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Abstract

Objective: Behavioral inhibition (BI) is an early developing trait associated with cautiousness 

and development of clinical depression and anxiety. Little is known about the neural basis of BI 

and its predictive importance concerning risk for internalizing disorders. We looked at functional 

connectivity of the default-mode network (DMN) and salience network (SN), given their 

respective roles in self-relational and threat processing, in the risk for internalizing disorders, with 

an emphasis on determining the functional significance of these networks for BI.

Method: We used functional magnetic resonance imaging to scan, during the resting state, 

children and adolescents 8 to 17 years of age who were either at high familial risk (HR; n = 16) or 

low familial risk (LR; n = 18) for developing clinical depression and/or anxiety. Whole-brain 

DMN and SN functional connectivity were estimated for each participant and compared across 

groups. We also compared the LR and HR groups on levels of BI and anxiety, and incorporated 

these data into follow-up neurobehavioral correlation analyses.

Results: The HR group, relative to the LR group, showed significantly decreased DMN 

connectivity with the ventral striatum and bilateral sensorimotor cortices. Within the HR group, 

trait BI increased as DMN connectivity with the ventral striatum and sensorimotor cortex 

decreased. The HR and LR groups did not differ with respect to SN connectivity.

Conclusion: Our findings show, in the risk for internalizing disorders, a negative functional 

relation between brain regions supporting self-relational processes and reward prediction. These 

findings represent a potential neural substrate for behavioral inhibition in the risk for clinical 

depression and anxiety.
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Major depressive disorder (MDD) is among the leading causes of disability worldwide.1,2 

Given the substantial contribution of MDD to the global burden of disease, a great deal of 

research has focused on the etiology and pathophysiology of depression, and has implicated 

neural, genetic, and environmental factors.3–6 To better understand trajectories toward MDD 

on a developmental time-scale, significant attention has been devoted to studying the 

children without depression of adults with clinical depression.7–12 In this context, 

prospective longitudinal work has shown that the children of parents with depression are 3 

times more likely to develop a depressive or bipolar disorder than are children without a 

parent with depression.13 Moreover, having a familial history of depression opens the door 

to a broader spectrum of risk for psychopathology, with children of parents with depression 

at significantly elevated risk for developing substance use and anxiety disorders.13 

Therefore, although these children are most at risk for developing a mood disorder among 

other Axis I disorders,13 they are best understood in terms of pluripotency for internalizing 

and substance use disorders more generally.

The recognized importance of identifying risk factors for depression and anxiety has 

motivated a new generation of research comparing samples at high to low familial risk on a 

variety of biological dimensions. Neural investigations of children who have never been 

depressed who have family members with depression have typically used established 

experimental paradigms from affective neuroscience to identify neural functional 

abnormalities in young persons at elevated risk for MDD. These studies have found that 

adolescents and young adults most at risk exhibit neural responses to emotionally valenced 

stimuli similar to those that characterize adults with mood and/or anxiety disorders.14,15 

Specifically, researchers have observed, in the risk for MDD, increased response of limbic 

prefrontal cortical networks and decreased response of dorsal prefrontal cortical networks 

under conditions of negative affective challenge. For example, a recent study incorporating 

sad mood induction found greater activation of the amygdala in the risk for MDD11; another 

study of neural response to sad film clips found increased activation of the insula and right 

caudate nucleus9 in youth at high versus low risk for depression. Similarly, a recent study of 

neural response during fearful-face processing found greater amygdala and nucleus 

accumbens activation to fearful faces in children and teens at risk for MDD.7 Highlighting a 

failure of dorsal prefrontal cortical response under negative affective conditions in the risk 

for depression, another fear-processing study reported decreased response to fearful faces in 

the dorsolateral prefrontal cortex (DLPFC) in high- versus low-risk groups.10 Similarly, 

researchers examining the neural correlates of regulation of an induced sad mood reported 

decreased activation in DLPFC in high-risk participants.11

The extant research examining the functional neural substrates of familial risk for MDD 

