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Interactions between the amygdala and prefrontal cortex are fundamental to human emotion. 

Despite the central role of frontoamygdala communication in adult emotional learning and 

regulation, little is known about how top-down control emerges during human development. In the 

present cross-sectional pilot study, we experimentally manipulated prefrontal engagement to test 

its effects on the amygdala during development. Inducing dorsal anterior cingulate cortex (dACC) 

activation resulted in developmentally-opposite effects on amygdala reactivity during childhood 

versus adolescence, such that dACC activation was followed by increased amygdala reactivity in 

childhood but reduced amygdala reactivity in adolescence. Bayesian network analyses revealed 

an age-related switch between childhood and adolescence in the nature of amygdala connectivity 

with the dACC and ventromedial PFC (vmPFC). Whereas adolescence was marked by information 

flow from dACC and vmPFC to amygdala (consistent with that observed in adults), the reverse 

information flow, from the amygdala to dACC and vmPFC, was dominant in childhood. The 

age-related switch in information flow suggests a potential shift from bottom-up co-excitatory 

to top-down regulatory frontoamygdala connectivity and may indicate profound change in the 

circuitry supporting maturation of emotional behavior. These findings provide novel insight into 

the developmental construction of amygdala-cortical connections and implications for the ways in 

which childhood experiences may influence subsequent prefrontal function.
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INTRODUCTION

Frontoamygdala circuitry is central to emotional learning and regulation (Ochsner et al., 

2002; Phelps et al., 2004; Lieberman et al., 2007). The amygdala is a subcortical structure 

involved in vigilance, attention, and learning about biologically relevant signals, including 

facial expressions of emotion (Adolphs et al., 1994; Phelps and LeDoux, 2005; Pessoa, 

2010; Hadj-Bouziane et al., 2012). In part through bidirectional connections with the 

amygdala, the ventromedial prefrontal cortex (vmPFC) contributes to a broad array of 

functions related to valuation and emotion regulation (Roy et al., 2012; Winecoff et al., 

2013; Delgado et al., 2016). Particularly in the context of demands for cognitive control 

(e.g., in the context of conflict, interference, errors, and negative feedback; Shackman et 

al., 2011; Shenhav et al., 2016; Braem et al., 2017), the dorsal anterior cingulate cortex 

(dACC) is involved in the broader functional network of regions help to guide emotional 

behavior (Pessoa et al., 2019). Individual differences in the strength of connectivity between 

these regions predict behaviors associated with emotion regulation and anxiety in healthy 

adults (Pezawas et al., 2005; Banks et al., 2007; Kim et al., 2011; Lee et al., 2012). 

Frontoamygdala circuitry undergoes dynamic changes during development in non-human 

animals (Cressman et al., 2010; Pattwell et al., 2016; Arruda-Carvalho et al., 2017; Yan et 

al., 2017) and in humans (Hare et al., 2008; Perlman and Pelphrey, 2011; Gee et al., 2013b; 

Gabard-Durnam et al., 2014; Swartz et al., 2014; Gabard-Durnam et al., 2016; Jalbrzikowski 

et al., 2017). However, the mechanisms by which this circuitry is constructed and changes 

across childhood and adolescence remain unclear in humans.
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The majority of empirical research on the development of this circuitry has focused on 

prefrontal control over the amygdala. Evidence from developmental neuroscience indicates 

that despite early structural development (Humphrey, 1968; Ulfig et al., 2003), structural 

and functional maturation of the human amygdala continues into adulthood (Schumann et 

al., 2004; Østby et al., 2009; Uematsu et al., 2012; Wierenga et al., 2014; Avino et al., 

2018; Weir et al., 2018). Importantly though, prefrontal regions including the vmPFC and 

dACC undergo more protracted maturation than the amygdala (Machado and Bachevalier, 

2003; Lenroot and Giedd, 2006; Payne et al., 2010; Chareyron et al., 2012; Gilmore et 

al., 2012), and the nature of interactions between the amygdala and prefrontal regions 

appears to be different early in life. Prior work has identified a developmental switch in 

frontoamygdala functional connectivity around the transition from childhood to adolescence 

(Gee et al., 2013b; Gabard-Durnam et al., 2014; Silvers et al., 2015; Spielberg et al., 2015; 

