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a b s t r a c t
The present study introduced a novel variant of the concealed information test (CIT), called the feedbackCIT. By providing participants with feedbacks regarding their memory concealment performance during
the CIT, we investigated the feedback-related neural activity underlying memory concealment. Participants acquired crime-relevant memories via enacting a lab crime, and were tested with the feedback-CIT
while EEGs were recorded. We found that probes (e.g., crime-relevant memories) elicited larger
recognition-P300s than irrelevants among guilty participants. Moreover, feedback-related negativity
(FRN) and feedback-P300 could also discriminate probes from irrelevants among guilty participants. Both
recognition- and feedback-ERPs were highly effective in distinguishing between guilty and innocent participants (recognition-P300: AUC = .73; FRN: AUC = .95; feedback-P300: AUC = .97). This study sheds new
light on brain-based memory detection, such that feedback-related neural signals can be employed to
detect concealed memories.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
An accurate technique in detecting individual memories stored
in the brain can have signiﬁcant implications for ﬁelds such
as neuroscience and law, criminal justice and forensic assessment. Research in neuroscience-based memory detection can help
develop valid paradigms and sensitive neural markers to reveal
memory status of certain information (i.e., old vs. new). Memory detection can be particularly helpful when an examinee is
motivated to conceal past experiences (e.g., deception, malingering, memory concealment; Farah, Hutchinson, Phelps, & Wagner,
2014; Rosenfeld, Hu, Labkovsky, Meixner, & Winograd, 2013), or
even when the examinee does not have conscious access to past
experiences (as in prosopagnosia or dissociative identity disorders; Allen, 2011; Tranel & Damasio, 1985). Here, we present
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novel evidence that event-related brain potentials (ERPs) that are
associated with feedback processing can accurately identify concealed, crime-relevant memories. Moreover, these feedback-ERPs
add incremental validity in memory detection above and beyond
traditionally used, recognition-based ERPs.
The concealed information test (CIT, also known as the guilty
knowledge test, Lykken, 1959) has been studied extensively as
a scientiﬁcally valid tool to identify concealed memories (for an
overview, see Verschuere, Ben-Shakhar, & Meijer, 2011). During
a CIT, participants are presented with at least two types of stimuli: (1) a rarely presented, crime-relevant item (i.e., a probe) that
is meaningful to a guilty examinee who possesses crime-related
knowledge, (2) a series of frequently presented crime-irrelevant
items (i.e., irrelevants) that should be meaningless to any examinee,
guilty or innocent. The assumption of the CIT is that for criminals
who commit the crime, the crime-relevant probes will elicit a distinctive proﬁle of behavioral and physiological responses compared
with those elicited by meaningless irrelevant stimuli. On the other
hand, for examinees who do not possess the crime-relevant information (e.g., innocent people who are not aware of the crime),
the probe is simply another meaningless irrelevant. Thus, for
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innocent examinees, responses associated with the probe should
not differ from those associated with irrelevant stimuli. The CIT
has been studied with autonomic nervous system activities (e.g.,
electrodermal activity or heart rate, Ben-Shakhar & Elaad, 2003;
Gamer, Verschuere, Crombez, & Vossel, 2008); central nervous system activities (e.g., ERPs and especially the P300, Allen, Iacono, &
Danielson, 1992; Farwell & Donchin, 1991; Rosenfeld et al., 1988,
Rosenfeld, Angell, Johnson, & Qian, 1991; for reviews, see Rosenfeld,
2011, Rosenfeld et al., 2013 blood-oxygen level dependent (BOLD)
responses, Gamer, Klimecki, Bauermann, Stoeter, & Vossel, 2012;
Langleben et al., 2002; Sai, Zhou, Ding, Fu, & Sang, 2014b for a
review, see Gamer, 2011).
Orienting response theory (OR, Siddle, 1991; Sokolov, 1963)
has been proposed as one theoretical foundation for the CIT
(Verschuere & Ben-Shakhar, 2011). That is, because the probe
triggers automatic recognition or memory retrieval (e.g., either
a participant’s own name, or a crime-relevant detail for criminals), such recognition will increase the probe’s signal value
and motivational signiﬁcance and will thus elicit a distinctive
proﬁle of behavioral and physiological responses (Verschuere &
Ben-Shakhar 2011). Despite the OR’s putatively dominant role in
explaining the CIT, memory concealment may involve processes
other than memory retrieval or recognition, such as response inhibition or performance monitoring (Verschuere, Crombez, Koster,
Van Bockstaele, & De Clercq, 2007; Hu, Wu, & Fu, 2011; Hu,
Pornpattananangkul, & Rosenfeld, 2013). Recently, a series of studies found that feedback or reward processing plays an important
role during deception or memory concealment (Ding, Sai, Fu, Liu,
& Lee, 2014; Hu, Pornpattananangkul, & Nusslock, 2015a; Sai, Lin,
Hu, & Fu, 2014a; Sip et al., 2012). In these studies, participants were
typically provided with “win” or “lose” feedback following either
deceptive or truthful responses, or following probe or irrelevant
stimuli. Across different neuroimaging techniques (e.g., ERPs, functional near infrared spectroscopy, functional magnetic resonance
imaging), these studies consistently found that feedback elicited
non-overlapping neural activities as a function of deceptive or honest response, or as function of memory status (Ding et al., 2014; Hu
et al., 2015a; Sai et al., 2014a; Sip et al., 2012).
Based on this evidence, we hypothesized that during a CIT,
guilty participants will process feedback differently than their
innocent counterparts because probes will be meaningful and motivationally signiﬁcant only among guilty participants. Moreover,
given that feedback processing engages performance evaluation
and/or reward-related processing whereas memory processing engages recognition and/or retrieval, we hypothesized that
feedback-related ERPs should effectively complement existing,
recognition-based ERPs such as the P300. To test these hypotheses, we incorporated performance feedback into an ERP-based CIT,
called the feedback-CIT (fCIT). Therefore, this novel fCIT task allows
us to investigate ERPs that are time-locked to positive/negative
feedback stimuli following the probe and irrelevant stimuli. This
will be the ﬁrst time that we incorporate the feedback-ERPs
with recognition-ERPs in identifying incidentally acquired, crimerelevant memories.
Regarding feedback-related ERPs, a considerable amount of
research reports that an ERP component, known as the feedbackrelated negativity (FRN), is sensitive to feedback valence such as
correct vs. incorrect, win vs. loss, better or worse (Bismark, Hajcak,
Whitworth, & Allen, 2013; Gehring & Willoughby, 2002; Holroyd
& Coles, 2002; Miltner, Braun, & Coles, 1997). FRN is typically
observed during a 200-350 ms time window after the onset of
feedback stimuli. In particular, negative feedback such as “lose”
elicits a negative deﬂection of on-going ERP waveforms than positive feedback such as “win”, and this FRN is characterized with
a fronto-central scalp distribution (Gehring & Willoughby, 2002;
Miltner et al., 1997; Walsh & Anderson, 2012). Recent studies, how-

