would reduce the decoy effect. As IPL correlates neg-
atively with d(t), it is possible that attending less to decoys (as
reflected by the negative correlation), subjects attend more to
relevant information. This may be part of a control mechanism
that corrects behavioral biases induced by decoys. However, un-
like conventional control circuits, this mechanism would not
necessarily slow down decision-making. When the competitor is
intrinsically better than the target, the decoy effect works against
choosing the competitor. If heightened attention means focusing
on the intrinsic utilities of the undominated options, then choos-
ing the competitor becomes easier and the decision may be faster.
Behavior will become more rational and the RT will more closely
reflect how long it would take to make a decision based only on
the relevant aspects of the task.

Because the results of the Along-Against contrast suggest that
context-dependent values could be manifested in differential stri-
atal activity, we explored how IPL might differentially connect
with the striatum depending on whether the decoy effect is suc-
cessfully overridden. We did not find a direct modulation from
IPL in our data. We did find a plausible indirect modulation
through rIFG, which we further verified by the TMS experiment.
The indirect modulation is based on the following two PPI anal-
yses. Because IPL plays a key role, we ran several robustness
checks on its negative modulation of d(t) as explained in Over-
coming the decoy effect. To summarize, in either a minor modifi-
cation of (1) or in two attempts to measure the trial-by-trial
strength of the decoy effect in a model-free way, IPL is significant
at p 
 0.001 uncorrected and has cluster size �40 voxels (data not
shown).

How control might be recruited: two connectivity analyses
If the decoy effect increases the valuation of the target, it could
potentially lead to the wrong decision if the target is not the
intrinsically best option. Presumably, it is impossible to inhibit
processing of the decoy at the perceptual level. On a higher level,
domination may be a salient property that attracts attention, but
control may mitigate the interference from the decoy and refocus
attention on the intrinsic properties of the undominated options.

First connectivity analysis: between IPL and IFG
We divided the decoy trials into two halves. The half where the
target has a lower intrinsic utility than the competitor is catego-
rized as Conflict. The other half, where the target has the highest
intrinsic utility, is categorized as NoConflict. In a Conflict trial,
control may be required to override the decoy effect and prevent

Table 5. Strong positive correlation between the number of preference reversals
and �, strong positive correlation between the percentage decrease of RT in Along
than in Against and �, and strong positive correlation between the average RT in
decoy trials and T (from left to right)a

Reversals versus � % versus � RT versus T

Pearson correlation
Coefficient 0.610 0.517 0.589
p value 0.000*** 0.002*** 0.000***

Robust regression
Slope 0.027 0.012 1.310
p value 0.001*** 0.002*** 0.001***

a% stands for the percentage decrease of RT in Along than in Against and RT the average RT in decoy trials.

***Significance at 1% level.
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the intrinsically inferior target from being chosen. In a NoCon-
flict trial, because the target is the intrinsically best option, the
decoy effect is less problematic and control presumably less crit-
ical. We hypothesized a stronger connectivity between the area
supporting attention and that implementing control when atten-
tion is heightened and control is more likely to make a difference.

We took the average activity of a 4 mm sphere surrounding a
peak voxel of IPL as the seed to examine whole-brain whether any
area exhibits stronger functional connectivity with IPL in Con-
flict than in NoConflict trials as explained in PPI 1. The rIFG is
the only region that has this stronger task-related connectivity

(Fig. 4A; Table 8). The rIFG is postulated to be a site where
goal-directed and stimulus-driven attention converge (Asplund
et al., 2010; Shomstein, 2012). Neuroimaging studies implicate
this area in supporting inhibition to implement control (Dillon
and Pizzagalli, 2007; Levy and Wagner, 2011; Nubert et al., 2012;
Aron et al., 2014). It is more active in No-Go/Stop-Signal trials
than in Go trials, in invalid Posner cueing trials than in valid ones,
in trials where recent history may interfere than when it may not,

