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Individual differences in affective decision making were examined by recording event-related potentials
(ERPs) while 74 typically developing 8-year-olds (38 boys, 36 girls) completed a 4-choice gambling task (Hun-
gry Donkey Task; E. A. Crone & M. W. van der Molen, 2004). ERP results indicated: (a) a robust P300 compo-
nent in response to feedback (punishment vs. reward outcomes), (b) anticipation effects (stimulus-preceding
negativity) prior to outcomes presented on frequent (vs. infrequent) punishment choices, (c) anticipation
effects prior to selections associated with short and long-term losses (vs. gains), and (d) individual differences
in ERP components were significantly correlated with behavioral performance and verbal ability. These find-
ings suggest that neurophysiological responses may be an index of children’s trait-based and ⁄ or developmen-
tal level of decision-making skills in affective–motivational situations.

Middle childhood reflects a period in development
when children begin to be confronted with deci-
sions about meaningful, motivationally significant,
life events that carry a certain degree of risk
regarding future consequences. Examples include
deciding whether to participate in deviant or
harmful activities with peers or risk social rejec-
tion, choosing whether to hit a sibling or walk
away from the fight, and deciding whether to
forego playing a videogame in order to study for
a test. The ability to control one’s thoughts and
behaviors in situations in which there is a rela-
tively strong motivational component (e.g.,
rewards and losses tied to one’s performance) or
‘‘hot’’ executive function show developmental
changes over the lifespan (e.g., from early child-
hood to middle childhood to adulthood) (for
reviews, see Metcalfe & Mischel, 1999; Zelazo,
Carlson, & Kesek, 2008; Zelazo & Cunningham,

2007). However, surprisingly little is known about
individual differences in hot executive function,
and even less on the neural substrates of such
individual differences. Given the importance of
affective decision making in establishing healthy
versus pathological pathways in social develop-
ment, especially during middle childhood (e.g.,
Bierman & Greenberg, 1996; Hawkins et al., 2007),
the present research focused on addressing this
gap in the literature.

Individual Differences in Affective Decision Making

It is widely recognized that children and adoles-
cents make more risky decisions than adults. In
uncertain situations in which one’s actions could
not only have an immediate payoff but also might
lead to negative outcomes in the long run, they fail
to account for the future consequences of their
behavior—akin to how one might commonly think
of high-stakes gambling. Although affective deci-
sion making improves with age, on average, there
are striking individual differences in this ability in
middle childhood (e.g., Levin, Weller, Pederson, &
Harshman, 2007), which may contribute to adjust-
ment variables such as aggression, substance use,
and selecting deviant peers in adolescence (e.g.,
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Arnett, 1999; Laird, Pettit, Dodge, & Bates, 2003),
thus establishing problematic trajectories in social
development.

Research using the delay of gratification para-
digm provides the most information on the long-
term outcomes associated with children’s affective
decision making. In the classic paradigm (Mischel,
1974), children are given a choice, for example,
one cookie now or two cookies later. Some chil-
dren are able to wait to obtain the more valued
reward, and others are not, instead ringing a bell
to end the delay or simply eating the treats. Indi-
vidual differences in performance on this task at
age 4 are diagnostic of long-term outcomes,
including adaptive social, cognitive, and emo-
tional functioning in adulthood. For example, pre-
schoolers who were more successful at waiting in
the delay of gratification situation have been
found as adolescents to be significantly more
attentive, able to concentrate, and to exhibit
greater self-control and frustration tolerance
(Shoda, Mischel, & Peake, 1990). They also scored
higher on the Scholastic Aptitude Test and were
perceived as more interpersonally competent by
parents and peers (Mischel, Shoda, & Rodriguez,
1989). As adults, they were less likely to use
drugs than individuals who had exhibited diffi-
culty with delay of gratification as preschoolers
(Ayduk et al., 2000).

Although to date no study has directly investi-
gated the neural substrates underlying individual
differences in performance in the delay task at age
4, a recent study by Eigsti et al. (2006) suggests that
it may be related to brain areas associated with
cognitive control. Individual differences in pre-
schoolers’ cognitive control, assessed in the delay
of gratification situation, predicted their perfor-
mance over 10 years later on a different cognitive
control task (Go–Nogo). Specifically, those pre-
schoolers who were able to direct their attention
away from the reward–tempting aspects of the
stimulus—a critical strategy for successful delay
(Mischel, 1974; Mischel et al., 1989; Rodriguez,
Mischel, & Shoda, 1989)—were faster at performing
the Go–Nogo task without making more errors.
Because performance on Go–Nogo has been well
documented as being associated with the develop-
ment of frontostriatal and related circuitry (Booth
et al., 2003; Casey et al., 1997; Durston et al., 2002),
these findings also suggest that individual differ-
ences in affective decision making in childhood
might be a stable marker of the subsequent devel-
opment of individual differences in this system in
adolescence and adulthood.

Assessing Affective Decision Making via Performance
on Gambling Tasks

A common measure used to examine decision
making in adults is the Iowa Gambling Task (IGT;
Bechara, Damasio, Damasio, & Anderson, 1994).
Participants are presented with four decks from
which to select a series of cards to try to win as
many points (representing dollars) as possible. Two
of the decks are disadvantageous: they present not
only larger rewards but also occasional and unpre-
dictable large losses, resulting in a net loss. Cards
in the advantageous decks present not only smaller
rewards but also smaller occasional losses, resulting
in a net gain. Studies using the IGT have shown
that healthy adults’ choices are based on the long-
term consequences: they learn to select cards from
advantageous decks across trials. Patients with
brain damage to ventromedial prefrontal cortex
(VMPFC), in contrast, do not appear to learn about
which decks are associated with long-term out-
comes. Instead, they continue to be drawn by the
larger immediate rewards and select cards from the
disadvantageous decks (Bechara et al., 1994).

There is evidence that children begin acquiring
the ability to detect long-term costs and benefits as
early as the preschool period, mirroring the general
developmental shift in executive function from 3 to
5 years of age. This research has used simplified
tasks in which children select between two options,
one of which is initially more attractive but more
costly in the long run (Carlson, Davis, & Leach,
2005; Garon & Moore, 2004, 2007; Kerr & Zelazo,
2004). For example, on the Children’s Gambling
Task (Kerr & Zelazo, 2004), a preschool version of
the IGT using two decks (one advantageous, one
disadvantageous; frequency of losses held con-
stant), all children initially preferred the deck with
larger rewards (candies), but only the 4- and 5-
year-olds learned to make more prudent decisions
across 50 trials; 3-year-olds failed to do so (see also
Hongwanishkul, Happaney, Lee, & Zelazo, 2005).

Crone and colleagues (Crone, Bunge, Latenstein,
& van der Molen, 2005; Crone & van der Molen,
2004) developed a modified version of the IGT
appropriate for school-aged children, which, in con-
trast to the Children’s Gambling Task, retains its
complexity by having four choices rather than two.
In this computerized version, participants are pre-
sented with four doors and instructed to select
doors in order to win as many apples as possible
for a ‘‘hungry donkey’’ located on the screen. In
parallel with the IGT, two of the doors are
disadvantageous in the long run: They not only
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yield high rewards on each trial (apples gained)
but also result in large punishments (apples lost)
on some trials. The other two doors are advanta-
geous in the long run: They yield not only smaller
rewards on each trial but also smaller losses. In this
version of the task, the long-term consequences of the
doors are crossed with the frequency of punishments,
such that one of the disadvantageous doors and
one of the advantageous doors result in frequent
smaller losses, whereas the other two doors incur
infrequent, large losses.

Performance on the Hungry Donkey Task (HDT)
changes with age in two important respects. First,
children aged 6–18 years gradually learn to select
from the advantageous decks in fewer trials. Youn-
ger children in this age range tend to select disad-
vantageous choices. One proposed account is that
they are lured by the larger rewards up-front and
have a ‘‘myopia for the future’’ (Crone, Jennings, &
van der Molen, 2004; Crone & van der Molen, 2004;
Hooper, Luciana, Conklin, & Yarger, 2004; Over-
man, 2004; see Huizenga, Crone, and Jansen, 2007,
for an exception). These studies also found that
males generally learned faster than females to select
more advantageous choices. Second, compared
with older adolescents and adults, children have an
aversion to doors that deliver frequent punish-
ments (Crone & van der Molen, 2007; Crone et al.,
2004; Overman, 2004). Hence, they are initially
likely to prefer the doors with infrequent losses,
particularly if they also present immediate rewards,
over both the disadvantageous and the advanta-
geous doors with frequent losses (Huizenga et al.,
2007). With maturation, children are able to set
aside these relatively unreflective affinities and
aversions to short-term rewards and punishments,
respectively, and consider the future consequences
of their decisions. However, beyond developmental
differences, little is known about individual differ-
ences in performance on gambling tasks.

