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Recent research revealed that the presentation of crime related details during the Concealed Information Test
(CIT) reliably activates a network of bilateral inferior frontal, right medial frontal and right temporal–parietal
brain regions. However, the ecological validity of these findings as well as the influence of the encoding context
are still unclear. To tackle these questions, three different groups of subjects participated in the current study.
Two groups of guilty subjects encoded critical details either only by planning (guilty intention group) or by really
enacting (guilty action group) a complex, realisticmock crime. In addition, a group of informed innocent subjects
encoded half of the relevant details in a neutral context. Univariate analyses showed robust activation differences
between known relevant compared to neutral details in the previously identified ventral frontal–parietal net-
workwith no differences between experimental groups.Moreover, validity estimates for average changes inneu-
ral activity were similar between groups when focusing on the known details and did not differ substantially
from the validity of electrodermal recordings. Additional multivariate analyses provided evidence for differential
patterns of activity in the ventral fronto-parietal network between the guilty action and the informed innocent
group and yielded higher validity coefficients for the detection of crime related knowledge when relying on
whole brain data. Together, these findings demonstrate that an fMRI-based CIT enables the accurate detection
of concealed crime related memories, largely independent of encoding context. On the one hand, this indicates
that evenpersonswhoplanned a (mock) crime could be validly identified as having specific crime related knowl-
edge. On the other hand, innocents with such knowledge have a high risk of failing the test, at least when consid-
ering univariate changes of neural activation.

© 2015 Elsevier Inc. All rights reserved.
Introduction

The usage of brain imaging techniques to identify lies has been fre-
quently investigated over the last decade (e.g., Kozel et al., 2005,
2009; Langleben et al., 2002) and critically discussed in the scientific
community (e.g., Greely and Illes, 2007). Although initial studies
aimed at detecting a specific signature of deceit in the brain activity, it
has been recently emphasized that deception rather seems to
unspecifically recruit a number of brain regions related to more general
processes, especially memory (Farah et al., 2014).

A technique that specifically focuses on the detection of crime relat-
ed memories is the Concealed Information Test (CIT; Lykken, 1959,
1974). This test consists of multiple-choice questions that ask for details
of a crime under investigation. For each question, the correct answer
(e.g., the jewelry that was stolen) is presented together with different
neutral answer alternatives (e.g., other potentially stolen goods). The
uroscience, University Medical
burg. Fax:+49 40 7410 59955.
general idea of the CIT is that only a guilty personwill recognize the cor-
rect detail among these alternatives and show stronger physiological re-
sponses to this item. An innocent without such knowledge should
respond unsystematically across answer options. Previous studies
confirmed that guilty subjects show larger skin conductance responses
as well as heart rate deceleration and respiratory suppression to crime
related details (e.g., Gamer et al., 2006). Laboratory studies reported
high validity coefficients for the differentiation between guilty and
innocent persons on the basis of such autonomic measures (for reviews
see Ben-Shakhar and Elaad, 2003; Meijer et al., 2014).

Only few neuroimaging studies investigated neural responses in a
CIT design so far. They consistently reported higher activity for critical
compared to neutral answer alternatives in a ventral fronto-parietal
network consisting of the bilateral inferior frontal gyrus (IFG), the
right middle frontal gyrus (rMFG) and the right temporoparietal junc-
tion (rTPJ) (Gamer, 2011). These regions are not exclusively involved
in the concealment of knowledge but rather reflect attentional orienting
(Downar et al., 2000, 2002; Kiehl et al., 2001), responsemonitoring and
inhibition (Aron et al., 2004;Wager et al., 2005) aswell asmemory pro-
cesses (D'Esposito et al., 2000; Iidaka et al., 2006).
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Importantly, the existing neuroimaging CIT experiments were based
onmemory for highly salient autobiographical information (Ganis et al.,
2011), artificial stimuli like playing cards (e.g., Gamer et al., 2007;
Langleben et al., 2002; Nose et al., 2009) or imagined crime scenarios
(Cui et al., 2014). Thus, there is a lack of research investigating the neu-
ral correlates of the CIT under realistic conditions, for example following
the planning and execution of a mock crime. This approach better
resembles field conditions (Osugi, 2011) and represents the optimal
setting for a CIT examination in the laboratory (Ben-Shakhar and
Elaad, 2003). Moreover, recent studies on autonomic responses in the
CIT further improved this approach by enabling only incidental
encoding of the crime related information to better resemble field con-
ditions (e.g., Gamer et al., 2010; Peth et al., 2012).

Moreover, the specific encoding context might modulate the detec-
tion of concealed information. For example, previous CIT studies report-
ed successful detection of concealed knowledge related to criminal
intentions based on skin conductance responses (Meijer et al., 2010),
event-related brain potentials (Meixner and Rosenfeld, 2011) and be-
havioral measures (Noordraven and Verschuere, 2013), but it remains
unclear whether comparable effects can also be observed in fMRI data.
Furthermore, it is currently unknown whether criminal intention and
action result in different physiological responses in the CIT. A second
line of research contrasted participants who were guilty of committing
a mock crime with a sample of innocents who were informed about
crime related details. Someof these studies reported differences in auto-
nomic responding to crime details between these groups (Ben-Shakhar
et al., 1999; Bradley et al., 1996; Bradley and Rettinger, 1992; Bradley
and Warfield, 1984; Giesen and Rollison, 1980; Stern et al., 1981)
whereas other studies failed to find a significant differentiation
(Gamer, 2010; Gamer et al., 2010). So far, no fMRI study systematically
examined the influence of encoding context on recognition of relevant
crime details in the CIT.

To close this gap, the current study aimed at investigating three
groups of subjects that differed regarding the context of information
encoding (guilty action group, guilty intention group, innocent
group) with an fMRI-based CIT. Electrodermal responses were addi-
tionally recorded to enable a comparison to traditional polygraph
measures. While the guilty action group knew all relevant details,
the guilty intention and the innocent group were unaware of half of
the relevant details, respectively. The guilty intention group could
only know details from the planning phase, while the innocent
group could gain knowledge of half of the details from the planning
and the action phase, respectively, by executing a neutral task. Such
design enabled the examination of group differences in responding
to known critical details as well as the calculation of validity estimates
for the “traditional” comparison of informed (guilty) and uninformed
(innocent) subjects (cf., Ben-Shakhar and Elaad, 2003). Based on the
above-mentioned literature, we hypothesized increased activation
in the previously reported ventral fronto-parietal network (Gamer,
2011) when contrasting known relevant details with neutral alterna-
tives across all groups.

