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ying  in  the  scanner:  Localized  inhibition  predicts  lying  skill�
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Activation  in  right  inferior  frontal  gyrus  accounted  for  29%  of  variance  in  lying  performance.
Lying  activated  right  rostrolateral  prefrontal  cortex—a  key  cognitive  control  region.
The  working  memory  network  was  activated  more  when  lying  about  perceptually  fluent  stimuli.
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a  b  s  t  r  a  c  t

Recent  literature  suggests  that  lying  may  be revealed  by  elevated  cognitive  effort.  A  functional  magnetic
resonance  imaging  experiment  using  a match–mismatch  detection  task  was  conducted  that  found  sup-
port  for  this  hypothesis  in  two  ways.  First,  compared  to  truthful  reporting,  lying  (i.e.,  responding  that
matches  were  mismatches  or vice  versa)  triggered  greater  activation  of the  working  memory  network  in
the  brain.  This  was  especially  true  for lying  about  a  match,  where  activation  in  the  WM  network  was  found
ie detection
orking memory

nhibition
eception
A 10

to be  greater  than  when  lying  about  a mismatch.  Lying  also  activated  the  right  rostrolateral  prefrontal
cortex  (BA  10)—a  key cognitive  control  region  that  regulates  the  interplay  between  stimulus-oriented
and  internally-generated  schemas.  Second,  activation  in the  right  inferior  frontal  gyrus  (BA  44)  – a  brain
region  underpinning  inhibition  –  predicted  lying  skill.  The  findings  show  that  the  neural  correlates  of
cognitive  effort  and  control  can  be  used  to detect  lying,  and  that  a specific  neural  marker  of  inhibition
can  predict  how  well  one  lies.

Crown Copyright ©  2012 Published by Elsevier Ireland Ltd. All rights reserved.
. Introduction

Lying – namely, the act of knowingly speaking falsely – is an
mportant tactic of deception. Hence, there has been a longstanding
nterest in methods of lie detection. Recent methods of lie detection
ave focused on indicators of mental effort, based on evidence from
olice interviews and mock-suspect experiments indicating that

ying is associated with behavioural signs of increased cognitive
ffort such as increased pauses, decreased blinking, and decreased

and and finger movements [26]. Such signs of increased effort
ave been attributed to various processes including lie formulation,

� Portions of this research were presented at the Rady Deception Conference held
n  UCSD, April 2012.
∗ Corresponding author at: DRDC Toronto, 1133 Sheppard Avenue West, Toronto,
N M3K 2C9, Canada. Tel.: +1 416 635 2000; fax: +1 416 635 2132.

E-mail addresses: oshin.vartanian@drdc-rddc.gc.ca, oshinv1@mac.com
O. Vartanian).

304-3940/$ – see front matter. Crown Copyright ©  2012 Published by Elsevier Ireland Lt
ttp://dx.doi.org/10.1016/j.neulet.2012.09.019
monitoring the audience to gauge lying success, and preoccupation
with self-monitoring [27].

Although the majority of research employing the cognitive-load
approach to lie detection has focused on behavioural indicators,
neuroimaging studies might also provide valuable indicators by
localizing the neural correlates of executive function, including the
related processes of cognitive control, interference resolution, and
inhibition, all of which are effortful and require working memory
(WM)  resources. First, the neural systems that underlie WM are
known [8,21],  enabling hypothesis-driven investigations based on
a priori regions-of-interest analyses. Second, lying has been shown
to activate brain regions implicated in executive function [23,24],
regardless of the emotional content of the target event [13]. Finally,
patterns of brain activation can be used to distinguish lies from
truthful responses [9,18].

Using a novel match–mismatch detection task that does not

rely on narrative processing, we  hypothesized that lying would
be correlated with longer response latency and greater activation
of the WM network in the brain than truthful reporting. A novel
contribution of this study was that we  also hypothesized that the

d. All rights reserved.

dx.doi.org/10.1016/j.neulet.2012.09.019
http://www.sciencedirect.com/science/journal/03043940
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mismatched stimuli (1763 ms  [SD = 242] vs. 1547 ms  [SD = 216],
t[14] = −4.29, p < .01, d = −0.94), the effect size was significantly
greater in the former condition, p < .05 [6].1
O. Vartanian et al. / Neuros

nvolvement of the WM network would be moderated by the per-
eptual characteristics of the stimulus—in this case whether there
s a match or a mismatch between two features of the stimulus (see
ection 2). Specifically, because stimuli that represent a match are
rocessed more fluently than stimuli that represent a mismatch
15], the ease by which they are encoded may  make them difficult
o lie about. This difficulty should be reflected in increased reaction
ime (RT) and activation in the WM network.