Mechanisms Underlying Affective Decision Making

Successful performance on the HDT requires a
variety of executive function skills, including
detecting rewards and losses, updating this infor-
mation in working memory, inhibiting the impulse
to select doors associated with immediate rewards,
and monitoring or reflecting on one’s performance
across time. This set of skills calls upon frontostria-
tal brain circuitry and corresponding neurotrans-
mitter systems. More specifically, in adult
functional magnetic resonance imaging (fMRI) and
lesion studies, decision making assessed using the

IGT has been associated with a medial-frontal
circuit involving the amygdala, anterior cingulate
cortex (ACC), and orbitofrontal cortex (OFC; e.g.,
Bechara, Damasio, & Reuven, 2007; Cohen, Heller,
& Ranganath, 2005; Ernst et al., 2004; Miller &
Cohen, 2001; Weller, Levin, Shiv, & Bechara, 2007).
Accordingly, if these brain regions are compro-
mised, such as in patients with lesions, or not fully
developed, as in children, affective decision making
is adversely affected (for a theoretical review, see
Cunningham & Zelazo, 2007).

A handful of fMRI studies of affective decision
making in early adolescence are largely consistent
with this proposal (e.g., Galvan et al., 2006; May
et al., 2004; van Leijenhorst, Crone, & Bunge, 2006).
For example, van Leijenhorst et al. (2006) compared
patterns of brain activation in 9- to 12-year-olds to
those of healthy adults performing a simple (2-
choice; high vs. low risk) computerized gambling
task. They reported that children and adults both
performed equally well. They also had similar pat-
terns of activation associated with risk estimation
(weighing the possible outcomes prior to making a
selection), namely, greater activation of the ACC,
OFC, and dorsolateral prefrontal cortex (PFC). Nev-
ertheless, children recruited ACC significantly more
strongly than adults on high-risk trials relative to
low-risk trials. Given that one role of ACC is detec-
tion of response conflict, the authors interpreted
this finding as showing that high-risk decision
making is more ‘‘effortful’’ for children than adults.

van Leijenhorst et al. (2006) also examined acti-
vation patterns during response feedback (i.e., net
rewards and punishments), as this is considered
another key component of decision making for its
importance in updating and adjusting behavior
(e.g., O’Doherty, Critchley, Deichmann, & Dolan,
2003). They found heightened activation of right
lateral OFC in response to punishment versus
reward feedback in children compared to adults.
These findings suggest a neural analog to the
behavioral findings reported earlier that children
are on some level more sensitive to immediate
losses and find them aversive, even though they
may fail to reliably select the advantageous choices
until later in development (Crone & van der Molen,
2007; Huizenga et al., 2007; Overman, 2004).

Aims of This Study

Despite the body of literature examining affec-
tive decision making in children and its develop-
mental and ecological significance, to our
knowledge no developmental neuroscience studies

1078 Carlson, Zayas, and Guthormsen



have examined individual differences in affective deci-
sion making. Moreover, although fMRI enables
localization of specific brain regions involved in
affective decision making, due to poor temporal res-
olution it is unable to address questions regarding
the time course of the mental operations involved in
effectively performing the HDT. In contrast, event-
related potential (ERP) methodology lacks spatial
resolution but offers temporal information about
online brain function (Molfese, Molfese, & Pratt,
2007; Taylor & Baldewig, 2002). Thus, ERP opens
the door to examining differences in neurophysio-
logical processes underlying affective decision mak-
ing that are occurring on millisecond time scales.

To investigate the neural correlates of individual
differences in affective decision making, ERPs were
recorded while 8-year-old children performed the
HDT (Crone & van der Molen, 2004). Children of
8–9 years were the focus because this age is a criti-
cal juncture with respect to social developmental
trajectories (e.g., Boyer, 2006; Crick & Zahn-Waxler,
2003; Dodge, 2006). Moreover, we wanted to assess
the early stages of development on the HDT and
compare our results with previous studies that also
had included this age range (e.g., Crone & van der
Molen, 2007).

ERP Predictions

P300 responses to feedback. The P300 component
was the focus of our planned analyses of feedback
effects. This positive component is most commonly
based on data obtained with the ‘‘oddball’’ para-
digm, in which participants are told to respond to
occasional targets embedded in a series of nontar-
get, nonresponse trials (Donchin, Ritter, & McCal-
lum, 1978). Participants reliably show a P300 effect,
that is, greater positivity of the ERP waveform
approximately 300–800 ms following infrequent
(vs. frequent) targets. Moreover, the magnitude of
this effect is greater when the probability of the
infrequent target is lower.

The neural circuitry giving rise to P300 effects is
not completely understood, but functional explana-
tions converge on novelty detection, updating, and
inhibition (for theoretical reviews, see Nie-
uwenhuis, Aston-Jones, & Cohen, 2005; Polich,
2007). In this framework, the P300 component
indexes revision of the mental representation
induced by incoming stimuli. If a ‘‘novel’’ stimulus
is detected by comparing the new stimulus with
the contents of working memory, attentional pro-
cesses direct updating of the stimulus representa-
tion. According to Polich (2007), the P300 primarily

reflects brain mechanisms engaged to inhibit extra-
neous, interfering stimulus processing. This, in
turn, would facilitate the focal attention needed to
process, remember, and potentially learn from new
information. The P300 is thought to be generated
by a circuit between frontal and temporal–parietal
brain areas (including ACC) and is related to fron-
tal focal attention and working memory mediated
by neurotransmitter systems, including the locus
coeruleus–norepinephrine system (Nieuwenhuis
et al., 2005).

Individual differences in P300 effects are stable
and highly heritable, and have been associated with
both cognitive and socioemotional factors (e.g.,
Carlson & Iacono, 2006). For example, working
memory is related to larger P300 amplitude across
childhood, even after statistically controlling for
age (Howard & Polich, 1985; Polich, Ladish, &
Burns, 1990). In addition, individuals with lower
P300 amplitude are at greater risk of developmental
psychopathology, including schizophrenia (e.g.,
Schreiber, Stolz-Born, Kornhuber, & Born, 1992),
substance dependence (e.g., Begleiter, Porjesz,
Bihari, & Kissin, 1984; Carlson, Iacono, & McGue,
2004), and externalizing behavior disorders (De
Pascalis, 2004; Iacono, Malone, & McGue, 2003).
This pattern of findings is largely consistent with
the context-updating and inhibition hypothesis and
has led to interest in P300 amplitude reduction as a
possible endophenotypic marker of genetic risk for
disinhibited behavior disorders (Carlson & Iacono,
2006; Hicks et al., 2007). Based on this literature, we
predicted both task-specific P300 effects (larger for
punishment vs. reward outcomes) as well as indi-
vidual differences in P300 effects in relation to task
performance (larger for individuals who learned to
avoid losses and optimize long-term outcomes).

Anticipation effects prior to outcome. Using an
affective motivational task with 10- to 12-year-olds,
Groen, Wijers, Mulder, Minderaa, and Althaus
(2007) found a stimulus-preceding negativity
(SPN), a negative slow wave approximately 200 ms
preceding feedback, particularly prior to negative
feedback. SPN is sensitive to reward or punishment
properties of an anticipated outcome, is influenced
by a subject’s motivation to perform well, and is
thought to be generated by insular cortex (predomi-
nantly over right hemisphere), a brain area known
to be involved in motivational and reward process-
ing (Böcker, Baas, Kenemans, & Verbaten, 2001;
Samanez-Larkin, Hollon, Carstensen, & Knutson,
2008). Hence, we investigated whether SPN effects
might be evident in the anticipation of outcomes
for doors that delivered frequent versus infrequent
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punishment, and whether individual differences in
these anticipation to outcome effects may be mean-
ingfully related to individual differences in behav-
ioral performance on the HDT.

Anticipation effects prior to door choice.. In contrast,
the planned analyses concerning anticipation ERPs
preceding door choice were more exploratory.
Crone and van der Molen (2007) examined antici-
pation autonomic responses prior to door selection
in the HDT. In the period preceding door selection
(5,000 ms), older adolescents (16–18 years) exhib-
ited larger skin conductance levels (SCLs) for
frequent- versus infrequent-punishment doors,
whereas 10–12 and 12–14 year-olds did not show
anticipation effects in SCL. No anticipation effects
were observed in analyses of heart rate. These find-
ings suggest that it is not until adolescence that
children begin to exhibit signs of anticipation of
losses prior to their door selection, that is, a somatic
marker preceding affective decisions (Damasio,
1996). Given the absence of anticipatory SCL and
heart rate findings in children even older than our
8-year-old sample, we were uncertain whether
there would be any clear electrophysiological pat-
tern in anticipation prior to door choice.