A B

C

Weak versus Strong Parametric

Overlap

Figure 3. A, Binary Weak versus Strong decoy effect. The left IPL was more active in Weak than in Strong trials (shown at y ��40) ( p 
 0.05 at whole-brain cluster correction). B, Parametric
modulation from the LBA model. The left IPL parametrically correlated with d(t) negatively (shown at y ��40) ( p 
 0.05 at whole-brain cluster correction). C, Overlap. The left IPL was more active
in Weak trials than in Strong trials (shown at y � �40) (shown in yellow at p 
 0.001, uncorrected) and parametrically correlated with d(t) negatively (shown in red at p 
 0.001, uncorrected).
The cluster of the left IPL is circled. Orange represents the overlapping area.

Table 6. Regions more active in Weak than in Strong trials (GLM 2)a

Cluster size Brain region

MNI coordinate

z valuex y z

461 Inferior parietal lobule
BA 40 �36 �42 44 4.1
BA 40 �40 �40 46 4.1
BA 40 �38 �38 42 4.1

aLocal maxima of clusters with p 
 0.05 at whole-brain cluster correction with a t threshold of 3.40 and an extent of
461 voxels. There is no region more active in Strong than in Weak trials.

Table 7. Regions parametrically correlating with the trial-by-trial decoy effect d(t)
negatively (GLM 3)a

Cluster size Brain region

MNI coordinate

z valuex y z

234 Medial frontal gyrus
BA 32 �16 46 �4 4.5
BA 10 �12 54 4 4.0

185 Inferior parietal lobule
BA 40 �36 �42 44 3.9
BA 40 �40 �40 46 3.4

aLocal maxima of clusters with p 
 0.05 at whole-brain cluster correction with a t threshold of 3.40 and an extent of
185 voxels. There is no region parametrically correlating with the trial-by-trial decoy effect d(t) positively.
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all possibly reflecting processes related to overriding prepotent
responses (Bunge et al., 2001; Levy and Wagner, 2011). The rIFG
has been implicated in a number of other exertions requiring
self-control, such as inhibiting an incorrect answer to a problem
of logic, focusing on the facts rather than the framing of a ques-
tion, or the decision to quit smoking (Goel and Dolan, 2003; De
Martino et al., 2006; Berkman et al., 2011). Inhibiting the decoy
effect likely is more critical to decision-making in a Conflict trial
than in a NoConflict trial. The stronger functional connectivity
between IPL and rIFG could possibly be due to the posterior area
signaling the conflicting representations to the frontal cortex for
control (Sylvester et al., 2003). Anatomical connections between

IPL and IFG have been demonstrated using diffusion-weighted
imaging (Rushworth et al., 2006; Caspers et al., 2011). As previ-
ous studies indicate that rIFG may play a role in inhibiting irrel-
evant responses, our connectivity result prompted us to explore
further the role of rIFG in our data.

Second connectivity analysis: between IFG and striatum
That the striatum is more active in Along than in Against trials is
consistent with the hypothesis that the value of the same chosen
option is higher when it is the target. This may lead to biased
choices in Conflict trials, where by definition the target is intrin-
sically worse than the competitor. In Conflict trials, we say that
control is unsuccessful if choice is along the decoy and successful
if choice is against the decoy. Thus, by definition, if the intrinsi-
cally worse target was chosen, then control was unsuccessful; if
the intrinsically better competitor was chosen, then control
was successful. We hypothesized that, when control is height-
ened, the connectivity between control and valuation areas
will be stronger when control is successful than when control
is unsuccessful.

We took the average activity of a 4 mm sphere surrounding a
peak voxel of rIFG identified above as the seed to examine whether
the striatum has a differential functional connectivity with rIFG

