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Abstract

Personality traits contribute to variation in human behavior, including the propensity to take risk.
Extant work targeted risk-taking processes with an explicit manipulation of reward, but it remains
unclear whether personality traits influence simple decisions such as speeded versus delayed
responses during cognitive control. We explored this issue in an fMRI study of the stop signal task,
in which participants varied in response time trial by trial, speeding up and risking a stop error or
slowing down to avoid errors. Regional brain activations to speeded versus delayed motor
responses (risk-taking) were correlated to novelty seeking (NS), harm avoidance (HA) and reward
dependence (RD), with age and gender as covariates, in a whole brain regression. At a corrected
threshold, the results showed a positive correlation between NS and risk-taking responses in the
dorsomedial prefrontal, bilateral orbitofrontal, and frontopolar cortex, and between HA and risk-
taking responses in the parahippocampal gyrus and putamen. No regional activations varied with
RD. These findings demonstrate that personality traits influence the neural processes of executive
control beyond behavioral tasks that involve explicit monetary reward. The results also speak
broadly to the importance of characterizing inter-subject variation in studies of cognition and brain
functions.
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Introduction

There is a growing interest in individual variation in the neural bases of cognition, and
personality represents an important factor contributing to such variations (Dambacher et al.
2014; Ibafiez et al. 2013; Segalowitz et al.2012; Li et al. 2014; Gess et al. 2014). Personality
traits are defined as habitual patterns of thoughts, emotions and behavioral tendencies that
are considered to be relatively stable over time, to differ among individuals, and to influence
behavior. One of the most influential trait theories is Cloninger’s tridimensional personality
theory (Cloninger 1987, 1985), which describes three sets of behavioral manifestations.
Novelty seeking (NS) characterizes a tendency to respond with intense excitement to novel
stimuli, leading to pursuit of rewards. Harm avoidance (HA) characterizes a tendency to
respond to previously established aversive stimuli and to passively avoid punishment.
Reward dependence (RD) describes a tendency to respond to signals of reward and to
maintain behavior previously associated with reward or with relief of punishment.

NS and HA are known to be associated with a number of neuropsychiatric disorders
(Krueger et al. 2007; Lobo et al.2014; Meyer et al. 1999; Mitchell and Nelson-Gray 2006;
Sher et al. 2005; Wills et al. 1994; Nordin and Nylander 2007). For instance, substance
abuse was associated with a combination of high NS and low HA (Wills et al. 1994).
Pathological gamblers scored higher on both NS and HA (Nordin and Nylander 2007). Apart
from their clinical relevance, NS and HA each varies as a spectrum across healthy
individuals (Ko et al. 2010; Lejuez et al. 2002; Martinotti et al. 2006; Aklin et al. 2005).
Thus, for instance, individuals who are otherwise healthy may engage in risky behavior,
deposing them toward negative consequences. It would therefore be useful to understand
how NS and HA influence cognitive motor functions in a wide behavioral context.

Risk-taking is examined in the laboratory through a number of paradigms such as the
Balloon Analog Risk Task (BART) (Lejuez et al. 2002; Fukunaga et al. 2012; Rao et al.
2008), lowa Gambling Task (Fukui et al. 2005; Lawrence et al. 2009), and Cake Gambling
Task (van Leijenhorst et al. 2006). BART measures risk-taking tendency, with risky
decisions correlated with NS and self-reported risk-related behaviors, and inversely with HA
(Lejuez et al. 2002, 20033, b). Compared to a passive condition, decisions to take a risk in
the BART engaged greater activity in the anterior cingulate cortex/medial frontal cortex,
bilateral insulae and dorsolateral prefrontal cortices (Rao et al. 2008). In the lowa Gambling
Task, disadvantageous (risky) versus advantageous (safe) responses engaged greater activity
in medial frontal gyrus, lateral orbitofrontal cortex and insula (Lawrence et al. 2009). Other
studies have associated activation of the right insula (Paulus et al. 2003) and nucleus
accumbens (Matthews et al. 2004) with HA in risk-taking decisions. Further, the influence
of personality trait may be reflected in the mental set that dictates behavioral and cerebral
responses to the stop signal task (Winkler et al. 2013). Together, these studies highlight the
influence of personality traits on risk-taking behavior and its neural processes.
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While extant work has largely focused on behavioral tasks with an explicit contingency of
monetary compensation, it remains unclear whether the influence of personality traits
extends to behavior that does not involve monetary reward. In a previous study, we showed
that an anxiety personality trait, as assessed by Maudsley Obsessive Compulsive Inventory
(MOCI), modulates cerebral activations during risk-taking decision in the stop signal task
(SST) (Li et al. 2009). Successful performance in the SST requires prepotent, habitual
behaviors to be inhibited. By dictating the participants to respond quickly and accurately, we
also introduced a distinct element of risk in the SST. Thus, speeding up, as compared with
slowing down, in response to a go stimulus, can be conceived as taking a risk that the stop
signal would not appear (Li et al. 2009a, b; Yan and Li 2009). We observed that activity of
the ventromedial prefrontal cortex during risk-taking is linearly modulated by MOCI score
across subjects.