To summarize, given what has been learned
from previous studies of the HDT, we hypothesized
a greater P300 ERP component following punish-
ment versus reward outcomes. We further investi-
gated the presence of anticipation effects prior to
door selection as well as the presence of SPN in
anticipation of outcomes. Most importantly, we
examined whether individual differences in chil-
dren’s performance on the two main dimensions in
the task (avoiding frequent-punishment doors, opti-
mizing long-term gains) would be correlated with
these components, and the extent to which perfor-
mance and EEG findings would positively correlate
with child verbal ability and working memory, as
these may be important covariates. Finally, given
gender differences found in previous studies of
affective decision making, we included gender as a
factor in the major analyses.

Method

Participants

Participants included 96 children (47 boys, 49
girls) with a mean age of 8 years 4 months
(M = 100 months, SD = 8.2 months, range = 74–
132 months). Of these, 7 children (4 boys, 3 girls)
refused to wear the electrode cap but played the
games without it. ERP data on the HDT from 15

additional children (5 boys, 10 girls) were rejected
on the basis of extensive movement or eye blink arti-
facts (±150 mV from baseline). These 22 children
were not included in the present analyses due to the
focus on ERP data. The remaining 74 children (38
boys, 36 girls) all had at least 20 trials with relatively
artifact-free EEG in each condition of the gambling
task. They had a mean age of 8 years 4 months
(M = 100 months, SD = 7.8 months, range = 74–
132 months), although boys were approximately
4 months younger than girls, t(72) = 2.12, p = .04
(boys: M = 98 months, SD = 7 months; girls:
M = 102 months, SD = 8 months). Due to time con-
straints, not all children were able to complete the
Peabody Picture Vocabulary Test–Fourth Edition
(PPVT–4; Dunn & Dunn, 2007) to assess verbal abil-
ity and forward and backward digit span (BDS; a
subtest of the Wechsler Intelligence Scale for Chil-
dren [WISC–3]) to assess working memory. Thus, ns
for PPVT–4 and BDS were 70 and 69, respectively.
Left-handed children (n = 13; 9 boys and 4 girls;
Edinburgh measure; Oldfield, 1971) were included
in the analyses. Most parents identified their chil-
dren’s ethnicity as White or non-Hispanic (Hispanic
n = 6; Other n = 4; Asian n = 3; and African Ameri-
can n = 1). Children were recruited by telephoning
parents in a database of families who indicated an
interest in research participation and by posting fli-
ers in local retail establishments. In exchange for
participation, parents received paid parking and
$25, and children received a toy prize, a T-shirt, and
snacks. Parent written consent (and child assent)
procedures of the American Psychological Associa-
tion were followed.

Procedures and Measures

Overview.. A female experimenter tested children
individually in a quiet laboratory room in a session
lasting approximately 2 hr (with several breaks).
Measures included four cognitive tasks, in which
order was counterbalanced across participants, dur-
ing which EEG–ERP was recorded. After comple-
tion of these tasks and removal of the EEG cap,
children were given the PPVT–4 and BDS, along
with a number of other measures. The focus of this
study was the behavioral performance and ERP
patterns on the affective decision-making task,
described next.

HDT.. Children’s risky decision making and
ability to optimize future rewards were assessed
using the HDT (Crone & van der Molen, 2004).
They were seated in a child-sized recliner
approximately 40 in. away from a 17-in. computer
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monitor. The HDT consisted of 4 blocks of 70 trials
for a total of 280 trials presented using Inquisit 2.0
computer software (Millisecond Software, 2006).

As illustrated in Figure 1a, each trial began with
four doors appearing in a horizontal row at the top
of the computer screen and a picture of a donkey
appearing in the middle of the screen below the
doors. Children’s task was to ‘‘feed’’ the hungry
donkey apples—as many as possible—by selecting
one of the four doors with a keystroke. Children
made their door selections by pressing one of four
response keys: c, v, b, and n corresponding to the
first, second, third, and fourth door from the left to
the right of the screen, respectively. At 500 ms after
indicating their response, the rewards (green
apples) and losses (red apples with an X through
them) associated with the door selection replaced
the four-door stimulus display, and remained on
the screen for 1,000 ms (Figure 1b). At this time, the
next trial appeared with four closed doors. After
receiving instructions (see Crone & van der Molen,
2004), children were shown a bin containing attrac-

tive prizes and told, ‘‘If at the very end of the
game, you have won more apples than you have
lost, then you will receive a prize from this toy
bin.’’ (All children were invited to select a prize at
the end.) Once the experimenter confirmed the
child’s understanding of the game, the task began.

To accommodate the ERP recording, slight modi-
fications were made to the standard HDT. In partic-
ular, some versions of the HDT (Crone & van der
Molen, 2004) included a horizontal bar at the bot-
tom of the screen as a way for children to gage
their overall (cumulative) wins and losses. ERP
recordings, however, are highly sensitive to vertical
and horizontal eye movements. Because the hori-
zontal bar would encourage children to shift their
gaze (e.g., from the doors and outcomes to the bar)
and did not significantly influence children’s per-
formance compared with no bar (Crone & van der
Molen, 2004), it was not included in the present
task. In addition, previous versions of the HDT dis-
play a blank screen after participants indicate their
choice. Because a blank screen appears as a flicker

Figure 1. (a) Door-selection display shown during the Hungry Donkey Task. (b) Example of outcomes displayed following participants’
door selection. (c) A summary of the win and loss schedule corresponding to each of the four doors. Each door selection results in an
outcome that consists of rewards (gain in apples) or losses (loss of apples). Doors A and B are disadvantageous, resulting in a net loss
over the long run (280 trials). Doors C and D are advantageous, resulting in a net gain over the long run. The frequency with which
losses were encountered is crossed with advantageousness. Doors A and C result in frequent losses (50% of trials), whereas doors B
and D result in infrequent, but larger, losses (10% of trials). (d) Timing of stimulus events as they occur over the course of a trial. Each
trial starts with the presentation of the door-selection display, followed by participants’ response. Outcomes are presented 500 ms after
participants’ response and remain on the screen for 1,000 ms.
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and promotes blinking and other eye movements,
no blank screens were presented (i.e., the four-door
and donkey stimulus display remained on the
screen until the presentation of the outcome and
then re-appeared after 1,000 ms). Finally the pres-
ent version of the HDT included 280 trials (four 70-
trial blocks). This was a modification of earlier
reports of the HDT that included 100 trials. The
increased number of trials ensured that at least 42
trials involved loss outcomes from which to derive
ERP waveforms to assess children’s responses to
punishments versus rewards.

The HDT task assesses affective decision making
and ability to optimize future rewards by varying
the long-term yield (net yield = rewards [green
apples] ) losses [red apples]) associated with the
doors. As shown in Figure 1c, doors C and D were
advantageous in that they had smaller immediate
rewards (two green apples) but larger long-term
yields due to smaller losses (net yield of advanta-
geous doors = +10). In contrast, doors A and B
were disadvantageous; they had larger immediate
rewards (four green apples) but smaller long-term
yields due to greater losses (net yield of disadvan-
tageous doors = )10). Furthermore, the doors also
differed in the frequency in which losses (red
apples) were incurred. Loss frequency was higher
for doors A and C in which 50% of the trials would
result in unpredicted losses. The punishment out-
comes for door A were either 8, 10, 10, 10, or 12
red apples, and for door C were either 1, 2, 2, 2, or
3 red apples. Loss frequency was lower for doors B
and D in which only 10% of the trials would result
in unpredicted losses. The punishment outcome for
door B was a loss of 50 apples and for door D was
a loss of 10 apples. Thus, although doors C and D
were equivalent with respect to net yield—both
were advantageous over the long run—they dif-
fered in terms of whether losses occurred fre-
quently but in smaller magnitude (door C) or
infrequently but in larger magnitude (door D). Sim-
ilarly, doors A and B were both disadvantageous
over the long run, however, selection of door A led
to frequent, lower magnitude losses, and door B
led to infrequent, higher magnitude losses.

ERPs.. Continuous EEG was recorded from 21
channels using sintered Silver–Silver Chloride
(Ag–AgCl) electrodes attached to an elastic cap
(Quik-cap manufactured by Neuroscan; Compu-
medics, Charlotte, NC). Children watched a short
entertaining video during cap fitting. Given the
sensitivity of ERP to various eye and bodily
movements, children were instructed to ‘‘try not
to move too much and try to focus on playing

the game. You’ll get breaks throughout the game
and during these breaks you can move around,
but try to avoid moving too much during the
actual game.’’

