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Abstract

The primary aim of this study was to compare the neural substrates of decision-making in middle-aged children and adults. To this end, we
collected fMRI data while 9—12-year-olds and 18-26-year-olds performed a simple gambling task. The task was designed to tap two important
aspects of decision-making: risk estimation and feedback processing. We examined how orbitofrontal cortex (OFC), anterior cingulate cortex
(ACC), and dorsolateral prefrontal cortex (DLPFC) contributed to risk estimation, and how ventrolateral and medial prefrontal cortices (VLPFC
and medial PFC) contributed to negative feedback processing in children and adults. Region of interest analyses revealed differences in brain
activation between children and adults for ACC and lateral OFC. ACC was recruited more for high-risk than for low-risk trials, and this difference
was larger for children than for adults. In contrast, children and adults did not differ in activation for OFC or DLPFC. These data suggest that
children’s decision-making under uncertainty is associated with a high degree of response conflict. Both age groups exhibited bilateral VLPFC
(BA 47) and medial PFC/ACC (BA 6/ BA 32 (dorsal) and 24 (ventral)) activation associated with negative feedback processing. Relative to adults,
children engaged lateral OFC more strongly for negative relative to positive feedback. These results indicate that children may find negative
feedback more aversive than adults do. In summary, children aged 9-12 years and adults recruit similar brain regions during risk-estimation
and feedback processing, but some key differences between the groups provide insight into the factors contributing to developmental changes in

decision-making.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Decision-making, which involves the ability to choose
between competing actions that are associated with uncertain
benefits and penalties, is a key component of human cognition
and behavior. Throughout childhood, we learn and develop the
ability to make choices that are beneficial in the long run. The
ability to make decisions that require the delay of gratification
to receive a larger reward in the future begins to emerge dur-
ing the pre-school period (Mischel, Shoda, & Rodriguez, 1989).
Interestingly, the ability to delay gratification at age four was
found to be predictive of socially competent behavior in adoles-
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cence (Mischel etal., 1989). Even though 4-year-olds can choose
delayed over immediate rewards (e.g., Prencipe & Zelazo, 2005;
Thompson, Barresi, & Moore, 1997), children show difficul-
ties with delay of gratification that may persist into adolescence
on tasks in which one must make a decision between imme-
diate and future reward (e.g., Crone & Van der Molen, 2004;
Hooper, Luciana, Conklin, & Yarger, 2004; Overman, 2004).
Thus, the ability to make advantageous decisions under condi-
tions of uncertainty does not fully develop until early adulthood.

The mechanisms underlying developmental changes in
decision-making are not well understood. The interpretation
of behavioral findings is difficult because of the complexity
of many decision-making tasks. For example, most decision-
making tasks not only require an estimation of risk (Critchley,
Mathias, & Dolan, 2001), but also require participants to pro-
cess performance feedback (O’Dobherty, Critchley, Deichmann,
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& Dolan, 2003), and keep an appropriate strategy on-line
(Barraclough, Conroy, & Lee, 2004). Developmental changes
have been observed in all of these functions, namely risk esti-
mation, feedback monitoring, and strategy (or task-set) main-
tenance. Behavioral data indicate that children and adolescents
make more disadvantageous decisions, suggesting that they are
prone to risk-taking (Crone et al., 2003; Overman, 2004). Addi-
tionally, when it is necessary to learn from external feedback,
young children are more likely than older children to perseverate
in their behavior, which suggests that they may also be less able
to use the informative value of performance feedback than older
children and adults in order to change their behavior (Kirkham &
Diamond, 2003). Finally, a large body of evidence indicates that
there are developmental improvements in the ability to keep rel-
evant information online (e.g., Barcelo, 1999; Barcelo & Knight,
2002; Casey, Giedd, & Thomas, 2000; Diamond, 2002; Thomas
et al., 1999). Thus, to learn more about the factors contributing
to developmental changes in decision-making, it is necessary
to examine how separable cognitive functions contribute to the
complex process of decision-making.

Our understanding of the processes underlying decision-
making in adults has benefited from investigations of its neural
underpinnings. Brainimaging techniques are especially valuable
when overt behavior is difficult to interpret, because different
underlying mechanisms may contribute to observed differences
in behavior (see Casey, Davidson, & Rosen, 2002; Van der
Molen & Molenaar, 1994). Neuroimaging studies in healthy
adults and neuropsychological studies in patients with real-life
decision-making problems have shown that two key components
of decision-making — risk estimation and processing perfor-
mance feedback — are subserved by different regions within the
prefrontal cortex (PFC) (e.g., Bechara, Damasio, Damasio, &
Anderson, 1994; Breiter, Aharon, Kahneman, Dale, & Shizgal,
2001; Cohen, Heller, & Ranganath, 2005; Ernst et al., 2005;
Knutson, Adams, Fong, & Hommer, 2001; Rolls, 2000). More
specifically, these studies show that orbitofrontal cortex (OFC)
and anterior cingulate cortex (ACC) are important for risk antic-
ipation, whereas ventrolateral PFC (VLPFC) is engaged when
participants receive negative performance feedback.

In several patient studies, Bechara et al. (1994), Bechara,
Tranel, Damasio, and Damasio (1996); Bechara, Damasio,
Tranel, and Damasio (1997), and Bechara, Tranel, and Damasio
(2000) have shown that patients with OFC damage make disad-
vantageous choices on the lTowa Gambling Task. The lowa Gam-
bling Task mimics real-life decision-making, in that it features
immediate and future rewards and punishments. These studies
showed that healthy control participants learned to make advan-
tageous choices over the course of the task, favoring larger gains
in the future over smaller but more immediate gains, whereas
OFC patients selected only those options that result in immediate
reward. These findings have been taken as evidence that OFC
subserves risk estimation by generating autonomic responses,
but that it does not subserve feedback processing. More recent
studies have suggested a somewhat different account of OFC
function, by showing that OFC patients make disadvantageous
choices on the Iowa Gambling Task only when reversal learning
is required, i.e., when they must learn to adjust their responses

after the reinforcement values of stimuli have been reversed
(Fellows & Farah, 2003, 2005; Maia & McClelland, 2004,
2005; Rolls, 1999). Both accounts, however, suggest that OFC is
important for learning to make decisions by weighing possible
outcomes (risk estimation).

