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Abstract
High sensation seeking is associated with strong approach behaviors and weak avoidance
responses. The present study used functional magnetic resonance imaging (fMRI) to further
characterize the neurobiological underpinnings of this behavioral profile using a Go/No-go task.
Analysis of brain activation associated with response inhibition (No-go) versus response initiation
and execution (Go) revealed the commonly reported right lateral prefrontal, insula, cingulate, and
supplementary motor area network. However, right lateral activation was associated with greater
No-go than Go responses only in low sensation seekers. High sensation seekers showed no
differential activation in these regions but a more pronounced Go compared to No-go response in
several other regions that are involved in salience detection (insula), motor initiation (anterior
cingulate) and attention (inferior parietal cortex). Temporal analysis of the hemodynamic response
for Go and No-go conditions revealed that the stronger response to Go than No-go trials in high
sensation seekers occurred in in the earliest time window in the right middle frontal gyrus, right
mid-cingulate and right precuneus. In contrast, the greater No-go than Go response in low
sensation seekers occurred in the later time window in these same regions. These findings indicate
that high sensation seekers more strongly attend to or process Go trials and show delayed or
minimal inhibitory responses on No-go trials in regions that low sensation seekers use for
response inhibition. Failure to engage such regions for response inhibition may underlie some of
the risky and impulsive behaviors observed in high sensation seekers.
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1. Introduction
Many behaviors involve a complex interplay of initiating, executing and inhibiting
responses and actions. In the present context, initiation refers to the act of preparing and
executing a response to a particular stimulus by engaging the appropriate motor and
cognitive systems. Inhibition refers to the act of withholding a response or resisting an urge
to act on a particular stimulus. Inhibition and initiation are key components of numerous
cognitive behaviors, such as decision making (Rubia et al., 2001), goal-directed behavior
(Kenner et al., 2010), cognitive control (Chambers et al., 2007), self-regulation (Hofmann et
al., 2009), task switching (Swainson et al., 2003), attentional processing (Garavan & Hester,
2007), and executive function (Sanders et al., 2008). Understanding individual differences in
these neurocognitive processes, which are often studied with well-controlled laboratory
tasks, is an ongoing inquiry in psychology (Belin et al., 2008; Finn et al., 1999; Zuckerman
& Kuhlman, 2000) and neuroscience (Gehring & Willoughby, 2002; Goldstein & Volkow,
2002; Paulus et al., 2003; Schoenbaum et al., 2006).

1.1 Brain Regions Implicated in Response Initiation and Inhibition
Response inhibition and initiation are often studied using variations of the stop signal and
Go/No-go (GNG) tasks. In the stop signal task, participants are instructed to respond to cues
unless the cue is accompanied by an additional “stop” signal which indicates that the
response should be withheld. A Go signal is present (or implied) on every trial, but the stop
signals occur only occasionally in order to establish prepotent responding thereby making
inhibition on stop trials more difficult. In the GNG task, separate cues are assigned either to
Go or No-go signal trials, so the Go signal is not present on every trial. Go signals may
typically outnumber No Go signals to establish prepotent Go responding across trials, as in
the stop signal task. The GNG task emphasizes response selection processes more than the
stop signal task because the Go and No-go signals are present on different trials;
nevertheless, response initiation is associated with the Go conditions and response inhibition
is associated with the stop or No-go conditions in both tasks.

GNG and stop-signal tasks have been widely used to study the brain regions involved in
response inhibition (Aron & Poldrack, 2005; Hester et al., 2004; Simmonds et al., 2008).
The network of regions commonly implicated include right lateral frontal cortex (Aron &
Poldrack, 2006; Boehler et al., 2010; Chikazoe et al., 2009a; Chikazoe et al., 2009b; Goya-
Maldonado et al., 2010; Kenner et al., 2010; Konishi et al., 1998; Konishi et al., 1999;
Mostofsky et al., 2003; Rubia et al., 2001; Swainson et al., 2003; Van Gaal et al., 2010;
Watanabe et al., 2002; Xue et al., 2008), the anterior cingulate cortex (ACC: Aron &
Poldrack, 2006; Dillo et al., 2010; Lutcke & Frahm, 2008; Rubia et al., 2001;), premotor and
supplementary motor areas (Chikazoe et al., 2009b; Kenner et al., 2010; Mostofsky et al.,
2003; Rubia et al., 2001; Simmonds et al., 2008; Van Gaal et al., 2010; Watanabe et al.,
2002; Xue et al., 2008;) and the insula (INS: Aron & Poldrack, 2006; Boehler et al., 2010;
Chikazoe et al., 2009b). The major focus of these studies has been on brain regions
associated with response inhibition because inhibition failures have been implicated in a
wide range of maladaptive behaviors.

