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Abstract

Studies consistently implicate aberrance of the brain’s reward-processing and decision-making 

networks in disorders featuring high levels of impulsivity, such as attention-deficit hyperactivity 

disorder, substance use disorder, and psychopathy. However, less is known about the 

neurobiological determinants of individual differences in impulsivity in the general population. In 

this study of 105 healthy adults, we examined relationships between impulsivity and three 

neurobiological metrics – gray matter volume, resting-state functional connectivity, and 

spontaneous eye-blink rate, a physiological indicator of central dopaminergic activity. Impulsivity 

was measured both by performance on a task of behavioral inhibition (go/no-go task) and by self-

ratings of attentional, motor, and non-planning impulsivity using the Barratt Impulsiveness Scale 

(BIS-11). Overall, we found that less gray matter in medial orbitofrontal cortex and paracingulate 

gyrus, greater resting-state functional connectivity between nodes of the basal ganglia-thalamo-

cortical network, and lower spontaneous eye-blink rate were associated with greater impulsivity. 

Specifically, less prefrontal gray matter was associated with higher BIS-11 motor and non-

planning impulsivity scores, but was not related to task performance; greater correlated resting-
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state functional connectivity between the basal ganglia and thalamus, motor cortices, and 

prefrontal cortex was associated with worse no-go trial accuracy on the task and with higher 

BIS-11 motor impulsivity scores; lower spontaneous eye-blink rate was associated with worse no-

go trial accuracy and with higher BIS-11 motor impulsivity scores. These data provide evidence 

that individual differences in impulsivity in the general population are related to variability in 

multiple neurobiological metrics in the brain’s reward-processing and decision-making networks.
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INTRODUCTION

Impulsivity is a multidimensional trait defined most generally by a propensity for 

maladaptive decision-making, and is comprised of several related but distinct neurocognitive 

deficits including a lack of inhibitory control, an inability to wait and adequately plan 

behavior, and outsized preference for smaller, immediate rewards over larger, delayed 

rewards (De Wit, 2009). Excessive levels of impulsivity are a prominent feature of numerous 

clinical disorders, including attention-deficit/hyperactivity disorder (ADHD), substance 

abuse disorder (SUD), and psychopathy. In the general population, high levels of impulsivity 

have been linked to poorer life outcomes such as lower levels of academic success 

(Duckworth and Seligman, 2005) and increased propensity for substance abuse (Kreek et al., 

2005). Given the important impact that impulsivity has on both personal and societal well-

being, it is of interest to elucidate the neurobiological substrates that contribute to individual 

differences in impulsivity.

Studies consistently implicate aberrance of the brain’s reward-processing and decision-

making networks in disorders featuring excessive impulsivity. These networks consist of 

gray matter nodes in the ventral midbrain, basal ganglia, thalamus, motor cortices and 

prefrontal cortex, structural and functional connections between these nodes via basal 

ganglia-thalamo-cortical circuitry, and the neurotransmitter systems that innervate this 

circuitry. An increasing number of studies that have examined healthy samples have also 

linked individual differences in impulsivity to variation in these neurobiological metrics. 

Several studies have found that self-reported trait measures of impulsivity, such as score on 

the Barratt Impulsiveness Scale (BIS-11), are negatively correlated with prefrontal gray 

matter (Matsuo et al., 2009; Schilling et al., 2012; Holmes et al., 2016) (but see (Bjork et al., 

2009; Cho et al., 2013). A few recent studies in healthy adults have also found evidence for 

relationships between impulsivity and resting-state functional connectivity (RSFC), which 

measures the degree of correlated neural activity between different brain regions while the 

brain is at rest and is thought to reflect the strength of functional connections. These studies 

have examined associations between RSFC and self-reported impulsivity (Angelides et al., 

2017), delay discounting (Li et al., 2013), and whether changes in RSFC and impulsivity co-

occur in response to pharmacological dopamine challenges (Kayser et al., 2012; Cole et al., 

2013). In one such study, up-regulation of dopamine levels via tolcapone resulted in a co-
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occurrence of decreased RSFC between the ventral putamen and pregenual cingulate cortex 

and decreased delay-discounting (Kayser et al., 2012). In addition, a sizeable literature has 

found associations in healthy adults between impulsivity and the activity of 

neurotransmitters such as dopamine. Administration of stimulant drugs such as d-

amphetamine, which increase extracellular levels of striatal dopamine (Daberkow et al., 

2013), has been associated with improved motor inhibition on the stop-signal and go/no-go 

tasks and with decreased delay discounting in healthy adults (de Wit et al., 2002). The 

availability of striatal D2/D3 dopamine receptors in positron emission tomography (PET) 

studies has also been associated with impulsivity in healthy adults (Lee et al., 2009; 

