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Abstract

Approach and avoidance represent two fundamental behavioral traits that develop early in life. 

Previous studies have examined the neural correlates of approach and avoidance traits in adults 

and adolescents. Here, using the data set of the Adolescent Brain Cognition Development project, 

we investigated the structural cerebral bases of behavioral activation system (BAS) and behavioral 

inhibition system (BIS) in children. We employed voxel-based morphometry to examine how gray 

matter volumes (GMV) related specifically to BAS and BIS traits in 11,542 children (5,491 girls, 

age 9 to 10 years) with 648 and 2,697 identified as monozygotic twins (MZ) and dizygotic twins/

siblings (DZ), respectively. After accounting for the BIS score, higher BAS scores (residuals) were 

positively correlated with the GMV of the ventral striatum (VS), and the correlation was stronger 

in MZ than in DZ and unrelated children, with a heritability (h2) of 0.8463. Higher BAS scores 

were negatively correlated with the GMV of bilateral visual, lateral orbitofrontal, temporal, and 

inferior frontal cortex, as well as the precuneus. Higher BIS (after accounting for BAS) scores 

were negatively correlated with the GMVs of the ventral caudate and bilateral putamen/pallidum, 

hypothalamus, and right anterior insula, and the correlation was stronger in MZ than in DZ and 

unrelated children, with a heritability of 0.8848. A cluster in the VS showed positive and negative 

correlation with the BAS and BIS scores, respectively. These findings suggest shared and distinct 

cerebral volumetric bases of the BAS and BIS traits in children. Whereas both traits have a strong 

genetic basis, the BAS relative to BIS appears to be more amenable to environmental influences. 

These findings add to the literature of developmental neuroscience and may help identify genetic 

risk factors of externalizing and internalizing psychopathology.
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1. Introduction

The development and formation of approach and avoidance traits in childhood is 

fundamental to individual differences in motivated behaviors and emotional experiences 

later in life. Major theories of personality and temperament have converged on the 

Behavioral Approach System (BAS) and the Behavioral Inhibition System (BIS) (Fowles, 

1980; Gray, 1990; Elliot and Thrash, 2002). The BAS mediates responses to positive 

reinforcement to promote reward-seeking actions whereas the BIS responds to potentially 

aversive stimuli to inhibit behaviors that could lead to harmful outcomes. An over-active 

BAS has been associated with increased risks for impulse control, substance use, and 

attention-deficit/hyperactivity disorders (van den Berg et al., 2011; Becker et al., 2013; Park 

et al., 2013). Extreme BIS sensitivity, on the other hand, is linked to the development of 

anxiety disorders, depression, and psychosomatic illnesses (Vervoort et al., 2010; Sportel et 

al., 2011; Gudiño, 2013).

The neural bases of the BAS and BIS remain a topic of ongoing research. Functional 

imaging studies have employed a variety of paradigms to characterize the neural correlates 

of BAS and BIS traits (Reuter et al., 2004; Gray et al., 2005; Kennis et al., 2013; Fourie et 

al., 2014). For instance, individual BAS and BIS traits were each positively and negatively 

correlated with activation of the ventral striatum during receipt of reward in the monetary 

incentive delay task (Simon et al., 2010). Studies of adults have also suggested structural 

correlates of individual differences in BAS and BIS related traits. For instance, the BIS traits 

such as harm avoidance, behavioral inhibition, and punishment sensitivity showed a negative 

relationship with the gray matter volume (GMV) of the hippocampus (Yamasue et al., 2007), 

medial orbitofrontal cortex (Fuentes et al., 2012), and amygdala (Barros-Loscertales et al., 

2006a), respectively. BAS traits, including novelty seeking, impulsivity, and reward 

sensitivity, were associated with higher GMV of the posterior cingulate areas (Gardini et al., 

2009), and lower GMV of the dorsomedial prefrontal cortex (Muhlert and Lawrence, 2015) 

and superior frontal gyrus (Barros-Loscertales et al., 2006b), respectively. In studies of 

children and adolescents, a decline in reward sensitivity was noted in combination with a 

decrease in left nucleus accumbens GMV from the late teens to early twenties (Urosevic et 

al., 2012). Furthermore, females but not males experienced increases in sensitivity to threat, 

a change predicted by individual differences in the GMV of lateral orbitofrontal cortex at 

baseline. Together, the studies are consistent with the roles of a wide array of cortical and 

subcortical circuits in cognitive and emotional control and in the development of BAS and 

BIS traits (Ridderinkhof et al., 2004; Etkin et al., 2011; Kennis et al., 2013).

These previous findings demonstrate anatomical brain markers of BAS and BIS dispositions 

in adults and adolescents. On the other hand, studies focusing specifically on younger 

childhood, when BAS/BIS traits are in the formative stage, are sparse. Further, it is known 

that the imaging findings may also reflect the consequences of BAS/BIS traits, such as 
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substance and alcohol use, in adolescents and adults (Krmpotich et al., 2013; Kim-Spoon et 

al., 2016; Yamamoto et al., 2017). Thus, it is important to investigate the neural correlates in 

children for whom the environmental influences are less prominent.