Fewer studies have focused on regions involved in response initiation (i.e., preparing and
executing Go responses), but distinguishing between response initiation and inhibition
networks is important for understanding individual differences in behavioral regulation. For
example, do individuals with poor inhibitory control fail to activate the critical No-go
circuitry for response inhibition? Or is that same circuitry more strongly engaged for
response initiation than inhibition among these individuals? The present study will address
these questions with a design in which both response inhibition and initiation are examined.
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1.2 Individual Differences in Response Initiation and Inhibition
Certain psychiatric conditions, such as ADHD and addiction, have been linked to problems
with behavioral regulation, which can be examined with GNG tasks. For example, children
with ADHD or high-impulsive substance-abusing individuals have difficulties inhibiting
responses and do not recruit regions typically implicated in response inhibition as strongly
as do controls during GNG task performance (Asahi et al., 2004; Booth et al., 2005).
Similarly, cocaine addicts who exhibit poor behavioral regulation (see Garavan & Hester,
2007) demonstrate lower levels of prefrontal activation during response inhibition on the
GNG task (Hester & Garavan, 2004).

Poor behavioral regulation is also associated with impulsive personality, which is measured
in various ways (Joseph et al., in press). There is considerable debate concerning the nature
of impulsivity, but many descriptions such as Gray’s model consisting of behavioral
approach (BAS) and behavioral inhibition (BIS) systems (Carver & White, 1994), include
concepts of approach, sometimes described as sensitivity to reward, sensation seeking or
novelty seeking, as well as concepts of behavioral inhibition, described as a strong self-
control or high harm avoidance. Impulsivity can be viewed as the product of an overactive
approach system and/or an underactive inhibitory system. Sensation seeking is a personality
trait characterized by the tendency to seek novel sensations and experiences even if that
endeavor involves high levels of risk. Consequently, high sensation seekers (HSS) are more
likely to have an overactive approach system and weaker inhibition system than low
sensation seekers (LSS; Depue & Collins, 1999; Zuckerman, 1979). For example, sensation
seeking is one factor that contributes to reported alcohol consumption in college students
(Zuckerman & Kuhlman, 2000).

An overactive approach system coupled with a weaker inhibitory system can be explored by
comparing brain activation in HSS and LSS. Joseph and colleagues (2009) identified
specific brain activation patterns for LSS and HSS during emotional processing for high and
low arousal images. The right anterior insula/inferior frontal gyrus, often associated with
autonomic arousal, exhibited greater activation in HSS than LSS for high versus low arousal
items. Left ACC, a region implicated in behavioral regulation, was activated more strongly
in LSS for high versus low arousal items. Additionally, convergent measures of impulsive
sensation seeking, such as urgency and disinhibition, were correlated with activity in regions
that were more active during high-arousal conditions.

Other studies have used fMRI to examine sensation seeking in varied behavioral domains
such as reward and novelty processing (Krebs et al., 2009), monetary incentive delay
responding (Abler, et al., 2006), risky behaviors (Freeman & Beer, 2010) and gambling
(Lemenager et al., 2011). However, to our knowledge, no studies have examined differences
in brain activation between HSS and LSS on a GNG task. Therefore, the present study used
a GNG task and fMRI to identify brain regions implicated in response inhibition (No-go
trials) and response initiation (Go trials) for high and low sensation seekers. The motivation
for using an extreme group comparison of high and low sensation seekers was to maximize
the likelihood of biological differences between group members (e.g., Bardo et al., 1996).

We used a GNG task that equally emphasized response inhibition and initiation by
presenting equal numbers of No-go and Go trials. This design did not confound response
inhibition trials with lower frequency of occurrence (see Chikazoe et al., 2009a) or with
additional visual stimulation that was not present on Go trials. If individuals with poor
inhibitory control fail to activate the critical circuitry for response inhibition, then we expect
the predominant outcome to be greater activation in LSS than HSS in the No-go condition as
an index of a stronger regulatory system. Conversely, an overactive approach system (in
HSS) would predict stronger activation in the Go condition in HSS than LSS.
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2. Results
The main contrast of interest was the group comparison of HSS and LSS for the two
contrasts, Go > No-go and No-go > Go, as these contrasts isolated regions differentially
modulated by sensation seeking status for response inhibition and initiation. Note that the
group comparison (LSS > HSS) for the No-go > Go contrast is logically equivalent to the
group comparison (HSS > LSS) for the Go > No-go contrast (see Methods). Because of this
logical equivalence, the regions isolated by the group comparison of LSS > HSS for the No-
go > Go contrast could either be interpreted as greater activation for LSS for No-go or
greater activation for HSS for go. This ambiguity necessitated follow-up ANOVAs in
regions of interest which allowed us to determine which of the group or condition
differences were driving the interaction.

