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The stop signal task (SST) is widely used to explore neural
processes involved in cognitive control. By randomly intermixing
stop and go trials and imposing on participants to respond quickly
to the go but not the stop signal, the SST also introduces an indirect
element of risk, which participants may avert by slowing down or
ignore by responding ‘‘as usual,’’ during go trials. This ‘‘risk-taking’’
component of the SST has to our knowledge never been
investigated. The current study took advantage of variability of go
trial reaction time (RT) and compared the post-go go trials that
showed a decrease in RT (risk-taking decision) and those post-go
go trials that showed an increase in RT (‘‘risk-aversive’’ decision) in
33 healthy individuals who underwent functional magnetic
resonance imaging during the SST. This contrast revealed robust
activation in bilateral visual cortices as well as left inferior parietal
and posterior cingulate cortices, amygdala, and middle frontal gyrus
(P < 0.05, family-wise error [FWE] corrected). Furthermore, we
observed that the magnitude of amygdala activity is positively
correlated with trait anxiety of the participants. These results thus
delineated, for the first time, a neural analog of risk taking during
stop signal performance, highlighting a novel aspect and broaden-
ing the utility of this behavioral paradigm.

Keywords: amygdala, frontolimbic, limbic, risk taking, ventromedial
prefrontal

Introduction

The stop signal task (SST) is one of most widely used behavioral

paradigms in studies of cognitive control, an ‘‘executive’’

function that allows individuals to restrain a habitual response,

detect errors, and learn from errors by adapting our behavior.

Many investigators have employed the SST to examine the

neural processes of inhibitory control and to explore whether

and how these processes are altered in psychiatric conditions

in which deficits in cognitive control are implicated (Robbins

2007). For instance, the difficulty of a stop trial in the SST could

be systematically manipulated by varying the time delay

between the go and stop signals—the stop signal delay (SSD).

By computing the probability of stop successes across a range

of SSDs, one can estimate an inhibitory function or the stop

signal reaction time (SSRT), to index individuals’ inhibitory

ability (Logan and Cowan 1984; Logan et al. 1984; Logan 1994).

Differences in the inhibitory function or SSRT have been used

to characterize patients with attention deficit hyperactivity

disorder (ADHD), obsessive compulsive disorder (OCD), and

cocaine dependence among other clinical conditions (Crosbie

and Schachar 2001; Johannes et al. 2001; Fillmore and Rush

2002; Chamberlain et al. 2006; Li, Milivojevic, et al. 2006;

Alderson et al. 2007; Li, Huang, Yan, Bhagawar, et al. 2008; for

a review, see also Li and Sinha 2008). Furthermore, by

comparing individuals with short and long SSRT who otherwise

do not differ in stop signal performance, one can potentially

isolate the neural correlates of inhibitory control (Li, Huang,

et al. 2006). In other studies, investigators contrasted stop

errors with stop successes to examine medial cortical activity

during error processing (Schmajuk et al. 2006; Chevrier et al.

2007; Li et al. forthcoming). In addition, we observed

ventrolateral prefrontal cortical (VLPFC) activation during

posterror slowing (PES) in a recent study where posterror go

trials that increased in reaction time (RT) were compared with

posterror go trials that did not increase in RT (Li, Huang, Yan,

Paliwal, et al. 2008). This VLPFC activity appears to represent

a specific neural signature of posterror behavioral adjustment.

Such error-related responses have also been extensively

investigated in children with ADHD (Schachar et al. 2004;

Liotti et al. 2005) and patients with OCD (Ursu et al. 2003;

Fitzgerald et al. 2005; Maltby et al. 2005; Hajcak et al. 2008; see

also Nieuwenhuis et al. 2005). Overall, the SST has been of

instrumental importance as a behavioral proxy in studies of

the pathogenesis of neurological and psychiatric illnesses in

which cortical deficits in cognitive control—or behavioral

impulsivity—are involved (Bornovalova et al. 2005; Arnsten

2006; Winstanley et al. 2006; Chamberlain and Sahakian 2007).

Although cognitive control maintains homeostatic regula-

tion, individuals venture out of their behavioral routines to seek

new opportunities. This alternative aspect of impulsivity or the

readiness to ‘‘take risk’’—is a complex psychological process

that contributes to the make up of human personality (Evenden

1999). Individuals show great variation in their propensity to

take risk (Cohen et al. 2005; Galvan et al. 2007; Marsch et al.