In this study, we sought to pursue this finding in a new and larger cohort of healthy
participants assessed with Cloninger’s Tridimensional Personality Questionnaire (Cloninger
1987, 1985) with two specific goals; first, to investigate the influence of anxious personality
beyond an obsessive compulsive trait; and second, to investigate the influence of novelty
seeking, on risk-taking processes in the SST.

Participants and behavioral task

Sixty-one healthy adults (37 female; age 29.8 + 10.0 years; all right-handed and using their
right thumb to respond) were paid to participate in the study. All participants were free of
major medical, neurological or psychiatric illnesses. None reported use of illicit substances.
All participants signed a written informed consent, in accordance to a protocol approved by
the Yale Human Investigation Committee.

We employed a simple reaction time task in this stop signal paradigm (Farr et al. 2012;
Hendrick et al. 2010; Hu et al. 2014; Li et al. 2009a). There were two trial types, “go” and
“stop”, randomly intermixed in presentation. A small dot appeared on the screen to engage
attention at the beginning of a go trial. After a randomized time interval varying between 1
and 5 s (drawn from a uniform distribution), the dot turned into a circle, prompting
participants 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. Approximately three quarters were go
trials. The remaining one quarter were stop trials. In a stop trial, other than the fixation dot
and go signal, an “X” (the stop signal) appeared after and replaced the go signal, instructing
participants to withhold button press. Likewise, a trial terminated at button press or when 1 s
had elapsed after the appearance of the stop signal. The stop signal delay (SSD) started at
200 ms and varied from one stop trial to the next according to a staircase procedure,
increasing and decreasing by 67 ms each after a successful and failed stop (Levitt 1971).
There was an inter-trial interval of 2 s. Participants 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, and both accuracy and response speed were emphasized (Li et al. 2008). Prior to the
fMRI study, participants practiced on the same behavioral task outside the scanner. Each
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participant completed four 10-min runs of the task during fMRI. Depending on the actual
stimulus timing (trials varied in fore-period duration) and speed of response, the total
number of trials varied slightly across participants in an experiment. With the staircase
procedure, we anticipated that the participants would succeed in withholding their response
in approximately half of the stop trials.

On the basis of the race model (Logan et al. 1984), we computed for each participant the
stop signal reaction time (SSRT), which represents the time one requires to stop the button
press after the stop signal appears. We estimated the critical SSD, the delay that allows a
participant to correctly inhibit response to a stop signal in half of the stop trials and
computed the SSRT by subtracting the critical SSD from the median go trial reaction time
(RT). Post-error slowing is computed as the RT difference between the go trials that
followed an unsuccessful inhibition and those that followed another go trial (Li et al. 2008;
Ide and Li 2011).

Tridimensional personality questionnaire

All participants were assessed with the Cloninger’s Tridimensional Personality
Questionnaire—Short Form (TPQ-Short) (Sher et al. 1995). Derived from the 100-item long
form of the TPQ (Cloninger 1987), the TPQ-Short demonstrated reliability and validity
(Sher et al. 1995). It consists of 44 yes/no questions covering novelty seeking (NS; 13
items), harm avoidance (HA; 22 items) and reward dependence (RD; 9 items). Each
personality subscale score was calculated by summing the item scores, reverse scoring
where necessary. A higher subscore each represents a higher level of NS, HA and RD.

