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bstract

A heightened propensity for risk-taking and poor decision-making underlies the peak morbidity and mortality rates reported during adolescence.
elayed maturation of cortical structures during the adolescent years has been proposed as a possible explanation for this observation. Here, we

est the hypothesis of adolescent delayed maturation by using fMRI during a monetary decision-making task that directly examines risk-taking
ehavior during choice selection. Orbitofrontal/ventrolateral prefrontal cortex (OFC/VLPFC) and dorsal anterior cingulate cortex (ACC) were
xamined selectively since both have been implicated in reward-related processes, cognitive control, and resolution of conflicting decisions. Group
omparisons revealed greater activation in the OFC/VLPFC (BA 47) and dorsal ACC (BA 32) in adults than adolescents when making risky

elections. Furthermore, reduced activity in these areas correlated with greater risk-taking performance in adolescents and in the combined group.
onsistent with predictions, these results suggest that adolescents engage prefrontal regulatory structures to a lesser extent than adults when making

isky economic choices.
ublished by Elsevier Ltd.
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. Introduction

Adolescence is a major transition period in life, a time
hen children undergo the physical, psychological, and social

hanges needed to become adult members of society. Accom-
anying this period of rapid and necessary change, however,
s a heightened propensity for risk-taking, impulsivity, and
eckless behavior (Arnett, 1992). Adolescents tend to perceive
isks as smaller and more controllable than adults (Benthin,

lovic, & Severson, 1993), and they are less adept at setting
oals and evaluating their decisions (Byrnes, 2002). Indeed, in
time of generally optimal health, these poor decision-making

endencies confer a high level of morbidity and mortality
Grunbaum et al., 2004), and may leave adolescents more
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ulnerable to gambling (Chambers & Potenza, 2003), addiction
Chambers, Taylor, & Potenza, 2003), and a number of other
sychopathologies (Steinberg et al., 2005).

Parallel to these fundamental behavioral changes, cortical
tructures also undergo widespread refinement and matura-
ion during the adolescent years (see review, Gogtay et al.,
004; Spear, 2000). Anatomical neuroimaging studies have
hown that the prefrontal areas are some of the last brain
egions to mature (Casey, Giedd, & Thomas, 2000; Giedd,
004; Luna & Sweeney, 2004), and that processes such as
ynaptic pruning, elaboration of dendritic arborization, and
ncreased myelination continue throughout adolescence (see
eview, Luna & Sweeney, 2001). This is especially true in brain
reas associated with higher-order cognition and emotional reg-
lation. For instance, Segalowitz and Davies (2004) showed that

rror-related potentials continue to develop in the anterior cin-
ulate cortex (ACC) and orbital/ventrolateral prefrontal cortex
OFC/VLPFC) throughout the second decade of life. Addition-
lly, improved performance on tasks of memory and attention

mailto:ernstm@mail.nih.gov
dx.doi.org/10.1016/j.neuropsychologia.2006.10.004
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see review, Casey et al., 2000), as well as decision-making
Crone, Bunge, Latenstein, & van der Molen, 2005; Ernst et
l., 2003; Hooper, Luciana, Conklin, & Yarger, 2004; Overman
t al., 2004) lends indirect support for continued prefrontal mat-
ration during adolescence.

The relationship between improved cognitive performance
nd age-related changes in patterns of regional brain activa-
ion has been examined in a number of studies. Although some
tudies have revealed weaker neural activation in adults than in
hildren (e.g., Durston et al., 2002), most have reported greater
egional activation associated with increasing age (Marsh et al.,
006; Rubia et al., 2000; Schapiro et al., 2004). For example,
chapiro et al. (2004) found positive correlations of activation

n motor cortex and language areas with age during motor and
anguage tasks in a sample of 332 healthy individuals aged
–19 years. Similarly, Marsh et al. (2006) compared 20 children
mean age 13.5 years) with 50 adults (mean age 31.9 years), and
eported greater activation in adults than in children in brain
reas typically activated by the Stroop task (right frontostri-
tal circuits) and known to subserve self-regulatory function.
inally, using tasks tapping inhibitory processes, Rubia et al.
2000) reported increased prefrontal activation with age (9 ado-
escents aged 12–19 years compared to 8 adults aged 22–40
ears). Taken together, these findings suggest that improved
ognitive function is associated with the facilitated recruitment
f brain areas and coming on-line of mature neural circuits,
hich would be reflected as enhanced activation. Additional

ontributing factors could be age-related differences in the
ype of strategies used to perform the tasks and in learning
rocesses, which depend on both levels of neural matura-
ion and opportunity for practice (i.e., different degrees of
xpertise).

Recently, knowledge about behavioral changes and the con-
urrent refinement of cortical structures have been integrated in
europsychological theories for why adolescents demonstrate
oor decision-making. Briefly, a lag in the maturation of cortical
egions – particularly those regions involved in the representa-
ion of reward values and the control of behavior – may bias
dolescents towards taking risks (Ernst, Pine, & Hardin, 2006;
pear, 2000; Steinberg, 2004). More specifically, the dorsal
CC and the OFC/VLPFC emerge as the most likely sites for

uch a lag in control function, based on their consistent and
requently concurrent recruitment during tasks of cognitive flex-
bility and inhibition, such as go–no go and reversal tasks (Casey
t al., 2001; Cools, Clark, Owen, & Robbins, 2002; Nagahama
t al., 2001; O’Doherty, Critchley, Deichmann, & Dolan,
003).

So far, five neuroimaging studies have examined the neural
orrelates of reward-related processing in adolescence (Bjork
t al., 2004; Ernst et al., 2005; Galvan et al., 2006; May et
l., 2004; van Leijenhorst, Crone, & Bunge, 2006). Four of
hese works directly compared adults with youth on various
tages of decision-making: selection of options (van Leijenhorst

t al., 2006), anticipation of feedback (Bjork et al., 2004),
esponse to outcomes (Ernst et al., 2005), or combined antic-
pation and response to outcomes (Galvan et al., 2006). Bjork
t al. (2004) found that adolescents, relative to adults, had
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educed striatal activation in anticipation of high reward when
xecuting a reaction time task. Both Galvan et al. (2006)
nd Ernst et al. (2005) reported enhanced striatal activation
hen receiving a reward. In addition, Galvan et al. (2006)

howed reduced lateral orbitofrontal activation in adolescents
elative to adults. The most recent study (van Leijenhorst et
l., 2006) revealed greater activation of the ACC and no dif-
erences in medial orbitofrontal cortical activation in children
9–12 years) compared to adults (18–26 years) during the selec-
ion of one of two options, based on probability of outcome.
ere, we focus (1) on the selection stage in the context of
arying probability and magnitude of potential monetary gains,
nd (2) on the role of ACC and OFC/VLPFC cortex in this
tage.