In the current study, we examined this issue using a large data set of children, 9 to 10 year 

old, collected of the National Institutes of Health’s Adolescent Brain Cognition 

Development (ABCD) project. We employed voxel-based morphometry (VBM) analysis to 

identify the structural correlates of BAS and BIS traits, as assessed by the Youth Behavioral 

Inhibition/Behavioral Approach System Scales (BIS/BAS), an version of BIS/BAS scale 

adapted for children (Pagliaccio et al., 2016). Previous studies have reported sex differences 

in the BAS and BIS traits as well as the neural bases of the sex differences (Li et al., 2014; 

Dragan et al., 2019). Thus, we examined the data both for boys and girls together and 

separately. Finally, the ABCD data comprised approximately 5.6% of monozygotic twins 

and 23.4% of dizygotic twins or siblings. We computed the heritability (h2) for BAS/BIS 

traits and the structural correlates identified from VBM, and examined to what extent these 

structural brain markers are determined by genetic and environmental factors.

2. Methods

2.1. Dataset

The ABCD study, funded by the NIH, is dedicated to the long-term investigation of brain 

development and child health in the United States (Bjork et al., 2017). The ABCD research 

consortium consists of a Coordinating Center (CC), a Data Analysis and Informatics Center 

(DAIC), and 21 research sites across the country. Children ages 9-10 years are invited to 

participate in the study with baseline and follow-up assessments over a period of 10 years. 

The ABCD CC, DAIC, and consortium workgroups have established standardized 

assessments of physical and mental health, neurocognition, substance use, culture and 

environment, as well as multimodal structural and functional imaging and bioassays 

protocols (https://abcdstudy.org/). Structural magnetic resonance imaging (MRI) data were 

acquired using optimized protocol for 3T machines (including Siemens Prisma, GE 750 and 

Philips) with voxel size of 1 mm isotropic (Casey et al., 2018).

We focused on a sample of 11,542 subjects (5,491 girls) obtained from the ABCD Project, 

Release 2. We only considered subjects for which raw structural images were available. The 

original cohort comprised 11,601 children; however, 59 subjects were not included in the 

current study because of questionable image quality and/or poor image segmentation (see 

below).

2.2 Assessments

The ABCD Youth BIS/BAS scales consisted of seven (#1-7) and thirteen (#8-20) items for 

BIS and BAS scores, respectively (Pagliaccio et al., 2016). One item (#5) of the BIS scale 

meant to be reverse-scored was excluded because that was the only “negative” question and 

children may not understand the question correctly amidst other items. This modified 

version shortens the BIS/BAS Reward Responsiveness subscales and includes the BAS 

“Fun” known to be a reliable predictor of substance misuse (Barch et al., 2018). The BAS 
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signals a range of positive reinforcements and emotions and facilitates reward seeking 

behavior (Kambouropoulos and Staiger, 2001; Hamilton et al., 2012; Studer et al., 2016), 

and the BIS responds to salient stimuli associated with punishment by inhibiting ongoing 

behavior; i.e., to avoidance to mitigate harm (Gray, 1982).

2.3 Voxel-based morphometry (VBM)

Quality check of images was performed visually and quantitatively with the options 

“Display slices” and “Check sample homogeneity” in CAT12 toolbox (Gaser, 2016). A total 

of 29 subjects presented clearly faulty segmentation of brain tissues, and were removed from 

the group analyses. The faulty segmentation likely resulted from poor contrast or artifact of 

the structural images or abnormal brain shapes. Additionally, 30 subjects with a mean 

correlation < 0.70, suggesting higher variance of the grey matter densities, were also 

removed.

We implemented VBM to quantify the gray matter volume (GMV) of regions identified 

from high resolution T1-weighted images with the CAT12 toolbox (). VBM analysis 

identifies differences in the local composition of brain tissue, accounting for large-scale 

variation in gross anatomy and location. The analysis includes spatially normalizing 

individuals’ structural images to the same stereotactic space, segmenting the normalized 

images into distinct brain tissues, and smoothing the gray matter (GM) images. We used the 

raw images to avoid potential interference with the CAT12 preprocessing pipeline. T1-

images were first co-registered to the MNI template space using a multiple-stage affine 

transformation during which the 12 parameters were estimated. Co-registration was 

performed with a coarse affine registration using mean square differences, followed by a fine 

affine registration using mutual information. Coefficients of the basis functions that 

minimize the residual squared difference (between individual image and the template) were 

estimated. Tissue probability maps constructed from 452 healthy subjects were used in 

affine transformation, and affine regularization was performed with the International 

Consortium for Brain Mapping (ICBM) template space. T1 images were then corrected for 

intensity bias field and a local means denoising filter and segmented into cerebrospinal fluid, 

gray, and white matter. Segmented and the initially registered tissue class maps were 

normalized using DARTEL (Ashburner, 2007), a fast diffeomorphic image registration 

algorithm of SPM. As a high-dimensional non-linear spatial normalization method, 

DARTEL generates mathematically consistent inverse spatial transformations. We used the 

standard DARTEL template in MNI space, constructed from 555 healthy subjects of the IXI-

database (http://www.brain-development.org/), to drive the DARTEL normalization. Skull-

stripping and final clean up (to remove remaining meninges and correct for volume effects in 

some regions) were performed with default parameters. Normalized GM maps were 

modulated to obtain the absolute volume of GM tissue corrected for individual brain sizes. 

Finally, the GM maps were smoothed by convolving with an isotropic Gaussian kernel 

(FWHM = 8mm).

