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Many previous functional magnetic resonance imaging (fMRI) studies on deception used a paradigm of
‘‘instructed lies”, which is different than other, more spontaneous forms of lying behavior. The present
study aimed to investigate the neural processes underlying spontaneous and instructed lying and
truth-telling, and to investigate the different mechanisms involved. This study used a modified sic bo
gambling game with real payoffs in order to induce lying. In the spontaneous sessions, the participants
themselves decided whether or not to lie, whereas in the instructed sessions they were explicitly told
to respond either honestly or dishonestly. In the spontaneous lying (vs. truth-telling) condition, the sub-
genual anterior cingulate cortex (sACC) showed significantly higher activity, whereas the right dorsolat-
eral prefrontal cortex (DLPFC), ventrolateral prefrontal cortex (VLPFC) and inferior parietal lobule (IPL)
were more strongly activated when participants spontaneously told the truth (vs. lied). Our results sug-
gest that the extra cognitive control required for suppressing the self-interest motives in spontaneous
truth-telling is associated with higher activity in the fronto-parietal network, while the process of nega-
tive emotion in spontaneous lying induced greater involvement of the sACC. Although similar to sponta-
neous deception, instructed deception engenders greater involvement of the right inferior frontal gyrus
(IFG), left supplementary motor area (SMA), anterior cingulate cortex (ACC), IPL and superior frontal
gyrus (SFG) compared to baseline, instructed decisions did not elicit similar activation patterns in the
regions of sACC, DLPFC, VLPFC and IPL which were sensitive to either spontaneous truth-telling or lying.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction Morris, & Kosslyn, 2009; Ganis, Rosenfeld, Meixner, Kievit, &
Over the past few decades, progress in functional magnetic res-
onance imaging (fMRI) has resulted in an increasing number of
neuroscientific studies focusing on the investigation of the neural
correlates of deception. A paradigm referred to as ‘‘instructed lies”
(Farah, Hutchinson, Phelps, & Wagner, 2014; Greely & Illes, 2007;
Schauer, 2010; Sip, Roepstorff, McGregor, & Frith, 2008; Wright,
Berry, & Bird, 2013) was used in many previous neuroimaging
studies. In a typical paradigm setting, participants were instructed
to lie about specific statements at certain points in time, such as
possession of an item (Langleben et al., 2002; Luan Phan et al.,
2005), personal information or experience (Abe et al., 2006;
Ganis, Kosslyn, Stose, Thompson, & Yurgelun-Todd, 2003; Ganis,
Schendan, 2011; Nunez, Casey, Egner, Hare, & Hirsch, 2005),
knowledge of a mock crime (Kozel, Johnson, et al., 2009; Kozel,
Laken, et al., 2009; Mohamed et al., 2006), valence of pictures
(Lee, Lee, Raine, Chan, & Manzoni, 2010), or memories (Abe,
Suzuki, Mori, Itoh, & Fujii, 2007; Abe et al., 2008; Bhatt et al.,
2009; Ito et al., 2011). However, the weaknesses of the experi-
ments make them less suitable for studying deception (Greely &
Illes, 2007; Sip et al., 2008). In these instructed experiments, ‘‘liars”
were not as motivated to deceive as they would be in most real
world situations where deception is more impulsive and context
dependent (Ganis & Keenan, 2009; Sip et al., 2008). The motivation
for achieving pleasant and avoiding unpleasant states guides
human behavior and decisions (Daw, O’Doherty, Dayan, Seymour,
& Dolan, 2006; Linke et al., 2010). The mental processes involved
whenmaking dishonest decisions which are motivated by extrinsic
motivation (e.g. money), such as cognitive control (Greene &
Paxton, 2009; Zhu et al., 2014) and emotion (Ekman, 1985,
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1989), might differ from instructed ‘‘deception”. In particular, the
complex executive functions associated with deception might not
be fully investigated in the absence of voluntary intention/motiva-
tion (Sip et al., 2008). Additionally, the neural correlates of self-
motivated truth-telling could not be fully investigated in the
instructed paradigm. In many previous deception studies, lying
was thought to be more cognitively demanding, whereas a truthful
response was treated as a default behavior (Spence et al., 2004).
This assumption was supported by functional neuroimaging stud-
ies showing that attempted lying was linked to the activation of
executive brain regions, while truthful behavior rarely elicited
higher activity (Christ, Van Essen, Watson, Brubaker, &
McDermott, 2009; Farah et al., 2014). However, truth-telling might
be also cognitively demanding if successful deception comes with
considerable benefits. The limited findings on the specific neural
activity during truth-telling might be due to a lack of strong moti-
vation toward lying in the previous instructed experiments.

In recent years, many researchers have started investigating the
neural mechanism of lying in a more natural way: by tempting par-
ticipants to lie in return for monetary rewards (Abe & Greene, 2014;
Baumgartner, Fischbacher, Feierabend, Lutz, & Fehr, 2009;
Baumgartner, Gianotti, & Knoch, 2013; Bhatt, Lohrenz, Camerer, &
Montague, 2010; Greene & Paxton, 2009; Sip et al., 2010, 2012;
Sun, Chan, Hu, Wang, & Lee, 2015; Volz, Vogeley, Tittgemeyer,
von Cramon, & Sutter, 2015) or shortening the experiment duration
(Ding, Gao, Fu, & Lee, 2013). In most of these experiments, partici-
pants formed deceptive intents all by themselves and decidedwhen
to lie. Formulating a false statement based on one’s own initiative is
lying in a more spontaneous way (Cooper & Peterson, 1980). How-
ever, the findings from these studies are mixed. The brain regions,
such as the DLPFC and BA 10, were activated not only in the lying
condition (Baumgartner et al., 2009; Sip et al., 2010), but also in
the truth-telling condition (Abe & Greene, 2014; Greene & Paxton,
2009; Zhu et al., 2014). One possibility for these conflicting findings,
especially in the DLPFC, might be due to the different engagement
of control processes (Zhu et al., 2014) in different experimental
designs. Additionally, in some of these experiments, individual lies
were not clearly identified (Abe & Greene, 2014; Greene & Paxton,
2009) and an honest response in the control condition was uncon-
ditional and less spontaneous (Sip et al., 2010).

Although there are many instructed lying studies and a few
spontaneous lying studies, no study has yet been conducted which
directly compares these two settings and allows for deeper insight.
A recent meta-analysis investigating the social-cognitive processes
involved with deception (Lisofsky, Kazzer, Heekeren, & Prehn,
2014) revealed an increased activation in the bilateral IPL for voli-
tional (versus instructed) deception. In the included volitional
studies, the participant was given the opportunity to deceive and
no explicit instructions were included. However, participants were
required to follow some rules while making the decision, such as
achieving an approximate balance between truthful and deceptive
responses (Spence, Kaylor-Hughes, Farrow, & Wilkinson, 2008) or
imagining that successful feigning would lead to monetary gain
(Browndyke et al., 2008; Lee et al., 2002, 2009; McPherson,
McMahon, Wilson, & Copland, 2011). Similar to the typical
instructed paradigms, the natural motivation to lie was, for the
most part, lacking. When taking into account the increasing num-
ber of neuroimaging studies on spontaneous lying and sustained
studies on instructed lying (Cui et al., 2014; Lee, Leung, Lee,
Raine, & Chan, 2013; Sun, Lee, & Chan, 2015; Yang et al., 2014), it
is necessary and important to investigate the underlying differ-
ences between these two types of paradigms at the neural level.