We used rapid event-related fMRI to examine OFC/VLPFC
nd ACC during performance of a monetary, two-choice
ecision-making task with varying levels of risk and rewards
Ernst et al., 2004). Performance on this task has been shown
o be sensitive to psychopathology, such as children and adoles-
ents with bipolar disorder and history of trauma (Ernst et al.,
004; Guyer et al., 2006). In addition, unpublished data col-
ected in a clinic environment, outside the scanner, revealed
ignificantly more risk-taking in psychiatrically healthy ado-
escents (n = 19, mean age 13.5 years) than in psychiatrically
ealthy adults (n = 11, mean age 29.7 years), F(1, 28) = 46.7,
= 0.02. Based on previous neuroimaging literature with this

Ernst et al., 2004) and similar tasks (see review, Krawczyk,
002), we hypothesized the recruitment, in both adults and ado-
escents, of regions involved in representing reward values and
bject/motor features (OFC/VLPFC) and monitoring conflict
nd error (ACC), as well as visual processing (occipito-parietal
ortex), motor preparation (supplementary motor area and pre-
otor cortex), and executive control (prefrontal cortex). More

pecifically, given the theory that regulatory prefrontal structures
ontinue to develop throughout adolescence and exert more con-
rol over behavior with increasing age (Ernst et al., 2006), we
redicted that the OFC/VLPFC and ACC would become more
ctive in adults, and that this enhanced activation with age would
orrelate with reduced risk-taking behavior.

. Methods

.1. Sample

Eighteen healthy adolescents and 16 healthy adults participated in the study.
his sample is also described in a previous work (Ernst et al., 2005), which
xamined developmental differences in the processing of feedback, in contrast
o the selection stage presented here. Data from four subjects (two adolescents
nd two adults) were excluded from the analysis because of excessive head
ovement (greater than 2 mm in any one direction). Subjects were recruited

hrough newspaper advertisements and were financially compensated for their
articipation. Inclusion criteria were right-handedness, age between 9 and 17
ears for adolescents and 20 and 40 years for adults, absence of past and present
sychiatric disorders on the basis of a psychiatric diagnostic interview [Schedule
or Affective Disorders and Schizophrenia of School-Age Children-Present and

ifetime version for the adolescents (Kaufman, Birmaher, Brent, Ryan, & Rao,
000; Spitzer, Williams, Gibbon, & First, 1992), and Structured Clinical Inter-
iew for DSM-IV for adults (Segal, Hersen, & Van Hasselt, 1994)], and absence
f acute or chronic medical illnesses on the basis of medical history and physical
xamination. All adult participants and parents of adolescent participants signed
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ig. 1. The wheel of fortune task. The top panel A represents the three stages
nally the feedback phase. The present work analyzed only the selection phase

consent form after having been explained the study in detail. All adolescents
igned an assent form. The study was approved by the NIMH Institutional
eview Board.

.2. Task

The wheel of fortune (WOF) task is a computerized two-choice decision-
aking task involving probabilistic monetary outcomes (Ernst et al., 2004,

005).
In each trial, a wheel (circle divided into two slices of different size and

olor, either blue or magenta) was presented to the subjects (see Fig. 1). Four
ypes of monetary wheels, differing on probability (represented by the size of the
lices) and magnitude of reward, were presented in random order throughout the
ask. The present study examined two of these wheels. They included (i) a high-
isk/reward condition, where subjects had to choose between a 10% chance of
inning US$ 4.00 and a 90% chance of winning nothing, versus a 90% chance of
inning US$ 0.50 and a 10% chance of winning nothing; (ii) a low-risk/reward

ondition, where subjects had to choose between a 30% chance of winning US$
.00 and a 70% chance of winning nothing, versus a 70% chance of winning
S$ 1.00 and a 30% chance of winning nothing.

Subjects were asked to select one of the slices by its color (blue or magenta)
sing a button press. For example, when the magenta slice was on the left,
nd subjects opted for this color, they pressed the left button. If the computer
andomly selected the same color as the subject, the subject won the designated
mount of money (receipt of reward); if the computer randomly selected the
ther color, the subject won nothing (omission of reward). The smaller slice was
lways paired with the higher dollar amount (see Fig. 1).

The task comprised three runs of 7.2 min and 43 trials each. Each wheel
rial lasted 11 s and included a selection phase, during which subjects selected
ne of the two slices of the wheel (3 s); an anticipation phase, during which
ubjected rated how confident they were in their selection (4 s); and a feedback
hase, during which the outcome was displayed and subjects rated how they
elt about it (4 s). Inter-trial intervals were 1 s long. Only the selection phase
as analyzed. We also used a control condition, which included the sensory-
otor attributes of the monetary conditions, but lacked the decision-making.

n this control condition, participants were presented with a monochromatic
heel (all blue, or all magenta), and instructed to press the button whose color
orresponded to the color of the wheel (see Fig. 1). All responses were recorded
n a 5-button-box in the fMRI scanner (MRI Devices; Waukesha, WI), and all
utton presses were done using the right hand. Subjects were instructed that they
ould take home the money they won and that they should try to win as much
oney as possible.

a
T
f

c

ingle trial, beginning with the selection phase, then the anticipation phase and
bottom panel B represents the two wheels used in the analysis.

.3. fMRI

A General Electric Signa 3 T scanner was employed. Head movement was
estricted by the use of foam padding. Visual images were presented via Avotec
ilent Vision Glasses (Stuart, FL) located directly above subjects’ eyes. All
articipants were acclimated to the MRI environment with an MRI simula-
or prior to the study. Gradient echo planar (EPI) images were acquired after
agittal localization and a manual shim procedure. EPI images were acquired
n 23 contiguous 5 mm axial slices per brain volume positioned parallel to
he AC–PC line. Images were acquired using echo planar single shot gradi-
nt echo T2* weighting. The following imaging parameters were used: matrix
as 64 mm × 64 mm; TR = 2000 ms; TE = 40 ms; field of view = 240 mm; vox-

ls were 3.75 mm × 3.75 mm × 5 mm. After EPI acquisition, a high resolution
1-weighted anatomical image was acquired to aid with spatial normaliza-

ion. A standardized magnetization prepared gradient echo sequence was used
180, 1 mm sagittal slices, FOV = 256, NEX = 1, TR = 11.4 ms, TE = 4.4 ms,
atrix = 256 × 256, TI = 300 ms, bandwidth = 130 Hz/pixel, 33 kHz/256 pixels).

.4. Analysis of the results

.4.1. Behavioral performance
Performance on the WOF is presented for adults and adolescents as mean

S.D.) and variability (S.D.) of the percent of risky (10 and 30) or safe (70 and
0) selections, and mean (S.D.) of reaction times for the selection of risky and
afe options. Group differences were tested using a repeated-measures ANOVA
ith risk as the within-subjects factor and group (adults versus adolescents) as

he between-subjects factor. In addition, correlational analyses were conducted
etween percent selection of risky options (option 10 of the 10/90 wheel, and
ption 30 of the 30/70 wheel) and age.

.4.2. Imaging data
For each subject, reconstructed fMRI images were analyzed using Medx

oftware to check for excessive motion. The degree of motion did not differ
ignificantly between groups. The mean of the individual largest displacement
alues were 1.8 mm (S.D. = 1.0) in adults and 2.0 mm (S.D. = 0.80) in ado-
escents (Mann–Whitney U = 67, p = 0.2), and in radians 0.02 (S.D. = 0.01) in

dults and 0.03 (S.D. = 0.02) in adolescents (Mann–Whitney U = 60, p = 0.09).
herefore, we did not include motion parameters as nuisance covariates in the

ollowing analyses.
All subsequent analyses were conducted with SPM software (SPM99, Wel-

ome Department of Neurology) and other routines written in Matlab 5.3.
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Table 1
Performance in adolescents and adults

Adults (n = 14) Adolescents (n = 16)

Percent risky selections (10 and
30) (%)

46 (28) 51 (27)

Variability (S.D.) in risky vs. safe
selections (%)

40 (17) 38 (16)

Reaction time for risky selections
(10 and 30) (ms)

1587.4 (293.8) 1439.7 (229.1)

Reaction time for safe selections
(70 and 90) (ms)

1587.9 (237.7) 1463.5 (261.5)

Task performance in adults and adolescents: mean (S.D.) and variability (S.D.)
o
r
(
t

d
T
a
$
(
r
r
d
p
n
o
b
t
f

3

3.2.1. OFC/VLPFC ROI (see Tables 2–3)
When subjects chose risky (10 or 30% chance of reward)

over non-risky (70 or 90% chance of reward) selections, robust
N. Eshel et al. / Neuropsyc

reprocessing of data included, in turn, correction for the sequence of slice
cquisition, motion correction, and spatial normalization to the Montreal Neu-
ological Institute (MNI) T1-weighted template image supplied with SPM99.
he analysis of the neuroimaging data was based on the assumption that the

ransform of neural signal to fMRI signal is linear and time-invariant, with a
nown impulse response function (Zarahn, 2000). This assumption has been
hown to be acceptable for events of duration greater than 2 s (Buckner, 1998).

