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Abstract
Rational decision theories posit that good choices should be based solely on information that is relevant to the choice at hand. 
However, introducing an inferior option that would never be chosen can influence choices among other relevant options, 
known as decoy effect. We used functional magnetic resonance imaging (fMRI) combined with a simple gambling task to 
investigate the neural signature of decision-making in or against the influence of the decoy effect in inferior and superior 
phantom decoy conditions. The fMRI results show that compared with choosing against the influence of the dominated 
phantom inferior option, choosing in the influence of the same option was associated with stronger activation in bilateral 
caudate and weaker functional connectivity between the left ventral anterior cingulate cortex (vACC) and the left caudate. 
Phantom inferior effect selectively enhanced the connectivity from the caudate to the vACC but not vice versa. Choosing in 
the influence of the dominated phantom superior option engaged greater activity in the left dorsal ACC and stronger func-
tional connectivity between the left dACC and bilateral anterior insula. Furthermore, the direction of the phantom superior 
effect was restricted from left dACC to the anterior insula, but not vice versa. Our findings suggest that a phantom inferior 
decoy may boost the value of the target via the reward network, whereas a phantom superior decoy may diminish the value 
of the target option via the aversion network. Our study provides neural evidence to support that valuation is context depend-
ent and delineates differential neural networks underlying the influence of unavailable inferior and superior decoy options 
on our decision-making.
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Introduction

Rational decision theories posit that good choices should 
be based solely on information that is relevant to the choice 
at hand (Luce 2012). However, it is ubiquitously observed 
that preferences for two otherwise equally attractive options 
can change in the presence of a third option. For example, 
the choice between a powerful but more expensive laptop 

computer Y and a less powerful but more economical X 
can be systematically biased toward X by the presence of a 
third option Z that is less powerful but more expensive than 
X, which is known as decoy effect (Huber et al. 1982). If Z 
is more powerful and more economical than X but unavail-
able for buyers, the presence of Z can also bias individu-
als to choose Y, known as phantom decoy effect (Pratkanis 
and Farquhar 1992). Inferior decoys are less attractive in 
comparison with the target products and are rarely chosen. 
Phantom decoys, on the other hand, are attractive but una-
vailable alternatives: by definition, they are superior to the 
target products but not available, e.g. a superior product that 
is sold out (Pratkanis and Farquhar 1992).

Ample studies have demonstrated that decoy effects are 
quite robust in high-level decision tasks such as inference 
task (Trueblood 2012), performance ratings and evalu-
ations (Ahn and Novoa 2016), risky choice tasks (Mohr 
et al. 2017; Tsetsos et al. 2012), intertemporal choice con-
text (Gluth et al. 2017), and low-level perceptual choice 
task (Trueblood et al. 2013). Moreover, a few studies have 
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found that individuals often show an increased preference 
for the option which is similar to the dominated but unavail-
able decoy (Ge et al. 2009; Pratkanis and Farquhar 1992). 
Some other researches have also found that when the phan-
tom decoy is withheld (i.e. a brief delay but before a choice 
is made, or until after participants choose it), participants 
show preference for the competitor over the target both in 
consumer decision-making (Trueblood et al. 2013) as well 
as in perceptual decision choice (Trueblood and Pettibone 
2017). These studies show that an option, even when it is 
not available, can still have an impact on decision-making.

Recent neuroscience research has found that choosing 
targets that are dominated by decoys rather than competi-
tors that are not elicited stronger activity in the anterior 
insula (Hu and Yu 2014). Even when choosing a consist-
ent option from a matching pair (the original two options 
are the same in both trials), choosing the option dominated 
by the decoy activated the ventral striatum, indicating that 
the presence of a decoy option influences the valuation of 
other options (Chung et al. 2017). Furthermore, some find-
ings have revealed that the decoy effect was correlated with 
activities of brain areas implicated in cognitive control. For 
instance, activity in the anterior cingulate cortex (ACC) pre-
dicted a reduced susceptibility to the decoy effect (Hu and 
Yu 2014). Temporarily disrupting the right inferior fron-
tal gyrus (rIFG), a region implicated in cognitive control, 
exhibited more context-dependent decision reversals (Chung 
et al. 2017). The dorsal ACC, along with anterior insula and 
superior parietal lobe, modulated decision control signals 
as predicted by the adaptive gain model in economic decoy 
dominating tasks (Li et al. 2018). A recent study found that 
transiently adding a low-value alternative, even when it was 
unavailable, led to a surprising failure of optimal decision-
making, which was predicted by weaker value difference 
signals in the ventral medial prefrontal cortex (vmPFC) 
(Chau et al. 2014). Taken together, these studies suggest that 
the existence of decoys modulates the valuation system and 
choosing against the influence of the decoy effect recruits 
the cognitive control system.

Although the decoy effect is ubiquitous and theoretically 
important in challenging the belief that decision-making 
is context invariant, the neural basis of the effect remains 
largely underexplored, especially for phantom decoys, i.e. 
decoys that are not available. In the Chau et al. study, par-
ticipants were shown the decoy options briefly for 100 ms 
and given 1.5 s to make a response. Given limited time for 
deliberation, participants may engage more satisficing strat-
egies. Importantly, Chau et al. found that it was more dif-
ficult to choose the target when the distractor had a much 
lower value. However, surprisingly, in the Chau et al. study, 
when the unavailable decoy was more attractive than the 
target, participants still chose the target. It is still unclear 
whether inferior and superior phantom decoy share similar 

neural underpinnings. Moreover, compared to the perceptual 
domain, value-based decisions (also known as preferential 
choices) that employ complex choice options seem to have 
stronger context effects (Busemeyer et al. 2019; Farmer et al. 
2017).