Wu et al., 2016), which parallels the maturation of emotional behavior and reductions 

in amygdala reactivity with age (Decety et al., 2012; Gee et al., 2013b; Hwang et al., 

2014; Swartz et al., 2014; Vink et al., 2014; Silvers et al., 2015). The neural phenotype of 

frontoamygdala connectivity in adolescence already resembles the adult state (albeit slightly 

weaker) (Hariri et al., 2003; Kim et al., 2003; Hare et al., 2008). Observation of a dramatic 

change in the functional connections between the amygdala and vmPFC during development 

has generated the hypothesis that the nature of communication between the amygdala 

and vmPFC differs during childhood than at older ages, with the possibility of increasing 

regulatory control of the vmPFC over the amygdala around this key developmental transition 

(Gee et al., 2013b). However, existing studies have been primarily limited to observing 

static correlations between vmPFC and amygdala timeseries, which are limited in terms 

of elucidating the direction of information flow between these regions. Delineating the 

directionality of functional interactions between prefrontal regions and the amygdala would 

provide important insight into how this circuitry changes with development. Moreover, less 

is known about age-related changes in the nature of connectivity between the amygdala and 

more dorsal regions of prefrontal cortex (e.g., dACC).

The present cross-sectional pilot study examined directional influences in frontoamygdala 

circuitry (specifically, interactions between the dACC, vmPFC, and amygdala) throughout 

childhood and adolescence. First, by experimentally manipulating dACC activation via 

cognitive conflict, we tested the effects of dACC engagement on subsequent amygdala 

reactivity during the processing of affective information. We hypothesized that activating 

the dACC would be followed by lower amygdala activation among adolescents but higher 

amygdala activation among children. Second, by using Bayesian network analyses, we 

tested the hypothesis of an age-related switch in frontoamygdala directionality between 

children (dominated by bottom-up amygdala influence to the dACC and vmPFC) and 

adolescents (dominated by top-down dACC and vmPFC influence to the amygdala). In an 

exploratory analysis, we aimed to examine potential associations between frontoamygdala 

interactions and affective behavior. Specifically, we focused on separation anxiety given 

prior work linking age-related changes in frontoamygdala circuitry with normative declines 

in separation anxiety (Gee et al., 2013b, 2013a, 2014), and prior evidence of associations 

between amygdala responsivity and separation anxiety (Carpenter et al., 2015; Redlich et 

al., 2015; Green et al., 2016). We hypothesized that participants who exhibited greater 
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reduction in amygdala activation following dACC activation, and those who showed stronger 

dACC-to-amygdala and vmPFC-to-amygdala connectivity, would display lower separation 

anxiety.

METHODS

Participants

Participants were 40 healthy children and adolescents (22 females; 18 males), ages 5-19 

years (mean age (S.D.) = 12.93 (3.92)) recruited from the local community via flyers 

and online advertisements. All participants’ caregivers completed a telephone screening. 

Only participants whose caregivers did not report that the participant had a history of 

psychiatric disorder were invited to participate in the present study. In-lab assessment with 

the Child Behavior Checklist (Achenbach, 1991) (available for 28 participants) confirmed 

that psychiatric symptoms in the current sample fell within the normative range (T-scores 

for internalizing problems: M = 44.39, S.D. = 9.93; externalizing problems: M = 42.79, 

S.D. = 8.74; and total problems: M = 42.46, S.D. = 10.23). Participants were from 

European American (55.0%), African American (12.5%), Asian American (7.5%), and 

Native Hawaiian or other Pacific Islander (2.5%) backgrounds. Nine participants (22.5%) 

identified as multiracial, including African American, Asian American, European American, 

and American Indian or Alaska Native backgrounds. Five participants (12.2%) identified as 

Hispanic/Latino. Cognitive ability was assessed using the Wechsler Abbreviated Scale of 

Intelligence for 39 participants. The average full-scale intelligence quotient of the sample 

was within the high average range (mean (S.D.) = 116.15 (14.85)). Data on the education 

level of each participant’ primary caregiver were obtained for 40 participants. Of those 40 

participants’ primary caregivers, the modal levels of education were a four-year college 

degree (n=9) and a Master’s degree (n=9). Data on household income were obtained 

regarding the families of 39 participants. Of the 39 families, the modal income range 

was $55,001-70,000 (n=7). All participants were right-handed. Individual differences in 

current normative separation anxiety were assessed using the parent report form of the 