In group analyses we performed a multiple regression of the GMVs of the whole brain 

against BAS and BIS scores, separately and with age (in months), intracranial volume and 

scanner manufacturer/model as a covariates, for the entire sample as well as for girls and 
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boys separately. Because the BAS and BIS scores were highly correlated (see Results), we 

also performed whole-brain regression with the BAS and BIS residual scores – that is, with 

BAS residuals after regressing out the BIS score, and vice versa – again with age as a 

covariate, in order to identify volumetric correlates each specific to the BAS and BIS. All 

analyses were first evaluated with a voxel p < 0.05 corrected for family-wise error (FWE) of 

multiple comparisons, on the basis of Gaussian random field theory as implemented in the 

SPM. If there were no significant findings, we employed voxel p<0.001, uncorrected in 

combination with a cluster p<0.05 FWE-corrected to evaluate the multiple regressions. 

Clusters were overlaid on an unbiased pediatric standard MRI template obtained from 324 

healthy children (Fonov et al., 2011). In this atlas, T1 weighted MRI data were warped into 

the MNI stereotaxic space using minctracc (Collins et al., 1994) by age-based subgroups 

using an iterative nonlinear coregistration algorithm (Fonov et al., 2009). Specifically, we 

used the asymmetric template MINC1 (10 to 14 years old; http://nist.mni.mcgill.ca/?p=974.)

In addition to the T maps, effect size maps were computed using tools available in CAT12, 

by approximating Cohen’s d (Cohen, 1988) from the t-statistics using the expression 

d = 2t
df  as employed in (Kleber et al., 2016). The effect sizes of two sample t-tests were 

computed according the equivalence d = t 1
n1

+ 1
n2

 given the sample sizes n1 and n2 of the 

two groups (Lakens, 2013). Custom computations were implemented in Matlab and verified 

with the equivalent effect size Hedge’s g calculated using the MES toolbox (https://

github.com/hhentschke/measures-of-effect-size-toolbox) (Hentschke and Stuttgen, 2011).

2.4 Heritability of BAS and BIS traits and volumetric correlates

In the current sample of 11,542 children, 648 and 2,697 were identified as monozygotic 

twins (MZ) and dizygotic twins/siblings (DZ), respectively. We examined how MZ, DZ, and 

unrelated individuals may differ in the correlation of BAS/BIS residual scores and of 

volumetric correlates of BAS/BIS residual scores. To this end, we computed the Pearson 

correlation of BAS/BIS residual scores as well as the trait-related GMVs of MZ and DZ 

pairs. For unrelated individuals, we randomly sampled pair of subjects without replacement 

and computed the correlations. Confidence intervals were obtained by repeating the 

procedure 100 times. For each of these trait and volumetric measures, we performed slope 

tests (Zar, 1999) to examine differences in the correlations.

Further, for BAS and BIS residual scores as well as their volumetric correlates, we computed 

the heritability, shared environmental influence, and unique environmental influence 

(Visscher et al., 2006; Visscher et al., 2008), as follows:

Heritability ℎ2 = 2∗(r[MZ] − r[DZ ∕ siblings]);

Shared Environmental variancec2 = r(DZ/siblings) − (1 ∕ 2)∗ℎ2;
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Unique environmental variancee2 = 1 − r(MZ),

where h2, c2, and e2 quantifies the fraction of phenotype variability attributed to genetic 

variation, common environmental influence, and unique environmental influence, 

respectively.

The data of identical or monozygotic twins (MZ) and fraternal or dizygotic twins (DZ) 

allowed us to examine the genetic and environmental influences on BAS/BIS traits, and their 

volumetric correlates. The univariate genetic or ACE model decomposes the observed 

variance into three categories: the additive genetic factors (A) known as heritability, the 

shared (common) environmental factors (C), and the unique (non-shared) environmental 

factors (E), in addition to the measurement error (Kohler et al., 2011). In the model, the 

correlation between the twin pair for the additive genetic variance is set to 1.0 and 0.5 for the 

MZ and DZ because 100% and 50% of their genes are shared, respectively. The correlation 

between the twin pair for the shared environmental variance is set to 1.0 for both the MZ and 

DZ twins because the common environment has the same influence on the twin pair. Finally, 

the correlation between the twin pair for the unique environmental variance is set to 0. The 

variance-covariance matrices with the MZ and DZ are used to estimate the contributions of 

the A, C, and E factors (Rijsdijk and Sham, 2002).

3. Results

3.1 BAS and BIS scores

Boys and girls were significantly different in BIS and BAS scores. Girls presented higher 

BIS score than boys (7.52 ± 3.66 vs. 7.05 ± 3.59; t = 6.93, Cohen’s d = 0.129, p= 4.33e-12, 

two-tailed two sample t-test). In contrast, girls demonstrated lower BAS score than boys 

(20.22 ± 6.85 vs. 21.35 ± 6.90; t = - 8.82, Cohen’s d = - 0.164, p= 1.36e-18). Additionally, 

BIS and BAS scores were significantly correlated across all groups (all: r= 0.363, p= 

1.77e-307; girls: r= 0.368, p= 5.31e-173; boys: r= 0.354 and p= 3.29e-174, Pearson 

regression). This correlation may reflect shared intensity of BAS and BIS traits.

3.2 GMV correlates of BAS residual scores

Overall, brain regions with GMVs in correlation with BAS and BIS scores (Supplementary 

Figures S1 and S2) and those in correlation with BAS and BIS residual scores (Figure 1 and 

Figure 2) were similar. Thus, we report the results from the regressions with BAS/BIS 

residuals, which would reflect the GMV correlates specific to the BAS and BIS.