At the individual subject level (i.e., time series), event-related response
mplitudes were estimated using the General Linear Model (GLM) for each
f the five conditions (selection of 90, 10, 70, and 30 slices, and monochro-
atic control wheel). The waveform used to model each type of event-related

esponse in the GLM was a rectangular pulse of the duration of the event (3 s)
onvolved with the synthetic hemodynamic response function provided by SPM.
ontrast images were generated for each subject using pairwise comparisons of

he event-related BOLD changes across event types. Here, the contrast of interest
ompared BOLD signal changes associated with high-risk selection (10 and 30)
o BOLD signal changes associated with low-risk selection (70 and 90). Prior
o group-level analysis, each contrast image was divided by the subject-specific
oxel time series means, yielding values proportional to percentage fMRI sig-
al change. These normalized contrast images were then smoothed with an
sotropic Gaussian kernel (FWHM = 11.4) to mitigate any non-stationarity in
patial autocorrelation structure introduced by the previous step.

For all group-level analyses, a random effects model was employed to per-
it population-level inferences (Holmes & Friston, 1998). The main analysis
as restricted to four a priori defined regions of interest (ROIs): right and left
FC/VLPFC, encompassing Brodmann areas (BA) 11, 10 and 47 (Kringelbach
Rolls, 2004); and right and left ACC, encompassing BA 24, 25, 32, and 33

Vogt, Nimchinsky, Vogt, & Hof, 1995). These regions were ascertained from
tandard anatomical criteria (Talairach & Tournoux, 1988) on a single MNI tem-
late and applied to all normalized brains at the group level. Upon close inspec-
ion of individual data, the medial OFC (BA 11) was found to be significantly
ffected by fMRI artifacts and was mostly absent from the subjects’ SPM group
ask. Therefore, we could not assess this region. We performed voxel-wise t-

ests in these anatomically defined volumes of interest. Three millimetre spheres
ere drawn around significant activation peaks of each region of interest, and

tatistical significance was set at p < 0.05 corrected for the 3 mm sphere volume.
Within these ROIs, an analysis was conducted to compare risky selections (10

nd 30 options) with safe selections (70 and 90 options). This analysis included
hree types of tests: (1) combined group activation (N = 30), (2) adolescent versus
dult comparison (i.e., interaction of group by activation), and (3) adolescent
roup and adult group activation separately. In addition, peak values of ROI
ctivations in the (adolescent versus adult) comparisons were extracted for each
roup to facilitate depiction of the interaction. Finally, the percentage of risky
elections, used as the measure of individual risk-taking during the task, was
ntered in a correlation analysis with brain activation within the OFC/VLPFC
nd ACC ROIs during risky selections relative to safe selections.

As a measure of control for the specificity of our findings, we examined
roup differences in activation of the dorsolateral prefrontal cortex, an area for
hich we did not have a priori hypotheses regarding group differences within
ur sample. Finally, for completeness and the reader’s interest, we report results
rom the subcortical regions of amygdala and ventral striatum since these regions
re strongly implicated in reward processes. However, because this manuscript is
ocused on maturation of cognitive control of decision-making, these subcortical
ndings are not discussed.

. Results

.1. Sample and task performance

Fourteen adults (six females/eight males; 26.7 ± 5.0 years
ld) and 16 adolescents (nine females/seven males; 13.3 ± 2.1
ears old) completed the study. Mean IQ (adults 109.1 ± 12.1;

dolescents 107.6 ± 12.4) and mean socioeconomic status
adults 69.4 ± 31.2; adolescents 55.3 ± 17.8) measured using
he Hollingshead’s Four Factor Index of Social Status
Hollingshead, 1975) were similar between the groups.

F
i
w

f percent risky selections (number of times 10 and 30 options were selected
elative to the total number of presentations of the10/90 and 30/70 wheels); mean
S.D.) reaction time (ms) for the selection of risky options (10 and 30) and for
he selection of safe options (70 and 90).

Percent risky selections and variability of type of selection
id not differ significantly between adolescents and adults (see
able 1). The cumulative dollar amount won during the task was
lso similar between groups (adolescents: $60.3 ± 6.4; adults:
58.9 ± 10.8). However, the percent selection of the risky option
option 30) of the 30/70 wheel was significantly negatively cor-
elated with age (r = −0.41, p = 0.02, n = 30), indicating that
isk-taking decreased with age (see Fig. 2) A similar correlation
id not emerge with the 10–90 wheel (r = −0.1). The overall
ercent selection of risky options (option 10 and option 30) was
ot significantly correlated with age (r = −0.25). The absence
f strong group differences in performance removes the possi-
le confound of performance difference in the interpretation of
he findings, and the need for controlling for performance in the
ollowing fMRI analyses.

.2. fMRI results
ig. 2. Scatter plot of the negative correlation between percent risky selections
n the moderate risk range (option 30 of the 30/70 wheel) and age (years) in the
hole group.
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Table 2
ROI activation in the combined sample and each group separately

L-OFC/VLPFC R-OFC/VLPFC

Equivk p voxel T x, y, z Equivk p voxel T x, y, z

Combined group 19 0.000 4.78 −38, 18, 2 4 0.002 3.60 52, 24, −4
Adolescents 19 0.008 2.92 −38, 22, 4 – – – –
Adults 13 0.000 4.73 −42, 14, 2 4 0.003 3.30 52, 24, −4

L-ACC R-ACC

Equivk p voxel T x, y, z Equivk p voxel T x, y, z

Combined group 19 0.005 3.16 −2, 0, 30 19 0.005 3.10 2, 14, 46
Adolescents 19 0.007 2.97 −12, 56, −2 16 0.037 2.18 2, 36, 20
Adults 19 0.004 3.28 0, 4, 26 19 0.006 3.08 4, 26, 32

Region of interest activation in the contrast (select 1030 > 7090) for the combined group (n = 30) and adolescents (n = 16) and adults (n = 14) separately. The regions
of interest include the left and right orbital/ventrolateral prefrontal cortices (L-OFC/VLPFC, R-OFC/VLPFC) and left and right anterior cingulate cortices (L-ACC,
R-ACC). Results show significant activations (p < 0.05 small volume corrected) in small regions of interest (3 mm spheres) centered on peak voxels found to be
s ined g
a late p
s risky
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ignificantly activated by risky selections relative to safe selections in the comb
nd x, y, z (mm) are the coordinates of the peak voxel based on the brain temp
howed significantly more activation during safe selections (70–90) than during

ilateral activation was found in the lateral OFC/VLPFC (BA
7, prefrontal operculum) (Table 2). When examined separately,
dults activated this area bilaterally, while adolescents activated
he left side preferentially (Table 2). On direct comparison,
dults had significantly greater activation relative to adolescents
n this area (see Fig. 3; Table 3).