In our experiment, we investigated the neural correlates of
spontaneous lying and truth-telling (i.e. an honest or dishonest
decision based on one’s own initiative), and also investigated the
different neural patterns underlying spontaneous and instructed
decisions. We adopted a modified sic bo gambling game
(Eadington, 1999) in which participants bet on the outcome of
three dice rolls and then reported the betting results in both spon-
taneous and instructed ways. The advantage of using the sic bo
game is that it simulates a true gambling game which is motivated
by cognitive and emotional factors (Clark, 2010) and increases the
participants’ involvement with the experiment. The experiment is
comprised of two sessions in which the participants can either
freely make decisions themselves or they were instructed to make
decisions. If the prediction is wrong in the spontaneous session,
then a dishonest response would lead to a higher payoff and, inver-
sely, an honest response would lead to a lower payoff. If the predic-
tion is correct, an honest response would then lead to a higher
payoff. We sought to investigate three types of decision-making:
lying and truth-telling in a situation in which lying leads to higher
payoff, as well as truth-telling in a situation in which truth-telling
leads to higher payoff. Among these, honest decision-making in
cases where truth-telling leads to a higher payoff might be a pre-
potent response as with the honest responses in the previous
instructed studies. We expected spontaneous lying and truth-
telling conditions to elicit higher activity in the prefrontal cortex
(especially the DLPFC) for two reasons. First, the consistent find-
ings in instructed deception studies indicated that deception acti-
vated multiple prefrontal regions (including the DLPFC) (Abe et al.,
2006, 2007; Ganis et al., 2009; Langleben et al., 2002, 2005; Lee
et al., 2002, 2005, 2010; Luan Phan et al., 2005; Nunez et al.,
2005; Sun, Lee, et al., 2015). Second, previous studies using the
spontaneous paradigm found that honest/dishonest decision-
making was associated with higher activity in the DLPFC. In the
current design, honest and dishonest responses can be distin-
guished, which is different from the previous spontaneous experi-
ments of Greene et al. (Abe & Greene, 2014; Greene & Paxton,
2009). The context used in our experiment was similar to that of
previous spontaneous studies from Greene et al. (i.e. dishonest
responses about predictions of coin flips or dice outcome lead to
a higher monetary payoff). The similar control process of actively
deciding whether or not to lie might lead to a higher involvement
of the DLPFC and associated regions. Also, studies of pathological
liars showed increased white matter volume in the prefrontal cor-
tex (Yang et al., 2005, 2007). Therefore, the prefrontal region is one
of the regions of interest which might be associated with (dis)hon-
est decision-making. In addition to the prefrontal regions, decep-
tion is commonly associated with strong emotional experiences
such as guilt or fear (Ekman, 1985, 1989). Emotional arousal and
regulation might thus also be involved to a higher degree when
telling a lie. We hence expected to observe differences, at both
the behavioral and neural levels, between spontaneous decisions
in the emotional domain. Furthermore, we wanted to investigate
whether the neural processes involved were different if the moti-
vation to lie varied (i.e. were either externally instructed or intrin-
sically motivated). We introduced the instructed session in which
instructions for correctly or incorrectly reporting the betting
results were shown beforehand and participants responded by fol-
lowing the instructions. Because participants could choose freely in
the spontaneous paradigm and due to the potentially different
mental processes underlying their choices, we proposed that the
neural network involved for spontaneous deception and truth-
telling might display different patterns from instructed decisions.
2. Materials and methods

2.1. Participants

Fifty-four male participants (19–36 years; M = 26.1; SD = 3.8)
were enrolled. Of these participants, data from twelve were
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excluded: nine for technical reasons (excessive head movement or
image artifacts); one for lack of attention in the experiment; one
for not following the instructions in the instructed sessions; and
one was unaware that lying was an option in the spontaneous ses-
sion as revealed in the post hoc questionnaire. All participants had
normal or corrected-to-normal vision and no history of substance
abuse, psychiatric or neurological disorders. All participants pro-
vided their written informed consent and the study was approved
by the ethics committee of the Medical Faculty of the University of
Bonn (Nr 344/12).

2.2. Tasks

In the experiment, participants played a modified sic bo game
(Fig. 1). The betting options of the original game are formed by
the various combinations obtained by rolling three dice. In our
simplified version, there are only two betting options (‘‘big” if
the sum of the three dice is between 11 and 18, and ‘‘small” if
the sum of the dice is between 3 and 10). We created 342 different
dice images in total; half showed results in the ‘‘big” category and
the other half in the ‘‘small” category. In each trial, participants
were given a budget of 25€ and bet on one of the nine different
stakes (0.5€, 1€, 1.5€; 9.5€, 10€, 10.5€; 19.5€, 20€, 20.5€). First,
the participants guessed the sum of the dice roll and either bet
‘‘big” if they predicted the sum would be between 11 and 18, or
‘‘small” if not. After the participants placed a bet, one of the dice
images was randomly selected and presented to them. Participants
then knew whether or not their bet was correct. The following
screen displayed the randomly selected stake representing the
money they were about to lose or win, and a question appeared
asking them whether their prediction was correct. Before the
experiment, participants were informed that the results they
reported (rather than the actual prediction results) would
Fig. 1. Example trial. The participant predicted the sum of the three dice and bet on one
2.5 s. This was followed by a fixation cross for 2–6 s. Afterward, the participant had 3.5 s
their own whether to lie or not. In the instructed session (B), the participants were told t
received (‘‘right answer” or ‘‘wrong answer”) shown at the beginning of each trial.
determine their final payoff and that there was no punishment
for untrue reports. In other words, regardless of their prediction,
they would win the stake if they reported ‘‘yes” to the question
and lose the stake if they reported ‘‘no”. In the spontaneous session
(Fig. 1A), participants were told that the experimenters were aware
of the chances for participants to win more money by reporting
incorrectly when their prediction was wrong and the participants
were allowed to freely make the decision. In the instructed session
(Fig. 1B), the participants were instructed to report their betting
results honestly or dishonestly according to the randomly selected
instructions (i.e. ‘‘right answer” and ‘‘wrong answer”) shown at the
beginning of each trial. The positions of the betting options and
report options were counterbalanced in both sessions. The sponta-
neous session was performed before the instructed session to avoid
any influence on the decision-making in the spontaneous session.