Electrodes were placed over the left and right
prefrontal (Fp1, Fp2), frontal (F3, F4), inferior fron-
tal (F7, F8), temporal (T7, T8), central (C3, C4), pari-
etal (P3, P4), posterior parietal (P7, P8), and
occipital (O1, O2) locations, and from three midline
locations (Fz, Cz, Pz). Vertical and horizontal eye
movements were recorded via electrodes placed
below the left eye and to the right of the right eye,
respectively. Two unlinked electrodes were placed
over the left and right mastoid bones, and the elec-
trode placed over the left mastoid bone was used to
online reference the other channels. The EEG was
amplified and digitized along with stimulus trigger
codes by a NuAmp 40 Channel amplifier system
(model 7181, version 4.3; Neuroscan) using a
sampling frequency of 1000 Hz and an online
band-pass filter of 0.10–200 Hz. EEG activity was
re-referenced offline using an average reference of
the two mastoid electrodes and filtered using a
30 Hz (24 db ⁄ octave) low-pass filter. In all analyses
reported here, trials contaminated by excessive eye
movement or muscle artifacts (±150 mV from
baseline) were excluded.

Results

We first report the behavioral results on the HDT,
followed by analyses of P300 responses to feedback,
and lastly neurophysiological anticipation effects
preceding door choice and preceding outcomes.

Behavioral Findings on the HDT

Main effects.. A mixed analysis of variance per-
formed on the number of choices with sex as the
between-subjects factor and gain (advantageous vs.
disadvantageous), frequency of punishment (high
vs. low), and block as the within-subjects factors
revealed a main effect of frequency, F(1, 72) =
47.51, p < .001, g2 = .40. As shown in Figure 2a,
children strongly avoided the doors associated with
frequent losses.

Moreover, as shown in Figure 2b, children
learned about the long-term consequences associ-
ated with each door over the course of the HDT,
increasingly selecting advantageous doors over dis-
advantageous doors, linear effect of Gain · Block:
F(1, 72) = 3.94, p = .05, g2 = .05. More specifically,
the learning of long-term consequence index (number
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of advantageous choices ) number of disadvanta-
geous choices) was not significantly greater than
zero in block 1, t(73) = 1.35, p = .18, or block 2,
t(73) = 1.08, p = .24; was marginally significant in
block 3, t(73) = 1.88, p = .07; and reached statistical
significance only in block 4, t(73) = 2.13, p = .04.
The effect of frequency of punishment did not
interact with gain, F(1, 74) = 3.31, p = .07, g2 = .04,
as previous studies have found (e.g., Crone et al.,
2005), and behavioral performance on the HDT did
not differ for boys and girls, nor did gender interact
with any of the other variables.

Individual differences in behavioral perfor-
mance.. Next, we examined whether individual diff-
erences in children’s verbal ability as assessed by
the PPVT–4 (36 boys and 34 girls, raw score
M = 152.83, SD = 19.70) and working memory as
assessed by the BDS (35 boys and 34 girls,

M = 4.22, SD = 1.03) were related to their behav-
ioral performance on the HDT. There were no sex
differences on PPVT–4 or BDS (ps > .79), and the
two measures were unrelated, r(69) = .12, p = .35.
PPVT–4 was significantly related to preferences for
infrequent-punishment doors in block 1, r(70) = .31,
p = .01; marginally in block 2, r(70) = .21, p = .08;
and nonsignificantly in blocks 3, r(70) = .12, p = .32,
and 4, r(70) = .02, p = .89. PPVT–4 was not signifi-
cantly related to the long-term consequences index.
BDS was unrelated to performance on the gambling
task.

P300 Responses to Feedback

Main effects.. A central aim of the present research
was to examine children’s electrophysiological
responses to the outcome following their selections,
that is, to gains and losses. We computed ERPs to
reward and punishment trials separately, collapsing
across door type. ERP waveforms were time-locked
to the onset of the outcome, and electrical activity in
the 200-ms period preceding the outcome was used
as a baseline. Analyses regarding the P300 were
based on calculated mean amplitudes within the
300- to 800-ms window measured for each electrode
position (Luck, 2005). Finally, we computed the
P300 effect by subtracting the P300 amplitudes for
rewards from P300 amplitudes for punishments.
Resulting values obtained at midline, medial–
lateral, and lateral–lateral electrode sites were ana-
lyzed within separate general linear models
(GLMs). In all GLMs, the intercept tested the main
effect of outcome (reward vs. punishment), and
electrode site (three midline electrodes: frontal,
central, parietal; five medial–lateral electrodes:
prefrontal, frontal, central, parietal, occipital; three
lateral–lateral electrodes: inferior frontal, temporal,
posterior parietal) was entered as a within-subject
factor. In GLMs involving medial–lateral and
lateral–lateral sites, sphere was also included as a
within-subject factor to test for hemispheric (left vs.
right) differences. In cases where the assumption of
homogeneity of variance was violated, the Green-
house and Geiser’s (1959) correction was applied
and the corresponding corrected degrees of freedom
and p values are reported. In all GLMs, between-
subject factors of interest, such as children’s sex and
behavioral performance on HDT, were included.
With the exception of children’s sex, which was a
categorical variable, all between-subject factors
were entered as continuous variables. Table 1
provides a summary of the results from the GLM
analyses.

Figure 2. (a) Children’s door choices shown for each door and
for each 70-trial block. (b) Children’s door choices for
advantageous (vs. disadvantageous) doors and for infrequent-
(vs. frequent-) punishment doors. The solid line shows the mean
number of advantageous minus disadvantageous door choices
(learning long-term consequence index). The dashed line shows the
mean number of infrequent-punishment door choices minus
frequent-punishment door choices (bias for infrequent punishment).
Bars represent ±1 SE from the mean.
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There was a significant main effect of outcome
(as reflected by significant intercepts in the GLMs),
with punishments eliciting larger P300 amplitudes
than rewards (Figure 3). This effect was observed
throughout the entire scalp. Specifically, compared
with rewards, punishments elicited more positive-
going P300 amplitudes at the midline sites, inter-
cept: F(1, 72) = 43.11, p < .001, g2 = .37; medial–
lateral sites, intercept: F(1, 72) = 33.52, p < .001,
g2 = .32; and lateral–lateral sites, intercept: F(1,
72) = 23.28, p < .001, g2 = .24. The P300 effect

increased in a linear fashion from anterior to pos-
terior sites, as reflected by an electrode linear effect
at the midline, F(1, 72) = 49.36, p < .001, g2 = .41;
medial–lateral, F(1, 72) = 53.92, p < .001, g2 = .43;
and lateral–lateral sites, F(1, 72) = 94.54, p < .001,
g2 = .57. As well, the P300 effect was stronger in
the left (vs. right) hemisphere of the medial–lateral
sites, sphere: F(1, 72) = 5.73, p = .02, g2 = .07, and
stronger in the left posterior regions of the lateral–
lateral sites, Sphere · Electrode linear interaction,
F(1, 72) = 5.07, p = .03, g2 = .07.

Table 1

Effect Sizes (g2) and p Values Produced From General Linear Models Examining the Effects of Child Characteristics and Within-Subjects Factors

on P300 Effects

Midline Medial–lateral Lateral–lateral

Gender differences

Intercept 0.37*** 0.32*** 0.24***

Electrode (linear) 0.41*** 0.43*** 0.57***

Sex · Electrode ns 0.07* ns

Sphere — 0.074* ns

Sphere · Electrode — ns 0.07*

Sex · Sphere · Electrode — ns 0.04�

Bias (for infrequent punishment) and losses encountered

Losses Encountered · Sex · Electrode (linear) 0.07* 0.06* 0.10**

Bias · Sex · Electrode (linear) 0.09* 0.07* 0.11**

Losses Encountered · Bias · Electrode (linear) .05� ns ns

Losses Encountered · Bias · Sex ns ns .05�

Bias · Sphere — 0.16*** ns

Losses Encountered · Sphere — 0.17*** ns

Bias · Sex · Sphere — 0.07* ns

Losses encountered · Sex · Sphere — 0.08* ns

Learn (long-term consequences)

Learn · Sex · Electrode (linear) ns ns 0.08*

Learn (long-term consequences) and bias (for infrequent punishment)