In the current study, we used fMRI combined with a gam-
bling task to further investigate the neural signature of deci-
sion-making in or against the influence of the decoy in both 
inferior and superior phantom decoy conditions. According 
to the sequential sampling model, an attribute of the option 
that has an exceedingly high value should have a stronger 
influence on the decision. The recognition of such enhanced 
value was found to be encoded in the vmPFC (Hunt et al. 
2014). We hypothesize that the overall subjective value of 
the target would be boosted by the lower valued attribute of 
the phantom inferior decoy, and that would be reflected as 
enhanced activity in reward-related regions such as caudate 
and ventral ACC. Accordingly, the overall subjective value 
of the target would be decreased by the higher valued attrib-
ute of the phantom superior decoy, and that might possibly 
be encoded in aversion-related brain areas such as dACC and 
insula. Functional connectivity analysis was conducted to 
delineate brain networks that contribute to the decoy effect 
in economic decision-making. We predicted that decision-
making in the presence of phantom inferior decoy would be 
associated with signal flow changes among reward-related 
regions (from caudate to ventral ACC), whereas decision-
making in the presence of phantom superior decoy would 
be related with functional connectivity changes among loss 
related regions (from dorsal ACC to insula).

Methods

Participants

Thirty-one healthy participants (mean age ± SD, 
20.52 ± 1.77 years, 19 females) participated in return for 
payment. The sample size was determined based on the 
results of a previous fMRI study (Chung et al. 2017). All 
participants were right-handed and were screened for neu-
rological or psychiatric disorders. The study was conducted 
with the approval of the local Institutional Review Boards. 
All participants gave written informed consent and were paid 
60 yuan (~ 10 US dollars).

Experimental design and task procedure

Before the experiment, participants received instructions for 
the main task and were given 10 practice trials to ensure 
their understanding outside the scanner. In each trial, three 
gamble options appeared on the screen. The gamble options 
were presented for 4 s, after that a signal “ × ” was shown 
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below one of the options for 1 s, indicating that option was 
not available. Participants were instructed to make a choice 
within 4 s. No feedback was given to the participants (see 
Fig. 1a). The inter-trial interval is from 1 to 5 s. The gamble 
option was shown as a pie chart depicting the probability 
of winning a certain amount of money. The digit on the 
pie represents the result of the winning amount, and the 
size represents the probability of winning. The digits of the 
gamble options varied from ¥ 2 ($~0.32) to ¥ 96 ($~15.18) 
and the probabilities varied from 5 to 93%. The positions 
of options were counterbalanced. There were two types of 
phantom decoy conditions, that is phantom inferior decoy 
and phantom superior decoy, depending on whether the 
phantom decoy was superior or inferior to the target option. 
The phantom decoy option had either the same amount of 
money or the same probability, but with a lower/higher prob-
ability or amount of money than one of the two original 
gamble options, making this original gamble option the 
target, and the other original gamble option the competitor 

(see Table S1). In the control trials, the expected values of 
the three options were equivalent. We also included “catch” 
trials (one option was markedly better than others) to ensure 
that participants remained actively engaged.

For phantom inferior condition, in the matching pair of 
[A, B, A’], the phantom inferior A’ is dominated by A (the 
target) but not by B (the competitor), whereas in [A, B, B’], 
the phantom inferior B’ is dominated by B (the target) but 
not by A (the competitor). For phantom superior condition, 
in the matching pair of [A, B, A’], the phantom superior A’ 
is dominated by B (the competitor) but not by A (the target). 
In [A, B, B’], the phantom superior B’ is dominated by A 
(the competitor) but not by B (the target). The choice is said 
to be in the influence of the phantom inferior (Along PI) if 
the target is chosen (e.g., A is chosen from [A, B, A’]) and 
against the influence of the phantom inferior (Against PI) if 
the competitor is chosen (e.g. A is chosen from [A, B, B’]), 
see Fig. 1b. The choice is in the influence of the phantom 
superior (Along PS) when the competitor is chosen (e.g. 

Fig. 1  a Experimental paradigm. Three gamble options were shown 
on the screen for 4  s. Then, a signal “ × ” below one of the option 
items for 1  s to indicate that this option was not available. After 
that, participants were instructed to make a choice between the two 
remaining options within 4 s. In the inferior/superior decoy condition, 
the unavailable option is similar to the target on one dimension and 

inferior/superior to the target on the other dimension. b Study design: 
matching pair of both phantom inferior trials and phantom superior 
trials. c Behavioural results. Percentages of rational choices in the 
phantom inferior and superior conditions for each participant are 
shown. d Behavioural results. Percentages decrease of RT in Along 
from Against choices
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A is chosen from [A, B, B’]) and against the influence of 
the phantom superior (Against PS) when the target is cho-
sen (e.g., A is chosen from [A, B, A’]), see Fig. 1b. The 
experiment had 96 trials (24 trials each condition) ordered 
randomly (Table S1). One trial was randomly chosen and 
implemented.

fMRI data acquisition and preprocessing

MRI scanning was conducted on a 3.0-T Siemens Trio scan-
ner using a standard 12-channel head-coil system. Whole-
brain data were acquired with echo planar T2*-weighted 
imaging (EPI), with the following parameters: 31 oblique 
axial slice, 3 mm thickness, 3 mm in-plane resolution; 
TR = 2000 ms; TE (echo time) = 30 ms; flip angle = 90°; 
FOV (field of view) = 224 mm; voxel size: 3 × 3 × 3 mm. 
T1-weighted structural images were acquired at a resolu-
tion of 1 × 1 × 1 mm.

fMRI data were analyzed using SPM12 (www.fil.ion.ucl.
ac.uk/spm/). The first four images were discarded from the 
analysis for magnetization to reach a steady state. The EPI 
images were corrected for slice-timing differences and rea-
ligned to the first scan to correct for head movements. EPI 
and structural images were co-registered and normalized to 
the T1 standard template in Montreal Neurological Institute 
(MNI) space. Images were smoothed with a Gaussian ker-
nel of full-width half-maximum 6 mm. Two subjects were 
excluded for having more than 2 mm of head motions.

