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Abstract

Trait impulsivity is a multifaceted personality characteristic that contributes to mal-
adaptive life outcomes. Although a growing body of neuroimaging studies have
investigated the structural correlates of trait impulsivity, the findings remain highly
inconsistent and heterogeneous. Herein, we performed a systematic review to depict
an integrated delineation of gray matter (GM) substrates of trait impulsivity and a
meta-analysis to examine concurrence across previous whole-brain voxel-based mor-
phometry studies. The systematic review summarized the diverse findings in GM
morphometry in the past literature, and the quantitative meta-analysis revealed
impulsivity-related volumetric GM alterations in prefrontal, temporal, and parietal
cortices. In addition, we identified the modulatory effects of age and gender in
impulsivity-GM volume associations. The present study advances understanding of
brain GM morphometry features underlying trait impulsivity. The findings may have
practical implications in the clinical diagnosis of and intervention for impulsivity-

related disorders.
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1 | INTRODUCTION

Impulsivity is generally described as a multidimensional construct,
referring to the predisposition towards rapid but premature actions
and insufficient consideration of potential undesirable consequences
(Chamberlain & Sahakian, 2007; Dalley & Robbins, 2017). Previous
research indicates a distinction between state impulsivity and trait
impulsivity (Ellingson, Potenza, & Pearlson, 2018; Meda et al., 2009;
Robbins, Gillan, Smith, de Wit, & Ersche, 2012). State impulsivity
derived from the dysregulation of inhibitory processes results in pre-
mature responses to intrinsic and extrinsic stimulus, assessed by
objective laboratory tasks such as go/no go and stop signal tasks
(Dalley, Everitt, & Robbins, 2011; Nguyen, Brooks, Bruno, &
Peacock, 2018; Schmitt, Ankeny, Sweeney, & Mosconi, 2016). State
impulsivity and associated behaviors are transient, sensitive to envi-
ronmental stimuli and vary over time within individuals (Bari &
Robbins, 2013; Meda et al., 2009). In contrast, trait impulsivity, gener-
ally captured by self-report scales, represents an enduring personality
characteristic considered to be a reasonably stable state (Dougherty,
Mathias, & Marsh, 2003; MacKillop et al., 2016). The standard mea-
surements designed to evaluate trait impulsivity are self-reported
questionnaires, including the Barratt impulsiveness scale (BIS) (Patton,
Stanford, & Barratt, 1995), the urgency, premeditation, perseverance,
sensation seeking impulsive behavior scale (UPPS) (Whiteside &
Lynam, 2001), and Eysenck's impulsivity scale (EIS) (Eysenck &
Eysenck, 1985). These scales capture various aspects of trait impulsiv-
ity and reflect somewhat different compositions of personality charac-
teristics (Reynolds, Ortengren, Richards, & de Wit, 2006). Herein, we
focused on trait impulsivity instead of state impulsivity, given that
trait impulsivity has closer links to mental health (Bari &
Robbins, 2013; Dougherty et al., 2003; Meda et al., 2009) and is more
likely to interact with brain structure due to its stability over time
(Wang et al., 2020).

The negative effect of trait impulsivity is far more significant for
an individual's life outcome and mental health (Chamberlain &
Sahakian, 2007; Deyoung, 2010). An adaptive range of trait impulsiv-
ity allows individuals to take action decisively and seize fleeting
opportunities with due regard for predictable behavioral conse-
quences (Block, 2002; Dalley et al., 2011). In contrast, dysfunctional
trait impulsivity confers vulnerability to harmful life events
(e.g., criminality, Blum, Odlaug, Redden, & Grant, 2018; suicide
attempts, Cole, Littlefield, Gauthier, & Bagge, 2019; and risky sexual
behavior, Curry et al., 2018). Significant considerations bear on the
relevance of impulsivity to various neuropsychiatric disorders, ranging
from substance abuse (Moeller, Barratt, Dougherty, Schmitz, &
Swann, 2001) to attention-deficit/hyperactivity disorder (ADHD)
(Sudre et al., 2017), borderline personality disorder (Sebastian et al.,
2019) and binge eating disorder (Steward et al., 2017). In this regard,
few symptoms appear more frequently than impulsivity as a key path-
ological construct among the diagnostic criteria for psychiatric disor-
ders (Berlin & Hollander, 2014; Whiteside & Lynam, 2001). As high
trait impulsivity is closely associated with maladaptive life outcomes,

it is important to identify brain features associated with trait

impulsivity to enhance understanding of the trait and identify early
manifestation of risk for this (Bari &
Robbins, 2013; Grépper et al., 2016).

Several neuroimaging studies have investigated correlates of trait

behavioral pattern

impulsivity with neuroanatomy (Dalley & Robbins, 2017). In particular,
structural MRI has contributed to illuminating gray matter
(GM) features related to trait impulsivity using voxel-based morphom-
etry (VBM) (Matsuo et al, 2009) and surface-based morphometry
(SBM) (Hirjak et al., 2017; Holmes, Hollinshead, Roffman, Smoller, &
Buckner, 2016) with indicators of GM volume (GMV), cortical thick-
ness (CTh), surface area (SA), and cortical folding (CF). Similarly, alter-
ations in white matter (WM) microstructure based on diffusion tensor
imaging (DTI) also correspond to the extent to impulsivity, although
the number of studies is limited (Gruber, Silveri, Dahlgren, &
Yurgelun-Todd, 2011; lkuta, del Arco, & Karlsgodt, 2018; Myung
et al., 2016; Peper et al., 2013). However, there have been heteroge-
neity and inconsistencies in these previous studies. Several GMV
studies revealed positive correlations with trait impulsivity in regions
including the anterior cingulate cortex (ACC) (Cho et al., 2013), tem-
poral pole (Schilling et al., 2013), and insula (Charpentier et al., 2016),
while others showed opposite patterns in these areas (Grodin, Cortes,
Spagnolo, & Momenan, 2017; Muhlert & Lawrence, 2015; Wang,
Wen, Cheng, & Li, 2017). Apart from inconsistent patterns in certain
areas, the implicated brain regions varied, ranging from cortical
(e.g., frontal, Tu, Kuan, Li, & Su, 2017; temporal, Muhlert &
Lawrence, 2015; parietal, Schilling et al., 2013; and occipital lobes,
Ide, Tung, Yang, Tseng, & Li, 2017) to subcortical structures
(e.g., caudate, Dang et al., 2016). The inconsistency and heterogeneity
may be attributed to diversity of sample characteristics, behavioral
scales, imaging methodologies, and statistical analyses (Hu et al,
2011; Lai et al., 2019).

