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Abstract: Impulsivity is considered a multidimensional construct that encompasses a range of behaviors,
including poor impulse control, premature decision-making, and the inability to delay gratification. In order
to determine the extent to which impulsivity and its components share a common network, a voxel-based
lesion-symptom mapping (VLSM) analysis was performed in a large sample of patients (N 5 131) with focal,
penetrating traumatic brain injuries (pTBI). Impulsivity was assessed using the Barratt Impulsiveness Scale
(BIS-11), a standard self-report measure that allows for unique estimates of global impulsivity and its factor
analysis-derived components (e.g., “motor impulsivity”). Heightened global impulsivity was associated with
damage to multiple areas in bilateral prefrontal cortex (PFC), left superior, middle and inferior temporal
gyrus, and left hippocampus. Moreover, a cluster was identified within the left PFC associated specifically
with motor impulsivity (defined as “acting without thinking”). The results were consistent with the existing
literature on bilateral prefrontal cortical involvement in behavioral impulsivity, but also provided new evi-
dence for a more complex neuroanatomical representation of this construct, characterized by left-lateralized
temporal and hippocampal involvement, as well as a left-lateralized prefrontal network specifically associated
with motor impulsivity. Hum Brain Mapp 38:656–665, 2017. VC 2016 Wiley Periodicals, Inc.
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INTRODUCTION

Impulsivity is a behavior driven by immediate urges
and executed without thoughtful deliberation or

appropriate regard to consequence [Daruna and Barnes,
1993; Stahl et al., 2014]. Although impulsivity is typically
measured as a unitary construct, psychometric evidence
has long supported a multidimensional model of this trait
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[Barratt et al., 1987; Buss and Plomin, 1975; Eysenck and
Eysenck, 1977; Gerbing et al., 1987; Revelle, 1997] with dis-
tinct subtypes derived from factor analytic methods [Cas-
well et al., 2015; Dickman, 1990; Eysenck et al., 1985;
Lynam et al., 2007; Parker et al., 1993; Patton et al., 1995].
Multidimensional measures of impulsivity, primarily
acquired through self-report methods, have identified a
varying number of impulsivity subtypes typically ranging
from two to six factors. Identified factors include acting
without thinking [i.e., “motor impulsivity”; Patton et al.,
1995], also referred to as “urgency” [Lynam et al., 2007],
or “spontaneity” [Gerbing et al., 1987; Parker et al., 1993],
a failure to plan for future events [i.e., “non-planning”;
Buss and Plomin, 1975; Eysenck and Eysenck, 1977; Patton
et al., 1995; Schalling and Åsberg, 1985] or “lack of pre-
meditation” [Lynam et al., 2007] and an inability to focus
on the task at hand [i.e., “attentional impulsivity”; Patton
et al., 1995] or lack of perseverance/persistence [Buss and
Plomin, 1975; Gerbing et al., 1987; Lynam et al., 2007].
While these factors have been psychometrically validated
and applied over decades of personality research, remark-
ably little attention has been given to determining their
biological bases. In particular, it is unknown whether
unique factors of impulsivity are subserved by distinct,
identifiable neural networks, or alternatively, whether
these factors map onto networks associated with the gen-
eral dimension of impulsivity.

Research on the neural networks underlying impulsivity
as a general dimension has focused on functional and ana-
tomical imaging approaches. These studies consistently
link high self-reported impulsivity with network-level
changes in the prefrontal cortex (PFC) and temporal lobe.
Farr et al. [2012] reported a negative correlation between
self-reported trait impulsivity, as measured by the Barratt
Impulsiveness Scale [BIS-11; Patton et al., 1995] and activa-
tion in the right middle frontal cortex and right anterior
dorsal insula during the stop-signal task [Farr et al., 2012],
a standard measure of inhibitory control. During this task,
regional activation was decreased specifically during the
“stop” versus “go” trials among participants with high
trait impulsivity, suggesting that these regions play a role
in regulating impulsiveness. Studies examining structural
differences associated with self-reported impulsivity have
also largely focused on frontal regions of the brain, with
recent studies of healthy volunteers reliably reporting links
between decreases in regional cortical thickness and
increased impulsivity. In a recent study by Schilling et al.
[2012], for example, researchers found an inverse correla-
tion between scores on the BIS-11 [Patton et al., 1995] and
cortical thickness in left middle frontal, orbital frontal
(OFC) and superior frontal regions. Similarly, Matsuo
et al. [2009] reported an inverse correlation between the
BIS-11 and gray matter volumes in bilateral OFC, as well
as in left anterior cingulate cortex. Together, these studies
suggest that a network of frontotemporal regions, particu-
larly the OFC and middle frontal cortex, play a fundamen-
tal role in the expression of reported trait impulsivity.