Ghahremani et al., 2012; Robertson et al., 2015). Several studies have also examined 

dopaminergic functioning in relation to impulsivity via spontaneous eye-blink rate (sEBR), 

which convergent evidence from several lines of research suggests may provide a 

physiological indicator of dopaminergic functioning (Karson et al., 1982; Karson et al., 

1984; Karson, 1988; Elsworth et al., 1991; Lawrence and Redmond, 1991; Kleven and 

Koek, 1996; Taylor et al., 1999; Jutkiewicz and Bergman, 2004; Kaminer et al., 2011; 

Cavanagh et al., 2014; Groman et al., 2014a). These studies suggest a positive relationship 

between sEBR and dopaminergic functioning; for instance, pharmacological studies in both 

animals and healthy humans show that dopamine agonists increase sEBR while dopamine 

agonists decrease sEBR (Elsworth et al., 1991; Taylor et al., 1999; Jutkiewicz and Bergman, 

2004; Kaminer et al., 2011; Cavanagh et al., 2014), and sEBR has been found to be lower in 

patients with Parkinson’s disease, which is characterized by low dopamine levels (Karson et 

al., 1984). However, despite generally consistent relationships with dopaminergic 

functioning, the relationship of sEBR to impulsivity has been mixed. One study found that 

higher sEBR was associated with poorer inhibitory control on a stop-signal task (Colzato et 

al., 2009), while another found that individuals with high self-ratings of disinhibition and 

low sEBR showed greater delay discounting; this study found no relationships between 

sEBR and the BIS subscales (Byrne et al., 2016).

The current study aims to advance this literature by providing a holistic account of 

impulsivity’s relationship to multiple neurobiological metrics in the brain’s reward-

processing and decision-making networks in healthy adults. We present the first multi-modal 

dataset to simultaneously examine gray matter volume and resting-state functional 

connectivity in relation to impulsivity in a healthy sample. We also examine the relationship 

between impulsivity and spontaneous eye-blink rate to glean possible relationships with 

dopaminergic activity. Furthermore, we examine each of these neurobiological metrics with 

respect to both trait-based and task-based measures of impulsivity. The prior literature in 

healthy adults led us to hypothesize a negative relationship between impulsivity and 

prefrontal gray matter, though hypotheses for the RSFC and sEBR relationships were non-

directional due to a lack of consistent findings on these metrics in prior literature.

MATERIALS AND METHODS

Overview

This study of n=105 healthy adults examines relationships between impulsivity and gray 

matter volume, resting-state functional connectivity, and spontaneous eye-blink rate (sEBR), 
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a peripheral measure of central dopaminergic activity. Impulsivity was measured both by 

self-rating of impulsivity using the Barratt Impulsiveness Scale (BIS-11) and by 

performance on a go/no-task. Since impulsivity is a multi-dimensional construct 

encapsulating a number of distinct cognitive processes, we evaluated the neurobiological 

metrics with respect to multiple metrics from the BIS-11 and go/no-go task that captured 

this range of impulsivity subdomains. On the BIS-11, we measured attentional, motor and 

non-planning impulsivity subscale scores in addition to total score; on the task, we measured 

accuracy on no-go trials to gauge the capacity to withhold prepotent responses, and post-

error slowdown to measure the tendency to proceed more deliberately after negative 

feedback.

First, whole-brain voxel-wise analyses were used to examine relationships between GMV 

and the impulsivity metrics. Next, we examined the relationship between RSFC and the 

impulsivity metrics using seed-to-whole-brain analyses; in order to assess RSFC in different 

networks in the basal-ganglia-thalamo-cortical circuitry, we used six a priori basal ganglia 

seeds (Di Martino et al., 2008) that have been shown to participate in functionally distinct 

networks, in addition to a substantia nigra seed (Tomasi and Volkow, 2012a) and ventral 

tegmental area seed (Tomasi and Volkow, 2012a) to assess RSFC in distinct dopaminergic 

pathways. Lastly, we examined correlations between sEBR and the impulsivity metrics. Age 

and sex were used as covariates in all analyses. Additionally, all volumetric analyses also 

included intracranial volume as a covariate.

Participants

127 healthy adults were recruited from the community for a study on health and well-being 

through internet and local newspaper advertisements. Participants provided written informed 

consent for study procedures that were approved by the UW-Madison Health Sciences 

Internal Review Board. Criteria for exclusion included use of psychotropic or steroid drugs, 

night-shift work, diabetes, peripheral vascular disease or other diseases affecting circulation, 

pregnancy, and current smoking habit or alcohol or drug dependency; exclusion criteria were 

assessed via self-report. Structural magnetic resonance imaging (MRI) scans were obtained 

for 106 subjects; one subject’s scan was excluded due to poor image registration. Thus, data 

from a total of 105 subjects [age, 48.6 ± 10.9 years (mean ± SD); 65 women, 40 men] were 

included in the gray matter volume analyses. 27 of these 105 subjects were excluded from 

RSFC analyses due to excessive motion during the functional MRI scan, and so data from 78 

subjects were used in the RSFC analyses [age, 48.9 ± 11.0 (mean ± SD); 50 women, 28 

men]. Spontaneous eye blink rate (sEBR) data was obtained for 98 of these 105 subjects, 

and so analyses involving sEBR included data from 98 subjects [age, 48.9 ± 10.8 years 

(mean ± SD); 58 women, 40 men].