To mitigate the heterogeneity across previous studies and allow
for a comprehensive outline of neurostructural features implicated in
trait impulsivity, we performed a systematic review and meta-analysis
based on the existing structural MRI literature. Notably, the current
study included only results obtained from healthy individuals to elimi-
nate the pathological features associated with psychiatric disorders
(Deserno et al., 2015; Robbins et al., 2012). First, we carried out a sys-
tematic review to summarize relevant published work on the relation-
ship between brain GM morphometry and trait impulsivity to
characterize the heterogeneity of previous findings. Subsequently, we
performed an anisotropic effect-size seed-based d mapping (AES-
SDM) meta-analysis to identify brain areas underlying trait impulsivity.
AES-SDM has proven to be a useful tool in neuroimaging studies to
take into account the stable and unbiased selection of brain regions in
whole-brain mapping in published studies (Radua et al., 2012; Radua &
Mataix-Cols, 2012). The method has been widely used in healthy indi-
viduals (Lai et al., 2019) and patients (Li et al., 2020). Given the insuffi-
cient number of reports examining SBM metrics, we chose to identify
the most prominent brain regions associated with trait impulsivity
based on whole-brain VBM findings in GMV. Finally, we explored the
modulatory role of demographics (i.e., age and gender) in impulsivity-

GMV associations via meta-regression analyses.
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2 | METHODS

2.1 | Literature search and study selection

To identify studies correlating GM morphometry with impulsivity
up to June 8, 2020, we performed a systematic literature search in
the PubMed, Web of Science and Embase databases with the fol-
lowing search terms: (a) impulsivity; impulsiveness; or impulsive
behaviors and (b) voxel-based morphometry; VBM; surface-based
morphometry; SBM; cortical thickness; cortical surface area; corti-
cal folding; gray matter; brain structure; structure MRI; or neuroim-
aging. The string we employed to conduct the research in those
databases was listed in Supplemental Material. In addition, we
manually checked the reference lists of the obtained reviews and
pertinent articles to identify additional studies to include. A total
of 2,403 candidate articles were retrieved from the three data-
bases after excluding duplicates.

Studies were included in the systematic review if they met the
following criteria: (a) assessed trait impulsivity as the research vari-
able by self-reported measures; (b) reported GM correlates of trait
impulsivity; (c) reported results in healthy subjects; and (d) used brain
structure morphometric measures. Studies were excluded from the
systematic review if they (a) were non-empirical studies; (b) were non-
English articles; and (c) other neuroimaging methods. For studies to be
included in the meta-analysis, the following inclusion criteria were
added: (a) used VBM analysis; (b) reported whole-brain findings with
peak coordinates (including null findings); and (c) reported important
information including peak coordinates and correlation to calculate
effect-sizes. Two authors (Nanfang and Song) independently assessed
each study and extracted data to assure their appropriateness. The
third author (Qiyong) resolved inconsistencies. The process of the lit-
erature search and eligibility assessment for our analysis is shown
based on the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses guidelines (Knobloch, Yoon, & Vogt, 2011) (see
Figure 1).

2.2 | Descriptive analysis

We collected basic information (sample size, gender ratio, mean age,
scales of trait impulsivity, measures of GM, nuisance covariates, statis-
tical analyses, and main findings) to detail each study in the systematic
review. The results of studies using region-of-interest and whole-brain

analysis methods were retrieved and summarized.

2.3 | Voxel-based meta-analysis

To investigate the correlates of trait impulsivity with GMV at the
whole-brain level, we performed a meta-analysis with AES-SDM
software (version 5.15; https://www.sdmproject.com/). According
to the AES-SDM manual (Radua et al., 2012; Radua et al., 2014),
the following steps were taken. First, we recorded peak coordinates

and corresponding t values from correlations of both total scores
and subscores of the self-report measures underlying trait impul-
sivity in an independent file for each study and set up an SDM
table specifying demographic data. Second, identified peak coordi-
nates were used to recreate effect-size brain maps, whose voxels
were permuted to randomly generate Monte Carlo brain maps.
Finally, we obtained a mean map by voxel-wise calculation in
which studies with a larger sample or lower variability contributed
more based on a random effect model. To identify results from
the meta-analysis, we set widely accepted SDM thresholds (voxel-
wise p <.005, SDM-Z > 1, and cluster size >10 voxels) to opti-
mally balance sensitivity and specificity (Radua et al., 2012; Yang
et al., 2016). Subgroup analyses were conducted for homogenous
studies using adult subjects and for those applying BIS scale as a
measure to examine the robustness of main findings and control
the potential confounding effect of age and scales among included
studies. We performed jackknife sensitivity analyses to strengthen
the reliability of the main findings (Radua & Mataix-Cols, 2012),
and funnel plots and Egger's test for the identified regions to
assess potential publication bias (Egger, Smith, Schneider, &
Minder, 1997; Sterne & Egger, 2001). Interstudy diversity was
detected through heterogeneity analyses with Q statistics (Radua
et al,, 2012).

To consider the potential role of demographic factors in relation
to heterogeneity among the included studies, we conducted meta-
regression analyses to explore how age and gender modulated the
correlates of trait impulsivity with GMV (Radua et al., 2012). Given
the exploratory nature of these meta-regression analyses, the findings
of which should be considered with caution, a more rigid threshold
(voxel-wise p <.0005, SDM-Z > 1, and cluster size >10 voxels) was
employed to reduce the likelihood of obtaining spurious results (Lai
et al., 2019; Radua & Mataix-Cols, 2009).