shows a pattern of neural response in children at elevated risk for depression that is common 

with that observed in adults with depression15 and anxiety.14 In furthering our understanding 

of neural-level foundations of familial risk for developing internalizing disorders, however, it 
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is important that we incorporate knowledge of the intermediate behavioral phenotypes in the 

trajectory from familial risk for depression to the spectrum of internalizing disorders for 

which the children of parents with depression are at risk. Specifically, we propose that 

although it is important to consider the neural correspondence between risk for depression 

and MDD and clinical anxiety, it is critical that we address the more proximate objective of 

identifying links between neural function and emotional traits that are expressed abnormally 

in children at high risk—traits that could be crucial in the transition from mental health to 

mental illness. Given that higher levels of anxiety—as broadly construed—in children have 

been shown in longitudinal investigations to predict higher rates of clinically significant 

depression16 and anxiety,17 it is reasonable to investigate the neural underpinnings of 

anxious behaviors as a phenotypic link between the risk for depression and expression of 

MDD and/or clinical anxiety. Therefore, we examined, in the present investigation, the 

neural correlates of behavioral inhibition (BI) in the context of familial risk for mood and 

anxiety disorders. BI is a temperamental characteristic linked to fear-associated behaviors 

such as shyness and cautiousness18; moreover, BI has been observed reliably in infancy19,20 

and shown to be stable across childhood.21 Elevated BI has been observed in children of 

parents with MDD18 and is a risk factor for the development of clinical anxiety,22 which in 

turn is a risk factor for depression.23,24 Moreover, elevated BI directly predicts subsequent 

development of depression25; furthermore, heightened expression of this trait persists into 

and beyond the first episode of MDD.26

We examined BI in the familial risk for mood and anxiety disorders from the perspective of 

resting-state functional magnetic resonance imaging (fMRI) investigations of the brain’s 

intrinsic functional connectivity. Such investigations have consistently found correlated 

activity among distinct brain networks in a task-free context.27 To date, researchers have 

identified at least 7 networks that show distinct functions and patterns of interrelated activity.
28 In the present investigation, we compared youth at high versus low familial risk for 

internalizing disorders with respect to connectivity of 2 of the most reliably observed 

intrinsic networks: the default-mode network (DMN) and the salience network (SN). The 

DMN, comprising the ventromedial prefrontal cortex, posterior cingulate cortex, and inferior 

parietal lobe, is a postulated neural substrate for encoding and elaborating on information 

from an egocentric reference frame.29,30 Consistent with this formulation, functional 

abnormalities in the DMN have been found to be correlated with levels of self-relational, 

ruminative thinking in MDD.31,32 The SN, which comprises the amygdala and fronto-insular 

and dorsal anterior cingulate cortices, is hypothesized to subserve processing of personally 

and biologically relevant stimuli.33 Furthermore, meta-analyses of functional neuroimaging 

data have shown this network to play a significant role in depression17 and anxiety.14

Given that conceptualizations of self-relational cognition (e.g., introversion, shyness) and 

biological relevance (e.g., threat sensitivity, caution) in BI map well onto the postulated 

functions of the DMN and SN, respectively, we hypothesized that, in addition to 

documenting greater BI in youth at familial risk for depression and/or anxiety, we would 

observe significant differences between high- and low-risk groups in DMN and SN 

connectivity in limbic and sensorimotor networks necessary for motivating and executing 

behaviors. We further postulated that, within the high-risk group, the degree of DMN and 

SN connectivity in regions that show differential connectivity between groups would be 
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correlated significantly with levels of BI. More specifically, we postulated that a qualitative 

shift in the functional characteristics of these regions, as evidenced by markedly abnormal 

connectivity with the DMN and/or SN, in the high-risk group would have a unique 

association with BI in this group.