We were also interested in whether lying skill could be localized
n the brain. For this purpose, we shifted the focus to inhibition—an
ffortful and key component of a successful lie [17]. Specifically,
e reasoned that better (operationally defined) liars would be
ore effective in inhibiting a truthful response in the service of

oncealing or disguising the truth than worse liars. At the neural
evel, inhibition should be correlated with activation in the inferior
rontal gyrus, a region strongly linked to cognitive and behavioural
nhibition [2].  Thus, we hypothesized that, whereas across all par-
icipants lying would be correlated with relatively higher activation
n the WM network, the inferior frontal gyrus would be more acti-
ated in better liars than in worse ones.

We  tested these predictions using data collected in the func-
ional magnetic resonance imaging (fMRI) scanner.

. Method

.1. Participants

The participants were 15 neurologically healthy right-handed
olunteers (1/3 female, age range 19–48 years) with normal or
orrected-to-normal vision.

.2. Materials and procedure

The task required participants to register a response on 120 trials
f identical structure within a 2 (Stimulus: match or mismatch) × 2
Instruction: truth or lie) repeated-measures design. There were
0 trials of each condition. In each trial, participants were pre-
ented with a number string of identical digits (e.g., 666666). To
acilitate subitizing (i.e., rapid and accurate enumeration of small
ets of numbers), the number of digits was limited to six [14].
n what we shall call match trials, the digit and the number of
igits in the string agreed (e.g., 4444, 55555, etc.). On mismatch tri-
ls, there was a mismatch between these dimensions (e.g., 44444,
555, etc.). In the truth condition, the string appeared in green
nd the instruction was to truthfully report whether there was a
atch or mismatch between the digits and the length of the string.

n the lie condition, the string appeared in red and the instruc-
ion was to report the opposite of what they saw (i.e., respond
match” to mismatches and respond “mismatch” to matches). Par-
icipants were informed that each trial would be presented for

 s and instructed to respond accurately and quickly within that
imeframe.

Each trial was presented for 2 s, and successive trials were
nterspersed with a fixation point with variable inter-trial interval
1900, 2000, or 2100 ms  averaged at 2 s across all trials). Partic-
pants recorded their responses using an MRI-compatible keypad
hat had separate keys labelled “match” and “mismatch.” The hand
sed to enter responses as well as the keys (for match and mis-
atch) were counterbalanced across participants. In the scanner,

he 120 trials were presented in a single run. The order of tri-

ls was randomized for each participant. The duration of the task
as 8 min  (120 trials × 4 s). Prior to entry into the scanner partic-

pants completed 10 practice trials to familiarize themselves with
he task.
 Letters 529 (2012) 18– 22 19

2.3. fMRI acquisition and analysis

A 3-T MR  scanner with an 8-channel head coil (Discovery
MR750, 22.0 software, GE Healthcare, Waukesha, WI)  was used to
acquire T1 anatomical volume images (.86 mm × .86 mm × 1.0 mm
voxels). For functional imaging, T2*-weighted gradient echo spiral-
in/out acquisitions were used to produce 26 contiguous 5 mm
thick axial slices (repetition time [TR] = 2000 ms;  echo time
[TE] = 30 ms;  flip angle [FA] = 70◦; field of view [FOV] = 200 mm;
64 × 64 matrix; voxel dimensions = 3.1 mm  × 3.1 mm × 5.0 mm),
positioned to cover the whole brain. The spiral sequence was
acquired sequentially. The first five volumes were discarded to
allow for T1 equilibration effects, leaving 240 volumes for analy-
sis.