2007). Although impulsive behaviors are mostly known to be

associated with negative consequences, ‘‘risk taking’’ may have

conferred distinct advantage in reproductive success in non-

human primates (Berard et al. 1993; Mehlman et al. 1995).

Impulsive male macaque monkeys migrate early from their

natal group to seek sexual opportunities, whereas those that

are excessively inhibited lose their edge in reproducing.

Impulsivity is heritable. Studies of genetic linkage in humans,

pedigree association in monkeys, and mouse inbreeding have

all provided strong evidence for the heritability of impulsive

behaviors (Swanson et al. 2001; Fairbanks et al. 2004; Isles et al.

2004).

Many studies have examined how brain responds when

individuals take risks, typically in a paradigm involving reward

contingencies (Paulus et al. 2003; Matthews et al. 2004;

Ernst et al. 2005; Fukui et al. 2005; Kuhnen and Knutson

2005; Daw et al. 2006; Huettel et al. 2006; Paulus and Stein

2006; Yacubian et al. 2006; Coricelli et al. 2007; Eshel et al.
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2007; Liu et al. 2007; Satterthwaite et al. 2007; Tobler et al.

2007; Tom et al. 2007). For instance, in individuals performing

the Iowa gambling task, greater activation in the medial frontal

gyrus is associated with risky choices, as compared with safe

choices (Fukui et al. 2005). In a variant risk-related decision-

making task, individuals showed greater activation in the right

insula when selecting a risky as compared with a safe response

(Paulus et al. 2003). Furthermore, such insula activation varied

with individuals’ personality traits such as harm avoidance and

neuroticism. Taken together, the frontolimbic circuits in-

volving ventromedial prefrontal cortex (VMPFC), amygdala

and insula, and structures involving reward and conflict

processing, such as the ventral striatum and anterior cingulate

cortex, are implicated in risk-taking behaviors.

The SST has to our knowledge never been used to investigate

risk-taking behaviors. One characteristic of behavioral perfor-

mance during the SST, in which the SSD tracked participants’

performance, is that participants demonstrate great variability in

RT from one go trial to another. Although variation in RT is

typical of any RT task, it may also result from an active decision

process related to risk taking or ‘‘risk averting’’. The rationale is

that, with SSD and thus the difficulty of the stop trial varying

constantly, participants are engaged in a process during which

they need to meet the task requirements of being both accurate

and fast. Thus, the RT of a go trial during which participants

venture that no stop signal will follow is shorter than a go trial

during which participants are aversive to such speculation.

Therefore, the trial-to-trial variation in go RT involves a distinct

albeit indirect component of risk taking.

The present study intended to examine this process in more

details. The central question is that are distinct neural

activations involved in go trials in which participants show

a decrease in go trial RT (risk taking) as compared with those

in which participants show an increase in go trial RT (risk

averting) and vice versa? One important aspect of the stop

signal performance needs to be considered in such investiga-

tion. That is, consistent with numerous previous studies, our

recent work of the SST have shown that the RT of go trials that

follow a stop trial (success or error) is longer compared with

the RT of go trial that follow a go trial (Li, Huang, et al. 2006; Li,

Milivojevic, et al. 2006; Li, Huang, Yan, Paliwal, et al. 2008;

Rabbit 1966). Thus, to account for this contextual or ‘‘trial

sequence’’ effect, we focused only on those go trials that

immediately followed a go trial. We contrasted post-go go trials

that decreased and increased, respectively, in RT, as compared

with the mean RT of all post-go go trials that preceded the trial

in question. We hypothesized that brain regions involved in risk

taking, such as amygdala, insula, and medial frontal cortex

would show greater activation during speeded as compared

with delayed motor responses. An auxiliary goal of the study is

to focus on individual variability and assess whether such risk-

taking--related regional brain activation is associated with trait

anxiety of the participants.

Materials and Methods

Subjects and Behavioral Task
Thirty-three healthy adults (20 men, 31 ± 6 years of age, 14 ± 2 years of

education, all right-handed and using their right thumb to respond)

were paid to participate in the study. All participants were free of major

medical illness including neurological and psychiatric. None reported

use of illicit substances. Our participants were assessed with the

Maudsley Obsessive Compulsive Inventory (MOCI) as part of a pre-

liminary study to investigate the neural correlates of obsessive

compulsiveness (Hodgson and Rachman 1977). All subjects signed

a written informed consent, in accordance to a protocol approved by

the Yale Human Investigation Committee.