In addition to this network, several regions of interest were
defined to further explore whether differences in encoding context
affect neural activation. As previous research on memory reported
enhanced activation in the supramarginal gyrus (SMG) for informa-
tion encoded during actions compared to imagined actions (Russ
et al., 2003), we expected comparable differences between the guilty
action and the guilty intention group. Due to their involvement in the
retrieval of emotional memories (for review see Dolcos et al., 2012),
we furthermore expected differences in amygdala and hippocampus
activation between the guilty action and the innocent group. More-
over, we conducted multivariate analyses (Bles and Haynes, 2008)
to examine whether the multivariate pattern of brain activity allows
for differentiating experimental groups.

Finally, the current data enable a direct comparison between the
classification accuracy of neural and electrodermal response measures
that were recorded simultaneously. Therefore, this study adds signifi-
cantly to the current discussion about whether neuroimaging methods
are superior to traditional polygraphy in the detection of concealed
information (Gamer, 2014).

Materials and methods

Participants

This studywas approved by the local ethics committee and conduct-
ed according to the principles expressed in the Declaration of Helsinki.
All participants gave written informed consent and were paid 50 Euro
for participation. The final sample consisted of 60 right-handed partici-
pants with 20 participants in the guilty action group (6 women, mean
age of 26.2 years), 20 participants in the guilty intention group (6
women, mean age of 23.9 years) and 20 participants in the innocent
group (6 women, mean age of 25.7 years). No difference in age was
found between the three groups, F(1,58) b 1. Most participants were
students from various faculties (70%). During data collection, eight per-
sons had to be excluded from the study because of different reasons and
were replaced by new subjects. Reasons for exclusion were technical
difficulties (n = 3), an incomplete fulfillment of the mock crime (n =
3) or alcohol intoxication (n = 2).

Design

A realistic mock crime procedure was either only planned (guilty in-
tention group) or really enacted (guilty action group) by subjects in the
guilty groups. Personswho belonged to the guilty intention group knew
only relevant details that belonged to the planning phase, whereas the
guilty action group knew all relevant details. In addition, a third group
of persons fulfilled a non-criminal task before they were examined
with the same CIT (innocent group). These subjects knewhalf of the rel-
evant details from a neutral context, and found out during the CIT that
these details were also part of a mock crime. Each group consisted of
20 subjects and participants were randomly assigned to their respective
experimental condition by means of a predefined list.

Procedure
The experiment was conducted in three different stages. Stage 1

was a planning phase that lasted for one week (study days 1–7). Dur-
ing this time period, participants received several emails from a ficti-
tious confederate that asked them to either prepare a mock crime
(guilty subjects) or an errand (innocents). The mock crime involved
the theft of money and a CD with important study information and
participants were informed about the precise place and timing of
the theft during the planning phase. The innocent participants pre-
pared to meet a person to get a CD for somebody else and received
similar information on the details of this errand. To ensure active
preparation of “criminal” and “neutral” activities, respectively, partic-
ipants had to answer emails from the confederate and find out certain
details about the upcoming event by themselves (e.g. by looking up
specific details on the website of the University Medical Center
Hamburg-Eppendorf where the event was about to take place).
Stage 2 was the enactment phase and took place after the preparation
week on study day seven. Here, the guilty action group committed the
previously prepared mock crime, and the innocent participants ful-
filled the errand. Participants of the guilty intention group, however,
were stopped before they could enact the mock crime and were im-
mediately investigated with the CIT (for a detailed description of
stage 1 and stage 2, see Supplementary Methods).

Stage 3 consisted of the CIT examination. Participants of the guilty
intention group accomplished the CIT on day seven. Participants of
the guilty action group and all innocent participants arrived on day
eight for the CIT investigation, one day after completion of their
respective task. The CIT was conducted by an examiner unknown to
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the subjects, who was uninformed about the respective participant's
group condition. Subjects were instructed not to mention their
group condition until the whole experiment was completed. Addi-
tionally, participants were told that the experiment was designed to
check whether they could cope with a deception detection test and
convince the examiner that they were innocent. An additional reward
of 30 Euro was offered for a successful performance in the CIT to
increase their motivation. After completion of a practice session
with unrelated memorized details, participants were placed in the
scanner. Button presses had to be given by the index and middle fin-
ger of the participants' right hand.

The CIT consisted of 24 questions about themock crime, twelve about
details from the planning phase and twelve about details from the enact-
ment phase (see Supplementary Table S1). The order of the relevant crime
detail and neutral items following a question was randomly determined
but remained constant across participants. Each of the 24 questions was
presented once during each of three blocks. The first block was always
identical for all participants, and blocks two and three included the
same questions with different orders. During the CIT, each question
(e.g., How much money did you steal from the locker?) was followed
by five answer options (e.g., 100 Euro?, 10 Euro?, 5 Euro?, 50 Euro?, 20
Euro?). At the beginning of each trial a fixation cross was shown (1 s),
followed by the stimulus (2 s) and a blank screen (5 s–7 s). The corre-
sponding CIT questionwas always shown in the upper part of the screen.
The single answer options for each question were either presented as
written words (e.g., for the question “What is the name of your contact
person?”) or photographs (e.g., for the question “What did you steal
from the locker?”) in the middle of the screen. Following standard CIT
procedures (Lykken, 1959), the first item always served as a buffer and
was excluded from the analyses. Among the remaining four items were
two neutral items, one relevant item that mentioned or depicted the cor-
rect answer, and one target item that required a different button press to
ensure that participants were paying attention to the stimulus presenta-
tion. The targets were identical for all participants and always included
a small red circle next to the presented word or picture. Participants
were instructed to always press the left button following an item presen-
tation. Only when noticing the small red circle on the screen, they had to
press the right button. This design resembles the three item CIT approach
that was frequently used in previous CIT studies (cf., Gamer, 2011). All
groups showed high detection accuracy for targets (guilty action:
92.64%; guilty intention: 92.64%; innocent: 94.31%) and no significant dif-
ferences between groupswere found, F(1,58) b 1. Reaction times andbut-
ton presses were monitored during the CIT and subjects who did not
respond, responded incorrectly or extremely slow were reminded to
pay attention to the task during the short breaks between blocks. Howev-
er, since we did not emphasize on speeded responses, we refrained from
further analyzing the response time data.