A number of imaging studies have implicated OFC in
decision-making under conditions of uncertainty (Ursu & Carter,
2005). Some studies suggest that OFC is important for risk esti-
mation (Cohen et al., 2005; Ursu & Carter, 2005). Additionally,
some studies suggest that OFC is responsible for processing neg-
ative performance outcomes (Elliott, Friston, & Dolan, 2000;
Kahn et al., 2002; Rogers et al., 1999). However, the anterior,
ventral portion of VLPFC (BA 47), which is sometimes con-
sidered to be part of lateral OFC, is more consistently reported
as being related to receiving punishment feedback (O’Doherty,
Kringelbach, Rolls, Hornak & Andrews, 2001; O’Doherty,
Critchley, Deichmann, Dolan, 2003; Rogers et al., 2004).

In addition to OFC, several other regions, including anterior
cingulate cortex and midbrain regions (in particular, the nucleus
accumbens and ventral striatum), are reported as being impor-
tant for uncertain decision-making (Paulus, Hozack, Frank, &
Braun, 2002; Rodriguez, Aron, & Poldrach, 2005; Rogers et al.,
2004; Volz Schubotz, & Von Cramon, 2003). ACC is associ-
ated with the detection of response conflict and the monitoring
of performance (Carter et al., 1998; Ernst et al., 2004; Gehring
& Knight, 2000; Holroyd, Nieuwenhuis, Mars, & Coles, 2004;
O’Doherty et al., 2001; Van Veen & Carter, 2002). Midbrain
regions are thought to be associated with the prediction of errors
(Rodriguez et al., 2005) or responsive to the magnitude of reward
(Galvan et al., 2005).

Adaptive decision-making requires not only emotional eval-
uation, but also the weighing of positive and negative con-
sequences of several potential actions. Therefore, it is not
surprising that dorsolateral PFC (DLPFC), a region associ-
ated with response selection (e.g., Bunge, Hazeltine, Scanlon,
Rosen, & Gabrieli, 2002; Critchley et al., 2001; McClure,
Laibson, Loewenstein, & Cohen, 2004; Rowe, Toni, Josephs,
Frackowiack, & Passingham, 2000), and working memory
requirements of decision-making tasks (Bechara, Tranel &
Damasio, 1998; Fellows & Farah, 2005; Manes et al., 2002),
is active when subjects make rational decisions, such as when
they decide to wait for future rewards (Fellows & Farah, 2005;
McClure et al., 2004). The framework provided by these studies
in adults allows us to investigate specific hypotheses regarding
developmental changes in decision-making.

Recent advances in developmental neuroimaging have made
it possible to relate changes in prefrontal activity to the develop-
ment of cognitive functions. fMRI studies of cognitive control
have reported activation in similar brain regions for middle-aged
children and adults (e.g., Bunge, Dudukovic, Thomason, Vaidya,
& Gabrieli, 2002; Casey et al., 1995, 2000, 2002; Klingberg,
Forssberg, & Wessterberg, 2002). Interestingly, even though
children show activity in similar regions, the pattern of acti-
vation often differs between children and adults, suggesting that
the development of cognitive functions is related to a refine-
ment in the organization or efficiency in the recruitment of the
prefrontal cortex (Casey et al., 2002). Relative to cognitive con-
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trol, decision-making has received considerably less attention
in the developmental neuroimaging literature (see Happeney,
Zelazo, & Stuss, 2004). To date, only three studies have exam-
ined decision-making in adolescents and adults (Bjork et al.,
2004; Ernst et al., 2005; May et al., 2004), and no fMRI studies
have yet examined decision-making in children under the age of
12 years.

The present study compares the neural substrates of decision-
making in 9-12-year-olds and young adults, using a children’s
gambling task designed to tap two important aspects of decision-
making: risk estimation and feedback processing. Because the
current fMRI study is the first to investigate decision-making
in children, we have chosen to adapt for children a paradigm
designed by Critchley et al. (2001) for use in adults. The cake
task allows us to examine developmental differences in sub-
components of decision-making, including risk estimation and
feedback processing. The stimuli in this task resemble “wheels
of fortune” that have been used in the adult neuroimaging liter-
ature (e.g., see Breiter et al., 2001; Ernst et al., 2004).

In our child-friendly task, the stimuli represent cakes that
are part chocolate-flavored and part strawberry-flavored. Partic-
ipants are asked to look at a given cake stimulus, and decide
whether a piece of chocolate or strawberry cake is most likely
to be randomly selected by a computer. The proportion of
chocolate/strawberry pieces differs between cakes, resulting in
low-risk decisions (for example, one chocolate piece and eight
strawberry pieces) and high-risk decisions (for example, four
chocolate pieces and five strawberry pieces). Performance feed-
back, indicating gain or loss, follows each decision.

This study focused on the contributions of OFC, ACC,
DLPFC, and the midbrain to risk estimation in children and
adults, as well as the contributions of VLPFC and medial PFC to
feedback processing. Such a region-of-interest (ROI) approach
allowed us to examine changes across development in the rela-
tive contribution of these regions to decision-making. Addition-
ally, we examined the extent to which children and adults rely
on the same or different brain regions during risk estimation and
feedback processing. We focused primarily on negative feed-
back, because of its importance in updating behavior, but exam-
ined the neural correlates of positive > negative feedback as well.