There was no detectable activation when comparing safe to
isky choices. Adolescents showed no greater recruitment than
dults in this contrast (safe > risky).
.2.2. ACC ROI (see Tables 2–3)
Taken as a group, subjects recruited the dorsal ACC (BA

4, extending dorsally into BA 6) when making risky choices
Table 2). Both adolescents and adults recruited this area bilat-

able 3
roup differences in ROI activation

Equivk p voxel T x, y, z

dults > adolescents
L-OFC/VLPFC 13 0.011 2.80 −44, 14, −4
R-OFC/VLPFC – – – –
L-ACC 19 0.044 2.09 −2, 26, 30
R-ACC 19 0.044 2.09 2, 26, 30

dolescents > adults
L-OFC/VLPFC – – – –
R-OFC/VLPFC – – – –
L-ventral ACC 19 0.046 2.06 −2, 38, 2
R-ACC – – – –

roup comparison of ROI activation using the contrast: adult (select
030 > 7090) vs. adolescent (select 1030 > 7090). The regions of interest include
he left and right orbital/ventrolateral prefrontal cortices (L-OFC/VLPFC, R-
FC/VLPFC) and left and right anterior cingulate cortices (L-ACC, R-ACC).
esults show significant activations (p < 0.05 small volume corrected) in small

egions of interest (3 mm spheres) centered on peak voxels found to be signif-
cantly activated by risky selections relative to safe selections in the combined
roup, adolescents, and adults, respectively. Equivk is the cluster size of voxels,
nd x, y, z (mm) are the coordinates of the peak voxel based on the brain template
rovided by the Montreal Neurological Institute (MNI).
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roup, adolescents, and adults, respectively. Equivk is the cluster size of voxels,
rovided by the Montreal Neurological Institute (MNI). No regions of interest
selections (10–30) in any of the groups.

rally, but the adolescents’ activation tended to be stronger on
he left side and more anterior and ventral (x, y, z MNI coordi-
ates in mm: adolescents −12, 56, −2; adults 0, 4, 26). A direct
omparison showed overall stronger bilateral activation in adults
han in adolescents in the dorsal ACC (x, y, z MNI coordinates
n mm: 2, 26, 30; BA 32, see Fig. 3; Table 3). Adolescents had
tronger activation than adults in the ventral ACC (−2, 38, 2;
A 24).

There was no detectable activation when comparing safe to
isky choices. Adolescents showed no greater recruitment than
dults in this contrast (safe > risky).

.2.3. Correlations with performance (see Table 4)
With all subjects combined, the number of risky choices neg-

tively correlated with activation in the left OFC/VLPFC and
ilateral ACC (Table 4). By group, this performance score was
egatively correlated with activation in the left OFC/VLPFC
n adults and adolescents and with bilateral ACC in adoles-
ents only (Table 4). The specific locations of the activations
hat correlated with performance were very proximal to those
howing significant group differences (as depicted in Fig. 4).
inally, these correlations did not differ significantly between
dolescents and adults.

.2.4. Dorsolateral prefrontal cortex (see Fig. 3)
For the sake of specificity, a region of interest encompassing

he left dorsolateral prefrontal cortex was examined. Significant
ctivation was present in the combined group, and for each group
eparately, but no group differences could be detected (see Fig. 3,
, y, z MNI coordinates in mm: −26, 24, 46).

.2.5. Amygdala and ventral striatum

Both regions were significantly activated in the combined

ample and each group separately by the selection of risky
ptions versus the selection of safe options. However, these
ctivations did not differ in adolescents and adults. These
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Fig. 3. Greater regional activations in adults than in adolescents for the contrast (select 10/30 minus select 70/90) in the lateral orbitofrontal/ventrolateral prefrontal
cortex (OFC/VLPFC) and anterior cingulate cortex (ACC) regions of interest. The top panel A represents regional activation in the left OFC/VLPFC (MNI x, y, z:
−44, 14, −6 mm), and right ACC (MNI x, y, z: 2, 26, 30 mm), rendered on a single-subject T1 image provided by SPM99. The bottom panel B represents the group
mean fraction of BOLD signal changes in adults and adolescents at the peak voxels identified on panel A. The left dorsolateral prefrontal cortex (DLPFC, MNI x, y,
z: −26, 24, 46) was also included as a control region to inform the regional specificity of group differences.

Table 4
Correlations of ROI activation × performance

L-OFC/VLPFC R-OFC/VLPFC

Equivk T x, y, z Equivk T x, y, z

Combined group 10 2.02 −38, 14, −4 – – –
Adolescents 10 3.56 −28, 60, −2 11 2.02 46, 36, −4
Adults 16 2.61 −48, 18, 0 – – –

L-ACC R-ACC

Equivk T x, y, z Equivk T x, y, z

Combined group 19 2.87 −4, 38, 22 19 2.60 2, 38, 24
Adolescents 19 2.62 −6, 40, 20 19 2.39 2, 38, 24
Adults – – – – – –

Peaks of significant negative correlation between ROI activation in (select 1030 > 7090) and percent of risky choices for all subjects combined, and adults and
adolescents separately. Results show significant activations (p < 0.05 small volume corrected) in small regions of interest (3 mm spheres) centered on peak voxels
s lesce
o ht ant
x rovide

r
b

4

v
t
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E
2

ignificantly activated in the negative correlations of the combined group, ado
rbital/ventrolateral cortices (L-OFC/VLPFC, R-OFC/VLPFC) and left and rig
, y, z (mm) are the coordinates of the peak voxel based on the brain template p

esults are provided for completeness, but will not be discussed
elow.

. Discussion
This is the first paper to examine differences in brain acti-
ation between adolescents and adults while making decisions
o obtain rewards of varying magnitude and probability. We
sed a monetary decision-making task that allowed the analysis

v
A
s
w

nts, and adults, respectively. The regions of interest include the left and right
erior cingulate gyri (L-ACC, R-ACC). Equivk is the cluster size of voxels, and
d by the Montreal Neurological Institute (MNI).

f choice selection separately from anticipation of outcome or
esponse to reward. Based on models of developmental discon-
inuities in reward-related brain structures (Bjork et al., 2004;
rnst et al., 2006; Galvan et al., 2006; van Leijenhorst et al.,
006), we predicted that adolescents would display lower acti-

ation than adults in a system encompassing OFC/VLPFC and
CC that contributes to behavioral control. The data generally

upported this prediction: risky choice selection was associated
ith significantly greater activation in the OFC/VLPFC and
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ig. 4. Scatter plot of the negative correlation between percent risk-taking and
OLD percent signal change in the right anterior cingulate cortex in the whole
roup.

CC in adults compared to adolescents. In addition, risk-taking
erformance scores in adolescents, adults and in the sample
s a whole negatively correlated with activity in these areas.
owever, other regions of frontal cortex (dorsolateral prefrontal

ortex) did not differ as a function of age, demonstrating the
egional specificity of the effect.