fMRI data analysis

In general linear model 1 (GLM 1), we mainly included 
seven regressors of interest: choosing targets/competitors 
in or against the influence of the phantom inferior option 
in trials of matching pairs in phantom inferior condition, 
respectively (along PI/against PI); choosing competitors/
targets in or against the influence of the phantom superior 
option in trials of matching pairs in phantom superior condi-
tion, respectively (along PS/against PS), control trials, catch 
trials and non-matching pairs (participants did not choose 
the same option in the matching pair trials). To identify brain 
regions encoding value difference between target and phan-
tom decoy, we run GLM 2 with the following four regres-
sors of interest: the expected value (EV) difference between 
target option and phantom inferior  (EVTarget-PI), time locked 
to the onset of all phantom inferior trials, the EV difference 
between phantom superior and target option  (EVPS-Target), 
time locked to the onset of all phantom superior trials, con-
trol trials and catch trials. Six head-motion parameters cal-
culated from the realignment were added to the GLM model 
as regressors of no interest. For the second-level analysis, 
a one-sample t test was performed to assess random effects 
at the group level.

To further investigate the signal change between target 
and phantom decoy, a finite impulse response (FIR) model 
was employed to extract the BOLD time courses across all 
voxels within regions of interest (ROIs) identified from 
GLM1 contrast analysis by MarsBaR 0.44 (https ://marsb 
ar.sourc eforg e.net/). Based on the group-level results, a 
6-mm sphere ROI centred at the peak voxel was created in 
bilateral caudate and the left dACC (see “Results”). The 
time courses of trials associated with along/against phantom 
inferior and along/against phantom superior from all voxels 
within ROI were separately estimated across 24 time points 
from stimulus onset. Averaged parameter values of each time 
course across subject were displayed and SEs represented 
across-subject variability of the mean parameter estimates. 
To assess the statistical significance of beta values between 
two experimental conditions, we subjected each time point 
data to paired t test analysis.

Small volume correction (SVC) was used on prior regions 
of interest in reward and punishment processing: the cau-
date (Chung et al. 2017), the anterior cingulate cortex and 
the anterior insula (Hu and Yu 2014), defined by the cor-
responding automated anatomical labelling mask (Tzourio-
Mazoyer et al. 2002). We reported regions that remained 
significant at a small-volume correction of FWE cluster-
level threshold of p < 0.05. For the sake of completeness, 
we also reported brain regions across the whole brain that 
remained at p < 0.001 uncorrected, cluster voxels k > 10. For 
display purposes, all neural images are depicted at p < 0.005 
uncorrected.

Psychophysiological interaction (PPI)

In addition to localize regional activity in response to experi-
mental conditions, we also probed functional connectivity 
between brain areas to further understand the information 
flow between brain areas and changes in brain connectiv-
ity under different experimental contexts. PPI analysis was 
used to assess regionally specific functional connectivity 
that is modulated by psychological context (i.e. Along PI 
and Against PI in the present study) (Friston et al. 1997). 
The source regions were defined as 3 mm spheres centred 
at the peak voxel of the group-level conjunction results of 
two contrasts, including Along PI vs. Against PI in the phan-
tom inferior condition and Along PS vs. Against PS in the 
phantom superior condition. The GLM for our PPI analysis 
was performed with three regressors: (1) the main effect of 
seed region activity, that is the physiological state, e.g. the 
time course of regional brain activity; (2) the main effect 
of phantom decoy effect, that is the psychological context; 
and (3) the interaction effect of seed region activity by the 
phantom decoy effect. The three regressors correspond to 
PPI.Y, PPI.P, and PPI.ppi in the GLM design matrix. Six 
head-motion parameters were also added to the model as 

http://www.fil.ion.ucl.ac.uk/spm/
http://www.fil.ion.ucl.ac.uk/spm/
https://marsbar.sourceforge.net/
https://marsbar.sourceforge.net/
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regressors of no interest. We sought to identify target regions 
for which the change in connectivity with the source region 
varied as a function of behavioural performance (i.e. phan-
tom inferior effect, defined as the frequency of choosing 
targets’ trials minus the frequency of choosing competitors’ 
trials; phantom superior effect, defined as the frequency of 
choosing competitors’ trials minus the frequency of choos-
ing targets’ trials). In the higher order PPI analysis, we 
included the behavioural effect size index as a covariate to 
investigate the relationship between behavioural phantom 
inferior/ phantom superior effect and functional connectiv-
ity in the brain.

Dynamic causal modelling (DCM) analysis

Our current results from higher level PPI analysis showed 
two distinct networks for different phantom decoy condi-
tions. It is noteworthy that the anterior insula and dACC have 
been consistently found to be co-activated across a stream of 
tasks (Jung et al. 2014; Chang et al. 2013; Cauda et al. 2012; 
Li et al. 2018), such as the stop signal and go-no-go tasks 
(Swick et al. 2011). These regions were also found in the 
higher PPI results in the phantom inferior condition. How-
ever, few studies have investigated the signal flow within this 
network. It remains to be tested whether the direction of net-
work connectivity between anterior insula and dACC could 
be causally mediated by the phantom superior effect. More 
interestingly, participants with lower phantom inferior effect 
at the behavioural level had stronger functional connectivity 
between the left caudate and left vACC (see “Result”). The 
anterior cingulate cortex has been shown to be recruited in 

executive control in value-based decision-making (Hu and 
Yu 2014; Gläscher et al. 2012). Here we address the issues 
of whether distinct ACC-related networks support different 
cognitive functions.