After the subjects completed the CIT in the scanner, they were
asked to reveal their respective group condition and to return things
they kept from their task (money and/or CD). Afterwards, an explicit
memory test was conducted to check whether participants could re-
member the relevant details correctly. During this test, all CIT ques-
tions were presented in a multiple-choice format on a laptop
outside the scanner. The question was presented auditorily and after-
wards the five answer options were shown simultaneously on the
screen. The subjects had to choose the correct answer option. If the
correct answer was unknown to the subject, which was the case for
half of the questions in the guilty intention group (i.e., details from
the action phase) and the innocent group (i.e., unknown details
from the planning and action phase), respectively, participants were
asked to guess the correct answer.

To explore long-term memory for the relevant details, subjects were
invited to accomplish the same explicitmemory test again approximately
six months after the CIT using an online internet questionnaire. From the
original sample, 42 subjects completed the questionnaire with a mean
difference between study participation and response to online request
of 188.5 days (SD= 15.8), with n = 12 from the guilty intention group,
n=15 from the guilty action group and n=15 from the innocent group.

Data acquisition

Presentation of CIT questions and items as well as recording of be-
havioral responses was accomplished with Presentation software
(Neurobehavioral Systems, Albany, CA, USA). Functional MRIwas per-
formed on a 3 T MR whole body scanner (Magnetom Trio, Siemens)
using a 32-channel head coil. Forty continuous axial slices (slice thick-
ness 2mm, 1mm gap) were acquired in each volume using a T2*-sen-
sitive gradient echoplanar imaging (EPI) sequence (TR: 2390 ms; TE:
25 ms; flip angle: 80°; field of view: 216 × 216 mm; voxel size:
2 × 2 × 2 mm3, GRAPPA with PAT-factor 2). Isotropic high-
resolution (1 × 1 × 1 mm3) structural images were acquired using a
T1-weighted coronal-oriented MPRAGE sequence with 240 slices.
Skin conductance was recorded using a constant voltage system
(0.5 V, Biopac MP100 System, Biopac. Inc) with electrodes placed on
the thenar and hypothenar eminences of the participant's left hand.

Data preprocessing and analysis

For all analyses the a priori significance level was set to p= .05, but
marginally significant results are reported at a threshold of p b .10.
Cohens d (Cohen, 1988, p.19ff) and Cohens f (Cohen, 1988, p. 273ff)
are reported as effect size estimates.

Recognition task
From the explicit memory test, the sum of correctly recognized

items was calculated for each subject. The guilty action group could
recognize a maximum of 24 relevant details, while the guilty intention
group could only know twelve relevant details from the planning
phase. The innocent group was aware of six relevant details from the
planning phase and six relevant details from their errand task. The
recognition rate was calculated based on all items that could be
known by the respective group to enable comparison between groups.
The same measure was calculated for the 42 persons who accom-
plished the explicit memory test again approximately six month
after the CIT.

Skin conductance responses
Amplitudes of skin conductance responses that began between 1

and 3 s after stimulus onset were scored as stimulus-evoked responses
and measured as changes in μS if they exceeded a threshold of 0.01 μS.
The amplitudes were log-transformed according to the formula provid-
ed by Venables and Christie (1980) and we calculated difference scores
between the responses to crime related details and neutral alternatives
for known and unknown details, respectively. Trials with missing be-
havioral responses (0.15% of all trials) were excluded from further SCR
analyses.

Preprocessing of imaging data
Image processing and statistical analyses were carried out using

Statistical Parametric Mapping (SPM8;Wellcome Department of Imag-
ing Neuroscience, London, UK) running under Matlab R2009b
(Mathworks, Inc., Natwick, MA, USA). The first four volumes of each
time series were discarded because of T1 equilibration effects. Volumes
were slice time corrected, realigned and unwarped using the mean EPI
image to correct for movement artifacts. Subsequently the structural
T1 image was coregistered to the mean EPI image. T1 images were
segmented and resulting transformation parameters were used for
spatial normalization of EPI and T1 images to MNI space. Finally, func-
tional data were smoothed with a 6 mm full-width at half maximum
(FWHM) isotropic Gaussian kernel.
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Univariate imaging analyses
Univariate data analysis was performed using a general linear

model approach with two different kinds of subject-level design
matrices. First, we constructed separate subject-level design matrices
for each group to enable comparison between all three experimental
conditions. For subjects belonging to the guilty intention group and
the innocent group, one regressor was created for each item type
(relevant, neutral, buffer and target) for the known and the unknown
condition, respectively. Thus these matrices included eight regressors
in total. For the guilty action group only four regressors, representing
the different item types, were included in the design matrix, because
subjects in this group were aware of all relevant details. Events were
modeled as stick functions for each stimulus onset. Question onsets
as well as trials with erroneous responses were modeled separately
as regressors of no interest. Similar to previous CIT studies (cf.,
Gamer, 2011), contrast images were defined for known relevant
minus neutral details for all groups. In addition, for the guilty intention
and innocent groups, the contrast images for unknown relevant minus
neutral details were defined. At the group-level, a one-way ANOVA
design was constructed by entering one regressor for each
group representing the contrast between known relevant details and
neutral details. However, it is important to note that knowledge of
the guilty action group was based on 24 relevant details, while the
guilty intention and innocent groups only knew half of these relevant
details.

Second, to enable comparison between groups (guilty action ver-
sus guilty intention; guilty action versus innocent) under identical
conditions, two additional subject-level models were constructed. In
each model, the relevant details of the guilty action group were split
according to whether theywere known to the guilty intention or inno-
cent group, respectively. Thus for the guilty action group the amount of
knowndetails was reduced based on the knowledge of one of the other
groups. This way, two different subject-level models consisting of
eight regressors each (relevant, neutral, buffer and target items for
known and unknown details, respectively) were constructed for the
guilty action group. Contrast images were defined for the known rele-
vant minus neutral details to reveal brain regions responding to
concealed knowledge. Based on this contrast, two separate group-
level models (two-sample t-tests) were defined to compare the guilty
action group with the guilty intention or innocent group, respectively.
These analyses allowed for directly contrasting groups on the basis of
shared knowledge that was acquired in different contexts.