Regions with GMVs that correlated positively with the BAS residuals were localized in a 

cluster in the ventral striatum (VS) extending to the subcallosal gyrus, another cluster in the 

cerebellar vermis, and two small clusters in bilateral parahippocampal gyri in boys and girls 

combined. The analyses of boys and girls alone did not show any brain regions with GMVs 

that correlated positively with the BAS residuals. For boys and girls combined, regions with 

GMVs that correlated negatively with the BAS residuals were identified in bilateral visual 

cortex, including the calcarine sulci and middle occipital gyrus, precuneus, bilateral lateral 
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orbitofrontal cortex (OFC), inferior frontal cortex, middle/inferior temporal cortex and the 

right cerebellum. Boys and girls examined separately likewise showed some of these 

volumetric correlates but also involved brain regions that appeared distinct to each sex. In 

girls alone, bilateral amygdala and hippocampal gyri also showed GMVs in negative 

correlation with BAS residuals. In boys alone, the ventromedial prefrontal cortex (vmPFC) 

showed GMVs in negative correlation with BAS residuals. The clusters are summarized in 

Supplementary Table S1.

To examine potential sex differences, we used exclusive masking of the volumetric 

correlates. That is, for girls, we showed clusters by excluding the voxels observed for boys 

and vice versa. These “girl- and boy-specific” clusters are shown in pink and light green, 

respectively, in Supplementary Figure S3. Further, we combined these clusters into girl and 

boy specific ROI and extract the GMVs of these ROIs. We then performed a slope test (Zar, 

1999) to examine sex differences in the linear regression of these GMVs against BAS 

residual scores. The results showed that girls and boys did not differ significantly in either 

regression (girl “specific” ROI: t=1.502, d = 0.028, p=0.133; boy “specific” ROI: t=1.501, d 

= 0.028, p=0.133). In addition to focusing on an ROI that combined all clusters, we 

performed the same analyses on bilateral amygdala and vmPFC – that each appeared to be 

girl and boy specific. The results of slope test similarly showed no significant sex differences 

(amygdala: t=0.739, d = 0.014, p=0.460; vmPFC: t=1.148, d = 0.021, p=0.251).

3.3 GMV correlates of BIS residual scores

For the GMV correlates of BIS residual scores, no voxels showed significant correlations at 

voxel p<0.05, FWE-corrected. Thus, we examined the results at voxel p<0.001 uncorrected, 

in combination with cluster p<0.05, FWE-corrected. In girls and boys combined, BIS 

residual scores were negatively correlated with the GMV of bilateral ventral caudate and 

putamen, hypothalamus, right anterior insula, and a cluster in the cerebellar vermis (Figure 

2). Although girls and boys combined did not show voxels in positive correlation with the 

BIS residual scores, girls and boys examined separately showed a few clusters in correlation 

(Supplementary Figure S4). The clusters are summarized in Supplementary Table S2.

3.4 Shared correlates of the BAS and BIS

Notably, a cluster in the VS showed both a positive correlation with the BAS residuals (r = 

0.05, p = 9.29e-07) and a negative correlation with the BIS residuals (r = −0.04, p = 

3.29e-06), in girls and boys combined (insets, Figure 1 and 2). Another cluster in the 

cerebellar vermis also showed both a positive correlation with the BAS residuals (r = 0.04, p 

= 1.79e-05) and a negative correlation with the BIS residuals (r = - 0.04, p = 4.13e-06), in 

girls and boys combined. For both the VS and cerebellum clusters, the correlation of GMV 

with BAS vs. with BIS were significant in slope tests (VS: t= 6.40, p=1.54e-10; cerebellum: 

t=6.07, p= 1.26e-09) (Supplementary Figure S5).

3.5 Heritability of BAS/BIS residual scores and volumetric correlates

Of the 11,542 children, 648 and 2,697 were identified as monozygotic twins (MZ) and 

dizygotic twins/siblings (DZ), respectively. Thus, we performed an analysis to examine 

whether the BAS/BIS scores as well as the volumetric correlates are more significantly 
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related in MZ, as compared to DZ and unrelated individuals (UR), and in DZ as compared to 

UR. To this end, we computed the correlation each for the BAS/BIS residual scores as well 

as the volumetric correlates for the MZ and DZ pairs. For the UR, pairs of children were 

randomly constructed by shuffling and splitting the sample into halves. This procedure was 

repeated 100 times, and mean regression lines were computed. For the correlations in MZ 

and DZ pairs, 95% confidence intervals were also calculated. We then performed slope tests, 

pair-wise, to examine the differences between MZ, DZ and UR.

The results are shown in Figure 3 and Figure 4. Overall, for the BAS/BIS residual scores and 

the volumetric correlates, the correlations were stronger in MZ than in DZ and UR as well as 

in DZ than in UR. Supplementary Table S3 and S4 summarizes the statistics of slope tests.

We computed the h2, c2 and e2 for the BAS residual scores, BIS residual scores, as well as 

the volumetric correlates of the BAS and BIS residual scores (Table 1). The results showed 

an h2 ~0.2 and e2 >0.7 for BAS residual scores, and an h2 ~0.15 and e2 >0.7 for BIS residual 

scores for the entire sample, suggesting that BAS and BIS residual scores were largely 

determined by unique environmental influences. In contrast, the GMV correlates ranged 

from 0.71 to 0.88 in h2 and 0.08 to 0.15 in e2 for the entire sample, suggesting that the 

volumetric markers were determined mostly by heritable factors. The shared volumetric 

correlate in the VS demonstrated an h2 of 0.8463. Further, the h2 (~0.88) of BIS GMV 

correlates was higher than the h2 (~0.71 to 0.76) of BAS GMV correlates in girls and boys 

combined, suggesting that the BAS may be more amenable to the influences of 

environmental factors, relative to the BIS.