3 | RESULTS

3.1 | Included studies and sample characteristics

After excluding 1,643 duplicate articles that were identified in the
search, we examined the remaining 2,403 studies by viewing titles
and abstracts, and 2,271 unrelated papers were rejected (see
Figure 1). Subsequently, we evaluated the eligibility of the
remaining 132 full-text original articles. The following studies were
excluded: studies that examined only patients (n = 21), studies that
did not employ a trait impulsivity scale (n = 34), and studies that
did not report GM correlates of impulsivity in healthy participants
(n = 47). Therefore, the systematic review identified 30 articles
that met criteria for inclusion (see Table 1). From the identified
studies in the systematic review, 16 studies were unable to be
included in the meta-analysis. The reasons are as follows: SBM
(n = 11) (Churchwell & Yurgelun-todd, 2013; Depping et al., 2018;
Grodin et al., 2017; Hirjak et al., 2017; Holmes et al., 2016; Kubera
et al., 2018; Merz et al., 2018; Miglin et al., 2019; Qiu et al., 2017;


https://www.sdmproject.com/

PAN ET AL Wl LEY 2217
Records retrieved Records retrieved Records retrieved Records retrieved
= from PubMed from Web of from Embase from manual searches
.g database search Science search database search of reviews and related
é (n=1277) (n=1687) (n=1064) articles (n = 18)
£ N J
c
3
V_: ( Records excluded due to duplicate
| (n=1643)
Total records after
duplicates removed
(n=2403)
/Records excluded through titles and \
£ abstracts screening due to:
S Non-human, non-empirical, non-English,
g ) gene, behavior, neurophysiology,
@ fMRI, rs-fMRI, MRS, PET, EEG, fNIR, DTI,
y Cnd unrelated studies (n = 2271) j
Full-text original
articles assessed for
eligibility (n = 132)
Records excluded due to:
2 1) Only patients (n=21)
E < 2) Not measure trait impulsivity (n = 34)
20 3) Not report correlates of impulsivity
w in healthy individuals (n = 47)
A\ 4
Studies included in
the systemic review
(n=30)
(Records excluded due to:
1) SBM (n =11)
-] < .
3 2) Manual drawings (n = 4)
3 Y 3) Not report whole-brain results (n = 1)
= Studies included in
the meta-analysis
(n=14)
FIGURE 1 Flowchart of literature search and selection criteria for systematic review and meta-analysis. fMRI, functional magnetic resonance

imaging; rs-fMRI, resting-state fMRI; MRS, magnetic resonance spectrum; PET, positron emission tomography; EEG, electroencephalogram; fNIR,
functional near-infrared imaging; DTI, diffusion tensor imaging; VBM, voxel-based morphometry; GM, gray matter; WM, white matter

Schilling et al., 2012; Tu et al., 2017), manual drawings (n = 4)
(Caravaggio et al., 2018; Dang et al., 2016; Mei et al., 2015; Sala
et al,, 2011), and not whole-brain results (n = 1) (Wang et al., 2017)
(see Table 1). Finally, a total of 14 whole-brain VBM studies were
included in the meta-analysis incorporating 1977 healthy subjects
and 65 peak coordinates. Table 1 provides the demographic and
analytic details and the main findings of the articles in the systemic

review.

3.2 | Systematic review of GM correlates

A number of studies have investigated associations between trait
impulsivity and GM morphometry based on volumetric and SBM met-
rics. The findings from the summarized literature suggested that spe-
cific morphometric patterns underlying trait impulsivity emerged in
the prefrontal cortex (PFC) (e.g., orbitofrontal cortex [OFC], superior
frontal gyrus [SFG], inferior frontal gyrus [IFG], middle frontal gyrus
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[MFG], medial frontal gyrus [MeFG], supplementary motor area, and
ACC), temporal gyrus (e.g., middle temporal gyrus [MTG], inferior tem-
poral gyrus [ITG], superior temporal gyrus [STG], and temporal pole),
parietal cortex (e.g., secondary somatosensory cortex, postcentral lob-
ule, superior parietal gyrus [SPG], and supramarginal gyrus), occipital
lobe (e.g., lingual gyrus and cuneus), and insula. However, these find-
ings were highly heterogeneous (see Table 1 and Supplemental Mate-
rial). The relation between subcortical GM morphometry and trait
impulsivity has been investigated without observing significant corre-
lates. The Supplemental Result provides details about impulsivity-GM
morphometry correlates.

3.3 | Meta-analysis of GMV

331 |
impulsivity

Core brain regions linked with trait

The results of the meta-analysis performed using AES-SDM demon-
strated that trait impulsivity was negatively correlated with regional
GMV in four clusters, including right OFC (i.e., ventromedial PFC,
Brodmann area [BA] 11), left SFG (dorsomedial PFC, BA 10/32), right
anterior midcingulate cortex (aMCC, BA 32), and left MFG (dorsolat-
eral PFC, BA 9). In contrast, volumetric GM alterations in the right
STG/temporal pole (extending to right IFG, BA 38/47/48), left IFG
(i.e., pars orbitalis, BA 38/47), and right postcentral gyrus (extending
to right inferior parietal gyrus [IPG], BA 2/3) were positively associ-
ated with trait impulsivity (see Table 2 and Figure 2).

3.3.2 | Reliability of main findings

The results of age-specific subgroup analysis remained largely
unchanged except for left SFG and right postcentral gyrus when the
analysis was performed and restricted to studies in adult individuals
(see Tables S1 and 3). Ancillary analysis within studies applying BIS

scale suggested different correlational pattern compared with pooled
findings, in which the significant correlation could only be replicated
in right OFC, right aMCC, and right STG. The main findings of our
study were robust based on jackknife sensitivity analyses, and each
identified cluster was replicated in more than 13 compositions (see
Table 3). In addition, we conducted a funnel plot and Egger's test for
each cluster to evaluate the potential publication biases of the
included studies. The funnel plots were found to be symmetric in
seven clusters, though Egger's test detected publication bias with the
cluster in right OFC (p = .003).

3.3.3 | Heterogeneity and meta-regression analysis
Interstudy diversity, examined by heterogeneity analyses with
Q statistics, was observed for several brain areas, including left STG,
bilateral IFG, left MFG, right gyrus rectus, left SFG, right aMCC, and
right IPG. This finding reflects the heterogeneity observed in our sys-
tematic review. To understand sources of the heterogeneity among
the included studies, meta-regression analyses were performed to
investigate the potential influences of age and gender in impulsivity-
GMV associations. Age modulated the correlation between trait
impulsivity and GMV in left MFG, left OFC, and right aMCC (Table 4
and Figure 3a). The association in left STG/Heschl gyrus, left OFC,
and right MTG was modulated by the gender ratio (Table 4 and
Figure 3b).