Fourteen ROIs emerged from the group comparison of LSS > HSS for the No-go > Go
contrast, as shown in Table 1. As expected, all fourteen regions showed a significant trial
type (Go, No-go)×Sensation seeking status (HSS, LSS) interaction according to the follow-
up ANOVAs. Four of these regions showed a main effect of trial type in which there was
greater signal for response initiation (Go) than response inhibition (No-go): the right
superior temporal gyrus, F(1, 38) = 7.82, p = .008, the cerebellar vermis, F(1, 38) = 29.41, p
< .001, the right supplemental motor area, F(1, 38) = 10.03, p = .003, and the left INS, F(1,
38) = 16.77, p < .001. Only the left middle occipital gyrus showed a main effect of sensation
seeking status, F(1, 38) = 4.37, p = .04, in which HSS recruited this region more strongly
than LSS (as seen in Figure 2).

Figures 1 and 2 show activation maps with mean parameter estimates versus baseline by
trial type (black bars for Go trials) and sensation seeking status on the x-axis for the fourteen
regions in the Table. Figure 1 shows response inhibition regions (more activation for No-go
than Go in LSS) whereas Figure 2 shows response initiation regions (more activation for Go
than No-go in HSS). Figure 1 also shows two regions (left anterior cingulate cortex, ACC,
and right inferior parietal cortex, IPL) in which HSS showed greater recruitment for Go than
No-go trials, LSS showed greater recruitment for No-go than Go, and greater Go activation
for HSS compared to LSS. None of the fourteen regions showed a greater No-go than Go
response for HSS.

2.1 Response Inhibition Regions
One set of post hoc follow-up tests analyzed the main effect of sensation seeking for Go and
No-go trials separately whereas another set of post-hoc tests analyzed the main effect of trial
type within each group separately. Post hoc tests conducted with the Sidak adjustment for
multiple comparisons revealed that LSS showed greater signal for No-go compared to Go in
the right inferior parietal lobe (p = .02), the right mid cingulate (p = .03), right middle
frontal gyrus-BA 46 (p = .004), the right inferior frontal gyrus (p = .03), the right middle
frontal gyrus-BA 46/9 (p = .003), and the left ACC (p = .04), as seen in Figure 1. No regions
showed significantly more activation for No-go compared to Go trials for HSS. No regions
showed a greater response in LSS than HSS for No-go trials. With one exception, these
regions showed a significant positive correlation between Go minus No-go difference score
and scores on the ZKPQ-SS, a measure of sensation-seeking status distinct from the BSSS (.
47 < r < .56, all p’s < .002). The one exception was the right inferior frontal gyrus, which
fell short of statistical significance (r = .31, p = .055). The left ACC region also showed a
significant positive correlation between Go minus No-go fMRI signal and scores on the
UPPS-Urgency scale (Whiteside and Lynam, 2001), a dimension of impulsivity distinct
from sensation seeking (r = .32, p = .05).
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2.2 Response Initiation Regions
Post hoc tests conducted with the Sidak adjustment for multiple comparisons showed that
for Go trials, there was a greater response for HSS than LSS in the right inferior parietal
lobule (p = .01) and the left ACC (p = .03), as seen in Figure 1, and in the right precuneus (p
= .01), the right superior temporal gyrus (p = .009), the left middle occipital gyrus ( p= .
004), the right INS (p = .01) the right supplementary motor area (p = .03), and the left insula
(p = .004), as seen in Figure 2. No regions showed significant differences between HSS and
LSS for No-go trials. HSS showed greater signal for Go than No-go in the right precuneus (p
= .001), the right inferior parietal lobe (p = .001), the right superior temporal gyrus (p < .
001), the left middle occipital gyrus (p = .04), the right precentral/inferior frontal gyrus (p
= .01), the right INS (p < .001), the vermis (p < .001), the right supplementary motor area (p
< .001), the left ACC (p = .01), and the left INS (p < .001). Only the vermis showed greater
activation for Go than No-go in LSS (p < .001). All of these regions showed a significant
positive correlation between Go minus No-go difference score and scores on the ZKPQ-SS
(.39 < r < .60, all p’s < .014). The vermis and right supplementary motor area also showed a
significant positive correlation between Go minus No-go fMRI signal and scores on the
UPPS-Urgency scale: r = .40, p = .012 for vermis; r = .38, p = .018 for right supplementary
motor area.