In the interest of understanding how the h2 of the BAS/BIS volumetric correlates compared 

to those of other brain regions, we have computed the h2 for the whole-brain mask (h2 

=0.8381) as well as for each one of the 116 masks available from the Automated Anatomical 

Labeling atlas (h2 = 0.7562 ± 0.0814, min=0.5137, max=0.9696). The BAS residual+, BAS 

residual- and BIS residual- GMV correlates each showed an h2 of 0.7612, 0.7128, and 

0.8848, ranking at 53th, 23th, and 95th percentile, respectively. These results suggest that 

these GMV correlates of BIS but not BAS traits were more heritably than most brain regions 

as identified by the AAL atlas and that BIS correlates were more heritable than BAS 

correlates.

4. Discussion

The current results showed that the GMVs of a cluster in ventral striatum (VS) extending to 

the subcallosal gyrus were positively correlated with BAS scores in the entire cohort. BAS 

scores were negatively correlated with the GMVs in bilateral visual, lateral orbitofrontal, 

temporal, and inferior frontal cortex, as well as the precuneus. Although girls and boys 

appeared to demonstrate distinct volumetric markers of BAS when examined separately, the 

GMVs of these “sex-specific” regions did not show correlations with the BAS scores 

differently between girls and boys. In girls and boys combined, BIS residual scores were 

negatively correlated with the GMV of bilateral ventral caudate and putamen, hypothalamus, 

and right anterior insula. Importantly, the GMV of a cluster in the VS and in the cerebellar 

vermis showed both positive correlation with the BAS scores and negative correlation with 
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the BIS scores in girls and boys combined, indicating a shared correlate of approach and 

avoidance traits. These volumetric correlates are heritable, suggesting an important role of 

genetics in determining approach and avoidance dispositions in children.

4.1 Shared BAS and BIS correlates in the ventral striatum (VS) and cerebellar vermis

The VS is best known as a hub of the reward circuit. Receiving dense dopaminergic 

projections from the midbrain, the VS responds to rewarding stimuli (Daniel and Pollmann, 

2014; Van de Steen et al., 2020) and reward prediction error (Chase et al., 2015). The latter 

suggests that the VS may respond broadly to saliency and not just to reward (Hayes et al., 

2014). Indeed, VS activation to rewarding stimuli depends on their saliency (Zink et al., 

2004). A number of studies have also demonstrated VS response to salient but punishing 

stimuli, including exposure to fearful stimuli (de Haan et al., 2018), behaviorally relevant 

distractors (Zink et al., 2003) and noxious thermal stimulation (Becerra et al., 2001). VS 

response to reward or other salient stimuli varies with personality traits. For instance, 

individual differences in reward sensitivity were positively associated with VS response to 

reward receipt during reinforcement learning (Kim et al., 2015). VS responses to monetary 

wins and losses may depend on early-life experiences that shape behavioral dispositions 

(Luking et al., 2018). Together, the VS shows strong activations to rewarding stimuli, 

typically highly salient, as well as negative stimuli that are behaviorally salient. Studies are 

needed specifically to examine how individuals with different BAS and BIS traits may vary 

in VS responses to reward and punishment.

In addition to these functional studies, structural imaging has also demonstrated variation of 

the VS GMV in association with personality traits, but the results are less than consistent. 

For instance, behavioral impulsivity has been associated with smaller putamen (Cho et al., 

2013), larger caudate (Tschernegg et al., 2015), and larger VS volumes in adolescents 

(Mackey et al., 2017), whereas another study failed to demonstrate an association between 

impulsivity and striatal GMV in adults (Caravaggio et al., 2018). For BIS traits, studies of 

adults likewise exhibited heterogeneity in findings. An earlier review revealed GMV of a 

number of brain regions, including the medial OFC and amygdala in healthy individuals 

scoring higher on negative emotionality traits, but did not implicate the VS (Mincic, 2015). 

Notably, these studies focused on adolescents or adults, comprised a small sample size, and 

involved different instruments in assessing impulsivity.

The current findings demonstrated VS volume as a shared correlates of BAS and BIS in 

children. Larger VS volume is associated with both higher BAS and lower BIS scores. 

Importantly, this neural marker is evident in children 9 to 10 years of age, suggesting that the 

variation in VS volume most likely reflect the predisposition to approach and avoidance 

behavior rather than reflect the consequences of these behaviors at this early stage of life. 