ever, employed more sophisticated analyses to decompose ERPs
and found that this FRN was driven by a positive potential elicited
by a positive feedback, rather than a negative potential elicited by
a negative feedback. For example, when using temporal principal
component analyses to decompose overlapping ERP activities (e.g.,
FRN, P300, late slow waves), studies showed that positive feedback such as reward cues elicited positive ERPs while negative
feedback elicited dampened ERPs (Foti, Weinberg, Dien, & Hajcak,
2011; Proudﬁt, 2015). Moreover, a recent simultaneous EEG-fMRI
recording study revealed that the ERPs elicited by positive feedback
was positively correlated with BOLD responses in reward-related
brain regions such as the ventral striatum and the mid-frontal brain
regions (Becker, Nitsch, Miltner, & Straube, 2014; see also Carlson,
Foti, Mujica-Parodi, Harmon-Jones, & Hajcak, 2011).
In the context of memory detection, we hypothesized that the
guilty participants would be intrinsically motivated to pay more
attention to positive/negative feedback during the CIT especially
after probe, when compared to their innocent counterparts who
are naïve about probe. This is because for guilty participants, a
probe has signiﬁcant signal value due to its meaningfulness among
other meaningless irrelevant stimuli. For innocent participants,
since the probe is simply another meaningless irrelevant, they
should process feedback equally following either the probe or irrelevant stimulus. We thus expected that the feedback-related ERPs
could discriminate probe from irrelevants only among guilty but
not innocent participants.
2. Methods
2.1. Participants
Thirty-two participants (16 males, Mean age = 19.5 years, S.D.
= 1.3 years) were recruited for monetary compensation (30 RMB,
∼5 US$). All participants had normal or corrected-to-normal vision,
and were right-handed. All Participants reported that they had
no neurological or psychiatric disorders history. The study was
approved by the Ethics Committee of Zhejiang Normal University.
2.2. Procedures
After completing consent forms, participants were randomly
assigned to one of two groups: a guilty group or an innocent group.
Participants from the guilty group were instructed to enact a lab
crime: to enter a lab ofﬁce and steal an object hidden in a drawer.
This speciﬁc object (a ring) was never mentioned to participants
in the instruction. Thus, participants acquired the crime-relevant
knowledge solely during the lab crime (Hu et al., 2013). Innocent participants, on the other hand, were simply asked to walk
around the same room without committing any crime. In the room,
a wallet was put on the desk so that both guilty and innocent participants would notice it. This “wallet” item was used as a target for
all participants in the subsequent ERP-based feedback-concealed
information test (fCIT). To ensure that all participants saw the wallet, we asked participants about whether they saw a wallet on the
desk while they were in the room. One participant who reported
not seeing the wallet was sent them back to the room to locate the
wallet.
The fCIT contained six different stimuli: wallet, ring, watch,
necklace, bracelet and earring. All participants were exposed to
wallet; only guilty participants were exposed to ring; all participants were not exposed to the remaining four irrelevant stimuli
until they saw them during the CIT. The “wallet” was therefore
designated as a target, which all participants were instructed to
respond to by pressing an “F” key with their left index ﬁnger. Participants were then instructed to press a “J” key to remaining stimuli
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(non-target) with their right index ﬁnger. Participants were further
instructed that the “F” key would indicate “Yes, I recognize this
item” whereas the “J” key would indicate “No, I do not recognize