A B

C

Conflict versus NoConflict SuccessfulControl versus UnsuccessfulControl

Overlap

Figure 4. A, The rIFG exhibited stronger functional connectivity with the IPL in Conflict than in NoConflict trials (shown at y � 16) ( p 
 0.05 at whole-brain cluster correction). The
psychophysiological interaction is based on a 4 mm sphere of IPL centered at (�40, �40, 46). B, The left striatum exhibited stronger functional connectivity with the rIFG in SuccessfulControl than
in UnsuccessfulControl trials (shown at y � 8) ( p 
 0.05 at whole-brain cluster correction). The psychophysiological interaction is based on a 4 mm sphere of rIFG centered at (60, 16, 22). C, Overlap.
The left striatum was more active in Along than in Against trials ( y�8) (shown in yellow at p
0.001, uncorrected) and exhibited stronger functional connectivity with the rIFG in SuccessfulControl
than in UnsuccessfulControl trials (shown in red at p 
 0.001, uncorrected). The cluster of the left striatum is circled. Orange represents the overlapping area.

Table 8. Regions exhibiting stronger functional connectivity with IPL in Conflict
than in NoConflict trials (PPI 1)a

Cluster size Brain region

MNI coordinate

z valuex y z

342 Inferior frontal gyrus
BA9 60 16 22 4.6

aLocal maxima of clusters with p 
 0.05 at whole-brain cluster correction with a t threshold of 3.40 and an extent of
342 voxels. The psychophysiological interaction is based on a 4 mm sphere of IPL centered at (�40, �40, 46). There
is no region exhibiting stronger functional connectivity with IPL in NoConflict than in Conflict trials.
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when control was successful than when control was unsuccessful
as explained in PPI 2. In a whole-brain search, the left striatum
shows a stronger task-related functional connectivity with rIFG
(Fig. 4B; Table 9). The active cluster overlaps with what we
discovered when contrasting Along to Against trials (Fig. 4C).
This is consistent with a possible role of rIFG in reducing the
decoy-induced valuation bias. Anatomical connections be-
tween IFG and striatum have been demonstrated. Restricted
frontostriatal diffusion seems to correlate with greater con-
trol, hinting at its contribution to the recruitment of control
(Liston et al., 2006b).

The TMS experiment: temporarily disrupting the rIFG
The two connectivity results led us to hypothesize about the role
of the rIFG in our experiment. Its differential functional connec-
tivity with the striatum hints at its possible influence on choices.
As it is often implicated in overriding irrelevant responses, rIFG
may play a role in implementing control to overcome a potential
decoy-induced decision-bias. We used TMS to investigate this
further. We applied theta burst TMS to temporarily interfere with
the region of interest before subjects started the choice task (Huang
et al., 2005; Chao et al., 2011). In one group of subjects, the IFG
group, the site of stimulation was at the peak voxel of rIFG iden-
tified from the fMRI experiment. In the other group, the vertex
group, the site of stimulation was the vertex. Each group had 32
subjects, the same number as in the fMRI experiment. If rIFG
plays a role in inhibiting the decoy-induced bias, then when it is
temporarily disrupted, the inhibitory control is expected to be
weaker, and the decoy effect is expected to be stronger (Jacobson
et al., 2011). In terms of choices, we thus expected the IFG group
to exhibit more preference reversals than the vertex group. In
terms of RT, because a strong decoy effect is expected to make it
much easier to choose along the decoy than against it, we ex-
pected the IFG group to have a larger percentage decrease of RT

in Along trials, compared with Against trials, than the vertex
group.

These expectations were born out in the TMS experiment. The
IFG group on average had a preference reversal rate of 25.30%,
whereas the vertex group had 18.72%, an increase of 6.58 per-
centage points. The t test for comparing the preference reversal
rate of the IFG group with that of the vertex group has a p value
(one-tailed) of 0.048 (Fig. 5A). In behaviorally rational pairs, for
the IFG group, on average, the RT was 7.23 s in Along trials and
9.08 s in Against trials. The average percentage decrease of RT in
Along trials, compared with Against trials, was 19.22%. For the
vertex group, on average, the RT was 6.68 s in Along trials and
7.47 s in Against behaviorally rational trials. The average percent-
age decrease of RT in Along trials, compared with Against trials,
was 9.05%. The t test for comparing the average percentage de-
crease of RT in Along trials, compared with Against trials, of the
IFG group with that of the vertex group has a p value (one-tailed)
of 0.023 (Fig. 5B).