4 | DISCUSSION

To the best of our knowledge, this is the first meta-analytic investiga-
tion of the brain structural correlates of trait impulsivity. Our findings
provide a comprehensive picture of GM correlates underlying trait
impulsivity. Although findings from previous structural MRI studies
showed inconsistencies and heterogeneity, our study considering the
existing literature together identified seven brain regions whose GMV

TABLE 2 Brain regions where GMV significantly correlated with impulsivity in the meta-analysis

MNI coordinate

Cluster BA Number of voxels X y z SDM-Z p-value
Negative correlation

R orbitofrontal cortex 11 901 14 46 -26 —-2.452 .0000
L superior frontal gyrus 10/32 340 -6 54 8 —-1.247 .0010
R anterior midcingulate cortex 32 60 10 28 32 -1.052 .0022

L middle frontal gyrus 9 33 -32 38 42 -1.049 .0022
Positive correlation

R superior temporal gyrus/temporal pole 38/47/48 847 56 14 -6 1.507 .0001
R postcentral gyrus 2/3 371 42 -34 54 1.256 .0005
L inferior frontal gyrus 38/47 244 -40 24 -14 1.191 .0008

Note: Clusters were identified at voxel-wise p < .005, SDM-Z > 1, and cluster size >10 voxels.
Abbreviations: BA, Brodmann area; GMV, gray matter volume; L, left; MNI, Montreal neurological institute; R, right.



PAN ET AL.

FIGURE 2

$¥

R STG/
temporal pole

Z statistics (Negative)
. ,

Z statistics (Positive)

Brain regions where the volumetric GM alterations linked with trait impulsivity. Clusters were exhibited in the sagittal, axial, and

coronal planes at voxel-wise p < .005, z > 1, and cluster size >10 voxels. Regions with negative correlates were shown in blue or green and
positive correlates in red or yellow. GM, gray matter; L, left; R, right; OFC, orbitofrontal cortex; SFG, superior frontal gyrus; aMCC, anterior
midcingulate cortex; MFG, middle frontal gyrus; STG, superior temporal gyrus; IFG, inferior frontal gyrus

was linked with trait impulsivity. These findings may shed light on the
neural basis of trait impulsivity and within a Research Domain Criteria
(RDoC) type framework may provide new information relevant
towards understanding, diagnosis, and intervention for impulsivity-
related disorders. Herein, we discuss the potential associations
between trait impulsivity and GM structures based on the brake-

propeller metaphor and frontostriatal circuit hypothesis.

41 | Brakes on trait impulsivity

Several PFC regions, including right OFC, left SFG, left MFG, and
right aMCC, were identified in our meta-analysis, and their GMV neg-
atively correlated with trait impulsivity. Previous studies proposed
a frontostriatal circuit hypothesis and revealed its crucial role in
impulsivity, with evidence from the dopamine system and genotypes
(Fineberg et al., 2014; Morein-zamir & Robbins, 2014). The hypothesis
elucidated that PFC areas may serve as a brake on impulsive tenden-
cies by exerting inhibitory control and navigating optimal decision-
making, while striatal structures propel the occurrence of impulsive
behaviors (Buckholtz & Meyer-Lindenberg, 2012; Fineberg et al.,
2014; Whelan et al., 2012). Consistent with the hypothesis, decreased
GMV in the PFC (Gropper et al., 2016) and increased volumetric pat-
terns in striatal substrates (Kim & Im, 2019; Ziegler et al., 2019)
were found to be associated with increased impulsivity. Moreover,
functional connectivity between the PFC and striatum underlies the
capacity to withhold impulsive tendencies (Diekhof & Gruber, 2010).
As the frontostriatal circuit hypothesis asserted, we confirmed

that PFC regions, especially OFC, SFG, aMCC, and MFG, were
related to trait impulsivity and thus may provide the “brakes” that
strengthen inhibitory control and restrain impulsive decision-making
and behaviors.

The OFC plays a critical role in decision-making referred to as
non-planning impulsivity (Kim & Lee, 2011), and implements a switch
between impulsive and reflective behaviors (Maia & McClelland,
2004). Basically, this region represents the reward processing follow-
ing goal-directed action to navigate adaptive behaviors (Jonker,
Jonker, Scheltens, & Scherder, 2015; Rolls, 2019), and inappropriate
anticipation might lead to reduced control over impulsive responses
(Rudebeck & Rich, 2018). Our study suggests that lower GMV in the
right OFC was related to trait impulsivity in nonclinical subjects
(Korponay et al., 2017; Matsuo et al., 2009; Schilling et al., 2013;
Yokoyama et al, 2015), paralleling findings in substance abusing
(Schwartz et al., 2010) and personality disorder patients (Volim et al.,
2009). In addition, psychopathic individuals who behave impulsively
also exhibited decreased GMV in the right OFC (de Oliveira-Souza
et al, 2008; Ly et al, 2012). On the other hand, the impulsive-
antisocial dimension of psychopathy was positively correlated with
GMV in the OFC in psychopathic patients, which may indicate
a unique neural mechanism of the general population (Korponay &
Koenigs, 2020). Functional MRI studies have indicated that OFC acti-
vation is associated with hypo-impulsivity (Whelan et al., 2012), and
stronger resting-state functional connectivity of OFC with striatum is
linked with greater impulsivity (Korponay, Dentico, et al., 2017).
Human brain networks studies and animal researches indicated that

the functional connectivity and neurobiological interactions between
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TABLE 3 Analyses of subgroup and sensitivity analyses

Negative correlation Positive correlation

Discarded study R OFC L SFG R aMCC L MFG R STG R postcentral gyrus LIFG
Studies in adult individuals Yes No Yes Yes Yes No Yes
Studies using BIS scale ° Yes No Yes No Yes No No
Jackknife sensitivity analyses, discarded study
Matsuo et al. (2009) Yes Yes Yes Yes Yes Yes Yes
Moreno-Lépez, Soriano-Mas, Delgado-Rico, Yes Yes Yes Yes Yes Yes Yes

