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Deception is commonly seen in everyday social interactions. However, most of the knowledge about
the underlying neural mechanism of deception comes from studies where participants were instructed
when and how to lie. To study spontaneous deception, we designed a guessing game modeled after
Greene and Paxton (2009) ‘‘Proceedings of the National Academy of Sciences, 106(30), 12506–12511’’, in
which lying is the only way to achieve the performance level needed to end the game. We recorded
neural responses during the game using near-infrared spectroscopy (NIRS). We found that when
compared to truth-telling, spontaneous deception, like instructed deception, engenders greater
involvement of such prefrontal regions as the left superior frontal gyrus. We also found that the
correct-truth trials produced greater neural activities in the left middle frontal gyrus and right superior
frontal gyrus than the incorrect-truth trials, suggesting the involvement of the reward system.
Furthermore, the present study conﬁrmed the feasibility of using NIRS to study spontaneous deception.
& 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
Deception is common in our everyday lives (DePaulo et al., 2003).
It occurs in politics, business, diplomacy, sports, friendships, and
even family relationships. Extensive behavioral research has been
devoted to examining deception in adults and children (Crossman &
Lewis, 2006; Fu & Lee, 2007; Talwar & Lee, 2008; Xu, Bao, Fu, Talwar,
& Lee, 2010). With technological improvements in recent decades, it
is now possible to use various new imaging tools to study the neural
mechanisms of deception (for reviews, see Abe, 2011; Christ, Van
Essen, Watson, Brubaker, & McDermott, 2009).
One of the most prevalent paradigms used in neuroimaging
studies of deception is the Guilty Knowledge Test (GKT). The GKT
is a test of prior knowledge of event details that would be known
only to a person involved in the event. By comparing the person’s
different responses between deceptive and control items, one can
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glean behavioral, physiological, or neural markers of deception
(Gamer, Klimecki, Bauermann, Stoeter, & Vossel, 2009). Most of
the functional magnetic resonance imaging (fMRI) studies using
GTK have found deception-related activities in the frontal cortex,
such as the prefrontal cortex (PFC) and anterior cingulate cortex
(ACC), regardless of differences in task demands. For example,
Langleben et al. (2002) asked participants to hide a card in their
pockets and then to deny the possession of the card. They found
increased activity in the superior frontal gyrus (SFG) and ACC when
deceptive responses were contrasted with truthful responses.
In addition to GKT, other paradigms have been developed.
Ganis, Kosslyn, Stose, Thompson, and Yurgelun-Todd (2003)
asked participants to generate lies based on rehearsed and
unrehearsed false information related to their past autobiographic experiences. Both types of lies elicited more activations
than truth-telling in the bilateral anterior prefrontal cortices.
Nuñez, Casey, Egner, Hare, and Hirsch (2005) asked participants
to perform a yes/no memory test for autobiographical knowledge
(e.g., ‘Can you ride a bicycle?’) as well as for non-autobiographical
knowledge (e.g., ‘Is New York City in Ohio?’). They found
increased activity associated with lying relative to truth-telling
in the dorsolateral prefrontal cortex (DLPFC) and ACC. Recently,
Abe et al. (2008) conducted an fMRI experiment to explore the
speciﬁcity of prefrontal activity in intentional deception, and
conﬁrmed that prefrontal activity was speciﬁcally associated with
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the generation of deceptive responses, not simply reﬂecting
untrue responses. The pivotal role of the PFC on deception has also
been supported causally by a transcranial direct current stimulation
(tDCS) study (Karim et al., 2010). Thus, despite the use of different
paradigms, most of the existing studies have consistently found
deception-related activity in the PFC and ACC (Abe, 2009; Christ
et al., 2009; Gamer et al., 2009; Ganis, Morris, & Kosslyn, 2009;
Greene & Paxton, 2009; Kozel, Padgett, & George, 2004).
The activations in these areas are not surprising because such
ﬁndings are consistent with the conceptualization of deception as
an executive control intensive task (Langleben, 2008; Langleben
et al., 2002; Sip, Roepstorff, McGregor, & Frith, 2008; Spence et al.,
2001; Vrij, Fisher, Mann, & Leal, 2006). To deceive, one must inhibit
the disclosure of the true state of affairs and instead present
publicly a false state of affairs. To do so requires a host of executive
functions such as inhibition, working memory, and cognitive
ﬂexibility (Abe, 2009; Christ et al., 2009; Gombos, 2006; Johnson,
Barnhardt, & Zhu, 2004; Talwar & Lee, 2008). The PFC and ACC have
been consistently found to be involved in these executive functions
(Fassbender et al., 2004; Osaka et al., 2004).
However, most of the existing studies typically instructed
participants when and how to lie. Participants did not lie out of
their own volition. The targets of the participants’ lies were
usually the experimenters themselves who were aware of their
deception. One potential problem with these existing paradigms
is that by asking participants to lie according to the experimenters’ instructions, participants may not be as motivated to deceive
as they would in real world situations (Sip et al., 2008). In the real
world, individuals tell lies spontaneously: they not only form a
deceptive intent on their own, but also come up with their own
false statements to deceive, and decide when to deploy their
deception. In addition, the target of the deception is usually
unaware of the deceiver’s deceptive intention.
To date, only one study has explored the neural mechanisms
underlying spontaneous deception. Greene and Paxton (2009)
asked participants to predict the outcomes of coin ﬂips to gain
monetary reward in an fMRI study. In one half of the trials,
participants were rewarded according to self-reported correct
predictions, and therefore had an opportunity to gain money by
saying that their incorrect predictions were correct ones (the
opportunity condition); in the other half of the trials, they did not
have such an opportunity (the no opportunity condition). Participants who reported improbably high levels of accuracy in the
opportunity condition ( 469%; M accuracy¼84%) were classiﬁed
as ‘‘dishonest’’, and those who reported the lowest probable
accuracy rate (M accuracy¼52%) as ‘‘honest’’. The dishonest