2.3 Hemodynamic Responses
Hemodynamic responses (HDRs) for the ROIs in Table 1 were more closely examined to
determine whether the modulation of fMRI signal by sensation seeking status and condition
(Go, No-go) was further qualified by the timing of the HDR. To this end, area under the
curve (AUC) was calculated within three time windows (time points 2 to 4; time points 4 to
6; time points 6 to 8) separately for each subject and condition in each ROI. The reason for
calculating AUC was to reduce the 8 time points to a more manageable and interpretable
number of time windows. Mixed ANOVAs (one for each brain region) examined the effect
of condition (Go, No-go), time window (early, middle, late) and sensation seeking on AUC.
We were most interested in whether the threeway interaction was significant, because that
would indicate that HSS and LSS recruit the region differentially for Go and No-go
conditions in different time windows. Note that the ANOVAs conducted on PE values
(Figures 1 and 2) already indicate which regions were differentially recruited for Go and
No-go conditions in HSS and LSS. The present analysis was conducted to examine whether
the differential response in the two groups varied over the time course of the hemodynamic
response.

Four regions showed this three-way interaction (Figure 3): the right precuneus, F(2, 76) =
4.6, p = .013, the right mid-cingulate, F(2, 76) = 4.0, p = .022, the right middle frontal gyrus
(BA 46), F(2, 76) = 4.5, p = .015, and the right insula, F(2, 76) = 4.2, p = .018. Paired t-tests
examined the difference between Go and No-go conditions in each time window for each
subject group to further characterize this interaction. For HSS, the Go condition yielded
greater activation than the No-go condition (all p’s < .041) in the early time window in the
right precuneus, the right mid-cingulate, the right middle frontal gyrus (BA 46; green
shading in Figure 3). For LSS, the No-go condition yielded greater activation than the Go
condition (all p’s < .022) in the middle time window in these same three regions (red
shading in Figure 3). The right insula yielded a somewhat different pattern. Both HSS and
LSS showed a greater response to Go than No-go in the early time window (p = .037; green
shading in Figure 3) but HSS also showed a greater response to No-go than Go conditions in
the late time window (p = .043; red shading in Figure 3).
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3. Discussion
Using a GNG task, this study identified brain regions that were differentially recruited for
response inhibition and response initiation among high and low sensation seekers. Regions
that were more strongly recruited for No-go than Go conditions were linked to response
inhibition and regions that showed a greater response to Go than to No-go conditions were
linked to response initiation. While inhibition is often the cognitive process of greater
interest in GNG experiments, this study examined both initiation and inhibition because both
dimensions are involved in real-world activities (Hofmann et al., 2009; Rubia et al., 2001).
Interestingly, response initiation conditions revealed more group differences than response
inhibition conditions in the present study. No group differences emerged for No-go trials
despite the fact that response inhibition is much more commonly assessed than response
initiation in the literature.

We suggest the following working model of differential neural recruitment for response
inhibition in HSS and LSS. One component of this model is that HSS may anticipate or
attend more to initiation conditions whereas LSS may anticipate or attend more to inhibition
conditions. This tuning process may be reflected in regional activation that is associated
with salience detection (insula), engagement of motor behaviors (left ACC) and re-orienting
attention to salient events (right IPL). The second component of this model is that HSS may
have more difficulty switching into inhibition mode (in RIFG, RMFG) leading to a less
differentiated response for Go and No-go conditions or a delayed No-go response in regions
that are normally associated with response inhibition. This model is elaborated more below.

3.1 High sensation seekers are more sensitive to Go conditions
The majority of regions modulated by sensation seeking status showed greater Go than No-
go responses in HSS but no differential response in LSS or a greater No-go than Go
response in LSS: right precuneus, right precentral / inferior frontal, bilateral insula, right
supplementary motor area, left middle occipital, right superior temporal cortex. Many of
these regions have been associated with response inhibition in other studies (Aron &
Poldrack, 2006; Boehler et al., 2010; Chikazoe et al., 2009a; Chikazoe et al., 2009b; Goya-
Maldonado et al., 2010; Kenner et al., 2010; Konishi et al., 1998; Konishi et al., 1999;
Mostofsky et al., 2003; Rubia et al., 2001; Simmonds et al., 2008; Swainson et al., 2003;
Van Gaal et al., 2010; Watanabe et al., 2002; Xue et al., 2008). The finding that these
regions are associated with initiation in HSS may seem surprising, but few studies have
examined modulation of response inhibition regions by individual differences in personality.
The typically-reported inhibition response in these regions may only apply to individuals
who are low in sensation seeking. Greater activation for Go than No-go conditions in a
number of different regions in HSS suggests that approach cues (i.e. the Go signal) may be
more salient for this group. Only one region, the cerebellar vermis, showed a greater
response in the Go than No-go condition for both subject groups.

An additional facet of sensation seeking, Urgency, was also positively correlated with
greater Go compared to No-go signal in three of these regions (vermis, right supplementary
motor area and left ACC). These regions are engaged in planning and initiation of motor
movements (Ghez & Fahn, 1985; Nachev, Kennard & Husain, 2008). Urgency is defined as
rash and impulsive behavior related to emotional dyscontrol (Whiteside & Lynam, 2001).
Together these findings suggest that systems involved in the planning and initiation of motor
behavior may be more strongly primed for action in HSS, which is consistent with an
overactive approach system.