We employed a simple RT task in this stop signal paradigm (Li,

Huang, et al. 2006; Fig. 1a). There were 2 trial types: ‘‘go’’ and ‘‘stop,’’

randomly intermixed in presentation. No other conditions constrained

the presentation of the go and stop trials. A small dot appeared on the

screen to engage attention and eye fixation at the beginning of a go

trial. After a randomized time interval anywhere between 1 and 5 s

(drawn from a uniform distribution), the dot turned into a circle, which

served as an imperative stimulus, prompting subjects to quickly press

a button. The circle vanished at button press or after 1 s had elapsed,

whichever came first, and the trial terminated. A premature button

press prior to the appearance of the circle also terminated the trial.

Three quarters of all trials were go trials. The remaining 1 quarter were

stop trials. In a stop trial, other than the fixation dot and go signal, an

‘‘X’’ or the ‘‘stop’’ signal appeared after and replaced the go signal. The

subjects were told to withhold button press upon seeing the stop

signal. Likewise, a trial terminated at button press or when 1 s had

elapsed because the appearance of the stop signal. The SSD started at

200 ms and varied from one stop trial to the next according to

a staircase procedure: If the subject succeeded in withholding the

response, the SSD increased by 64 ms; conversely, if they failed, SSD

decreased by 64 ms (Levitt 1970). There was an intertrial interval of 2 s.

Subjects were instructed to respond to the go signal quickly while

keeping in mind that a stop signal could come up in a small number of

trials. Prior to the functional magnetic resonance imaging (fMRI) study,

each subject had a practice session on the same behavioral task outside

the scanner. In particular, both accuracy and response speed were

emphasized to the participants (Li, Huang, Yan, Paliwal, et al. 2008). In

the scanner each subject completed four 10-min runs of the task with

the SSD updated automatically by the stimulus presentation program

within each run and manually by the investigator across runs. The

between-run duration was approximately 1 min, during which

participants were instructed to close their eyes, rest, and stay still.

Depending on the actual stimulus timing (trial varied in fore-period

duration) and speed of response, the total number of trials varied

slightly across subjects in an experiment (averaging ca. 315 go and 105

stop trials). The randomization procedure resulted in 74.9 (25.1) ± 1.2%

go (stop) trials across subjects. With the staircase procedure, we

anticipated that the subjects succeeded in withholding their response

in approximately half of the stop trials. Furthermore, because of the

variable fore period, go and stop trials were temporally well jittered.

Figure 1. (a) Stop signal paradigm. In ‘‘go’’ trials (75%) observers responded to the
go signal (a circle) and in stop trials (25%) they had to withhold the response when
they saw the stop signal (an X). In both trials, the go signal appeared after
a randomized time interval between 1 and 5 s (the fore-period or FP, uniform
distribution) following the appearance of the fixation point. The stop signal followed
the go signal by a time delay—the SSD. The SSD was updated according to
a staircase procedure, whereby it increased and decreased by 64 ms following a stop
success and stop error trial, respectively. There was an intertrial interval of 2 s. We
distinguished go success (G) and go error (GE) and stop success (SS) and stop error
(SE) trials during the task. (b) Go successes were further distinguished by their
preceding trial; thus, pG trials were G trials preceded by a G trial, pSS trials were G
trials preceded by a SS trial, and so on. Depending on whether they increased or did
not increase in RT, compared with the mean RT of all preceding pG trials, pG trials
were further grouped into pGi (post-go slowing) and pGni (post-go speeding; see
Materials and Methods).
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Following fMRI scan, participants were interviewed with the MOCI,

which is a 30-item self-report questionnaire designed to measure

obsessive compulsiveness, an anxiety personality trait (Hodgson and

Rachman 1977). All items in the MOCI are answered true or false,

yielding a maximum score of 30 with higher score indicating greater

tendency toward obsessive compulsiveness and anxiety. Earlier studies

have suggested that MOCI exhibit good reliability and predictive

validity in nonclinical populations (Dent and Salkovskis 1986;

Sternberger and Burns 1990).

