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Externalizing is a broad construct that reflects propensity toward a variety of impulse control problems,
including antisocial personality disorder and substance use disorders. Two event-related potential
responses known to be reduced among individuals high in externalizing proneness are the P300, which
reflects postperceptual processing of a stimulus, and the error-related negativity (ERN), which indexes
performance monitoring based on endogenous representations. In the current study, the authors used a
simulated gambling task to examine the relation between externalizing proneness and the feedback-
related negativity (FRN), a brain response that indexes performance monitoring related to exogenous
cues, which is thought to be highly related to the ERN. Time-frequency (TF) analysis was used to
disentangle the FRN from the accompanying P300 response to feedback cues by parsing the overall
feedback-locked potential into distinctive theta (4–7 Hz) and delta (�3 Hz) TF components. Whereas
delta-P300 amplitude was reduced among individuals high in externalizing proneness, theta-FRN
response was unrelated to externalizing. These findings suggest that in contrast with previously reported
deficits in endogenously based performance monitoring (as indexed by the ERN), individuals prone to
externalizing problems show intact monitoring of exogenous cues (as indexed by the FRN). The results
also contribute to a growing body of evidence indicating that the P300 is attenuated across a broad range
of task conditions in high-externalizing individuals.
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Impulse control problems of differing types, including child and
adult antisocial behavior and abuse of alcohol and other drugs,
exhibit high rates of comorbidity in the population, leading to
suggestions that these disorders may be etiologically related (for
early proposals of this sort, see Achenbach & Edelbrock, 1978;
Jessor & Jessor, 1977). Recently, researchers have documented an
underlying dimension of proneness toward disorders of this type,
labeled “externalizing,” that is associated also with personality
traits of impulsivity, aggression, and sensation seeking (Krueger,
1999; Krueger et al., 2002; Krueger, McGue, & Iacono, 2001).
Variation in general proneness to externalizing problems and traits
has been shown to be highly heritable (�80%; Krueger et al.,

2002). From this standpoint, the dimension of externalizing prone-
ness represents an important target for neurobiological research on
psychopathology, and studies have begun to examine brain-
processing deviations associated with variations in externalizing
proneness. These studies have demonstrated inverse relations be-
tween levels of externalizing tendencies and amplitude of two
brain event-related potential (ERP) components: the error-related
negativity (ERN; a negative polarity response that occurs follow-
ing performance errors on speeded behavioral tasks; Hall, Bernat,
& Patrick, 2007), and the P300 (a positive polarity response that
occurs to task-relevant stimuli; Patrick et al., 2006).

Understanding the relation between diminished ERN response and
externalizing proneness is an important priority because the ERN
appears to reflect an underlying process of high functional relevance
to externalizing disorders—namely, a reduced ability to recognize
errors in performance and to adjust behavior accordingly. The current
study contributes to this objective by examining externalizing prone-
ness in relation to another brain-based measure of performance mon-
itoring, believed to be related to the ERN—the feedback-related
negativity (FRN, or f-ERN; Gehring & Willoughby, 2002; Holroyd
& Coles, 2002; Miltner, Braun, & Coles, 1997). The FRN is a
negative-polarity ERP component that occurs following the pre-
sentation of explicit feedback signaling poor performance or loss
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outcomes.1 The FRN has been posited to reflect an underlying
neural process similar to the ERN (i.e., a common performance-
monitoring process that relies heavily on engagement of the ante-
rior cingulate cortex; Gehring & Willoughby, 2002; Holroyd &
Coles, 2002; Luu, Tucker, Derryberry, Reed, & Poulsen, 2003).
However, whereas the ERN reflects an endogenous (internally
cued) error detection or action monitoring process, the FRN re-
flects the processing of external performance cues. As discussed
below, these commonalities and distinctions make the FRN a
potentially useful measure for further examining and clarifying
underlying performance monitoring deficits associated with exter-
nalizing proneness.

In addition to testing for a relation between externalizing prone-
ness and the FRN, in the current study, we also examined whether
P300 amplitude would be reduced in the choice-feedback para-
digm in which the FRN is measured. Prior work has consistently
demonstrated reduced P300 amplitude in individuals with impulse
control problems including alcohol dependence (Polich, Pollock,
& Bloom, 1994) and antisocial personality disorder (e.g., Costa et
al., 2000), along with disinhibitory personality traits (e.g., Justus,
Finn, & Steinmetz, 2001). Recently, Patrick et al. (2006) estab-
lished a link between reduced P300 and general externalizing
proneness, operationalized as the overlap in symptoms among
differing disorders from the Diagnostic and Statistical Manual of
Mental Disorders (conduct disorder, adult antisocial behavior,
alcohol dependence, and drug dependence). These prior studies
have focused on the P300 response to simple target stimuli (re-
quiring a response) in a visual oddball task, the procedure most
commonly used in the P300 literature. The performance monitor-
ing literature has shown that the P300 can also be measured
following the presentation of feedback stimuli, and this P300
response appears functionally distinct from the FRN that follows
the same stimuli (Frank, Woroch, & Curran, 2005; Yeung &
Sanfey, 2004). Thus, we sought to determine whether the oddball
P300 reduction associated with externalizing proneness general-
izes to feedback stimuli. Evaluating this relation across differing
contexts is important for gaining understanding of the generality of
P300-related processing deficits in individuals high in externaliz-
ing proneness.

Time-Frequency (TF) Decomposition

An important challenge in measuring both FRN and P300 to
stimuli within a common feedback task is that these two ERP
components overlap partially in time, complicating standard time-
domain methods of response quantification. To better isolate these
distinctive feedback-locked components, we used TF analysis, an
emerging tool in the psychophysiological literature that provides
for separation of ERP components that overlap in time but have
differing spectral (frequency) characteristics. Prior work has
shown that FRN and P300 in fact operate at different frequencies
and that they can be separated using TF approaches. Specifically,
the P300 is composed largely of activity in the delta (�3 Hz) range
(Başar-Eroglu, Başar, Demiralp, & Schürmann, 1992; Başar-
Eroglu, Demiralp, Schürmann, & Başar, 2001; Bernat, Malone,
Williams, Patrick, & Iacono, 2007; Demiralp, Ademoglu, Iste-
fanopulos, Başar-Eroglu, & Başar, 2001; Gilmore, Malone, Ber-
nat, & Iacono, 2010), whereas the FRN (like the ERN) is com-
posed more predominantly of activity in the theta (4–7 Hz) range

(Gehring & Willoughby, 2004). In the current study, a recently
developed TF decomposition method (Bernat, Williams, & Geh-
ring, 2005) was used to isolate theta and delta components of the
ERP response to explicit performance feedback. This method has
been used previously to characterize both theta activity related to
the ERN (Bernat et al., 2005; Hall et al., 2007) and delta activity
underlying the P300 response (Bernat et al., 2007; Gilmore et al.,
2010). To illustrate the utility of the TF approach for isolating
these distinctive brain responses, the Results section includes a
direct comparison of time-domain and TF approaches with the
quantification of FRN and P300 responses in the current dataset.