Learn · Sex · Electrode (quadratic) ns ns 0.04�

Bias · Sex · Electrode (linear) 0.14*** 0.07* ns

Learn · Bias · Sex · Electrode 0.05� ns ns

Bias · Sex 0.07* 0.08* ns

Learn · Sphere — 0.07* ns

Learn · Bias · Sphere — 0.11** 0.05�

Learn · Sex · Sphere — 0.06� ns

Bias · Electrode · Sphere — ns 0.05�

PPVT–4

PPVT–4 0.10** 0.08* 0.05�

PPVT–4 · Electrode ns 0.07* ns

Note. Intercept reflects greater P300 amplitude for punishments versus rewards. Bias = bias for infrequent-punishment doors
(B + D ) A ) C); losses encountered = number of trials in which a loss was incurred; learn = preference for doors associated with
long-term gains (C + D ) A + B); P300 effect = mean P300 amplitude for punishment outcomes minus mean P300 amplitude for
reward outcomes; PPVT–4 = Peabody Picture Vocabulary Test; BDS = backward digit span; loss = percentage of loss outcomes
encountered during the Hungry Donkey Task. General linear models examined the effects of sex; bias, losses encountered, and sex;
learn and sex; learn, bias, and sex; and PPVT-4 (child’s gender was dropped from the model because it did not interact with PPVT-4).
All models include the within-subjects factors of electrode and sphere. Because all GLM models tested the effect of intercept, electrode,
sphere, and child’s gender, and because the results did not change appreciably across models, the results of these factors are only
reported in model 1 and not reported for subsequent models. Only effects with p values < .10 are reported. The quadratic contrast was
statistically significant.
�p < .10. *p < .05. **p < .01. ***p < .001.
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The scalp distribution of the P300 effect differed
for girls and boys as reflected by a statistically
significant Sex · Electrode quadratic interaction at
the medial–lateral sites, F(1, 72) = 5.17, p = .03,

g2 = .07. Figure 4 shows the topographical maps
depicting the voltage distribution of the P300 effect
for a given 50-ms window from 300 to 800 ms po-
stoutcome for girls (top panel) and boys (bottom
panel). Shaded areas represent greater mean P300
amplitudes in response to punishment than reward
outcomes. As depicted, the difference between boys
and girls—with girls showing greater P300 effects
than boys—increased in a quadratic function from
anterior to posterior sites of the medial–lateral sites
of both the left and right hemispheres.

Do gender differences in the P300 effect primar-
ily reflect differences in the processing of rewards,
punishments, or both? GLM analyses were per-
formed on P300 amplitudes for rewards and pun-
ishments separately. The pattern of results for
punishment outcomes mirrored those observed for
the P300 effect (i.e., the difference score between
punishment and reward trials). This suggests that
differences between boys and girls emerged on
punishment outcomes, but not on reward out-
comes, consistent with past research showing that

Figure 3. Event-related potential grand-average waveforms for
all children recorded at electrode site P7 (placed over the
posterior parietal location in the left hemisphere) as a function of
punishment outcomes (black line) and reward outcomes (gray
line).

Figure 4. Topographical maps illustrating the scalp distribution of the P300 effect (amplitude for punishment outcomes minus
amplitude for reward outcomes) for girls (top panel) and boys (bottom panel) separately. Each map represents the P300 effect for a
given 50 ms window from 300 to 800 ms postoutcome onset. For example, the first map shows the P300 effect 300–349 ms postoutcome
onset. Shaded red areas represent greater P300 amplitudes for punishment than reward outcomes. The scalp distribution of the P300
effect in response to punishment and reward outcomes was different for boys and girls.
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performance on the HDT is driven largely by
responses to losses associated with each door
(Huizenga et al., 2007).

Next, we examined the extent to which individ-
ual differences in P300 responses to feedback were
associated with performance on the HDT as well as
verbal ability and working memory.

Bias for infrequent- (vs. frequent-) punishment doors
and P300 responses to feedback.. As noted earlier, chil-
dren showed a strong bias for infrequent- (vs. fre-
quent-) punishment doors, selecting infrequent-
punishment doors approximately 60% of the time.
Nonetheless, children differed in the extent to
which they showed this bias. Bias for infrequent pun-
ishment scores (number of infrequent minus fre-
quent punishment choices ranged from )118 to 270
(M = 57, SD = 71). We therefore examined whether
individual differences in bias for infrequent punish-
ment related to individual differences in magnitude
of P300 effects (i.e., P300 amplitudes for punish-
ment ) P300 amplitudes for rewards).

We predicted that children with larger P300
effects would show the strongest bias for infre-
quent-punishment doors. Such a relation, if found,
could reflect that children who are more sensitive
to losses at an electrophysiological level, as
indexed by the P300 effect, behaviorally show a
bias away from frequent-punishment doors. How-
ever, another possibility is that such a relation
reflects, instead, differences in the frequency with
which loss outcomes were actually encountered
over the course of the HDT (referred to hereafter
as losses encountered). That is, because the ratio of
encountering a loss on high (vs. low) frequency of
punishment doors is 5:1, children with a strong
bias actually encountered fewer loss outcomes.
Thus, it was necessary to assess the extent to
which any relation between bias for infrequent
punishment and P300 effects is due to characteris-
tics of the child (e.g., loss sensitivity) or to context-
induced effects (i.e., differences in the frequency
with which losses were actually encountered dur-
ing the HDT). To tease apart these effects, we per-
formed GLMs with a bias for infrequent
punishments and losses encountered entered as
continuous between-subjects factors and sex as a
dichotomous between-subjects factor. All two- and
three-way interactions also were included in the
model.

The scalp distribution of the P300 effect not only
differed for girls and boys, as described earlier, but
also depended on the number of losses encountered.
The three-way Losses Encountered · Sex · Elec-
trode Site interaction was statistically significant at

the midline sites, linear contrast: F(1, 66) = 5.13,
p = .03, g2 = .07; medial–lateral sites, linear contrast:
F(1, 66) = 4.47, p = .04, g2 = .06; and lateral–lateral
sites, linear contrast: F(1, 66) = 7.60, p = .008,
g2 = .10. Specifically, for girls, fewer losses
encountered was associated with larger linear, from
anterior to posterior sites, increase in P300 effects at
midline, Losses Encountered · Electrode linear
contrast: F(1, 32) = 6.17, p = .02, g2 = .16, and
lateral–lateral sites, Losses Encountered · Electrode
linear contrast: F(1, 32) = 4.67, p = .04, g2 = .13. For
boys, this linear, anterior to posterior, increase as a
function of losses encountered on P300 effects was
not observed (all Losses Encountered · Electrode
interactions: ps > .05). Instead, for boys, fewer losses
encountered was associated with larger P300 effects
in the left (vs. right) hemisphere of the medial–
lateral sites, Losses Encountered · Sphere linear
contrast: F(1, 34) = 13.21, p = .001, g2 = .28. This
pattern was not observed for girls (p > .95). The
three-way Losses Encountered · Sex · Sphere inter-
action was statistically significant, F(1, 66) = 5.58,
p = .02, g2 = .08.

Most important, the scalp distribution of the
P300 effect also varied as a function of a child’s bias
for infrequent punishment. The Bias · Sex · Elec-
trode Site interaction was statistically significant at
the midline sites, linear contrast: F(1, 66) = 6.11,
p = .02, g2 = .09, medial–lateral linear contrast: F(1,
66) = 4.67, p = .03, g2 = .07, and lateral–lateral,
linear contrast: F(1, 66) = 8.05, p = .006, g2 = .11.
Specifically, for girls, the bias for infrequent-pun-
ishment doors was associated with a larger linear,
from anterior to posterior sites, increase of P300
effects at the midline sites, linear contrast: F(1,
32) = 8.10, p = .008, g2 = .20, and lateral–lateral
sites, linear contrast: F(1, 32) = 5.52, p = .03,
g2 = .15. In contrast, for boys, the bias for infre-
quent punishment did not interact with electrode
position to modulate P300 effects (all ps > .05).
Instead, for boys, a strong bias for infrequent-
punishment doors was associated with larger
P300 effects in the left (vs. right) hemisphere of
the medial–lateral sites, Bias · Sphere linear con-
trast: F(1, 34) = 12.91, p = .001, g2 = .28. No such
Bias · Sphere interaction was observed for girls,
p > .89; Bias · Sex · Sphere: F(1, 66) = 5.20, p = .03,
g2 = .07.

These results indicate that above and beyond
context-induced effects (i.e., differences in the num-
ber of losses encountered during the HDT), individ-
ual differences in children’s bias for infrequent- (vs.
frequent-) punishment doors was related to larger
P300 effects. This suggests that the sensitivity to
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losses (vs. gains) at an electrophysiological level
may predispose children to develop a behavioral
bias toward infrequent-punishment doors. More-
over, the scalp distribution of the P300 effect also
differed as a function of gender. Thus, even though
boys and girls may both show a bias toward infre-
quent-punishment doors, there are differences in
underlying neurophysiological responses to losses
versus rewards: Girls’ sensitivity to losses appears
to manifest itself as a larger anterior-to-posterior
increase in P300 effects, whereas boys’ sensitivity to
losses is related to larger left versus right lateraliza-
tion of P300 effects.

Learning about long-term consequences and P300
responses to feedback.. Do children who prefer advan-
tageous doors (C and D) over disadvantageous
doors (A and B) show magnified P300 responses to
feedback? We performed GLMs with learning
about long-term consequences (advantageous
choices minus disadvantageous choices; hereafter
referred to as learn) entered as a continuous
between-subjects factor. The Learn · Sex · Elec-
trode interaction at the lateral–lateral sites was sta-
tistically significant, linear contrast: F(1, 70) = 6.41,
p = .01, g2 = .08. For girls, learning about long-term
consequences was associated with a more
pronounced, linear anterior-to-posterior increase in
P300 effects at the lateral–lateral sites, Learn · Elec-
trode linear contrast: F(1, 34) = 6.97, p = .01,
g2 = .17. In contrast, for boys, no clear relation was
observed between learning about long-term conse-
quences and P300 effects, Learn · Electrode linear
contrast: F(1, 36) = 0.86, p = .36, g2 = .02.