Imaging Protocol
Conventional T1-weighted spin echo sagittal anatomical images were

acquired for slice localization using a 3-T scanner (Siemens Trio,

Erlangen, Germany). Anatomical images of the functional slice locations

were next obtained with spin echo imaging in the axial plane parallel to

the AC--PC line with time repetition (TR) = 300 ms, time echo (TE) = 2.5

ms, bandwidth = 300 Hz/pixel, flip angle = 60�, field of view = 220 3 220

mm,matrix = 2563 256, and 32 slices with slice thickness = 4mm and no

gap. Functional, blood oxygen level--dependent (BOLD) signals were

then acquired with a single-shot gradient echo planar imaging (EPI)

sequence. Thirty-two axial slices parallel to the AC--PC line covering the

whole brain were acquired with TR = 2000 ms, TE = 25 ms, bandwidth =
2004 Hz/pixel, flip angle = 85�, field of view = 220 3 220mm, matrix = 64
3 64, and 32 slices with slice thickness = 4 mm and no gap. Three

hundred images were acquired in each run for a total of 4 runs.

Data Analysis and Statistics
Data were analyzed with Statistical Parametric Mapping version 2

(SPM2, Wellcome Department of Imaging Neuroscience, University

College London, London, UK). Images from the first 5 TRs at the

beginning of each run were discarded to enable the signal to achieve

steady state equilibrium between radiofrequency pulsing and re-

laxation. Images of each individual subject were first corrected for

slice timing and realigned (motion corrected). A mean functional image

volume was constructed for each subject for each run from the

realigned image volumes. These mean images were normalized to an

Montreal Neurological Institute (MNI) EPI template with affine

registration followed by nonlinear transformation (Friston, Ashburner,

et al. 1995; Ashburner and Friston 1999). The normalization parameters

determined for the mean functional volume were then applied to the

corresponding functional image volumes for each subject. Finally,

images were smoothed with a Gaussian kernel of 10 mm at full width at

half maximum. The data were high-pass filtered (1/128 Hz cutoff) to

remove low-frequency signal drifts.

Four main types of trial outcome were first distinguished: go success

(G), go error (GE), stop success (SS), and stop error (SE) trial (Fig. 1b).

G trials were divided into those that followed a G (pG), GE (pGE), SS

(pSS), and SE (pSE) trial and pG, pSS, and pSE trials were further divided

into those that increased in RT (pGi, pSSi, and pSEi, respectively) and

those that did not increase in RT (pGni, pSSni, and pSEni), to allow the

isolation of neural processes involved in post-G, post-SS, and post-SE

behavioral adjustment. To determine whether a pG/pSS/pSE trial

increased or did not increase in RT, it was compared with the pG trials

that preceded it in time during each session. The pG trials that followed

the pG/pSS/pSE trial were not included for comparison because these

subsequent pG trials could not have a causal effect on the pG/pSS/pSE

trial in question, in terms of how participants adjust their response

speed. A single statistical analytical design was constructed for each

individual subject, using the general linear model (GLM) with the

onsets of go signal in each of these trial types convolved with

a canonical hemodynamic response function (HRF) and with the

temporal derivative of the canonical HRF and entered as regressors in

the model (Friston, Holmes, et al. 1995). Realignment parameters in all

6 dimensions were also entered in the model. Serial autocorrelation of

the time series was corrected by a first-degree autoregressive or AR(1)

model (Friston et al. 2000; Della-Maggiore et al. 2002). The GLM

estimated the component of variance that could be explained by each

of the regressors.

In the first-level analysis, we contrasted pGni versus PGi for individual

subjects to identify the neural correlates of risk taking. We also

contrasted pSSi versus pSSni and pSEi versus pSEni, to compare the

current results with previous findings of postconflict and posterror

adjustment in RT, respectively (Li, Huang, Yan, Paliwal, et al. 2008). The

contrast images for individual subjects were employed for random

effect analysis (Penny and Holmes 2004). Brain regions were identified

using an atlas (Duvernoy 2003; Mai et al. 2008). In region of interest

(ROI) analysis, we used MarsBaR (Brett et al. 2002; http://marsbar.

sourceforge.net/) to derive for each individual subject the effect size of

activity change for the ROIs. Functional ROIs were defined based on

activated clusters from whole brain analysis. All voxel activations are

presented in MNI coordinates. Cross correlation with Pearson re-

gression was performed for the effect size of activity change between

the ROIs.