METHOD

Participants

Eighteen children and adolescents (aged 8–17 years; 9 male and 9 female) at low risk (LR), 

and 16 children and adolescents (aged 8–17 years; 8 male and 8 female) at high risk (HR) 

for developing a mood and/or anxiety disorder, participated in this study, along with their 

mothers. Figure 1 provides a flow chart depicting the recruitment and screening processes. 

Children and adolescents, regardless of familial psychiatric history, were recruited from area 

schools and then phone screened for the presence of personal psychiatric history and 

scanning contraindication. Qualifying individuals were then assessed diagnostically by a 

trained psychiatric interviewer (J.S.) using the Kiddie Schedule of Affective Disorders and 

Schizophrenia (K-SADS).34 Mothers were assessed for mental disorders via the Structured 

Clinical Interview for DSM-IV-TR (SCID).35 Corroboration of both child and mother 

diagnoses was obtained using an unstructured diagnostic interview with a psychiatrist; in all 

cases, the psychiatric interviewer and psychiatrist agreed on the diagnosis determined by the 

interviewer. Mental health histories from first-degree relatives (mother, father, siblings) and 

second-degree relatives (genetically related aunts, uncles, and grandparents) were obtained 

from mothers using the Family Interview for Genetic Studies (FIGS).36 The FIGS is a 

clinician-administered instrument for systematically collecting psychiatric data about 

relatives in family studies of psychiatric disorders. For both HR and LR participants, 

mothers provided full first-degree family histories; once HR status was determined, second-

degree histories were not acquired. Only for LR participants were second-degree histories 

investigated; this was done to ensure a “clean” family history for children and adolescents in 

the LR group. Thus, LR participants both did not meet criteria for any psychiatric disorder 

and had no first- or second-degree relative with a major psychiatric disorder. The HR 

participants also did not meet criteria for any current or past psychiatric disorder but had at 

least 1 first-degree relative with a diagnosis of MDD or bipolar disorder (BD). As mentioned 

here, we included in the group at elevated risk for MDD children and adolescents with a 

first-degree relative with either MDD or BD. We made this methodological decision based 

on the significant genetic relation between MDD and BD as revealed by data showing that 

the monozygotic twin of a proband with BD is twice as likely to have MDD as the dizygotic 

twin of a proband with BD. Importantly, in the context of the present study of familial 

depression, the dizygotic twin of a proband with BD is approximately 3 times as likely to 

have MDD as BD; this indicates that, with the exception of monozygotic twins, familial BD 

is more associated with MDD than is BD.37

Children and adolescents completed self-report versions of the Children’s Depression 

Inventory (CDI),38 the Multidimensional Anxiety Scale for Children (MASC),39,40 and the 

Behavioral Inhibition Questionnaire (BIQ).41 Importantly, in light of the relatively broad age 

range of participants included in this study, the validity and reliability of the CDI, MASC, 
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and BIQ have been established in children and adolescents from elementary through high 

school age.38,40,41 To identify any demographic and cognitive differences between LR and 

HR groups, we administered and compared groups with respect to the Pubertal Development 

Scale,42 the Wechsler Abbreviated Scale of Intelligence,43 the Hollingshead Four Factor 

Index of Social Status,44 and the Edinburgh Handedness Inventory.45

Resting-State fMRI

To identify the DMN and SN in each participant, we conducted seed-based functional 

connectivity analysis46 using DMN and SN seed regions, that is, 3 seed regions averaged 

together to calculate a single statistical map for each network, optimized for pediatric 

samples,47 on whole-head resting-state fMRI data. We de-noised the fMRI data using 

despiking and low-pass filtering algorithms available in Analysis of Functional NeuroImages 

(AFNI)48 distribution. We further corrected the fMRI data for influences of measurement 

artifacts,49 cardiac pulsatility and respiratory motion,50 and changes in respiratory rate51 and 

heart rate.52 In addition, we applied to the data (as noise regressors) translational and 

rotational motion regressors and their first derivatives, as well as regressors for unmodeled 

residual noise53 (see Figure S1, available online). Finally, we applied a censoring/scrubbing 

procedure for removing effects on fMRI signal of participant motion greater than 0.2 mm 

during a given acquisition. Supplement 1, available online, provides a full description of 

each of the procedures briefly presented here.