Regions of interest (ROI) were defined based on the coordinates re-
ported in a meta-analysis of fMRI studies on the CIT (Gamer, 2011).
The respective ROIs were the left IFG (x = −44, y = 19, z = 1), the
right IFG (x = 39, y = 23, z = −10), the right TPJ (x = 60,
y =−48, z = 39) and the right MFG (x= 35, y = 44, z = 23). To cor-
rect for multiple comparisons, small volume corrections were applied
for each ROI using 12 mm spheres. The relative difference between
known relevant details and neutral details was examined by post hoc
analyses of the contrast estimates, derived from 5mm spheres around
the defined ROI centers. These values were obtained using the SPM-
toolbox rfxplot (Gläscher, 2009). To explore additional regions that
might differ between the respective item types, a whole brain analysis
with family-wise error (FWE) corrected p-values (pFWE b .05), based
on Gaussian random fields (Worsley et al., 1996), was conductedwith-
in each group for the contrast known relevant minus neutral details.
For comparison between the guilty action and guilty intention group
and the guilty action and innocent group, respectively, small volume
corrections in the hypothesized ROIs (i.e., SMG, amygdala, hippo-
campus) were conducted. For each ROI a bilateral anatomical mask
was generated using the WFU Pickatlas (Maldjian et al., 2003;
Tzourio-Mazoyer et al., 2002). Explorative whole brain analyses with
pFWE b .05 (Worsley et al., 1996) were additionally conducted for
these pairwise group comparisons. All activations are reported using
x, y, z coordinates in MNI standard space.
Multivariate imaging analyses
To determine whether the multivariate pattern of brain activity al-

lows for validly differentiating experimental groups, we used a pattern
classification approach. To this end, we set up similar subject-level de-
sign matrices as for the univariate analyses (first approach as described
above) using normalized but unsmoothed functional images. We then
calculated contrast images for known relevant minus neutral details
for all groups and for unknown relevant minus neutral details for the
guilty intention and innocent groups, respectively. For classification
analyses, we used The Decoding Toolbox (Hebart et al., 2015). The clas-
sifier employed was a linear support vector machine (SVM) in the im-
plementation of LIBSVM (Chang and Lin, 2011), with a fixed cost of
c = 1. We ran two sets of classification analyses, one focusing on rele-
vant ROIs and the other using all gray matter voxels in the brain. Calcu-
lations for the ROI analyses were accomplished for a combined ROI of
left IFG (x = −44, y = 19, z = 1), right IFG (x = 39, y = 23,
z = −10), and right TPJ (x = 60, y = −48, z = 39) because these re-
gions also exhibited robust effects in the univariate analyses (see results
section). The combinedROIwas constructed by centering 5mmspheres
on the given coordinates and encompassed 243 voxels in total. Please
note that the univariate contrast thatwas used to define this ROIwas in-
dependent of the aim of classification (i.e., group differentiation) such
that classification accuracies are not biased by this selection
(Kriegeskorte et al., 2009). For the exploratory whole-brain analyses,
we used the probabilistic gray matter template of SPM thresholded at
50% to examine whether other brain regions might contribute to a dif-
ferentiation of experimental groups. The thresholded gray matter
mask comprised a total of 125,570 voxels. The classification approach
was evaluated using a leave-one-pair-out resampling procedure. Here,
the classifier was trained on all but two participants (one from each ex-
perimental condition), and the classification model was applied to the
two left-out cases, yielding one decision value per subject which de-
notes the signed distance of the classified sample from the separating
hyperplane. This procedure was repeated for all possible 209 pairs of
participants. To estimate the discriminability of the classifier between
the respective conditions, we used the distribution of decision values
to calculate the area under the ROC curve (see below).

To illustrate which brain regions carried information about the clas-
ses in whole-brain classification, we also reconstructed themultivariate
pattern for all pairwise classification analyses. For that purpose, we
trained a linear SVM on all data. This yielded a weight vector with one
weight per voxel indicating the contribution of the voxel to the classifi-
cation. Since the weight vector represents a combination of signal
sources and class-independent covariance, we reconstructed themulti-
variate pattern using the following formula (Haufe et al., 2014):

A ¼ cov Xð Þ �w � cov Sð Þ−1

which reconstructs the pattern as a scaled product of the noise covari-
ance matrix cov(X) and the weight vector w. The pattern vector A can
be mapped back to each voxel and provides an estimate of the sources
of information in the brain which were discovered by the classifier.
These maps were smoothed using a 6 mm FWHM isotropic Gaussian
kernel and overlaid on a mean structural image of all participant for il-
lustration purposes.

Validity analyses
To estimate the validity of neural and electrodermal responses in dif-

ferentiating the experimental groups, receiver operating characteristics
(ROC) curves were calculated. As discussed by the National Research
Council (2003), the calculation of accuracy rates depends on arbitrary
cut-off scores and is therefore not recommended for validity estimation.
Alternatively, the area A under the ROC curve was introduced to the
field of CIT research by Lieblich et al. (1970). This signal detection theory
based approach estimates the separation between two distributions
(e.g., “guilty” and “innocent” participants) irrespective of the decision
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criterion (i.e., cut-off point between both distributions) and is recom-
mended for validity estimation in the broad field of deception detection
(National Research Council, 2003). In the current study, binary group
comparisons were calculated on the basis of the contrast estimates
(for univariate fMRI data), the difference of SCR amplitudes between
relevant and neutral CIT items, or on the basis of the distribution of de-
cision values for all possible left-out pairs (for multivariate fMRI data).
For the guilty intention as well as the innocent group, known and un-
known details were considered separately. For each binary group com-
parison, ROC curves were constructed by shifting the criterion
throughout the entire distribution of values and calculating hit and
false positive rate for each possible criterion. These values were used
to generate the ROC curve and to calculate the area A under the curve.
An area A of 1 indicates perfect differentiation of the respective groups
whereas an area of 0.5 represents chance classification.