We had two predictions about the development of decision-
making. The first prediction was that children have difficulty
anticipating risks because the network relying on prefrontal cor-
tex (DLPFC and OFC) and its connections with ACC is not
fully developed yet. Such a finding would be consistent with
the literature showing that children do not experience warning
signals in gambling tasks in a similar way as adults do (e.g.,
Hooper et al., 2004; Steinberg, 2005). We expected that adults
would engage OFC and ACC (e.g., Cohen et al., 2005) as well
as DLPFC (McClure et al., 2004) more for high-risk than low-
risk decisions. If children exhibit immature risk estimation, we
would expect them to exhibit less activation of OFC (associated
with affective judgements) and more ACC activation (associated
with detection of response conflict), compared to adults. How-
ever, if children differ from adults in the way they make rational
judgements, we would expect to see less DLPFC (control) and
more ACC (conflict) activation.

The second prediction was that children would differ from
adults with respect to the impact of negative and positive feed-
back on their behavior. We expected that if children were to
differ from adults in feedback processing, negative feedback
would result in a different pattern of neural activity for children
than for adults. This finding would be consistent with the litera-
ture showing that children fail to process negative feedback (e.g.,
Kirkham & Diamond, 2003) or process this feedback less effi-
ciently (Crone & Van der Molen, 2004). We expected that adults
would engage OFC (Breiter et al., 2001), VLPFC (in particular
BA 47), and medial PFC when processing negative versus posi-
tive feedback (e.g., Holroyd et al., 2004; O’ Doherty et al., 2003).
If children experience the negative outcomes of their decisions
differently from adults, we would expect to find a different pat-
tern of OFC, VLPFC, and medial PFC activation related to loss
or punishment feedback in children compared to adults.

2. Materials and methods
2.1. Participants

Twenty-six paid volunteers participated in the study. These participants con-
sisted of 14 right-handed, healthy young adults (9 females; ages 18-26 year;
mean age=21.5 year, S.D.=2.2) from the University of Davis and 12 right-
handed, healthy children (7 females; ages 9—12 year; mean age=11.3 year,
S.D.=0.9). The primary caregiver of each child gave informed consent. Par-
ticipants’ consent was obtained according to the declaration of Helsinki (BMJ
1991; 302: 1194), and the study was approved by the Internal Review Board at
the University of California at Davis.

2.2. Task

Participants learned to perform the cake task prior to scanning. Each trial
started with a 500 ms fixation cross, followed by a stimulus that was presented
for 3500 ms, followed by a feedback stimulus that was presented for 2000 ms
(see Fig. 1). The stimulus consisted of a round cake presented at the center of the
screen, made up of nine wedges, each of which were either said to be chocolate-
flavored (brown wedges) or strawberry-flavored (pink wedges), followed after
2000 ms by the presentation of a question mark and a piece of strawberry and
chocolate cake at the foot of the cake (Fig. 1). At this point, participants were
instructed to indicate by a left or right button press which flavor — strawberry or
chocolate — the computer would be most likely to select, given the fact that its
choice was random. To ensure that the youngest participants would understand
this instruction, all participants were told to think of the computer as someone
who picks a piece of cake with their eyes closed. The proportion of straw-
berry/chocolate wedges varied across stimuli, resulting in low-risk decisions
(cakes composed of nine pieces, of which one or two pieces had contrasting fla-
vor) and high-risk decisions (cakes composed of nine pieces, of which three or
four pieces had a contrasting flavor) (see Critchley et al., 2001). Participants used
the middle and index fingers of their left hand to respond. The valence of the feed-
back participants received always was the consequence of the combination of the
computer’s random choice for either strawberry or chocolate and the subject’s
decision. If these two matched, subjects received positive feedback (gained one
point), if they did not match, subjects received negative feedback (lost one point).

2.3. Data acquisition

Over the course of three event-related scans, participants performed a total of
162 experimental trials, in which high-risk and low-risk trials were intermixed.
The visual stimuli were projected onto a screen that participants could see via a
mirror attached to the head coil. During each scan, subjects performed 27 trials
for each risk condition (54 trials total). Across the two scans, there were equal
numbers of trials of each type requiring left-button and right-button responses.
The order of trial types within each scan was determined with an algorithm
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Fig. 1. Task example of a low-risk trial. Participants viewed the cue for 2000 ms, followed by the cue and target. Participants had 1500 ms to give a response, after
which gain or loss feedback was presented for 2000 ms, along with the choice of the computer. Gain was indicated by +1 and loss was indicated by —1.

designed to maximize the efficiency of recovery of the BOLD response (Dale,
1999). For each condition, the order in which the stimuli were presented was
pre-randomized and was the same for all participants. Periods of fixation last-
ing between 2 and 8, jittered in increments of 2s, were interleaved with the
experimental trials, as determined by the optimization program.

Scanning was performed with a standard whole-head coil on a 1.5 Tesla GE
scanner at the UCD Imaging Research Center. Functional data were acquired
using a gradient-echo echo-planar pulse sequence (TR=2s, TE=40ms, 24
oblique slices, 3.44 mm x 3.44 mm x 5 mm, 0 mm inter-slice gap, 240 volumes
per run). The first four volumes of each scan were discarded to allow for
T1-equilibration effects. High-resolution T1 weighed anatomical images were
collected. Head motion was restricted using a pillow and foam inserts that sur-
rounded the head. All children were trained in a mock scanner at the UCD
Imaging Research Center prior to the actual scan.