Although there has been a great deal of neuroimaging
research dedicated to outlining the substrates of impulsivi-
ty as a general dimension, only a small number of studies
have explored the possibility that individual factors of
impulsivity may be linked with distinct brain regions. For
example, Matsuo et al. [2009] reported that the BIS-11 sub-
factor, non-planning impulsivity (i.e., a lack of thoughtful
and careful thinking), was associated with decreased right
OFC volume in healthy participants. They also discovered
an inverse correlation between self-reported motor impul-
sivity and left superior OFC volume in healthy subjects.
Similarly, a study by Schilling et al. [2012] found a nega-
tive correlation between non-planning impulsivity and
gray matter thickness in both left middle frontal gyrus and
right OFC while also discovering a negative correlation
between self-reported motor impulsivity and gray matter
thickness in the left middle frontal cortex and superior
frontal cortex. Furthermore, attentional impulsivity was
associated with decreased gray matter thickness in the left
middle frontal gyrus, a region known to mediate sustained
attention [Lawrence et al., 2003].

Despite converging evidence linking impulsivity and its
factors to frontotemporal brain regions, findings based on
structural and functional imaging in healthy participants
are limited in their capacity to determine whether a partic-
ular brain region is necessary for a specific function
[Szczepanski and Knight, 2014]. That is, the methods used
to describe the above findings are insufficient to establish
causal relationships between structure and function. Thus,
it remains unknown whether the frontotemporal regions
described above play a causal role in inhibiting impulsive
behavior, or whether an increase in impulsive behavior
leads to dysregulated prefrontal activity. In order to
address these types of questions, research linking impul-
sive behavior to localized brain damage is crucial. To our
knowledge, however, no studies to date have examined
the effects of focal brain lesions on impulsivity. Results
linking lesion location to subsequent changes in impul-
sivity would provide valuable information regarding how
particular PFC regions are causally involved in this trait.

To address this question, we examined a large group of
veterans (N 5 131) from the Vietnam Head Injury Study
(VHIS) who sustained focal penetrating traumatic brain
injuries (pTBI) during combat. We employed a voxel-
based lesion-symptom mapping (VLSM) analysis to
explore the causal role of focal brain lesions on the general
dimension of impulsivity (i.e., “global impulsivity”) and
three specific factors, namely, motor, non-planning and
attentional impulsivity, as described by the Barratt Impul-
siveness Scale [BIS-11; Patton et al., 1995]. Based on above
research linking global impulsivity to decreased function
in OFC and middle frontal cortex, we hypothesized that
damage to frontal brain regions would be associated with
increased scores on this trait. Furthermore, given evidence
supporting impulsivity as a multidimensional construct
with distinct underlying networks, we expected that
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impulsivity factors would correspond to regional brain
volume loss in areas related to domain-specific functions
such as OFC (non-planning impulsivity), middle frontal
gyrus (attentional impulsivity) and frontotemporal regions,
including OFC, middle frontal gyrus, superior frontal
gyrus, dorsolateral PFC, and insula [motor impulsivity;
Szczepanski and Knight, 2014].