Learning about long-term consequences was not
significantly correlated with a bias for infrequent-
punishment doors, r(74) = .11, p = .33. Nonetheless,
GLM analyses were repeated with a bias for infre-
quent punishment doors entered as an additional
continuous between-subjects factor. Overall, the
results did not change appreciably from those
reported earlier. Specifically, for girls, learning
about long-term consequences was associated with
a stronger linear increase (from anterior to poster-
ior) in the lateral–lateral sites, linear contrast: F(1,
32) = 3.16, p = .09, g2 = .09, and no relation was
observed for boys, F(1, 34) = 1.83, p = .19, g2 = .05;
Learn · Sex · Electrode quadratic contrast: F(1,
66) = 3.69, p = .06, g2 = .05.

Moreover, although overall P300 effects were
left (vs. right) lateralized (as discussed earlier),
this left-lateralization was most pronounced for
children who learned both dimensions in which
doors differed—that is, children who learned both
about long-term consequences and the frequency

of punishment associated with the doors. In
contrast, for children who did not learn either
dimension—that is, who did not appear to learn
about the long-term consequences and showed a
weak bias for infrequent-punishment doors—the
P300 effect was right-lateralized. The Learn · Bias
· Sphere interaction in the medial–lateral sites
was statistically significant, F(1, 66) = 8.25,
p = .005, g2 = .11.

To illustrate the relation between P300 effects
and children’s learning status on the HDT, two
independent raters classified each child into one of
five learning patterns. Initial agreement between
the two raters was high, v2(12, N = 74) = 140.30,
p < 10)23; Cramer’s V, a measure of effect
size = .80, with agreement on 56 of the 74 children.
Disagreements on the classification of the remain-
ing 18 children were resolved, and each child was
assigned to one of the following learning patterns.
Outcome learners (n = 22) showed a preference for
one or both of the advantageous doors, indicating
that they were sensitive to long-term gains.
Frequency learners (n = 12) showed a preference for
low-frequency punishment doors only and no
signs of learning about long-term outcomes associ-
ated with each door. Minimal learners (n = 8)
showed relatively little discrimination among their
door choices, with the exception that they strongly
avoided door A (high frequency, disadvantageous).
Myopics (n = 18) showed a preference for the
disadvantageous or low-frequency door. Finally,
nondiscriminators (n = 14) showed no clear pattern.
There were no significant differences between boys
and girls on learner status, v2(1, N = 74) = 3.51,
p = .48.

The topographical maps depicting the voltage
distribution of the mean P300 effect within the time
interval of 300–800 ms postoutcome onset for each
learner group are shown in Figure 5. Shaded areas
represent greater mean P300 amplitudes in
response to punishment than reward outcomes. As
depicted, outcome learners and frequency learners
showed the largest P300 effects, followed by
minimal learners, myopics, and lastly by nondis-
criminators.

Verbal ability and working memory in relation to
P300 responses to feedback.. We next examined rela-
tions between the measure of verbal ability (PPVT–
4) and P300 effects. Because gender did not interact
with PPVT–4 (all ps > .22), sex was dropped from
the GLM. Children who performed better on the
PPVT–4 had larger P300 effects, compared to chil-
dren who performed worse, at the midline, F(1,
68) = 7.15, p = .009, g2 = .10, and medial–lateral
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sites, F(1, 68) = 5.85, p = .02, g2 = .08. Furthermore,
there was a statistically significant PPVT–4 · Elec-
trode linear interaction at the medial–lateral sites,
F(1, 68) = 4.78, p = .03, g2 = .07, with the difference
being most pronounced in the prefrontal, frontal,
and central sites. Children’s working memory as
assessed by BDS was not significantly related to
P300 effects.

Anticipation Effects Preceding Outcome

Main effects. Next we examined whether there
was evidence of an SPN component in the period
between making a choice and awaiting the outcome.
As shown in the top panel of Figure 6, starting at
approximately 150 ms before the onset of the
outcome and continuing to 50 ms postoutcome
onset, ERP waveforms for high-punishment doors
were more negative-going than ERP waveforms for
low-punishment doors, F(1, 58) = 5.27, p = .025,
g2 = .08. This finding did not differ between the first
and second half, though overall amplitudes were
smaller in the second half than in the first half, main
effect of task half: F(1, 58) = 12.87, p < .001, g2 = .18.
There were no differences between boys and girls,
or interactions involving sex. Moreover, as shown in
Figure 6 (bottom panel), there was no difference in
ERP waveforms during this time period ()150 to
+50 ms outcome onset) between advantageous and
disadvantageous doors, nor was there a statistically
significant two-way Gain · Task Half interaction.
However, again, overall mean amplitude decreased

from the first to second half of the task, F(1,
58) = 16.72, p < .001, g2 = .22. There were no differ-
ences between boys and girls, or interactions
involving sex.

Individual differences in anticipation effects preceding
outcome. Are individual differences in ERP antici-
pation effects preoutcome related to behavioral per-
formance on the HDT? To address this question,
we computed a preoutcome anticipation of loss effect
for each half of the HDT by subtracting mean volt-
age during )150 ms preceding outcome onset to
+50 ms postoutcome onset for high-frequent-pun-
ishment doors from mean voltage for low-frequent-
punishment doors. Positive numbers, therefore,
indicate larger (i.e., more negative going) anticipa-
tion effects.

We first examined the relation between the
extent to which losses encountered over the course
of the HDT and anticipation of loss effects. On the
one hand, one might expect a positive correlation
between the number of losses encountered and the
magnitude of anticipation effects; for example, if
one encounters a higher number of losses, the asso-
ciation that certain doors are more likely to lead to
losses will be strengthened and lead to pronounced
anticipation effects. On the other hand, one could
argue for a negative correlation between losses
encountered and anticipation effects; to the extent
that some individuals are more sensitive to losses
and develop strong associations that certain doors
are more likely to lead to losses, it stands to reason
that larger anticipation effects should be related to

Figure 5. Topographical maps illustrating the scalp distribution of the mean P300 effect (amplitude for punishment outcomes minus
amplitude for reward outcomes) during the time interval of 300–800 ms postoutcome onset. Shaded red areas represent greater P300
amplitudes for punishment than reward outcomes.
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avoiding high-punishment doors, hence encounter-
ing fewer losses.

As shown in Table 2, individual differences in
preoutcome anticipation effects were related to
behavioral performance and P300 effects. Specifi-
cally, larger anticipation of loss effects in the second
half of the HDT were negatively related to losses
encountered. Moreover, larger anticipation of loss
effects in the second half were positively related to
children’s bias for infrequent-punishment doors,
learning about long-term gains, and larger P300
responses to punishment outcomes. The pattern of
results remained unchanged even after controlling
for the effect of losses encountered by computing
partial correlations, with one exception: bias for
infrequent-punishment doors and anticipation of
loss effect (second half) were no longer correlated,
partial r(57) = .04, p = .78.

Anticipation Effects Preceding Door Choice

Main effects. In adults and older adolescents,
physiological responses occurring prior to the
actual selection vary as a function of the risk of
long-term losses (e.g., Weller et al., 2007). Crone
and van der Molen (2007) found that 16- to 18-year-
olds showed larger SCL prior to the selection of
doors that could lead to a loss (frequent punish-
ment). Given that children in the present study
showed evidence of learning, we investigated
differences in waveforms prior to the onset of door
selection. Average voltage during the period of
)1,500 to +1,000 ms response onset was used as the
baseline (Luck, 2005).

Figure 6 shows the grand-average ERP at Cz as a
function of door punishment frequency (high vs.
low) and gain (advantageous vs. disadvantageous),

Figure 6. Outcome-locked event-related potential (ERP) waveforms assessing anticipation effects at Cz as a function of door type and
task half. Top panel shows ERP waveforms for frequent- versus infrequent-punishment doors for the first half (left) and second half of
trials (right). Bottom panel shows ERP waveforms for advantageous versus disadvantageous punishment doors for the first half (left)
and second half of trials (right). In all four figures, the vertical line labeled 0 ms marks the onset of the outcome. The vertical line
labeled )500 ms marks the time when children indicated their door choice using a key press.
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collapsing across outcome, for the first and second
half of trials. These analyses included 60 children
(32 boys, 28 girls) who had at least 10 trials with
relatively artifact-free EEG for each half and for
each condition. As shown in the top panel, there
was evidence that )150 ms prior to the actual door
selection and continuing to +50 ms post door selec-
tion, ERP waveforms for high-punishment doors
were more negative-going than ERP waveforms for
low-punishment doors, F(1, 58) = 10.71, p < .002,
g2 = .16. There were no other significant interac-
tions involving the frequency of punishments, or
main effects and interactions involving task half or
sex.