To estimate the statistical significance of area statistics, 95% confi-
dence intervals were calculated parametrically for univariate fMRI and
electrodermal analyses (Bamber, 1975) and an area was considered
significant if 0.5 was not included in the confidence interval. For multi-
variate analyses, confidence intervals were determined using a Monte-
Carlo permutation procedure. This non-parametric procedure was
necessary, because resampling techniques such as cross-validation and
bootstrapping analyses violate the assumption of independent, identi-
cally distributed samples and may for that reason yield biased variance
estimates (Kohavi, 1995). For each pairwise group comparison, group
assignment was randomly shuffled (20 participants in each group)
and the decision values for a leave-one-pair-out procedure (see
above) were calculated. From these values, ROC A values were comput-
ed, and the whole procedure was repeated 1000 times to estimate the
null distribution of A. For these multivariate analyses, an area statistic
was considered significant if it exceeded the 95-percentile of this empir-
ically constructed null distribution.

Results

Explicit memory

To compare the percentage of correctly remembered relevant details
between the three groups in the immediate memory test, a one-way
ANOVA with the between-subjects factor group (guilty action, guilty
intention, innocent) was calculated. As shown in Fig. 1A, no difference
in memory performance was found between the three groups,
Fig. 1. Explicit memory performance at the immediate (Imm)measurement occasion for the w
occasion for those 42 subjects who completed thememory test approximately sixmonths after
those items that could be known by the respective participants (i.e., 24 for the guilty action grou
errors of the mean.
F(2,57) b 1. For the delayed memory test a 2 × 3 ANOVAwas calculated
on the data of 42 participants who completed the delayed memory test
with the between-subjects factor group (guilty action, guilty intention,
innocent) and the within-subjects factor time of measurement (imme-
diate, delayed). Fig. 1B reveals a main effect of time of measurement,
F(1,39)=7.22, p= .011, f=0.50. No further group differences or inter-
action effects were observed.

Skin conductance

The comparison of all three experimental groups using an one-way
ANOVA on the difference scores between known relevant and neutral
details, with the between-subjects factor group (guilty action, guilty in-
tention, innocent), revealed a significant main effect of the intercept,
F(1,57) = 6.105, p = .016, f = 0.33, and a trend for a main effect of
group, F(2,57)=2.495, p=.091, f=0.30. All other effectswere not sta-
tistically significant. The direct comparison of participants with partial
knowledge using a 2 × 2 ANOVA on the difference scores between rele-
vant and neutral details, including the between-subjects factor group
(guilty intention, innocent) and the within-subjects factor knowledge
(known, unknown) revealed a significant main effect of the intercept,
F(1,38) = 18.040, p b .001, f = 0.51, and a main effect of knowledge,
F(1,38)=19.367, p b .001, f=0.44. All other effectswere not statistical-
ly significant. As shown in Fig. 2, only for details known by the partici-
pants an increase in skin conductance responses was observed for
relevant compared to neutral details. In addition, a trend for more pro-
nounced responses in the innocent compared to the two guilty groups
was observed. If the relevant details were unknown by the participants
no such effect was found.

Imaging data

For each group, significant differences in neural activation between
relevant and neutral items were observed in the previously identified
ventral frontal-parietal network, more precisely in the bilateral IFG
and the right TPJ (see lower part of Table 1 and Fig. 3). Only the guilty
action group showed the predicted difference in activation between
item types in the right MFG.

Separate whole brain analyses for the three groups additionally re-
vealed significant activation differences for the guilty action group and
the innocent group, based on the contrast for relevant minus neutral
items for known details (see upper part of Table 1). For both groups,
hole group of 60 participants (A), and at the immediate (Imm) and delayed measurement
study participation (B). All values show the percentage of correctly remembered details for
p, 12 for the guilty intention group, 12 for the innocent group). Error bars indicate standard



Fig. 2. Skin conductance responses for difference scores between relevant and neutral de-
tails. Significance is depicted based on a one-sample t-test for significant differences from
0 (Bonferroni-corrected significance asterisks above the bars) or on paired t-tests compar-
ing responses between known and unknown details, respectively. * p b .05, ** p b .01, ***
p b .001. Error bars indicate standard errors of the mean.
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significant activation differences were observed in the supplemental
motor area (SMA). Moreover, the guilty action group showed a signifi-
cant effect in the left TPJ.

As shown in Fig. 4, the extracted contrast estimates for relevant
minus neutral details differed significantly between known and un-
known details in the guilty intention and innocent group in most ROIs
(guilty intention: right IFG: t(19) = 2.32, p = .031, d = 0.76; left IFG:
t(19) = 3.25, p = .004, d = 0.85, right TPJ: t(19) = 2.39, p = .027,
d = 0.73; innocent: right IFG: t(19) = 3.27, p = .004, d = 1.07; left
IFG: t(19) = 2.51, p = .021, d = 0.76, right TPJ: t(19) = 2.53, p =
.021, d = 0.75). In both groups no significant differences between
known and unknown items were found for the right MFG. A one-way
ANOVAwith the between subjects factor group (guilty action, guilty in-
tention, innocent) was calculated on the contrast estimates of known
relevant minus neutral details for each ROI. This analysis revealed a
Table 1
Results for thewhole brain analysis (pFWE= .05, cluster extent threshold= 20 voxel) and
the small volume corrections (12 mm sphere) in previously identified ROIs (cf., Gamer,
2011). Numbers in parentheses depict the center of the respective ROIs.