Results

General Stop Signal Performance

Across all 33 subjects, the mean and median go trial RT were

539 ± 106 ms (mean ± standard deviation [SD]) and 529 ± 111 ms,

respectively, consistent with the right-skewed distribution of

RT in an RT task. Our subjects scored 97.9 ± 1.7% of go trials

and 50.4 ± 2.0% of stop trials. Across subjects, the RT of stop

error trials were significantly shorter than the RT of go trials

(P < 0.001, paired t-test). Furthermore, the RT and SSD of stop

error trials were positively correlated (all P values < 0.01,

0.370 < R values < 0.927, Pearson regression). The latter 3

findings suggested that their overall performance was ade-

quately tracked by the staircase procedure. Across subjects,

there were 109 ± 16 (mean ± SD) of pGi and 104 ± 17 of pGni

trials across subjects. The pGi increase in RT was 63 ± 10 ms,

whereas the pGni decrease in RT was 47 ± 8 ms. The

magnitude of RT increase or decrease, each during delayed

(risk-averting) and speeded (risk-taking) response, was thus

approximately half a SD of the mean go trial RT.

Neural Substrates of Speeded as Compared with Delayed
Motor Response during the SST

Compared with post-go go trial that increased in RT (pGi),

post-go go trials that decreased in RT (pGni) engaged greater

activity in bilateral visual cortices (x =28, y = –96, z = –8, 640 mm3,

voxel Z = 5.89; x = –28, y = –100, z = –8, 448 mm3, voxel Z =
5.24), left amygdala (x = –16, y = –4, z = –16, 704 mm3, voxel

Z = 4.93), middle and superior frontal gyri (x = –52, y = 16, z =
40, 1216 mm3, voxel Z = 5.22; x = –20, y = 20, z = 48, 1920 mm3,

voxel Z = 5.20), inferior parietal cortex (x = –32, y = –72, z = 48,

4096 mm3, voxel Z = 5.20), and posterior cingulate cortex

(PCC) and precuneus (x = –4, y = –40, z = 44, 3456 mm3, voxel

Z = 5.13; x = –20, y = –68, z = 20, 3136 mm3, voxel Z = 4.91), at

P < 0.05, corrected for FWE of multiple comparisons and 5

voxels in extent of activation (Fig. 2). Thus, speeded as

compared with delayed responses involved a distinct pattern

of regional brain activation during the SST. At a lower statistical

threshold, a number of other brain regions also showed greater

activity for this contrast (P < 0.001, uncorrected and 10 voxels

in the extent of activation, Fig. 3). These brain regions as

identified from SPM are summarized in Table 1. Notably,

a cluster of 5504 mm3 in the VMPFC was identified with a peak

voxel Z value of 4.49. We made this cluster a ROI because many

previous studies have implicated the VMPFC and the functional

connection between the VMPFC and amygdala in risk-taking,

affective processes and autonomic responses during affective

processing (see Discussion; Fig. 4a,b). Also worth noting was

a small cluster in the right posterior insula (Table 1).
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Conversely, no brain regions showed greater activation during

delayed (risk-aversive) compared with speeded (risk-taking)

motor responses (P < 0.01, uncorrected).

ROI Analyses

We made ROIs based on the results obtained in whole-brain

analyses. We derived the effect size of the contrast ‘‘speeded

response > delayed response’’ for bilateral visual cortices, left

amygdala, PCC/precuneus, middle and superior frontal gyri,

and VMPFC and cross-correlated the effect sizes with pairwise

linear regressions. Because of multiple comparisons, we

guarded the type-I error at an a = 0.05/10 = 0.005 because of

a total of 5 functional groups of ROIs: visual cortices, PCC/

precuneus, middle/superior frontal gyri, VMPFC, and amygdala.

The results showed that bilateral visual cortical activations

were highly correlated (P < 0.0001, R = 0.610, Pearson

regression) but not with any other ROIs (all P values > 0.1).

In contrast, PCC/precuneus, middle and superior frontal gyri,

and VMPFC were also correlated in activity (all P values <

0.0002, 0.606 < R values < 0.807). Amygdala showed a moderate

correlation in activity with the VMPFC (P < 0.0003, R = 0.593,

Fig. 4c) and PCC (P < 0.004, R = 0.487) but not with any other

ROIs (all P values > 0.02).

The total MOCI score ranged from 1 to 15 with an average of

7.0 ± 4.1 (mean ± SD), below the mean of 18.9 and 9.3 reported,

respectively, for obsessional and nonobsessional neurotic indi-

viduals (Hodgson and Rachman 1977). We observed a significant

linear correlation between amygdala activity and total MOCI

score (P < 0.001, R = 0.576). Activations in the PCC (P > 0.3) or

VMPFC (P > 0.3) did not correlate with this anxiety trait.