METHODS

Subjects

Participants were 131 brain injured male combat veter-
ans drawn from Phase IV (2009–2012) of the VHIS. The
VHIS registry, a multi-phase longitudinal study, provides
a rare opportunity to explore brain-behavior relationships
among a large cohort of combat veterans with focal pene-
trating brain injuries. Table I reports demographic and
select neuropsychological results for all subjects included
in the present study. The Institutional Review Board at the
National Institute of Neurological Disorders and Stroke in
Bethesda (MD) approved study procedures, and partici-
pants provided written consent for inclusion in the study.

Neuropsychological Tests

All participants in Phase IV of the VHIS completed an
extensive battery of neuropsychological tests over a 5–7
day period at the National Institute of Neurological Disor-
ders and Stroke (NINDS) in Bethesda, MD. We report a
subset of these tests including the following: the Armed
Forces Qualification Test [AFQT-7A, 1960], used to assess
pre- and post-injury general intelligence; the Revised
Token Test [McNeil and Prescott, 1994] to measure verbal
comprehension; the Delis-Kaplan Executive Function Sys-
tem [D-KEFS; Delis et al., 2001] Trail Making Test (TMT)
to assess set shifting and cognitive flexibility; the Beck
Depression Inventory [BDI-II; Beck et al., 1996] to measure

depressive symptoms; and the Frontal Systems Behavioral
Scale [FrSBe; Grace and Malloy, 2001] to assess patient
awareness.

Participants also completed the Barratt Impulsiveness
Scale [BIS-11; Patton et al., 1995], a 30-item self-report mea-
sure designed to assess the construct of global impulsivity.
The BIS-11 is extensively used across both research and
clinical settings [Stanford et al., 2009]. A previous study
using principal component analysis revealed three distinct
factors on the BIS-11, which include motor impulsivity (11
items), non-planning impulsivity (11 items), and attention-
al impulsivity [8 items; Patton et al., 1995]. Studies have
found these BIS-11 factors to be sensitive in distinguishing
dimensions of impulsivity among various clinical [Dom
et al., 2006; Peluso et al., 2007; Swann et al., 2008] and
non-clinical populations [Asahi et al., 2004; Matsuo et al.,
2009].

CT Acquisition and Lesion Identification

Computer Tomography (CT) scans were acquired for all
participants at the Bethesda Naval Hospital, using a Gen-
eral Electric Medical System Light Speed Plus CT scanner
in helical mode. All scans were performed during Phase
III of the VHIS (2003–2006). Because a large number of
these participants had retained intracranial metal shrapnel
and surgical clips as a result of their injury, they were
unable to undergo magnetic resonance imaging. Structural
neuroimaging data were reconstructed with an in-plane
voxel size of 0.4 3 0.4 mm, an overlapping slice thickness
of 2.5 mm, and a 1-mm slice interval. Lesion location and
volume loss were obtained using the interactive analysis
of brain lesions (ABLe) software implemented in MEDx
v3.44 (Medical Numerics) [Makale et al., 2002; Solomon
et al., 2007], with enhancements to support the automated
anatomical labeling (AAL) atlas [Tzourio-Mazoyer et al.,
2002]. To identify lesion location, each lesion was manual-
ly outlined in every slice in native space by a trained neu-
ropsychiatrist. Lesion areas were then reviewed by the
primary investigator (JG), who was blind to the results of
the neuropsychological evaluations and a consensus was
reached on lesion extent. Lesion volume was calculated by
summing all traced areas and multiplying by slice thick-
ness. Scans were spatially normalized to a CT template
brain image in MNI space [Collins et al., 1994]. Using a
12-parameter affine fit, spatial normalization was per-
formed using the automated image registration (AIR) algo-
rithm [Woods et al., 1998], which helped to improve
registration accuracy.