To achieve the goal mentioned above, we further con-
ducted a dynamic causal modelling analysis to test direc-
tional information flow between the brain regions involved 
in phantom inferior and phantom superior conditions 
(Friston et al. 2003). DCM estimates three sets of param-
eters, including the intrinsic connections between regions 
independent of experimental context, the driving effect 
of external stimuli on specific regions, and the modula-
tory effect of stimuli on the effective connectivity between 
regions (Ewbank et al. 2011; Passamonti et al. 2008). Con-
sistent with common approaches (Gandolla et al. 2014; 
Passamonti et al. 2008; Rothkirch et al. 2018), the nodes 
in our models were identified based on brain regions iden-
tified in our previous network connectivity analysis. In 
the phantom inferior condition, we create a 6-mm sphere 
ROI in the left caudate and the left vACC (see Tables 1 
and 2). In the phantom superior condition, a 6-mm sphere 
ROI was created in the left dACC and the bilateral ante-
rior insula (see Tables 1 and 2). The intrinsic connec-
tions (connectivity regardless the main effect of the task, 
DCM Bilinear matrix A value; see Fig. 3a) were modelled 
as bidirectional in accord with our group level analysis 
results. High-order PPI analysis results showing that the 
left caudate projects to the left vACC and vice versa in 
phantom inferior condition, whereas the left dACC pro-
jects to the bilateral anterior insula and vice versa in phan-
tom superior condition. The modulation by either Along 

Table 1  Brain regions activated 
at the stimuli phase

* p < 0.05 FWE after small volume correction, **indicates marginal significance (FWE) after small volume 
correction. The other regions remained at p < 0.001 uncorrected and a 10-voxel extent threshold. No brain 
region remained at cluster-level FWE p < 0.05 correction based on p < 0.001 uncorrected

Contrast Brain regions z-score Peak coordinate 
MNI (X, Y, Z)

Volume (voxel)

Along PI vs. against PI Caudate** 3.26 − 12, − 3, 15 20
3.26 12, − 3, 15 34

Thalamus proper 3.89 − 3, − 9, 9 251
Superior frontal gyrus 3.67 − 24, 39, 30 70

3.33 18, 45, 36 59
Occipital fusiform gyrus 3.47 − 27, − 69, − 15 213
Precentral gyrus 3.00 48, − 6, 27 11

Against PI vs. along PI No significant activation
Along PS vs. against PS Anterior cingulate gyrus 2.78 − 9, 39, − 6 115

Anterior cingulate  gyrus* 3.55 − 6, 27, 27 20
Precentral gyrus 3.65 18, − 24, 72 165
Superior frontal gyrus 2.99 − 9, 9, 66 11

Against PS vs. along PS Inferior temporal gyrus 3.13 − 45, − 57, − 9 58
Inferior occipital gyrus 3.12 − 45, − 66, − 6 58
Fusiform gyrus 2.98 − 43, − 45, − 15 58
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with phantom decoy or Against it was included as a bilin-
ear effect expressing the contextual moderator (i.e. Along 
PI versus Against PI context in model 1; DCM Bilinear 
matrix B value, see Fig. 3a).

We tested six different DCM models (three models in 
each condition) in which the driving inputs (i.e. matching 
pair trials of PI/PS) were ‘injected’ into different parts of 
the network (Fig. 3). This ‘injection’ determines the ori-
gin of perturbation of the network, from which other points 
in the network will be activated according to the pattern 
of connectivity. In phantom inferior condition, for the first 
“parallel” models (model 1), matching pair trials of PI driv-
ing inputs (i.e. Along PI & Against PI) were ‘injected’ into 
both left caudate and the left vACC. The “serial” models 
differ from the first with respect to where the driving inputs 
were injected: only in the left caudate (model 2) or only 
in the left vACC (model 3, Fig. 3a). In phantom superior 
condition, for the first “parallel” models (model 1), match-
ing pair trials of PS driving inputs (i.e. Along PS & Against 
PS) were ‘injected’ into both left dACC and the bilateral 
anterior insula. In the “serial” models, the driving inputs 
were injected only in the left dACC (model 2) or only in the 
bilateral anterior insula (model 3, Fig. 3b).

The Bayesian model selection (BMS) procedure was used 
to determine the best model, which is based on comparing 
the model evidence of predefined models. The model evi-
dence is the probability of generating the observed data by 
a specific model (Penny et al. 2004). We applied a random-
effects BMS approach to infer the optimal model structure 
by selecting the model with the best balance between accu-
racy and complexity (Stephan et al. 2009). A common meas-
ure for the group evidence of a given model is to report the 
exceedance probability (EP), i.e. the extent to which each 
model is more likely than any other model to have gener-
ated the data from a randomly selected participant (Ewbank 
et al. 2011). Following the model selection, we performed a 
random-effects analysis of parameter estimates derived from 
the selected model using one-sample t tests.

Results

Behaviour results

The percentage of choosing the gamble options which had 
markedly higher expected outcomes was 95.4% ± 4.2% 

Table 2  Parametric analysis results

* p < 0.05 FWE after small volume correction
a Brain region remained at cluster-level FWE p < 0.05 correction based on p < 0.001 uncorrected. The other regions remained at p < 0.001 uncor-
rected and a 10-voxel extent threshold

Contrast Brain regions z-score Peak coordinate MNI (X, 
Y, Z)

Volume (voxel)

Positive modulation with  EVTarget-PI vmPFC* 4.09 − 12, 42, − 6 38
4.07 12, − 3, 15 34

Ventral  straitum* 5.13 − 12, 24, − 6 23
4.81 12, 21, − 9 19

Lingual  gyrusa 5.42 6, − 90, − 6 708
Superior temporal  gyrusa 4.25 66, − 27, 6 209
Middle frontal gyrus 4.08 − 36, 45, 33 57
Central operculum 3.83 42, − 9, 12 26
Supramarginal gyrus 3.75 − 57, − 45, 30 158

Negative modulation with  EVTarget-PI Fusiform  gyrusa 3.85 − 33, − 48, − 21 77
4.23 30, − 54, − 9 145

Middle frontal gyrus 3.73 48, 45, 12 12
Positive modulation with  EVPS-Target No significant activation
Negative modulation with  EVPS-Target Inferior frontal  gyrusa 4.64 − 48, 6, 18 76

5.47 48, 27, 27 373
Fusiform  gyrusa 6.61 − 45, − 60, − 15 4718
Precentral  gyrusa 4.21 − 30, − 12, 63 233
Parahippocampal gyrus 3.92 − 30, − 24, − 27 13
Posterior cingulate gyrus 3.37 6, − 36, 39 32
Supramarginal gyrus 3.74 − 45, − 36, 45 78
Middle frontal gyrus 3.41 − 42, 27, 30 14
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(mean ± SD) in “catch” trials. Participants were highly 
accurate in making correct choices in these “catch” tri-
als, providing evidence of continued engagement with the 
task throughout the experiment.