Moreover, )300 to )150 ms prior to door selec-
tion, ERP waveforms for disadvantageous door
selections were more negative-going than ERP
waveforms for advantageous doors, F(1, 58) = 6.33,
p < .02, g2 = .10 (Figure 6, bottom panel). There was
a main effect of task half, F(1, 58) = 12.89, p < .001,
g2 = .18, and a Task Half · Sex interaction, F(1,
58) = 7.98, p < .006, g2 = .12, such that there was a
greater effect of task half for girls than for boys.
There were no other significant main effects or inter-
actions. Thus, children appear to be showing an
anticipation effect for doors that are associated with
losses and are generally disadvantageous.

Individual differences in anticipation effects preceding
door choice. Are individual differences in ERP antic-
ipation effects preresponse related to behavioral
performance on the HDT? We computed, for each

half of the HDT separately, a preresponse anticipation
of short-term loss effect and a preresponse anticipation
of long-term loss effect. The preresponse anticipation
of short-term loss effect was computed by subtract-
ing the mean voltage during the )150 ms preceding
door choice to +50 ms following door choice for
high-frequent-punishment doors from the mean
voltage for low-frequent-punishment doors. The
preresponse anticipation of long-term loss effect
was computed by subtracting the mean voltage
during the )300 to )150 ms interval preceding the
door choice for disadvantageous doors from the
mean voltage for advantageous doors. Positive
numbers, therefore, indicate larger (i.e., more nega-
tive going) anticipation effects.

Preresponse anticipation of long-term loss effects
recorded in the second half of the HDT (i.e., distin-
guishing between advantageous and disadvanta-
geous doors) were correlated with the learning
index, r(60) = .29, p < .02, such that those children
who showed a preference for the advantageous
doors showed larger preresponse anticipation of
long-term loss effects. There were no other statisti-
cally significant correlations. Moreover, unlike pre-
outcome anticipation, preresponse anticipation of
short-term loss effects was not correlated with any
behavioral measure.

Discussion

Individual differences in affective decision making
have long-lasting influences on children’s social
adjustment (Boyer, 2006). Understanding the neural
underpinnings of this aspect of executive function
may shed light on the mechanisms that guide opti-
mal decision making. The present study utilized
ERPs to examine the electrophysiological correlates
of children’s performance on a four-choice gam-
bling task in which they made affective decisions
leading to rewards and losses.

Behavioral Findings: Learning About Long-Term
Outcomes and Frequency of Punishments

Similar to previous studies (Crone & van der
Molen, 2004, 2007; Crone et al., 2005; Huizenga
et al., 2007), children had difficulty in making
advantageous decisions. However, in comparison
with the relative absence of learning about long-
term outcomes observed among children ages 6–12
across 100 trials (Crone & van der Molen, 2007) or
200 trials (Huizenga et al., 2007), the 8-year-old par-
ticipants in the present study did improve across

Table 2

Zero-Order Correlations (Partial Correlations Controlling for Losses

Encountered in Parentheses) Between Anticipation of Loss Effects Pre-

ceding Outcome and Individual Difference Characteristics (Hungry

Donkey Task Performance, PPVT–4, BDS)

Anticipation of loss effect

First half Second half

Lossa .14 (—) ).37** (—)

Biasa ).12 (.19) .37** (.04)

Learna .15 (.15) .38** (.40**)

P300 effecta .32* (.38**) .34** (.26*)

PPVT–4b .06 (.06) .17 (.11)

BDSc ).12 ().10) ).09 ().18)

Note. Losses encountered = percentage of loss trials encountered
during the Hungry Donkey Task; bias = bias for infrequent-
punishment doors (B + D ) A ) C); learn = preference for doors
associated with long-term gains (C + D ) A + B); P300
effect = mean P300 amplitude for punishment outcomes minus
mean P300 amplitude for reward outcomes; PPVT–4 = Peabody
Picture Vocabulary Test; BDS = backward digit span.
aN = 60. bN = 57. cN = 56.
*p < .05. **p < .01.
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280 trials. The learning slope was significant, and
the advantageous versus disadvantageous compari-
son was most apparent in the final block. Thus, it
appears that learning to select advantageous doors
and optimize long-term rewards occurs at a youn-
ger age than previously found. That is, when given
more experience with the task, learning about long-
term outcomes is within the capability of 8-year-old
children. In this respect, it is consistent with the
studies of simplified tasks in which preschoolers
improved from age 3 to 4 years in maximizing
long-term rewards (Carlson et al., 2005; Garon &
Moore, 2007; Kerr & Zelazo, 2004; Prencipe &
Zelazo, 2005). In those studies, however, it is
important to note that the frequency of punishment
did not vary, and so it might have been easier for
children to focus on long-term gains (see also
Bunch, Andrews, & Halfrod, 2007).

Despite improvement over trials on the advanta-
geous–disadvantageous scores, children’s choices
were heavily influenced by information about the
frequency of punishments: they strongly preferred
the infrequent-punishment doors, even though one
of these doors (B) led to long-term losses (see also
Overman, 2004). Thus, the present studies do not
support the notion that children suffer from a
severe ‘‘myopia of the future’’ pattern seen in adult
VMPFC patients, who sample most often from the
two disadvantageous doors because of their larger
up-front rewards. Instead, consistent with Huiz-
enga et al. (2007), children at this age focused pri-
marily on the frequency of losses, possibly
believing that, if they continue to avoid punish-
ments (regardless of their size), they will optimize
the rewards. With maturation, adolescents begin to
integrate information about the long-term conse-
quences with information about the frequency of
punishment. This bias away from high frequency of
punishment choices, however, is still found in
healthy adults (Huizenga et al., 2007).

ERP Findings: Neurophysiological Responses to
Outcomes and Anticipation Effects

Traditionally, the P300 is viewed as being sensi-
tive to events that are novel, performance-relevant,
and ⁄ or unexpected (see Nieuwenhuis et al., 2005;
Polich, 2007). Based on the ERP literature, we pre-
dicted a P300 effect in the HDT in response to out-
comes, such that punishment feedback would elicit
greater P300 amplitudes compared to reward feed-
back. This was indeed the case: The P300 ERP
amplitude was significantly larger for punishment
versus reward outcomes, and this P300 effect had

an extensive scalp distribution. This finding was
qualified, however, by gender and individual dif-
ferences in task behavior, as well as verbal ability,
discussed later.

These ERP results are consistent with the con-
text-updating and inhibition hypothesis of the
P300, namely, that it reflects the inhibition of extra-
neous processing so that the incoming stimulus can
be discriminated and its mental representation
updated. This would be especially relevant for a
negative stimulus (Polich, 2007). In these respects,
the findings are largely consistent with the fMRI
study by van Leijenhorst et al. (2006), who reported
that children showed stronger activation of OFC in
response to negative feedback compared to positive
feedback on a two-choice gambling task. It has been
suggested that a P300 to negative feedback is a
response to the internal detection of an error (e.g.,
Davies, Segalowitz, & Gavin, 2004). In this case, the
‘‘error’’ is the negative stimulus itself eliciting an
amplified P300. Thus, the P300 effect may reflect
the processing or potentiation of affective informa-
tion that can be used to modify future behavior,
that is, to learn how to avoid punishments and
maximize rewards (e.g., Groen et al., 2007;
Nieuwenhuis et al., 2005). Consistent with this pro-
posal, in our study, magnitude of the P300 effect
was related to a bias for avoiding high frequency of
punishment doors and learning of long-term out-
comes.

Furthermore, although somewhat unexpected in
this age group, children showed anticipatory ERP
effects in the gambling task. In the second half of
the task, a negative-going waveform immediately
preceding responses was stronger when children
approached frequent than infrequent-punishment
doors, and when they approached disadvantageous
than advantageous doors. There was also evidence
of preoutcome anticipation effects (i.e., greater neg-
ative-going waveform for frequent vs. infrequent-
punishment doors), resembling an SPN component
believed to stem from the activation of insula and
to reflect performance monitoring in affective–moti-
vational contexts (see Böcker et al., 2001; Groen
et al., 2007). Previous studies of autonomic mea-
sures such as anticipatory skin conductance on the
HDT (Crone & van der Molen, 2007) suggested that
anticipatory effects would be unexpected in chil-
dren under 10 years of age.