Indeed, the analysis of heritability showed that this volumetric trait is highly heritable with 

an h2 of 0.8463 in girls and boys combined (ranking at the 88th percentile, as compared to 

the 116 AAL regions), 0.6734 in girls and 0.6773 in boys. These findings in children do not 

mirror those in studies of adults, suggesting a significant role of environmental influences in 

shaping cerebral structures across the life span.
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Although the cerebellum has received much less attention than the VS in the imaging 

literature, evidence has accumulated to implicate cerebellar processes in reward-related 

behavior (Wagner and Luo, 2020). In particular, recent studies have characterized cerebellar 

neuronal responses to prediction errors beyond cognitive motor control, suggesting a broader 

role of the cortical-cerebellar circuit to support motivated behavior (Hull, 2020). The 

extensive anatomical connections between the cerebellum and limbic circuits, including the 

hypothalamus, also suggested its importance in emotional processing and motivated 

behavior (Benagiano et al., 2018). On the other hand, although imaging studies have 

described cerebellar dysfunction in various clinical conditions involving externalizing and 

internalizing psychopathology (Moulton et al., 2014; Schutter, 2016), none to our knowledge 

have implicated the cerebellum in BAS or BIS traits in neurotypical populations. It is 

notable that the cerebellar cluster with GMV in positive and negative correlation each with 

the BAS and BIS trait was located in the anterior vermis, the “spinocerebellum” best known 

for its role in motor control. It remains to be seen how this cerebellar structure partake in 

reward-based behavioral control and how individual differences in BAS/BIS traits may be 

reflected in the cerebellar vermis during these behavioral contingencies.

4.2 Distinct volumetric correlates of the BAS and BIS

The BAS and BIS are also associated with distinct volumetric findings. The brain areas 

showing less GMVs in association with higher BAS scores include the visual cortex, 

bilateral lateral OFC (lOFC), bilateral but predominantly right inferior frontal cortex, and 

bilateral middle/inferior temporal cortex, in girls and boys combined. Higher BIS scores are 

specifically associated with lower GMVs of bilateral putamen, the hypothalamus, and right 

anterior insula. We will not attempt to offer post-hoc account of all of the associations. 

However, some of these findings can be considered with earlier functional imaging or lesion 

studies. For instance, the lOFC is known to process negatively valenced stimuli (Fujiwara et 

al., 2008; Rich and Wallis, 2014; Yan et al., 2016; Dugre et al., 2018). The putamen is a 

subcortical hub of the cognitive motor circuit. With extensive connections to motor, 

premotor, and supplementary motor cortex (Zhang et al., 2012), the putamen supports a wide 

range of cognitive and affective operations (Li, 2000; Hu and Li, 2012) and goal-directed 

actions (Ena et al., 2011; Schultz, 2016). Likewise, receiving heavy dopaminergic 

projections from the midbrain, the hypothalamus is implicated in a wide range of motivated 

behavior, including feeding, mating as well as “flight or fight” response (Zhang et al., 2018). 

Thus, lower lOFC and putamen/hypothalamus volume may reflect less efficient processing 

of negative information and a propensity to withdraw from goal-directed actions in 

individuals high on BAS and BIS traits, respectively.

These findings in children do not appear to mirror those reported in VBM studies of adults. 

For instance, combining brain imaging and a delay discounting task, a study demonstrated a 

positive correlation between the GMV of the right caudate head and a stronger tendency to 

discount future reward, a BAS correlate, in young adults (Tschernegg et al., 2015). A recent 

work reported a negative relationship between the striatal volume and reward sensitivity, as 

assessed by the Sensitivity to Punishment and Sensitivity to Reward Questionnaire 

(SPSRQ), though only for male participants (Adrian-Ventura et al., 2019). Another VBM 

study of 400 healthy young adults showed that punishment sensitivity, as assessed with the 
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SPSRQ, correlated positively with the GMV in the amygdala (Adrian-Ventura et al., 2019). 

An earlier review revealed lower GMV in the medial OFC (mOFC) and higher GMV in the 

left amygdala/anterior parahippocampal gyrus in healthy adults scoring high on negative 

emotionality traits (Mincic, 2015). Notably, although we did not observe variation of GMV 

in the mOFC and amygdala in link with BIS scores, girls and boys with higher BAS score 

demonstrated reduction of GMV in the amygdala and mOFC, respectively. The amygdala 

mOFC circuit is central to emotional regulation and likely amenable to the influences of 

many environmental factors (Diekhof et al., 2011; Hiser and Koenigs, 2018; Andrewes and 

Jenkins, 2019). Amygdalar functional connectivity varies significantly with age from early 

childhood to late adulthood (Xiao et al., 2018). Further, the amygdala interacts with 

subregions of the vmPFC in processing positive vs. negative emotions (Xiao et al., 2018; 

Yang et al., 2020). Thus, in order to meaningfully compare the findings across the life span, 

one would have to carefully consider not only age and sex of the study populations but also 

the instruments as well as anatomical or functional subareas of a brain region.

4.3 Sex differences

With a similar sample size and range of BAS and BIS scores, girls relative to boys showed 

higher BIS scores and, conversely, lower BAS scores. However, of the brain regions we 

identified and with consideration of multiple comparisons, none appear to show significant 

sex differences in the correlation with BAS or BIS scores, on the basis of slope tests. These 

findings suggest that girls and boys of 9 to 10 years old did not demonstrate significant sex-

specific volumetric correlates of the BAS and BIS, despite differentiable subjective reports 

of behavioral tendency.

On the other hand, previous studies have associated BAS/BIS-related traits with specific 

brain correlates in either men or women only (Blankstein et al., 2009; Forsman et al., 2012; 

Hakamata et al., 2009; Yamasue et al., 2008). Higher GMV of the superior temporal gyrus 

was associated with novelty seeking in female but not male adults (Stam et al., 2019). As 

discussed earlier, a recent VBM study of healthy young adults showed a negative 

relationship between the striatal volume and reward sensitivity for male but not female 

participants (Adrian-Ventura et al., 2019). While the neural mechanisms underlying the 

development of such sex differences remain to be elucidated, girls and boys exhibit distinct 

trajectories in brain development during late childhood. From 7 to 17 years of age, boys as 

compared to girls showed faster dendritic pruning and greater white matter volume gains 

(De Bellis et al., 2001). Girls peaked in GMV 1-2 years earlier than boys (Lenroot et al., 

2007). Further, anatomical connections may be optimized for within- and inter- hemispheric 

communications during development in boys and girls, respectively (Ingalhalikar et al., 

2014). More studies clearly are warranted to understand the developmental neural processes 

of sex-specific cognitive and emotional characteristics (Cohn, 1991; Chaplin and Aldao, 

2013).