Current Study

The current study was conducted with two specific aims in
mind: (a) to evaluate whether the FRN exhibits reduced amplitude
as a function of higher externalizing tendencies, and (b) to assess
for accompanying reductions in amplitude of the P300 response to
feedback stimuli in the same task. As stated earlier, these aims
were intended to shed light on two broader questions about deficits
in brain reactivity related to externalizing proneness: (a) Is in-
creased externalizing proneness associated with generalized defi-
cits in performance monitoring, affecting registration of external
feedback (reflected by the FRN) as well as self-recognition of
errors (reflected by the ERN), and (b) To what extent do P300
response deficits, demonstrated for target stimuli in oddball tasks
in prior work, generalize to stimuli of other types in a non-oddball
task?

1 We use the term FRN for this component to distinguish it clearly from
the ERN and to highlight that it follows a feedback stimulus rather than a
response error. Other terms, including f-ERN and medial frontal negativity
(MFN), have also been used for this component. Our choice of terminology
does not reflect support for any particular theoretical stance on these
measures.

Table 1
Correlations of Scores on the 100-Item ESI With Differing
Criterion Measures

Criterion measure n r with ESI

Alcohol Dependence Scale 146 .56���

Short Drug Abuse Screening Test 144 .60���

Socialization Scale 113 �.58���

Behavior Report on Rule Breaking
Total 114 .80���

Adult 114 .73���

Adolescent 114 .74���

MPQ
Positive Emotionality factor 134 �.07
Negative Emotionality factor 134 .66���

Constraint factor 134 �.50���

Note. MPQ � Multidimensional Personality Questionnaire; ESI � Ex-
ternalizing Spectrum Inventory.
��� p � .001.
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Method

Participants

Participants were 166 undergraduate students, recruited from
introductory psychology classes at the University of Minnesota,
who received either monetary compensation or course credit.
Eighteen of these were excluded from analyses: eight because
of incomplete questionnaire data, three due to equipment prob-
lems during collection, four due to excessive artifacts, and two
who discontinued prior to the completion of testing. Thus, the
final study sample consisted of 149 participants (58 male; age,
M � 20.57 years, SD � 3.70).2 A subset of these (n � 89)
overlapped with the sample tested in the ERN study by Hall et

al. (2007), with the remainder (n � 60) selected using the same
sampling strategy as in Hall et al. Individuals scoring in the

2 Age and gender were assessed as potential mediators of observed brain
response relations with externalizing proneness. Age did not significantly
correlate with scores on the ESI-100 and was thus not assessed further.
Gender showed significant relations with ESI-100 scores, t(147) � 3.11,
p � .002, and with delta-P300 amplitude, F(1,145) � 11.12, p � .001.
However, when included as a factor in the GLM examining effects of
externalizing and feedback condition on delta-P300, gender showed no
interaction with externalizing (F � 1), and effects related to externalizing
were unchanged. In sum, neither age nor gender appeared to moderate the
delta-P300/externalizing relation.

TF-PCA Decomposition
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Figure 1. Results from a time-frequency (TF) decomposition of average event-related potential (ERP) activity
for gain and loss trials combined. Top: Waveform plot. Average unfiltered ERP activity at FCz for all trials.
Second row: Waveform plots. Average time-domain ERP activity on all trials, frequency-filtered (3rd order
Butterworth) to capture activity in the theta (3–9 Hz bandpass) range corresponding to feedback-related
negativity (FRN) response (left: FCz) and activity in the delta (3 Hz lowpass) range corresponding to the P300
response (right: Cz). Third row: Midcolor surface plots. TF representation of the theta-FRN and delta-P300
principal component (PC) scores following feedback onset on loss and gain trials combined. Bottom: Topo-
graphical maps. Scalp topography distributions for the mean of the TF-PCA energy for the theta-FRN (left map)
and delta-P300 (right map) components. From the topographic maps, it can be seen that the theta-FRN activity
is maximal fronto-centrally (at FCz), whereas the delta-P300 activity is maximal more centrally (at Cz),
consistent with interpretation of these components as measures of FRN and P300, respectively.
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lowest and highest quartiles of the distribution of scores on an
abbreviated version of the Externalizing Spectrum Inventory
(ESI; see below) were oversampled in the selection process to
enhance the representation of individuals extreme (low and
high) in externalizing proneness. Of the 149 participants com-
prising the final sample, 57 scored as high and 40 scored as low,
with the remainder falling within the middle 50% of scores on
the ESI.

Measures

Participants completed a 100-item version of the ESI, a self-
report measure that was developed to assess a broad range of
behavioral and personality characteristics associated with external-
izing psychopathology (Krueger et al., 2007). The 100-item ver-
sion (ESI-100) used here was the same as that used by Hall et al.
(2007); scores on the ESI-100 correlate very highly (r � .98) with
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Figure 2. Time-domain and time-frequency (TF) representations of feedback-related negativity (FRN) and
P300 differences for loss versus gain trials. Top: Line plot. Average response-locked event-related potential
(ERP) waveforms at FCz, depicting the expected negativity for loss versus gain trials associated with the FRN
as well as the time-domain P300. Second row: Waveform plots. Average time-domain ERP activity for loss and
gain trials separately, frequency-filtered to capture activity in the theta (3–9 Hz) range corresponding to FRN
response (left: FCz) and activity in the delta (3 Hz) range corresponding to the P300 response (right: Cz). These
plots demonstrate that theta and delta show opposing effects for loss compared with gain feedback such that theta
is stronger for loss versus gain, whereas delta is stronger for gain versus loss. Third row: Color surface plots.
Loss–gain difference scores for the principal component loadings on theta-FRN (left map) and delta-P300 (right
map), derived from a TF decomposition of average EEG activity following loss and gain trials. Bottom:
Topographical maps. Scalp topography distributions for the mean condition difference (loss–gain) of TF–
principal components analysis (TF-PCA) loadings for theta-FRN (left map) and delta-P300 (right map). Similar
to the time-domain FRN and P300, electrodes FCz and Cz, respectively, were most proximal topographically to
the maximum theta and delta gain–loss differences. However, compared with the highly correlated time-domain
FRN and P300, the gain–loss difference scores for theta and delta were uncorrelated. The implication is that these
theta and delta TF measures index separate processes that differentiate between loss and gain feedback outcomes.
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scores from the full 415-item ESI. As evidence of the construct
validity of the ESI-100 in the current sample, Table 1 presents
correlations between ESI-100 scores and scores on other self-
report measures with conceptual or empirical links to externalizing
psychopathology, namely: the Alcohol Dependence Scale (Skinner
& Allen, 1982); the Short Drug Abuse Screening Test (Skinner,
1982); the Socialization scale (Gough, 1960); the Behavior Report
on Rule Breaking, a measure of adolescent and adult antisocial
behaviors composed of items from several other published mea-
sures (Clark & Tifft, 1966; Hindelang, Hirschi, & Weis, 1981; Nye
& Short, 1957), and the Multidimensional Personality Question-
naire—Brief Form (MPQ–BF; Patrick, Curtin, & Tellegen, 2002).