Adults and adolescents performed similarly on the task:
hey made similar numbers of risky choices and won simi-
ar cumulative amounts of money. However, percent of risky
hoices at the moderate level of risk (option 30 of the 30/70
ondition) was significantly negatively correlated with age, sug-
esting that a larger sample might have been able to detect
tronger group differences. The relative weakness of behavioral
ifferences in risk-taking was somewhat surprising, given ado-
escents’ propensity for risk-taking (Arnett, 1992). However, we
ave demonstrated in a sample of similar size as that presented
ere that healthy adolescents (n = 19, mean age 13.5 years) were
aking more risky decisions than healthy adults (n = 11, mean

ge 29.7 years), F(1, 28) = 46.7, p = 0.02, when the task was
dministered in the clinic, a less stressful environment than in
he scanner (unpublished data, available upon request).

At present, five studies have examined brain activation in
eward-related behavior in adolescents (Bjork et al., 2004; Ernst
t al., 2005; Galvan et al., 2006; May et al., 2004; van Leijenhorst
t al., 2006). Using a monetary card-guessing task in children
nd adolescents, May et al. (2004) found that the ventral stria-

um, medial and lateral OFC, and ACC were more active in
ewarded trials than in neutral or punished trials, which is consis-
ent with earlier findings using the same task in adults (Delgado,
ystrom, Fissell, Noll, & Fiez, 2000). This suggested that ado-

t
i
t
a

ia 45 (2007) 1270–1279

escents use similar circuits to process reward as adults. The
econd study (Bjork et al., 2004) employed a monetary reaction
ime task to compare adults and adolescents directly, and found
hat adolescents recruited less strongly the right ventral striatum
nd insula when anticipating possible gains. Neural activity in
esponse to outcomes did not differ between groups. Bjork et
l. (2004) concluded that adolescents might have weak moti-
ational, but not consummatory, reward-related behavior, and
hat their propensity for risk-taking might compensate for low
ctivity levels in these motivational structures.

van Leijenhorst et al. (2006) examined neural activation asso-
iated with the selection of the option with the most likely
ositive outcome. Compared to adults (18–26 years), children
9–12 years) showed greater activation of the dorsal ACC and
o differences in medial orbitofrontal cortical activation when
electing between two less probable outcomes (33% versus 66%
r 44% versus 55% chance of winning one point), compared to
electing between two more probable outcomes (11% versus
8% or 22% versus 77% chance of winning one point). The
roup difference analysis of selection did not include lateral
FC. The authors suggested that the greater activation of the
CC might reflect a higher degree of response conflict in chil-
ren than in adults during decision-making under uncertainty. In
ddition, children recruited lateral OFC more strongly for nega-
ive relative to positive feedback compared to adults, suggesting
nhanced sensitivity to losses. In contrast to this study, Galvan et
l.’s work (2006) reported reduced activation of the lateral OFC
n response to rewards in adolescents and children compared to
dults. In addition to the very different paradigms used in these
tudies (i.e., decision-making based principally on probability
ersus reaction time based on learned reward outcome), the dis-
repancy between results may reflect different developmental
rajectories of responses to negative versus positive feedbacks.
urthermore, similarly to the study by Ernst et al. (2005), Gal-
an et al., reported enhanced nucleus accumbens activation in
esponse to rewards in adolescents compared to adults.

Finally, using the same sample as in the current study, our
roup (Ernst et al., 2005) previously showed differences in
rain activation between adolescents and adults in response to
utcomes (consummatory phase). The left nucleus accumbens,
rominently associated with reward processing (Di Chiara et
l., 2004), was recruited more strongly in adolescents, and the
eft amygdala, prominently associated with avoidance (LeDoux,
000), was affected more strongly in adults. This suggested that
dolescent risk-taking might be partly explained by adolescents’
reater sensitivity for reward, and adults’ heightened sensitivity
o harm. Indeed, when asked in the current task to rate their feel-
ngs after receiving feedback, adolescents tended to feel happier
han adults in response to gains and less upset than adults in
esponse to not winning (data not shown). Taken together, these
ve studies indicate that adults and adolescents engage similar
eural networks during reward-related performance, but to lower
r higher degrees. The discrepancies among these studies need

o be understood in light of differences in sample characteristics,
ncluding age ranges and sizes, paradigms (e.g., reaction time
ask as in Bjork et al. versus decision-making task as in Ernst et
l.), and methods of analysis.
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The present study expands on our previous results and exam-
nes the activity in cortical regulatory structures during an earlier
tage of decision-making: the formation of a preference between
wo choices, and the execution of this preference (Ernst &
aulus, 2005). When directly comparing adults to adolescents,
e found that the lateral OFC/VLPFC (BA 47, including frontal
perculum) and dorsal ACC (BA 32) were consistently engaged
ore strongly in adults. Furthermore, this activation in left
FC/VLPFC was negatively correlated with risky performance

n the entire sample and in each group separately, and bilateral
ctivation in the ACC was negatively correlated with risky per-
ormance in the combined group and adolescents. This result
s opposite to van Leijenhorst et al.’s (2006) finding of reduced
CC activation (BA 24) during selection of uncertain options in
dults compared to children. This discrepancy could inform the
ole of age, puberty, and paradigm features in modulating circuits
f cognitive control. van Leijenhorst et al. (2006) used a younger
roup of children (11.3 years) than ours (13.2 years), and tested a
impler paradigm that did not manipulate the magnitude of out-
omes to increase the salience of risk. Future studies will be able
o disentangle the effect of these study parameters on age-related
ifferences in neural responses to risky decision-making.

Neuropsychological, lesion, and functional neuroimaging
tudies in humans have identified the OFC/VLPFC (Arana et al.,
003; Elliott, Rees, & Dolan, 1999; Ernst et al., 2002; Paulus et
l., 2001; Rogers et al., 1999; Rushworth et al., 2005; Walton,
evlin, & Rushworth, 2004) and ACC (Bush et al., 2002; Ernst

t al., 2004; Rogers et al., 2004; Walton et al., 2004; Williams,
ush, Rauch, Cosgrove, & Eskandar, 2004) as key neural sub-

trates of decision-making processes. Often modulated by both
isk (Cohen, Heller, & Ranganath, 2005; Critchley, Mathias, &
olan, 2001) and reward (Rogers et al., 2004), these structures

re purported to support specific functions that are specialized
y subregions (e.g., lateral versus medial OFC, dorsal versus
entral ACC).

Lateral OFC/VLPFC is generally involved in response inhi-
ition and cognitive flexibility (Casey et al., 2001; Cools et al.,
002; Nagahama et al., 2001; O’Doherty et al., 2003), argu-
ng for its role in controlling action in a conflictual context
O’Doherty et al., 2003; Schoenbaum & Roesch, 2005). The
FC/VLPFC continues to evolve through childhood and ado-

escence and has strong connections to other frontal and limbic
reas, making it particularly suited to integrate affective and
on-affective information (Happaney, Zelazo, & Stuss, 2004).

lag in maturation of this structure, suggested by the present
ndings, might contribute to the commonly observed difficulty

n adolescents of controlling decision-making as a function of
otential consequences (Chambers et al., 2003).