Comparing Intrinsic Networks Between Groups

We compared the LR and HR groups with respect to DMN and SN connectivity by 

conducting voxel-wise t tests that included age and gender as noise covariates, as opposed to 

effects of interest, given that we were underpowered to use a factorial design. Using 

AFNIS’s 3dClustSim (see Table S1, available online, for additional information) applied to a 

gray matter mask constructed from our pediatric template brain, we calculated voxelwise 

and cluster thresholds (p = .025; k = 21 voxels) to keep familywise error at αcorrected = 0.05.

Neural–Behavioral Correlation Analyses

Within each group separately, we computed correlations of BIQ and MASC scores with fit 

coefficients from regions that showed between-group differences in intrinsic network 

connectivity. While examining correlations between the neural data and BIQ scores 

extended from the study’s hypotheses, which were therefore not subject to multiple 

comparisons correction, we also computed correlations with MASC scores to investigate the 

specificity of any significant neurobehavioral correlations involving BIQ scores. Moreover, 

before conducting these separate correlation analyses, we computed the correlations between 

the BIQ and MASC to ensure that these measures were not significantly related to one 

another (see Table S2, available online). We conducted these analyses separately within each 

group to avoid identifying a correlation in the data that aliased already-identified between-

group differences. To determine the significance of computed correlations, we used a 

criterion of α = 0.05, 2-tailed, uncorrected for multiple comparisons.
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RESULTS

Demographic and Clinical Characteristics

Demographic and questionnaire data for the LR and HR groups are presented in Table 1. 

The 2 groups did not differ with respect to age, gender composition, handedness, 

intelligence, socioeconomic status, or pubertal status (all p > .10). None of the participants 

met criteria for an Axis I disorder, and the groups did not significantly differ with respect to 

levels of depressive symptomatology as indexed with the CDI (p > .10). The LR and HR 

groups differed significantly on the measures of behavioral inhibition (BIQ) and anxiety 

(MASC), with the HR group reporting significantly higher levels of behavioral inhibition 

and anxiety than did the LR group (both p < .05). In neither group did BIQ, CDI, and MASC 

scores significantly correlate with one another (all p > .10; see Table S2, available online). 

For descriptive purposes, we present in Table S3 (available online) first-degree family 

psychiatric profiles for the HR group.

Imaging Data Quality Measures

We found generally low participant motion during scanning and high temporal signal-to-

noise ratio (TSNR). Estimates of framewise displacement were 0.057 mm (standard error of 

the mean [SE] = 0.01 mm) in the HR group and 0.066 mm (SE = 0.01 mm) in the LR group. 

TSNR averaged 143.21 (SE = 35.91) in the HR group and 141.01 (SE = 33.24) in the LR 

group. The groups did not differ with respect to average framewise displacement (t32 = 

0.936, p > .10), percentage of censored TRs (t32 = 0.349, p > .10), or average TSNR (t32 = 

0.694, p > .10). For visual quality inspection, readers are directed to Figure S2, available 

online, in which we present a DMN connectivity map averaged across all participants.

Between-Group Differences in Intrinsic Network Connectivity

SN Connectivity.—We observed no significant group difference in brainwide SN 

connectivity.

DMN Connectivity.—Our comparisons of DMN connectivity maps revealed significantly 

reduced DMN connectivity in the HR relative to the LR group in the ventral striatum and 

motor and sensory regions. Specifically, the HR group showed negative connectivity with 

the DMN in a part of the right ventral striatum considered the limbic component of the 

striatum54 as well as bilateral pre- and postcentral gyri and right posterior insular cortex; 

conversely, the LR group showed positive connectivity between the DMN and these 

structures (Figure 2). In Table 2, we present the centers of mass, cluster sizes, and between-

groups effect sizes (Cohen’s d55) associated with each of these regions.