individuals showed increased prefrontal activity in the opportunity condition compared to the no opportunity condition, while
the honest individuals did not show such a difference.
While the work by Greene and Paxton (2009) revealed
signiﬁcant differences in prefrontal activity between individuals
who spontaneously lied and those who did not, close inspection
of their ﬁndings suggest that the ‘‘dishonest’’ participants did not
lie all the time. Given the fact that these participants’ accuracies
ranged from 69% to about 95% in the opportunity condition, it is
likely that they sometimes lied and sometimes told the truth
about their incorrect predictions. Due to the speciﬁc experimental
design by Greene and Paxton, it could not be ascertained exactly
in which trials the participants lied or told the truth about their
incorrect predictions. Thus, it is not clear whether neural activities would differ between the trials where the dishonest individuals spontaneously lied and the trials where the same
individuals spontaneously told the truth.
All the existing neural imaging studies that examined
experimenter-instructed lying have compared neural activities
between lies and truths told by the same participants. Examining
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spontaneous lies and truths by the same individuals would allow
for the comparison of neural activities during spontaneous
deception with those revealed by the existing studies using
instructed deception. If the two types of deception engender
similar neural activities and regions, it would address a perennial
criticism that the existing ﬁndings lack ecological validity due to
the ‘‘unnaturalistic’’ procedures that have been used thus far in
the ﬁeld (Sip et al., 2008).
In the current study, we developed a guessing game that
enabled participants to lie spontaneously in a naturalistic situation
similar to the opportunity condition in Greene and Paxton (2009)
study. Our procedure also allowed us to precisely classify each trial
as either lying or truth-telling. During this game, participants were
instructed to guess which side of the screen a coin would appear
on and to make their prediction by moving their corresponding
hand under a desk (the experimenter thus could not see their
predictions). Following their prediction, participants reported
whether they guessed correctly. Participants were told that they
would receive points for guessing correctly and lose points for
guessing incorrectly, and they had to obtain enough points to end
the game and receive a payment. Since participants knew that the
experimenter could not see their hand movements under the desk,
it created an opportunity for them to lie by telling the experimenter that they were correct when they predicted incorrectly.
However, unbeknownst to the participants, hidden video cameras
captured their hand movements so that we could check whether
the participants lied to be correct when they in fact predicted
incorrectly (incorrect-lie), told the truth when they predicted
incorrectly (incorrect-truth), or told the truth when they in fact
guessed correctly (correct-truth).
To further ensure ecological validity, we used the near-infrared
spectroscopy (NIRS) methodology to collect neural responses during
this guessing game. It should be noted that the current NIRS
methodology has relatively poorer spatial resolution than MRI.
For example, due to its limitations, the NIRS methodology only allows
for collecting cortical activation data as deep as 15–25 mm beneath
the scalp. Despite this limitation, the NIRS system’s portability and
quietness makes it possible for the participants to interact with the
target (the experimenter) in a naturalistic manner. Also, the NIRS
methodology allows for the collection of both oxygenated and
deoxygenated hemoglobin activity simultaneously: information
gleaned from the two types of hemoglobin activity sometimes
complements each other to reveal signiﬁcant neural activity that
may not otherwise be detected (Lloyd-Fox, Blasi, & Elwell, 2010). In
addition, because our NIRS equipment has a 10 Hz sampling rate,
with the use of a slow event-related design, we could obtain the
actual time course of the neural activity for individual trials. Such data
allow us to derive grand averaged event-related oxygenated hemoglobin ([oxy-Hb]) and deoxygenated hemoglobin ([deoxy-Hb]) signal
changes for a particular event (e.g., lying or truth-telling) such that
[oxy-Hb] and [deoxy-Hb] signal change peaks and latencies can be
obtained.
According to previous studies (Abe, 2009; Christ et al., 2009;
Gamer et al., 2009; Ganis et al., 2009; Kozel et al., 2004), since
telling the truth is assumed to be an automatic and default
response, the incorrect-lie trials (when participants made incorrect
guesses and lied) should involve a greater part of the executive
functioning system (e.g., attention, working memory, inhibition,
cognitive switching, and planning: Christ et al., 2009; Evans & Lee,
2011) than the incorrect-truth trials (when participants made
incorrect guesses and told the truth). Thus, because of the involvement of executive control in lying, incorrect-lie trials should
involve more neural resources than the incorrect-truth trials.
Existing fMRI studies involving non-spontaneous deception have
revealed that lying engenders greater activations in such dorsal
prefrontal cortical regions as the left SFG (Abe et al., 2009; Abe,
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Suzuki, Mori, Itoh, & Fujii, 2007; Lee, Lee, Raine, & Chan, 2010;
Phan et al., 2005; Priori et al., 2008), which is measurable by the
fNIRS methodology (Tian, Sharma, Kozel, & Liu, 2009). Thus, we
hypothesized that lying about one’s incorrect predictions in our
guessing game would produce a greater level of neural activations
in the left SFG than truth-telling about incorrect predictions.
Furthermore, the existing fMRI studies suggest that the prefrontal
regions are the cortical part of the reward network that is
responsive to rewards associated with success (McClure, Laibson,
Loewenstein, & Cohen, 2004; O’Doherty, 2004; Rademacher et al.,
2010; Schultz, 2006). They involve the DLPFC, ventrolateral
prefrontal cortex (VLPFC), and orbitofrontal cortex (OFC). Of the
cortical part of the reward network, activities in such frontal areas
as the middle frontal gyrus (MFG) and SFG (McClure et al., 2004;
Pochon et al., 2002; Spielberg et al., 2011) are measurable by the
fNIRS methodology. Thus, we hypothesized that because truthtelling about incorrect predictions would reveal failure whereas
truth-telling about correct predictions would reveal success, the
latter would produce greater neural activities in such frontal areas
as the MFG and SFG than the former.