Procedure

Testing was conducted in a dimly lit, sound-attenuated room.
Experimental stimuli were presented centrally on a 21-in (53.34
cm) Dell high-definition CRT color monitor, at a viewing distance
of 100 cm, using E-Prime Version 1.1 software (Psychology
Software Tools). Behavioral responses were made using the Psy-
chology Software Tools (PST) Serial Response Box from the same
company.

The experimental task was a modified version of Gehring and
Willoughby’s (2002) gambling task in which the participant chose
between two monetary options on each trial and then received
feedback indicating whether the choice resulted in winning or
losing money on that trial. The modification was that feedback was
presented 100 ms after the button press to have the feedback occur
more immediately following the choice. The target stimuli con-
sisted of two adjacent squares, each enclosing a number (5 or 25)
representing a monetary value (in cents). The target stimulus
remained on the screen until a choice was made between the
square on the left and the one on the right, after which a blank
screen appeared for 100 ms, followed by a feedback stimulus that
indicated the outcome of their decision. That is, the chosen box
turned either red or green to signify either a win or a loss (with red
or green as the winning color counterbalanced across participants),
and the unchosen box turned the other color (either green or red)
to indicate what the outcome of the trial would have been had that
box been chosen. The feedback stimulus appeared for 1,000 ms,

followed by a blank screen for 1,500 ms preceding the onset of the
next trial. Replicating the design used by Gehring and Willoughby
(2002), all four possible combinations of 5 and 25 (i.e., 5–5, 5–25,
25–5, and 25–25) were evenly crossed with the four possible
win–loss outcomes (win–win, win–loss, loss–win, loss–loss), re-
sulting in 16 trial types; thus, although the participant’s choice
produced a designated outcome on each trial, signaled by the
feedback, outcomes on future trials were not predictable from
outcomes associated with prior choices (analogous to a roulette
wheel or slot machine). Two sets of these 16 trial types, ordered
randomly, were included in each block. Upon completion of a
block, participants received feedback about their win–loss ratio
within that block. Participants completed 12 blocks of 32 trials.

Electroencephalographic Recording

Participants in the study were tested in two waves. Participants
in the first wave (n � 42) were tested with a 64-channel Neuroscan
Synamps amplifier, and those in the second wave (n � 125) were
tested with a 64-channel Neuroscan Synamps2 amplifier. In each
phase, EEG activity was recorded with 64-channel Quick-caps
containing sintered Ag–AgCl electrodes positioned in accordance
with the International 10–20 System (Jasper, 1958). Activity was
recorded from a greater number of scalp sites in Wave 2, but only
electrodes in common across the two waves were included in the
analyses reported here. Additionally, problems with the FP1 and
FP2 scalp sites in Wave 1 necessitated dropping these sites from
both waves. Thus, 51 electrodes are included in the reported data,
as follows: AF3, AF4, F7, F5, F3, F1, Fz, F2, F4, F6, F8, FT7,
FC3, FC1, FCz, FC2, FC4, FT8, T7, C5, C3, C1, Cz, C2, C4, C6,
T8, TP7, CP3, CP1, CPz, CP2, CP4, TP8, P7, P5, P3, P1, Pz, P2,
P4, P6, P8, PO5, PO3, POz, PO4, PO6, O1, Oz, O2. Ocular
activity was monitored using electrodes positioned on the outer
canthus of each eye (horizontal EOG) as well as above and below
the left eye (vertical EOG). Impedances were kept below 10 k�.
All EEG signals were referenced to CPz and digitized online at
1,000 Hz. The signals were then epoched offline from 1,000 ms
before to 2,000 ms after feedback onset, and re-referenced to
averaged mastoid activity. Trial-level EEG data were corrected for
ocular and movement artifacts with an algorithm developed by

Figure 3 (opposite). Time-domain and time-frequency (TF) representations of feedback-related negativity (FRN) and P300 to loss and gain feedback,
depicted separately for subgroups of high (n � 57) and low (n � 40) externalizing (Ext.) participants, as defined by scores on a 100-item version of the
Externalizing Spectrum Inventory (Krueger, Markon, Patrick, Benning, & Kramer, 2007). High and low externalizing groups were formed by oversampling
from the top and the bottom 25% of scorers in an undergraduate screening pool. Top: Waveform plot. Average unfiltered event-related potential (ERP)
activity following loss and gain feedback for these high and low externalizing subgroups. Here, a broad amplitude reduction is evident for individuals in
the high, relative to those in the low, externalizing group. In this unfiltered data, however, it is unclear whether this overall amplitude reduction reflects
differences (Diff.) in theta-FRN or delta-P300. Second row: Waveform plots. Average time-domain ERP activity following loss and gain feedback stimuli
for these extreme subgroups, frequency-filtered (3rd order Butterworth) to capture activity in the theta (3–9 Hz bandpass) range corresponding to FRN
response (left plot) and activity in the delta (3 Hz lowpass) range corresponding to the P300 response (right plot). Third row: Color surface plots. TF
representation of TF–principal components analysis (TF-PCA) scores reflecting the theta-FRN and delta-P300 activity from the ERP signal, derived from
a TF decomposition of average EEG activity following loss and gain trials. Bottom: Statistical maps. Scalp topography distributions, for the overall study
sample (N � 149) that included these extreme subgroups, of ps from correlations between externalizing scores and scores on the theta-FRN and delta-P300
TF-PCA components for (a) all trials combined, (b) gain trials, (c) loss trials, and (d) gain–loss difference scores. These topographic statistical maps
demonstrate that the association between externalizing and theta-FRN is pervasively nonsignificant, whereas the delta-P300 activity is significantly reduced
for high externalizing individuals for the conditions reported, in particular when considering the average response or loss and gain trials separately. Thus,
the reduced EEG activity in the unfiltered time-domain waveform at the top is attributable to reductions in the delta but not the theta frequency band. PC �
principal components; Quart. � quartile.
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Semlitsch, Anderer, Schuster, and Presslich, (1986), as imple-
mented in the Neuroscan Edit software, Version 4.3. As a final
step, the processed data were downsampled offline to 128 Hz with
the Matlab (Mathworks) resample function to handle antialiasing
filtering before downsampling.