this item” (for similar instructions, see Rosenfeld, Hu, & Pederson,
2012; Verschuere, Rosenfeld, Winograd, Labkovsky, & Wiersema,
2009). Response buttons were counterbalanced across participants
in both guilty and innocent groups. Because only guilty participants
stole the ring, they would be lying when they pressed the “J” key to
the word “ring” as they denied their knowledge of the crime.
Following this response assignment instruction, participants
from both groups were instructed that the subsequent brainwave
test aimed to detect whether they were lying or not based on
their brainwaves during the test. Moreover, participants were told
that the brainwave test would provide them with test outcomes
following each single trial. Speciﬁcally, there were two possible
feedbacks: a feedback “ + 4” would indicate that the participants
are telling a truth and thus pass the trial, whereas a feedback “−2”
would indicate that the participants are lying and thus fail the trial.
Unbeknownst to participants, the feedbacks were bogus and were
given randomly. This fCIT allows us to focus on two ERP epochs: (1)
one epoch that followed either probe or target or irrelevant (i.e.,
recognition process), and (2) one epoch that followed the feedback
stimulus (i.e., outcome evaluation process).
During the fCIT, participants were seated about 1m in front of
a computer monitor. Each stimulus was presented in black font
on a white background. Each trial began with a 500-ms long ﬁxation point. One of the six stimuli (one probe, one target, and four
irrelevants) was then randomly presented on the center of the monitor for 300 ms. Participants were instructed to press one of two
response buttons (either “J” or “F” keys on a standard keyboard)
to this stimulus as quickly and accurately as possible. Following a 1000 ms blank screen, a word “detecting” was presented
for 500 ± 100 ms, suggesting that the test was analyzing participants’ brainwaves. Following another 500 ms blank, a feedback
(“+4” or “−2”) was presented for 1000 ms. This experimental design
resulted in four conditions in the feedback stage: probe-success
(probe followed by “ +4”); probe-failure (probe followed by “−2”);
irrelevant-success (irrelevant followed by “ +4”); irrelevant-failure
(irrelevant followed by “−2”). Each stimulus (probe or irrelevant)
were repeated 60 times, with half of them followed by a success
feedback “ +4”, and the remaining half of the stimuli followed by a
failure feedback “−2”. The target was also repeated 60 times, but
feedbacks following the target were based on participants’ actual
performance (i.e., “ +4” for correct responses while “−2” for incorrect responses). In total, there were 6 × 60 = 360 trials. Participants
were allowed to take a break every 60 trials. The fCIT lasted about
30 min.
2.3. EEG acquisition and ERP quantiﬁcation
Continuous EEGs were recorded from 32 sites using Ag/AgCl
electrodes embedded in an elastic cap (Neuroscan Inc., USA) according to the International 10–20 system. On-line recordings were
referenced to the left mastoid and then re-referenced ofﬂine to
the average of the left and right mastoids. Electrode impedances
were kept below 5 k. The vertical electro-oculograms (EOGs)
were recorded above and below the right eye; the horizontal EOGs
were recorded from electrodes placed at the outer canthus of the
left eye and right eye. The EEG and EOG were bandpassed from 0.1
to 70 Hz, with an on-line sampling rate of 1000 Hz.
For off-line analyses, continuous EEGs were ﬁrst ﬁltered with
a 30 Hz low-pass ﬁlter (24 dB/ct) to minimize the inﬂuences of
high-frequency noises (bandpass was thus from 0.1 to 30 Hz). Continuous EEGs were then segmented into 1200 ms epochs, and were
time-locked to either the probe/irrelevant stimuli or the positive/negative feedback stimuli. This 1200 ms epoch contained a
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Table 1
The number of averaged trials in each condition.
Guilty