Imaging protocol

Conventional T1-weighted spin echo sagittal anatomical images were acquired for slice
localization using a 3T scanner (Siemens Trio) with a 12 channel head coil. 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 TR = 300 ms, TE = 2.5 ms, bandwidth = 300 Hz/
pixel, flip angle = 60°, field of view = 220 x 220 mm, matrix = 256 x 256, 32 slices with
slice thickness = 4 mm and no gap. Functional, blood oxygenation level dependent (BOLD)
signals were then acquired with a single-shot gradient echo 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 x 220 mm, matrix = 64 x 64, 32 slices with slice thickness = 4 mm and
no gap. Slice scanning order was ascending interleaved. Three hundred images were
acquired in each run for a total of four runs.

Data analysis and statistics

Data were analyzed with Statistical Parametric Mapping version 8 (SPM8, Wellcome
Department of Imaging Neuroscience, University College London, UK). Images from the
first five TRs at the beginning of each run were discarded to enable the signal to achieve
steady-state equilibrium between RF pulsing and relaxation. Images of each individual
participant were first corrected for slice timing and realigned (motion-corrected). A mean
functional image volume was constructed for each participant for each run from the
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realigned image volumes. These mean images were normalized to an MNI (Montreal
Neurological Institute) EPI template with affine registration followed by nonlinear
transformation (Ashburner and Friston 1999; Friston et al. 1995). The normalization
parameters determined for the mean functional volume were then applied to the
corresponding functional image volumes for each participant. Finally, images were
smoothed with a Gaussian kernel of 8 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 trial outcomes were distinguished: go success (G), go error (GE), stop success
(SS), and stop error (SE) trial. G trials were divided into those that followed a G (pG), GE
(pGE), SS (pSS), and SE (pSE) trial and pG trials were further divided into those that
increased in RT (pGi) and those that did not increase in RT (pGni), as compared to the mean
RT of all preceding pG trials. 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
influence 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
participant, 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 (Friston et al.
1994). Realignment parameters in all 6 dimensions were also entered and serial auto-
correlation was corrected by a first-degree autoregressive or AR(1) model (Della-Maggiore
et al. 2002; Friston et al. 2000). 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 participants to
identify the neural correlates of risk-taking (pGni > pGi). In the second-level analysis, the
con or contrast (difference in ) images of the first-level analysis were used for random
effects analysis. These images were correlated with the NS, HA and RD scores with age and
gender as covariates in a simple regression across participants. Images were thresholded by
using a voxelwise p < 0.005, combined with a cluster size of 29 contiguous voxels (783
mm?3). This combined threshold was estimated with a Monte Carlo simulation using
AlphaSim to give an overall threshold of p < 0.05, corrected for multiple comparisons for
the entire brain (http://afni.nimh.nih.gov/pub/dist/doc/program_help/AlphaSim.html).
Functional regions of interest (ROIs) were defined based on activated clusters from whole
brain analysis. All voxel activations were presented in MNI coordinates. We used MarsBaR
(http://marsbar.sourceforge.net/) to derive the effect size (#statistic) of activity change for
the ROIs for each individual participant.

TPQ measures and stop signal task performance

Mean + SD scores for NS, HA and RD were 4.2 +£ 2.6, 6.6 + 4.4, and 6.2 + 2.4, respectively.
NS, HA and RD did not show any significant pair-wise correlation across subjects (NS/HA,
r=0.169, p=0.192; NS/RD, r=-0.063, p=0.631; HA/RD, r=-0.074, p=0.572). We
compared men and women for each of the subscores and there was no significant gender
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difference in any subscore: NS, HA, and RD (p= 0.772, cohen’s d=0.076; p=0.068,
cohen’s d=-0.487; p=0.250, cohen’s d= —0.304, respectively).

In the stop signal task, the average go response rate was 98.1 + 3.0 %, while the stop success
rate was 52.3 + 0.4 %. Average go trial reaction time (GoRT) and SSRT was 644 + 100 ms
and 206 + 39 ms, respectively. Across participants, the RT of stop error trials (584 + 116 ms)
was significantly shorter than the mean RT of go success trials (644 + 100 ms) (p < 0.001,
paired ttest). Furthermore, the RT and SSD of stop error trials were positively correlated (p
< 0.01, r=0.906, Pearson regression). Consistent with earlier work, we observed post-stop
error slowing: RTs were significantly longer on pSE trials compared to pG trials (mean %
SD; 684 + 98 versus 641 + 104 ms; p < 0.0001, paired ¢test), suggesting that participants
monitored error and adjusted behavior accordingly (Rabbit, 1966). By definition, RTs were
significantly shorter on pGni trials compared to pGi trials (mean + SD: 537 + 97 versus 722
+ 102 ms; p< 0.0001, paired ftest). Together, these findings suggest participants’
performance was well tracked by the staircase procedure and typical of what have been
reported on the stop signal task.