2. Method
2.1. Participants
Twenty-four healthy volunteers participated in the present study. Two were
excluded due to procedural errors. All participants but four lied due to the highly
motivating nature of our paradigm, which allowed us to compare speciﬁcally the
lies and truths told by the same participants as in previous neural imaging studies
of deception (e.g., Lee et al., 2002). In the end, there were 18 valid participants
(7 males, 11 females, 19–23 years old, mean age¼ 21.00 years and SD ¼ 1.33 years).
All participants had normal or corrected to normal vision and were right-handed.
None had a history of any neurological or psychiatric disorder. The research was

approved by the university ethics committee. The participants gave informed
consent prior to their participation in the study.

2.2. Procedure
Participants were tested individually, seated in front of a computer screen,
with an experimenter present in a quiet room. Before the game, participants were
told that a coin would appear on either the left or the right side of the screen and
were instructed to guess which side of the screen the coin would appear on by
moving their corresponding hand. Participants put each of their hands in one of
the two drawers of a desk so their hand movements would not be directly visible
to the experimenter. Participants were then told that after they made their guess
by moving one of their hands and the coin had appeared on the right or left side of
the screen, a message would come up on the screen asking them whether they
guessed the location of the coin correctly (‘‘Is your guess correct or not?’’). They
then responded verbally ‘‘correct’’ or ‘‘incorrect’’ when the word ‘‘respond’’
appeared on the screen. At this point, the experimenter recorded the response
without knowing if the participant was telling a lie or the truth.
We told the participants that a coin would appear on either side of the screen
according to an implicit complex rule. Actually, unbeknownst to the participants,
the location of the coin was controlled by a computer program so that only 1/3 of
the time the coin would appear on the side predicted by the participants. In other
words, the side where the coin in a particular trial would appear was contingent
on the participants’ prediction in that trial. If participants responded honestly on
all trials, they would guess incorrectly substantially more frequently than they
would guess correctly and therefore would have to endure a prolonged experimental session.
The participants would receive or lose points according to their self-reported
accuracy. They would gain 10 points only if they said they predicted correctly;
otherwise they would lose 10 points. Participants were told that they could have a
rest after one block (12 trials) and the game would not end unless they had gained
100 points at the end of the block. Otherwise they would have to continue to guess
in next 12 trials. Since the probability for a correct guess was lower than for an
incorrect guess, participants would be highly motivated to make deceptive
responses to gain points in order to end the game. However, unbeknownst to
participants, the experiment would end after 120 trials. Also, unbeknownst to
participants, we installed hidden cameras inside the drawers to record the
movement of individuals’ hands. Additional hidden cameras also recorded their
face and the screen display of the computer simultaneously (see Fig. 1(a)).

Fig. 1. (a) The experimental video-recording system setup. (b) An example of a guessing trial. (c and d) The estimated cortical locations of the 24 NIRS channels.