Post-go and Posterror Speeding Involves Distinct Neural
Circuits

Does ‘‘post-go speeding’’ indeed engage neural processes

distinct from RT adjustment under other trial contexts? We

showed in our previous work that the ventrolateral prefrontal

cortex is involved in PES, but no brain regions were specifically

activated for the reverse contrast: ‘‘posterror speeding’’ > PES

(Li, Huang, Yan, Paliwal, et al. 2008). We thus examined

whether the functional ROIs identified from the current study

also activated for the contrast posterror speeding > PES with

small volume correction (SVC). Note that our subjects showed

an RT increase of 122 ± 38 ms during PES and an RT decrease of

75 ± 39 ms during posterror speeding, comparable to the post-

go measures (see results on General Stop Signal Performance).

Despite the RT differences in posterror adjustment, the results

Figure 2. At a threshold of P\ 0.05, corrected for family-wise error of multiple comparisons, post-go speeding as compared with post-go slowing elicited greater activation in
bilateral visual cortices; left amygdala, middle, and superior frontal gyri; inferior parietal cortex; and PCC. Blood oxygen level--dependent contrasts are superimposed on a T1-
structural image in axial sections. Color bar represents voxel T value. For each functional cluster of activation, we also show the time course of percentage of signal change. The
peristimulus time histogram is estimated using MarsBaR based on the finite impulse response model.
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showed a small cluster of 640 mm3 in the ventromedial

prefrontal region (x = –12, y = 48, z = –4, voxel Z = 2.00) and

2 other clusters each of 384 mm3 (x = –6, y = –56, z = 24, voxel

Z = 1.93) and of 192 mm3 (x = –4, y = –36, z = 44, voxel Z = 1.84)

in the precuneus/PCC region, at P < 0.05, uncorrected, with

SVC. None of these clusters survived an uncorrected P < 0.01.

No activations could be identified in the amygdala.

Discussion

Speeded as Compared with Delayed Motor Responses in
the SST Engages Distinct Brain Regions

Although consistent with the right-skewed distribution typical

of a RT task, the go trial RT of our participants was above 500

ms, suggesting that participants were ‘‘weighing’’ their options

during go responses. The current study addressed the question

whether trial-by-trial variation in go RT could reflect a decision

process indirectly related to risk taking. To this end, we

accounted for limited contextual effects and examined go trials

that were immediately preceded by another go trial. By

contrasting post-go go trials that decreased and increased in

RT, we have identified distinct brain circuits that appear to

reflect this risk-taking decision during the SST.

Activation of bilateral visual cortices, angular gyrus, and

middle/superior frontal gyri could result from greater attention

and response readiness directed to the impending go signal

(Brefczynski and DeYoe 1999; Smith et al. 2000; Mort et al. 2003;

Slotnick et al. 2003; Luks and Simpson 2004; Thiel et al. 2005;

Tamm et al. 2006; Macaluso et al. 2007; Hanakawa et al.

forthcoming; Teitti et al. 2008). Activity in the amygdala and

ventral and dorsal striatum likely reflected greater saliency

associated with risk-taking as compared with risk-averting

decisions during the SST (Berns et al. 2005, 2006; Johnstone

et al. 2006; van Reekum et al. 2007; Williams et al. 2007; Zink

et al. 2004, 2006). Affective responses as engaged during risk-

related behaviors may lead to greater activation of the

amygdala, VMPFC, and the PCC, consistent with a role of these

Figure 3. At a more relaxed threshold (P \ 0.001, uncorrected and 10 voxels in extent of activation), many other regions also showed greater activation during post-go
speeding, compared with post-go slowing. These regions included the VMPFC, ventral and dorsal striatum, thalamus, and right posterior insula. Absence of activity was noted in
the anterior insula. Blood oxygen level--dependent signals were overlaid on a T1-structural image in axial slices from z 5 �40 to z 5 þ52, with adjacent sections 4 mm apart.
Color scale represents voxel T value. Orientation is neurological: R, right; NAc, Nucleus Accumbens.
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brain regions in mediating emotion and autonomic arousal

(Mangina and Beuzeron-Mangina 1996; Fredrikson et al. 1998;

Nagai et al. 2004; Ohira et al. 2006; Stark et al. 2006; Cheng et al.

2007; Eippert et al. 2007). The finding of greater amygdala

activity during post-go speeding is consistent with the vast

literature linking this subcortical structure to risk-related

behavior in imaging studies (Bechara et al. 1999, 2003; Kahn

et al. 2002; Cohen and Ranganath 2005; Hsu et al. 2005;

Vorhold et al. 2007) and in animal and human lesion studies

(Klüver and Bucy 1938; Zola-Morgan et al. 1991; Brand et al.