We tested for a correlation between personality traits and GoRT and SSRT, using an alpha of
0.05/6 = 0.0083 to guard against Type | error. GORT and SSRT were not significantly
correlated with NS, HA or RD across subjects (for GoRT, r=-0.151, p=0.246; r=-0.205,
p=0.114; r=0.279, p=0.030, respectively; for SSRT, r=0.150, p=0.248; r=-0.048, p=
0.715; r=0.061, p=0.641, respectively).

fMRI results

Neural substrates of speeded versus delayed motor response during the SST
—In a one sample ftest across all participants for post-go go trials that did not increase in
RT (pGni) as compared to post-go trials that increased in RT (pGi), we observed greater
activity in bilateral angular gyri, bilateral middle and superior frontal gyri, posterior
cingulate cortex and precuneus, middle temporal gyrus, and orbital frontal gyrus (Fig. 1;
Table 1A). Conversely, compared with pGni, pGi engaged greater activity in right insula/
inferior frontal gyrus, supramarginal gyrus, left insula, pre-supplementary motor area/
supplementary motor area, and postcentral gyrus (Fig. 1; Table 1B). These findings
replicated our previous work (Li et al. 2009a).

TPQ and risk-taking—We carried out a whole brain multiple linear regression using NS,
HA, RD, age, male and female as independent variables, and the contrast of pGni > pGi as
the dependent variable. The results showed a significant positive correlation between NS and
large clusters in the dorsomedial prefrontal cortex (dmPFC), bilateral orbitofrontal cortex
(OFC), and frontopolar cortex (FPC; Fig. 2a, b; Table 2A). There were significant positive
correlations between HA and putamen, and parahippocampal gyrus (PHG; Fig. 2c, d; Table
2B). There were no significant regional brain activations in association with RD.

We derived the effect sizes for all of these activity clusters (see Methods). Four linear
regression analyses were conducted, with NS as the independent variable and the effect size
of FPC, left OFC, dmPFC and right OFC as the dependent variable, respectively. NS
accounted for 19.0 % (r= 0.436, p< 0.0001, Fig. 3a), 19.1 % (r= 0.437, p< 0.0001, Fig.
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3b), 13.9 % (r=0.373, p=0.003, Fig. 3c), and 13.2 % (r= 0.363, p= 0.004; Fig. 3d) of the
variance each for the effect size of the FPC, left OFC, dmPFC and right OFC. Two linear
regression analyses were conducted, with HA as the independent variable and the effect size
of PHG and putamen as the dependent variable, respectively. HA accounted for 10.3 % (r=
0.321, p=0.012; Fig. 3e) and 12.0 % (r=0.346, p= 0.006; Fig. 3f) of the variance each, for
the effect size of the PHG and putamen. There appeared to be 3 outliers (more than two
standard deviations away from the HA mean). After these three subjects were removed, the
correlation between HA and putamen activity was no longer significant (r= 0.187, p=
0.159). In addition, because of the skewed distribution, we performed a non-parametric
Spearman regression and showed that the correlation between HA and putamen activity was
significant (rho = 0.330, p= 0.009). Note that these correlations did not provide any new
information in addition to the whole brain analyses but simply served to help readers
visualize and better understand the inter-subject variability.

To examine gender differences, we compared the regression slopes between men and women
for each correlation. For all clusters, the slopes of linear regressions did not differ between
men and women (FPC, p=0.484; left OFC, p=0.834; dmPFC, p=0.838; right OFC, p=
0.924; PHG, p=0.670; putamen, p=0.223).

We also examined whether the reverse contrast pGi > pGni showed any regional activities in
correlation with the personality traits. The results showed no regional activities in correlation
with NS, HA, or RD at the same threshold.

Discussion

“Risk-taking” during the SST and novelty seeking

Activation of the dorsomedial prefrontal cortex (dmPFC; x= -3, y= 47, z= 46) during post-
go speeding as compared to slowing, in the area of anterior pre-supplementary motor area
(pre-SMA) and frontopolar cortex (FPC; x=-9, y=62, z=19) correlated positively with
novelty seeking trait, as assessed by the TPQ. Both regions have been implicated in risk-
taking. In the lowa Gambling Task, FPC (x= -2, y=57, z= 21) responds to risky as
compared to safe decisions (Fukui et al. 2005). Using a computerized gambling task, Xue et
al. (2009) reported enhanced dmPFC (x = 4, y= 48, z= 26) activity when participants were
making risky as compared to safe choices.