X.P. Ding et al. / Neuropsychologia 51 (2013) 704–712
E-prime 1.2 was used to present the stimulus. The entire experiment consisted
of a minimum of 24 trials to a maximum of 120 trials. Each trial began with the
presentation of the ﬁxation cross (1 s), followed by the guessing instruction in the
form of a picture, ‘‘guess’’ (2 s), after which a coin would appear either on the right
or left side of the screen (see Fig. 1(b)). Participants were instructed to verbally
respond ‘‘correct’’ or ‘‘incorrect’’ depending on whether they guessed correctly or
incorrectly each time that the ‘‘response’’ instruction appeared on the screen.
Then, the total cumulative score they had obtained thus far would be displayed on
the screen.
Upon completion of the testing session, all participants were debriefed.
Debrieﬁng included telling participants about the purpose of the study, the
general ﬁndings of previous studies with similar procedures, and an opportunity
to view the hidden cameras. All participants received RMB 20 for participating in
the study.
2.3. Data acquisition
A 24 channel continuous wave system (ETG-4000, Hitachi Medical Co., Japan)
was used in the present study. The probes of the NIRS machine were ﬁxed using
one 9  9 cm2 rubber shell over the frontal areas. The shell was covered with
a nylon-net to keep it attached to the head. The shell of 16 probes, consisting of a
4  4 array with eight light emitters and eight detectors, was capable of measuring
the relative concentrations of hemoglobin at 24 points (see Fig. 1((c) and (d))). The
inter-optode distance was 30 mm, which allowed for the measurement of neural
activities approximately 15–25 mm beneath the scalp. Optical data from individual channels were collected at two different wavelengths (695 and 830 nm) and
analyzed using the modiﬁed Beer–Lambert Law for a highly scattering medium
(Cope & Delpy, 1988). Changes in [oxy-Hb] and [deoxy-Hb] signals were calculated
in units of millimolar–millimeter (mM  mm) (Maki et al., 1995). The sampling
rate was set to 10 Hz.
The placements of the probes in the bilateral dorsal frontal areas were based
on our hypotheses derived from the existing related studies (Abe et al., 2009; Abe
et al., 2007; Lee, Lee, Raine, & Chan, 2010; Phan et al., 2005; Priori et al., 2008; Tian
et al., 2009). To ensure probe placement consistency across participants, we placed
the lowest probes along the Fp1–Fp2 line in accordance with the international
10–20 system for electroencephalography. A 3D digitizer (EZT-DM401, Hitachi
Medical Corporation, Japan) was then used to measure the exact spatial location of
each optode in relation to the veridical landmarks of a participant’s head (i.e.,
nasion, inion, Cz, the pre auricular points anterior to the left and right ears). Using
the algorithms by Singh, Okamoto, Dan, Jurcak, and Dan (2005), we converted the
3D spatial location data obtained from the 3D digitizer to obtain cortical positions
of our NIRS channels on an estimated MNI space. The NIRS channels covered a
large swath of the dorsal prefrontal cortex including the right and left middle and
superior frontal gyri (Brodmann’s Areas 6, 8, 9, 10, 46).
2.4. Data analysis
We analyzed the [oxy-Hb] and [deoxy-Hb] signals. For each participant, we
segmented event epochs from the time course data. Each event epoch consisted of
a 2 s period prior to stimulus onset (which was when the message ‘‘respond’’
appeared on the screen), 14 s of the stimulus and recovery period, and a 2 s poststimulus period.
2.4.1. General linear model (GLM) analysis
To explore the spatial correlates underlying the different trial types, the [oxyHb] and [deoxy-Hb] signals data were analyzed using NIRS-SPM. The NIRS-SPM
toolbox enables the NIRS data to be statistically analyzed based on the GLM. The
GLM allows us to control some of the extraneous factors such as drift, movements,
and heartbeats. More importantly, this analysis also allows us to test various
effects independently (i.e., the contrast between incorrect-lie and incorrect-truth,
and between incorrect-truth and correct-truth; Jang et al., 2009; Tak et al., 2011;
Ye, Tak, Jang, Jung, & Jang, 2009). For all these contrasts, we used the data from the
same 18-s trial epoch. For each participant, data were preprocessed to remove
sources of noise and artifact (such as movement and heart rate) using a
hemodynamic response function (hrf) ﬁlter and a wavelet-MDL (minimum
description length) detrending algorithm. Then, a general linear model incorporating task effects, a mean and a linear trend were used to compute parameter
estimates (beta values of the GLM model as the weights) and t-contrasts for two
comparisons (incorrect-lie minus incorrect-truth, and incorrect-truth minus
correct-truth) at each channel. To control for false positives, all p-values were
corrected by false discovery rate (FDRo .05; Singh & Dan, 2006).
2.4.2. Time course waveform analysis
Because we used a slow-event related design, we were able to obtain the time
courses of the grand averaged incorrect-lie, incorrect-truth, and correct-truth
trials, respectively. As described above, each event epoch consisted of a 2 s period
prior to stimulus onset (which was when the message ‘‘respond’’ appeared on the
screen), a 14 s stimulus and recovery period, and a 2 s post-stimulus period.
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Several steps were required to conduct the analysis using the raw time series
data: to remove baseline drifts and pulsation due to the heartbeat, the raw
hemoglobin continuous data was ﬁltered by a high-pass ﬁlter of 0.01 Hz and a
low-pass ﬁlter of 0.3 Hz. Then, the baseline was calculated by the least squares
model ﬁtting procedure according to the activities in the pre-stimulus and poststimulus period. For each epoch of each channel, a ﬁrst-degree baseline ﬁt to the
mean of the 2 s pre-stimulus and 2 s post-stimulus periods was performed. After
baseline correction, we computed the mean and the standard deviation of each
channel for each participant and converted the raw time course values to Z scores.
The formula is as below:
Z¼

ðXMÞ
S

where X is the raw time courses value of the changes in [oxy-Hb] or [deoxy-Hb]
after baseline correction in each epoch, M is the mean value of the whole time
course of each subject for this channel, and S is the standard deviation of each
subject for this channel. Then we averaged all the event epochs for the channel of
a particular trial type to derive a grand averaged time course wave form of the
channel for the trial type, and extracted the amplitude and peak latency of the
mean time course of each trial type. We calculated the time courses of each
channel based on the signiﬁcant results of the GLM analyses (after FDR correction
to control for false positives).