In the “control” trials, the expected values of three 
options were equivalent. The percentage of choosing 
the far left option is significantly larger than the mid-
dle option (Mdiff = 0.07, SE = 0.02, p < 0.01) and the far 
right one (Mdiff = 0.08, SE = 0.02, p < 0.01), whereas no 
significant difference between the middle and the far right 
option (Mdiff = 0.005, SE = 0.02, p > 0.1).

Generally, rational choices (also known as context-
independent behaviours) would choose the consistent 
choices from the matching trials: the subject chose the 
same option A in both [A, B, A’] and [A, B, B’] trials, 
while the non-rational choices (also known as context-
dependent effect) would favour targets: the subject chose 
the target in both trials (i.e. switched from A to B when 
the inferior decoy changed from A’ to B’). In the phan-
tom inferior condition, 72.31% of the matching pairs were 
behaviourally rational and 25.00% were non-rational. In 
the phantom superior condition, 74.46% of the matching 
pairs were behaviourally rational and 22.04% were non-
rational, see Fig. 1c. Phantom decoy effects that come 
from the proportions of choosing targets compared with 
the proportions of choosing competitors were not sig-
nificantly different, typically occurring about 20% of the 
frequency in non-rational choices, which are in line with 
previous studies (Chung et al. 2017; Hu and Yu 2014).

Because the great majority of matching pairs were 
behaviourally rational, choices in this experiment were 
largely context independent. However, the valuations of 
target options might still be influenced by decoys, even 
though such context-dependent valuation is not powerful 
enough to elicit changes in choices. Thus, we compare 
the ‘Along’ trials with the ‘Against’ trials of the match-
ing pair as the previous research did (Chung et al. 2017). 
Across all subjects, the average reaction times (RT) of 
rational trials which are Along PI and Against PI were 
840 ms and 847 ms, respectively. In comparison, the aver-
age RT of rational trials which are Along PS and Against 
PS were 931 ms and 871 ms, respectively. Of all Along 
PI trials, the average percentage decrease in RT is 3%. 
But for rational trials, the percentage decrease in RT of 
Along PI from Against PI trials is not significantly dif-
ferent from zero, p(one tail) = 0.286. On the other hand, 
while the average percentage decrease in RT of all Along 
PS trials is 9%, in rational trials, the percentage decrease 
in RT of Along PS from Against PS trials is marginally 
significant, p(one-tail) = 0.067, see Fig. 1d.

fMRI results

The phantom inferior effect was defined by choosing tar-
gets in the direction of the influence of the phantom inferior 
decoy (Along PI) versus choosing competitors against the 
phantom inferior (Against PI) contrast. The phantom supe-
rior effect was defined by choosing competitors in the direc-
tion of the influence of the phantom superior decoy (Along 
PS) versus choosing targets against the phantom superior 
(Against PS) contrast (see Fig. 1). All the significantly acti-
vated brain areas related to the experimental factors are 
shown in Table 1. Parametric analyses of neural activation 
(GLM 2) showed activities in distinct brain regions that were 
modulated by the relative expected value between the phan-
tom decoy and target option (see Table 2). We further used 
PPI to examine the task-dependent functional connectivity 
of the phantom decoy effect. Using left caudate/left dACC 
as ROI seeds, we conducted PPI analyses in the Along PI/
PS vs. Against PI/PS contrast of phantom inferior and phan-
tom superior conditions, respectively (results are shown in 
Table 3).

We aim to unveil the neural mechanisms underlying the 
phantom inferior and phantom superior effects. If valuations 
are independent of the context, then after controlling for 
the same expected value of both the target and the competi-
tor in each matching rational trial, the brain area process-
ing valuation should not differentiate between Along PI/PS 
and Against PI/PS trials. In other words, if valuations are 
based on the context, then targets dominated by the phan-
tom inferior or the phantom superior might be valued higher 
or lower than competitors. Hence, the activation of reward 
or loss-valuation areas are predicted to be stronger in trials 
that go with the influence (Along) rather than against the 
influence (Against) of decoys. Our fMRI data supported this 
prediction.

In the phantom inferior condition, we observed that 
choosing in the influence of the dominated decoy acti-
vated bilateral caudate (left: − 12, − 3, 15; peak z = 3.26, 
p(FWE) = 0.051  svc; right: 12, −  3, 15, peak z = 3.26, 
p(FWE) = 0.052 svc, see Fig. 2a). In contrast, when choosing 
against the influence of the dominated decoy, no significant 
activation was found in the brain regions of interest. Time 
courses revealed significantly higher parameter estimate 
from Along phantom inferior trials than Against phantom 
inferior contrast within the left caudate ROI by 6 s and 8 s 
post-stimulus onset, t(28) = 2.699, p < 0.01, t(28) = 1.728, 
p < 0.05; also within the right caudate ROI by 6 s post-
stimulus onset, t(28) = 3.181, p < 0.005, see Fig. 2a. For the 
positive correlation of parametric modulation by  EV(Target-PI), 
we found significant activations in the bilateral vmPFC (left: 
− 12, 42, − 6, peak z = 4.09, p(FWE) = 0.006 svc; right: 
9, 42, − 15, peak z = 4.15, p(FWE) = 0.023 svc) and bilat-
eral ventral striatum (left: − 12, 24, − 6, peak z = 5.13, 
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p(FWE) = 0.009  svc; right: 12, 21, −  9, peak z = 4.81, 
p(FWE) = 0.012 svc, Fig. 2c). No activations in the region 
of interest showed a negative correlation with parametrically 
modulated  EV(Target-PI) regressor. These results showed that 
the larger the relative  EV(Target-PI), the stronger the activation 
in reward-related brain regions, including vmPFC and bilat-
eral caudate. The high-order PPI results showed that par-
ticipants who were less susceptible to the phantom inferior 
effect at the behavioural level had stronger functional con-
nectivity between the left caudate and left vACC (− 3, 39, 
12, peak z = 4.22, p(FWE) = 0.003 svc, Fig. 2e). Participants 
who were more susceptible to the phantom inferior effect 
showed less activation in the vACC (Fig. 2f). In other words, 
subjects who were less susceptible to the phantom inferior 
effect had higher levels of coupling between the left caudate 
and left vACC when choosing targets compared to competi-
tors of matching pairs in the phantom inferior condition.