Gender Differences in P300 Responses to Feedback

There are consistent sex differences reported for
gambling tasks where, in general, males make more

Decision Making 1091



advantageous choices than females, particularly on
the later trials (Crone et al., 2005; Crone & van der
Molen, 2007; Kerr & Zelazo, 2004; Overman, 2004;
but see Garon & Moore, 2004). In our extended ver-
sion of the HDT with more trials than previous
studies, and with many more participants in the
8- to 9-year age range, we found no significant
gender differences in task performance. In contrast,
the P300 effect (i.e., P300 amplitude for punishment
minus P300 amplitude for rewards) was signifi-
cantly more pronounced in girls than boys. The
gender difference was further shown to be specific
to punishment outcomes. This finding is consistent
with previous reports that female participants were
more averse to frequent losses than were males,
although only in the oldest (adolescent) participants
(Crone & van der Molen, 2007; Overman, 2004).
Speculatively, the results suggest that neurophysio-
logical responses (greater P300 in response to pun-
ishment) in middle childhood precede and
predispose overt behavioral bias for infrequent
punishments in adolescence. If so, this suggests that
investigation of the neural underpinnings of affec-
tive decision making might provide a ‘‘preview’’ of
behavioral changes to come. Nevertheless, for
unknown reasons, we failed to replicate the typical
finding of males outperforming females on a gam-
bling task, even when we examined only the first
half of the trials, ruling out that boys started out
better but girls caught up.

Individual Differences

The main impetus of this study was to determine
whether individual differences in children’s affec-
tive decision making could be detected at the neu-
ral level. We found evidence that P300 effects were
related to both types of learning on the gambling
task (i.e., infrequent vs. frequent punishment dis-
crimination and advantageous vs. disadvantageous
discrimination). Specifically, learning the long-term
outcomes interacted with learning about the fre-
quency of punishment. That is, although overall
P300 effects were left (vs. right) lateralized, this
left-lateralization was most pronounced for chil-
dren who learned both the long-term consequences
and the frequency of punishment associated with
the doors. In contrast, for children who did not
learn either dimension, the P300 effect was less pro-
nounced and right-lateralized.

The association between bias for infrequent-pun-
ishment doors and P300 effects also was moderated
by gender. Specifically, compared to those with a
weak bias, girls with a strong bias for infrequent

punishment choices showed larger anterior to pos-
terior linear increase in P300 effects at the midline
and lateral sites. In boys, bias for infrequent-pun-
ishment doors was associated with larger P300
effects in the left versus right hemisphere of the
medial–lateral sites. In addition, for girls, larger
P300 effects were related to learning of long-term
consequences in the lateral–lateral sites, whereas
this was not the case for boys. These differences in
scalp-recorded ERPs as a function of gender and
learning may reflect variations in the underlying
neural sources involved in performing the HDT
(Rugg & Coles, 1995).

A few points about individual differences are
worth noting. First, could the differences in P300
effect be caused by contextual factors of the HDT
(i.e., encountering fewer punishment outcomes),
rather than child characteristics, such as sensitivity
to loss? We found that contextual effects, namely,
the actual number of loss outcomes, were in fact
inversely related to larger P300 effects. However,
when this was statistically controlled, the results
involving individual differences in children’s bias
to avoid punishment remained relatively un-
changed. These results are consistent with the
notion of stable, trait-like individual differences in
P300 amplitude. Polich (2007) noted that low P300
is a risk factor for disorders of inhibitory control
(e.g., schizophrenia, externalizing disorders, alco-
holism, and substance abuse). Hence, we speculate
that lower sensitivity to punishment information,
detectable at the neural level, may predispose chil-
dren to make more risky decisions.

An alternative interpretation is that, around this
age of 8 years, showing stronger sensitivity to the
frequency of punishment dimension would also
indicate a more mature pattern of responding in
the stages identified by Huizenga et al. (2007):
Younger or less advanced children tend to show
only a slight frequency bias, which becomes stron-
ger with age, and eventually children synthesize
the frequency information with long-term conse-
quences. Therefore, individual differences in P300
effects in the present study might indicate different
developmental timetables of affective decision mak-
ing, rather than different trajectories.

Finally, we also examined individual differences
in anticipatory effects. Children who showed larger
anticipation effects in the moments prior to seeing
the outcome of their choice (SPN), particularly in
the second half of the HDT, also had significantly
larger P300 effects and greater sensitivity to fre-
quency of losses and long-term outcomes (i.e.,
learning), even after controlling for the fact that
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they encountered fewer loss trials than other chil-
dren. This result is consistent with Samanez-Larkin
et al.’s (2008) report that adult individual differ-
ences in insular activation (implicated in generating
the SPN) during loss anticipation predicted avoid-
ance learning in a gambling task. As well, there
was evidence of anticipatory effects of long-term
losses prior to selecting the disadvantageous (vs.
advantageous) doors in the second half of the HDT,
and anticipatory effects of short-term losses prior to
selecting frequent- (vs. infrequent-) punishment
doors. The magnitude of the anticipation of long-
term loss effect was correlated with the learning
index, reflecting that children who eventually
acquired a preference for the advantageous doors
also showed larger preresponse anticipation of
losses. Preresponse anticipation of short-term
losses, however, was not related to behavioral per-
formance.

Together, these findings suggest that individual
differences in both feedback (P300) and anticipation
effects at age 8 may serve as neurophysiological
indices of children’s trait-based or developmental
level of affective decision-making skills, or both.

Limitations and Future Directions

The present research utilized low-density ERP (21
channels) to investigate the neural underpinnings of
affective decision making and individual differences
in this ability. In the process, we identified several
interactions involving electrode location, reflecting
differences in scalp distribution (e.g., as a function
of gender). These differences at the scalp level may
reflect differences in the neural generators involved
in the task and the strength of their activations.
Future research utilizing high-density EEG–ERP,
which is more suitable for source localization proce-
dures, could point to the likely neural generators of
the P300, anticipation effects prior to door selection,
and outcome selection (SPN) involved in the HDT.
Similarly, wavelet analyses may provide informa-
tion about how EEG rhythms in specific frequency
ranges (e.g., alpha, delta, and theta band spectral
power) are functionally related to processing of
outcomes and affective decision making. Theta and
alpha frequencies, for example, have been linked to
neuroelectric inhibition (e.g., meditation effects;
Cahn & Polich, 2006) and so might be related to the
development of executive function in contexts that
are motivationally significant but would benefit
from some detachment (i.e., focusing on abstract
‘‘cool’’ features of affective or ‘‘hot’’ situations; cf.
Carlson et al., 2005; Metcalfe & Mischel, 1999).

Future studies would benefit from the inclusion
of ERP recordings in older children and adolescents
on this complex task to complement fMRI (van Lei-
jenhorst et al., 2006), as well as younger children
using the two-choice Children’s Gambling Task
(Kerr & Zelazo, 2004). In the present study, chil-
dren were all around 8 years old, allowing exten-
sive analyses of individual differences. However,
testing age-related changes in ERP components
associated with the gambling task would require a
larger age range.

Some tests required a greater sample size than
the 74 participants in this study. Specifically, we
uncovered patterns in behavioral data (learner
groups) that have face validity and appear to have
neural correlates in the P300 component (Figure 5),
but were unable to conduct statistical tests due to
insufficient numbers of participants with all the
necessary factors (e.g., there were only 5 boys and 3
girls in the minimal learner group). Future studies
in which participants are prescreened for learner
status would permit more direct comparisons of
ERP correlates.

Another potential limitation is that the measure
of affective decision making used (HDT) might not
have been quite as ‘‘hot’’ as the standard IGT, in
that participants were instructed to make choices
for the donkey rather than themselves. The reward
for children (selecting a toy from the prize box)
was postponed to the end of the game. Previous
research has shown that temporal and symbolic
distancing aid in self-control (e.g., Carlson et al.,
2005; Mischel & Baker, 1975) and that preschool
children make advantageous choices for someone
else before they do so for themselves (Prencipe &
Zelazo, 2005). Nonetheless, children in the present
study were old enough to understand the connec-
tion between their performance on the task and the
tangible rewards, and the overall learning pattern
suggests they were highly motivated to win apples
for the donkey.

Finally, the design of the standard HDT allows
participants themselves to decide what stimulus
they will encounter (or rather, are likely to encoun-
ter based on the door properties) on each trial.
Although it was possible to statistically control for
differences in the types of outcomes encountered,
future research that is able to present the same
outcomes to all children would be beneficial. It
might, for example, allow us to systematically and
experimentally distinguish endogenous factors
associated with the processing of punishments and
rewards, from exogenous factors associated with
the actual frequency with which punishments were
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encountered. Further research will be important
for understanding the role of both bottom-up and
top-down control processes guiding development
and individual differences in affective decision
making.

This study suggests that ERP is a sensitive tech-
nique for detecting the anticipation of risk and sen-
sitivity to negative outcomes associated with poor
choices in younger children than previous research
had shown. These findings also highlight the dis-
tinct advantage of temporal resolution of EEG–ERP
recordings for elucidating the processing of affec-
tive and motivational stimuli as they unfold
throughout the affective decision-making process.
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