Whole brain analysis x y z Z p corrected

Guilty action
left IFG −36 24 −2 6.76 b0.001

−44 18 24 5.90 b0.001
−52 32 −4 5.86 b0.001

right IFG 34 26 −4 6.97 b0.001
42 8 34 5.07 0.017

right SMA 4 24 52 6.51 b0.001
left TPJ −62 −50 32 5.40 0.004
right TPJ 52 −46 32 5.57 0.002

66 −40 34 5.42 0.003
right MFG 48 18 28 5.35 0.004

Guilty intention
right IFG 52 22 −6 5.26 0.007

Innocent
left SMA −8 16 52 6.31 b0.001
left IFG −48 20 10 5.95 b0.001
right IFG 40 22 −6 5.73 0.001

ROI analysis (small volume correction)
Guilty action

left IFG (−44 19 1) −36 24 −2 6.76 b0.001
right IFG (39 23–10) 34 26 −4 6.97 b0.001
right TPJ (60–48 30) 52 −46 32 5.57 b0.001
right MFG (35 44 23) 34 44 18 3.55 0.036

Guilty intention
left IFG (−44 19 1) −42 24 0 5.13 b0.001
right IFG (39 23–10) 48 22 −4 5.23 b0.001
right TPJ (60–48 30) 58 −44 22 3.64 0.028
right MFG (35 44 23) – – – – –

Innocent
left IFG (−44 19 1) −48 20 10 5.95 b0.001
right IFG (39 23–10) 40 22 −6 5.73 b0.001
right TPJ (60–48 30) 66 −40 34 3.93 0.011
right MFG (35 44 23) – – – – –

Note. IFG = Inferior frontal gyrus, SMA = Supplementary motor area, TPJ =
Temporoparietal junction, MFG= Middle frontal gyrus.
main effect of the intercept within most ROIs (right IFG: F(1,57) =
42.93, p b .001, f = 0.19; left IFG: F(1,57) = 34.28, p b .001, f = 0.24,
right TPJ: F(1,57) = 20.18, p b .001, f=0.14). For the right MFG the in-
tercept only reached trend level, F(1,57)= 3.98, p= .051, f=0.22. Sig-
nificant differences between groups were not observed in these ROIs.
Additional analyses taking into account the separate presentation
blocks yielded largely stable responses in the selected ROIs across the
experiment (see Supplementary results).

To further explore potential differences between specific groups, the
known details in the guilty action groupwere reduced to details known
by the guilty intention or innocent group, respectively, and brain activa-
tion was compared between group pairs using a two-sample t-test. For
the comparison between the guilty action and guilty intention group,
neither the ROI-based analyses including the bilateral SMG, nor the ex-
ploratorywhole brain analysis revealed significant results. Similarly, the
comparison between the guilty action and the innocent group did not
reveal significant differences in a ROI-based approach including the bi-
lateral amygdala and the hippocampus as well as in the exploratory
whole brain analysis.

Validity of the CIT

To estimate the validity of the CIT in differentiating specific experi-
mental groups, separate ROC curves were calculated based on univari-
ate analyses for the mean activation of the right IFG, the left IFG and
the right TPJ, as well as for a combined ROI including these three
areas. The rightMFGwas excluded from this analysis as prior results re-
vealed that activity in this region did not differ consistently between rel-
evant and neutral details in the current study.

For the separate brain regions, a valid differentiation between sub-
jects was possible when contrasting conditions where subjects had
knowledge of crime related details with conditions where such knowl-
edge was absent (comparison feature memory, see lower part of the
legend in Fig. 5). As shown in Fig. 5, all comparisons between known
and unknown conditions exceeded chance level independent of the
encoding context. Only the coefficient for known details in the guilty in-
tention group and unknown details in the innocent group in the left IFG
did not reach statistical significance. Validity coefficients for similar
knowledge conditions (i.e., both conditions are known or unknown)
never exceeded chance level. Slightly higher validity estimates were
found for the average of all single ROIs (Fig. 5, top right). Electrodermal
responses were also sensitive to crime-relatedmemory and validity co-
efficientswere largely comparable to the estimates obtained for the uni-
variate fMRI analyses (Fig. 5).

The pattern obtained for themultivariate fMRI analyses was slightly
different (see bottom row of Fig. 5). For the multivariate analysis of the
combined ROI, validity coefficients were larger when comparing the
guilty action group to the other two groups, and significant differentia-
tion was possible even when the guilty action and the innocent group
shared similar knowledge. By contrast, in absolute numbers, the multi-
variate classifier was not as sensitive to crime-relatedmemories as elec-
trodermal and univariate fMRI responses, and it did not allow for validly
differentiating known and unknown conditions within the guilty inten-
tion group and between this group and the other two. A different pat-
tern emerged in multivariate analyses of the whole brain data (see
bottom, right of Fig. 5). In this case, the classifier was again sensitive
to crime related memory (with the exception of the contrast known
vs. unknown details in the guilty intention group) but it did not allow
for differentiating groups with shared knowledge of crime details.
Whereas validity coefficients for multivariate analyses of the combined
ROI were numerically similar to those of electrodermal and univariate
fMRI responses, substantially higher validity coefficients were achieved
for the whole brain data1.

Fig. 6 elucidates the contribution of different brain regions to the
classification performance of the whole brain classifier for all group
comparisons based on differences in crime related memories. Across



Fig. 3.Conjunction analysis over groups (guilty action, guilty intention, innocent), for illustration purpose only. The depicted regions show stronger activation for relevant details compared
to neutral items for those items that could be known by the respective participants. Warmer colors represent higher t values.
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groups, activity increases in bilateral IFG, and to a lesser extent bilateral
TPJ, superior and middle frontal gyrus, predicted existence of crime re-
lated memories. The absence of suchmemories was associated with in-
creased activity in widespread temporal, parietal and subcortical
regions.
Discussion

The current study is the first one that used a complex, realistic mock
crime to examine themodulation of neural activity in a CIT by encoding
context. One the one hand, we could show that it is possible to detect
concealed information based on criminal intentions (i.e., knowledge of
relevant details about a crime that is prepared to be executed in the
near future). Thus, comparable increases in neural activation were ob-
served in the bilateral IFG and right TPJ in the guilty intention and the
guilty action group. On the other hand, overall activity changes in the
very same brain regions were largely indistinguishable between the
guilty action and the innocent group, indicating a high risk for innocents
with crime related knowledge to be misclassified as guilty. Finally, par-
ticipants with crime related knowledge could be validly differentiated
from subjects without such information but validity estimates were
largely comparable between univariate analyses of neural and electro-
dermal responses. Higher validity coefficients for the detection of
Fig. 4.Mean contrast estimates (arbitrary unit, AU) for relevant minus neutral details in the le
Significance is depictedbased on a one-sample t-test for significant differences from0 (Bonferro
between known and unknown details, respectively. ° p b .10, * p b .05, ** p b .01, *** p b .001. E
crime related knowledge were obtained when conducting multivariate
analyses on whole brain data.