In the phantom superior condition, we found that choos-
ing along the dominated decoy relative to choosing against 
the dominated phantom superior activated left dACC (− 6, 
27, 27; peak z = 4.03, p(FWE) = 0.033 svc, see Fig. 2b). 
No significant activation in the brain regions of interest 
was found for the reverse contrast. Time courses elicited 

significantly higher parameter estimate from Along phantom 
superior trials than Against phantom superior contrast within 
the left dACC ROI by 6 s, 8 s and 20 s following the stimu-
lus onset, t(28) = 2.009, p < 0.05, t(28) = 2.712, p < 0.01, 
t(28) = 1.903, p < 0.05, and also marginal significantly higher 
parameter estimate from the contrast within the ROI by 22 s 
following the stimulus onset, t(28) = 1.616, p = 0.059, see 
Fig. 2b. The parametric analysis revealed that bilateral IFG 
(left: − 48, 6, 18; peak z = 4.64, p(FWE) = 0.002 svc; right: 
48, 27, 27, peak z = 5.47, p(FWE) = 0.000), was negative 
modulated by the  EV(Target-PS); see Fig. 2d. No activations 
showed a positive correlation with parametrically modu-
lated  EV(Target-PS) regressor. These results showed that the 
smaller the relative EV, the stronger the activation in cogni-
tive control-related brain regions, including bilateral IFG. 
In the high-order PPI analysis, we found that participants 
who are more susceptible to the phantom superior effect at 
the behavioural level had stronger functional connectivity 
between the left dACC and the bilateral anterior insula (left: 
− 33, 0, 12, peak z = 4.84, p(FWE) = 0.003 svc; right: 39, 3, 
15, peak z = 4.34, p(FWE) = 0.001 svc, Fig. 2g). They also 
showed a stronger activation in the bilateral anterior insula 
(Fig. 2h). In other words, subjects who were susceptible 

Table 3  Functional connectivity of the different contrasts in both phantom inferior and superior decoy as a function of behavioural phantom 
decoy effect

The functional connectivity analysis was conducted using a PPI between Along PI and Against PI/Along PS and Against PS conditions with the 
bilateral caudate/left ACC as seeds. Phantom inferior effect at the behavioural level was defined by “choosing targets trials—choosing competi-
tors trials”/all trials, whereas the phantom superior effect was defined by “choosing competitors—choosing targets trials”/all trials
* p < 0.05 FWE after small volume correction. The other regions remained at p < 0.001 uncorrected and a 10-voxel extent threshold. L: left; R: 
right

Contrast Seed Brain regions z-score Peak coordinate 
MNI (X, Y, Z)

Volume (voxel)

Along PI vs. against PI L Caudate (− 12, − 3, 15) Anterior cingulate  gyrus* 4.22 − 3, 39, 12 41
Anterior cingulate gyrus 4.22 − 3, 39, 12 71

R Caudate (12, − 3, 15) Middle temporal gyrus 3.45 − 54, 21, 6 158
Angular gyrus 2.81 51, − 66, 36 10

Along with PS vs. against PS L ACC (− 6, 27, 27) Anterior  insula* 4.07 − 33, 0, 12 95
4.34 39, 3, 15 56

Calcarine cortex 4.49 − 18, − 69, 6 1831
Thalamus proper 4.48 − 6, − 3, 6 1831
Central operculum 4.34 39, 3, 15 287
Inferior frontal gyrus 3.54 51, 18, 27 287
Middle frontal gyrus 4.23 42, 54, 12 163

3.28 − 42, 51, 18 133
Supramarginal gyrus 3.73 − 54, − 51, 24 66
Supplementary motor cortex 3.63 6, 12, 66 122
Precentral gyrus 3.50 54, − 3, 24 49

3.11 − 24, − 24, 63 17
Pallidum 3.42 21, − 6, − 3 24
Caudate 3.25 18, 6, 21 31
Anterior cingulate gyrus 3.13 − 6, 27, 30 16
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Fig. 2  fMRI results. a Left, bilateral caudate (x =  ± 12, y = −  3, 
z = 15) was significantly activated by Along PI vs. Against PI con-
trast. Right, parameter estimates averaged across all voxels within 
bilateral caudate are shown from stimulus onset. Asterisks indicate 
time points at which value from along phantom inferior and against 
phantom inferior trials differed: ***p < 0.001, **p < 0.01 and *p < 0.05. 
b Left, the left ACC (x = − 6, y = 27, z = 27) was significantly acti-
vated by Along PS vs. Against PS. Right, parameter estimates aver-
aged across all voxels within left dACC are shown from stimulus 
onset. Asterisks indicate time points at which value from two con-
ditions differed: **p < 0.005, *p < 0.05 and #p = 0.0587. c Bilateral 
ventral striatum (VS) and bilateral vmPFC were activated by modu-
lation with value difference between the target option and the phan-
tom inferior option (i.e.,  EVtarget-PI). d Bilateral IFG correlated para-
metrically with the value difference between the phantom superior 
and the decoy option (i.e.,  EVPS-Target). e Participants with a smaller 
phantom inferior effect at the behavioural level showed stronger func-