Data Preprocessing

The data were averaged across trials within monetary condition
(gain versus loss trials), and epochs were baseline-corrected for the
150 ms preceding feedback stimulus presentation. A careful visual
inspection of the data was undertaken to identify and exclude
movement and other artifacts, in particular, to minimize their
impact on the TF principal components analysis (PCA) decompo-
sition (detailed below). Toward this end, several exclusionary
criteria were applied. First, to exclude ocular artifacts remaining
after ocular correction, trials on which activity at frontal electrode
sites F1 or F2 exceeded 75 �V within a 1,500 ms poststimulus
window (relative to median activity within a 750 ms window
immediately preceding the stimulus) were excluded from further
processing. Then, within each trial, individual electrode sites at
which activity exceeded �75 �V in either the pre- (�750 to 0) or
poststimulus (0 to 1,500) time regions (relative to one another)
were also omitted from analysis. Applying these criteria, 9.9% of
trials were excluded. Additionally, across all participants and
electrodes, 24 subject-electrodes (out of 8,517) became discon-
nected at some point during the procedure. Missing data for these
leads were replaced with the average activity of their nearest
neighbors. Gain and loss condition averages were computed for
each participant. These averages served as the starting point for all
analyses detailed in this report.

Data Reduction

Time-domain components: FRN and P300. The time-
domain (TD) FRN component was defined as the maximum neg-
ative deflection in the ERP waveform occurring between 203.13
ms and 328.13 ms post stimulus onset; the P300 was defined as the
maximum positive deflection occurring between 250 ms and
601.56 ms post stimulus onset (with ms corresponding to bins of
128 Hz resampled signal). Electrode sites FCz and Cz were most
proximal topographically to the center of FRN and P300 gain–loss
condition differences, respectively, and were thus used in the TD
statistical analyses reported below.

TF components: Theta and delta. TF analysis is a technique
that can be used to quantify the time-varying spectral properties of
ERP signals. This approach allows separation of activity that has
either a unique time-course or rate of oscillation (frequency). PCA
of TF transforms of the ERPs (see Bernat et al., 2005) were applied
to disaggregate FRN and P300 components. To enhance separation
of theta and delta activity relevant to the FRN and P300 (as
suggested by previous work; Bernat et al., 2007, 2005; Gilmore et
al., 20109; Hall et al., 2007), brain response activity in the window
of �1,000 ms to �2,000 ms relative to feedback stimulus onset
was filtered in two distinct ways before applying the TF-PCA: (a)
using consecutive 3 and 9 Hz high- and low-pass 3rd order
Butterworth filters (respectively) to isolate theta-band activity and
(b) using a 3 Hz lowpass 3rd order Butterworth filter, to isolate
delta-band activity. These theta- and delta-filtered signals were

then each transformed into TF energy distributions (surfaces)
using the binomial reduced interference distribution (RID) variant
of Cohen’s class of TF transforms (for details, see Bernat et al.,
2005). Next, the TF-PCA was applied to an area corresponding to
the 0-to-750 ms time range and 0-to-10 Hz frequency range,
separately for theta- and delta-filtered TF distributions. The vari-
ance accounted for by the first principal component (PC) in each
analysis (theta band: 54.95%; delta band: 78.89%) substantially
exceeded that accounted for by the next PC (theta band: 12.80%;
delta band: 7.89%), indicating that retention of a single PC was
justifiable in each case. These TF-based theta and delta PCs
(depicted in Figure 1) served as the primary dependent variables in
the analyses of brain reactivity to feedback stimuli reported below.
As with the time-domain FRN and P300 measures, electrodes FCz
and Cz, respectively, were most proximal topographically to the
maximum of the theta and delta gain–loss condition differences
(see Figure 2). Data from these electrode sites were thus used in
the statistical analyses of TF component scores reported below.

Data Analysis

Analyses of behavioral response data are first reported, followed
by analyses of the brain response data. For completeness, analyses
of TD FRN and P300 measures are presented briefly after analyses
of the TF measures. For each measure, an initial three-way
repeated-measures general linear model (GLM) was conducted,
with frequency band (delta, theta) and feedback condition (gain,
loss) included as within-subjects factors and continuous scores on
the ESI-100 included as a between-subjects factor. Follow-up
two-way repeated-measures GLM analyses assessed effects of
externalizing scores and feedback condition (gain, loss) separately
for theta and delta PC measures. Simple effects tests and correla-
tions are also presented to clarify the direction and relative mag-
nitude of effects.

Results

Behavioral Results: Externalizing Proneness Related
Differences in Risk-Taking Behavior

Behavioral analyses evaluated the extent to which choices in-
dicative of risk taking evidenced relations with externalizing
proneness. Following prior work, risk taking was operationalized
as the proportion of high number (25) choices in response to 25–5
or 5–25 number pairings (cf. Gehring & Willoughby, 2002). For
the sample as a whole, the mean proportion of risky choices was
.60 (SD � .14; range � .27 to 1.00); across participants, the
proportion of risky choices correlated positively with scores on the
ESI-100 (r � .21, p � .01), such that individuals higher in
externalizing proneness made more risky choices. However, as
noted below (see footnote 4), heightened risk taking did not
mediate observed relations between externalizing proneness and
ERP response.