Number of trials
(S.D.)

Innocent

Number of trials
(S.D.)

Probe
Irrelevants
Probe-success
Probe-failure
Irrelevants-success
Irrelevants-failure

53(4)
208(20)
28(2)
28(3)
105(15)
105(10)

Probe
Irrelevants
Probe-success
Probe-failure
Irrelevants-success
Irrelevants-failure

52(4)
208(17)
28(3)
26(3)
106(10)
105(10)

200 ms pre-stimulus baseline and a 1000 ms time window after
stimulus onset. The irrelevant ERPs were averaged across all four
irrelevant items. Trials were baseline corrected, and those with signals exceeding ± 100 V were deﬁned as artifact trials and were
excluded from averaging. Number of averaged ERPs trials for both
probe/irrelevant stimuli and feedback stimuli are presented in
Table 1.
For ERPs time-locked to CIT stimuli (i.e., probe vs. irrelevant),
we focused on the baseline–peak (b–p) measured P300 amplitude at Pz, the amplitude of which was calculated as the mean
amplitude between 400–600 ms after stimulus onset. Moreover,
because previous P300-based CIT studies also measured the late
posterior negativity that followed the P300 (see Hu, Bergström,
Bodenhausen, & Rosenfeld, 2015b; Soskins, Rosenfeld, & Niendam,
2001), we additionally measured the amplitude of this late negativity at Pz and combined it with the b–p P300 as a peak–peak
measured P300. Speciﬁcally, an algorithm searched from 300 to
800 ms for the maximal positive 100-ms segment average. The midpoint of the segment was deﬁned as the P300 latency; the algorithm
continued to search from this P300 latency to 1000 ms for the maximal negative 100-ms segment average. The difference between the
maximal positive segment and the maximal negative segment was
deﬁned as the P300 p–p amplitude. Both b–p and p–p P300 measures were employed for receiver operating characteristic (ROC)
analyses to examine individual classiﬁcation efﬁciency (i.e., how
well do ERPs distinguish between guilty and innocent participants
at an individual level), but only b–p P300 was used in group-level
analyses.
For feedback-locked ERPs, we employed a temporal principal
component analysis (PCA) to separate the FRN and the feedbackP300. Given their different scalp distributions (e.g., Yeung & Sanfey,
2004), this temporal PCA was conducted at Fz to extract the FRN
and at Pz to extract the feedback-P300. This temporal PCA was
conducted using the ERP PCA Toolbox (Version 2.4.6, Dien, 2010).
Since there may exist large ERP latency variations between guilty
and innocent group that would confound temporal PCA (Holroyd,
Pakzad-Vaezi, & Krigolson, 2008), we conducted PCA in guilty
and innocent group separately. The temporal PCA used all time
points from each participant’s averaged ERP as variables (1200 time
points), with participants and conditions as observations. Promax
rotation was then applied to extract virtual temporal components
(e.g. Dien, Khoe, & Mangun, 2007). Based on scree plots, 18 factors
were extracted in the guilty group, and 16 factors were extracted in
the innocent group. Of these factors, 12 factors in the guilty group
and 14 factors in the innocent group accounted for at least 1% of
the total variance in the data. Based on visual inspection of the
waveforms associated with these factors, we selected two factors
that most readily corresponded to the earlier FRN and the later
feedback-P300: In guilty group, a positivity peaking at 308 ms for
FRN and a positivity peaking at 383 ms for feedback-P300. In innocent group, a positivity peaking at 281 ms for FRN and a positivity
peaking at 374 ms for feedback-P300 (see Table 2). The waveforms
for each factor were reconstructed (i.e., converted to microvolts) by
multiplying the factor pattern matrix with the standard deviations.
These factors were scored using the peak values of each virtual com-
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Table 2
PCA factors selected for statistical analysis.
Temporal
factors

Temporal loading
peaks (ms)

Variances
explained (%)