Finally, some studies have suggested a stronger relationship between neurobiological 

correlates and personality traits in girls whereas environmental factors may contribute more 

significantly to personality in boys. For instance, BAS-related behaviors such as 

psychopathy and substance misuse have been shown to be modulated by environmental 
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variables to a greater degree in boys than girls (Hicks et al., 2012; Schulte et al., 2009). In 

contrast, genetics plays a small but more influential role in aggression in girls relative to 

boys (Hudziak et al., 2003). Here, the heritability (h2) computed for BAS and BIS scores or 

the girls’ and boys’ volumetric correlates were very similar between girls and boys. It is 

possible that, as the children continue to grow, we may be able to see more differential 

influences of genetic and environmental factors of these personality and neural markers. 

Study of future releases of the ABCD data will help in elucidating these issues.

4.4 An overview of the heritability of neural correlates

The examination of the heritability of the BAS/BIS traits and their underlying neural 

substrates may enhance the understanding of individual differences in the BAS/BIS traits. In 

the combined sample, the h2 of the volumetric correlates of BIS and BAS traits ranged from 

0.71 to 0.88, far higher than the trait BAS and BIS measures.

Further, based on the distribution of h2 (0.7562±0.0814) across the 116 AAL brain regions, 

the volumetric correlates of BIS ranked at 95th percentile, in contrast to 83th percentile of the 

whole intracranial volume. These findings together suggest high heritability, particularly for 

the BIS volumetric correlates, of these structural neural markers.

Previous studies showed that the BIS traits are weakly-to-highly heritable (19 to 62%) in the 

adolescents and moderately-to-highly heritable (38-62%) in the adults (Seroczynski et al., 

1999; Takahashi et al., 2007; Zheng et al., 2019). In comparison, the heritability of the BIS 

traits in the children of the current study appears lower (16%), suggesting that the BIS trait 

may become more heritable across development from childhood to adulthood. This 

developmental trend of heritability has also been observed for cognitive abilities (Haworth et 

al., 2010; Briley and Tucker-Drob, 2013; Chen et al., 2020), and gene-environment 

interaction may contribute to the amplified genetic influences (Briley and Tucker-Drob, 

2013; Tucker-Drob et al., 2013). Specifically, genetic factors may have positive influences 

on the environmental factors provided by parents, teachers, and peers which in turn leads to 

the longitudinal increase of the heritability. Relatively few studies have examined the 

heritability of the BAS traits, and earlier work showed that the BAS traits were less heritable 

(17-21%) compared to the BIS traits in adults (Takahashi et al., 2007). It remains to be seen 

whether the heritability of BAS traits would follow the same longitudinal patterns, 

increasing across the life span.

In the current study, the neural correlates of the BAS/BIS traits (h2
neural ~ 71-88%) showed 

higher heritability than the clinical scores (h2
traits ~ 16-23%). This finding does not appear to 

be consistent with those reported of fluid intelligence, working memory, and risk-taking in 

adults. Adults showed high heritability of both fluid intelligence scores (70-80%) (Brouwer 

et al., 2014) and the gray/white matter volumetric correlates of fluid intelligence (~80%) 

(Posthuma et al., 2002; Hulshoff Pol et al., 2006). Likewise, adults showed comparable 

heritability in working memory performance (44-57%), task-related brain responses 

(40-65%), and related gray matter density (48-62%) (Posthuma et al., 2003; Karlsgodt et al., 

2010; Blokland et al., 2011). A more recent study demonstrated similar, moderate genetic 

influences for both risk-taking behavior (41-45%) and its functional correlates (29-47%) 

(Rao et al., 2018). It is not entirely clear what may account for higher h2
neural than h2

traits in 
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the current study. Children may demonstrate less reliable responses in assessment with the 

clinical questionnaires. With the longitudinal clinical and imaging data from the ABCD 

project, investigators will have the opportunity to evaluate how these psychological and 

neural metrics evolve from childhood to young adulthood and whether the heritability of 

these metrics change accordingly.

4.5 Limitations, conclusions, and future research

A few limitations need to be considered for the current study. First, the brain undergoes 

extensive “maturation” during childhood, with substantial increases in GMV, white matter 

density, and myelination (Huttenlocher, 1979; Giedd et al., 1999; Gogtay et al., 2004). 