Brain Responses to Gain Versus Loss Feedback:
Comparison of Effects for Time Domain
and TF Measures

Statistical comparisons between time-domain (TD) and TF sig-
nal representations of the data revealed that the theta and delta
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TF-PCA measures together accounted for a majority of the vari-
ance in both the time-domain FRN and P300 measures. These
analyses indicated that the TD measures represented a mixture of
TF theta and delta activity and that the TF theta and delta measures
provided largely independent, and more parsimonious, indices of
ERP activity to the primary loss and gain feedback outcomes,
respectively.3 As illustrated by the top two line plots of Figure 2,
this mixture of TF activity can be understood in terms of the
changing phase of the more rapid theta oscillation (i.e., alternating
positive and negative polarity). Specifically, there is an earlier
negative polarity peak in the theta oscillation (maximal around 275
ms) corresponding to the FRN, followed by a subsequent positive
deflection that reaches its maximum near the same time at which
the P300 response reaches its peak (i.e., around 375 ms). In
contrast, the delta activity component corresponding to the P300
consists of a unidirectional slow wave that contributes positive
amplitude to the time domain signal in both the FRN and P300
windows. Because activity at different frequencies within a com-
mon temporal window contributes additively to the aggregate TD
signal, this differing polarity produces salient distorting effects on
time domain FRN and P300 measures derived from the unfiltered,
aggregate ERP signal. Within the FRN window (203–328 ms; in
which the polarity of the theta oscillation is predominantly nega-
tive), increased theta activity for loss trials translates into enhanced
negative TD signal amplitude, whereas increased delta activity for
gain trials translates into enhanced positive signal amplitude,
yielding an exaggerated net gain–loss difference, t(148) � 18.02,
in comparison with either TF component measure alone, ts(148) �
�11.76 and 9.28 for theta and delta, respectively. On the other
hand, within the P300 window (250–602 ms; in which the polarity
of theta is predominantly positive), theta increases for loss and
delta increases for gain both translate into increased positive TD
signal amplitude, yielding a negligible net gain–loss difference,
t(148) � 1.22, ns (see Figure 2). The TF energy measures do not
suffer from this complication, because all increases in energy are
represented in unipolar fashion—as increased positive numbers
(i.e., no polarity).

Effects of Externalizing Proneness on Brain Responses
to Performance Feedback

Figure 3 presents ERP response data for gain versus loss trials
as a function of scores on the ESI-100, in terms of TD peak scores
and TF component scores. The topmost line plot depicts unfiltered
TD waveforms for gain and loss trials for participants falling
within the top and bottom quartiles of the distribution of scores on
the ESI-100. Here, a broad amplitude reduction is evident for
individuals in the top quartile relative to those in the bottom
quartile. In this unfiltered data, however, it is unclear whether this
overall amplitude reduction reflects differences in theta-FRN or
delta-P300. The basis of the overall group effect becomes apparent
in the two adjacent line plots below this, which display theta- and
delta-filtered TD signal averages, and in the color surface plots
following these, which depict results for the theta and delta TF–
PCs. Specifically, it is clear that the group difference in ERP
response to feedback is confined to the delta-P300 component,
with no significant difference evident for the theta-FRN compo-
nent. Notably, both low and high externalizing groups show robust
amplification of theta oscillatory activity following loss feedback

relative to gain feedback. In fact, the groups are so similar in this
component of responding that corresponding waveforms for gain
and loss trials nearly overlap (Figure 3, left filtered line plot). In
contrast, the delta-P300 waveforms for low and high externalizing
groups clearly diverge (see Figure 3, right filtered line plot). The
statistical topographical maps depicting correlations between con-
tinuous Externalizing (ESI-100) scores and theta and delta TF
component scores at varying scalp sites (Figure 3, bottom section)
corroborate this visual impression—significant effects are ob-

3 Across all trials (both gain and loss) combined, theta and delta time-
frequency (TF) measures evidenced a significant but modest association
with one another (r � .325), indicating that although they share some
variance, they are not simply yoked expressions of the same underlying
process in the data. To clarify associations between these TF measures and
time domain (TD) response measures, theta and delta TF component scores
were entered together as predictors in regression models in which TD FRN
and P300 alternatively served as the criterion variable. For the TD FRN
measure, the theta and delta TF components together accounted for a
majority of the variance (R2 � .55), with each contributing uniquely to
prediction; theta, t(147) � �2.76, p � .008; delta: t(147) � 13.15, p �
.001. The stronger relation of delta than theta to the TD FRN underscores
the problem of overlapping processes in the TD measures: Although the
FRN itself has been localized to the theta range, the theta oscillation
corresponding to the FRN (reflecting registration of performance feedback
specifically) occurs against the background of a slower (delta) oscillation
that reflects general processing and assimilation of perceptual input. In the
case of the TD P300 measure, theta and delta together accounted for nearly
all of the variance (R2 � .90), with each again contributing uniquely to
prediction: ts(147) � 7.23 and 31.02, respectively, ps � .001. Taken
together, these results support the view that time domain FRN and P300
measures can be understood as mixtures of TF theta and delta. Considering
data for gain and loss trials separately, theta and delta TF component scores
each showed robust differentiation between outcomes of the two types, but
in opposing directions: The magnitude of theta response was significantly
larger for loss trials as compared with gain trials, t(148) � 12.24, whereas
the magnitude of delta response was significantly larger for gain trials as
compared with loss trials, t(148) � 8.74. However, the gain versus loss
difference for theta was uncorrelated with the difference for delta (r � .11,
ns), indicating that the two TF components tap independent processes
related to the registration of feedback stimulus input. Regression analyses
were again used to clarify associations between gain–loss difference effects
for these TF measures and gain–loss differences for time domain (TD)
response measures (cf. Gehring & Willoughby, 2002). Specifically, gain–
loss difference scores for theta and delta TF components were entered
together as predictors in regression models in which gain–loss difference
scores for TD FRN and P300 alternatively served as the criterion variable.
These analyses revealed that the gain–loss effect for each TD measure
comprised a mixture of the gain–loss effects for the two TF components
(theta and delta). For the TD FRN measure, TF theta and delta components
together accounted for a majority of variance in the model (R2 � .55), with
each contributing uniquely to the prediction, ts(147) � �11.60 and 5.64,
respectively, ps � .001. Notably, the commonly used FRN gain–loss
difference-wave approach yielded a similar result (R2 � .61; t	[147] �
12.32; t
[147] � 7.43, all these and following ps � .001), as did a
peak-to-peak measure between P2 and the FRN (R2 � .72; t	 � 12.48; t
 �
3.42) and P3 and the FRN (R2 � .72), t	(147) � 7.37; t
(147) � 7.23. For
gain–loss differences in the TD P300 measure, TF theta and delta compo-
nents also accounted for a majority of variance in the model (R2 � .58),
with each again contributing uniquely to prediction, ts(147) � 6.81 and
12.91, respectively. Thus, all assessed time domain measures represented a
mixture of theta and delta TF activity.
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served broadly for delta-P300, but not at all for theta-FRN. Spe-
cifically, higher externalizing proneness is associated with reduced
delta-P300 response to both gain and loss feedback. Evidence of a
significant Externalizing � Gain–Loss trial interaction was found
(i.e., significant correlations between ESI-100 scores and gain-
minus-loss difference scores were evident at some scalp sites),
reflecting somewhat lesser modulation of delta-P300 response
following gain feedback as compared with loss feedback among
individuals higher in externalizing proneness. The following series
of analyses further support and clarify these visual impressions and
basic statistical effects.