tional connectivity between the left caudate and left ACC in the phan-
tom inferior condition. f The correlation between phantom inferior 
effect and parameter estimates of left vACC activation for Along PI 
vs. Against PI contrast at a peak voxel (− 3, 39, 12). g Participants 
with a larger phantom effect at the behavioural level showed stronger 
functional connectivity between the left ACC and anterior insula in 
the phantom superior condition. h The correlation between phantom 
superior effect and parameter estimates of right anterior insula acti-
vation for Along PS vs. Against PS contrast at a peak voxel (39, 3, 
15). Along PI: choosing targets in the influence of the phantom decoy 
of trials in matching pairs in phantom inferior condition; Against PI: 
choosing competitors against the influence of the phantom decoy of 
trials in matching pairs in the phantom inferior condition; Along PS: 
choosing competitors in the influence of the phantom decoy of trials 
in matching pairs in phantom superior condition; Against PS: choos-
ing targets against the influence of the phantom decoy of trials in 
matching pairs in phantom superior condition
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to phantom superior effect had stronger levels of coupling 
between the left dACC and anterior insula when choosing 
targets compared to competitors of matching pairs in the 
phantom superior condition.

DCM results

Results of BMS showed that model 2 was associated with 
the highest exceedance probability of 100% in phantom infe-
rior condition and 77% in phantom superior condition to 
explain the data (Fig. 3c). Therefore, we used model 2 to 
test the modulatory influence of Along PI (vs. Against PI) 
on each specific pathway (from left caudate to left ACC 
and from left ACC to left caudate), and to test the modula-
tory influence of Along PS (vs. Against PS) on each specific 
pathway (from left ACC to bilateral anterior insula and from 
bilateral anterior insula to left ACC).

As predicted, for phantom inferior condition, the intrin-
sic connectivity (DCM matrix A) between the ROIs in the 
whole sample was highly significant in both directions (from 

left caudate to left vACC and vice versa, p < 0.001, Fig. 4). 
The main effect of phantom inferior effect (Along PI versus 
Against PI context, DCM Bilinear matrix B) enhanced the 
connectivity from left caudate to left vACC (p < 0.01) but 
not vice versa (p > 0.1) across individuals (one-sample t test) 
(Fig. 4a). Choosing competitors against the phantom inferior 
in the matching pair trials (Against PI, DCM matrix C) had 
a very strong influence on the neural activity of left caudate 
ROI1 in all participants (p < 0.01) rather than choosing tar-
gets (p > 0.1, Fig. 4a).

For phantom superior condition, the intrinsic connectiv-
ity (DCM matrix A) between the ROIs in the whole sam-
ple was highly significant in both directions (from the left 
dACC to bilateral anterior insula and vice versa in phantom 
superior condition) (p < 0.001, Fig. 4). The main effect of 
phantom superior effect (Along PS versus Against PS con-
text, DCM Bilinear matrix B) enhanced the connectivity 
from left dACC to bilateral anterior insula (p < 0.05) but 
not vice versa (p > 0.1) across individuals (one-sample t test) 
(Fig. 4b). Choosing targets along the phantom superior in 

Fig. 3  Dynamic causal modelling (DCM) neural network. a In phan-
tom inferior condition, the left caudate (ROI 1) and the left ACC 
(ROI 2) are the regions of interest according to the results of previ-
ous group-level analysis and high-order PPI analysis. The matching-
pair trials of phantom inferior were entered as driving input (DCM 
matrix C values) directly in ROI 1 or ROI 2 or both the ROIs. The 
intrinsic connectivity between ROIs (DCM matrix A values) was 
modelled as bidirectional (see “DCM methods” for further details). 
Along PI was used as the bilinear modulator (DCM matrix B values) 
of connectivity in both pathways (from left caudate to left ACC and 
from left ACC to left caudate). b In phantom superior condition, the 
left ACC (ROI 1), the left anterior insula (ROI 2) and the right ACC 
(ROI 3) are the regions of interest according to the results of previous 

group-level analysis and high-order PPI analysis. The matching pair 
of phantom superiors were entered as driving input (DCM matrix C 
values) directly in ROI 1 or ROI 2 and 3 or both the ROIs. The intrin-
sic connectivity between ROIs (DCM matrix A values) was mod-
elled as bidirectional. Along PS was used as the bilinear modulator 
(DCM matrix B values) of connectivity in both pathways (from left 
ACC to bilateral anterior insula and from bilateral anterior insula to 
left ACC). c Comparison between the three models divided from each 
condition using Bayesian model selection showed in the A and B. 
The model 2 outperformed all other models with the highest exceed-
ance probability both in phantom inferior (upper panel) and phantom 
superior condition (lower panel)
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the matching pair trials (Along PS, DCM matrix C) had a 
very strong influence on the neural activity of left dACC 
ROI1 in all participants (p < 0.01) rather than choosing com-
petitors (p > 0.1, Fig. 4b).

Discussion

In the current study, our fMRI results showed that the acti-
vation of the bilateral caudate increased in Along PI versus 
Against PI trials. In the phantom superior condition, choos-
ing in the influence of the decoy effect engaged greater activ-
ity in the left dACC. Furthermore, high-order PPI results 
showed that behavioural phantom inferior effect was nega-
tively correlated with connectivity between the left vACC 
and the left caudate. The behavioural phantom superior 
effect was positively correlated with connectivity between 
the left dACC and the bilateral anterior insula. Specifi-
cally, results of DCM showed that phantom inferior effect 
enhanced the connectivity from the left caudate to the left 
vACC, but weakened the connectivity from the left vACC to 
the left caudate, whereas phantom superior effect selectively 
enhanced the connectivity from the left dACC to bilateral 
anterior insula but not vice versa.