Data were analyzed using Statistical Parametric Mapping
(SPM8). Head movement was  less than two  mm  in all cases. All
functional volumes were spatially realigned to the first volume. A
mean image created from realigned volumes was spatially normal-
ized to the Montreal Neurological Institute’s echo-planar imaging
(MNI EPI) brain template using nonlinear basis functions. The
derived spatial transformation was applied to the realigned T2*
volumes, and spatially smoothed with an 8 mm full-width half-
maximum (FWHM) isotropic Gaussian kernel. Time series across
each voxel were high-pass filtered with a cut-off of 128 s, using
cosine functions to remove section-specific low frequency drifts
in the blood oxygenation-level dependent (BOLD) signal. Condi-
tion effects at each voxel were estimated according to the GLM
and regionally specific effects compared using linear contrasts. The
BOLD signal was  modeled as a box-car, convolved with a canonical
hemodynamic response function. Each contrast produced a statis-
tical parametric map  consisting of voxels where the z-statistic was
significant at p < .001. Reported activations survived voxel-level
intensity threshold of p < .001 (uncorrected for multiple compar-
isons) at the voxel level and p < .05 at the cluster level using a
random-effects model.

3. Results

3.1. Behavioural

Mean RT across conditions was  1564 ms  (SD = 504).
Kolmogorov–Smirnov tests demonstrated that skewness and
kurtosis of the RT distribution did not deviate from normality
(both ps > .05). As a behavioural test of the cognitive-load hypothe-
sis, we examined whether there was a main effect of Instruction on
RT. A Stimulus × Instruction repeated-measures ANOVA showed
the predicted main effect for Instruction: RT was  longer in the
lie condition (M = 1733 ms,  SD = 231) than the truth condition
(M = 1403 ms,  SD = 200), F(1, 14) = 61.17, p < .001, �2

p = .81. As well,
replicating a well-known effect for longer RT associated with
mismatched than matched stimuli [15], the main effect for Stim-
ulus was  significant such that RT was longer in the mismatched
condition (M = 1655 ms,  SD = 207) than in the matched condition
(M = 1481 ms,  SD = 205), F(1, 14) = 47.79, p < .001, �2

p = .77. Finally,
the interaction effect was significant, F(1, 14) = 12.99, p < .01,
�2

p = .48. Specifically, although RT was longer for lying about
than truthful reporting of both matched (1703 ms  [SD = 260]
vs. 1259 ms  [SD = 197], t[14] = −8.06, p < .001, d = −1.92) and
1 We applied a Bonferroni correction for multiple comparisons to the two follow-
up  t-tests by adjusting our default value for p (i.e., .05/2 = .025).
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Table 1
Activated regions corresponding to reported contrasts.

BA L Z x y z

Mismatched–matched stimuli
Cingulate gyrus 32 r 4.23 20 16 36
Anterior insula 13 l 4.08 −28 10 20
Lying–truthful reporting
Middle frontal gyrus 6 l 5.35 −36 0 46
Anterior cingulate cortex 32 l 5.01 −12 16 46
Superior parietal lobe 40 r 4.39 42 −44 38
Precuneus 7 r 4.08 18 −56 40
Anterolateral thalamus – l 4.57 −8 0 4
Cerebellum – r 5.00 10 −76 −30
Rostrolateral prefrontal cortexa 10 r 3.44 36 52 12
Lying–truthful reporting (matched stimuli)
Dorsal lateral prefrontal cortex 46 r 4.62 48 30 24
Anterior insula 13 r 3.83 32 28 6
Middle frontal gyrus 6 l 5.09 −58 12 26
Middle temporal gyrus 37 l 4.68 −44 −34 −14
Precuneus 7 l 4.35 −34 −58 42
Precuneus 7 r 4.18 38 −48 34
Caudate – l 4.29 −20 −4 22
Pons –  r 4.05 10 −14 −10
Cerebellum – r 4.76 2 −54 −30
Cerebellum – r 4.08 24 −70 −42
Cerebellum – r 4.02 14 −38 −50
Lying–truthful reporting (mismatched stimuli)
Middle frontal gyrus 6 l 4.06 −30 0 46
Precuneus 7 r 4.10 40 −42 46
Anterior cingulate cortex 32 r 3.84 4 18 48
Thalamus – – 3.72 0 −8 8
Cerebellum – r 3.85 4 −80 −26

Notes: Regions are designated using MNI  coordinates; BA indicates Brodmann area; L indicates laterality; l and r indicate left and right hemispheres respectively; Z indicates
z
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-score.
a This activation survived voxel-level intensity threshold of p < .001, but involved

.2. fMRI

Using an event-related design, at the first level of analysis (i.e.,
ubject level in SPM8) we specified regressors corresponding to the
our conditions, as well as fixation and motor response. Although
ncorporated into the design, fixation and motor response were

odelled out of the analyses by assigning null weights to their
egressors.