2007; for a review, see Davis 1992; LeDoux 1998; Davidson

et al. 2000). In particular, the correlation of amygdala activity

with an anxiety trait suggests that the contrast between post-

go speeding and slowing captured an important dimension of

individual differences in risk taking, sensation seeking, and

harm avoidance. This unique aspect of stop signal performance

has heretofore never been reported in the literature. This to our

knowledge also appears to be the first report of a trait measure of

affective processes involved in a cognitive motor task.

Notably, greater activation is observed in the left than the

right hemisphere during risk taking in the SST (Fig. 2). This

result is consistent with previous studies demonstrating an

association between individual risk-taking tendency and left-

hemispheric activity (Drake 1985; Drake and Ulrich 1992; for

further assessment of this issue, see, however, McElroy and Seta

2004; Gallagher and Dagenbach 2007). Also broadly relevant is

the recent observation that inactivation by transcranial

magnetic stimulation of the right but not left prefrontal cortex

induced risk-taking behaviors in a gambling task (Knoch et al.

2006). Conversely, activation by direct current stimulation of

the right prefrontal cortex diminished risk-taking behavior

(Fecteau et al. 2007). Note that, however, right-hemispheric

activity is clearly evident at a more liberal threshold. More

studies are needed to pursue interhemispheric mechanisms of

risk-taking behavior.

Overall, speeded (risk-taking) as compared with delayed

(risk-averting) go responses in the SST appeared to activate

many similar brain regions as engaged in behavioral tasks

involving an explicit reward. One notable difference is the

anterior insula, which is extensively implicated in mediating

risk-taking decisions (Paulus et al. 2003; Kuhnen and Knutson

2005; Huettel 2006; Lee et al. forthcoming; Preuschoff et al.

2008). Previous studies have suggested an important role of the

anterior insula in processing error (Taylor et al. 2007),

processing unpleasant effect during mental satiation (Mojzisch

and Schulz-Hardt 2007), mediating the difference between

expected and experienced bodily states (Paulus and Stein

2006), and subserving neural representations of feeling and

self bodily states and social emotions related to others

(Singer 2007). The lack of anterior insula activation in the

Table 1
Regional brain activity during risk taking

Cluster size
(voxels)

Voxel Z
value

MNI coordinate (mm) Identified brain region
and approximate BA

x y z

34 5.89 28 �96 �8 Visual cortex, BA 18
35 5.24 �28 �100 �8 Visual cortex, BA 18
2588 5.22 �52 16 40 Middle frontal G, BA 8

5.20 �20 20 48 Superior frontal S, BA 8
5.13 �4 �44 44 Precuneus/posterior cingulate gyrus, BA 31

362 5.20 �32 �72 48 Angular G, BA 39
4.75 �40 �60 40 Angular G, BA 39

110 4.51 �60 �48 �12 Middle temporal G, BA 37
30 4.34 56 0 �32 Inferior temporal G, BA 20

3.38 56 �8 �16 Inferior temporal G, BA 20
175 4.31 16 �84 �36 Cerebellum

4.07 44 �64 �44 Cerebellum
152 4.07 48 �72 40 Angular G, BA 39
15 3.90 �12 �32 �32 Cerebellum
16 3.88 36 36 �16 Orbitofrontal G, BA 47
21 3.66 �56 �24 �28 Cerebellum
26 3.60 48 20 48 Middle frontal G, BA 8
41 3.57 24 32 48 Middle frontal G, BA 8
15 3.49 32 �16 16 Insula, posterior part, BA 13
11 3.39 0 �8 36 Cingulate G

Note: P\ 0.001, uncorrected, and 10 voxels in extent of activation. G, gyrus; S, sulcus; BA,

Brodmann area

Figure 4. Functional ROI was identified of the amygdala (a) and the VMPFC (b). (c) Effect sizes of activity during post-go speeding[ post-go slowing were linearly correlated in
the 2 structures.
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current study presumably could reflect the absence of these

cognitive and affective processes during post-go speeding in the

SST. For instance, perhaps because no monetary reward was at

stake, little negative affect was evoked during post-go speeding,

despite the motivational saliency of this decision. Risk taking in

the SST may thus partake in some but not all of the risk-related

cognitive and affective processes that have been observed in

earlier work in which material loss was involved.