Statistical Analysis

Behavioral data

All behavioral data were analyzed using IBM SPSS 21
(IBM Corp., Armonk, NY) with the alpha set at 0.05 (two-
tailed). Normality of data was examined using the

TABLE I. Demographic and neuropsychological data

from 131 patients with penetrating TBI

Measure M SD Normal range

Age (years) 63.28 2.87
Education (years) 14.56 2.25
Pre-injury armed forces

qualifications test (%)
64.35 23.14

Post-injury armed forces
qualifications test (%)

54.46 26.14

Brain volume loss (%) 3.05 3.78
Token test 96.93 8.68 97–100
Trail making 8.98 4.05 9–11
Beck depression inventory (BDI-II) 7.88 8.15 0–19

Note. Trail Making refers to the D-KEFS Number Letter Switching
subtest.
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Kolmogorov-Smirnov Test, and appropriate parametric
(independent samples t-tests and one-way analysis of vari-
ance [ANOVA]) and non-parametric (Mann–Whitney U
Tests and Kruskal–Wallis tests) statistical tests were
employed as needed. To examine patient insight/aware-
ness, we performed a two-tailed Spearman’s correlation
between patient and caregiver scores on the FrSBE. Finally,
we performed a multiple linear regression analysis with
impulsivity scores as the dependent variables and total
percent brain volume loss and lesion location as predictor
variables.

Voxel-based lesion-symptom mapping

Next, a voxel-based lesion-symptom mapping (VLSM)
analysis was applied, comparing behavioral scores from
patients with and without lesions in a single voxel. This
generated a t-statistic representing the probability of the
damage in the voxel associated with the observed behav-
ior. In order to have sufficient statistical power and to be
able to test regions all over the brain, voxels that did not
have at least 4 patients with damage were excluded from
the analysis. A lesion density map was created to explore
the distribution of lesions by overlapping all spatially nor-
malized lesion images and observing the extent of damage
shared at each individual voxel (Fig. 1). Based on this

lesion overlay, there was coverage of voxels with at least
four lesions in the frontal, temporal and parietal regions.
To correct for multiple comparisons, a false discovery rate
(FDR) correction of 0.05 was used, and at least 10 adjacent
voxels must have been statistically significant for a cluster
to be reported. The Automated Anatomical Labeling atlas
(AAL) atlas for gray matter [Tzourio-Mazoyer et al., 2002]
and the ICBM DTI-81 atlas for white matter [Mori et al.,
2008] were used to identify significant clusters.

RESULTS

Behavioral Analysis

Several neuropsychological measures were analyzed to
ensure that our population scored within normal limits
on a set of standard cognitive tasks. These included IQ,
language, executive functioning and depression (Table I).
Patients’ levels of global impulsivity were assessed via
the total score on the BIS-11 (61.65 6 10.28, M 6 SD), as
described in Table II. Scores on the motor, attentional,
and non-planning factors were 21.58 6 4.09, 16.15 6 3.94,
and 24.12 6 4.79, respectively (Table II). These scores fall
within the normal range reported by Patton et al. [1995]
and Stanford et al. [2009]. Intercorrelations between the

Figure 1.

Lesion overlay map of 131 pTBI patients. Values shown in white indicate the z coordinates

(MNI) of each axial slice. Maximum lesion overlap occurred primarily in the PFC. Warmer colors

indicate greater lesion overlap (units: number of patients with lesion in this region). All images

are depicted in radiological convention (the right hemisphere is on the reader’s left). [Color

figure can be viewed at wileyonlinelibrary.com.]

TABLE II. Summary of scores from the Barratt

Impulsivity Scale (BIS-11), N 5 131

Scale M SD

Global impulsivity 61.65 10.28
Motor impulsivity 21.58 4.09
Attentional impulsivity 16.15 3.94
Non-planning impulsivity 24.12 4.79

TABLE III. Summary of intercorrelations between

subtypes on the Barratt Impulsivity Scale (BIS-11)

Measure 1 2 3 4

1. Total –
2. Motor 0.752* –
3. Attention 0.753* 0.429* –
4. Non-Planning 0.810* 0.445* 0.443* –

*Correlation is significant at the 0.01 level (2-tailed).
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total score and subdomains can be found in Table III.
Across the entire sample, 21 patients (16%) met criteria
for “high impulsivity” according to the total score, mea-
sured by a score greater than 1 SD above the mean [Pat-
ton et al., 1995]. Eighteen patients (14%) met criteria for
high motor impulsivity, while fifteen patients (11.5%) met
criteria for high attentional impulsivity and twenty-five
patients (19%) met criteria for high non-planning impul-
sivity. Heightened impulsivity in more than one subdo-
main occurred in 15 patients (11.5%). Among them,
overlap between motor, attention and non-planning sub-
domains occurred equally.