Guilty
FRN
P300

TF7
TF4

308
383

2.36
10.18

Innocent
FRN
P300

TF11
TF2

281
374

1.26
28.38

Corresponding
ERP
components

ponent (see also Foti et al., 2011). These peak values were used in
all subsequent analyses, including analyses of variance (ANOVA),
correlational analyses, as well as ROC analyses. For ANOVA,
we applied Greenhouse-Geisser correction when assumption of
sphericity was violated. Post-hoc comparisons were computed
with Fisher’s Protected Least Signiﬁcant Difference.
3. Results
3.1. Behavioral results
A 2 by 2 mixed ANOVA was conducted on RTs to probe and
irrelevant stimuli, with the stimulus type (probe vs. irrelevant)
as a within-subject variable and group (guilty vs. innocent) as a
between-subject variable. Results revealed a marginally signiﬁcant
main effect of stimulus type: F (1, 30) = 3.80, p = .06, p 2 = .11: participants took longer to respond to the probe than to the irrelevants
(Mean ± S.E.M.: 548.68 ± 4.60 ms vs. 531.31 ± 4.60 ms). There was
also a marginally signiﬁcant interaction between stimulus type and
group, F (1, 30) = 3.07, p = .09, p 2 = .09. Follow-up tests found that
there was a signiﬁcant RT difference between the probe and the
irrelevants in the guilty group (560.94 ± 8.42 vs. 527.96 ± 8.42 ms,
F (1, 30) = 6.85, p = .014, p 2 = .19); while no RT difference was
found between the probe and the irrelevants in the innocent group
(536.42 ± 2.91 vs. 534.66 ± 2.91 ms, F (1, 30) = 0.02, p = 89).
3.2. ERP results
3.2.1. Recognition-P300s to probes and irrelevants
A 2 (within-subject: probe vs. irrelevant) by 2 (between-subject:
guilty vs. innocent) mixed ANOVA revealed a signiﬁcant main effect
of stimulus type, F (1, 30) = 6.24, p = .018, p 2 = .17, with larger
P300 elicited by the probe than P300 elicited by the irrelevants
(5.63 ± 0.21 V vs. 4.68 ± 0.21 V). This main effect was qualiﬁed
by a signiﬁcant stimulus type by group interaction F (1, 30) = 6.53,
p = .016, p 2 = 0.18. Follow-up tests showed that among guilty participants, probe elicited signiﬁcantly larger P300 than irrelevants
(6.71 ± 0.30 vs. 4.78 ± 0.30 V, F (1, 30) = 12.77, p < .001, p 2 = .30).
In contrast, no P300 amplitude differences were found between
probe and irrelevants for innocent participants (4.56 ± 0.24 vs.
4.58 ± 0.24 V, F (1, 30) < 0.001, p = .969). For grand averaged ERPs
and their scalp distributions that are locked to CIT stimuli, see
Figs. 1 and 2.
FRN1 at Fz (a positivity peaking at 308 ms in the guilty group and
a positivity peaking at 281 ms in the innocent group corresponded to
FRN) (Fig. 3)
A mixed 2 (stimulus type: probe vs. irrelevant) by 2 (feedback
type: success “ + 4” vs. failure “−2”) by 2 (group: guilty vs. inno-

1
Recent studies suggest that FRN is driven by a positive ERP elicited by positive
feedback (Becker et al., 2014; Carlson et al., 2011; Proudﬁt, 2015), and our temporal
PCA analysis is consistent with this ﬁnding. Here, we chose to use the FRN term to
be consistent with most previous ERP research focusing on feedback processing.