Revised Child Anxiety and Depression Scale (RCADS) (Chorpita et al., 2005), which was 

available for 31 participants. Because separation anxiety declines normatively with age and 

is relevant for understanding risk for anxiety disorders (Gullone and King, 1997; Beesdo 

et al., 2009), and due to prior findings linking separation anxiety with frontoamygdala 

circuitry during development (Gee et al., 2013b, 2013a, 2014), our analyses of anxiety 

focused specifically on the separation anxiety subscale of the RCADS. Pubertal stage was 

assessed using the Pubertal Development Scale (Petersen et al., 1988) and was available 

for 39 participants. The protocol was approved by the Institutional Review Board at the 

University of California, Los Angeles. Participants provided informed consent or assent 

(parental informed consent for minors). The data that support the findings of this study are 

available from the corresponding authors upon request.

Procedures

MRI Task Paradigm.—During the functional magnetic resonance imaging (fMRI) scan, 

participants completed a task manipulating cognitive conflict designed to engage the 

prefrontal cortex and to measure subsequent effects of this manipulation of prefrontal 
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engagement on amygdala activation to emotional faces. Thus, the task consisted of 

alternating blocks of the cognitive task immediately followed by a block of emotional faces 

(Figure 1). For the cognitive task, we modified the cognitive Stroop task that was designed 

for use in the MRI scanner (Bush et al., 1998) for use with our developmental sample. On 

each trial, participants viewed 1-4 simultaneously-presented words and were asked to press 

a button to indicate how many words they saw. For the cognitive Stroop task, the number 

of words on the screen matched the written word on congruent trials (e.g., “two” listed two 

times; low conflict) and did not match the written word on incongruent trials (e.g., “two” 

listed four times; high conflict). The words used were “one,” “two,” “three,” and “four.”

In order to examine subsequent amygdala activation, each block of words was followed 

by a block of faces. Faces were selected from the NimStim Set of Facial Expressions 

(Tottenham et al., 2009). Faces were 50% male and 50% female, and 42% Caucasian, 42% 

African American, and 16% Asian American. Fear faces comprised 75% of the stimuli 

in each faces block; neutral faces comprised 25% of the stimuli in each faces block. 

During the faces blocks, participants were asked to press when they saw a neutral face 

to ensure they were paying attention. We selected fearful faces as a widely used and 

developmentally-appropriate stimulus that has been shown to robustly activate the amygdala 

(Breiter et al., 1996), including in children and adolescents (Baird et al., 1999; Thomas et 

al., 2001; Hare et al., 2008; Tottenham et al., 2011; Gee et al., 2013b, 2013a). The timing 

and limited number of neutral faces were not optimized to directly compare responses to 

fearful versus neutral faces, and the behavioral response and motor demand differed between 

fearful and neutral faces. Moreover, while the majority of research using task-based fMRI 

to study frontoamygdala circuitry has focused on activation or functional connectivity to 

fearful faces (e.g., Costafreda et al., 2008; Sergerie et al., 2008; Fusar-Poli et al., 2009; 

Di et al., 2017), the amygdala is also responsive to other types of emotional faces and to 

neutral faces (e.g., Somerville et al., 2004; Marusak et al., 2013). In addition, neutral faces 

can be perceived as negative (e.g., Somerville et al., 2004; Blasi et al., 2009), especially 

during development (Tottenham et al., 2013; Marusak et al., 2017) and among more 

anxious individuals (Somerville et al., 2004; Heuer et al., 2010). These findings underscore 

challenges in treating neutral faces as a baseline condition in neuroimaging studies focused 

on development (e.g., Miller et al., 2020). Thus, our analyses focused on activation and 

effective connectivity to the overall faces block (across fearful and neutral faces, relative to 

implicit baseline) when it followed incongruent words versus when it followed congruent 

words.

The fMRI paradigm contained 4 blocks of the Stroop task (2 incongruent, 2 congruent) and 

4 blocks of the faces task. Each Stroop block was immediately followed by a faces block. 

The order of the incongruent and congruent blocks was counterbalanced across participants. 