Risk-taking refers to the willingness to accept a possible negative consequence to potentially
achieve a desirable outcome (Juhasz et al. 2009). Thus, dmPFC and FPC activation during a
speeded response in the SST supports a risk-taking process in cognitive motor decisions—to
speed up while incurring the risk of stop failure. Forstmann et al. (2008) manipulated the
speed-accuracy trade-off in a reaction time decision task. Speed emphasis led to activation in
the posterior pre-SMA (x= 4, y=5, z=45). Importantly, activity of the posterior pre-SMA
was negatively associated with individual variation in response caution, a psychological
construct in contrast to novelty seeking and risk-taking. Together, these findings suggest a
role of the dmPFC in modulating action readiness to maintain a balance between fast and
accurate decisions (Kanai and Rees 2011), in accord with its cortical and subcortical
connectivity (Zhang et al. 2012).
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The novelty seeking trait is also associated with greater activation of bilateral (albeit greater
on the left) lateral orbitofrontal cortex (IOFC) during risk-taking decisions in the SST. The
IOFC processes stimuli or behavioral outcomes of negative incentive/affective values
(Kringelbach and Rolls 2004; O’Doherty et al. 2001; Gottfried et al. 2002; Mohanty et al.
2008; O’Doherty 2007; Munar et al. 2012). It appears that novelty or sensation seekers may
experience risk-taking as a motivationally negative event, suggesting that risk-taking is not
intrinsically rewarding, even for individuals who tend to seek risk. On the other hand,
neurophysiological studies failed to confirm a distinction in medial and lateral OFC in
processing positive and negative reward (Rich and Wallis 2014). Functional connectivity of
the medial and lateral OFC also did not appear to support such differences (Zald et al. 2014).
An earlier imaging study suggested that the IOFC may process implicit motivational value,
and IOFC activation diminishes along with decreasing stimulus valuation or saliency
(Rothkirch et al. 2012). Thus, an alternative explanation for the current finding is that greater
IOFC activation reflects sustained saliency of risk-taking decisions in novelty seekers.

“Risk-taking” during the SST and harm avoidance

Harm avoidance, as assessed by the TPQ, is associated with increased putamen activation
during risk-taking in the SST. Adolescents with high behavioral inhibition demonstrated
stronger putamen activation during reward anticipation in a monetary incentive delay task, as
compared to those characterized as non-inhibited (Guyer et al. 2006). In a juice delivery
task, unexpected as compared with expected juice reward, elicited stronger putamen activity
in monkeys (McClure et al. 2003). According to the Expectancy Violation theory (Jussim et
al. 1987; Weber and Mayer 2008), if a positive violation of a negative expectation occurs,
individual’s initial negative reaction is replaced by a more positive reaction than if a positive
expectation had been confirmed. Furthermore, harm avoidance has been described as a
heritable tendency to learn to avoid punishment or errors (Cloninger 1987). One is tempted
to speculate that, in the SST, people higher in harm avoidance may be more likely to
anticipate the stop signal. When the stop signal does not appear, the violation of a negative
expectation occurs and the psychological consequences of such a violation are greater during
a speeded response. As a result, the affective response derived from the violation of a
negative expectation may increase in individuals with greater behavioral inhibition or harm
avoidance.