cent) ANOVA was performed on the FRN amplitude with the ﬁrst
two variables as within-subject variables and the third variable as
a between-subject variable. Results revealed a signiﬁcant stimulus
type effect, F (1, 30) = 48.4, p < .001, p 2 = .62: feedback following
the probe elicited a more positive FRN than feedback following
the irrelevant (2.95 ± 0.19 vs. 1.21 ± 0.19 V). A signiﬁcant main
effect of feedback was also found, F (1, 30) = 9.72, p = .004, p 2 = .25,
with a more positive FRN following success than following failure feedbacks (2.55 ± 0.15 vs. 1.61 ± 0.15 V). A signiﬁcant main
effect of group was also revealed: FRN in the guilty group was more
positive than that in the innocent group: F (1, 30) = 8.68, p = .006,
p 2 = .22, 2.87 ± 0.38 vs. 1.29 ± 0.38 V. Regarding interactions,
there was a signiﬁcant two-way interaction between stimulus and
group, F (1, 30) = 43.03, p < .001, p 2 = .59. Follow-up tests found
that among guilty participants, the probe elicited a more positive
FRN than irrelevant F (1, 30) = 91.35, p < .001, p 2 = .75, 4.56 ± 0.24
vs. 1.18 ± 0.24 V. This FRN difference was absent in the innocent group F (1, 30) = 0.08, p = .78, 1.34 ± 0.59 V vs. 1.24 ± 0.59 V.
No other interactions were signiﬁcant (stimulus × feedback, F (1,
30) = 3.001, p = .094; feedback × group F (1, 30) = 0.924, p = .344;
stimulus × feedback × group F (1, 30) = 0.279, p = .601).
Feedback-P300 (a positivity peaking at 383 ms in the guilty group
and a positivity peaking at 374 ms in the innocent group corresponded
to feedback-locked P300 at Pz, See Fig. 3)
The same mixed 2 by 2 by 2 ANOVA was performed on the
feedback-P300 amplitude, with stimulus type (probe vs. irrelevant) and feedback (success vs. failure) as two within-subject
variables, and group (guilty vs. innocent) as one between-subject
variable. Results revealed a signiﬁcant main effect of stimulus
type, F (1, 30) = 48.78, p < .001, p 2 = .62, with a more positive
feedback-P300 following feedbacks regarding the probe than irrelevant (10.65 ± 0.41 vs. 6.77 ± 0.41 V). There was a signiﬁcant main
effect of group, F (1, 30) = 5.06, p = .032, p 2 = .14, with a more
positive feedback-P300 in the guilty group than in the innocent
group (10.36 ± 1.04 vs. 7.09 ± 1.04 V). No effect of feedback was
found, F (1, 30) = 1.08, p = .307. Importantly, these two main effects
were qualiﬁed by a signiﬁcant stimulus by group interaction F
(1, 30) = 38.13, p < .001, p 2 = .56. Follow-up tests indicated that
the probe elicited a more positive feedback-P300 than did the
irrelevant in the guilty group: 14.02 ± 0.50 vs. 6.71 ± 0.50 V, F
(1, 30) = 86.58, p < .001, p 2 = .74; however, among innocent participants, there was no feedback-P300 difference between the
probe and the irrelevant (7.29 ± 0.24 vs. 6.84 ±0.24 V), F (1,
30) = 0.33, p = .571. There was no other signiﬁcant two-way interaction between the stimulus and feedback (F (1, 30) = 1.581, p = .218);
or feedback and group (F (1, 30) = 1.136, p = .295) or three-way interaction (F (1, 30) = 2.654, p = .114). (For grand averaged ERPs and their
scalp distributions elicited by feedback stimuli, see Fig. 2 and Fig. 4)
3.3. Correlations between recognition-P300 and feedback-ERPs
We explored whether neural activity locked to recognition
phase (probe vs. irrelevant) and feedback phase (win vs. loss following probe and irrelevant) correlated with each other in guilty and
innocent participants. Speciﬁcally, we computed difference scores
(probe-minus-irrelevant) for recognition-P300, FRN and feedbackP300. Note that the FRN and feedback-P300 were collapsed across
loss and wins as the primary interest of the study is to discriminate
between crime-relevant and crime-irrelevant memories. Results
showed that among guilty participants, there were no correlations
between recognition-P300 and FRN: r (16) = .12, p = .653. There was
a moderate correlation between recognition-P300 and feedbackP300, but this result is not quite signiﬁcant at the .05 level, r
(16) = .45, p = .079. Moreover, there was a signiﬁcant correlation
between FRN and the feedback-P300, r (16) = .70, p = .002. For the
innocent group, there were no signiﬁcant correlations between
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Fig. 1. Grand-average ERP waveforms from Pz during CIT stimuli.

Fig. 2. Scalp distribution of the P300 during CIT stimuli.

ERP activities (r s < .43, p s > .09, for detailed statistical results, see
Table 3).

ERPs during feedback epoch.

Table 3
Correlations between P300 during CIT, FRN and P300 during feedback stage.
Guilty group

3.4. Individual classiﬁcation efﬁciency
To determine individual classiﬁcation efﬁciency of each ERP
component, we conducted a receiver operating characteristic
(ROC) analysis. This ROC analysis was based on the probe-minusirrelevant amplitude for each ERP component (recognition-P300
at Pz, FRN at Fz, and feedback-P300 at Pz). Guilty or innocent
group status was used as the dependent variable. Results (see
Table 4) showed that all three ERP components can effectively

Recognition-P300
FRN
Innocent group
Recognition-P300
FRN
**p < .01, n = 16 in each group.

FRN
.12

Feedback-P300
.45
.70**

−.03

−.43
−.34
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Fig. 3. (a) Grand-average ERP waveforms (before PCA transformation) during feedback stage. (b) PCA-extracted ERP waveforms during feedback stage.
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Fig. 4. PCA-based Scalp distribution of the FRN during feedback stage.