Studies have shown structural and functional brain changes through adolescence in relation 

to approach and avoidance traits (Fareri et al., 2008; Forbes et al., 2010; Urosevic et al., 

2012; Urosevic et al., 2014; Berenbaum et al., 2015; Wierenga et al., 2018). Thus, the 

current findings from 9 and 10 years old may not generalize to the entire childhood. Studies 

of follow-up scans of the ABCD data will demonstrate how the BAS and BIS correlates 

evolve during adolescence. Second, we used an optimized adult tissue probability maps for 

the VBM analysis. Although the use of an age-specific template is recommended, the 

construction of customized DARTEL templates involves multiple issues, including the trade-

off between more vs. less deformation (as conditioned to the warping algorithm parameters) 

and modeling demographic variables vs. averaging (Wilke et al., 2017). These issues are 

non-trivial. Further, the brain of children at 7-11 years is 95% the volume of the adults’ 

(Matsuzawa et al., 2001), and the patterns of uniform scaling are overall sustained during the 

final volumetric increment, between this age and adulthood, perhaps with exceptions to the 

cerebellum and the white matter (Caviness et al., 1996). Previous studies have also shown 

the feasibility of using adult templates in pediatric studies as young as 7 years of age 

(Burgund et al., 2002; Kang et al., 2003). Nonetheless, these methodological issues may 

need to be revisited by the imaging community. Third, cerebral GMV are influenced by 

early childhood experiences (e.g., Hanson et al., 2015). The ABCD project does include data 

on these important variables and research is needed to understand how BAS and BIS traits 

vary and potentially interact with these variables in determining brain development. Fourth, 

BAS and BIS represents very broad measures of approach and avoidance tendency; thus, 

clinical or behavioral assessments that target a specific dimension of these behavioral 

dispositions are needed to fully reveal the neural phenotypes of personality systems.

In conclusion, we identified shared and distinct cerebral volumetric markers of the BAS and 

BIS in children 9 to 10 years of age. The GMV of the ventral striatum is positively and 

negatively associated with the BAS and BIS scores, respectively, in girls and boys combined. 

These neural markers are highly heritable, showing a heritability (h2) of 0.71 to 0.88, far 

higher than the BAS or BIS scores (h2 < 0.23), suggesting their importance in advancing 

genetic research of behavioral dispositions in health and illness.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
GMV correlates of BAS residual scores for girls and boys combined. One-sample t-test, 

p<0.05, FWE corrected. Color bars show voxel T values and the corresponding Cohen’s d 

scores. Warm/cool colors: positive/negative correlations. The regression for the whole 

sample showed clusters both in positive and in negative correlation with BAS residual 

scores. The inset highlights the ventral striatal and cerebellar vermis clusters in coronal and 

sagittal sections. The results for girls’ and boys’ groups are shown in Supplementary Figure 

S3. The clusters are summarized in Supplementary Table S1.
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Figure 2. 
Structural correlates of BIS residual scores for girls and boys combined. One-sample t-test, 

p<0.001, uncorrected. Color bars show voxel T values and the corresponding Cohen’s d 

scores. Warm/cool colors: positive/negative correlations. The inset shows the ventral striatal 

cluster at the same coordinates in coronal and sagittal sections as in Figure 1. The results for 

girls’ and boys’ groups are shown in Supplementary Figure S4. The clusters are summarized 

in Supplementary Table S2.
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Figure 3. 
plots the correlation each of monozygotic twins (MZ, red), dizygotic twins and siblings (DZ, 

blue) and unrelated individuals (UR, green) of (A) BAS residual score for all; (B) BAS 

residual score for girls; (C) BAS residual scores for boys; (D) BIS residual score for all; (E) 

BIS residual score for girls; (F) BIS residual scores for boys. The results of slope test of 

these regressions are shown in Supplementary Table S3. Regression lines were built using 

pairs of scores for MZ and DZ. “Subject 1” and “Subject 2” represent MZ or DZ twin pairs. 

For UR, pairs of children were randomly constructed by shuffling and splitting the sample 

into halves. This procedure was repeated 100 times, and mean regression lines were 

computed. 95% confidence intervals were calculated and are represented in the plot by 

shaded areas for MZ and DZ.
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Figure 4. 
plots the correlation each of monozygotic twins (MZ), dizygotic twins and siblings (DZ) and 

unrelated individuals (UR) of (A) BAS residual-positive GMV correlates for all; (B) BAS 

residual-negative GMV correlates for all; (C) girls’ BAS residual-negative GMV correlates; 

(D) boys’ BAS residual-negative GMV correlates; and (E) BIS residual-negative GMV 

correlates for all; (F) girls’ BIS residual-positive GMV correlates; (G) boys’ BIS residual-

positive GMV correlates. The results of slope test of these regressions are shown in 

Supplementary Table S4. Regression lines were built using pairs of average GMVs for MZ 

and DZ. “Subject 1” and “Subject 2” represent MZ or DZ twin pairs. For UR, pairs of 

children were randomly constructed by shuffling and splitting the sample into halves. This 

procedure was repeated 100 times, and mean regression lines were computed. 95% 

confidence intervals were calculated and are represented in the plot by shaded areas for MZ 

and DZ.
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Table 1.

Heritability of the BAS/BIS residual scores and the GMV correlates.

h2 c2 e2

BAS residual score

  all 0.2335 0.0317 0.7348

  girls 0.1724 0.0959 0.7317

  boys 0.1665 0.0839 0.7496

BIS residual score

  all 0.1612 0.0692 0.7697

  girls 0.1481 0.0621 0.7899

  boys 0.1273 0.0980 0.7747

GMV

  BAS residual +, all 0.7612 0.0896 0.1492

  BAS residual −, all 0.7128 0.2102 0.0770

  BAS residual −, girls 0.6603 0.2713 0.0684

  BAS residual −, boys 0.6033 0.3156 0.0811

  BIS residual −, all 0.8848 0.0083 0.1070

  BIS residual +, girls 0.5224 0.1170 0.3606

  BIS residual +, boys 0.6948 0.1551 0.1501
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