The paradigm contained 40 trials of the Stroop task (10 words in each of 4 blocks) and 48 

trials of the faces task (12 faces in each of 4 blocks; 9 fearful faces and 3 neutral faces 

per block). Each word was presented for 1500 msec followed by 1500 msec fixation; each 

face was presented for 500 msec followed by 1000 msec fixation. Stroop blocks and faces 

blocks were 30 sec and 18 sec in length, respectively. The stimuli within each block were 

randomized and fixed across participants.
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fMRI Data Acquisition.—Scanning was performed on a Siemens Trio 3.0 Tesla 

MRI scanner. A standard 12-channel radiofrequency head coil was employed. For each 

participant, an initial 2D spin echo image (TR=4000ms, TE=40ms, matrix size 256x256, 

4mm thick, 0mm gap) in the oblique plane was acquired to allow configuration of 

slices obtained in the structural and functional scans. A whole-brain high-resolution, 

T1*weighted anatomical scan (MPRAGE; 256 X 256 in-plane resolution, 256 mm field 

of view [FOV]; 192 mm X 1 mm sagittal slices) was acquired for each participant for 

registration and localization of functional data to MNI space. The task was presented 

using E-Prime (Psychology Software Tools) on a computer screen through MR-compatible 

goggles. T2*weighted echoplanar images (interleaved) were collected at an oblique angle of 

approximately 30 degrees (127 volumes, TR=2000, TE=30ms, flip angle=90 degrees, matrix 

size 64x64, FOV=192, 34 slices, 4mm slice thickness, skip 0mm).

Systematic procedures were implemented to reduce motion, particularly in younger 

participants, and to ensure that children remained still throughout the duration of the task. 

Before the MRI scanning session, children participated in a mock scanning session to help 

them to acclimate to the scanning environment and to feel comfortable with the scanning 

procedures. In addition, this step provided an opportunity for children to practice and receive 

feedback on lying still in order to optimize children’s ability to remain still during actual 

data collection. During data collection, an air vacuum pillow (Siemens Comfort Pack) 

was used to pad and secure the child’s head in a comfortable, steady position. Additional 

padding was placed around the child’s head. In addition, all participants were provided with 

feedback and reminders regarding motion throughout the scanning session.

fMRI Data Analysis.

Task-based Activation Analyses: Functional imaging data were preprocessed and analyzed 

using the Analysis of Functional NeuroImages (AFNI) software package. One participant’s 

data was excluded from fMRI analyses due to poor brain coverage (i.e., original sample 

size = 41; sample size analyzed and reported in current study = 40). Preprocessing of 

each individual’s images included slice time correction to adjust for temporal differences 

in slice acquisition within each volume, spatial realignment to correct for head motion, 

registration to the first volume of the run, and spatial smoothing using a 6-mm Gaussian 

kernel (FWHM) to increase the signal to noise ratio. Functional data were registered to the 

participant’s anatomical scan, and the anatomical and functional scans were transformed 

to the standard coordinate space of MNI152 with align_epi_anat.py. Transformations on 

the functional scans were combined into a single transformation within align_epi_anat.py 

to minimize the amount of interpolation applied to the functional data. MNI-transformed 

images had a resampled resolution of 2mm3. Timeseries were normalized to percent signal 

change to allow for comparisons across individuals.

Multiple steps were taken to correct for motion. All data were free of motion greater 

than 0.9 mm in any direction, as recommended by Siegel and colleagues (2014). Volumes 

with motion greater than 0.9mm in any direction were excluded (mean % of censored 

volumes across participants=3.20%; S.D.=8.92%; median=0%, mode=0%) via regressors 

in the GLM in afni_proc_py (Jo et al., 2010, 2013). Mean framewise displacement for 
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the overall sample was 0.079 mm (S.D.=0.050). Preprocessing included standard spatial 

realignment to correct for motion. Motion regressors were included in our imaging analyses 

(at the subject level, motion in all six directions at the trial by trial level and the 6 backwards 

temporal derivatives of those motion regressors, as recommended (Van Dijk et al., 2010; Yan 

et al., 2013)). In addition, multiple analyses were conducted to rule out potential effects of 

motion. First, we tested whether motion related to our findings or differed between the two 

age groups. Average motion across the six directions was not correlated with age, amygdala 

activation, vmPFC activation, dACC activation, or separation anxiety (r values: −.26 to .34). 