Of note, the OFC/VLPFC activation in the present study
lmost always extended posteriorly and superiorly into the ante-
ior insula. Generally, the insula is thought to be involved in
he detection and interpretation of internal bodily states (Bar-
n, Tranel, Denburg, & Bechara, 2003; Craig, 2002; Paulus,

ogalsky, Simmons, Feinstein, & Stein, 2003), particularly for
nfair (Sanfey, Rilling, Aronson, Nystrom, & Cohen, 2003)
r aversive (Adolphs, 2002) stimuli. The neural representation
f physical states can activate motivational circuits (e.g., ven-
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ral striatum) that determine engagement in or avoidance of
isk-taking behavior (Craig, 2002). This is consistent with the
bservation that the insula is often activated concurrently with
he OFC/VLPFC in decision-making tasks, and is similarly mod-
lated by risk or reward (Critchley et al., 2001; Ernst et al., 2002;
’Doherty et al., 2003; Paulus, Feinstein, Leland, & Simmons,
005). Our results suggest that anterior insula activation occurs
n both adults and adolescents during decision-making, but that
he activation is stronger in adults. This bolsters previous find-
ngs of age-related differences in the function of harm avoidance
ircuitry (Ernst et al., 2005).

The ACC has been associated with a number of regionally
egregated functions in cognitive and affective control (Bush,
uu, & Posner, 2000). The dorsal division (BA 24, 32) is com-
only thought of as the “cognitive” ACC and is involved in
onitoring behavior for response conflicts (Kerns et al., 2004;
rawczyk, 2002; e.g., Bush et al., 2002). The ventral division

BA 24, 25, 32, 33), on the other hand, is considered to be the
affective” ACC, and is predominantly involved in the repre-
entation of the emotional salience of stimuli (Phillips, Drevets,
auch, & Lane, 2003). Previous work has shown engagement of
oth regions in studies of reward-related processes (e.g., Cohen
t al., 2005; Rogers et al., 2004) and the selection of options (e.g.,
rnst et al., 2004; Hadland, Rushworth, Gaffan, & Passingham,
003; Williams et al., 2004). The current results show activa-
ion in the dorsal ACC. This is consistent with a previous study
sing the same task (Ernst et al., 2004), and with single-unit
ecordings in humans demonstrating the dorsal ACC’s role in
inking reward information with appropriate actions (Williams
t al., 2004). The dorsal ACC activation suggests that the wheel
f fortune task taxes cognitive capacity, particularly the abil-
ty to resolve conflicts to take action, rather than the emotional
rocessing of stimulus salience.

Of interest, a ventral region of the ACC was found to be more
ctive in adolescents than in adults when making risky selec-
ions. We propose that the increased activation of this region
n adolescents may reflect greater sensitivity to emotional stim-
li, which may also contribute to risk-taking behavior (Ernst et
l., 2005), as well as to the well-known peak of onset of mood
isorders in this age group (Glied & Pine, 2002).

Several caveats need to be mentioned. First, the age range
f the adolescent sample covers early to late adolescence. It
ill be important to also include younger children in future

tudies to better characterize early maturation of the neural
ircuits underlying cognitive control. Second, each selection
vent is preceded by a feedback event with a fixed 1 s interval
ITI), possibly causing feedback-related activation to influence
election-related activation. However, this effect is mitigated by
he fact that feedback comprised a number of different conditions
win and lose associated with different wheels and selections)
hat were randomly distributed, and thus unlikely to give rise to
systematic bias. Third, while the various options are character-

zed as a function of risk, they also differ on expected value. For

xample, the 30 option has an expected value (EV) of 60 (prob-
bility of 30% × reward magnitude of $2), compared to the 70
ption, which has an EV of 70 (probability of 70% × reward
agnitude of $1). Similarly, the 90 option has an EV of 45,
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nd the 10 option has an EV of 40. Two reasons mitigate the
ossible contribution of the EV to the findings. First, these dif-
erences are relatively small, and it is unlikely that they would
enerate significant differences in activation. Second, we would
redict a positive relationship between activation and EV, since
V represents the net reward value of a potential outcome. This
ontradicts our finding that the lower EV option (risky selection)
s associated with greater activation than the higher EV option
safe selection). Furthermore, in a recent study we demonstrated
hat activation of the ACC was driven by conflict rather than by
he representation of reward value (Smith et al., submitted for
ublication).

In conclusion, the present results demonstrate that adults
ngage prefrontal regulatory structures to a greater extent than
dolescents when contemplating options and making high-risk
hoices, and that this engagement negatively correlates with
isky selections. This difference in brain activation, along with
revious results suggesting differential engagement of circuits
nderlying approach behavior (favored in adolescents) and
voidance behavior (favored in adults) (Ernst et al., 2005), may
xplain the propensity for risk-taking and novelty-seeking in this
ge group. The neural developmental changes and associated
lasticity during this transition period also suggests that adoles-
ence may be a prime time for interventions aimed at reducing
oor decision-making behavior.

In addition to informing the neural substrates of risk-taking,
he results may help clarify processes involved in the etiol-
gy of mood and anxiety disorders, many of which first appear
n adolescence (Chambers et al., 2003; Glied & Pine, 2002;
ine, Cohen, Gurley, Brook, & Ma, 1998), and may result from
bnormalities in neural systems underlying decision-making.
o determine specific deviations in such clinical populations,
ormal development must first be characterized. This study pro-
ides a first step toward that goal. Future research with tasks
uch as this will increase our understanding of both normative
dolescence and its pathological correlates.

eferences

dolphs, R. (2002). Neural systems for recognizing emotion. Current Opinion
in Neurobiology, 12, 169–177.

rana, F. S., Parkinson, J. A., Hinton, E., Holland, A. J., Owen, A. M., &
Roberts, A. C. (2003). Dissociable contributions of the human amygdala
and orbitofrontal cortex to incentive motivation and goal selection. Journal
of Neuroscience, 23, 9632–9638.

rnett, J. J. (1992). Reckless behavior in adolescence: A developmental per-
spective. Developmental Review, 12, 339–373.

ar-On, R., Tranel, D., Denburg, N. L., & Bechara, A. (2003). Exploring the
neurological substrate of emotional and social intelligence. Brain, 126,
1790–1800.

enthin, A., Slovic, P., & Severson, H. (1993). A psychometric study of adoles-
cent risk perception. Journal of Adolescence, 16, 153–168.

jork, J. M., Knutson, B., Fong, G. W., Caggiano, D. M., Bennett, S. M., &
Hommer, D. W. (2004). Incentive-elicited brain activation in adolescents:
Similarities and differences from young adults. Journal of Neuroscience,

24, 1793–1802.

uckner, R. L. (1998). Event-related fMRI and the hemodynamic response.
Neuroimage, 6, 373–377.

ush, G., Luu, P., & Posner, M. I. (2000). Cognitive and emotional influences
in anterior cingulate cortex. Trends in Cognitive Sciences, 4, 215–222.