Despite widespread interests in the psychological mecha-
nisms of decoy effect, the neural processes underlying decoy 
effects remain unclear. Using a biophysical model of mul-
tiple option decision-making, Chau et al. found that value 
difference (target minus competitor) signals in the vmPFC 
were decreased in the presence of low-value decoys, sug-
gesting that a poor alternative modulates value difference 
signals. Furthermore, Chung et al. found that left ventral 
striatum was more active when the chosen option was domi-
nated by the decoy, indicating that choosing in the influence 
of the decoy effect is rewarding. Importantly, it was found 
that right inferior frontal gyrus connected more strongly 
with the striatum when subjects successfully overrode the 
decoy effect and made unbiased choices (Chung et al. 2017), 
suggesting that the control system modulates the context-
dependent activation of the valuation area. Taken together, 
these previous studies suggested that the reward valuation 
network is involved in assessing the decoy effect.

In our study, in the phantom inferior condition, consistent 
with recent work showing that left ventral striatum was more 
active when the chosen option dominated the decoy (Chung 
et al. 2017), a contrast of Along PI trials versus Against PI 
trials elicited stronger activation in the left caudate. Prior 
studies have shown that caudate encodes reward values 

Fig. 4  Summary of the DCM results of preferred models from the 
whole group. The picture shows the DCM matrix mean values (A, B, 
and C) obtained from 29 participants (one-sample t test). a In phan-
tom inferior condition, choosing competitors against the influence of 
the phantom inferior decoy in matching-pair trials (DCM matrix C2 
values) have a very strong impact on the activity of the left caudate 
(ROI 1). The intrinsic connectivity (DCM matrix A values—regard-
less of experimental manipulation) was highly significant in both 
directions. In contrast, phantom inferior effect (DCM bilinear matrix 
B) selectively enhanced the connectivity from left caudate to left 

vACC  (B1,2) but not vice versa  (B2,1). b In phantom superior condi-
tion, choosing competitors in the influence of the phantom superior 
decoy in matching-pair trials (DCM matrix C1 values) have a very 
strong impact on the activity of the left dACC (ROI 1). The intrin-
sic connectivity (DCM matrix A values—regardless of experimen-
tal manipulation) was highly significant in both directions. In con-
trast, phantom superior effect (DCM bilinear matrix B) selectively 
enhanced the connectivity from left dACC to bilateral anterior insula 
 (B1,2;  B1,3), but not vice versa  (B2,1;  B3,1). DCM dynamic causal mod-
elling. ROI region of interest
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(Balleine et al. 2007; Kirschner et al. 2016). This finding 
may suggest that the same chosen option seems to be more 
valuable when it is the target than when it is not boosted 
by the decoy. Moreover, using the value difference between 
target option and phantom inferior option as a parametric 
modulator, we found that the larger the value difference, 
the stronger the activity in the reward regions, i.e. vmPFC 
and ventral striatum. This finding further corroborates the 
idea that the mere presence of an inferior decoy enhances 
the value of the target option. We also found that participant 
who has weaker context-dependent bias exhibits stronger 
functional connectivity between the left vACC and the left 
caudate. This finding indicates that the changes in coupling 
between two regions in response to the phantom inferior 
effect (Along PI) explained the individual behavioural differ-
ences in sensitivity to phantom inferior decoys. The dynamic 
causal modelling results revealed that phantom inferior 
effect selectively enhanced the neural connectivity from the 
caudate to vACC. These findings suggest an intriguing pat-
tern that choosing in the influence of the phantom inferior 
decoy is perceived as more rewarding.

In the phantom superior condition, we found that choos-
ing in the influence of the phantom superior decoy activated 
the dACC. The dACC has been involved in processing nega-
tive outcomes, such as performance errors and monetary 
losses (Yu and Zhou 2009; Woo et al. 2014). One possi-
bility is that adding phantom superior options decreased 
the value of target options. This disposition is further sup-
ported by the parametric analysis showing that the value 
difference between the phantom superior option and the 
target option strongly modulated activity in the IFG. That 
is, when the value of the phantom superior option and the 
value of the target option are closer to each other, the IFG 
is more strongly activated. The IFG has been proposed to 
be involved in modulating the competitive weights of dif-
ferent stimulus response mappings to facilitate optimal 
decisions (Hampshire et al. 2010; Yaple and Yu 2019). Our 
findings suggest an important role of the IFG in processing 
choice conflict. Higher order PPI results revealed that bilat-
eral anterior insula exhibits stronger functional connectiv-
ity with the left dACC in individuals who showed stronger 
phantom superior effect. Further, DCM analysis revealed 
that phantom superior effect selectively enhanced the con-
nectivity from dACC to bilateral anterior insula. This finding 
is consistent with the majority of researches linking decoy 
effect to the anterior insula (Hedgcock and Rao 2009; Mohr 
et al. 2017). The anterior insula may also reflect greater sali-
ence detection and processing associated with choosing the 
dominated targets rather than competitors (Hu and Yu 2014).

Consistent with the recent fMRI study (Chung et  al. 
2017), we did not find significant decoy effects at the behav-
ioural level. Even though decision-making was largely 
context independent, we found evidence that valuation of 

the target options at the neural level can be influenced by 
phantom decoys. To find out how (or when) valuation at the 
neural level can directly constrain cognitive choices, future 
research should focus more on applying computational mod-
els of the decoy effect to both brain and behavioural data 
(Busemeyer et al. 2019; Turner et al. 2017).

In conclusion, our research further documents the neural 
signature of the asymmetrically dominated phantom decoy. 
Choosing in the influence of the phantom inferior effect and 
phantom superior effect engaged the caudate-vACC and 
dACC-insula, respectively. Inconsistent with the independ-
ence of irrelevant alternatives (IIA) axiom, our study pro-
vides neural evidence supporting the context-dependent val-
uation. Our findings suggest that a phantom inferior decoy 
may boost the value of the target via the reward network, 
whereas a phantom superior decoy may diminish the value 
of the target option via the aversion network.
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