2.4. fMRI data analysis

Data were pre-processed using SPM2 (Wellcome Department of Cognitive
Neurology, London). Images were corrected for differences in timing of slice
acquisition, followed by rigid body motion correction. Structural and functional
volumes were spatially normalized to T1 and EPI templates, respectively. The
normalization algorithm used a 12-parameter affine transformation together with
a nonlinear transformation involving cosine basis functions, and resampled the
volumes to 3 mm cubic voxels. Templates were based on the MNI305 stereo-
taxic space (Cosoco, Kollokian, Kwan, & Evans, 1997), an approximation of
Talairach space (Talairach & Tourneaux, 1988). Functional volumes were spa-
tially smoothed with an 8 mm FWHM isotropic Gaussian kernel.

Statistical analyses were performed on individual subjects’ data using the
general linear model in SPM2. The fMRI time series data were modeled by a
series of events convolved with a canonical hemodynamic response function.
The cue and feedback portions of each trial were modeled as single events in
two separate models: one event-related design time-locked with the cue presen-
tation, and one event-related model time-locked with feedback presentation.
Both designs included four conditions: high-risk positive feedback, high-risk
negative feedback, low-risk positive feedback, and low-risk negative feedback
trials. Error trials, defined as those trials where the participant did not make
the choice that was most likely to result in gain, were modeled separately and
were excluded from the fMRI analyses. The correct trial functions were used
as covariates in a general linear model, along with a set of cosine functions that
high-pass filtered the data, and a covariate for session effects. The least-squared
parameter estimates of height of the best-fitting canonical HRF for each condi-
tion were used in pair-wise contrasts. The resulting contrast images, computed
on a subject-by-subject basis, were submitted to group analyses. At the group
level, contrasts between conditions were computed by performing one-tailed
t-tests on these images, treating subjects as a random effect. Task-related
responses were considered significant if they consisted of at least five contiguous
voxels that exceeded an uncorrected threshold of p<.001, unless reported
otherwise.

We employed a fast event-related design in the interest of keeping the study as
short as possible for the children. As such, it is likely that risk estimation effects
were confounded by feedback effects and vice versa. Additionally, a conse-
quence of the way participants tend to perform the task is that negative feedback
occurs more often following high-risk than following low-risk choices, and vice
versa for positive feedback. Consequently, any effect of negative feedback could
be influenced by the uncertainty associated with high-risk trials. For these rea-
sons, our analyses were performed on a selection of trials, to eliminate the effect
that the stimuli may have. The comparison of high- versus low-risk decisions
was based only on trials followed by positive feedback, thereby holding feed-
back constant. Similarly, the comparison of positive and negative feedback was
based on high-risk trials only, thereby holding risk anticipation constant.

ROI analyses were performed to characterize rule sensitivity of five a pri-
ori predicted regions — OFC, VLPFC (BA 47), DLPFC medial PFC/ACC, and
midbrain — based on contrasts for risk-taking and feedback processing sepa-
rately. Averaging the signal across voxels, as is done in ROI analyses, captures
the central tendency and tends to reduce uncorrelated variance. Thus, ROI
analyses have greater power than whole-brain statistical contrasts to detect
effects that are present across a set of voxels. ROI analyses were performed
with the Marsbar toolbox in SPM2 (Brett, Anton, Valabregue, & Poline, 2002;
http://marsbar.sourceforce.net/ ). ROIs that spanned several functional brain
regions were subdivided by sequentially masking the functional ROI with each
of several anatomical Marsbar ROIs.

Two contrasts were used to generate functional ROIs: high-risk versus low-
risk trials (risk analysis), and negative versus positive feedback trials (feedback
analysis). These contrasts were generated from all participants with an F-
threshold of p<.001. An ROI of ACC was identified from the risk analysis,
and VLPFC and medial PFC ROIs were identified from the feedback analysis.
Additionally, if an a priori ROI was active for a contrast in only one of the two
age groups, this region was selected to test for significant differences between
groups (DLPFC and OFC for the risk analysis, and OFC for the feedback anal-
ysis). In the case of the midbrain, it was not possible to create an ROI based on
either a general or a specific contrast. As such, we created a 15 mm spherical
ROI centered on MNI coordinates 0, —15, =9 [x, y, z], on the basis of a study
by Aron et al. (2004).

For ROI analyses, effects were considered significant at an alpha of .05.
Following correction for multiple comparisons across ROIs (five in total), all
critical effects, i.e., Age Group x Condition interactions, survived when the
p-value was lowered to p <.01 (p =.05/5 ROIs).

3. Results
3.1. Performance

Accuracy was defined as the percentage of choices favoring
the option with the greatest likelihood of reward. On average,
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Fig. 2. Accuracy for adults and children, for high-risk and low-risk choices.
Accurate responses were those trials that were most likely to result in a reward.

children and adults performed accurately on +91% and +98%
of trials, respectively. A 2 (Age Group) x 2 (high-risk versus
low-risk Condition) ANOVA resulted in a main effect of Age
Group (F(1, 24)=14.63, p<.001), showing that children made
more errors than adults. There was also a main effect of Con-
dition (F(1, 24)=26.19, p<.001), indicating that participants
made more errors on high-risk than low-risk trials. There was a
marginally significant Age Group x Condition interaction (F (1,
24)=3.63,p=.07, see Fig. 2), indicating that children were more
prone than adults to make a greater number of errors on high-risk
compared to low-risk trials.

3.2. ROI analyses

3.2.1. Risk estimation

We examined the effects of risk estimation in OFC and
DLPFC ROIs derived from the contrast of high-risk versus low-
risk in adults. Because these ROIs were defined on the basis of
the fact that they were modulated by risk estimation in adults,
our analyses focused on whether a similar modulation was also
observed in children (Fig. 3). Both ROI analyses revealed a
main effect of Condition, showing that activation was higher
in DLPFC (F(1, 24)=7.80, p<.01), and OFC (F(1, 24)=5.81,
p <.05) for high-risk compared to low-risk trials, but there were
no interactions with Age Group (both F’s< 1). The absence of
interactions with Age Group suggests that children did not differ
from adults in terms of DLPFC or OFC activation on high-risk
compared to low-risk trials.