In addition, we tested whether the number of volumes censored related to our findings or 

differed between the two age groups. The number of volumes censored was not correlated 

with age, amygdala activation, dACC activation, or separation anxiety (r values: −.26 to .23) 

but was correlated with vmPFC activation (r=−.39).

In order to examine activation, each participant’s individual-level model included regressors 

for each of the stimulus conditions (incongruent words, faces following incongruent words, 

congruent words, faces following congruent words) modeled as a block design. Because 

the primary goal of the faces condition was to probe amygdala reactivity following the 

task of cognitive conflict, and given the limited number of neutral faces, we employed a 

block design to enhance power instead of modeling fearful and neutral faces separately. 

The regressors were created by convolving the stimulus timing files with the canonical 

hemodynamic response function. Timecourses for eroded ventricle and eroded white matter 

masks along with 12 motion regressors (6 rigid-body regressors and their 6 backwards 

temporal derivatives) were included as physiological nuisance covariates. We employed a 

general linear model (GLM) to fit the percent signal change timeseries to each regressor. 

Linear and quadratic trends were modeled for each voxel’s timeseries to control for 

correlated drift.

The individual-level regression coefficients were submitted to random-effects, group-level 

whole-brain analyses. We specifically aimed to test the effects of enhanced prefrontal 

recruitment via cognitive conflict on amygdala processing of emotional faces. Thus, we 

first examined neural responses to a contrast of incongruent words versus congruent words 

for the entire sample, including age as an additional regressor in our model using the 

3dttest++ program within AFNI. This analysis allowed us to test the prediction that high, 

relative to low, conflict would engage the dACC. Then we tested for an interaction between 

conflict and age group on neural responses to faces following incongruent words versus 

faces following congruent words using the 3dttest++ program within AFNI, which allowed 

us to test the prediction that children and adolescents would show differential effects of 

the conflict manipulation on subsequent patterns of prefrontal and amygdala activation. 

Participants were divided into children (n=16; ages 5-10.4) and adolescents (n=24; ages 

10.5-19) based on differences in frontoamygdala connectivity observed in these age groups 

in prior work1 (Gee et al., 2013b, 2013a; Gabard-Durnam et al., 2014). For the dACC, the 

initial height threshold of p<.039 was subsequently corrected for multiple comparisons to 

a corrected level of p<.05 using the most updated version of the 3dClustSim program in 

1Half of the participants (n=20) in the current study also participated in the Gee et al., 2013b study.
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AFNI version 18.3.02. This program runs a series of Monte Carlo simulations based on the 

noise of the residuals of the single subject regression output. Using 3dFWHMx and applying 

the spatial autocorrelation function (-acf) to account for the non-Gaussian nature of fMRI 

data, we calculated the average smoothness of the residuals across all participants. Statistical 

parametric maps were set to a cluster level threshold of k ≥ 1044 voxels (using first nearest 

neighbor clustering) as determined by 3dClustSim. Given our a priori hypothesis about age-

related changes in activation of the amygdala and vmPFC, clusters within these regions were 

thresholded to achieve a small volume corrected value of p<.05 (k ≥ 30 for the amygdala, 

k ≥ 118 for the vmPFC), as determined by 3dClustSim. Although anatomically defined 

regions of interest (ROI) were not used for analyzing activation or connectivity in the current 

study, masks of the bilateral amygdala from the Talairach atlas in AFNI and vmPFC from 

the Mackey & Petrides atlas (Mackey and Petrides, 2014) in AFNI were used to approximate 

cluster size for 3dClustSim in an unbiased manner. Because we employed small volume 

correction for the amygdala and vmPFC, we did not interpret clusters of activation outside 

of these regions. A binary mask for each of the dACC (incongruent versus congruent words), 

vmPFC (faces following incongruent words versus faces following congruent words), and 

amygdala (faces following incongruent words versus faces following congruent words) 

clusters was created to extract parameter estimates for visualization purposes only, using 

3dmaskave in AFNI to extract the GLM beta value of the condition (averaged across the 

voxels in the given mask). The specific contrasts of interest were selected based on prior 

evidence of dACC involvement in cognitive control (and specifically, in tasks of cognitive 

conflict) (e.g., Bush et al., 1998) and vmPFC and amygdala engagement in processing of 

emotional faces (e.g., Pessoa et al., 2002b; Phelps and LeDoux, 2005; Zald and Andreotti, 

2010; Delgado et al., 2016).