Rio-Valle, and Verdejo-Garcia (2012)¢
Muhlert and Lawrence (2015) Yes Yes Yes Yes Yes Yes Yes
Dalwani et al. (2011) Yes No Yes Yes Yes Yes Yes
Cho et al. (2013) Yes Yes Yes Yes Yes Yes Yes
Korponay et al. (2017) Yes No No Yes Yes Yes Yes
Yokoyama et al. (2015) No Yes Yes Yes Yes Yes Yes
Lee et al. (2011) Yes Yes Yes Yes Yes Yes No
Liu and Feng (2017) ' Yes Yes Yes Yes No Yes Yes
Liu and Feng (2017) " Yes Yes Yes No Yes Yes Yes
Charpentier et al. (2016) Yes Yes Yes Yes Yes Yes No
Ai et al. (2019) Yes Yes Yes Yes Yes Yes Yes
Besteher et al. (2019) Yes Yes Yes Yes No No Yes
Schilling et al. (2013) Yes Yes Yes Yes Yes No Yes
Ide et al. (2017) Yes Yes Yes Yes Yes Yes Yes
Total 14/15 13/15 14/15 14/15 13/15 13/15 13/15

Note: Yes, the brain region remains a significant correlation with trait impulsivity in the subgroup analysis or sensitivity analysis compared with pooled
findings; no, the brain region is no longer significantly correlated.

Abbreviations: aMCC, anterior midcingulate cortex; IFG, inferior frontal gyrus; L, left; MFG, middle frontal gyrus; OFC, orbitofrontal cortex; R, right; SFG,
superior frontal gyrus; STG, superior temporal gyrus.

211 studies in adult individuals (age > 18) were included in the subgroup analyses.

b8 studies using BIS scale were included in the subgroup analyses.

Studies reported null findings. Superscript roman numerals | and |l were used to distinguish two independent samples in one study.

TABLE 4 The findings of the meta-regression analyses revealing the modulated role of age and gender

MNI coordinate

Meta-regression Cluster Contrast BA Number of voxels X y z SDM-Z p-value
Effect of mean age L MFG Positive 46/10 451 -34 48 18 1.628 .0001
L OFC Positive 11 317 -26 36 -20 1.844 .0000
R aMCC Negative 32 13 10 28 32 -3.697 .0002
Effect of gender ratio L STG/Heschl gyrus Positive 48 1,441 -54 -14 8 2.286 .0000
(female/male) -50 16 4 2232 0000
L OFC Negative 47 327 -34 30 -18 —2.430 .0000
R MTG/temporal pole Negative 36 31 28 18 -36 -2.182 .0000

Note: Clusters were identified at voxel-wise p < .0005, SDM-Z > 1, and cluster size >10 voxels.
Abbreviations: aMCC, anterior midcingulate cortex; BA, Brodmann area; GM, gray matter; L, left; MFG, middle frontal gyrus; MNI, Montreal neurological
institute; MTG, middle temporal gyrus; OFC, orbitofrontal cortex; R, right; STG, superior temporal gyrus.

the OFC and ventral striatum are crucial aspects of reward-based via reduced consideration of future consequences, which led to
decisional impulsivity (Buckholtz & Meyer-Lindenberg, 2012; Dalley poor impulse control (Bechara, Damasio, & Damasio, 2000; Bechara,
et al., 2011; Hiser & Koenigs, 2018). Studies of brain injury models Damasio, Damasio, & Anderson, 1994). Thus, our findings demon-
suggested that lesions to OFC weaken decision-making capacity strate that in psychiatrically and medically healthy individuals,
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FIGURE 3 The correlations between the demographics and GMV alteration underlying trait impulsivity. (a) Age modulated impulsivity-GMV
associations; (b) gender modulated impulsivity-GMV associations. Clusters were displayed in the axial plane at voxel-wise p < .0005, z > 1, and
cluster size >10 voxels. Regions with positive correlates were shown in red or yellow with an upward regression line and negative correlates in
blue or green with a downward line. The Z statistics were obtained from the peak of the maximum slope significance of the regression line. In the
plot, each study is marked as a dot, and the size of each dot corresponds to the sample size. GMV, gray matter volume; L, left; R, right; MFG,
middle frontal gyrus; OFC, orbitofrontal cortex; aMCC, anterior midcingulate cortex; STG, superior temporal gyrus; MTG, middle temporal gyrus

structural variability in right OFC contributes to trait impulsivity.
Based on related behavioral neuroscience research, the association
between right OFC GMV and trait impulsivity is likely mediated via
impact on reward sensitivity and decision-making processes.

The ability to regulate impulsive tendencies and make appropriate
decisions also relies on SFG (Bari et al., 2011; Etkin, Egner, &
Kalisch, 2011), which is sensitive to immediate rewards and decisional
impulsivity (McClure, Laibson, Loewenstein, & Cohen, 2004). Our
findings in left SFG align with previous GMV studies indicating an
inverse relationship between volumetric GM alterations in the left
SFG and trait impulsivity (Benegal, Antony, Venkatasubramanian, &
Jayakumar, 2007; du et al., 2016; Muhlert & Lawrence, 2015). Intrigu-
ingly, externalizing spectrum disorder patients with high-impulsive
traits show reduced cortical thickness and volume in the right SFG
(Almeida et al., 2010). In addition to evidence from structural MRI
studies, the regional homogeneity patterns of bilateral SFG in resting-
state functional MRI correspond to decisional impulsivity
(Lv et al., 2019), indicating the absence of right frontal dominance in
SFG. Thus, dysfunction in this region also result in poor impulse con-
trol and maladaptive social behaviors through the involvement of
alterations in inhibitory processes (du et al., 2016; Zhou et al., 2017).