We additionally examined the effects of risk estimation
in an unbiased ROI of medial PFC/ACC, derived from the
F-test of high-risk versus low-risk based on all participants
(Fig. 3). The 2 (Age Group) x 2 (Condition) ANOVA for
medial PFC/ACC resulted in a main effect of Condition (F(1,
24)=14.31, p<.001), demonstrating greater activation for high-
risk than low-risk trials. This analysis also revealed an Age
Group x Condition interaction (F(1, 24)=5.23, p<.001). Post
hoc comparisons for separate age groups showed that children
activated medial PFC/ACC more for high-risk than for low-risk
trials (F(1, 11)=10.51, p<.001), whereas this difference was
absent in adults (F(1, 13)=2.58, p=.13). Thus, children showed
greater modulation with respect to risk estimation in medial
PFC/ACC than adults, but no age differences were observed in
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Fig. 3. Activation profiles for ROIs derived from high-risk vs. low-risk contrast.
The contrast for OFC (22, 50, —14 [x, y, z]) and DLPFC (42, 30, 18 [x, y, z])
was based on a high-risk > low-risk contrast in adults, and the contrast for ACC
(0, 6, 20 [x, y, z]) was based on an F-contrast based on all participants.

OFC or DLPFC. Finally, an analysis for midbrain was performed
for the spherical ROI based on Aron et al. (2004). This region
was not influenced by the task manipulations, all p’s>.10.

3.2.2. Feedback
We performed ROI analyses on medial PFC and right VLPFC
(BA 47) regions identified from an F-contrast of negative ver-



L. van Leijenhorst et al. / Neuropsychologia 44 (2006) 2158-2170

7
o 6! Right IFG G/Insula
|
=] 5|
S 4 /
= 3
] 2{ "y
S9
O
-2l
Medial PFC
7
” 6 "
23
¥
.
30 u4+lrﬂ -
O
-2

adults children

2163

Right lat-OFC

Contrast value
PLo-Nws D

children

M= HR-positive
= LR-positive

W=HR-negative
[=LR-negative

Fig. 4. Activation profiles for ROIs derived from gain vs. loss contrast. The contrasts for VLPFC (—20, 12, —20 [x, y, z]) and medial PFC (—22, 18, 50 [x, y, z])
were based on an F-contrast based on all participants. The contrast for OFC (40, 46, —12 [x, y, z]) was based on loss > gain in children.

sus positive feedback based on all participants. The 2 (Age
Group) x 2 (Condition) ANOVA for medial PFC revealed
more activity in this region for negative feedback compared
to positive feedback (F(1, 24)=20.16, p<.001), but there was
no interaction with Age Group (F<1). The same ANOVA
for right VLPFC also showed more activity in this region
for negative feedback compared to positive feedback (F(I,
24)=38.06, p<.001), but again, there was no interaction with
Age Group (F<1). Thus, both children and adults recruited
medial PFC and VLPFC more strongly for negative than positive
feedback.

An additional ROI analysis focused on the lateral OFC ROI
that was derived from the contrast of negative versus positive
feedback in children only, and the analysis tested whether this
region was also active in adults. The 2 (Age Group) x 2 (Con-
dition) ANOVA resulted in main effects of Age Group, F(1,
24)=4.87, p<.05) and Condition (F(1, 24)=26.00, p <.001),
and an Age Group x Condition interaction (F(1, 24)=10.15,
p <.005). Post hoc comparisons revealed that both adults (F(1,
13)=5.95, p<.05) and children (F(1, 11)=17.82, p<.001)
engaged lateral OFC more strongly for negative compared to
positive feedback, but that children showed more activation
than adults for negative feedback (F(1, 25)=5.14, p<.05),
such that children showed a greater difference between neg-
ative and positive feedback than adults did (F(1, 25)=3.39,
p=.09).

As noted above, the feedback analysis focused on the com-
parison between negative and positive feedback in response to
high-risk trials only. In the high-risk condition — and even more
so in the low-risk condition — positive feedback was more likely
to occur than negative feedback; therefore it is possible that
activation for negative > positive feedback is actually related to
the feedback being unexpected rather than negative. To exam-
ine this issue, we also analyzed positive and negative feedback
trials following low-risk trials. If activation associated with neg-
ative feedback is related to the feedback being unexpected, then

this activation should be larger following low-risk trials, because
the probability of negative feedback is lowest in this condition.
However, we found no differences in activation for positive and
negative feedback trials followed by high-risk trials compared to
positive and negative feedback trials followed by low-risk trials
(all F’s<1; see Fig. 4). This result suggests that the negative
feedback-related activation is in fact related to the type of feed-
back provided, rather than to the low frequency of this type of
feedback.

3.3. Whole-brain analysis

In addition to the ROI analyses, an exploratory whole-brain
analysis was performed. These analyses indicate that children
and adults showed largely overlapping patterns of activation in
the expected brain regions. Fig. 5 shows the glass brain images
for both comparisons, and Fig. 6 shows an overlap of the two
main comparisons: high-risk > low-risk, and negative feedback
> positive feedback. For the high-risk > low-risk comparison,
adults recruited right DLPFC (BA 9), bilateral ACC (BA 24/33),
and right VLPFC (BA 47), and children recruited ACC and
right VLPFC. When the statistical threshold was lowered to
p<.005 uncorrected, adults additionally recruited right OFC
(BA 11). Additional regions that were active for this contrast
are reported in Table 1. The results of the reverse comparison
(low-risk > high-risk), while not a focus of the current study, are
also reported in Table 1.