Barratt Impulsiveness Scale (BIS-11)

The BIS-11(Patton and Stanford, 1995) is a self-report questionnaire containing 30 

questions, each of which requires the subject to choose between ‘Rarely/Never’, 

‘Occasionally’, ‘Often’ and ‘Almost Always’. Items are scored from 1 to 4. Scoring yields a 

total score and three subscale scores derived by factor analysis: attentional impulsivity (e.g. 

“I am restless at the theatre or lectures”), motor impulsivity (e.g. “I do things without 
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thinking”), and non-planning impulsivity (e.g. “I am more interested in the present than the 

future”) (Patton et al., 1995). Higher scores indicate higher levels of impulsivity. The BIS-11 

has good internal consistency (Cronbach’s α= 0.83) and test–retest reliability (Spearman’s 

rho= 0.83) (Stanford et al., 2009).

Go/No-Go Task

Subjects completed an auditory go/no-go task based on the paradigm described in Shalgi et 

al (2009) (Shalgi et al., 2009). Subjects were instructed to push the spacebar on a keyboard 

upon the presentation of an auditory syllable stimulus, except when the same syllable was 

repeated (no-go repeat trials) or when the syllable was “ke/” or “pa/” (no-go syllable trials). 

Subjects completed four blocks of 252 trials, of which 196 trials were go trials, 16 were no-

go repeat trials, and 40 were no-go syllable trials. Accuracy was calculated as the percentage 

of correct button-pushes for go-trials and the percentage of correct withholds for no-go 

trials. Post-error slowdown was calculated as the difference between average reaction time 

on go-trials following incorrect no-go trials and average reaction time on go-trials following 

correct no-go trials.

Previous studies have shown that inhibitory capacity on no-go trials is sensitive to task 

demands, and that different task demands recruit distinct sets of brain regions and cognitive 

functions. For instance, Shalgi and colleagues find that subjects perform better on no-go 

syllable trials than no-go repeat trials (Shalgi et al., 2009). This is consistent with a meta-

analysis that classifies go/no-go tasks in which the no-go stimuli are constant (as in the no-

go syllable trials) as “simple”, and classifies go/no-go tasks in which the no-go stimuli 

change depending on context (as in the no-go repeat trials) as “complex” (Simmonds et al., 

2008); this study also found that complex no-go trials recruit prefrontal regions to a greater 

extent than simple no-go trials, likely due to the increased attentional and working memory 

loads required for these trials. Given these performance and neurobiological differences, we 

analyzed accuracy on each type of no-go trial separately.

Image Acquisition

Images were acquired on a GE X750 3.0 Tesla MRI scanner device with an eight-channel 

head coil. Anatomical scans consisted of a high-resolution 3D T1-weighted inversion 

recovery fast gradient echo image (inversion time = 450 ms, 256 × 256 in-plane resolution, 

256 mm FOV, 124 × 1.0 mm axial slices). Resting-state functional images were acquired in 

a single scan run using a gradient echo EPI sequence (64×64 in-plane resolution, 240mm 

FOV, TR/TE/Flip = 2000ms/25ms/60°, 40×4mm interleaved sagittal slices, and 210 3D 

volumes).

Structural MRI Preprocessing and Analysis

Preprocessing and analyses of structural MRI data were conducted in Statistical Parametric 

Mapping software (SPM12; http://www.fil.ion.ucl.ac.uk/spm). For preprocessing, T1 images 

were manually realigned; segmented into gray matter, white matter, and cerebrospinal fluid; 

normalized to Montreal Neurological Institute (MNI)-152 space; modulated after 

normalization to preserve volume; and smoothed with an 8mm full-width at half-maximum 

(FWHM) Gaussian kernel(Ashburner and Friston, 2000). Individual Brain Atlases using 
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Statistical Parametric Mapping (IBASPM) (http://www.thomaskoenig.ch/Lester/ibaspm.htm) 

in the Wake Forest University (WFU) Pick Atlas Toolbox was used to create any region of 

interest masks for small volume correction (SVC) analyses.

A separate whole-brain voxel-wise regression was conducted for each impulsivity metric 

(i.e. each BIS-11 score and each go/no-go performance metric). Significance for these 

regressions was evaluated using family wise error (FWE) cluster correction. The cluster 

extent threshold corresponded to the statistical probability (α=0.05, or 5% chance) of 

identifying a random noise cluster at a predefined voxel-wise (i.e., whole-brain) threshold of 

p<0.001 (uncorrected). We used 3dClustSim (updated December 2015) to determine that a 

cluster-corrected size of ≥236 voxels was significant at pFWE<0.05.