G

G

ia 45 (2007) 1270–1279

ush, G., Vogt, B. A., Holmes, J., Dale, A. M., Greve, D., Jenike, M. A., et al.
(2002). Dorsal anterior cingulate cortex: A role in reward-based decision
making. Proceedings of the National Academy of Sciences of the United
States of America, 99, 523–528.

yrnes, J. P. (2002). The development of decision-making. Journal of Adolescent
Health, 31, 208–215.

asey, B. J., Forman, S. D., Franzen, P., Berkowitz, A., Braver, T. S., Nystrom,
L. E., et al. (2001). Sensitivity of prefrontal cortex to changes in target
probability: A functional MRI study. Human Brain Mapping, 13, 26–33.

asey, B. J., Giedd, J. N., & Thomas, K. M. (2000). Structural and functional
brain development and its relation to cognitive development. Biological
Psychology, 54, 241–257.

hambers, R. A., & Potenza, M. N. (2003). Neurodevelopment, impulsivity, and
adolescent gambling. Journal of Gambling Studies, 19, 53–84.

hambers, R. A., Taylor, J. R., & Potenza, M. N. (2003). Developmental neu-
rocircuitry of motivation in adolescence: A critical period of addiction
vulnerability. American Journal of Psychiatry, 160, 1041–1052.

ohen, M. X., Heller, A. S., & Ranganath, C. (2005). Functional connectivity
with anterior cingulate and orbitofrontal cortices during decision-making.
Brain Research Cognitive Brain Research, 23, 61–70.

ools, R., Clark, L., Owen, A. M., & Robbins, T. W. (2002). Defining the neural
mechanisms of probabilistic reversal learning using event-related functional
magnetic resonance imaging. Journal of Neuroscience, 22, 4563–4567.

raig, A. D. (2002). How do you feel? Interception: The sense of the physio-
logical condition of the body. Nature Reviews Neuroscience, 3, 655–666.

ritchley, H. D., Mathias, C. J., & Dolan, R. J. (2001). Neural activity in the
human brain relating to uncertainty and arousal during anticipation. Neuron,
29, 537–545.

rone, E. A., Bunge, S. A., Latenstein, H., & van der Molen, M. W. (2005).
Characterization of children’s decision making: Sensitivity to punishment
frequency, not task complexity. Child Neuropsychology, 11, 245–263.

elgado, M. R., Nystrom, L. E., Fissell, C., Noll, D. C., & Fiez, J. A. (2000).
Tracking the hemodynamic responses to reward and punishment in the stria-
tum. Journal of Neurophysiology, 84, 3072–3077.

i Chiara, G., Bassareo, V., Fenu, S., De Luca, M. A., Spina, L., Cadoni, C.,
et al. (2004). Dopamine and drug addiction: The nucleus accumbens shell
connection. Neuropharmacology, 47(Suppl. 1), 227–241.

urston, S., Thomas, K. M., Yang, Y., Ulug, A. M., Zimmerman, R. D., &
Casey, B. J. (2002). A neural basis for the development of inhibitory control.
Developmental Science, 5, F9–F16.

lliott, R., Rees, G., & Dolan, R. J. (1999). Ventromedial prefrontal cortex
mediates guessing. Neuropsychologia, 37, 403–411.

rnst, M., & Paulus, M. P. (2005). Neurobiology of decision-making: A selective
review from a neurocognitive and clinical perspective. Biological Psychiatry,
58, 597–604.

rnst, M., Bolla, K., Mouratidis, M., Contoreggi, C., Matochik, J. A., Kurian,
V., et al. (2002). Decision-making in a risk-taking task: A PET study. Neu-
ropsychopharmacology, 26, 682–691.

rnst, M., Grant, S. J., London, E. D., Contoreggi, C. S., Kimes, A. S., & Spur-
geon, L. (2003). Decision making in adolescents with behavior disorders and
adults with substance abuse. American Journal of Psychiatry, 160, 33–40.

rnst, M., Nelson, E. E., Jazbec, S., McClure, E. B., Monk, C. S., Leibenluft,
E., et al. (2005). Amygdala and nucleus accumbens in responses to receipt
and omission of gains in adults and adolescents. Neuroimage, 25, 1279–
1291.

rnst, M., Nelson, E. E., McClure, E. B., Monk, C. S., Eshel, N., Zarahn, E.,
et al. (2004). Choice selection and reward anticipation: An fMRI study.
Neuropsychologia, 42, 1585–1597.

rnst, M., Pine, D. S., & Hardin, M. (2006). Triadic model of the neurobiology of
motivated behavior in adolescence. Psychological Medicine, 36, 299–312.

alvan, A., Hare, T. A., Parra, C. E., Penn, J., Voss, H., Glover, G., et al. (2006).
Earlier development of the accumbens relative to orbitofrontal cortex might
underlie risk-taking behavior in adolescents. Journal of Neuroscience, 26,

6885–6892.

iedd, J. N. (2004). Structural magnetic resonance imaging of the adolescent
brain. Annals of the New York Academy of Sciences, 1021, 77–85.

lied, S., & Pine, D. S. (2002). Consequences and correlates of adolescent
depression. Archives of Pediatrics & Adolescent Medicine, 156, 1009–1014.



holog

G

G

G

H

H

H

H

H

K

K

K

K

L

L

L

M

M

N

O

O

P

P

P

P

P

R

R

R

R

S

S

S

S

S

S

S

S

S

T

v

V

W

N. Eshel et al. / Neuropsyc

ogtay, N., Giedd, J. N., Lusk, L., Hayashi, K. M., Greenstein, D., Vaituzis, A.
C., et al. (2004). Dynamic mapping of human cortical development during
childhood through early adulthood. Proceedings of the National Academy
of Sciences of the United States of America, 101, 8174–8179.

runbaum, J. A., Kann, L., Kinchen, S., Ross, J., Hawkins, J., Lowry, R., et
al. (2004). Youth risk behavior surveillance—United States 2003. MMWR
Surveillance Summaries, 53, 1–96.

uyer, A. E., Kaufman, J., Hodgdon, H. B., Masten, C. L., Jazbec, S., Pine, D.
S., & Ernst, M. (2006). Behavioral alterations in reward system function:
the role of childhood maltreatment and psychopathology. Journal of the
American Academy of Child and Adolescent Psychiatry, 45, 1059–1067.

adland, K. A., Rushworth, M. F., Gaffan, D., & Passingham, R. E. (2003).
The anterior cingulate and reward-guided selection of actions. Journal of
Neurophysiology, 89, 1161–1164.

appaney, K., Zelazo, P. D., & Stuss, D. T. (2004). Development of orbitofrontal
function: Current themes and future directions. Brain and Cognition, 55,
1–10.

ollingshead, A. B. (1975). Four factor index of social status. The-
sis/Dissertation, Yale University Dept. of Sociology.

olmes, A., & Friston, K. J. (1998). Generalisability, random effects, and pop-
ulation inference. Neuroimage, 7.

ooper, C. J., Luciana, M., Conklin, H. M., & Yarger, R. S. (2004). Adolescents’
performance on the Iowa Gambling task: Implications for the development
of decision making and ventromedial prefrontal cortex. Developmental Psy-
chology, 40, 1148–1158.

aufman, J., Birmaher, B., Brent, D. A., Ryan, N. D., & Rao, U. (2000).
K-SADS-PL. Journal of the American Academy of Child and Adolescent
Psychiatry, 39, 1208.

erns, J. G., Cohen, J. D., MacDonald, A. W., III, Cho, R. Y., Stenger, V. A., &
Carter, C. S. (2004). Anterior cingulate conflict monitoring and adjustments
in control. Science, 303, 1023–1026.

rawczyk, D. C. (2002). Contributions of the prefrontal cortex to the neural
basis of human decision making. Neuroscience and Biobehavioral Reviews,
26, 631–664.

ringelbach, M. L., & Rolls, E. T. (2004). The functional neuroanatomy of
the human orbitofrontal cortex: Evidence from neuroimaging and neuropsy-
chology. Progress in Neurobiology, 72, 341–372.

eDoux, J. E. (2000). Emotion circuits in the brain. Annual Review of Neuro-
science, 23, 155–184.

una, B., & Sweeney, J. A. (2001). Studies of brain and cognitive maturation
through childhood and adolescence: A strategy for testing neurodevelop-
mental hypotheses. Schizophrenia Bulletin, 27, 443–455.

una, B., & Sweeney, J. A. (2004). The emergence of collaborative brain func-
tion: FMRI studies of the development of response inhibition. Annals of the
New York Academy of Sciences, 1021, 296–309.

arsh, R., Zhu, H., Schultz, R. T., Quackenbush, G., Royal, J., Skudlarski, P., et
al. (2006). A developmental fMRI study of self-regulatory control. Human
Brain Mapping.

ay, J. C., Delgado, M. R., Dahl, R. E., Stenger, V. A., Ryan, N. D., Fiez, J. A., et
al. (2004). Event-related functional magnetic resonance imaging of reward-
related brain circuitry in children and adolescents. Biological Psychiatry,
55, 359–366.

agahama, Y., Okada, T., Katsumi, Y., Hayashi, T., Yamauchi, H., Oyanagi,
C., et al. (2001). Dissociable mechanisms of attentional control within the
human prefrontal cortex. Cerebral Cortex, 11, 85–92.