Given the main effect of Stimulus, we investigated the direct
ontrast of matched and mismatched stimuli, which demonstrated
ignificant activation in cingulate gyrus and anterior insula—both
ordering on medial frontal gyrus (Table 1 and Fig. 1). This pat-
ern is consistent with the well-established roles of the cingulate

nd insular cortices in the perception of discrepancy and error in
timuli [20,22,25],  as well as their roles in the Stroop task [16]. The
everse contrast was not correlated with significant activation in
ny region.

ig. 1. The contrasts involving manipulations of stimulus and instruction. Notes. The con
ingulate cortex (a) and anterior insula (b) (both bordering on medial frontal gyrus) were
nvolves lying–truthful reporting. Lying was shown to activate the working memory net
ransverse MRI  in standard space. The bar graph represents the strength of the activation
ll cluster of 43 contiguous voxels.

We  tested our first prediction about the anatomical correlates of
cognitive load by investigating the direct contrast of lying–truthful
reporting, demonstrating activation in a distributed network of
structures in the frontal, parietal, and midbrain regions implicated
in WM,  as well as in the rostrolateral prefrontal cortex (Table 1
and Fig. 1). The reverse contrast was not correlated with significant
activation in any region.

We  had hypothesized that the involvement of the WM net-
work would be moderated by whether the stimulus is a match
or a mismatch. We tested this prediction about anatomical cor-
relates by measuring the simple effect of Instruction at each level
of Stimulus. Specifically, we inclusively masked the lying–truthful
reporting contrast at each level of Stimulus with the main effect

of lying–truthful reporting. The results demonstrated that, for
matched stimuli, lying (compared to truthful reporting) activated
a large network (Table 1). The reverse contrast was not correlated
with significant activation in any region. In turn, for mismatched

trast depicted in (a) and (b) involves mismatched–matched stimuli. The anterior
 activated more for mismatched than matched stimuli. The contrast depicted in (c)
work. SPM was  rendered into standard stereotactic space and superimposed on to

 (T-score).
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Fig. 2. The right inferior frontal gyrus is activated more in better liars. Notes. This
contrast involves an independent samples t-test between better and worse liars con-
strained to our a priori ROI—right inferior frontal gyrus. SPM rendered into standard
stereotactic space and superimposed on to coronal, sagittal, and transverse MRI  in
s
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tandard space. The bar graph represents the strength of the activation (T-score).

timuli, lying (compared to truthful reporting) activated a smaller
etwork (Table 1). The reverse contrast was not correlated with
ignificant activation in any region.

To test our third prediction about anatomical correlates of
ying skill, it was necessary to distinguish better from worse liars.
verall accuracy was 91.47% (SD = 5.53). The only condition in
hich high variability in performance was observed was  in lying

bout a match (M = 82%, SD = 17). By comparison, the remaining
hree conditions—namely, lying about a mismatch (M = 90%, SD = 7),
ruthful reporting of a match (M = 97%, SD = 4), and truthful repor-
ing of a mismatch (M = 95%, SD = 4)—had high accuracy and low
ariance. Therefore, to explore individual differences, we  focused
n the condition in which participants were required to lie about
atched stimuli exclusively. We  conducted a median split and gen-

rated one group of better liars (n = 7, M = 94%) and one group of
orse liars (n = 7, M = 71%), t(12) = 3.13, p < .01, d = 1.66.