2.4.3. Functional connectivity cross-correlation analysis
The GLM results only provide information about which areas showed
signiﬁcant increases in activity during the task. However, during deception, these
brain regions do not act in isolation. To explore how regions of the brain
communicate with one another during speciﬁc cognitive processes involved in
spontaneous deception, we used a cross-correlation analysis to evaluate the
function connectivity between a seed channel and other channels along the time
course of the trial events. Such interactions have typically been characterized by
identifying regions that show correlated ﬂuctuations in their fNIRS time series
data, with the assumption that temporal correlations in hemoglobin signal might
reﬂect synchronous neural activities in the communicating regions (Rissman,
Gazzaley, & D’Esposito, 2004). The seed channel was chosen according to the
signiﬁcant results from the above GLM analysis.
To examine whether the time-dependent neural activities of the seed channel
inﬂuenced the neural activities of another channel (the target channel), we ﬁrst
subtracted the [oxy-Hb] or [deoxy-Hb] time course waveform of one trial type of
the seed channel (e.g., the incorrect-lie trial) from that of another trial type
(e.g., incorrect-truth trial) of the same seed channel. We did the same to the data
from the target channel. Then, we calculated Pearson correlations between the
time course difference values in time windows spanning 5 s (50 sample points) on
the seed channel and a 5 s moving time window on the target channel. Because
the hemodynamic response function (HRF) lasts for about 15 s per epoch, and our
slow event-related design was able to capture the entire time course, we used to
the 5 s moving window to capture the coherences between the seed and target
channels in terms of the initial rise, the peaking, and the later decline of the HRF.
We then estimated the effect of time lag by shifting the time window on the
target channel in consecutive steps of 0.1 s. For each step of time shift, the
correlation coefﬁcient between the time windows of the seed channel and
the target channel was calculated as a numerical measure of coherence. Then
we transformed the r-value into a z-value according to the Fisher transformation
and displayed the result within a heat map (the time courses of the seed channel
as the x-axis and the y-axis representing the time lag). All p-values were corrected
by false discovery rate to control for false positives (FDRo .001). To examine
whether the inﬂuence of the seed channel on the target channel was bidirectional,
we performed the same cross-correlation analysis with the above seed channel as
the target channel and the above target channel as the seed channel.
We performed the above analyses between the seed channel and each of the
other channels. We did so for the [oxy-Hb] and [deoxy-Hb] data, respectively.

2.4.4. Correlational analyses between behavior and NIRS data
To identify neural activity associated with participants’ deceptive behaviors,
we conducted correlation analyses between deceptive behaviors and NIRS data.
Participants’ deceptive behaviors were measured in two ways. First, because
different participants might begin to lie at different time points, we used the ﬁrst
incorrect-lie trial (FIT) to index such initiation of lying. Second, we obtained an
incorrect-lie rate for each participant based on the percent of trials the participant
reported ‘‘correct’’ when they in fact predicted incorrectly divided by the total
number of trials they predicted incorrectly. Pearson’s correlation coefﬁcients
between the behavioral measures and NIRS data for each channel based on the
results of the GLM analyses were calculated. All p-values were corrected by false
discovery rate to control for false positives (FDRo .05).
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3. Results
3.1. Behavioral data
Eighteen participants took part in 86 trials on average (ranging
from 36 trials to 120 trials, SD¼33), including 10.56 trials of
incorrect-lie on average (SD¼5.95), 36 trials of incorrect-truth on
average (SD ¼22.12), and 20.44 trials of correct-truth on average
(SD¼10.78). The mean FIT was the 28.2th (ranging from 1st to
108th trial, SD¼32.87th). The average incorrect-lie rate was
27.55% (ranging from 4.41% to 50.00%, SD¼15.16%).

3.2. NIRS results
3.2.1. Spatial correlates of deception
To investigate the spatial correlates of deception, we compared
the hemodynamic activities between the incorrect-lie and incorrecttruth trials, as well as between the correct-truth and incorrect-truth
trials. The results are shown in Table 1. Speciﬁcally, the incorrect-lie
trials elicited signiﬁcantly larger changes in [oxy-Hb] concentration
than the incorrect-truth trials in Channel 15 (BA8, left SFG). This
ﬁnding suggests that when participants predicted incorrectly and
lied, it engendered signiﬁcantly more [oxy-Hb] activities in this left
frontal area than when they admitted their incorrect prediction.
Other than this signiﬁcant effect, this contrast produced no other
signiﬁcant [oxy-Hb] and [deoxy-Hb] changes in the 24 channels.
However, when different types of truth-telling trials were
contrasted, more channels were signiﬁcant. The correct-truth
(honest success) trials elicited signiﬁcantly larger [oxy-Hb]
changes in Channel 20 (BA8, right SFG) than the incorrect-truth
(honest failure) trials. The correct-truth trials also elicited signiﬁcantly larger [deoxy-Hb] changes in Channel 11 (BA9, left
MFG) than the incorrect-truth trials.