The recognition of known relevant details activated regions in a
ventral fronto-parietal network in all groups. This pattern of brain ac-
tivity is broadly in line with a recent meta-analysis on neuroimaging
data from CIT studies (Gamer, 2011), with the exception of the right
MFG that was only found to be differentially activated by relevant
and neutral items in the guilty action group. In addition, recognition
of crime related details resulted in significant increases in neural ac-
tivity in the SMA, at least in the guilty action and the innocent
group. The SMA has repeatedly been found to be involved in orienting
attention towards salient stimuli (Linden et al. 1999; Downar et al.,
2002). Such interpretation also fits with the observation of enhanced
activity in the left TPJ for the guilty action group, since this region was
previously reported to be involved in the detection of task relevant
changes (e.g., Uncapher et al., 2011) and therefore also reflects auto-
matic attentional processes that are supposed to underlie the pattern
of physiological responses in the CIT (Verschuere and Ben-Shakhar,
2011). Even though some previous CIT studies (e.g., Gamer et al.,
2007, 2012; Langleben et al., 2002) also reported activity increases
in the SMA or left IFG following the presentation of relevant details,
the meta-analysis by Gamer (2011) failed to find a significant cluster-
ing of activations in these regions across available CIT studies. This
might be due to differences in study designs, and future research
ft IFG (A), right IFG (B), right TPJ (C), and right MFG (D) for known and unknown details.
ni-corrected significance asterisks above the bars) or on paired t-tests comparing responses
rror bars indicate standard error of the mean.



Fig. 5.Areas under the ROC curve for the left IFG, right IFG, right TPJ, a combined ROI including these brain regions based onunivariate fMRI analyses and skin conductance responses (SCR).
Furthermore, values are given formultivariate analyses based on a combined ROI aswell as onwhole brain data.Warm colors represent areas close to 1, cold colors represent areas close to
0. Precise values of the areas under the ROC curve are given, with bold black letters representing significant differences from a chance classification of 0.5. To facilitate interpretation of the
depictedpatterns, an illustration of different comparison features is provided that highlights the hypothesized significant group differentiationswhen the classification is sensitive to guilty
intention, guilty action, or memory, respectively.
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has to reveal to what degree these regions are consistently involved in
the recognition of salient details during a CIT and whether activity
changes are modulated by CIT properties or the cognitive and emo-
tional state of examinees.

Importantly, the current findings from univariate analyses further
support the assumption that memory and not deception is the key
mechanism for successful detection of information with the CIT
(Gamer et al., 2012). Memory for crime related details was very good
in the current study and surprisingly stable across six months with no
differences between groups. On this basis, it seems that activity in the
fronto-parietal network that has been consistently found in previous
CIT studies (Gamer, 2011) primarily reflects the recognition of person-
ally relevant and therefore salient details. For such saliency response,
the encoding context seems to be of minor importance. At first glance,
this interpretation seems to contrast with results obtained in the Differ-
entiation of Deception (DoD) paradigm. In this laboratory paradigm, de-
ceptive and truthful responses are compared within one examinee
while controlling for other potentially confounding factors (Furedy
et al., 1988). Neuroimaging studies in the DoD paradigm revealed that
deception similarly involves enhanced recruitment of the bilateral IFG
and right TPJ along with other brain regions (Gamer, 2011). On the
one hand, this indicates that these regions are additionally sensitive to
deception. On the other hand, it also seems possible that deceptive
responding itself increases the salience of a current stimulus and there-
fore also recruits a network of brain regions implicated in attentional
orienting. It would be highly interesting for future research to clarify
the relative contribution of attentional and response related processes
to the observed activation pattern, for example by explicitly manipulat-
ing deception and memory within the CIT.

Surprisingly, direct univariate comparisons of the guilty action with
the guilty intention and the innocent groups, while controlling for the
available crime related knowledge, did not reveal any significant differ-
ences. This was also true for predefined ROIs where we expected to find
a significant differentiation. Thus, neither the SMG that was previously
found to reflect an enactment effect (Russ et al., 2003), nor the amygda-
la and hippocampus that were associated with an emotional modula-
tion of memory (Dolcos et al., 2012) were activated stronger in the
guilty action group. Thus, in linewith previous research on thedetection
of intentions (Meijer et al., 2010), both groups of guilty participants
showed similar explicit memory performance, skin conductance
responding and neural activation during the CIT. This supports the
idea that the CIT can be used to investigate knowledge about future
events. Although such application seems promising for preventing
planned crimes such as terrorist attacks, legal and ethical concerns for
real-life applications of this approach have to be seriously considered.

With respect to informed innocents, our results are in line with re-
cent studies that also failed tofind significant differences between guilty
participants and informed innocents in autonomicmeasures under con-
ditionswhere crime related knowledgewas deeply encoded and partic-
ipants were highly motivated to pass the polygraph test (Gamer, 2010;
Gamer et al., 2010). Similar conditions also apply to the current study
where the guilty action and the innocent group showed comparable
memory performance even after a delay of six months and all subjects
were motivated for successfully passing the CIT.

Taken together, univariate fMRI analyses indicate that the CIT can be
primarily used to detect the presence of critical information but does
not directly allow for determining the source of knowledge. A some-
what different resultwas obtained in themultivariate analyses that pro-
vided some evidence for a valid detection of guilty action even in
comparison to innocents with crime related knowledge, at least when
restricting the analyses to a combined ROI of the bilateral IFG and the
right TPJ. Whereas the average activity in these regions did not allow
for such classification, a multivariate analysis of the activity pattern
yielded a significant validity coefficient of A = 0.79. However, in con-
trast to the univariate analyses, the multivariate pattern in the com-
bined ROI did not allow for reliably decoding the presence of crime
related memories within and across groups. When using whole brain
data for the multivariate analyses, such memory-based classification