Before being scanned, participants read the instructions for the
spontaneous session. After that, they completed two practice ses-
sions on the computer. In the first practice session, they were
asked to finish 20 rounds of calculating the sum of the three dice
and then reporting the ‘‘big” and ‘‘small” results within 2.5 s in
order to make sure they were capable of calculating correctly. In
the second practice session, they finished 18 simulated rounds of
the spontaneous session in order to become familiar with the
experiment. Participants with accuracy rates higher than 75% in
the first practice session were allowed be scanned and completed
162 rounds of the sic bo game under spontaneous conditions in
three scanning runs. After the spontaneous session, they had a
30-min break. During the break, participants were asked if they
realized that they had the opportunity to win more money if they
provided an untruthful response. They also filled-in a set of ques-
tionnaires (see below), read the instructions for the instructed ses-
sion and practiced again on the computer. In this practice session,
participants had to make the decision by following the instructions
of two choices: ‘‘big” or ‘‘small”. Then, the picture of the three dice was shown for
to report the betting result. In the spontaneous session (A), participants decided on
o report the betting result correctly or incorrectly according to the instructions they
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and finishing 18 simulated rounds of the instructed session. If the
accuracy in the practice round was higher than 75%, the subjects
were scanned and completed another 180 rounds of the gambling
game under instructed conditions in four scanning runs. The
increased number of rounds in the instructed paradigm was
applied to ensure the necessary number of trials for each condition.
Each run lasted about 13 min. After they finished the experiment,
participants were asked to complete the questionnaires for the
instructed session. In the questionnaires for both the spontaneous
and instructed sessions, participants were asked to rate the ques-
tion, ‘‘How much do you agree with the following sentence: When
the prediction was wrong, reporting ‘yes’ to the question in the
experiment is a ‘lie’” based on a 9-point scale (1: strongly disagree,
5: neural, 9: strongly agree). In order to estimate the emotional
valence while participants were making different decisions, they
were also asked to rate the emotional valence toward the different
decisions (spontaneous lie in the incorrect prediction trials; spon-
taneous truth in the incorrect prediction trials; instructed lie in the
incorrect prediction trials; instructed truth in the incorrect predic-
tion trials) according to Lang’s Self-Assessment Manikin Valence
Scale (Lang, 1980). The Self-Assessment Manikin Scale of a nine-
level valence scale (1: very unhappy, 5: neural, 9: very happy)
was adapted from PXLab (Irtel, 2008). Participants were paid
depending on the outcome of one randomly chosen gambling trial
from each session. For the duration of the experiment, experi-
menters avoided using the words ‘‘lie”, ‘‘truth”, ‘‘cheat”, ‘‘honest”
or ‘‘dishonest” in all of the instructions.

2.3. Image acquisition and data analysis

All images were run on a Siemens Trio 3.0 Tesla scanner with a
standard twelve-channel head coil. Structural scans included T1-
weighted images (TR = 1570 ms; TE = 3.42 ms; flip angle = 15�;
slice thickness = 1.0 mm). The functional session started with a
localizer scan followed by the paradigm implemented in the pre-
sentation (Neurobehavioral Systems; http://www.neurobs.com)
during which T2⁄-weighted echo planar images (EPI) were col-
lected (TR = 2500 ms; TE = 30 ms; flip angle = 90�; 37 slices with
3 mm slice thickness; 64 � 64 acquisition matrix; field of
view = 192 � 192 mm2; in-plan resolution = 3 � 3 mm2).

After collecting data from 33 participants, the MRI scanner was
upgraded to a Tim Trio System and 9 participants were scanned in
the upgraded scanner. Among those 9 participants, 2 participants
behaved honestly and dishonestly depending on the stakes; 3 par-
ticipants behaved honestly; and 4 participants behaved dishon-
estly regardless of the different stakes in the incorrect prediction
trials. Scans included T1-weighted images (TR = 1660 ms;
TE = 2.75 ms; flip angle = 9�; slice thickness = 0.8 mm) and T2⁄-
weighted echo planar images (TR = 2500 ms; TE = 30 ms; flip
angle = 90�; 37 slices with 3 mm slice thickness; 96 � 96 acquisi-
tion matrix; field of view = 192 � 192 mm2; in-plan
resolution = 2 � 2 mm2).

SPM8 was adopted for fMRI data analysis (Welcome Depart-
ment of Cognitive Neurology, London, UK; http://www.fil.ion.ucl.
ac.uk/spm/). For each subject, EPI images were first realigned and
resliced. Data sets that exhibited an overall movement of >3 mm
or 3� of rotation in each session were not included. Then, the
anatomical image was co-registered with the mean EPI image of
each participant which was further segmented. The SPM8’s DAR-
TEL tool was used to create a template and normalize functional
and anatomical scans to the MNI template. Finally, the normalized
functional images were subsampled to 1.5 � 1.5 � 1.5 mm3 and
spatially smoothed with an 8-mm full-width half-maximum Gaus-
sian filter (FWHM).

For each participant, brain activation was estimated using a
general linear model (GLM). In order to compare lying versus
truth-telling decisions among subjects, the functional data from
the spontaneous session which included 19 participants who
behaved both honestly and dishonestly in the incorrect prediction
trials (the numbers of trials in each condition were larger than 15)
were used in the analysis. Six regressors of interest and one ‘‘other”
regressor were included. The seven regressors included the onsets
of: (1) spontaneous lies in the incorrect prediction trials
(‘‘S_Lie_InC”); (2) spontaneous truth-telling in the incorrect predic-
tion trials (‘‘S_Truth_InC”); (3) spontaneous truth-telling in the
correct prediction trials (‘‘S_Truth_C”); (4) instructed lies in the
incorrect prediction trials (‘‘I_Lie_InC”); (5) instructed truth-
telling in the incorrect prediction trials (‘‘I_Truth_InC”); (6)
instructed truth-telling in the correct prediction trials
(‘‘I_Truth_C”) and (7) the ‘‘other” regressor). The six regressors of
interest were focusing on the decision phase. The ‘‘other” regressor
included the onsets of the trials with no response, the betting
phase, instructed lies in the correct prediction trials (‘‘I_Lie_C”),
limited spontaneous lies in the correct prediction trials (‘‘S_Lie_C”)
and instructed trials with incorrect responses. To account for the
residual effects of head motion, the six estimated head movement
parameters were included in the design matrix. In addition, we
adopted a parametric analysis with betting values (i.e. stakes) as
modulating parameters. Each of the experimental conditions was
modelled by multiple stick functions with duration 0 convolved
with a hemodynamic response function with its time derivatives
in the GLM. The canonical hemodynamic response function as
implemented in SPM8 was used to model the fMRI signal, and a
high-pass filter was set at 128 s to reduce low frequency noise.
For the second level analysis, we computed a one-way ANOVA
within subject analysis in SPM8 with three spontaneous condi-
tions, and examined activation across the whole brain. To take both
type I and type II errors into account (Lieberman & Cunningham,
2009), results were voxel-level height thresholded at p < 0.001
with spatial extent threshold set at k = 50. In order to show specific
differences, a region of interest (ROI) analysis was conducted. In
the ROI analysis, parameter estimates of signal intensity in spher-
ical regions of interest of a 6 mm radius around peak voxels
revealed in the whole brain results were extracted (Table 1) and
then subjected to a repeated measure ANOVA with three sponta-
neous conditions as independent within-subject variables. Post
hoc analysis was performed using Bonferroni post-tests. Addition-
ally, we performed paired samples t-tests whole brain analysis to
compare the three spontaneous conditions.

To further explore the interaction between honest/dishonest
decisions and spontaneous/instructed sessions in 19 partially dis-
honest participants, four conditions (S_Lie_InC, S_Truth_InC,
I_Lie_InC, I_Truth_InC) for each partially dishonest participant
were entered into a flexible factorial model with 2 within-group
factors [sessions (spontaneous, instructed session) and decision
types (lying, truth-telling in the trials with incorrect predictions)].
Results were voxel-level height thresholded at p < 0.001 with spa-
tial extent threshold set at k = 50 (uncorrected).