Using the MarsBAR toolbox in SPM8 [3],  we constructed a spher-
cal ROI in right inferior lateral prefrontal cortex (coordinates of
he center of mass x = 51, y = 21, z = 12) with a radius of 10 mm.  This
pecific ROI was selected from Goel and Dolan [12] in which it was
ssociated with inhibition in reasoning (also see De Neys et al. [7]
or use of this locus as an ROI for inhibition in decision making). We
hen conducted an independent samples t-test between better and
orse liars in this ROI. The contrast revealed significant activation

hat was exclusive to the right inferior frontal gyrus (BA 44) (46, 16,
, z = 4.20) (Fig. 2).2

Next, to test directly the contribution of activation in right infe-
ior frontal gyrus to lying ability, we conducted a regression in
hich lying accuracy was regressed onto activation in right inferior

rontal gyrus (i.e., z-score in this area derived using the MarsBAR
oolbox). The results demonstrated that activation in right inferior
rontal gyrus was a significant predictor of lying accuracy,  ̌ = .54,
 < .05, f2 = .42, accounting for 29% of the observed variance in per-
ormance.

2 Conducting this analysis in the other three conditions did not result in any
ignificant area of activation.
 Letters 529 (2012) 18– 22 21

4. Discussion

We demonstrated that, compared to truthful reporting, lying
in a non-narrative task is associated with longer RT as well as the
activation of a network of structures in the frontal, parietal, and
midbrain regions implicated in WM [8,21].  Interestingly, lying also
activated the right rostrolateral prefrontal cortex (BA 10). The role
of the rostral prefrontal cortex is to bias the relative influence of
stimulus-oriented and stimulus-independent thought in cognition
[4,5]. Within this region a critical functional dissociation involves
the anatomical subdivision between its medial and lateral aspects:
whereas medial rostral prefrontal cortex is activated when fast
stimulus-driven responses are required, lateral rostral prefrontal
cortex is activated when the task requires evaluating informa-
tion based on stimulus-independent schemas. The latter is a key
component of cognitive control, seemingly essential for top-down
control of cognition. Supporting this idea, a large literature review
demonstrated that activation in lateral but not medial BA 10 was
associated with longer RT across studies [11]. That lying engages
the rostral prefrontal cortex is further evidence that it depends on
the regulation of thought.

We  also hypothesized that, compared to truthful reporting,
lying would exert greater demands on WM when it involved
matches than mismatches. Behaviourally, lying required longer
RT for matches than mismatches. Furthermore, there was signif-
icantly greater activation in the WM network when lying about
a match than lying about a mismatch. This finding demonstrates
that the ease with which one lies is moderated by the features
of the stimuli one is required to lie about. Specifically, when a
stimulus is processed fluently [15] – defined here as matched in
terms of relevant perceptual features – then lying may  require more
effort.

Lying was  shown to activate the anterior cingulate cortex (ACC)
in our experiment. Such activation has been a reliable finding in lie
detection studies, attributed to its role in conflict detection and
error monitoring [1,19].  There is some evidence to suggest that
the type of lie committed moderates ACC activation. For example,
ACC has been shown to be activated more when participants were
instructed to lie spontaneously and rapidly about isolated informa-
tion than when they lied about well-memorized information that
fit coherently into a story [9].  The results of the present experiment
add further support to the notion that rapid, spontaneously-cued
lies that are not part of a narrative activate ACC.

We were also interested in testing the hypothesis that better
liars would be distinguished from worse liars by activation in the
inferior frontal gyrus, a key brain region for regulating inhibition
[2]. In one condition that enabled us to examine individual differ-
ences in lying skill, not only did activation in right inferior frontal
gyrus distinguish better from worse liars, it also predicted a sub-
stantial proportion of variance in lying skill. Our results thus suggest
that lying requires WM and cognitive control resources and that, at
an individual level, inhibition predicts lying success.

According to the ‘information gathering’ approach to lie detec-
tion, interviewers should focus on gathering verbal information
from suspects that can be checked for inconsistencies against
available evidence [27]. We  suggest that neural data may provide
a valuable source of nonverbal, biometric information that can
serve as an indicator of lying in forensic and legal contexts. Of
course, such indicators are no panacea. For example, fMRI signals
in brain regions that distinguish false from truthful responses can
be attenuated if participants are trained to use a simple covert
countermeasure [10]. Hence, neural indicators of lying are not

necessarily immune to strategic manipulation by prevaricators.
Accordingly, future research might profitably examine in controlled
environments how strategic interests and personal motives to
deceive moderate the kinds of neural effects shown in this research.
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