When different time windows of the hemodynamic response were examined, HSS also
showed different hemodynamics compared to LSS. In the right precuneus (Figure 3), HSS
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show a greater Go response in the early time window, whereas LSS show a greater No-go
response in the middle time window. HSS never show a No-go response that dominates the
Go response. This latter result mirrors the results in the right middle frontal cortex and mid-
cingulate. In the right insula, the Go condition induces an early stronger response (compared
to No-go) in both groups. However, in HSS, the Go response lasts longer compared to LSS.
In addition, HSS show a delayed inhibition response in this region that LSS recruit primarily
for initiation.

3.2 High sensation seekers show atypical recruitment of response inhibition network
Lateral prefrontal regions like the inferior and middle frontal cortex are commonly
implicated in response inhibition. LSS recruited these regions more strongly on inhibition
than initiation trials, but HSS showed no difference between the two conditions. Aron,
Robbins & Poldrack (2004) review neuropsychological and neuroimaging evidence that
lateral prefrontal regions, especially the right inferior frontal cortex, are a locus for both
response inhibition and task-switching. Difficulty in switching into a mode that requires
halting a response may underlie the lack of differentiation of Go and No-go responses in
HSS. By comparison, LSS show more activation in these inhibitory regions which may
reflect successful switching into inhibition mode in order to direct motor systems to
terminate an initiated response. The right mid-cingulate showed a similar response profile as
the right lateral prefrontal regions. In addition to their involvement in response inhibition
reported in other studies (Aron & Poldrack, 2006; Boehler et al., 2010; Chikazoe et al.,
2009b; Mostofsky et al., 2003) these frontal and para-limbic regions have also been
implicated in top-down behavioral regulation (Cunningham et al., 2005; Matthews et al.,
2004; Ochsner et al., 2004). Compared to LSS, HSS do not differentially recruit these
regions involved in self-regulation which could contribute to their tendency to engage in
risky and potentially problematic behaviors such as drug abuse.

When different time windows of the hemodynamic response were examined, the right mid-
cingulate and right middle frontal gyrus (BA 46) showed modulation by sensation seeking
status. HSS showed a stronger response to Go than No-go conditions in the early time
window and LSS showed a stronger response to No-go than to Go conditions in the middle
time window. In addition, in the right middle frontal region, HSS continued to show a
stronger response in the middle time window to Go than No-go conditions. This region has
been strongly implicated in response inhibition in other studies (Boehler et al., 2010;
Mostofsky et al., 2003), but HSS activate this region inappropriately (i.e. to Go conditions)
and the inappropriate response persists. In fact, in this region the No-go condition never
surpasses the Go condition. In the right mid-cingulate, activation during the No-go trials
eventually surpasses Go trials, but only in the later time window.

3.3 Modulation of Attentional and Salience Networks by Sensation Seeking Status
The ACC and insula are important components of the “Salience network” (Menon & Uddin,
2010). According to Menon and Uddin the insula detects both internal and external salient
events, and is strongly coupled with the anterior cingulate to “facilitate rapid access to the
motor system” (p. 655). Interestingly, in the present study, both the left ACC and insula
were modulated by sensation seeking status. The insula showed the greatest response to the
Go trials in HSS and this response persisted longer than the Go response in LSS. We suggest
that the insula is related to the greater salience of the Go condition and HSS show a more
persistent response. The left ACC also showed a greater response to Go than No-go in HSS
but this region additionally showed a greater No-go than Go response in LSS. Other studies
have also associated the ACC with both initiation (Aron & Poldrack, 2006; Watanabe et al.,
2002) and inhibition (Chikazoe et al., 2009b; Dillo et al., 2010; Menon et al., 2001).
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Joseph et al. (2009) reported a similar dissociation between the ACC and INS as a function
of sensation seeking in the same sample of subjects using an emotional induction task. In
that study, HSS showed a strong early response to high arousal items in the right insula, but
LSS showed a fairly blunted response to high arousal items in the right insula. A similar
pattern emerged in the present study. In addition, in Joseph et al., HSS showed a delayed
response to high-arousal items in the left ACC compared to LSS who showed a strong left
ACC response in an earlier time window compared to HSS. Joseph et al. interpreted this
finding as an overactive approach system in HSS, marked by an early response in the right
insula to high arousal items, and a weaker regulatory system in HSS, marked by delayed
responding in the left ACC. In the present study, an overactive approach response in HSS
was reflected in early and persistent right insula and robust ACC activation for response
initiation conditions. A stronger regulatory response in LSS was reflected in greater left
ACC activation for response inhibition.