For the negative feedback > positive feedback comparison
(see Table 2), regions activated by adults and children included
bilateral VLPFC (BA 47), and medial PFC/ACC (BA 6) at a
threshold of p <.001 (uncorrected). When the threshold was low-
ered to p <.005 (uncorrected), children additionally recruited a
region in right lateral OFC (BA 11). The reverse contrast (pos-
itive > negative feedback, Table 1) resulted in a network of
regions, including the expected regions for reward processing:
bilateral ventromedial PFC (VMPFC) and left caudate nucleus
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Fig. 5. Glass brain activation profiles for high-risk vs. low-risk contrast and negative vs. positive feedback trials in children and adults.

(Knutson et al., 2001; O’Doherty et al., 2003; Rogers et al.,
2004). Additional activations are reported in Table 2.

4. Discussion

In this study, we used fMRI to test whether risk estimation and
feedback processing are sensitive to developmental change. We
performed ROI analyses to focus on several subregions of PFC
that have been associated with these functions in previous stud-
ies. Specifically, we examined how OFC, ACC, DLPFC, and
midbrain contributed to risk estimation, and how VLPFC and
medial PFC contributed to negative feedback processing. ROI
analyses revealed differences in the patterns of brain activation of
children and adults in these regions of a priori interest, while the
whole-brain data indicate overlapping patterns of brain activa-
tion associated with risk estimation and feedback-processing for
children and adults, suggesting that both age groups performed
the task in a similar way. The differences are important, as they
provide us with insight into the relative contributions of different
brain regions to the development of decision-making abilities.
For both risk anticipation and negative feedback processing,
we observed greater engagement in both ACC and lateral OFC
among children than in adults. These findings suggest that chil-
dren use these regions less efficiently.

4.1. Performance

Children and adults were highly comparable in terms of per-
formance. Importantly, the groups did not differ in performance
on low-risk trials, excluding the possibility that children did not
understand the task instructions. Participants from both groups
tended to choose the option that had the highest likelihood of
resulting in reward; thus, few choices resulted in loss (see also
Critchley et al., 2001). Both groups, however, made slightly
more choices that were likely to result in loss on the high-risk
trials, and there was a trend towards a disproportionately larger
number of disadvantageous choices on high-risk trials for chil-
dren compared to adults. These data suggest that, consistent
with the literature, children were more prone than adults to take
risks on high-risk trials (e.g., Ernst et al., 2005; Overman, 2004).
Additionally, response selection demands may have been larger
for children on high-risk than low-risk trials, because the per-
ceptual conflict was larger (see Bunge, Dudukovic et al., 2002;
Ridderinkhof & Van der Molen, 1995).

4.2. Risk estimation
Consistent with our expectations, right OFC (BA 11), bilat-

eral ACC (BA 24/33) and, right DLPFC (BA 9) were engaged
more strongly when participants made high-risk relative to low-
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Fig. 6. Neural correlates of risk estimation (high-risk followed by positive feedback > low-risk followed by positive feedback), and negative feedback processing
(high-risk followed by loss > high-risk followed by gain) in children and adults (p <.005). Activation for children is displayed in red, and activation for adults is
displayed in blue. High-risk trials were associated with increased medial PFC/ACC activation in both children and adults. Negative feedback trials were associated
with increased activation in bilateral VLPFC (BA 47), and children additionally activated right lateral OFC for negative feedback trials.

risk decisions. These findings are consistent with previous neu-
roimaging studies that have shown increased OFC activation
when healthy adults make risky decisions (Breiter et al., 2001;
Cohen et al., 2005; Ernst et al., 2005; Rogers et al., 2004; Ursu &
Carter, 2005), as well as with non-human primate studies show-
ing that OFC is important for reversal learning (Fellows & Farah,
2003, 2005; see also Maia & McClelland, 2004, 2005; Rolls,
1999; Schoenbaum, Chiba, & Gallagher, 2000), and reward
expectation (Tremblay & Schultz, 1999). Contrary to expec-
tations, an ROI analysis targeting the midbrain showed that this
region was not affected by the risk manipulation. Parts of the
midbrain have been associated with error prediction (Rodriguez
et al., 2005), and therefore it was expected to be active in the
high-risk condition. However, the results showing that midbrain
was not active in this task is consistent with previous studies in
which this region has been shown to be sensitive to differences in
reward amount (e.g., Galvan et al., 2005), whereas in this study
the reward or punishment were always associated with winning
or losing one credit.

In summary, children and adults exhibited similar patterns
of activation in OFC and DLPFC in relation to risk estima-
tion, but children recruited ACC more strongly for high-risk

choices relative to low-risk choices than adults did. The simi-
larities of OFC and DLPFC activation between the groups may
reflect the marginal performance differences between children
and adults on this simple decision-making task. It would be help-
ful to manipulate risk level more extensively in future studies,
for example, to include trials where the chances of obtain-
ing reward are low but the reward itself is large (e.g., Ernst
et al., 2005; Rogers et al., 2004). We predict that excessive
risk-taking in children relative to adults would be associated
with under-recruitment of DLPFC, a region implicated in the
weighing of response options (McClure et al., 2004), and/or
under-recruitment of OFC, a region implicated in the anticipa-
tion of choice outcomes (Rogers et al., 2004). It should, however,
be noted that this was the first fMRI study examining decision-
making in children younger than 12 years of age. We have shown
that children aged 9-2 year recruit many of the same regions that
have been linked to risk estimation in adults, albeit with some
differences in sensitivity to uncertainty and risk. The sensitiv-
ity of these regions to different levels of uncertainty and risk in
children should be validated in future research.