In order to evaluate the validity of using a self-report
measure—rather than one completed by an informant,
such as a caregiver—we examined whether patients’
reports of their own behavior were correlated with
reports provided by a caregiver. Comparisons of self-
report and caregiver report were provided by the Frontal
Systems Behavior Scale [FrSBe; Grace and Malloy, 2001],
a 46-item scale that specifically assesses functioning asso-
ciated with the frontal cortex (i.e., executive functioning,
disinhibition, apathy) and includes both a patient and
caregiver version. Significant correlations were observed
between patient and caregiver reports on both the total
FrSBe score (rs 5 0.414, P< 0.001) as well as the disinhibi-
tion subscale score (rs 5 0.484, P< 0.001), thereby support-
ing the validity of using self-report measures among this
group of patients.

Lesion Analysis

To investigate brain lesions associated with global
impulsivity, we applied a whole-brain VLSM analysis.
These results revealed that increased global impulsivity
was associated with damage to a broadly distributed net-
work of bilateral prefrontal and left-lateralized temporal
brain regions (see Table IV and Fig. 2A), including the fol-
lowing structures: left superior frontal gyrus (dorsolateral,
orbital, and medial), left middle frontal gyrus (lateral and
orbital), left inferior frontal gyrus (triangular and orbital),
left anterior cingulate and paracingulate gyri, right middle
frontal gyrus (lateral), right superior frontal gyrus (dorso-
lateral and medial), and right supplementary motor area.
Temporal regions associated with global impulsivity
included the left temporal gyrus (middle, inferior, and
superior) and left temporal pole of the superior and mid-
dle temporal gyri. Additionally, lesions in left hippocam-
pus, left parahippocampal gyrus, left fusiform gyrus, and
left insula were also associated with increased global
impulsivity. The z-value of these regions ranged from 3.18
to 4.74.

A secondary set of VLSM analyses was conducted to
examine whether lesion location was associated with each
of the three impulsivity factors: motor impulsivity, non-
planning impulsivity, and attentional impulsivity. Results
revealed a significant relationship between increased
motor impulsivity (i.e., acting quickly without thinking)

TABLE IV. Results from voxel-based lesion-symptom analyses showing regions of damage associated with increased

global and motor impulsivity

MNI coordinates

Structure Hemisphere Voxels x y z Z-value

Global impulsivity
Superior frontal gyrus (dorsolateral, orbital, medial);

middle frontal gyrus (lateral, orbital); inferior
frontal gyrus (triangular, orbital); insula; anterior
cingulate and paracingulate gyri; parahippocampal
gyrus; temporal pole: temporal gyrus (superior)

L 3,736 216 38 24 4.74

Hippocampus; parahippocampal gyrus; fusiform
gyrus; temporal gyrus (superior, middle, inferior)

L 1,760 258 236 220 3.86

Temporal gyrus (superior); temporal pole: temporal
gyrus (superior, middle)

L 12 258 4 214 3.44

Temporal gyrus (superior, middle) L 40 262 22 210 3.18
Superior frontal gyrus (dorsolateral) L 14 232 68 8 3.20
Superior frontal gyrus (dorsolateral, medial); middle

frontal gyrus (lateral); supplementary motor area
R 513 22 24 36 4.04

Motor impulsivity
Superior frontal gyrus (dorsolateral, orbital, medial);

middle frontal gyrus (lateral, orbital), inferior
frontal gyrus (triangular, orbital); insula; anterior
cingulate and paracingulate gyri

L 2348 220 46 14 4.80

Superior frontal gyrus (dorsolateral, medial) L 16 210 72 20 3.64

Note. L, left; R, right; MNI coordinates of peak lesion-deficit locations. Regions defined using automated anatomical labeling (AAL).

r McDonald et al. r

r 660 r



and damage to select prefrontal brain structures (see Table
IV and Fig. 2B), including the following structures: left
middle frontal gyrus (lateral and orbital), left inferior fron-
tal gyrus (orbital and triangular), left superior frontal
gyrus (dorsolateral, medial, and orbital), left anterior cin-
gulate and paracingulate gyri, and left insula. No signifi-
cant lesion effects for the non-planning or attentional
impulsivity factors were observed. The z-value of these
regions ranged from 3.64 to 4.80.