Omnibus analysis: Effects of feedback condition and exter-
nalizing proneness on TF component scores. Main effects
were observed for band, F(1, 147) � 103.08, p � .001, feedback,
F(1, 147) � 7.02, p � .009, and externalizing, F(1, 147) � 7.97,
p � .007. The main effect for band reflected the greater energy
generally evident at lower frequencies (e.g., delta) in biological
signals such as ERPs. The feedback main effect was superseded by
a Feedback � Band interaction, F(1, 147) � 91.91, p � .001,
representing the opposing direction of the gain–loss difference for
theta relative to delta described earlier in the Data Reduction
section. The main effect of externalizing was also moderated by
significant Band � Externalizing and Feedback � Externalizing
interactions, Fs(1,147) � 9.80 and 4.99, respectively, p � .002 and
p � .027. The robust Band � Externalizing interaction corrobo-
rated the major inference derived from the data in Figure
3—namely, that delta-P300 was broadly reduced for individuals
higher in externalizing proneness, whereas theta-FRN exhibited no
measurable relation with externalizing proneness. The Externaliz-
ing � Feedback interaction effect, although significant, was mod-
est in relation to the Externalizing � Band effect. In addition,
some evidence of a three-way (Band � Frequency � Externaliz-
ing) interaction was found, F(1, 147) � 3.63, p � .059. Based on
these considerations, effects of externalizing proneness and feed-
back condition were further examined in separate analyses for the
theta and delta TF–PCs.

Two-way analyses examining effects for theta and delta
TF–PCs separately. These analyses, presented in Table 2,
clearly demonstrate that only the magnitude of delta-P300 re-
sponse is significantly related to externalizing proneness; affiliated
theta effects are entirely nonsignificant.4 For the delta-P300 com-
ponent, the main effect of externalizing reflects the general reduc-
tion in delta response to feedback across gain and loss trials. The
Feedback � Externalizing interaction is also significant, albeit

smaller, indicating a modest incremental reduction in amplitude
for individuals high in externalizing proneness for gain trials as
compared with loss trials.

Externalizing proneness and brain response: Comparison of
effects for TD versus TF measures. It is informative to com-
pare the markedly different effects of externalizing proneness on
the two aforementioned TF component measures (theta-FRN,
delta-P300) with effects for more traditional TD FRN and P300
measures. When the analyses depicted in Table 2 were repeated
using TD FRN and P300 scores in place of the corresponding TF
component scores, significant main effects of externalizing were
found for both the TD FRN variable and the TD P300 variable. The
TD P300 showed the expected amplitude reduction as a function of
higher externalizing proneness. In the case of TD FRN, higher exter-
nalizing proneness was associated with an apparent augmentation of
the negative-polarity FRN (i.e., an effect opposite to the decrement in
response-ERN amplitude reported by Hall et al., 2007). On the basis
of the aforementioned overlap between the negative-going theta
component of the feedback response and the positive-going delta
component within the time window of the FRN, we hypothesized
that the apparent enhancement of TD FRN for individuals high in
externalizing proneness reflected diminished delta activity within
this window (i.e., lesser positive contribution to signal amplitude)
rather than enhanced theta activity (i.e., heightened negative con-
tribution to signal amplitude).

To evaluate this hypothesis, regression analyses were performed
in which scores on the ESI-100 served as the criterion variable and

4 Given the behavioral finding of a positive relation between proportion
of risky choices in the task and level of externalizing proneness, we
performed additional analyses to rule out the possibility that (a) group
differences in the number of trials contributing to each brain response
average (arising from group differences in number of risky choices) might
have accounted for effects of externalizing proneness on delta-P300 re-
sponse and (b) differences in risk taking might have mediated the relation
between externalizing proneness and reduced delta-P300 response. To
evaluate the possibility of unequal numbers of trials explaining the primary
findings, we performed follow-up analyses on a subset of trials for which
participant choice was arbitrary (5–5 and 25–25 targets). For these trials,
all participants received equivalent proportions of gain and loss feedback.
Using a separate TF-PCA decomposition that included all 16 outcome
types separately (in contrast with the original decomposition that collapsed
across all gain and all loss trials), we extracted the theta-FRN and delta-
P300 measures using only trials for which participant choice was irrelevant
(i.e., all 5–5 and 25–25 target trials). Statistical analyses were consistent
with those presented in the primary analysis that aggregated across all
trials. The Externalizing � Gain–Loss GLM for delta-P300 yielded main
effects for both externalizing, F(1,147) � 8.77, p � .004, and gain–loss,
F(1,147) � 27.66, p � .001, with no interaction, F(1,147) � 1.85, p �
.176. In contrast, the Externalizing � Gain–Loss GLM for theta-FRN
yielded no main effect of externalizing and no Externalizing � Gain–Loss
interaction. Regarding the possible mediating role of risk taking in the
association between externalizing and delta-P300 response, delta-P300 was
indeed found to correlate significantly with risk taking for trials of both
types (gain: r � �.22, p � .007; loss: r � �.19, p � .024). However, a
regression analysis in which both ESI-100 scores and proportion of risky
choices were entered as predictors of delta-P300 response (averaged across
gain and loss trials) yielded unique predictive effects for both externalizing
(t � �2.77, p � .006) and risk taking (t � �2.17, p � .032). This indicates
that elevated risk taking did not account for the observed negative associ-
ation between externalizing proneness and delta-P300 response.