Resting-State fMRI Preprocessing and Analysis

Resting-state data were processed using a combination of FEAT (FMRI Expert Analysis 

Tool) Version 6.00, part of FSL (FMRIB’s Software Library, www.fmrib.ox.ac.uk/fsl) and 

AFNI (Cox, 1996). We removed the first four volumes from each subject’s data, then used 

FSL’s FEAT tool for motion correction with MCFLIRT (Jenkinson et al., 2002), and non-

brain removal using BET (Smith, 2002). Transformation matrices for registration were 

computed and applied using FSL to register the subject’s time series data to their anatomical 

template, and a 12DOF affine transformation was used to register the subject’s anatomical to 

Montreal Neurological Institute (MNI) space using FLIRT (Jenkinson and Smith, 2001; 

Jenkinson et al., 2002). Registration from high resolution structural to standard space was 

then further refined using FNIRT nonlinear registration (Andersson et al., 2007a, b). MNI-

normalized structural images were segmented with FAST and these segmentations were used 

to create voxel-wise average signal and derivates from eroded CSF and 2X eroded white-

matter masks. These and 6 motion regressors of no interest were included in a nuisance 

regression using AFNI’s 3dDeconvolve. The results from this regression were smoothed 

using a 5mm FWHM Gaussian kernel.

Six functionally distinct basal ganglia seeds, each with a radius of 3.5 mm, were created in 

each hemisphere based on coordinates reported by Di Martino and colleagues (2008) (Di 

Martino et al., 2008). The origin coordinates of these seeds were in the inferior ventral 

striatum (±9, 9, −8), superior ventral striatum (±10, 15, 0), dorsal caudate (±13, 15, 9), 

dorsal caudal putamen (±28, 1, 3), dorsal rostral putamen (±25, 8, 6), and ventral rostral 

putamen (±20, 12, −3). Furthermore, a substantia nigra seed (±12, −12, −12) and midline 

ventral tegmental area seed (0, −15, −12), each with a radius of 2 mm, were created based on 

coordinates reported by Tomasi and Volkow (2012) (Tomasi and Volkow, 2012a).

Average time-series were extracted for each seed from each participant’s preprocessed data. 

These timeseries were regressed back onto each participant’s data using 3dDeconvolve. To 

further address motion, high motion time points (a frame-wise displacement (FD) measure 

larger than 0.2 mm) were modeled out of the data with an individual regressor. Participants 

with more than 25% (52 TRs) of the data censored were omitted from analysis, leading to a 

total of 27 excluded participants. The resultant maps were Fisher-Z transformed to stabilize 

correlation variance. Average Fisher-Z correlations were extracted from the target ROIs. 

Whole-brain, voxel-wise regressions were conducted using FSL’s Randomise (Winkler et 
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al., 2014) thresholded at p<0.05 with 5000 permutations. A separate regression analysis was 

conducted for each impulsivity metric (i.e. each BIS-11 score and each go/no-go 

performance metric) for each seed.

Spontaneous Eye-blink Recording

Spontaneous eye-blink rates are affected by the time of day (Barbato et al., 2000), and so 

data were collected around 7 pm for all participants to ensure that differences in the time of 

data collection could not contribute to any observed difference in eye-blink activity. Baseline 

sEBR was extracted from high- density, 256-channel EEG data that were collected during a 

10-min baseline EEG recording. Participants were seated in front of a computer screen. 

During the first 2 min and last 2 min of the baseline recording, participants were instructed 

to keep their eyes closed. During the 6 min in between these periods, participants were 

instructed to keep their eyes open while looking at a cross in the middle of a fixation screen. 

No explicit instruction was given about blinking behavior to insure its spontaneity. Eye-blink 

data were extracted from the 6-min baseline recording with eyes open. Artifacts and bad 

channels (i.e., channels with high impedance/poor contact with the scalp) were removed 

from the raw EEG data using EEGLAB, and a low-pass filter of 100 Hz was applied before 

data analysis. After performing an independent component analysis (ICA) in MATLAB, 

maximally independent components were selected based on the presence of eye-blink 

activity, its temporal activity, and its frontal distribution. Based on the time points of the 

individual eye-blinks, sEBR per minute was computed. The vertical eye-blink power 

spectrum is concentrated in the range 0.5 to 3 Hz. There, the power of blinks is in the order 

of 10 times larger in amplitude than the average cortical signals, and lasts for approximately 

300 ms (Nazarpour et al., 2008). These particular characteristics enable reliable statistical 

separation of eye-blink-related signals from brain-related or EMG-related signal from the 

EEG signals. The amplitude threshold for peak detection was verified manually for every 

participant and manually adapted if needed to assure correct quantification of eye-blink 

rates.

RESULTS

Self-report and Task-based Impulsivity Measures

Participant data for key self-report and task-based measures of impulsivity are summarized 

in Table 1.