Fig. 6. Selected axial slices of multivariate patterns (Haufe et al., 2014) overlaid on a mean structural image of all participants for comparisons of groups with and without crime related
knowledge. Warm colors indicate voxels where activity increases with knowledge prediction, whereas cold colors highlight brain regions where activity increases with the prediction of
the absence of knowledge. Areas under the ROC curve are shown on the right side. GA= Guilty action, GI = Guilty intention, INN = innocent. ** p b .01, *** p b .001.
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was again possible but the classifier did not allow for differentiating
groups with shared knowledge. Validity coefficients for whole brain
data were very high indicating that brain regions outside the previously
selected ROIs substantially contributed to classification accuracy. How-
ever, since themultivariate analyseswere only based on data of the cur-
rent study, these results have to be treated with caution until being
replicated in an independent sample. To generally reduce the risk of in-
formed innocents failing at the test, it would be advisable to either en-
sure that crime related knowledge was not available to innocents
(Ben-Shakhar, 2012; Matsuda et al., 2012) or to preview test questions
with the suspect to allow for the exclusion of questions targeting details
known by innocents (Verschuere and Crombez, 2008).
Finally, it should be noted that the currently examined group of in-
formed innocents might not be representative for most field situations
since crime related knowledge was also deeply encoded during the
planning and enactment of an errand in this group. The more common
field situationmight involve the leakage of crime related information by
media. In this case, it seems possible that such knowledge is encoded
more shallowly by innocents and thus, multivariate analyses could be-
come even more valuable to differentiate contextual recollection from
low confidence recognition (Rissman et al., 2010). It remains an inter-
esting question for future research to further determine to what degree
guilty suspects can be validly differentiated from informed innocents in
the CIT.
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To our knowledge, this is the first study that allowed for a direct
comparison of validity estimates of electrodermal and neuroimaging
data in the detection of concealed information. Groupswith crime relat-
ed knowledge could be reliably differentiated from groupswithout such
knowledge on the basis of both measures, and multivariate analyses
provided some evidence for a significant detection of guilty action.
From an applied perspective, the comparison of the guilty action
group to the innocents for items where the latter group did not have
crime related knowledge (uninformed innocents) seemsmost relevant,
because this is the characteristic condition for CIT field applications
(Matsuda et al., 2012). Here, validity estimates amounted to A = 0.85
(univariate analyses) and A = 0.76 (multivariate analyses) for a com-
bined ROI of bilateral IFG and right TPJ, A = 0.98 for whole brain data
(multivariate analyses) and A = 0.77 for electrodermal responses. The
latter estimate is slightly lower than the average of mock crime studies
reported in a recent meta-analysis on the CIT (A = 0.87, Meijer et al.,
2014). This might be related to the use of a very large number of
crime related details in the current study or the experimental procedure
that was more optimized for fMRI purposes regarding the repetition of
items and the relatively short interstimulus interval. Most interestingly,
however, validity estimates were largely comparable between electro-
dermal responses and fMRI measures across all group comparisons at
leastwhen restricting the fMRI analyses to previously defined ROIs. Tak-
ing into account that skin conductance can be recordedmuch easier and
cheaper than fMRI data and that electrodermal recordings can be ac-
quired in many participants that cannot undergo fMRI testing
(e.g., because of claustrophobia or metallic implants), it seems reason-
able to rely on established polygraph procedures for the detection of
concealed knowledge. However, under the premise that the current re-
sults can be replicated in an independent sample, the current multivar-
iate analyses also show that these techniques seem to have potential in
increasing the validity of the CIT in general as well as in improving the
differentiation of guilty subjects from innocents when both groups
share crime related knowledge (Gamer, 2014).

Although this study provides unique insights into the processing of
concealed information, some limitations should be acknowledged.
First, the CIT was always administered in close temporal relationship
to the planning and the execution of the mock crime or the errand, re-
spectively. In field cases, CIT examinations can be delayed by weeks or
evenmonths and little is known about whether such delays significant-
ly reduce CIT validity. Consistent with recent studies using shorter de-
lays (Carmel et al., 2003; Nahari and Ben-Shakhar, 2011), memory for
salient crime related details was very stable even across a period of
6 months. These results demonstrate that memory for relevant details
shows some degree of persistence over time. It has to be tested, howev-
er, whether concealed information can be detected with high accuracy
after such time periods as well. Moreover, a recent study indicated
that the risk of failing the test for informed innocents might be reduced
after some time delay (Gamer et al., 2010). It remains to be an interest-
ing question for future research to test the stability of this effect and to
examine whether this might be related to a differential change in the
cortical representation ofmemories related to a criminal act or a neutral
activity, respectively. Second, although the current study design tried to
better approximate field conditions than previous fMRI studies on de-
ception detection (Sip et al., 2008), all participants were instructed in
a standardized way to prepare and enact their respective task. Such
mock crime procedures are considered to be valuable for examining
the detection of concealed information under relatively realistic circum-
stances (Ben-Shakhar and Elaad, 2003) but the transfer to real life situ-
ations is still restricted because of the artificial nature of the “criminal”
activity. This is a general problem for CIT studies conducted in the labo-
ratory and can only be solved by appropriate field studies. However,
even laboratory studies might be improved with respect to the emo-
tional context of the mock crime. We recently demonstrated that such
procedure strengthens autonomic responses in the CIT (Peth et al.,
2012) and it seems interesting to test whether similar results can also
be obtained for fMRI data. In this regard, it seemspossible that increased
emotional arousal during themock crime leads to an enhanced involve-
ment of the amygdala and the hippocampus during encoding (LaBar
and Cabeza, 2006; Phelps, 2004) as well as during the retrieval of
crime related details in the CIT (Buchanan, 2007). This hypothesis
should be explicitly addressed by future research on the CIT.

Conclusion

The current findings demonstrate that recognition of crime related
details during a CIT examination results in increased neural activation
in a ventral fronto-parietal network that seems to subserve the detec-
tion of salient information among neutral details. Importantly, differ-
ences in the encoding context (criminal versus non-criminal) do not
substantially influence this response. Successful differentiation of guilty
examinees from uninformed participants was possible with neural and
electrodermal response measures but validity coefficients were largely
comparable when relying on univariate or multivariate analyses of
brain activity in predefined prefrontal and temporoparietal brain re-
gions. Higher classification accuracies for the presence of crime related
memories were achieved in multivariate analyses of whole brain data.
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