‘Within the current theoretical framework (Carter et al., 1998;
Ernstetal., 2004), the finding that children showed greater mod-
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Table 1
Risk estimation-elicited activation for high-risk and low-risk trials for both age groups
Contrast Region Talairach coordinates Brodman Z-value Volume” Uncorrected p
area (=kg value in SPM)
HR_pos > LR_pos Adults
Medial PFC R OFC 22 50 —14 11 2.98 <.005
R superior frontal gyrus 8 14 56 6 4.37 57 <.001
Lateral PFC R inferior frontal gyrus 34 28 0 47 3.83 42 <.001
R DLPFC 42 30 18 46 3.06 160 <.005
L medial frontal gyrus -30 -2 38 6 3.61 110 <.001
L DLPFC —42 4 32 9 3.49 <.001
Cingulate cortex L/R anterior cingulate 0 6 20 33 3.76 27 <.001
Parietal cortex R parietal, precuneus 28 —-74 34 19 4.61 2415 <.001
R superior parietal 26 —64 46 7 4.53 <.001
L superior parietal 22 —68 44 7 4.67 586 <.001
L parietal, precuneus —20 —74 34 19 3.72 <.001
R inferior parietal 48 —40 52 40 3.33 8 <.001
Occipital cortex L cuneus —14 —104 6 18 4.69 1339 <.001
L occipital —24 —86 8 19 432 <.001
L occipital —26 —84 -10 18 425 <.001
R cuneus 22 —98 2 18 4.68 2415 <.001
HR_pos > LR _pos Children
Medial PFC R medial frontal gyrus 2 14 44 6 3.44 65 <.001
L superior frontal gyrus —8 62 36 9 4.28 24 <.001
Basal ganglia R caudate 28 —-34 12 3.69 12 <.001
Cingulate cortex R cingulate gyrus [§ —14 34 24 4.06 47 <.001
R cingulate gyrus 8 14 36 32 3.25 65 <.001
L cingulate gyrus -2 8 24 24 3.67 22 <.001
Occipital cortex R occipital 18 —94 32 19 4.22 1389 <.001
L occipital -2 -90 34 19 4.08 <.001
LR_pos > HR_pos Adults
Medial PFC R anterior PFC 16 58 20 10 3.47 16 <.001
Lateral PFC L insula -36 —28 16 13 3.38 10 <.001
Parietal cortex L inferior parietal —66 -32 28 40 4.68 91 <.001
R inferior parietal 58 —24 24 40 4.52 145 <.001
Temporal cortex R middle temporal gyrus 58 —64 8 37 4.05 143 <.001
L middle temporal gyrus —58 —68 8 37 3.68 21 <.001
L angular —52 -72 32 39 35 71 <.001
Cingulate cortex R anterior cingulate 12 46 —-10 29 32 5 <.001
Somatosenosry cortex L precentral gyrus —24 —24 58 4 3.93 63 <.001
Occipital cortex L superior occipital —46 —80 34 19 343 71 <.001
LR_pos > HR_pos Children
Parietal cortex L parietal, angular —44 —68 34 39 3.16 5 <.001

HR: high-risk, LR: low-risk, pos: positive feedback.

* Volume of activation in mm?>.

ulation of ACC for high-risk relative to low-risk choices than
adults suggests that children experience greater conflict asso-
ciated with high-risk trials. ACC is thought to be important
for detecting response conflict, monitoring performance, and/or
anticipating uncertain outcomes (Critchley, Corfield, Chandler,
Mathias, & Dolan, 2000; O’Doherty et al., 2001; Van Veen &
Carter, 2002). The ACC activation in the present study suggests
that performance monitoring for high-risk decisions is more
effortful for children compared to adults. This enhanced ACC
activation is likely to reflect the fact that children have greater
difficulty making the right decision under uncertainty, even if,
as in the case of this simple task, they choose advantageously
most of the time. Instead or additionally, greater ACC response
in children may reflect less efficient performance monitoring
in children, even though the high-risk versus low-risk contrast

was estimated purely on the basis of correctly performed tri-
als. Arguing against this interpretation, it has been found that
the error-related negativity (a brain potential observed in the
encephalogram in response to errors) becomes larger over the
course of adolescence (e.g., a flanker task in Davies, Segalowitz,
Gavin, 2004). This latter finding supports the view that children
over-recruit ACC on this task because they have greater diffi-
culty than adults in choosing the less risky option.