More broadly, an unexpected reward is highly salient. An emerging perspective is that the
striatum, including the caudate, putamen, and nucleus accumbens, responds to saliency
(Clauss et al. 2014; Zink et al. 2003). In the study of Clauss et al. (2014), inhibited
individuals showed greater caudate activation when viewing both novel and recently
familiarized faces, suggesting sustained responses to familiar stimuli as though they were
still novel (Blackford et al. 2011). Thus, increased putamen activation associated with HA
may reflect that adults with higher HA have increased and sustained sensitivity to salient
stimuli during risk-taking in the SST. Other studies have implicated structural variation of
the putamen in association with HA (Laricchiuta et al. 2014), although its relevance to the
current findings needs to be established.
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Harm avoidance is also associated with greater activation of the parahippocampal gyrus
(PHG) during risk-taking as compared to risk-averting decisions. The PHG is known for its
role in processing contextual associations (Aminoff et al. 2013) and forming episodic
memory (Eichenbaum et al. 2012). Other studies have also implicated the PHG in cognitive
processes, including those involved in decision making to take or avoid a risk. In an inter-
temporal choice task where the outcome was revealed immediately or after a delay, the PHG
showed greater activation during the delayed as compared to immediate condition and the
extent of its activation was modulated by reward uncertainty (Luhmann et al. 2008). The
latter finding suggests that greater activation of the PHG may be related to hesitation and/or
cognitive assessment of uncertainty in individuals with harm avoidance trait. In particular, a
large body of literature supports the anterior/ventral PHG in anxiety-related behavior,
including aversive associative learning (Bannerman et al. 2004; Moser and Moser 1998).
Glucose metabolism in the anterior PHG predicts anxious temperament and is a heritable
trait in non-human primates (Oler et al. 2010). Other recent studies have reported a positive
correlation between PHG gray matter volume and anxiety traits or disorders (Wei et al.
2014; Talati et al. 2013; Yang et al. 2013), reduced functional connectivity between the
anterior cingulate cortex and left PHG during threat disengagement in anxious youth (Price
et al. 2014), altered activity and connectivity of the PHG in anxiety disorders (Arnold
Anteraper et al. 2014; Lemche et al. 2013; Schlumpf et al. 2013), all of which speaks
broadly to a link between PHG and anxiety trait. The current observation of greater PHG
activation during risk-taking in harm avoidant individuals supports this association.

A recent study (Liang et al. 2014) applied transcranial direct current stimulation (tDCS) with
anodal electrode over pre-SMA and reported that tDCS increased the EEG complexity of the
frontal lobe during the SST. In addition, low-performing participants benefitted more from
this facilitating effect than high-performing participants. These results reflect people’s
natural ability to adapt to the environmental change. The neural associations between “risk-
taking” during the SST and TPQ may reflect adaptation to environmental change. Future
studies may investigate the differential effects of brain stimulation of the target regions, such
as the pre-SMA, on risk-taking behavior in individuals with high and low novelty seeking.

Risk-taking between reward-related versus cognitive motor decisions

Numerous studies have reported that the insula plays an important role in risk-taking
decisions that involve monetary reward (Galvan and Peris 2014; Helfinstein et al. 2014;
Lawrence et al. 2009; Paulus et al. 2003; Rao et al. 2008). However, the insula did not
respond to post-go speeding as compared to slowing in the SST. A possible explanation is
that these behavioral tasks engage different types of reward and motivational processes. For
instance, in an incentive delay task offering either money or social approval, social stimuli
were mainly associated with amygdala activation, while the thalamus was more strongly
activated by the presentation of monetary reward (Rademacher et al. 2010). Sescousse et al.
(2013) performed an activation likelihood estimation meta-analysis of 87 studies comparing
the brain responses to monetary, erotic, and food reward outcomes. They reported that,
money-specific responses were observed in the anterior portion of the OFC, while food and
erotic reward were more strongly represented in the anterior insula. These results suggest
distinct cerebral responses to different types of reward.
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On the other hand, the insula is known to play a role in a vast number of cognitive and
affective processes (Nelson et al. 2010). Besides reward processing, the insula responds to
error (Ullsperger et al. 2010) and prediction error (Bossaerts 2010), represents internal
bodily states including arousal (Singer et al. 2009) and engages in intuitive decision making
possibly based on perceptually salient information (Kuo et al. 2009; Hu and Yu 2014). The
lack of insula activation presumably could reflect the absence of these processes during risk-
taking in the SST (Li et al.2009a).

Limitations of the study and conclusions

There are several limitations that need to be considered. First, while the current study
demonstrated that the neural processes of risk-taking during a cognitive motor decision
appear to be modulated by personality traits differently from those involved in a behavioral
task with explicit reward contingencies, a direct comparison within the same group of
individuals is required to confirm these findings. Second, there are many other instruments
that may capture personality traits in dimensions not covered by the TPQ. For instance,
future work may consider the revised NEO Personality Inventory (NEO-PI-R, Costa and
MacCrae 1992) and UPPS (Whiteside and Lynam 2003) in addition to TPQ and employ
principal component analyses to identify inter-subject variability in risk-taking and harm
avoidance traits. Third, we did not conduct a power calculation and thus many of the
negative findings (e.g., lack of gender difference in harm avoidance) should be confirmed in
future work. Finally, personality is known to have a robust genetic basis (e.g., Wang et al.
2014). Future work incorporating genotyping will help evaluate whether neural phenotypes
as revealed by fMRI are related to inter-subject variation in genetic predispositions.