Discussion
We have investigated the neural underpinning of the decoy effect.
The fMRI study revealed differential striatal activity in Along
versus Against trials. This is consistent with context-dependent
valuations: the same chosen option seems more valuable when it
is the target (even when there is no preference reversal). This
differential activity correlates with two behavioral measures of
the decoy effect, rendering it plausible that context-dependent
valuation underlies the behavioral decoy effect. Our results do
not contradict the most basic assumption of the standard rational
choice model: subjects assign values to the feasible options and
choose the option with the highest value. However, if these values
are context-dependent, cognitive control may be required to
avoid choosing the target option when it is intrinsically worse.
We found that IPL, often implicated in subserving voluntary at-
tention, correlates negatively with the trial-by-trial strength of
the decoy effect. IPL’s functional connectivity with rIFG, a frontal
area supporting inhibition to implement control, is stronger
when control is more important. rIFG in turn exhibits stronger
functional connectivity with striatum when control is successful.
These results are summarized in Figure 6. Using TMS to tempo-
rarily disrupt rIFG to weaken control, subjects were found to
exhibit a stronger decoy effect on behavior. Our results suggest a
possible mechanism for how control is recruited and how it may
influence valuations. Previous literature supports the role of
frontal regions in control. Specifically, rIFG is often implicated in
psychological tasks requiring the inhibition of prepotent irrele-
vant responses or implementation of self-control. The adjacent
anterior prefrontal cortex was also found to be a key region in
reducing a behavioral bias induced by an irrelevant rewarding
feature (Scholl et al., 2015). Our results suggest that rIFG may be
involved in inhibiting context-induced preference reversals in
simple choice tasks.

A possible source of context dependence is divisive normal-
ization, where the intrinsic utility of each option is divided by the
total intrinsic utility of all feasible options (Louie et al., 2013).
Thus, if A is more highly valued than B, then the positive normal-
ized difference between A and B is smaller in {A, B, B�} than in {A, B},
resulting in noisier choices and making B more likely to be chosen
from the former menu. However, divisive normalization would
also predict that B is more likely to be chosen from {A, B, A�} than
from {A, B}, contradicting what decoy experiments typically find.
Thus, divisive normalization cannot explain the decoy effect. We

Table 9. Regions exhibiting stronger functional connectivity with rIFG in
SuccessfulControl than in UnsuccessfulControl trials (PPI 2)a

Cluster size Brain region

MNI coordinate

z valuex y z

2085 Striatum
Medial globus pallidus �10 2 0 5.0
Caudate �8 4 0 4.6
Putamen �22 0 4 4.0

660 Inferior frontal gyrus
BA 9 60 16 22 4.8
BA 45 42 24 6 4.3

616 Precentral gyrus
BA 6 �10 2 64 4.4
BA 6 �36 �10 40 4.4

221 Medial frontal gyrus
BA 24 16 2 40 4.4
BA 6 12 2 58 3.6

286 Postcentral gyrus
BA 3 46 �22 46 4.0
BA 3 38 �24 44 4.0

356 Inferior frontal gyrus
BA 44 �54 14 14 4.0
BA 13 �36 22 2 3.7

188 Cerebellum
12 �60 �22 3.9

�6 �52 �20 3.8
aLocal maxima of clusters with p 
 0.05 at whole-brain cluster correction with a t threshold of 3.41 and an extent of
188 voxels. The psychophysiological interaction is based on a 4 mm sphere of IFG centered at (60, 16, 22). There is no
region exhibiting stronger functional connectivity with IFG in UnsuccessfulControl than in SuccessfulControl trials.
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compare choices along the decoy with choices against the decoy,
thereby avoiding the possible confound of comparing three-option
menus with two-option menus (Hedgcock and Rao, 2009). Suppose
that the better Option A is chosen in a behaviorally rational pair. The
normalized difference between A and B is not systematically higher
in {A, B, A�} than in {A, B, B�} because, by design, the total intrinsic
utility of all options is not systematically lower in the former menu.
Therefore, divisive normalization provides no explanation for the
systematic favoring of A in {A, B, A�} and B in {A, B, B�}. Similarly,
divisive normalization cannot explain the higher striatal activity in
Along than in Against trials.