3.2.2. Time course waveform of deception
To further explore the potential differences between these
different types of trials, we also extracted the peak amplitudes
and latencies of the mean [oxy-Hb] and [deoxy-Hb] signal waveforms of each participant in each type of trial in each channel.
When we compared these measures between trial types, the
paired t test results showed that there was only a signiﬁcant
difference in the peak amplitude of [oxy-Hb] signals between
correct-truth trials and incorrect-truth trials in Channel 20 (BA8,
right SFG) (t(17)¼3.11, p o.01): the correct-truth trials elicit
signiﬁcantly higher peak amplitude than the incorrect-truth trials
(see Fig. 2). There were no signiﬁcant differences in the peak
amplitude or latency of [oxy-Hb] or [deoxy-Hb] signals between
incorrect-lie trials and incorrect-truth trials (see Fig. 3).

3.2.3. The functional connectivity analysis results
To examine the functional connectivity of the processes of
lying vs. truth-telling, cross-correlational analyses were conducted. We used the time courses of the contrast data between
the incorrect-lie and incorrect-truth trials of Channel 15 as the
seed channel because the GLM analyses showed this channel to
be the only signiﬁcant one for the contrast. The results (with FDR
corrections) showed that there was signiﬁcant functional connectivity between the time courses of [oxy-Hb] change extracted
from the seed Channel 15 (BA8, left SFG) and the target Channel 1
(BA10, left MFG). Fig. 4 shows that the [oxy-Hb] activity differences between incorrect-lie trials and incorrect-truth trials of the
initial 0–2 s from Channel 15 were signiﬁcantly associated with
those in Channel 1, and further there was also about a 0.5 s time
lag in the [oxy-Hb] activities in Channel 1 relative to those in
Channel 15. However, when we used Channel 1 as the seed and
Channel 15 as the target, no signiﬁcant results were obtained.
Thus, it appeared that the [oxy-Hb] activity differences in Channel
1 were inﬂuenced by the [oxy-Hb] activity initiated in Channel 15.
When we used the [deoxy-Hb] differences between the
incorrect-lie and incorrect truth trials in Channel 15 to crosscorrelate with those in the rest of channels, no signiﬁcant
associations were found in both directions.

Fig. 2. The time courses of the mean [oxy-Hb] and [deoxy-Hb] changes (z score) of
the correct-truth trials and incorrect-truth trials in Channel 20 (BA 8, the right
superior frontal gyrus).

Table 1
The paired t-test results about beta value of the hemodynamic activities based on
the GLM analyses.
Ch

Estimated
MNI
X

Y

Brain area

Probability Paired t-test

Z

Oxy

Incorrect-lie minus incorrect-truth
Ch15  22 25 63 L superior frontal gyrus (BA8) .95
Correct-truth minus incorrect-truth
Ch11  35 31 51 L middle frontal gyrus (BA9)
Ch20 15
18 69 R superior frontal gyrus
(BA8)
n

.95
1.00

Deoxy

2.43n NS
NS
4.81n
2.76n NS

Note: The results are corrected by FDRo.05, and NS represents non-signiﬁcant.

Fig. 3. The time courses of the mean [oxy-Hb] and [deoxy-Hb] changes (z score) of
the incorrect-lie trials and incorrect-truth trials in Channel 15 (BA 8/9, the left
superior frontal gyrus).
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Fig. 4. (a) Statistical z-map showing the signiﬁcant functional connectivity between time course results of the [oxy-Hb] activity differences between the incorrect-lie and
incorrect-truth trials of Channel 15 and those of Channel 1. The x-axis represents the time courses of the seed channel and the y-axis represents the time lag of the target
channel relative to each time point of the seed channel. The left panel shows the results when the seed channel was Channel 1. The p-value was corrected by FDR o .001.
Signiﬁcant associations are marked by a black line. (b) The cortical locations of the functional connectivity between time course results of the [oxy-Hb] activity differences
between the incorrect-lie and incorrect-truth trials of Channel 15 and those Channel 1 based on the estimated cortical coordinates of the 24 NIRS channels.

3.3. The correlation between behavior and NIRS data
3.3.1. Incorrect-lie trials vs. incorrect-truth trials
Pearson correlation analyses showed that neither the FIT nor
incorrect-lie rate was signiﬁcantly correlated with the contrast
[oxy-Hb] or [deoxy-Hb] signals between incorrect-lie trials and
incorrect-truth trials.

3.3.2. Correct-truth trials vs. incorrect-truth trials
Pearson correlation analyses showed that the differences in the
[oxy-Hb] activity between the correct-truth and incorrect-truth
trials in Channel 20 (BA8, right SFG) were signiﬁcantly correlated
with FIT (r¼.483, po.05) (Fig. 5). No other contrasts in the [oxyHb] and [deoxy-Hb] activities were signiﬁcant (including the
contrasts between the incorrect-lie and incorrect truth trials).
Thus, the hemodynamic response differences between the different
types of truth trials but not those between lying and truth-telling
trials signiﬁcantly predicted the ﬁrst trial where participants told
the ﬁrst lie. More speciﬁcally, the larger the differences in the [oxyHb] activity between the correct-truth (i.e., success) and incorrecttruth (i.e., failure) trials were, the earlier participants decided to lie.