Table 2
Results of Two-Way Repeated Measures GLMs Examining
Effects of Externalizing Scores and Feedback Condition
(Gain, Loss) on TF Theta and Delta Component Scores

Measure df 	-FRN 
-P300

Feedback 1,147 54.21��� 53.63���

Externalizing 1,147 0.01 9.07��

Feedback � Externalizing 1,147 0.01 5.75�

Note. Externalizing scores refer to scores on the 100-item version of the
Externalizing Spectrum Inventory. GLM � general linear model; TF �
time-frequency; FRN � feedback-related negativity.
� p � .05. �� p � .01. ��� p � .001.
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TD and TF component scores served as predictors. In an initial
regression model, TD FRN and P300 component scores were
entered as predictors of ESI-100 scores. The overall model was
significant, F(1, 147) � 6.90, p � .01, but neither TD variable
contributed uniquely to prediction, indicating that a single over-
lapping process accounted for amplitude reductions in both TD
components. To test whether (as hypothesized) this single process
was captured by TF delta, a further hierarchical regression analysis
was conducted in which ESI-100 scores again served as the crite-
rion variable, but brain response predictors were entered sequen-
tially, with TF delta entered first and TD FRN and P300 entered
second and third, respectively. The goal was to evaluate whether
FRN and P300 contributed at all uniquely to the prediction of
externalizing proneness beyond TF delta or whether instead their
associations with ESI-100 scores were attributable to TF delta. In
the first step of the model, TF delta evidenced a significant
association with externalizing scores, F(1, 147) � 9.07, p � .003.
Neither the TD FRN nor the TD P300 yielded any significant
increment in R2 when entered in Steps 2 and 3, indicating that
these components did not contribute uniquely to prediction beyond
TF-delta. The results of this analysis confirm that the TF delta
component captures all of the variance in the time-domain mea-
sures associated with externalizing proneness and accounts for the
apparent augmentation of TD FRN as well as the observed reduc-
tion in TD P300 response.

Externalizing proneness and performance monitoring: Dis-
sociating effects for feedback-ERN versus response-ERN.
The findings for the FRN in the current study differ dramatically
from those reported by Hall et al. (2007) for the response-ERN.
Whereas participants high in externalizing proneness showed
markedly reduced response-ERN following performance errors in
the Hall et al. investigation, higher ESI-100 scores were associated
with no discernable reduction in theta activity reflecting the FRN
following loss feedback—despite the fact that the test sample for
the current study was markedly larger (N � 149) and incorporated
all but three participants from the Hall et al. study. To further
address the dissociation in effects for the two studies, we decided
it would be informative to directly compare results for the theta-
FRN and response-ERN in the subset of participants in the current
study (n � 89) who also participated in the Hall et al. study.
Participants in this subsample consisted of 35 high ESI-100 scorers
(12 male), 27 intermediate scorers (13 male), and 27 low scorers (8
male).

To directly compare activity associated with the loss-feedback
FRN and incorrect-response ERN in this participant sample, we
conducted a repeated-measures GLM analysis in which TF-theta
component scores for loss trials (measured in the current study)
were included along with TD ERN peak scores (measured in the
Hall et al. study) as a within-subjects (FRN–ERN) factor, and
continuous scores on the ESI-100 were included as a between-
subjects factor. The FRN–ERN � Externalizing interaction was
significant, F(1, 87) � 9.91, p � .002, qualifying lower order main
effects. Follow-up simple effects GLMs, separate for the FRN and
ERN, indicated that this interaction was attributable to a significant
relation of ERN amplitude with externalizing scores, F(1, 87) �
9.88, p � .002, compared with a null relation for the FRN, F(1,
87) � 1. (A comparably robust FRN–ERN � Externalizing inter-
action was evident when data for subgroups of individuals low and
high in externalizing proneness were used in the analysis in place

of continuous scores for all participants, F(1, 60) � 9.32, p � .003.
To further ensure comparability of measures across the two ex-
periments, we repeated the GLM using TF-theta component scores
corresponding to the ERN in place of TD ERN peak scores, in
conjunction with TF-theta scores for loss trials from the current
study; Hall et al. (2007) reported that the theta component captured
most of the variance related to externalizing proneness in the
response-ERN. This analysis likewise produced a significant
FRN–ERN � Externalizing interaction, for both continuous ESI-
100 scores, F(1, 87) � 5.64, p � .02, and low versus high group
comparisons, F(1, 60) � 7.92, p � .007, with follow-up tests
confirming a robust association with externalizing proneness for
the ERN-theta component only.

Discussion

In the current study, we examined brain responses to feedback
stimuli in a gambling task in order to (a) evaluate the relation
between externalizing proneness and FRN response and (b) repli-
cate the finding of an association between externalizing proneness
and reduced P300 amplitude within a new task paradigm, distinct
from oddball tasks used in most P300 studies to date. Identifying
the relation between the FRN and externalizing proneness was
important to determining whether the ERN amplitude reductions
associated with externalizing proneness (reflecting deficits in mon-
itoring on the basis of internal representations) generalize to the
FRN (i.e., monitoring on the basis of exogenous cues). Exploring
the relation between externalizing proneness and P300 amplitude
within an alternative, feedback-stimulus paradigm was important
for evaluating the generality of the association between P300 and
externalizing proneness.

To achieve these aims, we needed to overcome the problem of
component overlap for the FRN and P300 within the time domain.
The approach we used was TF analysis, a method that considers
the differing spectral characteristics of overlapping brain potential
components in order to separate them. This technique proved to
have interesting implications for the time-domain FRN and P300
measures. The two TF components of the feedback response,
theta-FRN and delta-P300, were found to reflect relatively inde-
pendent processes that were differentially sensitive to the primary
gain and loss components of feedback (with theta-FRN increased
for loss, and delta-P300 increased for gain). In contrast, the time
domain FRN and P300 components represented somewhat com-
plex mixtures of theta and delta activity, consistent with the idea
that these processes overlap substantially in time.

One implication of disentangling this overlap is better measure-
ment of the time course of each of these processes. First, the
loss-sensitive theta activity following feedback extended well be-
yond the conventional FRN time window, into the P300 window,
reaching its maximum around 400 ms (cf. Luu, Tucker, & Makeig,
2004). Similarly, delta activity associated with P300 was found to
extend earlier in time, occurring during the conventional time-
domain FRN window. This also indicated that externalizing-
related delta-P300 amplitude reductions in the current study were
not isolated to the conventional P300 time-window, extending
earlier in time. Interestingly, a recent study using the TF-PCA
approach to more effectively index the time-course of delta activ-
ity underlying externalizing-related P300 amplitude reductions in a
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standard oddball task suggested a similar early time course
(Gilmore et al., 2010).

The current study also allows us to make some inferences about
the observed theta-FRN activity relative to the ERN. First, the
dissociation between the FRN and the ERN in relation to exter-
nalizing proneness supports the view that these are not identical
processes, a point that has been debated recently in the field.
Furthermore, insofar as both the ERN and FRN are thought to have
similar primary sources in the ACC (e.g., Dehaene, Posner, &
Tucker, 1994; Holroyd et al., 2004), the current findings suggest
that the self-monitoring deficits associated with externalizing
proneness likely do not reflect a simple global impairment in the
functioning of the anterior cingulate cortex (ACC). At the same
time, to the extent that the ERN and FRN are presumed to reflect
a highly similar cognitive-monitoring process, it is surprising that
we did not find a negative relation between theta-FRN amplitude
and externalizing proneness similar to that which has been re-
ported for the ERN.