Range normalization might explain the systematic favoring of
the target. Consider an {A, B, A�} trial where A is more expensive
than B. Then because A� is dominated by A, A� is even more
expensive. Representing the very expensive decoy A� neurally
may make the price differential between A and B less significant,
hence increasing the attractiveness of A. The decoy effect may
then be stronger, the more expensive is A� compared with A (Soltani
et al., 2012). More generally, the distance between the target and
the decoy might matter. Our experiment was not designed to
investigate this, but our data does provide some support for the
conjecture. We calculated the trial-by-trial intrinsic utility dis-
tance between the target and the decoy, utarget � udecoy, using the
logit estimates from Context-dependent values. The average Pear-
son correlation coefficient between utarget � udecoy and d(t) is 0.42.
Thus, within the range of variation of our experiment, the decoy
effect seems stronger when the intrinsic utility distance is larger.
However, a large part of the trial-by-trial variation in the decoy
effect is not explained by the intrinsic utility distance between the
target and the decoy.

Unavailable distractors have been found
to affect value difference signals in ventral
medial prefrontal cortex (Chau et al., 2014).
These distractors are close to the idea of
decoys but did not have specificity, in the
sense that the effect in principle was not
specific to either the high value or the low
value option. In contrast, the decoy is
dominated by one option (the target)
only, and thus has a strong specificity al-
lowing us to explore how the value of an
option depends on whether or not it is the

target. Specifically, we found context-dependent activity in the
striatum, suggesting a context-dependent valuation of the chosen
option. The different results of the two studies are not surprising
in view of the different designs. Unlike distractors, decoys are
possible objects of choice and may be considered as such at least
initially, despite being dominated. Closer to decision, they may no
longer be considered relevant options, but the effect of helping the
target may linger. We find preliminary evidence (data not shown)
supporting this conjecture. Modeling only the first 2 s of a trial, we
find that the striatum likely codes the value sum of all options
(including the decoy) but at that time, it is not more active in
Along than in Against trials. In the middle 2 s, however, the
striatum likely codes the value of the chosen option and no longer
correlates with the value sum. Moreover, there is a striatal cluster
of 173 voxels more active in Along than in Against trials. Even
though fMRI does not have good time resolution to explore the
dynamics, these observations are consistent with the hypothesis
that decoys might initially be considered possible objects of
choice, and later their effect is manifested as helping the targets.
Among areas often correlated with values, such as ventral medial
prefrontal cortex and ACC, although we did not observe their
activity in the first 2 s, we found it possibly correlating with the value
of the chosen option in the middle 2 s. Hence, the lack of their
overall involvement in our experiment could be due to the long
RTs. However, unlike striatum, they do not have differential ac-
tivity in Along than in Against trials, which is the main focus of
our experiment. Various value-related signals seem distributed
over the brain at different points of time. Biophysically realistic
networks have been proposed (Wang, 2002; Hunt et al., 2014),
which may produce various value-related signals. How these sig-

A B

Figure 5. A, Larger percentage of preference reversals in the IFG group than in the vertex group. Overlaid on the mean and the SEM are each subject’s data point. B, Larger percentage decrease
of RT in the IFG group than in the vertex group. The RTs were shorter in Along than in Against behaviorally rational pairs, and this was even more so in the IFG group than in the vertex group. Overlaid
on the mean and the SEM are each subject’s data point.

IPL rIFG Striatum
by PPI by PPI

                        TMS
        More Preference Reversals
Shorter RTs in Along than in Against

Figure 6. An illustration of the main results.
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nals may be related to each other dynamically remains an open
question.