4. Discussion
The present study examined the neural correlates of spontaneous
deception. Speciﬁcally, with a paradigm modeled after Greene and
Paxton (2009), we investigated whether neural activities would differ
between the trials where individuals spontaneously lied and the trials
where the same individuals spontaneously told the truth when they
guessed incorrectly. We speciﬁcally focused on whether spontaneous
deception would engage a network of neural regions similar to that
found in studies where participants were instructed to lie. Further, we
tested hypotheses about the reward system involved in deception,
speciﬁcally whether there were different brain activity patterns

Fig. 5. The scatters plot of the correlation between deceptive behavior and
NIRS data.

between incorrect-truth trials revealing failure and correct-truth trials
revealing success.
4.1. Incorrect-lie trials vs. incorrect-truth trials
Consistent with our hypothesis, incorrect-lie trials elicited
signiﬁcantly greater [oxy-Hb] changes in the left SFG, relative to
incorrect-truth trials. This ﬁnding derived from spontaneous
deception is generally consistent with previous fMRI ﬁndings
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Previous studies have identiﬁed that many prefrontal areas are
sensitive to reward (Haber & Knutson, 2010; Wallis & Miller,
2003). The right SFG (BA8) and left MFG (BA9) have been found to
be the areas that are not only activated by the cognitive aspects of
tasks but also modulated by positive reward values (Pochon et al.,
2002; Spielberg et al., 2011). In the present task, correct-truth
trials led to gaining points while incorrect-truth trials led to
losing points, although in both trials participants were telling the
truth, so that cortical regions of the ‘‘reward’’ network might have
been activated differentially, resulting in the correct-truth trials
producing greater [oxy-Hb] signals in Channel 20 (BA8, right SFG)
and greater [deoxy-Hb] signals in Channel 11 (BA9, left MFG) than
the incorrect-truth trials.

that have also shown greater blood oxygenation level dependent
(BOLD) signal changes in the dorsal prefrontal cortex in general
and the left SFG speciﬁcally when participants were instructed to
tell a lie rather than when they were instructed to tell the truth
(Christ et al., 2009; Gamer et al., 2009; Kozel et al., 2004; Lee
et al., 2002; Spence et al., 2001). Thus, despite perennial criticism
that existing studies using instructed deception paradigms lack
ecological validity due to the ‘‘unnaturalistic’’ and artiﬁcial nature
of these paradigms, the results of those studies appear highly
congruent with our ﬁndings for spontaneous deception.
Our functional connectivity results revealed that there is a
signiﬁcant temporal coherence between Channel 15 (BA8, left
SFG) and Channel 1(BA10, left MFG), with the peak coherence
having about 0.5 s delay in Channel 1 relative to Channel 15.
However, the temporal coherence from Channel 1 to Channel 15
was not signiﬁcant. This temporal coherence cannot be explained
by a vascular concentration change spreading from Channel 15
(BA8) to Channel 1 (BA10). Channel 15 (BA8) is located on the
posterior lateral prefrontal cortex, and Channel 1(BA10) is located
on the anterior prefrontal cortex. If this temporal coherence was
caused by vascular spreading, there should have been signiﬁcant
temporal coherences between Channel 15 (BA8) and its nearest
channels, which was not the case. Thus, this temporal coherence
from Channel 15 (BA8) to Channel 1(BA10) was likely due to the
underlying functional neural connectivities between the two
cortical areas. One explanation for this temporal coherence is
that both areas (the left SFG (BA8) and MFG (BA10)) are essential
in executive functioning. Speciﬁcally, the left SFG (BA8) is a key
area involved in working memory (du Boisgueheneuc et al., 2006;
Johnson, Raye, Mitchell, Greene, & Anderson, 2003) and the left
MFG (BA10) is strongly activated during task switching (Kim,
Cilles, Johnson, & Gold, 2012). It is possible that during the
incorrect-lie trials, after the truth was inhibited, participants
needed to recruit the network of task switching to generate an
alternative response (a lie). These cognitive activities might have
engendered the neural coherences between the two cortical
regions manifested in a unidirectional fashion. Our ﬁnding thus
provides a new piece of evidence to support the theory that
spontaneous lying, like instructed lying, involves more cognitive
processes than truth-telling because it calls for the use of both
working memory and task switching.

We did not ﬁnd that the [oxy-Hb] signal differences between
incorrect-lie and incorrect-truth trials were signiﬁcantly correlated with the ﬁrst incorrect-lie trial (FIT) nor the incorrect-lie
rate. These null ﬁndings may suggest that neural activity differences between the lie-telling trials and truth-telling trials were
not likely the basis of when participants ﬁrst decided to lie or how
frequently they would subsequently lie.
However, interestingly, we found that the [oxy-Hb] signal
contrast between the correct-truth and incorrect-truth trials
was signiﬁcantly correlated negatively with the ﬁrst incorrectlie trial (FIT). More speciﬁcally, as participants’ hemodynamic
response difference between the correct-truth trials and the
incorrect-truth trials increased, they initiated their ﬁrst lie earlier.
Note that the differences between these two types of trials were
between guessing correctly and receiving points (success), and
guessing incorrectly and losing points (failure). Thus, it appeared
that the greater the neural response differences between receiving points and losing points, the sooner participants began lying.
However, because the same neural response differences did not
correlate signiﬁcantly with the participants’ rate of lying, once
participants started lying, their differential valuations of gaining
and losing points were no longer a factor for how frequently they
would lie. Our ﬁndings provided evidence that the neural activity
difference may mediate individuals’ actual deceptive behaviors
(Karim et al., 2010).