Table 4
Receiver operation characteristic (ROC) analyses.

(b-p) Recognition-P300
(p–p) Recognition-P300
FRN
Feedback-P300
(b–p) Recognition-P300 and FRN
(b–p) Recognition-P300 andFeedback-P300
FRN and Feedback-P300
All three indices

AUC

95% conﬁdence intervals

.73*
.681
.95***
.97***
.92***
.89***
.99***
.98***

.53–.89
.49–.87
.86–1.00
.92–1.00
.83–1.00
.77–1.00
.98–1.00
.95–1.00

of recognition. This recognition-P300 could accurately distinguish
between guilty and innocent individuals (but not as accurate as
usual; see Rosenfeld, 2011 as explained below). Most importantly,
we reported a novel ﬁnding that feedback-related ERPs such as
FRN/P300 varied as a function of the stimulus type (probe vs.
irrelevant) that the feedback was about. Together with Sai et al.
(2014a), these ﬁndings provide strong evidence supporting the use
of feedback-related brain activities in memory detection.
4.1. P300s in memory concealment

1, p = .09, *p < .05, ***p < .001.

distinguish guilty from innocent participants above chance (.5)
level, AUCs = .73–.97, p s < .05, except for the p–p recognition-P300,
AUC = .68, p = .09. Lastly, we examined whether combining all three
ERP components would further improve individual classiﬁcation
efﬁciency.2 Speciﬁcally, probe-irrelevant differences for each ERP
activity were transformed into standardized z-scores across all
guilty and innocent participants. Then we averaged these three
z-scores into a single measure for each participant (see Hu et al.,
2013). This ROC analysis yielded an AUC = .98. And the highest AUC
(.99) was obtained when combining FRN and feedback-P300.

Consistent with previous P300-based CIT studies, we found that
the probe elicited a larger P300 than the irrelevants in guilty, but
not innocent group. The P300 is typically regarded as a neural
signal with multiple neural generators (Johnson, 1993), and may
reﬂect more than one process such as enhanced attention, working memory updating and explicit recollection (for a review, see
Polich, 2007). In this memory detection context, this enlarged P300
to the probe could be unambiguously due to meaningfulness and/or
automatic recognition of the probe because of guilty participants’
prior crime experience (Allen et al., 1992; Farwell & Donchin, 1991;
Rosenfeld et al., 1991, 1998; for a recent review, see Rosenfeld et al.,
2013).

4. Discussion

4.2. Feedback-related ERPs during feedback processing

The present study investigated whether feedback-related ERPs
can be used to detect concealed information in a novel feedbackbased concealed information test (fCIT, modiﬁed from Hu et al.,
2013; Rosenfeld, 1992; Rosenfeld et al., 2012). This fCIT allows
researchers to utilize (1) recognition-P300 as a neural marker
of concealed memories and (2) feedback-related FRN/P300 that
underlie the evaluation of memory concealment during the CIT,
i.e., whether concealment was successful or not. We replicated
the classic ERP-CIT ﬁndings that the P300 was responsive to concealed crime-relevant memories despite participants’ overt denial

One of the challenges in quantifying FRN is that its amplitude
can be inﬂuenced by later, larger, positive-going P300s. A temporal
PCA is thus employed to separate the FRN and the feedback-P300.
Consistent with previous studies that used temporal PCAs to extract
FRNs, we found that the positive feedback elicited a more positive
potential than the negative feedback (Foti et al., 2011; Proudﬁt,
2015). Holroyd et al. (2008) similarly found that positive feedback
elicited a positive-going ERP in the same time window of FRN;
whereas the FRN was similar to oddball-related N200. Our temporal PCA results further corroborate the argument that the FRN is
driven by a positive ERP deﬂection elicited by positive feedback.
Most relevant for the current study, we found that memory
status such as recognizable or not (probe and irrelevant) modulated subsequent FRNs. Speciﬁcally, feedback stimuli following the
probe elicited a more positive FRN than feedback following the

2
When combining these indices, we did not include (p–p) recognition-P300,
because (p–p) recognition-P300 cannot discriminate guilty from innocent participants at .05 signiﬁcance level (p = .09).
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Fig. 5. Scalp distribution of the feedback-P300 during feedback stage.