4.3. Feedback processing

Both adults and children recruited bilateral VLPFC (BA 47)
for negative versus positive feedback processing. This result
is consistent with previous studies on adults showing that this
region is active following punishment (e.g., O’Doherty et al.,
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Table 2
Feedback-elicited activation (positive > negative and negative > positive) for both age groups
Contrast Region Talairach coordinates Brodman  Z-value  Volume” Uncorrected p
area (=kg value in SPM)
Negative > positive FB Adults
Lateral PFC LIFG —34 20 —6 47 3.78 78 <.001
R IFG 36 24 —10 47 4.63 213 <.001
R DLPFC 48 24 36 9 4.37 447 <.001
L DLPFC —46 18 30 9 3.32 14 <.001
R medial frontal gyrus 36 12 58 6 3.77 22 <.001
R inferior frontal gyrus 44 6 40 6 3.66 45 <.001
Medial PFC R superior frontal gyrus 12 26 60 6 3.75 161 <.001
Temporal R inferior temporal gyrus 64 —46 —12 20 3.53 54 <.001
Parietal R inferior Parietal 46 —56 48 40 4.86 900 <.001
L inferior Parietal —50 —46 48 40 3.59 103 <.001
L superior Parietal —44 —58 50 7 3.44 <.001
Negative > positive FB Children
Lateral PFC RIFG 40 22 —12 47 3.59 13 <.001
Medial PFC L medial frontal gyrus -2 46 42 8 3.53 12 <.001
R superior frontal gyrus 8 46 44 8 3.12 <.001
R lateral OFC 40 46 —-12 11 2.88 30 <.005
Positive > negative FB Adults
Medial PFC R VMPFC 4 50 —10 10 49 1598 <.001
L VMPFC —4 50 —16 11 4.67 <.001
Lateral PFC R DLPFC 20 38 18 9 3.62 8 <.001
L IFG -20 12 —20 47 4.42 1097 <.001
L insula —34 —42 22 13 3.72 62 <.001
L superior frontal gyrus —22 6 68 6 3.57 28 <.001
L medial frontal gyrus -22 18 50 6 4.18 1079 <.001
R medial frontal gyrus 22 28 36 8 3.72 10 <.001
Basal ganglia L caudate —-12 22 4 3.83 1598 <.001
Somatosensory cortex R postcentral gyrus 48 —18 44 3 4.94 3817 <.001
R precentral gyrus 66 —4 26 6 4.88 <.001
R postcentral gyrus 54 —18 54 3 4.8 <.001
Parietal cortex L parietal, sub-gyral —26 —46 56 7 34 16 <.001
Temporal cortex R middle temporal gyrus 62 0 -8 21 4.47 325 <.001
R superior temporal gyrus 68 —18 0 22 3.83 <.001
Parahippocampal gyrus 20 -8 —24 35 4.88 3214 <.001
L posterior cingulate —-12 —60 14 30 5.04 8525 <.001
L middle temporal gyrus —48 —-76 10 39 4.03 101 <.001
L superior temporal gyrus —60 -30 14 42 4.22 260 <.001
L parahippocampal gyrus -22 0 —12 34 4.55 1097 <.001
L fusiform gyrus —44 -36 —24 36 34 6 <.001
Occipital cortex L superior occipital —40 —84 36 19 3.98 91 <.001
L occipital —20 —-90 40 19 3.74 <.001
Positive > negative FB Children
Lateral PFC L medial frontal gyrus -20 -2 38 6 3.26 6 <.001
Basal ganglia L caudate —6 20 8 3.66 5 <.001
Cingulate cortex R cingulate gyrus 12 —40 44 31 3.33 10 <.001
Parietal cortex L inferior parietal —66 —26 32 40 3.54 26 <.001
Occipital cortex L occipital —10 —82 20 18 3.23 6 <.001

* Volume of activation in mm?>.

2003), and following negative feedback indicating a rule rever-
sal (Cools, Clark, Owen, & Robbins, 2002; Cools, Clark, &
Robbins, 2004). In our study, adults also exhibited activation
in medial PFC/ACC (BA 6/BA 32 (dorsal) and 24 (ventral)).
This finding is consistent with previous results by Holroyd et al.
(2004), who have suggested that the medial PFC/ACC is active
when individuals receive negative feedback as well as when they
make an error. However, it should be noted that this interpreta-

tion is not universally accepted, and follow-up research by this
group has failed to replicate this effect (Nieuwenhuis, Slagter,
Alting von Geusau, Heslenfeld, & Holroyd, 2001). Also, the
medial PFC region reported here is more anterior than the medial
PFC/ACC region reported by Holroyd et al. (2004).

Children additionally recruited a region in right lateral OFC
(BA 11) in response to negative versus positive feedback.
In adults, this region was only slightly more active follow-
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ing negative than positive feedback, broadly consistent with
the view that this region is important for processing magni-
tude of both positive and negative outcomes (Breiter et al.,
2001).There was no difference between age groups for positive
feedback in this region, indicating that right lateral OFC was
more strongly attuned to negative feedback for children than
adults.

Lateral OFC and VLPFC (BA 11/47) are thought to process
negative feedback for the purpose of adjusting behavior to opti-
mize performance (Cools et al., 2002; Kringelbach & Rolls,
2004). In a prior developmental study in which participants had
to use performance feedback to improve their performance, we
examined how children adjust their behavior based on posi-
tive and negative feedback in a stimulus-response mapping task
(Crone & Van der Molen, 2004). On a proportion of the tri-
als, participants received standard response-dependent feedback
(i.e., negative feedback after an incorrect response, and positive
feedback after a correct response). In a second condition, inter-
mixed with the response-dependent condition and unknown to
the participants, participants received positive and negative feed-
back that was unrelated to their actual performance. Heart rate
was measured as an index of feedback processing. In this prior
study, we found that heart rate slowed following negative perfor-
mance feedback, and that the amount of slowing was the same for
all age groups for informative feedback. However, participants
older than 12 did not show this slowing to uninformative negative
feedback, whereas children younger than 12 did. These findings
suggest that children under the age of 12 year have difficulty dis-
tinguishing between relevant and irrelevant feedback for the pur-
pose of performance adjustment. Behavioral studies have consis-
tently shown that children perform worse than adults on complex
decision-making tasks (Crone et al., 2003; Kerr & Zelazo, 2004;
Overman, 2004). This might be in part because they fail to dis-
tinguish between informative and uninformative feedback, or
because they are less able than adults to adjust their behavior
on the basis of negative feedback (Kirkham & Diamond, 2003).
The enhanced activation in lateral OFC observed in children
in the present study in response to negative feedback suggests
that children may be generally more sensitive to negative feed-
back than adults, regardless of whether or not the feedback is
meaningful. This finding could be further investigated in future
research by manipulating the magnitude of positive and negative
feedback.

5. Conclusion

These data indicate that the neural correlates of risk estima-
tion and feedback processing are dissociable in children as well
asinadults. First, itis important to note that the children recruited
partially overlapping brain regions relative to adults, showing
that children aged 9—-12 year performed the task in a similar
way to adults. The differences in the pattern of brain activity
(i.e., the relative contribution of the brain regions involved) that
were found between 9—12-year-olds and young adults, for lateral
OFC and ACC in particular, contribute to our understanding of
the role that these different processes play in the development
of decision-making over childhood.
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