Effective Connectivity Analyses: Analyses of effective connectivity were performed to test 

for age-related change in the directionality of connections between the amygdala, vmPFC, 

and dACC and their modulation by the cognitive conflict manipulation. For effective 

connectivity analyses, a maximum likelihood clustering analysis was conducted to find 

modal age groups with the highest densities for analysis. This approach was selected to 

maximize the sample size per age group while also minimizing bias. Connectivity analyses 

using Bayes networks allow for assessment of the direction of temporal influence among 

nodes in the network, the strength of the connections between nodes, and the number of 

connections coming in or out of a node. We employed a Bayesian network algorithm known 

as IMaGES (Independent Multi-Sample Greedy Equivalence Search) algorithm, which is 

housed in the larger analysis suite Tetrad (Ramsey et al., 2010, 2011). IMaGES operates 

on the standard assumption that causes precede effects temporally. Causality in this case 

refers to the ability of IMaGES, in conjunction with a distributional postprocessing step 

(LOFS; LiNG Orientation, Fixed Structure), to identify the directionality of connections 

with high probability (Ramsey et al., 2011). The algorithm takes as inputs the timeseries of 

selected ROIs and searches forward, starting from an empty graph, one new connection at 

a time, until it finds the set of connections (i.e., edges, vertices) that optimally represents 

connectivity among the entire group of subjects, interpolating any missing data. Finding 

oriented edges requires two steps: first, the estimate of connectivity (provided by GES and 

individual Bayes Information Criteria (BIC) constraints on time series regressions); and 
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second, a method that systematically investigates conditional dependence/independence and 

estimates orientation2. The algorithm searches with the restriction of finding only Markov 

equivalence classes of directed acyclic graphs, and without the option of varying time lags, 

given that doing so did not improve accuracy in simulation (Ramsey et al., 2010, 2011). 

The process is penalized to prevent overfitting using the BIC. The reliability of the IMaGES 

algorithm was found to be higher when using the LOFS search post filter, which determines 

and assigns the “dominant” direction of the edge (removing bidirectional edges) (Ramsey 

et al., 2011). Therefore, the current analysis was conducted using this option and thus only 

unidirectional edges were returned, meaning that the current analysis assigned a dominant 

direction of influence and determined whether that directionality was statistically significant.

ROIs for the IMaGES analyses were selected and functionally defined based on the whole-

brain GLM analysis of activation. We were specifically interested in interactions between the 

dACC, vmPFC, and amygdala; each of these regions was defined as a functional ROI based 

on the contrast in which it was activated in the whole-brain GLM analysis of activation 

(i.e., dACC: incongruent versus congruent words; vmPFC and amygdala: faces following 

incongruent words versus faces following congruent words). The binary mask for each 

functional region was used to extract average time series for each condition (incongruent 

words, congruent words, faces following incongruent words, faces following congruent 

words) from each participant’s preprocessed functional data. Each mask was binarized so 

that we did not extract values for any region outside of the ROI. Preprocessing of each 

individual’s images in AFNI included slice time correction to adjust for temporal differences 

in slice acquisition within each volume, spatial realignment to correct for head motion, 

registration to the first volume of the run, and spatial smoothing using a 6-mm Gaussian 

kernel (FWHM) to increase the signal to noise ratio. Functional data were registered to the 

participant’s anatomical scan, and the anatomical and functional scans were transformed 

to the standard coordinate space of MNI152 with align_epi_anat.py. Transformations on 

the functional scans were combined into a single transformation within align_epi_anat.py 

to minimize the amount of interpolation applied to the functional data. MNI-transformed 

images had a resampled resolution of 2mm3. Time series of interest were extracted using 

FSL’s meanTS module and arranged into a matrix for each participant, with the ROIs as 

columns and each row representing a single time point. These files were then input into 

the IMaGES workflow in Tetrad. Graph selection was conducted by choosing the graph 

with the highest BIC score. Connection weights were exported from Tetrad into LibreOffice 

Calc (https://www.libreoffice.org). The connection weights from IMaGES/LOFS contain 

information about directionality by estimating both P(X∣Y) and P(Y∣X). The initial estimate 

is provided by IMaGES, is oriented again with LOFS, and is tested with structural equation 

modeling. T statistics were calculated based on the mean and standard error from the time 

series, averaged across participants within each age group. T statistics were used instead of 

raw coefficient values because they take into account standard error. The TDIST function 

was used to calculate significance values.