In addition to gray matter damage, both global and
motor impulsivity were also associated with damage to
surrounding white matter tracts (Table V). Self-reported
global impulsivity was associated with lesions to the left
corona radiata (anterior), left genu of the corpus callosum,
left posterior thalamic radiation, left sagittal striatum, left
superior longitudinal fasciculus, and right corona radiata
(anterior and superior). White matter fibers in these areas
project extensively throughout frontotemporal regions, aid-
ing communication between structures associated with
impulse control. Self-reported motor impulsivity was asso-
ciated with damage primarily in the left anterior corona
radiata. White matter damage was not associated with
non-planning or attentional impulsivity factors.

In order to determine whether the above results might
be accounted for by differences in total percent brain

volume loss, we performed additional post hoc analyses to
examine the role of this potential confound (Lê et al.,
2014]. First, Mann–Whitney U tests were conducted to
detect potential differences in total percent brain volume
loss between patients with lesions in locations associated
with heightened global or motor impulsivity (as previous-
ly identified in the VLSM analyses) and patients without
lesions in these locations. Results from these analyses
revealed significant differences between the two groups,
both when lesions associated with global impulsivity were
examined (U 5 1059, P 5 0.000) as well as lesions associat-
ed with motor impulsivity (U 5 998, P 5 0.000). Given
these findings, two multiple linear regression analyses
were subsequently performed, in order to assess the extent
to which total percent brain volume loss accounted for the
relationship between lesion location and global or motor
impulsivity. Both models provided significant estimates of
global and motor impulsivity (global: [F2,128 5 9.55,
P< 0.001, R2 5 0.13, R2

adjusted 5 0.116]; motor: [F2,128 5 6.46,
P< 0.01, R2 5 0.09, R2

adjusted 5 0.078]). Most importantly,
lesion location itself significantly predicted both height-
ened global impulsivity (b 5 6.46, P< 0.000,) as well as
heightened motor impulsivity (b 5 0.23, P< 0.01), while
total percent brain volume loss did not (global impulsivity:
b 5 0.25, P> 0.05; motor impulsivity: b 5 0.14, P> 0.05).

Figure 2.

VLSM analysis results depicting areas of damage that were asso-

ciated with (A) increased global impulsivity (BIS-11 total impul-

sivity score) or (B) increased motor impulsivity (BIS-11 motor

impulsivity score). All colored regions showed a significant asso-

ciation between lesion location and BIS-11 score (1-tailed,

q 5 0.025, minimum cluster size 5 10 voxels, minimum number

of patients 5 4), with regions in red corresponding to greater z

scores (as shown in the figure legend). Values in white indicate

the z coordinates (MNI) of each axial slice. [Color figure can be

viewed at wileyonlinelibrary.com.]
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These analyses thus demonstrate that total percent brain
volume loss did not largely account for the relationship
between lesion location and global or motor impulsivity.

DISCUSSION

Our results revealed that global impulsivity was defined
by a complex network largely concentrated within bilateral
prefrontal and left temporal regions. In addition, we
observed increased motor impulsivity (i.e., acting without
thinking) following damage to a subset of left-lateralized
prefrontal regions. Attentional impulsivity and non-
planning impulsivity were not significantly associated
with any specific brain regions across subjects. Critically,
the use of a VLSM approach allowed us to examine the
causal nature of these relationships, with results indicating
that bilateral frontotemporal and left prefrontal regions
played a causal role in inhibiting impulsive behavior. To
our knowledge, this is the first study linking lesion loca-
tion to impulsivity, and thus may provide valuable insight
into the direction of the associative relationships previous-
ly described by imaging studies examining this trait.