Bivariate Pearson correlations between and within BIS-11 scores and go/no-go task 

performance metrics are summarized in Table 2.

Weak trending (p<0.1) negative relationships were observed between accuracy on no-go 

repeat syllable trials and BIS-11 total, BIS-11 attentional impulsivity, and BIS-11 motor 

impulsivity scores; BIS-11 attentional impulsivity score also had a trending negative 

relationship with post-error slowdown. Post-error slowdown was significantly (p<0.05) 

negatively correlated with accuracy on go trials, significantly positively correlated with 

accuracy on no-go syllable trials, and had a positive trending relationship with accuracy on 
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no-go repeat syllable trials. Accuracy on both types of no-go trials was significantly 

positively correlated.

Gray Matter Volume (GMV) and Impulsivity Measures

BIS-11—Whole-brain analyses revealed that, at the corrected level, GMV in the right 

medial orbitofrontal cortex was negatively correlated with BIS-11 total, BIS-11 motor 

impulsivity, and BIS-11 non-planning impulsivity scores; GMV in the right and left 

paracingulate gyrus was also negatively correlated with BIS-11 non-planning impulsivity 

score (Table 3; Figure 1).

Go/No-Go—Whole-brain analyses did not reveal any significant relationships between 

GMV and accuracy on either go or no-go trials or post-error slowdown at the corrected level.

Resting-State Functional Connectivity (RSFC) and Impulsivity Measures

BIS-11—Seed-to-whole-brain analyses revealed a significant relationship between BIS-11 

motor impulsivity score and RSFC between the right dorsal caudate and clusters in the 

parietal and occipital lobes that included the precentral gyrus and precuneus (Table 4).

Increased correlated coupling between these regions was associated with higher BIS-11 

motor impulsivity score. In addition, a significant relationship was observed between BIS-11 

non-planning impulsivity score and RSFC between the left substantia nigra and bilateral 

thalamus (Table 5).

Decreased correlated coupling between these regions was associated with increased BIS-11 

non-planning impulsivity score. There were no relationships observed between RSFC and 

BIS-11 total score or BIS-11 attentional impulsivity score.

Go/No-Go—Seed-to-whole-brain analyses revealed significant relationships between no-go 

repeat trial accuracy and RSFC strength between a number of basal ganglia and ventral 

midbrain seeds and other nodes of the basal ganglia-thalamo-cortical network including the 

thalamus, motor cortex, temporal lobe, prefrontal cortex and neighboring areas of the basal 

ganglia (Table 6; Figure 2).

Stronger correlated coupling in this circuitry was associated with worse accuracy, while 

decreased correlated coupling was associated with better accuracy. No relationships were 

found between RSFC and go trial accuracy, no-go syllable trial accuracy, or post-error 

slowdown.

Spontaneous Eye Blink Rate (sEBR) and Impulsivity Measures

Subjects had sEBRs ranging from 1.69 to 39.94 per minute (mean = 16.84, SD = 9.04). 

Relationships between sEBR and self-report and task-based impulsivity measures are 

summarized in Table 7.

As sEBR can be affected by age(Chen et al., 2003; Sforza et al., 2008) and 

gender(Bentivoglio et al., 1997; Chen et al., 2003; Sforza et al., 2008), these variables were 

regressed out of the analyses. sEBR was significantly positively correlated with accuracy on 

Korponay et al. Page 8

Neuroimage. Author manuscript; available in PMC 2018 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



go trials and both types of no-go trials, and was significantly negatively correlated with 

BIS-11 motor impulsivity score (Figure 3).

Relation of sEBR to GMV and RSFC

A whole-brain analysis identified a cluster of size k=42 with peak coordinates at (−21, 8, 

−15) in the left putamen and extending into the left medial orbitofrontal cortex where 

volume was significantly positively correlated with sEBR at the uncorrected (p<0.001) level. 

This finding did not survive FWE cluster correction. Regression analyses did not find 

significant relationships between sEBR and RSFC between the seed regions and the rest of 

the brain.

DISCUSSION

This study aimed to characterize how multiple neurobiological metrics relate to individual 

differences in impulsivity in the general population. Overall, we found that levels of gray 

matter volume, resting-state functional connectivity, and spontaneous eye-blink rate all 

predicted variability in self-reported and/or task-based measures of impulsivity. Specifically, 

greater levels of impulsivity were associated with lower gray matter volume in the orbital 

and medial prefrontal cortex and paracingulate gyrus, greater correlated functional 

connectivity throughout basal ganglia-thalamo-cortical circuitry, and lower spontaneous eye-

blink rate, potentially indicative of reduced dopaminergic activity.