To further explore the neural processes underlying spontaneous
truth-telling decisions among participants with different levels of
honesty, the brain activation was estimated using a general linear
model for those participants who were more honest (N = 15). Con-
sidering the absence or limited spontaneous lying trials in these
participants, six regressors (i.e. ‘‘S_Truth_InC”, ‘‘S_Truth_C”,
‘‘I_Lie_InC”, ‘‘I_Truth_InC”, ‘‘I_Truth_C” and ‘‘other”) were included
in the GLM. The ‘‘other” regressor included the onsets of the trials
with no response, the betting phase, ‘‘I_Lie_C”, instructed trials
with incorrect responses and limited spontaneous lying trials. For
the second level analysis, a two sample t-test was performed to
identify the different neural processes in the relatively dishonest
(N = 19) and relatively honest group (N = 15) while making sponta-
neous truth-telling decisions in the incorrect prediction trials and
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Table 1
Brain regions where BOLD signals were significantly modulated by three conditions (S_Lie_InC, S_Truth_InC and S_Truth_C) from ANOVA analysis (N = 19).

Hem Voxel Global maxima location Local maxima location MNI coordinates Z value

x y z

R 12,181 Anterior cingulate cortex 3 42 26 6.10*

R Supplementary motor area 9 24 63 5.06
L Subgenual anterior cingulate gyrus �5 30 �3 4.41
R Subgenual anterior cingulate gyrus 5 28 �3 4.05
R 2984 Inferior frontal gyrus 40 21 �10 5.50*

R Ventrolateral prefrontal gyrus 45 55 �4 4.26
L 3088 Inferior frontal gyrus �39 18 �10 5.16*

R 2019 Inferior parietal lobule 45 �42 48 4.72*

L 910 Inferior parietal lobule �60 �48 36 4.05
R 417 Middle frontal gyrus 44 20 42 4.01
L 406 Superior frontal gyrus �24 49 21 4.00
R 110 Dorsolateral prefrontal cortex 48 30 26 3.49
R 55 Middle frontal gyrus 42 48 17 3.40

Results were all voxel-level height thresholded at p < 0.001 with cluster size of >50 voxels, uncorrected.
* Survived after peak-level family wise error (FWE) correction, p < 0.05.
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in the correct prediction trials. Results were voxel-level height
thresholded at p < 0.001 with spatial extent threshold set at
k = 50 (uncorrected).

In the instructed session, considering different types of partici-
pants were not classified in previously conducted instructed
deception experiments, data in the instructed session from all par-
ticipants (N = 42) were entered into the analysis. Paired samples t-
tests were conducted to compare instructed lies to two instructed
truth-telling conditions, as well as instructed truth-telling in the
incorrect prediction trials to that in the correct prediction trials
(p < 0.001, uncorrected, k = 50). In order to test if we were able to
replicate results from previous neuroimaging studies on instructed
lies and to identify those regions of interest which were activated
by instructed lies in both previous studies and our study, we com-
pared the neural responses in instructed lies to truth-telling by
applying an inclusive mask. The inclusive mask of instructed lies
was created by combining the spheres with a 10 mm radius around
the coordinates revealed in the instructed lies vs. truth provided by
two instructed lies meta-analysis studies (Christ et al., 2009; Farah
et al., 2014). The relatively larger masks used here included the
regions found in the instructed lying studies. In order to see if
the spontaneous conditions displayed a neural pattern similar to
instructed conditions, ROIs were defined according to the coordi-
nates of the peak voxels found in the paired samples t-tests which
showed instructed lying associated regions (Table 2). Parameter
estimates of signal intensity of three spontaneous conditions (i.e.
S_Lie_InC, S_Truth_InC and S_Truth_C; N = 19) in a 6-mm spherical
volume centered on the maxima found activated in the instructed
lying conditions were extracted.

In order to further investigate how spontaneous decision asso-
ciated regions respond in the instructed decisions, previously
defined ROIs (spontaneous decision associated regions) were used
as regions of interest from which the parameter estimates in three
instructed conditions (Table 2) were extracted. Parameter esti-
mates of signal intensity of three instructed conditions (i.e.
I_Lie_InC, I_Truth_InC and I_Truth_C; N = 42) in a 6-mm spherical
volume centered on those maxima found in three spontaneous
conditions were extracted. A repeated measure ANOVA was then
used and post hoc analyses were performed using Bonferroni post
hoc-tests.

In order to ensure that the results of the data collected before
the scanner upgraded were in line with our current findings, we
performed additional analyses by using the data collected before
the scanner upgraded. We computed a one-way ANOVA within
subject analysis for three spontaneous conditions, and examined
activation across the entire brain in 17 partially dishonest partici-
pants. We also performed paired samples t-tests to compare
instructed lies to two instructed truth-telling conditions, as well
as to compare instructed truth-telling in the incorrect prediction
trials to that in the correct prediction trials in 33 participants with
different honesty levels.

3. Results

3.1. Behavioral results

3.1.1. Lying frequencies in the spontaneous session
All 42 participants were aware of the possibility of winning

more money by giving untruthful reports. In the spontaneous ses-
sion trials, participants chose to respond honestly most of the time
when they correctly predicted the sum of the dice (N = 42; mean
frequency of lying ± SD: 2.1% ± 2.83). In order to compare lying to
truth-telling decisions among subjects, we specifically focused on
19 participants who behaved both honestly and dishonestly (i.e.
partially dishonest participants) in the trials with incorrect predic-
tion from the spontaneous session. The mean frequency of dishon-
est responses for these 19 participants is 59.1% (SD = 16.5). The
mean rates and the standard deviation of dishonest responses
within the three stake ranges (0.5–1.5€, 9.5–10.5€ and 19.5–
20.5€) were 7.0% (±8.0), 75.9% (±31.0) and 91.8 (±17.4) (Fig. 2A;
black bars). For the remaining participants, 15 were more honest
(mean frequency of lying ± SD: 3.1% ± 3.7) and 8 were more dis-
honest (mean frequency of lying ± SD: 99.4% ± 0.5). The honesty
levels here only describe the participants’ behavior in the experi-
ment; no conclusions could be drawn concerning their personali-
ties or behavioral tendencies in general.

3.1.2. Response accuracies in the instructed session
In order to ensure that participants paid attention to the task in

the instructed experiment, the response accuracies (N = 42) in the
four conditions were estimated. Mean (±SD) accuracy rates were
93.5% (±6) for instructed truth-telling in the incorrect prediction
trials; 91.3% (±10) for instructed lies in the incorrect prediction tri-
als; 87.9% (±11) for instructed truth-telling in the correct predic-
tion trials; and 96% (±5) for instructed lies in the correct
prediction trials. The accuracies in all four conditions were signif-
icantly higher than the chance level 50% (all ts(41) > 21; all
ps < 0.001).

3.1.3. Comparison between the spontaneous and instructed session
Participants rated the untrue response significantly more as a

‘‘lie” (t(41) = 4.88; p < 0.001) in the spontaneous session



Table 2
ROI analysis of three conditions (Lie_InC, Truth_InC and Truth_C) within each session.