Regarding cingulate cortex, we identified a cluster in the right
aMCC in which lower volumes were associated with high trait impul-
sivity. The MCC is a critical region responsible for feedback-mediated
decision-making, supporting rewarded behaviors (Vogt, 2016). Nota-
bly, this region serves as a switch for shifting to the reactive inhibitory

status from proactive processes (Gavazzi, Giovannelli, Curro,

Mascalchi, & Viggiano, 2020), which monitors the external stimuli and
transfers appropriate feedback to both top-down and bottom-up
constructs of inhibitory control (Bari & Robbins, 2013; Glascher
et al., 2012). Therefore, reduced consideration of consequences of
behavioral choices and devaluation of delayed rewards (Bechara
et al., 1994) may thus contribute to state impulsivity associated with
variability of GMV in aMCC (Touroutoglou, Andreano, Dickerson, &
Barrett, 2020). Our findings in aMCC is consistent with several studies
reporting that impulsivity is negatively correlated with GMV or CTh
in aMCC in general and clinical populations (Grodin et al., 2017;
Korponay, Dentico, et al., 2017; Qin et al., 2020; Wang et al., 2017).
In terms of its neuropsychological significance, the rostral cingulate
zone, involving the aMCC, contributed to instantiating behavioral
inhibition as suggested by functional MRI findings and electrophysio-
logical recordings (Ridderinkhof, Ullsperger, Crone, & Nieuwenhuis,
2004). Clinically, functional and structural abnormalities in the
aMCC are known to lead to impairments in inhibitory control
(Fletcher, 2001; Luks, Simpson, Feiwell, & Miller, 2002). In that case,
the volumetric GM shrinkage in the aMCC accounted for the execu-
tive function deficiencies and increase the tendency to behave
impulsively.

The lower GMV in left MFG, part of dorsolateral PFC, were also
related to trait impulsivity (Dalwani et al., 2011), which is consistent
with our findings. However, previous studies have revealed that the
right MFG is involved in inhibitory control of executive processes
as a component of the brake system (Gavazzi et al., 2020; Sharp
et al, 2010), which is related to the behavioral manifestations of



PAN ET AL.

WILEY_| 2

impulsivity (Bari & Robbins, 2013), and the impairments in top-down
executive function result in high impulsivity (Nigg, 2017). Basically,
the effect of the right lateralization of MFG on response inhibition
has captured enormous attention from convergent evidence. To be
specific, the right MFG is exclusively engaged in the reactive pro-
cesses of inhibitory control (Gavazzi et al., 2020; Simmonds, Pekar, &
Mostofsky, 2008). When applying neural interventions to the right
MFG in healthy subjects, impairments in inhibitory control lead to
reinforced decisional impulsivity (Cho et al., 2010; Cho et al., 2013). In
functional neuroimaging research focusing on incarcerated adults with
psychopathic trait, hyper-impulsivity was associated with enhanced
functional connectivity between the left MFG and right OFC
(Korponay, Pujara, et al., 2017), suggesting potential interactions
within PFC regions related to behavioral planning and reward value

evaluation respectively.

4.2 | Propellers of trait impulsivity

In contrast with previously discussed regions where lower GMV
pertained to impulsivity, we also identified three clusters with positive
impulsivity-regional GMV associations in the temporal, parietal, and
frontal cortex. These cortical areas might propel impulsive tendencies
to strengthen trait impulsivity.

With positive associations we found in the STG/temporal pole,
previous studies have demonstrated relations to cortical volume and
thickness in the STG/temporal pole (Fineberg et al., 2014; Liu &
Feng, 2017; Schilling et al., 2013) and other regions of temporal cor-
tex (Cho et al., 2013; Schilling et al., 2012). Intriguingly, Studies inves-
tigating surface-based area indicated the positive correlations with
trait impulsivity in this region in community sample but opposite pat-
terns in substance abuse patients (Kaag et al., 2014). The lateral tem-
poral cortex is embedded in the top-down reflective framework and
via that role may be indicative of general impulse control
(Bechara, 2005; Lee et al., 2011). Activation of bilateral STG weakens
the ability of inhibitory control, thereby contributing to impulsivity
tendencies (van Belle, Vink, Durston, & Zandbelt, 2014). WM integrity
of STG has also been positively correlated with impulsiveness
(Hoptman et al., 2004), perhaps via interactions to frontostriatal loops
(Fineberg et al., 2014). The temporal pole plays a critical role in
processing perceptual inputs in interaction with the amygdala, and the
control of negative emotion expression can impact the perception of
action goals related to non-planning impulsivity (Olson, Plotzker, &
Ezzyat, 2007; Van Overwalle & Baetens, 2009). Functional MRI stud-
ies indicated that temporal pole activation was associated with social
inhibition and negative affectivity implicated in decisional impulsivity
(Bornovalova, Lejuez, Daughters, Zachary Rosenthal, & Lynch, 2005;
Garon & Moore, 2006). Therefore, it is reasonable that the compensa-
tory effect of the hypertrophy of STG and temporal pole for hindering
impulsive tendencies is partially successful. Increased GMV in STG
and temporal pole may relate to attentional and non-planning impul-
sivity by virtue of their roles in the reflective system and affective

systems.

Our findings in right postcentral gyrus (extending to right IPG)
indicated a positive association with trait impulsivity. The postcentral
gyrus also engages in making choices in the context of intertemporal
payoffs, which may account for this effect (Sripada, Gonzalez, Phan, &
Liberzon, 2011). In addition, the postcentral gyrus, MeFG, and ventral
striatum comprise a valuation system that modulates decisional impul-
sivity (McClure et al., 2004; McClure, Ericson, Laibson, Loewenstein, &
Cohen, 2007). In neuroimaging studies, ADHD patients with hyper-
impulsivity showed enhanced functional activity in the right post-
central gyrus (Robbins et al., 2012; S6r6s et al., 2019), and those with
substance use disorders exhibit alterations in somatosensory cortex
and IPG in relation to dependence severity and hyper-impulsivity
(Jasinska, Stein, Kaiser, Naumer, & Yalachkov, 2014). Evidence from a
DTI study showed a positive association between fractional anisot-
ropy in the postcentral gyrus and impulsivity (Hoptman et al., 2004).
Thus, in addition to the function of processing somatosensory infor-
mation (Kropf, Syan, Minuzzi, & Frey, 2019) the postcentral gyrus is
also binding to hyper-impulsivity traits.