In terms of GMV, the present results align with prior studies finding a negative relationship 

between prefrontal gray matter and BIS-11 scores (Matsuo et al., 2009; Schilling et al., 

2012; Holmes et al., 2016). We found prefrontal GMV to be negatively correlated with the 

BIS-11 motor impulsivity subscale as well as the non-planning impulsivity subscale. The 

association of prefrontal regions with aspects of both rapid motor inhibitory control (motor 

impulsivity subscale) and deliberative decision-making (non-planning impulsivity subscale) 

is consistent with the fMRI literature, which shows prefrontal activation during response 

inhibition on both go/no-go (Garavan et al., 1999; Liddle et al., 2001; Horn et al., 2003; 

Brown et al., 2006) and stop-signal tasks (Ghahremani et al., 2012) as well as during delay 

discounting tasks when long-term options are chosen (McClure et al., 2004; McClure et al., 

2007). However, whereas the fMRI literature has generally implicated lateral prefrontal 

regions in these processes, our findings are in medial prefrontal regions. At the same time, 

we did not find GMV to be associated with any of the task-based measures of motor 

inhibition. This is at least the third study to report the absence of a relationship between 

GMV and performance on a rapid motor inhibition task in healthy subjects (Casey et al., 

1997; McAlonan et al., 2009). This suggests that the relationship between BOLD activation 

and gray matter volume in these regions may not be related in a linear or otherwise 

straightforward fashion. It is also worth noting here that, although worse performance on the 

go/no-go task was associated with higher BIS-11 scores, these correlations were not 

statistically significant, consistent with other studies that have found a lack of significant 

correlation between self-report and task-based measures of impulsivity (Reynolds et al., 

2006).
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Regarding RSFC, we found that subjects with the greatest correlated coupling at rest 

between the basal ganglia and the thalamus, motor cortex, temporal lobe and prefrontal 

cortex had the poorest inhibitory capacity on the go/no-go task. One interpretation of these 

findings is that more impulsive individuals have a basal ganglia-thalamo-cortical system that 

is more primed for action at baseline; these individuals may thus have difficulty inhibiting 

this prepotent urge to act. These findings may be consistent with a recent study finding that 

self-reported “fun-seeking” as measured by the Behavioral Inhibition and Activation 

Systems (BIS/BAS) Questionnaire was positively correlated with RSFC between the 

putamen and middle orbitofrontal cortex (Angelides et al., 2017), though this study also 

found a negative correlation between self-reported “drive” and RSFC between the caudate 

and mid-cingulate cortex. The present findings also appear to be consistent with a 

pharmacological challenge study that found that a decrease in RSFC between the ventral 

putamen and pregenual cingulate cortex was associated with a decrease in impulsivity on a 

delay-discounting task (Kayser et al., 2012). It is interesting to note that this study found that 

the decrease in RSFC and impulsivity was induced by the up-regulation of dopamine levels 

via administration of tolcapone, which may be consistent with the present sEBR findings as 

both lower RSFC and higher sEBR (potentially indicative of elevated dopamine levels) were 

associated with less impulsivity.

The association of lower sEBR with greater self-reported motor impulsivity and worse 

motor inhibition on the go/no-go task found here is consistent with some lines of research on 

dopaminergic functioning, but at odds with others. First, these relationships align with 

findings from pharmacological studies showing that administration of drugs that increase 

extracellular levels of dopamine, such as methylphenidate and d-amphetamine, improves 

response inhibition (i.e. reduces motor impulsivity) in healthy subjects (de Wit et al., 2002). 

They also appear to be consistent with fMRI literature showing that striatal BOLD 

activation, which has been positively correlated with dopamine release (Schott et al., 2008; 

Buckholtz et al., 2010b), is present during motor inhibitory control (Kelly et al., 2004; Vink 

et al., 2005; Brown et al., 2006; Li et al., 2008; Simmonds et al., 2008; Zandbelt and Vink, 

2010; Ghahremani et al., 2012). However, the present results conflict with a prior study 

examining the relationship between sEBR and stop-signal task performance in healthy 

adults, which found that higher sEBR was associated with diminished inhibitory capacity 

(Colzato et al., 2009). Consistency with PET studies is more challenging to ascertain. PET 

imaging quantifies the availability of receptors for radiotracer binding, and this metric is 

difficult to interpret because it likely reflects the confluence of a variety of factors, including 

levels of the endogenous ligand that competes for receptor binding with the radiotracer and 

the density of receptors themselves (Groman et al., 2014b). In healthy adults, several studies 

have found that decreased dopamine receptor availability in the dorsal striatum is associated 

with better rapid motor response inhibition (Ghahremani et al., 2012; Robertson et al., 

2015). These findings are consistent with the interpretation that the reduced receptor 

availability is in part due to increased competition from elevated levels of endogenous 

dopamine in individuals with better response inhibition capacities. However, in apparent 

contrast, another PET study found that decreased striatal dopamine receptor availability was 

associated with increased levels of trait impulsivity as measured by the BIS-11 (Lee et al., 

2009). Other PET studies are more difficult to interpret within this framework: a study in 
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healthy adults found that trait impulsivity measured with the BIS-11 was negatively 

correlated with availability of presynaptic D2 autoreceptors in the substantia nigra/ventral 

tegmental area, which have an inhibitory drive on striatal dopamine release (Buckholtz et al., 

2010a). Further research is needed in this area to elucidate the mechanisms determining how 

exactly dopamine affects motor response inhibition.