Hem ROI MNI coordinates Main effects Parameter estimates: Mean (SE)

x y z F value p value Lie_InC Truth_InC Truth_C

Instructed sessions
Spontaneous lying associated regions (with incorrect prediction)
R Ventrolateral prefrontal cortex 45 55 �4 F(2,82) = 2.30 p = 0.11 2.67 (0.61) 1.72 (0.71) 1.07 (0.70)
R Dorsolateral prefrontal cortex 48 30 26 F(2,82) = 1.52 p = 0.23# 3.38 (0.68) 2.31 (0.81) 1.98 (1.03)
R Inferior parietal lobule 45 �42 48 F(2,82) = 0.80 p = 0.45 5.96 (0.86) 5.67 (0.91) 4.88 (0.94)

Spontaneous truth-telling associated regions (with incorrect prediction)
L Subgenual anterior cingulate cortex �5 30 �3 F(2,82) = 3.39 p = 0.04* 2.53 (0.68) 1.44 (0.72) 3.27 (0.67)

Spontaneous decisions (lying and truth-telling) associated regions (with incorrect prediction)
R Anterior cingulate cortex 3 42 26 F(2,82) = 3.13 p = 0.049* 6.29 (0.95)a 4.27 (0.89) 4.55 (1.03)
R Supplementary motor area 9 24 63 F(2,82) = 0.67 p = 0.52 2.78 (0.71) 2.72 (0.68) 2.00 (0.72)
R Inferior frontal gyrus 40 21 �10 F(2,82) = 2.16 p = 0.12 5.01 (0.79) 3.79 (0.86) 3.16 (1.19)
L Inferior frontal gyrus �39 18 �10 F(2,82) = 2.44 p = 0.09 5.49 (1.16) 4.68 (1.16) 3.24 (1.49)
L Inferior parietal lobule �60 �48 36 F(2,82) = 3.72 p = 0.03* 3.40 (0.62)b 2.66 (0.57) 1.56 (0.56)
R Middle frontal gyrus 44 20 42 F(2,82) = 2.78 p = 0.08# 3.14 (0.73) 2.39 (0.86) 1.10 (0.79)
L Superior frontal gyrus �24 49 21 F(2,82) = 5.14 p = 0.008* 3.51 (0.75)b 2.16 (0.69) 0.96 (0.69)
R Middle frontal gyrus 42 48 17 F(2,82) = 0.88 p = 0.40# 3.88 (0.65) 3.54 (0.69) 3.09 (0.58)

Spontaneous session
Instructed lying associated regions (with incorrect prediction)
L Supplementary motor area �2 27 56 F(2,36) = 13.85 p < 0.001* 5.98 (1.35)b 6.61 (1.45)c 0.66 (1.10)
L Superior frontal gyrus �2 31 36 F(2,36) = 20.34 p < 0.001#,* 7.02 (0.92)b 8.55 (1.34)c 2.71 (0.87)
L Inferior parietal lobule �45 �54 47 F(2,36) = 10.31 p = 0.001#,* 9.64 (1.38)b 14.23 (2.28)c 7.02 (1.22)
L Angular gyrus �54 �57 35 F(2,36) = 7.92 p = 0.001* 5.21 (1.30)b 5.62 (1.18)c 1.85 (1.26)
L Inferior frontal gyrus �48 24 �4 F(2,36) = 16.18 p < 0.001* 8.34 (1.60)b 9.09 (1.67)c 2.79 (1.22)
R Inferior frontal gyrus 50 24 �6 F(2,36) = 18.36 p < 0.001* 11.10 (1.98)b 9.97 (2.07)c 4.33 (1.87)
L Middle frontal gyrus �38 18 41 F(2,36) = 2.90 p = 0.07 4.39 (1.20) 5.13 (1.25) 2.73 (0.95)

# p values were Huynh–Feldt corrected.
* The main effect is significant (p < 0.05).
a The contrast of Lie_InC > Truth_InC is significant (p < 0.05).
b The contrast of Lie_InC > Truth_C is significant (p < 0.05).
c The contrast of Truth_InC > Truth_C is significant (p < 0.05).
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(mean ± SD: 6.98 ± 2.5) as compared to the instructed session
(mean ± SD: 4.45 ± 2.73; Fig. 2B). In the partially dishonest partici-
pants, the emotional valence toward the lying and truth-telling
conditions in the spontaneous and instructed sessions showed a
significant interaction of session � condition (F(1,18) = 13.10,
p = 0.002). Post hoc analysis showed that the emotional valence
was significantly higher for spontaneous truth-telling (mean ± SD:
5.9 ± 1.9) than spontaneous lying (4.5 ± 1.4) in the incorrect predic-
tion trials (p = 0.04), whereas the ratings were higher for instructed
lying (6.4 ± 2.0) than instructed truth-telling (5.0 ± 1.6) in the
incorrect prediction trials (p = 0.01).

With regard to the reaction time of the 19 partially dishonest
participants, we performed a 3 (conditions: lying with incorrect
predictions, truth-telling with incorrect predictions and truth-
telling with correct predictions) � 2 (sessions: spontaneous and
instructed sessions) ANOVA. A significant session � condition
interaction (F(2,36) = 4.97, p = 0.02) was found. The post hoc analysis
was conducted, yielding significant differences between
(S_Lie_InC-I_Lie_InC) and (S_Truth_C-I_Truth_C) as well as
between (S_Truth_InC-I_Truth_InC) and (S_Truth_C-I_Truth_C)
(all ps < 0.05). The comparison between (S_Lie_InC-I_Lie_InC) and
(S_Truth_InC-I_Truth_InC) was not significant (p � 1). In the spon-
taneous session, the reaction times for lying (mean ± SD:
1175 ± 275 ms) and truth-telling (1226 ± 206 ms) with incorrect
predictions were significantly longer than for truth-telling with
correct predictions (993 ± 160 ms; all ps < 0.001). There was no sig-
nificant difference between lying and truth-telling with incorrect
predictions (p = 0.79; Fig. 2C). In the instructed session, the reac-
tion time for lying (963 ± 212 ms) and truth-telling
(1020 ± 247 ms) with incorrect predictions was significantly longer
than for truth-telling with correct predictions (888 ± 183 ms; all
ps < 0.01). No significant difference was found between instructed
lying and truth-telling with incorrect predictions (p = 0.21; Fig. 2C).
For each condition, the reaction times in the spontaneous session
were significantly longer than in the instructed session (all
ps < 0.001).

3.2. fMRI results

3.2.1. Spontaneous lying and truth-telling associated regions (N = 19)
The subgenual anterior cingulate cortex (sACC), right ventrolat-

eral prefrontal cortex (VLPFC), dorsolateral prefrontal cortex
(DLPFC), middle frontal gyrus (MFG), left superior frontal gyrus
(SFG), bilateral inferior parietal lobule (IPL), supplementary motor
area (SMA), anterior cingulate cortex (ACC) and inferior frontal
gyrus (IFG) were significantly modulated by three spontaneous
conditions according to the ANOVA results (Table 1 and Fig. 3).
To ensure that the results of the data collected before the scanner
upgraded are in line with our current findings, we performed the
entire brain analyses using the data from the 17 valid participants
who were measured in the previous scanner. We obtained similar
results at a lenient threshold (p < 0.005, uncorrected, k = 50;
Fig. S1).

Further analyses showed three types of brain clusters. The first
type of cluster was associated with spontaneous truth-telling in
the incorrect prediction trials, which included the right VLPFC,
DLPFC and IPL regions (Fig. 4A). The spontaneous truth-telling
decision with incorrect predictions significantly enhanced the
activity in these three regions compared to the other two sponta-
neous decisions (all ps < 0.05; Fig. 4B). No significant difference
between the other two spontaneous decisions was observed (all
psP 0.11; Fig. 4B). Paired t-test whole brain analysis also con-
firmed these findings at a lower threshold (p < 0.005, uncorrected,
k = 50; Fig. S2A). The second type of cluster is associated with



Fig. 2. Behavioral results. (A) The lying and truth-telling rates for three different betting value ranges in the 19 partially dishonest participants. (B) Agreement ratings to the
expression that ‘‘reporting ‘yes’ to the question in the experiment is a ‘lie’” in all participants (1 = strongly disagree, 5 = neutral, 9 = strongly agree; N = 42). (C) Mean reaction
time of different decisions in the spontaneous and instructed session in the 19 partially dishonest participants. (⁄⁄p < 0.01; ⁄⁄⁄p < 0.001; n.s.: not significant; error bar: SD).