The neurobiological underpinnings of a stronger approach than avoidance system likely
include components related to reward processing, novel detection and appetitive responses
(Joseph, Lile & Kelly, in press). However, recruitment of these components may depend
heavily on the particular cognitive or motivational task used in a study. We suspect that the
lack of reward circuitry activation in the present study is likely due to the fact that there
were no programmed reinforcement contingencies or feedback based on trial outcome
associated with task performance.

The right IPL also showed an interaction of sensation seeking and Go / No-go conditions,
with HSS recruiting this region more strongly for Go than No-go and LSS recruiting this
region more strongly for No-go than Go conditions. This region is strongly implicated in
attention and considered a critical component of a right-lateralized ventral attention network
that is involved in re-orienting attention to salient events (Fox et al., 2006). The recruitment
of the right IPL in the present study may have depended on the stimulus type that was more
relevant for a particular individual. In the present context, we speculate that the Go signal
was more salient for HSS and the No-go signal was more salient for LSS. HSS may have
more strongly attended or anticipated the Go than the No-go condition or devoted more
neural and cognitive resources to that condition, which would be consistent with an
overactive approach system that is designed to act on and pursue appetitive goals. In
contrast, LSS may have devoted more resources to or more strongly attended the No-go
condition, which is consistent with a system designed for regulation or withdrawal. In
summary, regions associated with salience detection (right insula), engagement of motor
behaviors (left ACC) and re-orienting attention to salient events (right IPL) all showed
differential recruitment for Go and No-go conditions by HSS and LSS.

3.4 Limitations of the Present Study
Many studies of response inhibition present fewer No-go than Go trials to induce prepotent
responding. The somewhat rarer No-go events become more difficult to inhibit in the
context of more frequent Go trials. This manipulation is important for capturing impulsive
responding. The goal of the present study was to examine both response initiation and
inhibition so the number of trials was necessarily equated for the two conditions to provide
sufficient power to examine networks associated with both initiation and inhibition trial
conditions. Nevertheless, an interesting future study would be to examine whether
inappropriate recruitment of response inhibition regions by HSS (as in the present study)
would also emerge if fewer No-go trials were used. We suggest that when the frequency of
Go and No-go events is equated, LSS and HSS tune the response inhibition network
differently depending on the salience of the two trial conditions. If No-go trials were
presented more infrequently, we suspect that inappropriate recruitment of response
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inhibition regions may be even more pronounced in HSS. However, additional research is
needed to test this hypothesis.

3.5 Conclusion
In the present study, individual differences in sensation seeking were more pronounced in
Go than No-go trials. This is somewhat surprising given that numerous studies report
individual differences in withholding a response during No-go trials. For example, brain
regions typically implicated in successful response inhibition are less active in individuals
with ADHD (e.g., Booth et al., 2005), high impulsivity (Asahi et al., 2004) or cocaine
addiction (e.g., Garavan & Hester, 2007; Hester & Garavan, 2004) versus controls. It is
possible that individual differences in No-go activation are more pronounced when
comparing clinical versus neurotypical groups than when comparing two neurotypical
groups, as in the present study. The present sample was composed of individuals who
reported minimal substance abuse, no psychiatric diagnoses, and were medication-free. The
main difference between the two groups in the present study was self-reported level of
sensation seeking. The novel and interesting finding in the present study was that individual
differences in sensation seeking were more pronounced during response initiation than
response inhibition trials. We suggest that this reflects greater attention to or salience of Go
signals for HSS, which in turn is driven by an overactive approach system. This stronger
approach response may be one of the risk factors for problematic behaviors like substance
abuse or risky sex, which are associated with higher sensation seeking (Zuckerman &
Kuhlman, 2000). Consequently, examining approach behaviors is as pivotal as
understanding avoidance and withdrawal behaviors in neurotypical populations.

4. Experimental Procedure
4.1 Participants

Forty adults (20 men) aged 18-25 years participated in this study. Based on their Brief
Sensation-Seeking Scale scores (Hoyle et al., 2002), participants in the top quartile based on
population norms (Harrington et al., 2003; cutoff score for men and women = 35) were
placed in the High Sensation Seeking group (HSS: 10 men; Mean age = 20.2 years, SD =
1.5) and those in the bottom quartile (cutoff score for men = 27, women = 25) were placed
in the Low Sensation-Seeking group (LSS: 10 men; Mean age = 21.3 years, SD = 2.5). All
participants gave informed consent and were financially compensated for participating. All
procedures were approved by the University of Kentucky Medical Institutional Review
Board.