In addition to contextualizing these results within prior findings in healthy samples, it is also 

interesting to view them in the context of relationships found in clinical populations with 

very high levels of impulsivity. Regarding GMV, the inverse relationship found here between 

prefrontal GMV and impulsivity resembles findings from the ADHD literature, in that adults 

with ADHD have been found to have lower prefrontal GMV compared to healthy adults 

(Hesslinger et al., 2002; Seidman et al., 2006). On the other hand, a number of studies have 

found that impulsive-antisocial traits in psychopathy are associated with greater prefrontal 

GMV (Cope et al., 2012; Contreras-Rodriguez et al., 2015; Korponay et al., in press) (but 

see (Cope et al., 2014)). Contextualizing the RSFC findings is more difficult, as RSFC 

studies in ADHD patients have found both greater and lower RSFC across different 

networks (Konrad and Eickhoff, 2010; Tomasi and Volkow, 2012b); impulsive-antisocial 

traits in psychopathy have typically been associated with greater strength of RSFC in this 

circuitry (Korponay et al., 2017). Finally, the inverse relation found here between 

impulsivity and sEBR is consistent with findings pointing to hypoactivity of the dopamine 

system in individuals with ADHD and studies showing that pharmacological up-regulators 

of dopamine improve response inhibition and decrease impulsivity in subjects with ADHD 

(Tannock et al., 1989; Aron et al., 2003); evidence points to hyperactivity of the dopamine 

system in psychopathy (Buckholtz et al., 2010b). Collectively, these observations suggest 

that the neurobiological underpinnings of impulsivity in the general population may differ in 

degree, rather than in kind, from those responsible for excessive impulsivity in certain 

disorders such as ADHD; other disorders, such as psychopathy, may represent an opposite 

extreme on this continuum.
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SIGNIFICANCE STATEMENT

Trait impulsivity and deficient self-control are predictors of numerous poor life outcomes 

in otherwise healthy individuals, including lower levels of academic success and 

increased propensity for drug abuse. This study is the first to simultaneously characterize 

how gray matter volume, resting-state functional connectivity, and spontaneous eye-blink 

rate – a physiological indicator of dopaminergic functioning – relate to individual 

differences in impulsivity in healthy adults (n=105). Our results indicate that variation in 

all three of these metrics in key areas of the brain’s self-control circuitry is associated 

individual differences in impulsivity in the general population.
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HIGHLIGHTS

• Differences in impulsivity are linked to variability in multiple metrics

• Greater impulsivity is associated with less prefrontal gray matter volume

• Greater impulsivity is associated with increased functional connectivity

• Greater impulsivity is associated with lower spontaneous eye-blink rate
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Figure 1. 
Gray Matter Volume and Impulsivity Results of voxel-wise whole-brain analyses examining 

the relationship between gray matter volume (controlling for age, gender, and intracranial 

volume) and BIS-11 total and subscale scores. Blue clusters indicate areas where volume is 

significantly (k>236; p<0.05 corrected) negatively correlated with score. “Total” = BIS-11 

total score; “Motor” = BIS-11 motor impulsivity score; “Non-planning” = BIS-11 non-

planning impulsivity score. There were no significant clusters related to BIS-11 attentional 

impulsivity score.
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Figure 2. 
Resting-State Functional Connectivity and Impulsivity Results of seed-to-whole-brain 

analyses examining the relationship between resting-state functional connectivity and no-go 

(repeat trial) accuracy, controlling for age and gender. Blue clusters indicate areas where 

correlated coupling with the seed region is significantly inversely associated with no-go 

(repeat trial) accuracy.
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Figure 3. 
Spontaneous Eye Blink Rate and Impulsivity Plots of relationships between sEBR and 

go/no-go trial accuracy (a-c) and BIS-11 motor impulsivity score (d).
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Table 1

Self-report and task-based impulsivity measures

Variable Mean ± S.D. (min-max) Correlation with Age (p-value) Males – Females (p-value)

BIS-11 Total 48.2 ± 8.1 (32–70)   .01 (0.962)   1.73 (0.291)

BIS-11 Attentional Impulsivity 13.7 ± 3.1 (6–22) −.01 (0.932)   0.79 (0.208)

BIS-11 Motor Impulsivity 20.3 ± 3.0 (13–27) −.16 (0.115) −0.20 (0.741)

BIS-11 Non-planning Impulsivity 14.1 ± 4.1 (5–23)   .13 (0.189)   1.14 (0.165)