Fig. 3. Results of spontaneous decisions. The F-test result from one-way ANOVA in the partially dishonest participants (N = 19) with three spontaneous conditions.
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spontaneous lying and included the subgenual ACC (Fig. 4A). The
spontaneous lying decision with incorrect predictions significantly
enhanced the activity in the sACC compared to the other two spon-
taneous truth-telling conditions (all ps < 0.01; Fig. 4B). No signifi-
cant difference between the two spontaneous truth-telling
conditions was observed (p � 1; Fig. 4B). A paired samples t-test
whole brain analysis confirmed these findings (p < 0.001, uncor-
rected, k = 50; Fig. S2B). The third type of cluster was generally
associated with spontaneous decisions in the context where the
prediction was incorrect. In the right ACC, left SFG, right SMA, right
MFG, bilateral IFG and left IPL, both spontaneous lying and truth-
telling in the incorrect prediction trials (tempting situation) eli-
cited significantly higher activity than spontaneous truth-telling
in the correct prediction trials (all ps < 0.01). No significant differ-
ence was found between spontaneous lying and truth-telling in the
incorrect prediction trials (all psP 0.28). Paired samples t-test



Fig. 4. Activation patterns in regions associated with spontaneous lying and truth-telling. The right ventrolateral prefrontal cortex (VLPFC), dorsolateral prefrontal cortex
(DLPFC) and inferior parietal lobe (IPL) were more active in the spontaneous truth-telling condition (A and B; left panel). The subgenual anterior cingulate cortex (sACC) was
more active in the spontaneous lying condition (A and B; right panel). The activity of these regions showed no difference among the three instructed conditions (C; in all 42
participants). (Error bars: SE; ⁄p < 0.05, ⁄⁄p < 0.01, ⁄⁄⁄p < 0.001, n.s.: not significant; Error bars: SE; Lie_InC: lies in the incorrect prediction trials, Truth_InC: truth-telling in the
incorrect prediction trials, Truth_C: truth-telling in the correct prediction trials; S: spontaneous session, I: instructed session).
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whole brain analysis confirmed this result (p < 0.001, uncorrected,
k = 50; Fig. 5 regions marked in red/yellow).

In order to investigate how spontaneous decisions associated
regions respond to instructed conditions, the previously reported
three clusters of brain regions were used as regions of interest to
investigate brain activity for different instructed decisions. No
main effects for instructed conditions were found in the right
VLPFC, DLPFC and IPL (all Fs(2,82) < 2.4; all ps > 0.1; Table 2; Fig. 4C).



Fig. 5. Results of paired t-test whole brain analysis in the spontaneous session and instructed session. (A) Spontaneous lying in the incorrect prediction trial (S_Lie_InC vs.
S_Truth_C) elicited stronger activations in the regions marked in red. The contrast of I_Lie_InC vs. I_Truth_C elicited stronger activation in regions marked in green. (B) The
regions were activated in the contrasts of S_Truth_InC vs. S_Truth_C (red) and the contrast of I_Truth_InC vs. I_Truth_C (green). Overlapping regions were marked in yellow.
(MFG: middle frontal gyrus; IFG: inferior frontal gyrus; SMA: supplementary motor area; ACC: anterior cingulate cortex; sACC: subgenual anterior cingulate cortex; IPL:
inferior parietal lobule; SFG: superior frontal gyrus; DLPFC: dorsolateral prefrontal cortex; VLPFC: ventrolateral prefrontal cortex). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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In the subgenual ACC, the main effect of the three instructed con-
ditions was significant (F(2,82) = 3.39; p = 0.04; Table 2), but if cor-
rected for multiple comparisons, the post hoc analyses showed
no significant differences for the instructed conditions (all
ps > 0.05; Table 2; Fig. 4C). Therefore, the regions which were
specifically more active in spontaneous truth-telling or sponta-
neous lying reacted indistinguishably toward instructed decisions.
Among those regions which generally responded to spontaneous
decisions in tempting situations (Table 2), no main effect of the
instructed conditions was found (all Fs(2,82) < 2.8; all ps > 0.07) in
the right SMA, right MFG and bilateral IFG. Significant main effects
of the instructed conditions were found in right ACC, left SFG and
left IPL (all Fs(2,82) > 3.1; all ps < 0.05). Post hoc analyses showed
significant differences between instructed lying with incorrect pre-
dictions and instructed truth-telling with correct predictions in left
SFG and left IPL (all ps < 0.03) and significant differences between
instructed lying with incorrect predictions and instructed truth-
telling with incorrect predictions in right ACC (p = 0.04). In the
direct comparison of lying and truth-telling in the incorrect predic-
tion trials versus truth-telling in the correct prediction trials, the
spontaneous and instructed decisions co-activated regions such
as the right IFG, SMA, ACC, left IPL and left SFG (Fig. 5 regions
marked in yellow).
3.2.2. Instructed lying and truth-telling associated regions (N = 42)
In previous instructed studies, participants were not classified

into different groups based on honesty levels. In order to make
our current instructed paradigm comparable with previous studies,
the analysis for the instructed conditions was performed for all 42
participants. We found that multiple regions were significantly
activated in the contrast of I_Lie_InC vs. I_Truth_InC (Table S1)
and the contrast of I_Lie_InC vs. I_Truth_C (Fig. 5A regions marked
in green/yellow; Table S1). In addition, by using the inclusive mask
which was created based on previous instructed results (see
Method), we found that the left middle frontal gyrus (MFG), infe-
rior parietal lobule (IPL), angular gyrus (AG), supplementary motor
area (SMA), superior frontal gyrus (SFG) and bilateral inferior fron-
tal gyrus (IFG) were strongly activated in the contrast of I_Lie_InC
vs. I_Truth_C and left AG in the contrast of I_Lie_InC vs. I_Truth_InC
(Fig. S3A; Table S2). To make sure that the results of the data col-
lected before the scanner upgraded are in line with our current
findings, we performed the same analyses by using the data from
33 valid participants who were measured before the scanner
upgraded and similar activation was found (p < 0.001, uncorrected,
k = 50; Fig. S3B). These findings suggest that our experimental set-
ting in the instructed session is comparable to the typical
instructed paradigm. The results which were compiled using data
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from the 19 partially dishonest participants were also shown in
Supplementary Material (Fig. S4 marked in green/yellow).