The striatum is often implicated in conflict-eliciting choice
situations, and the rIFG is involved in inhibiting a prepotent
response. However, interpretations along this line do not easily
apply to our experiment, where control may play a subtle role
that does not simply show up in elevated mean activity. If striatal
activity is linked to conflict-eliciting choices, we would expect it
to be more active in Against trials than in Along trials (because
choosing against the decoy would presumably involve more of a
conflict). In fact we observe the opposite. Moreover, our findings
on IPL and rIFG suggest modulation of values rather than simple
inhibition. In our data, IPL correlates with the d(t) signal, which
is closely linked to values. It is difficult to interpret IPL activity as
simple inhibition because, as can be seen from (1), d(t) depends
on the value difference and on which option is chosen. As for
rIFG activity, it is often observed in No-Go or Stop-Signal tasks
that manipulate control explicitly. Our experiment does not ex-
plicitly manipulate control: in each trial, subjects just choose an
option. We find that the connectivity of rIFG with IPL is stronger
in Conflict trials than in NoConflict trials, and its connectivity
with striatum is stronger when control is successful than when
control is unsuccessful. Thus, intrinsic utility implicitly plays a
role in our findings on rIFG as well. IPL is not known as a control
region in the same way as rIFG is, but it often activates when
attention is needed and in decision tasks (Nieuwenhuis et al.,
2005). In view of this, a possible interpretation of our results is in
terms of attention being important for the successful implemen-
tation of control.

In measuring the trial-by-trial strength of the decoy effect d(t),
we attributed variations in the strength of evidence favoring the
chosen option to variations in d(t). An alternative assumption
would attribute them to random evaluation of intrinsic utility.
However, when using (1) to estimate variations in d(t), we take
into account which option is target and which is decoy. This infor-
mation would not be used to estimate a random intrinsic utility
noise favoring one option over another. Hence, the brain correlate of
d(t) is different from that of random intrinsic utility evaluations.
Preliminary evidence (data not shown) shows that the IPL clus-
ter, which correlates negatively with d(t), does not correlate with
random utility noises. Among areas correlating with random
utility noises, most noticeable is the ventral medial prefrontal
cortex, which often codes values.

In our experiment, the decoy is irrelevant to the choice prob-
lem; it would be rational to simply disregard the decoy and let the
brain save its limited firing range for the viable (undominated)
options. However, a comparative valuation heuristic could be
adaptive in naturally occurring sequential-choice situations, where
whether an organism should choose an option right away depends
on the background (Houston, 1997). This heuristic requires the
use of memories and contextual information. In an experiment
with European starlings, the birds rely on information from the
context to make the optimal choice in sequential encounters
(Freidin and Kacelnik, 2011). A comparative valuation heuristic
may be evolutionarily conserved because sequential decision
problems have been prevalent. However, there are several reasons
why the heuristic may lead to suboptimal decisions in modern-
day choice situations (Slovic et al., 2007). First, someone may be
trying to manipulate the decision maker. For example, a prod-
uct’s intrinsic properties of price and quality will determine how
well it will satisfy the consumer’s wants and needs (i.e., will de-
termine the experienced, or intrinsic, utility), but by introducing
artificial decoy options, marketers distort the decision utility (i.e., the

consumer’s assessment of the intrinsic utility). The Economist’s ad-
vertisement mentioned above may be an example of this. Second,
the assumptions underlying the normal operation of the system
may be violated. For example, the heuristics may be well adapted
to naturally occurring sequential decision problems, but not to
the static choice problems in our experiment. Third, some deci-
sion problems are too complex for purely affective judgments
and require more deliberative and “rational” cognitive processes.
All three reasons are relevant to our experiment. Rather than
being a “design flaw,” the decoy effect may be an evolved adap-
tation that illuminates the online comparative judgments of the
decision-making system. It may be analogous to visual illusions
(e.g., the Ebbinghaus illusion where the perceived size of an ob-
ject depends comparatively on the sizes of neighboring objects)
(Goodale and Haffenden, 1998; Eagleman, 2001), which is adap-
tive in ecologically relevant scenarios. Similarly, the heuristic
paying attention to dominance may have been adaptive in the
past, but modern-day shopping situations may require control,
which could have its function originating elsewhere, to prevent
biased decisions.
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