Counterintuitive to current understanding of executive function,
enlarged bilateral IFG is related to increased trait impulsivity in
healthy individuals. Based on previous studies on neural substrates
concerning inhibitory control, the right IFG has been viewed as impor-
tant for preventing detrimental behaviors via its role in executive
actions through the frontostriatal circuits, which led to rescheduled
steps to withhold impulsive tendencies (Aron, Robbins, &
Poldrack, 2014; Kim & Lee, 2011). Meanwhile, the lesion in left IFG
disrupts the adaptive inhibitory control in functioning (Swick, Ashley, &
Turken, 2008), thus may turn out to enhance trait impulsivity, coupled
with evidence that the left IFG may compensate the inhibitory func-
tion of the right one in the traumatic lesion (Gavazzi et al., 2019). In
addition, our findings suggest that effects of the IFG regarding dys-
functional inhibitory processes may differ from adjacent areas of OFC
(Aron et al., 2014; Chikazoe et al., 2009). Compared with the OFC that
plays an important role in decision-making (Groman et al., 2019), the
IFG might target the inhibitory response to manipulate trait impulsiv-
ity (Bari & Robbins, 2013; Romero-Garcia et al., 2020). Moreover, the
presence of right lateralization of IFG underlying inhibitory control is
generally acknowledged in the functional MRI investigation. Specifi-
cally, the right IFG engaged in proactive processes plays a more criti-
cal role in the suppression of response tendencies (Aron et al., 2014;
Gavazzi et al., 2020). Functional MRI studies suggested that partici-
pants were apt to slower responses to stop signals when the right IFG
was activated (Chikazoe et al., 2009; Swann et al., 2012), highlighting
the role of right IFG in response inhibition as a critical component of
executive control (Aron et al., 2014). The hyper-activation of right IFG
is linked with enhanced motor impulsivity trait, characterized by the
lenient proactive control (Gavazzi et al., 2019). Overall, given that
hyper-impulsive individuals have GM enlargement in bilateral IFG in
our findings and the activation pattern of IFG exerts inhibitory control
(Qing & Gong, 2016), our findings may reveal its special structure-
function relationship and elucidate the inherent neural characteristics
of bilateral IFG as its hypertrophy disrupts the normal function of
inhibitory control contributing to trait impulsivity.
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Notably, the right lateralization of MFG and IFG was absent in
the meta-analysis. First, to reconcile this controversy, we attribute our
divergent findings to the distinction from trait impulsivity to response
inhibition, except for decisional or non-planning impulsivity (Bari &
Robbins, 2013). Second, previous research on inhibitory control iden-
tified different varied MRI

(Hu et al., 2018), indicating the difference between brain function and

neural markers in modalities
structure. On the other hand, enhanced impulsivity is also character-
ized by increased left hemisphere activity (Hecht, 2011). In this regard,
it might be reasonable that the identified brain regions (e.g., left MFG
and bilateral IFG) underlying trait impulsivity in the meta-analysis
based on neurostructural substrates is inconsistent with the findings
of functional imaging studies on inhibitory control.

In contrast to the hypothesis that the striatum drives the ten-
dencies for impulsive behaviors (Mackey et al., 2017; Morein-
zamir & Robbins, 2014; Robbins et al., 2012), we failed to identify
any clusters in the striatum correlated with trait impulsivity in the
present meta-analysis. Likewise, we note that two studies found
null correlations between striatal subdivision volumes and trait
impulsivity (Caravaggio et al., 2018; Deserno et al., 2015). This var-
ies from findings in clinical populations, where a hypertrophic stria-
tum appeared to be a hallmark feature of psychopathy (Cai
et al, 2016; Glenn, Raine, Yaralian, & Yang, 2010; Koehler,
Hasselmann, Wistenberg, Heinz, & Romanczuk-Seiferth, 2015).
We speculate that the relationship between striatum GMV and
trait impulsivity might fit with a nonlinear model, with modest stri-
atum hypertrophy not having behavioral impact in impulsive
healthy individuals, but patients with more pronounced impulsivity

may exhibit marked enlargements in the striatum.

4.3 | Potential effects of age gap and scale

Of significant relevance to the current discussions is whether the
exclusive impulsivity-related neural correlates of adolescents affected
the main effects regarding the different brain-behavior patterns
between adults and adolescents (Blakemore & Robbins, 2012; Li et al.,
2018). The largely unaffected findings of subgroup analysis with stud-
ies in adult participants suggested the high robustness of main find-
ings, indicating the shared neural basis underlying trait impulsivity
through adolescence and adulthood.

The noticeable heterogeneity across BIS and other impulsivity
scales may lead to the non-reproducible pooled results in ancillary
analysis. The preliminary construct of BIS questionnaire is derived
from the scale of anxiety to distinguish incarcerated psychiatric
patients and healthy populations (Barratt, 1959; Barratt, 1965). In
contrast, Eysenck's Impulsiveness scale captures trait impulsivity
based on the differentiation of extraversion, and the construct of
UPPS scale relies on the factor analytic approach (Eysenck &
Eysenck, 1985; Whiteside & Lynam, 2001). Therefore, the ancillary
analysis of studies applying BIS questionnaire may not depict an inte-
grated outline of trait impulsivity without accounting for its multiface-

ted nature.