4.2. Correct-truth trials (success) vs. incorrect-truth trials (failure)

5. Limitations

Consistent with our hypothesis, we found that the correcttruth (honest success) trials produced greater [oxy-Hb] signals in
Channel 20 (BA8, right SFG) and greater [deoxy-Hb] signals in
Channel 11 (BA9, left MFG) than the incorrect-truth (honest
failure) trials. Further, consistent with the GLM results, when
we examined the time courses of the mean [oxy-Hb] signal
changes for the correct-truth and incorrect-truth trials, we found
that the correct-truth trials elicited signiﬁcantly higher peak
amplitudes of [oxy-Hb] signal changes than the incorrect-truth
trials in Channel 20 (BA8, right SFG: Fig. 2).
One possibility for this result was that the correct-truth trials
represented the situations when participants gained points, or
succeeded, whereas the incorrect-truth trials represented the
situations when participants lost points, or failed. The participants had to earn enough points to stop the seemingly boring
game sooner. Therefore, the points served as a reinforcer. Also,
participants were told that they could not receive the participation fee until they had ﬁnished. Thus, participants were sufﬁciently motivated to try and gain points and to avoid losing
points. The heightened activity in the frontal area (right SFG and
left MFG) might reﬂect the involvement of the reward system.

Due to the limitation of the cortical depth that the NIRS signal
can be detected by the optical detectors on the scalp, we could
only assess the cortical regions involved in spontaneous deception that are close to the cortical surface. For this reason, we were
unable to examine the roles of some important brain areas such
as the ACC, amygdala, and striatum. Speciﬁcally, previous studies
have found that the ACC plays an important part in monitoring
cognitive conﬂict in the context of deception (Abe et al., 2006;
Kozel et al., 2004; Langleben et al., 2002). However, due to the
limitation of NIRS, our study could not assess its role in spontaneous deception.
Also due to the same limitation, we could not assess the role of
the subcortical regions involved in the reward system when
participants gained or lost points in the incorrect-truth, incorrect-lie, and correct-truth trials. Previous research has found that
when receiving rewards, there is a sustained recruitment of the
striatum, nucleus accumbens (NACC), ventral tegmental area
(VTA) and ventromedial prefrontal cortex (VMPFC) (de Greck
et al., 2008; Izuma, Saito, & Sadato, 2008; McClure et al., 2004;
Rademacher et al., 2010). In addition, due to the limited number
of optodes (24 channels) that we could use, neural activities in
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some cortical regions not covered by these channels were
unfortunately missed. Thus, future fMRI studies are needed to
replicate and extend the current ﬁndings and to uncover other
important cortical and subcortical regions involved in spontaneous deception.
In addition, there is also a limitation to our paradigm. In the
present paradigm, participants were motivated to deceive by a
negative reinforcement (i.e., stopping the boring game sooner).
Although participants did receive positive reinforcement in the
form of a participation fee, this payment was given regardless of
their performance. Future studies may wish to modify our
paradigm such that participants will gain positive rewards (e.g.,
monetary points) when gaining points so as to examine whether
the present ﬁndings regarding the reward network could be
replicated.

6. Summary
The present study focused on the neural correlates underlying
spontaneous deception. We used the near-infrared spectroscopy
(NIRS) methodology to investigate the neural responses in a
guessing game modeled after Greene and Paxton (2009). We
found that when compared to truth-telling, spontaneous deception, like instructed deception, engenders greater involvement of
such prefrontal regions as the left superior frontal gyrus. We also
found that the correct-truth trials produced greater neural activities in the left middle frontal gyrus and right superior frontal
gyrus than the incorrect-truth trials, suggesting the involvement
of the reward system. Furthermore, the present study conﬁrmed
the feasibility of using NIRS to study spontaneous deception.
Taken together, these results provide new evidence to support
the idea that spontaneous deception shares some similarities
with instructed deception: spontaneous deception also needs to
recruit more neural resources than telling the truth. To lie,
individuals need to inhibit the truth while generating an alternative response (a lie). The role of the reward system in the
process of spontaneous deception should also be considered. As
suggested by the present ﬁndings, it appears that one’s decision to
decide to tell the truth or a lie entails positive or negative
consequences, and such consequences in turn may affect whether
and when one decides to lie. It is thus necessary to incorporate
the reward system into the existing deception models. The
revised models may not only account more fully for the existing
behavioral and neural ﬁndings but may also make novel predictions for future behavioral and neural imaging studies. Furthermore, the present study conﬁrmed the feasibility of using NIRS to
study deception.
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