In conclusion, we reported how novelty seeking and harm avoidance personality traits
influence the neural processes of risk-taking in the stop signal task. Individuals who are
novelty seekers demonstrate greater dorsomedial and lateral orbitofrontal activation, and
those who are more harm avoidant demonstrate greater parahippocampal and putamen
activation during cognitive motor decisions that increased error risk. These findings add to
our understanding of the neural basis of inter-subject variation in behavior and cognition.
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Fig. 1.

Ngural correlates of speeded versus delayed motor responses in the stop signal task. Hot
color shows increased activity during risk-taking responses (RT speeding > RT slowing) and
winter color shows increased activity during risk-averting responses (RT slowing > RT
speeding). BOLD contrasts were overlaid on a structural template in axial sections. Color
bars indicate voxel T values
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Novelty seeking

Harm avoidance

Fig. 2.
Neural correlates of risk-taking responses that vary with novelty seeking (NS, a, b) and

harm avoidance (HA, c, d) personality traits. Color bars shows voxel T values. dmPFC
dorsomedial prefrontal cortex, FPC frontopolar cortex, OFC orbitofrontal cortex, PHG
parahippocampal gyrus
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Correlations between novelty seeking and the effect size of FPC (a), left OFC (b), dmPFC

(c), right OFC (d); between harm avoidance and the effect size of PHG (€), putamen (f).
FPC frontopolar cortex, OFC orbitofrontal cortex, dmPFC dorsomedial prefrontal cortex,
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Regional activations during risk-taking (pGni > pGi) and risk-averting (pGi > pGni) responses in the SST

Cluster size (voxels) Voxel Zvalue MNI coordinate (mm) Slide Identified brain region
X y z
A. Risk-taking
248 5.82 54 -64 37 R Angular gyrus
525 4.96 —45 =70 40 L Angular gyrus
1674 4.95 -33 20 55 L Middle frontal gyrus
4.83 -18 32 49 L Superior frontal gyrus
4.69 21 32 52 R Superior frontal gyrus
4.03 0 62 19 R/IL Frontopolar cortex
3.95 3 53 -11 R Ventromedial PFC
132 4.90 57 -16 -26 R Middle temporal gyrus
614 4.45 0 -58 37 RIL Precuneus
4.32 0 -40 37 RIL Post. cingulate cortex
166 3.99 -63 -25 -17 L Inferior temporal gyrus
3.78 -66 -43 -5 L Middle temporal gyrus
3.66 -63 -13 -20 L Inferior temporal gyrus
39 3.41 -42 38 -17 L Orbital frontal gyrus
B. Risk-averting
360 4.57 33 26 1 R Insula gyrus/insula
187 4.32 63 -34 34 R Supramarginal gyrus
268 4.21 -33 20 7 L Insula
3.41 -48 2 7 L Insula
234 3.86 -9 5 46 L Pre-SMA/SMA
3.53 9 8 46 R Pre-SMA/SMA
569 3.70 —48 -28 37 L Supramarginal gyrus
3.67 -39 =22 52 L Postcentral gyrus

All peak activations 8 mm apart are identified

PFC prefrontal cortex, SMA supplementary motor area
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Table 2

Modulation of risk-taking activations by novelty seeking (NS) and harm avoidance (HA)

Cluster size (voxels) Voxel Zvalue MNI coordinate (mm) Slide Identified brain region

X y z
A.NS
125 4.00 -9 62 19 L Frontopolar cortex
3.29 3 59 10 R Frontopolar cortex
64 3.58 -42 35 -14 L Orbitofrontal cortex
2.73 —45 41 1 L Orbitofrontal cortex
59 3.36 -3 47 46 L Dorsomedial PFC
31 311 48 32 -1 R Orbitofrontal cortex
B. HA
56 3.44 -33 =31 -17 L Parahippocampal gyrus
3.30 -15 -19 -20 L
40 3.05 =27 -13 7 L Putamen

All peak activations 8 mm apart are identified

PFC prefrontal cortex
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