Prior to scanning, participants were screened to ensure MRI safety. Exclusion criteria
included left handedness, pregnancy, diagnosed learning disabilities, neurological disorders,
previous head injury, claustrophobia, major psychiatric disorders, and metal in the body.
Urine samples were collected to test for drug use (cocaine, marijuana, amphetamines,
benzodiazepines, opioids etc.) and pregnancy during the medical screening and prior to the
data collection session. No participants showed evidence of drug use or pregnancy.
Participants also completed several additional measures: The Big-Five Inventory (John &
Srivastava, 1999), the Urgency, Premeditation, Perseverance, and Sensation Seeking
Impulsivity Scale (Whiteside & Lynam, 2001), the Eysenck Personality Inventory (Eysenck
& Eysenck, 1975), the Zuckerman Sensation-Seeking Scale (Form V; Zuckerman, 1994),
and the Zuckerman-Kuhlman Personality Questionnaire (Zuckerman et al., 1993), the
Michigan Alcoholism Screening Test – short form (MAST; Selzer et al., 1975), Beck
Depression Inventory (BDI; Beck & Beck, 1972) and a 17-item drug use questionnaire
derived from the Addiction Severity Index (McLellan et al., 1992) in which they indicated
the last time they used the following substances (never, more than a month ago, or during
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the past month): coffee or tea, smoked tobacco, smokeless tobacco, nicotine gum or patch,
beer, wine, wine coolers, hard liquor, marijuana, inhalants, cocaine, nonprescription
narcotics, prescription narcotics, uppers, downers, relaxants, and hallucinogens. If they
reported drug use in the past month, they also indicated how many days during the past
month that they had used the drug. Independent samples t-tests were conducted to determine
whether the HSS and LSS groups were different in terms of age, years of education, MAST,
BDI and drug use. The only measure that showed a significant group difference was number
of beers consumed in the past 30 days. LSS consumed more beer (M = 4.4, SD = 3.9) than
HSS (M = 1.7, SD = 2.5), t(38) = −2.65, p = .012.

4.2 Go/No-go Task
Each participant completed one fMRI event-related run of the GNG task (adapted from
Fillmore et al., 2005) consisting of 50 No-go trials, 50 Go trials, and 100 rest trials.
Participants first saw a cue (X or O). After a delay of 100, 200, or 300 ms a No-go or Go
signal (red or green box, respectively) surrounded the cue for 1000 ms. Both No-go and Go
signals were used in the present study to control for the amount of visual information
presented in No-go and Go conditions. The cue and signal were then followed by a fixation
crosshair for 1200-1400 ms such that each trial lasted 2500 ms. Trial order was randomized
according to the scripts for stimulus timing simulation in AFNI’s (Analysis of Functional
Neuro-Images) software package (http://afni.nimh.nih.gov). Participants were instructed to
press the button under one index finger when presented with the “X” cue and press the
button under their other index finger when presented with the “O” cue unless they saw the
No-go signal (red box), which indicated they were to make no response at all. Importantly,
the instructions mentioned nothing about the Go cue. The assignment of stimulus responses
(X or O) to index fingers (left or right hand) was counterbalanced across participants. E-
Prime software (Psychology Software Tools, Pittsburgh, PA) was used to display the stimuli
and record responses. E-Prime was synchronized with trigger pulses from the scanner such
that each individual trial was triggered by the scanner, and participants made button press
responses using a fiber-optic response pad (MRA Inc., Washington, PA). Due to a technical
error, behavioral button-press responses were not recorded, and we were not able to analyze
accuracy or response times.

4.3 Data Acquisition
All participants were scanned using a Siemen’s 3T Trio MRI system equipped for
echoplanar imaging (TR=2.5 s, TE=30 ms, flip angle = 81°, 40 axial slices: matrix = 64 ×
64, voxel size = 3.5mm3, FOV=224 × 224mm2). High-resolution anatomical structural
images were acquired with a T1-weighted MP-RAGE (magnetization-prepared rapid
gradient echo) sequence (192 sagittal slices: matrix = 224 × 256, slice thickness = 1mm, no
gap, voxel size = 1mm3, FOV=224 × 256mm2).