Post-go Speeding versus Posterror Speeding

Compared with a risk-averting decision as shown in post-go

slowing in go trial RT, a risk-taking decision involving post-go

speeding activates the left angular gyrus; bilateral visual

cortices; left amygdala, middle, and superior frontal gyri; PCC

and precuneus; and VMPFC. None of these brain areas showed

comparable activity during posterror speeding as in post-go

speeding. Although posterror speeding represents a decision

process in response to an external and relatively infrequent

event (stop error, comprising approximately 12.5% of all trials),

post-go speeding seems to reflect an endogenous, moment-to-

moment process that governs participants’ readiness to take

risk during the SST. These results thus appear to provide

a functional dissociation of the 2 aspects of behavioral

impulsivity during the SST, with posterror responses mediated

by cognitive control and post-go responses mediated by

a tendency or the lack thereof to take risk and/or seek

sensation. Further studies are warranted to investigate whether

a similar risk-taking process would also manifest in other

cognitive control tasks, such as the Stroop, Simon, and flankers

paradigm, in which a trade-off between speed and accuracy

could potentially elicit the same conundrum—to slow down or

not to slow down—in the participants.

Ventromedial Prefrontal and Amygdala Activity during
Risk-Taking Responses

Studies have implicated the VMPFC in the representation of

sympathetic arousal (Damasio 1994). For instance, Nagai et al.

(2004) showed that activity in this brain region covaried

negatively with basal skin conductance level; higher VMPFC

activity was associated with lower physiological arousal. Consis-

tent with its role in emotional and autonomic regulation, medial

prefrontal cortex was more activated when subjects suppressed

negative affect evoked by arousing and aversive pictures, along

with attenuated activity in subcortical limbic regions including

the nucleus accumbens and amygdala (Phan et al. 2005).

Other studies have demonstrated a critical role of the

VMPFC--amygdala connection in affect regulation (for a review,

see Li and Sinha 2008). In particular, patients with anxiety such

as posttraumatic stress disorder are known to have decreased

VMPFC activity along with increased amygdala reactivity to

affect-laden stimuli (Bremner et al. 1999, 2003; Shin et al. 1999;

Rauch et al. 2000; Lanius et al. 2001, 2004; Liberzon et al. 2003;

Bishop et al. 2004; Lindauer et al. 2004; Shin et al. 2004; Britton

et al. 2005; for a review, see also Liberzon and Phan 2003). It

has been hypothesized that the failure of prefrontal regulation

of amygdala activity underlies the pathogenesis of anxiety

states. Furthermore, many imaging studies have documented

prefrontal dysregulation of subcortical activity in individuals

who are genetically vulnerable to developing anxiety disorders

(Hariri et al. 2002, 2003, 2005; Bertolino et al. 2005; Pezawas

et al. 2005; Meyer-Lindenberg et al. 2006).

The current result of a positive correlation between VMPFC

and amygdala activity during risk taking in the SST thus needs

to be reconciled with these previous findings. One explanation

is that the VMPFC and amygdala were engaged in the SST as

a result of an endogenous process—a decision for speeded

response despite the risk of encountering the stop signal,

whereas participants responded to exogenous affective stimuli

in these earlier studies. These paradigms might differ with

respect to top-down versus bottom-up processing. Another

possible explanation is that our participants are healthy

individuals. Thus, in contrast to the patients examined in the

bulk of previous studies, healthy individuals may demonstrate

correlated VMPFC response to amygdala activity, reflecting

cognitive appraisal of the risk-taking decisions (Ochsner and

Gross 2005). Another possibility is that a risk-taking decision as

in post-go speeding is not an affectively negative process, as in

the studies in which participants experienced traumatic, fear-

evoking, or other categorically unpleasant stimuli. In fact, one is

tempted to speculate that, for individuals who are prone to

sensation seeking, post-go speeding could even be a psycho-

logically positive event. More generally, amygdala activity in the

SST may be more related to the saliency rather than to negative

affect associated with risk-taking decisions. These clearly are

conjectures that need to be tested in the future.

Conclusions

To summarize, we have identified a distinct array of brain

regions during speeded as compared with delayed go

responses in the SST. These regional activities may represent

an indirect neural analog of risk-taking behavior in the SST.

Activation in a wide array of cortical and subcortical regions

was observed, indicating the psychological complexity of such

risk-taking behavior. These results thus could potentially

broaden the utility of the SST as a tool to study behavioral

impulsivity in healthy individuals as well as in patients with

impulse control and substance use disorders.
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