’Doherty, J., Critchley, H., Deichmann, R., & Dolan, R. J. (2003). Dissociating
valence of outcome from behavioral control in human orbital and ventral
prefrontal cortices. Journal of Neuroscience, 23, 7931–7939.

verman, W. H., Frassrand, K., Ansel, S., Trawalter, S., Bies, B., & Redmond,
A. (2004). Performance on the IOWA card task by adolescents and adults.
Neuropsychologia, 42, 1838–1851.

aulus, M. P., Feinstein, J. S., Leland, D., & Simmons, A. N. (2005). Supe-

rior temporal gyrus and insula provide response and outcome-dependent
information during assessment and action selection in a decision-making
situation. Neuroimage, 25, 607–615.

aulus, M. P., Hozack, N., Zauscher, B., McDowell, J. E., Frank, L., Brown, G.
G., et al. (2001). Prefrontal, parietal, and temporal cortex networks under-

W

Z

ia 45 (2007) 1270–1279 1279

lie decision-making in the presence of uncertainty. Neuroimage, 13, 91–
100.

aulus, M. P., Rogalsky, C., Simmons, A., Feinstein, J. S., & Stein, M. B. (2003).
Increased activation in the right insula during risk-taking decision mak-
ing is related to harm avoidance and neuroticism. Neuroimage, 19, 1439–
1448.

hillips, M. L., Drevets, W. C., Rauch, S. L., & Lane, R. (2003). Neurobiology
of emotion perception. I. The neural basis of normal emotion perception.
Biological Psychiatry, 54, 504–514.

ine, D. S., Cohen, P., Gurley, D., Brook, J., & Ma, Y. (1998). The risk for early-
adulthood anxiety and depressive disorders in adolescents with anxiety and
depressive disorders. Archives of General Psychiatry, 55, 56–64.

ogers, R. D., Owen, A. M., Middleton, H. C., Williams, E. J., Pickard, J.
D., Sahakian, B. J., et al. (1999). Choosing between small, likely rewards
and large, unlikely rewards activates inferior and orbital prefrontal cortex.
Journal of Neuroscience, 19, 9029–9038.

ogers, R. D., Ramnani, N., Mackay, C., Wilson, J. L., Jezzard, P., Carter, C.
S., et al. (2004). Distinct portions of anterior cingulate cortex and medial
prefrontal cortex are activated by reward processing in separable phases of
decision-making cognition. Biological Psychiatry, 55, 594–602.

ubia, K., Overmeyer, S., Taylor, E., Brammer, M., Williams, S. C., Simmons,
A., et al. (2000). Functional frontalisation with age: Mapping neurodevel-
opmental trajectories with fMRI. Neuroscience and Biobehavioral Reviews,
24, 13–19.

ushworth, M. F., Buckley, M. J., Gough, P. M., Alexander, I. H., Kyriazis, D.,
McDonald, K. R., et al. (2005). Attentional selection and action selection
in the ventral and orbital prefrontal cortex. Journal of Neuroscience, 25,
11628–11636.

anfey, A. G., Rilling, J. K., Aronson, J. A., Nystrom, L. E., & Cohen, J. D.
(2003). The neural basis of economic decision-making in the Ultimatum
Game. Science, 300, 1755–1758.

chapiro, M. B., Schmithorst, V. J., Wilke, M., Byars, A. W., Strawsburg, R. H.,
& Holland, S. K. (2004). BOLD fMRI signal increases with age in selected
brain regions in children. Neuroreport, 15, 2575–2578.

choenbaum, G., & Roesch, M. (2005). Orbitofrontal cortex, associative learn-
ing, and expectancies. Neuron, 47, 633–636.

egal, D. L., Hersen, M., & Van Hasselt, V. B. (1994). Reliability of the
Structured Clinical Interview for DSM-III-R: An evaluative review. Com-
prehensive Psychiatry, 35, 316–327.

egalowitz, S. J., & Davies, P. L. (2004). Charting the maturation of the frontal
lobe: An electrophysiological strategy. Brain and Cognition, 55, 116–133.

pear, L. P. (2000). The adolescent brain and age-related behavioral manifesta-
tions. Neuroscience and Biobehavioral Reviews, 24, 417–463.

pitzer, R. L., Williams, J. B., Gibbon, M., & First, M. B. (1992). The Struc-
tured Clinical Interview for DSM-III-R (SCID). I. History, rationale, and
description. Archives of General Psychiatry, 49, 624–629.

teinberg, L. (2004). Risk taking in adolescence: What changes, and why?
Annals of the New York Academy of Sciences, 1021, 51–58.

teinberg, L., Dahl, R. E., Keating, D., Kupfer, D., Masten, A., & Pine, D. S.
(2005). In D. Cicchetti (Ed.), Psychopathology in adolescence: Integrating
affective neuroscience with the study of context. New York: Wiley.

alairach, J., & Tournoux, P. (1988). Co-planar stereotaxic atlas of the human
brain. New York: Thieme Medical Publishers Inc.

an Leijenhorst, L., Crone, E. A., & Bunge, S. A. (2006). Neural correlates
of developmental differences in risk estimation and feedback processing.
Neuropsychologia, 44, 2158–2170.

ogt, B. A., Nimchinsky, E. A., Vogt, L. J., & Hof, P. R. (1995). Human cin-
gulate cortex: Surface features, flat maps, and cytoarchitecture. Journal of
Comparative Neurology, 359, 490–506.

alton, M. E., Devlin, J. T., & Rushworth, M. F. (2004). Interactions between
decision making and performance monitoring within prefrontal cortex.
Nature Neuroscience, 7, 1259–1265.
illiams, Z. M., Bush, G., Rauch, S. L., Cosgrove, G. R., & Eskandar, E. N.
(2004). Human anterior cingulate neurons and the integration of monetary
reward with motor responses. Nature Neuroscience, 7, 1370–1375.

arahn, E. (2000). Testing for neural responses during temporal components of
trials with BOLD fMRI. Neuroimage, 11, 783–796.


	Neural substrates of choice selection in adults and adolescents: Development of the ventrolateral prefrontal and anterior cingulate cortices
	Introduction
	Methods
	Sample
	Task
	fMRI
	Analysis of the results
	Behavioral performance
	Imaging data


	Results
	Sample and task performance
	fMRI results
	OFC/VLPFC ROI (see Tables 2-3)
	ACC ROI (see Tables 2-3)
	Correlations with performance (see Table 4)
	Dorsolateral prefrontal cortex (see Fig. 3)
	Amygdala and ventral striatum


	Discussion
	References