4.4 fMRI Data Analysis
Using FMRIB’s FSL package (http://www.fmrib.ox.ac.uk/fsl), images in each participant’s
time series were motion corrected with the MCFLIRT module. Images in the time series
were spatially smoothed with a 3D Gaussian kernel (FWHM = 7 mm3), and temporally
high-pass filtered (cutoff = 80s). For the individual subject analysis, FILM (FSL’s Improved
Linear Model) was used to estimate the hemodynamic parameters for different explanatory
variables (EVs) and to generate statistical contrast maps of interest within each subject. The
two EVs for the GNG signal task modeled Go (response initiation) trials and No-go
(response inhibition) trials as single impulses which were convolved with a double-gamma
hemodynamic response function. The two contrasts of interest were Go > No-go to identify
regions in which activation was greater for initiation compared to inhibition and No-go > Go
to identify regions in which activation was greater for inhibition compared to initiation.
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Contrast maps for each subject were normalized into common stereotaxic space (MNI)
before mixed-effects group analyses using FMRIB’s FLAME module were performed. The
main contrast of interest was the group comparison of HSS and LSS for the two contrasts,
Go > No-go and No-go > Go as these contrasts isolated regions differentially modulated by
sensation seeking status for response inhibition and initiation. Note that the group
comparison (LSS > HSS) for the No-go > Go contrast is logically equivalent to the group
comparison (HSS > LSS) for the Go > No-go contrast. In fact, these two contrasts produced
nearly identical clusters that differed only slightly in size (average difference in cluster size
across the 14 regions was 2.1 voxels, with eight of the regions showing a difference of 0 or 1
voxel) and only slightly in MNI coordinates for the center of the cluster (average difference
in MNI-x: .71 mm, MNI-y: .57 mm, MNI-z: .86 mm). Because of this logical equivalence,
the regions isolated by the group comparison of LSS > HSS for the No-go > Go contrast
could either be interpreted as greater activation for LSS for No-go or greater activation for
HSS for go. This ambiguity necessitated the follow-up ANOVAs in regions of interest
(below) which allowed us to determine which of the group or condition differences were
driving the activation.

4.5 Region of Interest Analysis
Regions of interest (ROI) were defined by a minimum cluster size of 10 contiguous voxels
(Xiong et al., 1995) and all clusters were thresholded at z = 2.58, p < .005, two-tailed.
Parameter estimate (PE) values from the Go > Baseline and No-go > Baseline contrasts were
extracted for each subject in each ROI to ensure PE values for the more complex contrasts
[e.g. HSS (Go > No-go) > LSS (Go > No-go)] represented activation rather than
deactivation for appropriate interpretation. Mixed ANOVAs using SPSS (IBM: Somers,
NY) were conducted on PE values from each ROI to confirm and quantify the sensitivity of
each ROI to sensation seeking status (HSS, LSS) and trial type (Go, No-go). We also
extracted hemodynamic responses in each ROI (using selective averaging; http://
sites.la.utexas.edu/poldracklab/software) to identify whether interactions with sensation
seeking and trial type occurred in earlier or later windows of the hemodynamic response
given prior findings suggesting group differences in peaks of the HDR (Joseph et al., 2009).
Selective averaging yielded 8 time points for each condition for each subject and each
region. The time points reflected average percent signal change starting 4 sec prior to
stimulus presentation up to 16 seconds following stimulus presentation in increments of 2.5
s.

4.6 Correlations with Personality Measures
To address whether the BSSS effectively characterized high and low SS, we used ZKPQ-SS
as a convergent measure of sensation seeking. ZKPQ-SS was normally distributed within
our sample. Normality was defined as a skewness value less than 2 times the standard error.
We conducted correlations between ZKPQ-SS and Go minus No-go signal difference score
based on data used in the ANOVAs. The purpose was to show that a convergent measure of
SS (a strategy used in Joseph et al. 2009) was comparably related to fMRI response.

An exploratory analysis was also conducted to determine whether other facets of SS were
associated with fMRI signal in each ROI. We focused on three different facets of sensation
seeking: Form V Disinhibition, Form V – Boredom Susceptibility, and UPPS – Urgency, all
of which were normally distributed within our sample. We explored only three measures
given concerns with conducting multiple tests. Partial correlations between scores on each of
these three variables and the Go – No-go difference score (from the data used in the
ANOVAs) were conducted, while controlling for ZKPQ-SS scores. The purpose of this
analysis was to explore other facets of sensation seeking that might be related to the
differential Go/No-go response in different brain regions. We report those correlations that
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were significant at an uncorrected level of .05 given that we regarded this analysis as
exploratory.
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Highlights

fMRI activation was examined in a go/no-go task in high and low sensation seekers (SS)

Low SS activate expected response inhibition regions for no-go trials

High SS activate some response inhibition regions for go trials

High SS show a stronger go than no-go response in early time window of BOLD
response

Stronger go response in response inhibition regions may underlie high-SS impulsivity
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Figure 1.
Regions showing greater activation for No-go than Go in LSS. Additionally, the left anterior
cingulate and right inferior parietal lobule showed greater Go than No-go activation for HSS
compared to LSS.
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Figure 2.
Regions that were more active for Go than No-go among HSS. In addition, the cerebellar
vermis was more active for Go than No-go among LSS.
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Figure 3.
Hemodynamic responses in four regions that showed a three-way interaction of sensation
seeking, condition and time window. The x-axis, “Seconds”, indicates time relative to
stimulus onset. The y-axis is percent signal change. Green overlays indicate time windows
with a greater response to Go than to No-go trials in the group designated by the text (e.g.,
HSS, LSS). Red overlays indicate time windows with a greater response to No-go than to
Go trials in the group designated by the text. Error bars are standard error of the mean.
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