As hypothesized, damage to the OFC and middle frontal
cortex led to increased global impulsivity, replicating
results from structural and functional imaging research
that have linked these regions to self-reported impulsivity
in healthy participants [Farr et al., 2012; Matsuo et al.,
2009; Schilling et al., 2012]. Moreover, our results are con-
sistent with previous studies that have shown increased
disinhibition among patients with damage to frontotempo-
ral regions [Ghashghaei et al., 2007; Goswami et al., 2015;
Snowden et al., 2001]. Given that connections between the
temporal lobe and frontal cortex make up a network
involved in behavior regulation, damage to these areas is
likely to result in impaired behavioral control [Brothers,
2002]. For example, patients with frontotemporal lobar
degeneration are often severely disinhibited and engage in
behaviors that grossly violate social norms [Piguet et al.,
2011; Williams et al., 2005]. Induced by atrophy of the
mesial-frontal cortex and temporal lobe, these patients fail

to successfully inhibit thoughts, urges and actions. Thus,
the present study extends previous findings that demon-
strate how damage to analogous frontotemporal regions
disrupts a large cortical network that contributes to global
impulsivity.

In addition to identifying brain regions that subserve
global impulsivity, the present study reveals a neural net-
work that may serve a critical role in inhibiting behaviors
specific to motor impulsivity. In line with our predictions,
lesions in frontotemporal regions, including the OFC, mid-
dle frontal gyrus, superior frontal gyrus, dorsolateral PFC,
and insula were associated with increased motor impulsiv-
ity. These results are similar to functional neuroimaging
studies that have associated self-reported motor impulsivi-
ty in healthy participants with increased activity in these
regions during standard inhibitory response tasks [Asahi
et al., 2004; Farr et al., 2012]. Our results also replicate the
only two structural imaging studies specifically examining
motor impulsivity [Matsuo et al., 2009; Schilling et al.,
2012], both of which report a left-lateralized prefrontal net-
work (left OFC, left middle frontal gyrus, left superior
frontal gyrus) associated with this factor.

Damage to white matter tracts was also found to con-
tribute to heightened self-reported global and motor
impulsivity. Lesions extending into bilateral anterior coro-
na radiata, genu of the corpus callosum, posterior thalamic
radiation, sagittal striatum, and superior longitudinal fas-
ciculus were associated with increased global impulsivity,
while damage to projection fibers primarily in the left
anterior corona radiata led to heightened reports of motor
impulsivity. These results are supported by evidence from
a recent study [Depue et al., 2015] confirming that white
matter integrity within the PFC is critical for successfully
inhibiting irrelevant stimuli and stopping programmed
motor responses.

The present study did not find evidence that non-
planning impulsivity or attentional impulsivity were sig-
nificantly associated with a specific neural signature.
While two previous studies did observe distinct structural
differences associated with all three impulsivity factors
in a sample of healthy participants [Matsuo et al., 2009;

TABLE V. Results from voxel-based lesion-symptom analyses showing regions of white-matter damage associated

with increased global and motor impulsivity

Structure Hemisphere Voxels

MNI coordinates

Z-valuex y z

Global impulsivity
Corona radiata (anterior); genu of the corpus callosum L 3,736 216 38 24 4.74
Posterior thalamic radiation; saggital striatum;