Neural Behavioral Correlations

Within the HR group alone, we found that BIQ scores were significantly correlated with 

connectivity between the DMN and right ventral striatum and right pre- and postcentral gyri 

(HR group: r14 = −0.55 and −0.67, respectively, both p < .05 (Figure 3); LR group: r16 = 

−0.29 and 0.41, respectively, both p > .10). The correlation between BIQ scores and DMN 

connectivity was significantly different between groups for the pre- and postcentral gyri (p 
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< .05) but not the ventral striatum (p > .10). MASC scores were not significantly correlated 

with DMN connectivity in any brain region within either group (all p > .10).

DISCUSSION

In the present study, we used fMRI-based intrinsic functional connectivity analysis to 

examine the neural substrates of BI in children and adolescents at familial risk for 

internalizing disorders such as depression and anxiety. As expected, although no child or 

adolescent in our study met criteria for any Axis I psychopathology, participants in the HR 

group scored significantly higher than did those in the LR group with respect to BI. 

Furthermore, in the HR group alone, we observed significant anticorrelations of DMN 

activity with activity in the right ventral striatum and bilateral sensorimotor cortices. 

Moreover, we found only in the HR group that stronger anticorrelations of DMN activity 

with activity in the right ventral striatum and right sensorimotor cortex were associated with 

higher levels of trait BI. As we detail below, these findings present an intuitive neural 

substrate for BI in the risk for internalizing disorders such as depression and anxiety.

Proposed Neural Model of BI in Risk for Depression and Anxiety

Our results implicate the DMN and ventral striatum in behavioral inhibition associated with 

familial risk for internalizing disorders. In understanding how the abnormal relation between 

these regions could constitute a neural substrate for BI in children or adolescents at risk for a 

clinically significant depressive and/or anxiety disorder, it is important to consider the 

functioning of and connectivity between these regions. First, the DMN has been 

hypothesized to undergird internally directed, stimulus-independent thinking.56 Consistent 

with this formulation, this network has been found to be active during periods of self-

reported mind wandering in experience-sampling fMRI paradigms57 Recent meta-analytic 

syntheses indicate that the composition of the stimulus-independent thought supported by 

the DMN is broad, with this system supporting autobiographical memory retrieval, theory of 

mind operations, and prospection.30 These characteristics of the DMN converge to suggest 

that this neural system supports the construction of internally represented models of current 

and past events as well as future plans and outcomes.30

In better understanding the present data, it is important to consider the role of the ventral 

striatum in guiding behavior. According to actor–critic models of striatal functioning,58 the 

ventral striatum serves as the neural substrate for generating predictions of reward and 

punishment by receiving information about the internal and external environments and then 

computing predictions about rewards or punishments associated with these stimuli. 

Furthermore, it is important to note that the ventral striatum, in its role within the limbic 

subdivision of the cortico-striatal–pallido–thalamic loop, receives input about the state of the 

internal environment from ventral prefrontal and anterior cingulate regions considered to be 

hubs of the DMN.59 Finally, it is essential to consider that although higher ventral striatum 

activity has been linked most frequently to stimulus-seeking behaviors,60 recent work from 

Levita et al. has shown that deactivation of the ventral striatum plays a significant role in 

passive avoidance behaviors associated with behavioral inhibition and anxiety.61 

Specifically, Levita et al. observed greater deactivation of the ventral striatum when 
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participants withheld a button press during scanning to avoid seeing a noxious versus a 

nonnoxious stimulus; in addition, greater ventral striatum deactivation during passive 

avoidance was found to be associated with higher levels of state anxiety.61

Based on our findings that the DMN shows an anticorrelated relation with the ventral 

striatum that predicts elevated BI in at-risk children and adolescents, and on accounts of the 

functionality of the DMN and ventral striatum presented above, we speculate that DMN-

mediated information pertinent to the internal environment is passed via cortico-striatal 

tracts to the ventral striatum where, in high-risk children or adolescents, deactivation of the 

ventral striatum occurs, similar to that associated with passive avoidance,61 which facilitates 

generation of negative outcome prediction. We propose that such a process linking 

information from the internal milieu with negative outcome prediction represents a 

biological substrate for BI in the risk for depression and anxiety. Although methodological 

limitations62 prevent us from inferring an inhibitory relation between the DMN and ventral 

striatum in children or adolescents at risk for MDD, we note that the distinction between 

patterns of positive and negative functional connectivity measured with fMRI is not arbitrary 

and, indeed, has been shown to mark qualitatively different psychological processes.63