Go Trial Accuracy (%) 91.6 ± 7.0 (67.7–98.8) −.20 (0.045)   0.20 (0.887)

No-Go (repeat) Trial Accuracy (%) 68.6 ± 18.1 (15.9–96.2)   .01 (0.960) −5.88 (0.107)

No-Go (syllable) Trial Accuracy (%) 73.7 ± 15.3 (12.6–92.9)   .16 (0.110) −8.86 (0.004)

Post-error Slowdown (ms) 84.8 ± 64.3 (−57.4–277.9)   .24 (0.014)   1.21 (0.931)

Relationships with p<0.10 are italicized. Relationships with p<0.05 are bolded.
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Table 3

Relationships between gray matter volume and BIS-11 scores

Region Cluster Size MNI Peak Coordinates Relationship

BIS-11 Total Medial Orbitofrontal Cortex (R) 487 (6, 34, −20) Negative

BIS-11 Motor Impulsivity Medial Orbitofrontal Cortex (R) 336 (4, 30, −21) Negative

BIS-11 Non-planning Impulsivity Paracingulate Gyrus (R) 427 (10, 28, 32) Negative

Paracingulate Gyrus (L) 289 (−4, 52, 9) Negative

Medial Orbitofrontal Cortex (R) 411 (6, 33, −21) Negative

A cluster size of ≥236 voxels was significant at pFWE<0.05
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Table 4

Relationships between RSFC and BIS-11motor impulsivity score

Focal Seed RSFC Relationship with: MNI Peak Coordinates Cluster Size t-value

R Dorsal Caudate

L Superior Lateral Occipital Cortex (−16, −62, 66) 2153 4.80

L Cuneal Cortex (−18, −74, 26) 573 4.15

R Superior Parietal Lobule (34, −44, 58) 292 4.45
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Table 5

Relationships between RSFC and BIS-11 non-planning impulsivity score

Focal Seed RSFC Relationship with: MNI Peak Coordinates Cluster Size t-value

L Substantia Nigra R Thalamus (0, −18, 10) 179 4.52
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Table 6

Relationships between RSFC and no-go (repeat) trial accuracy

Focal Seed RSFC Relationship with: MNI Peak Coordinates Cluster Size t-value

R Inferior Ventral Striatum

R Thalamus (6, −24, 4) 1106 4.76

L Precentral Gyrus (−26, −18, 68) 68 3.74

L Postcenttral Gyrus (−46, −18, 48) 61 3.78

L Orbitofrontal Cortex (−28, 8, −14) 56 3.56

L Inferior Ventral Striatum L Amygdala (−24, −2, −14) 15954 4.56

L Precuneus (−12, −46, 54) 1139 4.65

L Superior Parietal Lobule (−42, −50, 62) 178 3.37

L Temporal Pole (−48, 12, −8) 4068 5.02

R Postcentral Gyrus (58, −14, 42) 749 3.97

R Superior Ventral Striatum L Precuneus (−6, −56, 62) 648 3.76

L Anterior Cingulate Cortex (−8, 22, 24) 399 4.03

L Supplementary Motor Cortex (−4, −10, 52) 267 3.57

R Thalamus (6, −20, 2) 134 3.47

L Planum Polare (−50, −6, −6) 4441 5.38

L Superior Ventral Striatum R Thalamus (14, −16, −2) 771 4.75

R Paracingulate Gyrus (8, 24, 36) 308 4.97

R Dorsal Rostral Putamen L Thalamus (−12, −36, 6) 1264 5.23

R Dorsal Caudate L Precentral Gyrus (−28, −18, 70) 497 4.48

L Temporal Pole (−48, 12, −8) 3793 5.37

L Dorsal Caudate R Thalamus (14, −16, −2) 512 3.94

L Anterior Cingulate Cortex (−8, 26, 24) 318 4.78

Ventral Tegmental Area R Middle Temporal Gyrus (62, −8, −18) 1268 4.54

L Medial Orbitofrontal Cortex (−4, 42, −18) 839 5.00

L Precuneus Cortex (−6, −64, 46) 28178 4.57

L Dorsal Caudal Putamen R Postcentral Gyrus (42, −24, 54) 1579 3.89

L Superior Frontal Gyrus (−14, 24, 48) 251 3.63
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Table 7

Relationships between sEBR and self-report and task based impulsivity measures

Partial Correlation with sEBR (p-value)

BIS-11 Total −.034 (.746)

BIS-11 Attentional Impulsivity .035 (.738)

BIS-11 Motor Impulsivity −.202 (.048)

BIS-11 Non-planning Impulsivity .056 (.587)

Go Trial Accuracy (%) .204 (.047)

No-Go (repeat syllable) Trial Accuracy (%) .239 (.019)

No-Go (no-go syllable) Trial Accuracy (%) .268 (.008)

Post-error Slowdown (ms) −.122 (.238)

Relationships with p<0.05 are bolded.
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