superior longitudinal fasciculus
L 1,760 258 236 220 3.86

Corona radiata (anterior and superior) R 513 22 24 36 4.04
Motor impulsivity

Corona radiata (anterior) L 2,348 220 46 14 4.8

Note. L, left; R, right; MNI coordinates of peak lesion-deficit locations. Regions defined using automated anatomical labeling (AAL).
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Schilling et al., 2012], other studies have failed to identify
brain regions specifically associated with non-planning
and attentional impulsivity [e.g., Asahi et al., 2004]. Given
that all three factors have comparable reliability [e.g., Stahl
et al., 2014], and that variability between the three factors
did not significantly differ in our sample, the explanation
for our lack of findings is not likely to involve potential
psychometric issues associated with the non-planning and
attentional factors. Instead, it is possible that the motor
impulsivity factor is subserved by a more reliable cogni-
tive process than the non-planning and attentional factors.
This interpretation may be supported by a recent study
[Caswell et al., 2015] indicating that motor impulsivity is
the only factor on the BIS-11 scale to correlate significantly
with the stop-signal task, a standard measure of inhibitory
control that is considered to capture the most basic and
fundamental components of inhibitory processing [Logan,
1994]. Like the stop-signal task, which also reliably recruits
inferior frontal gyrus, it may be that the motor impulsivity
factor is mediated by a basic inhibitory process that is reli-
ably associated with this well-defined neural network.

Despite the unique opportunity to sample a large, rela-
tively homogenous set of patients with focal brain lesions,
we acknowledge specific limitations to the present study.
First, our sample was composed entirely of older adult
male combat veterans. Therefore, it may be difficult to
interpret how our results might generalize to a more
diverse population, particularly given that impulsivity has
been associated with distinct brain structures in men ver-
sus women [Diekhof et al., 2012]. Furthermore, our use of
a self-report measure in this patient population could be
concerning, as there is evidence to suggest that some TBI
patients may lack insight or awareness regarding their
conditions, potentially weakening the validity of their
responses [Kelley et al., 2014; Robertson and Schmitter-
Edgecombe, 2015]. As explained above, this concern was
addressed by an additional analysis, which made use of
available data from a measure that incorporates both
patients’ and caretakers’ reports of the patients’ behavioral
changes following frontal lobe injury (FrSBe). Within our
sample, patient and caregiver scores on both the disinhibi-
tion subscale and the total score of this measure were sig-
nificantly correlated, suggesting that our patients had
insight regarding their reported behaviors.

Furthermore, there is evidence to suggest self-report
methods may be more reliable than laboratory tasks in
assessing trait impulsivity [Stahl et al., 2014]. This may be
because self-report measures have the ability to assess sta-
ble personality traits as opposed to state-dependent behav-
iors. In fact, while positive correlations have been found
between both self-report and traditional laboratory mea-
sures, they are often weak and inconsistent [Caswell et al.,
2015; Reynolds et al., 2006] suggesting that they may be
measuring subtly different aspects of impulsivity [Moeller
et al., 2001; Snowden and Gray, 2011; Stahl et al., 2014].
For example, self-report questionnaires allow researchers

to measure an individual’s behavior within various social
contexts [Aichert et al., 2012], while traditional laboratory-
based measures of impulsivity explore specific inhibitory
functions in response to stimulus-driven cues. Further-
more, correlations are weak even among multiple
laboratory-based measures, such as the stop-signal task
and delay-discounting tasks, indicating that while these
processes may share overlapping features, the brain
regions supporting these functions (i.e., from valuation of
response options to initiation of purposeful “stopping”)
may be distinct [Dalley et al., 2011]. As a result, self-report
data may afford researchers an opportunity to measure
impulsivity as a behavioral consequence of underlying
inhibitory failures.

In summary, our findings add to existing literature sup-
porting prefrontal cortical involvement in behavioral
impulsivity, but more importantly, also provide new evi-
dence for a predominantly left-lateralized network specific
to motor impulsivity. Future studies could directly exam-
ine the possible role of semantic processing in impulsivity,
for example, by evaluating this trait specifically among
patients with semantic processing deficits such as expres-
sive aphasia. In addition, future studies might also aim to
determine whether methods of targeting and enhancing
regional activity—for example, using non-invasive brain
stimulation—might be effective in improving performance
on tasks related to global and motor impulse control
[Hogeveen et al., 2016]. With a better understanding of the
neural systems responsible for both producing and inhibit-
ing impulsive behaviors, we will not only develop a more
complete picture of the inhibitory control system, but also
aid in the development of new, targeted therapeutic strate-
gies for strengthening this system and improving behav-
ioral impulse control.
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