Several limitations of the present study should be considered. First, we assessed children and 

adolescents over a relatively broad age range (8–17 years). Although the average age and 

range of ages across our high- and low-risk samples were well matched, variance in 

emotional functioning and neural connectivity over this age range may have reduced the 

sensitivity of our analyses. Moreover, this study incorporates a relatively small sample size; 

thus, we hasten to point out the preliminary nature of the findings presented here. Although 

the effect sizes observed were large (all Cohen’s d > 1), it will be important, in larger future 

efforts, to test the reliability of our findings. Moreover, we used self-report measures of 

behavioral inhibition and anxiety in this study; although the self-report forms that we used 

have been validated in children and adolescents, collecting convergent reports from teachers 

and parents would have further strengthened our results. Finally, our mood-disorder proband 

sample had unusually low levels of comorbid anxiety, indicating that this sample might not 

have been sufficiently representative to warrant generalization from our high-risk sample to 

the broader population of individuals at risk for internalizing disorders.

The results presented here support an intuitive and neuroanatomically viable neural 

rendering of BI in the risk for depression and anxiety. Our findings show an inhibitory 

relation between the DMN and ventral striatum in the risk for internalizing disorders and 

present an intriguing contrast with existing data showing increased striatal reactivity to cues 

signaling impending gain or loss in behaviorally inhibited relative to noninhibited 

adolescents,64 a finding that has been replicated.65 Although there has been some 

speculation that this might relate to the role of the ventral striatum in generating both 

negative and positive outcome predictions,66 the present findings indicate that the distinction 

between internally and externally generated predictive cues could be valuable in formulating 

future research.
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FIGURE 1. 
Flow chart depicting sequence of recruitment, screening, and assessment of participants. 

Note: FIGS = Family Interview for Genetic Studies; K-SADS = Kiddie Schedule of 

Affective Disorders and Schizophrenia.
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FIGURE 2. 
Decreased connectivity with the default-mode network (DMN) in right ventral striatum, and 

bilateral pre- and postcentral gyri in high-risk versus low-risk participant groups. Note: 

Given the similar between-group differences in DMN connectivity in regions identified in 

the analysis, we show, in the scatter plot, averaged fit coefficients across these regions for 

each participant in each group. (See Table 2 for coordinates and sizes of clusters A to F in 

this figure.)
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FIGURE 3. 
Scatter plots depicting significant correlations in the high-risk (HR) participant group 

between Behavioral Inhibition Questionnaire (BIQ) scores and default-mode network 

(DMN) connectivity in regions showing differential connectivity between groups. Note: In 

only the HR group, decreasing DMN connectivity with the ventral striatum (top) and 

sensorimotor cortex (bottom) significantly predicts increasing BIQ scores.
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TABLE 2

Cluster Sizes and Centers of Mass (Montreal Neurological Institute) in Regions Showing Decreased Default 

Mode Network Connectivity in High-Risk Relative to Low-Risk Groups

Region Cluster size (voxels) X Y Z Cohen’s d

A. Right posterior insula 53 43 −11 6 1.95

B. Left sensorimotor cortex 32 −44 −13 33 1.59

C. Right sensorimotor cortex 30 52 −6 39 1.46

D. Left sensorimotor cortex 28 −23 −25 60 1.92

E. Right ventral striatum 25 24 0 −9 2.29

F. Right sensorimotor cortex 21 19 −25 71 1.35
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