44 | Modulatory effects of age and gender

Factors such as age and gender appear to contribute to contradictory
findings from previous studies (Jones, Steele, & Nagel, 2017; Stew-
art & McDermott, 2004). In meta-regression analyses, we identified a
modulatory role of age in the correlations between trait impulsivity
and GMV in several PFC regions (i.e., left MFG, left OFC, and right
aMCC). The GMV in left MFG and OFC were negatively associated
with trait impulsivity in children and adolescents (Dalwani et al., 2011;
Liu & Feng, 2017; Schilling et al., 2013), but the pattern changed to a
positive relationship at an elderly age (Lee et al., 2011). In a period of
adolescence, the shrinkage in prefrontal regions, especially in the
medial prefrontal gyrus, co-occurred with increased impulsivity (Merz
et al., 2018; Ziegler et al., 2019), potentially indicating delayed matura-
tion of MFG that is known to occur during adolescence in high-
impulsive individuals (Luna et al., 2001; Luna, Garver, Urban, Lazar, &
Sweeney, 2004). Likewise, the reduction in decisional impulsivity in
response to increased age was associated with activation in the OFC
through the frontostriatal network, suggesting potential developmental
diversity in neurons of the OFC between hyper- and hypo-impulsive
individuals (Christakou, Brammer, & Rubia, 2011). However, the CTh of
bilaterial MFG was negatively associated with trait impulsivity in studies
using adults (Holmes et al., 2016; Schilling et al., 2012), which might be
explained by the distinct property between GMV and CTh. Intriguingly,
the neural correlates of OFC underlying impulsivity in adult individuals
remain controversial (Korponay & Koenigs, 2020), given the findings
of inverse correlation of right OFC (Korponay, Pujara, et al, 2017,
Matsuo et al., 2009). In this regard, the left-lateralized neural activity
associated with impulsivity may partially induce the unique developmen-
tal trajectory of left OFC (Hecht, 2011). Moreover, inverse patterns of
trait impulsivity with GMV in the right aMCC were discovered only in
late adulthood (Korponay, Dentico, et al., 2017; Matsuo et al., 2009).
Related evidence revealed that decreased activation in cingulate cortex
was associated with hypo-impulsivity with increases in age (Christakou
et al., 2011). Overall, complex changes in anatomic patterns in relation
to impulsivity appear to occur with development and normal aging
which may be a promising area for future research.

Furthermore, we found that the association of trait impulsivity
with GM structures in OFC and temporal cortex varied across gen-
ders. Gender differences in the propensity for impulsive maladaptive
behaviors are well-known, with males more likely to engage in aggres-
sive and criminal behaviors (Cross, Copping, & Campbell, 2011). Males
exhibit a relation between reduced GMV in left STG/Heschl gyrus
(Lee et al., 2011) and increased GMYV in left OFC binding to trait
impulsivity (Cho et al., 2013; Lee et al., 2011), while the opposite find-
ings in the left STG and OFC were observed in the female-dominated
neuroimaging studies (Schilling et al., 2013). The OFC navigates tem-
poral discounting of reward for goal-directed actions in relation to
non-planning or decisional impulsivity (Rolls, 2019), and females
showed better inhibitory control capacities and higher sensitivity for
incoming reward or punishment to allow for a preferred consequence
regarding the diversity of GM features in OFC across genders
(Chowdhury et al., 2019; Liu, Xiao, & Shi, 2013). Biological variation in
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rodent OFC neurons based on sex had an impact on inhibitory control
abilities and impulsivity-related behaviors (Bayless & Daniel, 2015).
Thus, the distinct morphometric patterns in the OFC might account
for gender differences observed in trait impulsivity. The only negative
association between trait impulsivity and MTG volume was found in a
study with more female subjects (Muhlert & Lawrence, 2015). More-
over, given that the STG and MTG are involved in decision-making
(Owens et al., 2017) and performance in delay discounting tasks varies
across genders (Mei, Tian, Xue, & Li, 2017), our findings in the STG
and MTG might shed light on gender distinctions in brain structural
variations related to decisional impulsivity.

5 | LIMITATIONS AND FUTURE
DIRECTIONS

Several limitations of our study need to be taken into account. First, the
current study focused on general trait impulsivity rather than distinct
component features of impulsivity. This was necessary given the nature
of existing literature, but is an area requiring more nuanced future
investigation. Second, we did not investigate brain function at rest or in
task-based studies, regarding the inconsistency of findings obtained
across varied modalities underlying the difference between brain func-
tion and structure (Hu et al., 2018), of which the impact could hardly be
examined. Besides, the functional MRI decoding cognitive processes
based on a specific task may not be appropriate to capture an entire set
of a personality trait given its multidimensional nature. The structural
MRI may depict stable and unbiased neural substrates of a personality
construct, and studies investigating relations of anatomic and functional
changes are warranted. Third, we focused on GM morphometry rather
than WM, given the lack of relevant studies. Neural correlates of
WM in the frontostriatal circuitry implicated in trait impulsivity could
be elaborated through a well-rounded meta-analysis as more DTI stud-
ies emerge. Besides, our meta-analysis included only VBM studies.
Regarding the limited number of whole-brain studies with SBM metrics
(e.g., CTh) in healthy individuals, the prerequisite of a SBM meta-
analysis is not available. Nevertheless, we summarized the findings of
SBM studies on trait impulsivity in the systematic review. Although
GMV is determined by CTh and SA together and may reflect their
properties (Winkler et al., 2010), SBM parameters are distinct with
unique developmental trajectories (Wierenga, Langen, Oranje, &
Durston, 2014). Further investigation of impulsivity-related surface-
based features remains an area where more work is needed. Finally, the
funnel plot illustrated that publication bias existed within a reasonable
boundary, but Egger's test detected bias in one cluster. Publication bias
is nearly inescapable since we could not include unpublished findings,
although we made efforts to embrace null findings. In addition, since
raw images were not accessible, a voxel-wise meta-analysis may be less
accurate than direct image-based studies (Radua & Mataix-Cols, 2012).
However, compared with image-based meta-analysis, a coordinate-
based voxel-wise AES-SDM meta-analysis allows for the expansion of
the inclusive examination of diverse studies to obtain a more compre-
hensive conclusion (Radua et al., 2014; Radua & Mataix-Cols, 2012).

6 | CONCLUSIONS AND FUTURE
DIRECTIONS

Taken together, our findings based on a systematic review and meta-anal-
ysis, for the first time provide an integrated depiction of brain GM mor-
phometry underlying trait impulsivity in healthy individuals revealing its
unique neurostructural substrates. Age and gender may play modulatory
roles in the neural bases of trait impulsivity that merit much more exten-
sive examination. More studies are needed to examine similarities and dif-
ferences of brain behavior relations with regard to trait impulsivity in
community and clinical populations. In addition, our study may advance
the understanding of “psychoradiology" (https://radiopaedia.org/articles/
psychoradiology) (Gong, 2020), the application of clinical imaging to both
psychiatry and psychology, and aid in the clinical diagnosis of and inter-
vention for impulsivity-related disorders (Lui et al., 2016; Sun et al., 2018).
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