In order to determine how regions associated with instructed
lying respond to spontaneous decisions, brain regions which were
strongly activated in the instructed lying (versus instructed truth-
telling) condition were used as regions of interest to investigate
brain activity in different spontaneous decisions. Among these
regions, no significant difference for spontaneous conditions was
found in left middle frontal gyrus (F(2,36) = 2.90; p = 0.07; Table 2).
In the other instructed lying associated regions (left SMA, SFG, IPL,
AG and bilateral IFG), the main effects were significant (all
Fs(2,36) > 7.9; all ps 6 0.001) and significantly higher activity was
found in the contrast of spontaneous lying and truth-telling with
incorrect predictions versus spontaneous truth-telling with correct
predictions (all ps < 0.03). No significant difference was found in
the contrast of spontaneous lying versus truth-telling with incor-
rect predictions (all ps > 0.08). Taking into account that the left
MFG was strongly activated in the comparison between instructed
lying with incorrect predictions versus instructed truth-telling
with correct predictions, an extra paired samples t-test of the same
contrast in the spontaneous session was conducted, and was not
significant (t(18) = 1.93; p = 0.07).
3.2.3. Interaction between decisions types and paradigms in 19
partially dishonest participants

To further explore the interaction between honest/dishonest
decisions and spontaneous/instructed sessions in 19 partially dis-
honest participants, we compared (S_Truth_InC-S_Lie_InC) to
(I_Truth_InC-I_Lie_InC). We found among others the right VLPFC,
DLPFC and IPL to be significantly more active (Fig. 6; see Table S3
for complete results). No voxel survived in the opposite contrast.
3.2.4. Supplementary comparisons of spontaneous truth-telling among
participants with different levels of honesty

To further explore the neural processes underlying spontaneous
truth-telling decisions between participants with different levels of
honesty, we compared spontaneous truth-telling in the partially
dishonest group to the honest group. We found brain regions
(see Table S4 for complete results), especially the right VLPFC,
DLPFC and IPL, showed increased BOLD signal in the partially dis-
honest participants as compared to the more honest participants in
the spontaneous truth-telling condition with incorrect prediction.
None survived in the opposite contrast. No difference was found
when comparing the partially dishonest participants to the honest
participants in the spontaneous truth-telling condition with cor-
rect prediction.
Fig. 6. Interaction results in the partially dishonest participants (N = 19). The right
IPL, DLPFC and VLPFC were activated in the contrast of (S_Truth_InC-S_Lie_InC) vs.
(I_Truth_InC-I_Lie_InC). (IPL: inferior parietal lobule; DLPFC: dorsolateral prefrontal
cortex; VLPFC: ventrolateral prefrontal cortex).
4. Discussion

To study the neural underpinnings of spontaneous lying and
truth-telling, and to further disentangle their mechanisms from
that of instructed lying and truth-telling, we used a modified sic
bo gambling game in which participants could freely decide
whether to lie or they were explicitly instructed to do so.

The right DLPFC, VLPFC and IPL exhibited stronger responses in
the spontaneous truth-telling condition with incorrect predictions
than in the other two spontaneous conditions (Figs. 4B and S2A).
Unlike spontaneous truth-telling, instructed truth-telling did not
elicit any higher activity in the right DLPFC, the VLPFC and IPL
(Fig. 4C; Table 2). Previous studies have shown that these three
regions belong to a frontoparietal control system which is thought
to support cognitive control and decision-making processes
(Vincent, Kahn, Snyder, Raichle, & Buckner, 2008). The DLPFC has
been demonstrated in tasks requiring cognitive control and inhibi-
tion of pre-potent impulses (Aron, Robbins, & Poldrack, 2004;
Sanfey, Rilling, Aronson, Nystrom, & Cohen, 2003; Spitzer,
Fischbacher, Herrnberger, Grön, & Fehr, 2007). Disruption of the
right DLPFC increased risk-taking behavior by diminishing self-
control (Knoch & Fehr, 2007; Knoch, Gianotti, et al., 2006) and
weakening the subjects’ ability to resist the economic temptation
to accept unfair offers (Knoch, Pascual-Leone, Meyer, Treyer, &
Fehr, 2006).

The commonly held notion in previously conducted instructed
and spontaneous lying studies on deception was that the DLPFC
is more involved in deceptive responses than honest responses.
In some instructed studies, the DLPFC was significantly activated
while comparing instructed lying to instructed truth-telling (Abe
et al., 2006, 2007; Lee et al., 2002, 2005; Luan Phan et al., 2005;
Nunez et al., 2005). The transcranial magnetic stimulation (TMS)
studies on deception in which participants reported the colors or
the names of the stimuli correctly or incorrectly, revealed that
the disruption of the right DLPFC decreased the untruthful
response rate (Karton & Bachmann, 2011; Karton, Rinne, &
Bachmann, 2014) and facilitative rTMS of the right DLPFC
increased the untruthful response rate (Karton et al., 2014).
Although the main effect is not significant, our result showed that
instructed lying in our experiment displayed a tendency toward
eliciting relatively higher activity than instructed truth-telling.
Additionally, one unexpected but intriguing finding is that the left
MFG, which is selectively associated with instructed lying, did not
differentiate between the spontaneous decisions of lying and tell-
ing the truth (Table 2). The instructed experiments used instruc-
tions to guide the participants’ responses instead of allowing
participants to make the decision on their own initiatives. When
people are instructed to give untruthful responses, telling the truth
is the default response and therefore requires less reaction time as
well as less engagement of the frontoparietal system. In this con-
text, lying becomes a task which must be completed. The higher
demand of working memory (Christ et al., 2009) and inhibitory
control during making deceptive decisions might therefore be
associated with higher activation found in the right IPL, DLPFC,
VLPFC and MFG.

In several previous studies on spontaneous lying, the DLPFC was
also found to be more active when responding dishonestly. In the
promise-breaking study from Baumgartner et al. (Baumgartner
et al., 2009), the left DLPFC was activated when dishonest subjects
were making promises which they were going to break compared
to not making any promises. When lying to opponents, the right
DLPFC and BA 10 were more active (Bhatt et al., 2010; Sip et al.,
2010). However, the higher engagement of the DLPFC while lying
found in those spontaneous experiments was speculated to reflect
active but ultimately unsuccessful involvement of control pro-
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cesses (Zhu et al., 2014). There are some contrary findings from
other spontaneous lying studies showing that the DLPFC also plays
important role in making honest decisions. The DLPFC was more
active when making honest responses and refraining from dishon-
est gains (Abe & Greene, 2014; Greene & Paxton, 2009). One lesion
study indicated that lesions to the DLPFC decreased the effect of
honesty concerns (Zhu et al., 2014). In order to suppress self-
interest motives, cognitive control is essential whenmaking honest
decisions leading to monetary loss, especially for those individuals
who are intentionally lying for profit. Dishonest individuals exhib-
ited additional control-related activity when choosing to tell the
truth, while the honest individuals required less cognitive efforts
to make the same honest decisions (Abe & Greene, 2014; Greene
& Paxton, 2009). To further explore our results, we conducted an
additional analysis by comparing partially dishonest participants
to honest participants in order to investigate if similar results could
be obtained (Table S4). We found decreased activity in the right
DLPFC, VLPFC and IPL in honest participants (vs. dishonest partici-
pants) when they were making honest decisions with wrong pre-
diction, and no significant differences were found when they
were making an honest decision with correct prediction. Our find-
ings suggest that the DLPFC is also crucial in making honest deci-
sions, especially in cases where a dishonest decision could lead
to a higher payoff and in those people who are willing to profit
by lying.

Our inference of the engagement of cognitive control does
involve reverse inference (Poldrack, 2006). But reverse inferences
is not always flawed and does not completely depend on functional
specificity (Hutzler, 2014). According to Hutzler’s argument, the
task-setting and prior knowledge help to rule out most alternative
mental processes which also link to the activation in specific
regions. The DLPFC has been consistently found to be engaged in
the tasks requiring high levels of control which include deception
related tasks. Reverse inference, in our case, might be very infor-
mative in the setting of the deception related tasks.