Nonetheless, the totality of the data from the current study
renders it unlikely that a lack of engagement in the task or
insufficient statistical power accounted for the absence of the
expected association. First, the fact that the difference in theta-
FRN amplitude between gain and loss trials was large and com-
mensurate with that reported in prior work demonstrates that
participants as a whole in the current study responded appropri-
ately to losses and were thus engaged in the task. Second, Hall et
al. (2007) did find a robust relation between externalizing prone-
ness and the ERN in a markedly reduced subset of the participants
tested in the current study task (i.e., 89 versus 149 participants)—
indicating that power to detect a difference in a putatively related
brain response should have been adequate in the current study.
Consistent with this perspective, we were successful in detecting
an association between externalizing proneness and reduced delta-
P300 response in the current study, despite the lack of any asso-
ciation for theta-FRN. Finally, when we directly compared find-
ings for ERN and FRN responding in participants from Hall et al.
(2007) who completed both types of tasks, we found a significant
interaction between brain component (ERN vs. FRN) and exter-
nalizing scores—with follow-up tests revealing a significant asso-
ciation for ERN in this sample, but not for FRN. Together, these
findings suggest that externalizing proneness is marked by deficits
in monitoring of performance on the basis of endogenous repre-
sentations, as reflected in the ERN, but not exogenous cues, as
reflected in the FRN.

The current study also replicated previously reported findings of
reduced P300 in relation to externalizing problems of various
types. Replication of this finding here is noteworthy, considering
how the P300 response was elicited in the current study and how
we quantified externalizing proneness. First, whereas prior studies
documenting this relation have measured P300 in relation to target
stimuli in an oddball task (e.g., Gilmore et al., 2010; Patrick et al.,
2006), P300 in the current study was recorded in relation to
non-oddball, feedback stimuli. Second, in contrast with prior stud-
ies, in which externalizing has been operationalized in terms of
specific impulse control disorders (e.g., Iacono, Carlson, Malone,
& McGue, 2002) or as a composite of Diagnostic and Statistical
Manual of Mental Disorders symptom variables (i.e., conduct
disorder, adult antisocial behavior, and alcohol, drug, and nicotine
dependence; Patrick et al., 2006), we quantified externalizing

proneness using a specially designed questionnaire inventory
(Krueger et al., 2007). Thus, the current work provides evidence
that the finding of reduced P300 amplitude in high-externalizing
individuals generalizes to multiple task conditions and methods of
measuring this domain of psychopathology. By further exploring
the P300-externalizing association across varying task procedures
in future work, we stand to gain a clearer understanding of what
brain processing differences underlie this well-documented corre-
late of externalizing proneness.

In this regard, a further notable point is that reductions in
delta-P300 as a function of externalizing proneness were evident
for both gain and loss feedback, indicating a global reduction in
P300 response rather than an effect localized to one type of
feedback or the other. However, along with a main effect for
externalizing proneness, a small but significant Externalizing �
Gain–Loss interaction was evident, indicating that amplitude re-
ductions were slightly larger for responses to gain feedback. One
possible explanation is that this simply reflects greater variance in
response for gain as compared with loss trials (because delta-P300
responses were greater to gain than loss), affording greater oppor-
tunity to detect an effect of externalizing proneness in this condi-
tion. Another possibility is that the motivational impact of the gain
feedback was diminished for individuals higher in externalizing
proneness. Although the direction of this finding contrasts with the
notion of individuals high in externalizing proneness as hypersen-
sitive to reward, it is notable that the reward stimulus in the current
context (i.e., gain feedback cue) was highly symbolic. Thus it may
be that individuals high in externalizing proneness are hypersen-
sitive to immediate tangible reward but are diminished in their
reactivity to distal, symbolic cues for reward. Future work could
directly investigate this question by manipulating reward levels or
context and assessing variation in delta-P300 relative to external-
izing proneness.

Taken together, the current results indicate that individuals
high in externalizing proneness process external performance
feedback normally in terms of poststimulus theta-FRN activity,
generally associated with performance monitoring. Importantly,
this suggests that participants across the range of externalizing
proneness were similarly engaged in processing the feedback at
this level. However, the reduction in delta-P300 response, con-
tinuing somewhat later in the postfeedback interval, indicates
that there is an aspect of sustained feedback processing (i.e.,
continuing after the theta-FRN and associated with P300) that is
abnormal in individuals high in externalizing proneness. Fur-
ther, this P300 amplitude reduction appears to be more general
than specific— occurring robustly to both gain and loss feed-
back stimuli in this simulated gambling task, as well as in
standard oddball tasks. This suggests that such observed P300
amplitude reductions may not be related to specific cognitive
functions often associated with target P300 in oddball tasks and
that some more general process may be involved.

Limitations and Future Directions

Some limitations of the current study must be acknowledged.
One pertains to the approach that was used to decompose the
feedback-related ERP into distinctive FRN and P300 compo-
nents (i.e., initial frequency-filtering, followed by PCA decom-
position of the TF data). We used this approach because of prior
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data linking these two components to particular frequency
bands and because our primary objective was to separate these
components in order to evaluate each in relation to externaliz-
ing proneness. However, in future work, it may be of interest to
undertake more detailed analyses with unfiltered TF data or
filtered data reflecting a greater number of components. A
second point is that the task procedures commonly used to
investigate the ERN and FRN differ in numerous ways, so it is
unclear to what extent their contrasting relations with external-
izing proneness reflect a fundamental distinction between the
ERN and the FRN (i.e., the brain’s response to self-identified
performance errors versus the response to negative external
feedback) or a product of differing performance conditions in
the tasks (flanker versus gambling) within which they are
recorded. Evaluating the relation between the FRN and exter-
nalizing proneness across other task conditions that better mir-
ror those in which the ERN is typically investigated would be
helpful in ruling out this possibility. For example, it would be
of interest to see whether learning tasks (cf. Holroyd & Coles,
2002) in which outcomes inform choices on future trials would
show the same result with regard to the FRN. Finally, the basis
of the well-documented reduction in delta-P300 amplitude for
individuals high in externalizing remains unclear. In future
work, researchers could selectively investigate processes that
may be related to externalizing-related delta-P300 amplitude
reductions or evaluate specific cognitive manipulations or train-
ing to assess whether they could ameliorate the amplitude
deficits.
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P300-response: Possible psychophysiological correlates in delta and
theta frequency channels. A review. International Journal of Psycho-
physiology, 13, 161–179. doi:10.1016/0167-8760(92)90055-G
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