irrelevants, a pattern emerged only in the guilty group but not in
the innocent group. Recent empirical ﬁndings have linked reward
positivity (i.e., the positive potential elicited by positive feedback)
with hemodynamic responses in reward-related neural network
including ventral striatum and mid-frontal cortex (Becker et al.,
2014; Carlson et al., 2011). In the present study, guilty participants
were motivated to conceal their criminal memories by denying
their knowledge of the crime-relevant probes. Thus, it is reasonable
to infer that guilty participants would ﬁnd positive feedback (i.e.,
they lied successfully) more rewarding and satisfying than negative
feedback, and this difference should be most signiﬁcant following
probes but not irrelevants. Finally, the indistinguishable feedbackERPs for innocent participants were expected, because the probe
was simply one of the meaningless irrelevant stimuli for them.
Unlike FRN, feedback-P300 did not respond to feedback valence.
However, we found that this feedback-P300 were larger following probes than irrelevants among guilty participants, which also
replicated Sai et al. (2014a). To date, researchers still lack a
clear understanding of the psychological processes implicated by
feedback-P300. Previous studies have yielded inconsistent results.
For example, some previous studies found a valence effect on
feedback-P300, with positive feedback elicited larger feedbackP300s than negative feedback (e.g., Bismark, Hajcak, Whitworth,
& Allen, 2005). In contrast, some other studies found that the
feedback-P300 seems to encode the magnitude of reward instead
of reward valence, such that winning $10 elicited larger feedbackP300 than winning $1 (e.g., Sato et al., 2005; Yeung & Sanfey, 2004).
The present study is in line with this latter literature, suggesting
that this feedback-P300 may not be sensitive to feedback valence.
Moreover, our ﬁnding suggests that the feedback-P300 amplitude
could be modulated by participants’ motivation and task engagement, as the feedback-P300 was signiﬁcantly larger following the
recognizable probe than meaningless irrelevant. Similarly, Luo,
Sun, Mai, Gu, and Zhang (2011) found that feedback stimulus elicit
a more positive feedback-P300 when participants received feedback about their deceptive responses. Yeung, Holroyd, and Cohen
(2005) showed that the feedback-P300 was larger in a monetary
gambling task when participants had to make active choices compared to when participants passively viewed gambling outcomes.
These ﬁndings consistently suggested that the feedback-P300 could

be modulated by stimulus or response type (probe vs. irrelevant,
deception vs. truth telling), which may be mediated by enhanced
attention engagement to feedback following deception.
It should be noted that an alternative PCA strategy is to conduct
the analysis across both guilty and innocent participants. However,
in the present dataset, this PCA strategy did not yield meaningful
ERP components in the FRN time window. One possible explanation
is that PCA results can be inﬂuenced by latency variances across
different groups (Donchin & Hefﬂey, 1978; Holroyd et al., 2008).
Therefore combining both guilty and innocent participants’ ERP
data may introduce large variances to the temporal PCA analyses.
Although applying PCAs to separate groups is not uncommon (e.g.,
Liao et al., 2010; Sorg et al., 2007), future replications are warranted
to further conﬁrm our ﬁndings. Despite this potential limitation
in PCA, our central aim is to test whether feedback-related neural
activity can effectively discriminate innocent from guilty participants, and our data showed promising results even before PCA
transformation (see Fig. 3a).
For neuroscience-based forensic assessment, it is important to
document how well these feedback-related ERPs can discriminate guilty from innocent participants at an individual level. Our
ROC analyses showed that the FRN and the feedback-P300 could
discriminate guilty from innocent participants highly effectively
(AUCs: .95–.97). These ﬁndings, together with Sai et al. (2014a), are
promising because we documented a novel neural signal in detecting concealed memory and deception. However, it should be noted
that providing random or bogus feedback to examinees in the ﬁeld
may raise ethical concerns. Future research should tackle the question that how to utilize feedback and thus elicit feedback-related
ERPs in ﬁeld testing (Fig. 5).
It also should be noted that the detection rate of the peak–peak
P300 during the ﬁrst, memory concealment epoch was lower than
that in most previous P300-based CIT studies (Rosenfeld, 2011;
Rosenfeld et al., 2013). One likely explanation is that the trialby-trial feedback could distract participants from processing the
probe/irrelevants during the memory concealment epoch, which
reduced the P300 difference between probe and irrelevants in the
guilty group. In contrast, Rosenfeld et al. (2012) gave feedback after
every 10–15 trials and achieved 100% accuracy. Further studies
could directly compare CITs with and without feedback to examine

L. Sai et al. / Biological Psychology 114 (2016) 13–22

this hypothesis. Another possible explanation for the low detection rate is that we set the high pass ﬁlter at 0.1 Hz, while previous
studies usually used 0.3 Hz (e.g., Rosenfeld et al., 2012). Whether or
not continuous feedback may impact recognition-P300, the current
study provided evidence that feedback-related ERPs can effectively
discriminate guilty from innocent participants.
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