In our experiment, when the prediction was correct, an honest
response led to a higher monetary payoff. In this case, the partici-
pants chose to behave honestly most of the time. This would be an
easy-to-make decision which requires the faster reaction time and
elicits weaker neural response and therefore could be treated as a
higher level baseline. Comparing to this baseline, spontaneous and
instructed lying co-activated the IFG, SMA, ACC, IPL and SFG
(Fig. 5A regions marked in yellow). This suggests that instructed
lying and spontaneous lying share some similarities in the associ-
ated neural mechanisms. These regions have been frequently
found in tasks involving conflict monitoring (Kerns, 2006; Kerns
et al., 2004), working memory (Liakakis, Nickel, & Seitz, 2011;
Wager & Smith, 2003), response inhibition (Aron, Robbins, &
Poldrack, 2014; Aron et al., 2004; Menon, Adleman, White,
Glover, & Reiss, 2001; Simmonds, Pekar, & Mostofsky, 2008), and
motor execution (Cunnington, Windischberger, Deecke, & Moser,
2002; Grezes & Decety, 2001). Nevertheless, with regard to truth-
telling, unlike spontaneous ones, instructed truth-telling did not
elicit higher activity neither in the right DLPFC, VLPFC and IPL
(Fig. 4C), nor in most of the regions which were activated in the
contrast of spontaneous truth-telling and baseline truth-telling
(Fig. 5B regions marked in red). Even in the direct comparison
between lying/truth-telling in the spontaneous and instructed ses-
sion by using the data from 19 partially dishonest participants
(Fig. 6), significant interaction of [(S_Truth_InC-S_Lie_InC) vs.
(I_Truth_InC-I_Lie_InC)] was also found in the right DLPFC, VLPFC
and IPL. There results suggest that more cognitive resources might
be required in spontaneous truth-telling (comparing to other two
spontaneous decisions) and instructed lying (comparing to
instructed truth-telling). In this aspect, the instructed paradigm
might be less appropriate for investigating the neural correlates
of honest decision-making. Note that the fMRI-based lie detection
measures the differences between lying and truth-telling based on
the hypothesis that deception typically imposes a higher cognitive
load than truth-telling. In the context where truth-telling is more
cognitively demanding, honest responses might be mistakenly
classified as deception (Farah et al., 2014).

The second type of cluster is spontaneous lying associated,
including subgenual ACC, which was significantly activated by
spontaneous lying than spontaneous truth-telling conditions
(Fig. 4B). Many instructed lying studies have reported ACC activa-
tion in different parts (Ganis et al., 2003; Kozel et al., 2005;
Langleben et al., 2005), such as the dorsal part of ACC (BA 24,
32), which might be correlated with response inhibition and con-
flict monitoring. We found similar activation in the subgenual
ACC when comparing instructed lying vs. instructed truth-telling
(Fig. 5A regions marked in yellow). Despite the findings in other
parts of the ACC in these instructed experiments, the result of sub-
genual ACC was rarely found in previous studies except in one
spontaneous lying study by Sip et al. (2012) showing that the sub-
genual ACC was activated in the condition where participants’
responses could not be confronted by others. The subgenual part
of the ACC is part of the affective division of the cingulate cortex
which is primarily involved in assessing the salience of emotional
information and the regulation of emotional responses (Bush, Luu,
& Posner, 2000). Studies of healthy participants suggest that the
sACC is associated with negative valence memories (Vogt, 2005).
Inducing sadness in healthy subjects increased regional cerebral
blood flow (rCBF) in the sACC (Liotti, Mayberg, McGinnis,
Brannan, & Jerabek, 2002). A reduced positive affect after mood
induction using positive facial expression and autobiographical
memories correlated with activity in the sACC during mood induc-
tion (Kohn et al., 2014). Although lying is not always linked to neg-
ative emotions, according to the participants’ self-reported
emotional valence in the spontaneous session, they did feel less
happy when responding dishonestly than when responding hon-
estly. On the contrary, in the instructed session participants felt
less happy while giving honest responses compared to giving dis-
honest responses. Participants treated the untruthful response in
the spontaneous session more as a lie and this might trigger emo-
tional conflict when making dishonest decisions. Different subjec-
tive judgments toward untruthful responses in the two paradigms
might cause different emotional experiences. Keeping in mind
problems with inferring mental states from fMRI activity, the
higher activity in the subgenual ACC might therefore be associated
with emotional conflict (Egner, Etkin, Gale, & Hirsch, 2008; Kanske
& Kotz, 2011) and inhibiting negative emotional processing (Etkin,
Egner, & Kalisch, 2011) while responding dishonestly in the spon-
taneous session.

4.1. Limitations

There are several limitations of the current study. First, all the
participants’ responses were recorded and they were aware of
being observed. The present spontaneous setting allowed us to
identify individual lies/truth, but accompanied with that, partici-
pants had no opportunity to cover-up their lying behavior. This
might influence their mental processes and behavioral patterns.
Second, the instructed session was always conducted after the
spontaneous session. The order might induce habituation in the
instructed session. However, we argue that the order effect on
the data interpretation has been minimized for the following three
reasons. First, the accuracy in the instructed session was high,
which indicates that participants paid sufficient attention to the
task. Moreover, we were able to replicate many findings from pre-
vious instructed lying studies. In addition to the direct comparison
of the two sessions, we used ROI analyses and respective contrasts
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to show the different neural patterns elicited by spontaneous and
instructed decisions. Our main result (i.e. higher involvement of
the frontoparietal system during spontaneous truth-telling) was
found in both kinds of analyses. Therefore, we think that the order
effect does not affect our final conclusion.

Finally, our paradigm has its own limitations. Even though par-
ticipants stated that deception in the spontaneous session is more
closely related to the concept of ‘‘lie”, the absence of other impor-
tant factors, such as punishment for lying behavior (Sip et al.,
2008), social interaction (Lisofsky et al., 2014), and the fact that
participants were aware that they were being observed, still bring
substantial differences between deception in our spontaneous
paradigm and real life lies. These important factors might influence
the participants’ decisions and the underlying neural processes. For
example, deception in interactive experimental paradigms where
participants would take the perspective of the opponents’ inten-
tions and decide to deceive others, has been found to significantly
involve the dorsal ACC, right temporal–parietal junction (TPJ) and
bilateral temporal pole (Lisofsky et al., 2014). In our study, the lack
of findings in the regions such as the TPJ which was associated
with theory of mind might be due to less involvement of inferring
the mental state of others. In addition, due to the simplified exper-
imental settings, the function of working memory and retrieval
processes in (dis)honest decision-making cannot be fully investi-
gated. In future research, these factors should be further explored.

5. Conclusions

Our results show important differences in the neural processes
underlying spontaneous lying compared to spontaneous truth-
telling. The former is associated with increased activity in the
sACC, whereas the latter is associated with stronger responses in
a fronto-parietal network (right DLPFC, VLPFC and IPL). Further-
more, although similar mechanisms, including the involvement
of right IFG, left SMA, ACC, IPL and SFG, were found between spon-
taneous and instructed deception, lying and truth-telling in the
two paradigms differ in the neural patterns (the activated patterns
in the right IPL, DLPFC, IPL and sACC).
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