2The complete absence of a connection between two nodes in a given graph indicates that no adjacency/connection was detected 
between those two regions in the first step; a connection represented with a dashed line indicates that an adjacency/connection was 
detected in the first step, but that no significant oriented edge was detected in the second step. Within the IMaGES framework, 
comparisons between task conditions can be made by comparing the resulting graphs. That is, if a connection is present versus absent 
or the directionality of a connection differs between two graphs, there is a significant difference (Ramsey et al., 2011)
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Behavioral Data Analysis.—For each participant, we calculated accuracy and reaction 

time for each condition (incongruent words, congruent words) when participants pressed a 

button to report how many words were on the screen. ANOVA was used to test for a main 

effect of condition (within subjects), a main effect of age group (between subjects), and 

their interaction. All statistical analyses were performed as two-tailed tests with alpha=.05. 

Behavioral data and ROI data were analyzed in SPSS version 24.

RESULTS

Behavioral Performance

We used a cognitive conflict task during fMRI to examine age-related changes in 

frontoamygdala communication by manipulating conflict prior to presentation of faces. 

The behavioral manipulation was effective. Specifically, participants performed with lower 

accuracy (F(1,38)=109.55, p<.001, ηp
2=0.74) and slower reaction time (F(1,38)=25.74, 

p<.001, ηp
2=0.40) during the condition of high (incongruent words) versus low (congruent 

words) conflict in a Stroop task. These differential patterns for accuracy and reaction time 

were observed across both children and adolescents (i.e., there were no interactions between 

condition and age for reaction time (F(1,38)=0.94, p=.337) or accuracy (F(1,38)=1.57, 

p=.218); Figure 2). Relative to children, adolescents performed with faster reaction time 

overall (F(1,38)=32.52, p<.001, ηp
2=0.46), but did not display higher accuracy overall 

(F(1,38)=2.44, p=.127).

Functional Activation

The high cognitive conflict condition effectively recruited dACC engagement. Results across 

the entire sample showed elevated dACC (BA 24) activation to high versus low conflict 

(p<.05, corrected; cluster size: 1381 voxels; peak: 0, 28, 44; Figure 3a; Table S1 for 

complete table of activated regions). There were no age-related effects in dACC activation. 

This region of dACC is consistent with prior studies employing the same cognitive conflict 

task and is thought to mediate response selection or allocate attentional resources in the 

context of competing information-processing streams (Bush et al., 1998).

Experimental manipulation of cognitive conflict had differential effects on subsequent 

amygdala reactivity to faces in children versus adolescents. Specifically, an age group x 

condition interaction showed that right amygdala activation to faces following high conflict 

(versus following low conflict) differed between children and adolescents (p<.05, corrected; 

cluster size: 31 voxels; peak voxel: 26, −4, −22; Figure 3b). Whereas adolescents showed 

decreased amygdala response, children showed increased amygdala response to the faces 

following high conflict. Additionally, adolescents showed increased vmPFC activation, 

whereas children showed decreased vmPFC activation to the faces following high conflict 

(p<.05, corrected; cluster size: 161 voxels; peak: 14, 48, −10; Figure 3c)3. In summary, the 

3Because the number of volumes censored correlated with vmPFC activation, we conducted a post-hoc analysis testing whether 
vmPFC activation to faces following high cognitive conflict versus faces following low cognitive conflict differed between children 
and adolescents while controlling for number of volumes censored. This age-related difference held, over and above the effect of 
number of volumes censored (F(1,37)=12.45, p=.001, ηp2=0.25). The finding was highly similar when non-linear motion terms were 
included in the model (with quadratic term for volumes censored in the model: F(1,36)=12.18, p=.001, ηp2=0.25; with cubic term for 
volumes censored in the model: F(1,35)=12.68, p=.001, ηp2=0.27).
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experimental manipulation showed that dACC activation induced via cognitive conflict was 

followed by reduced amygdala reactivity in adolescents, consistent with evidence of similar 

patterns in adults (Pessoa et al., 2002a; Etkin et al., 2006; Mitchell et al., 2007; Van Dillen 

et al., 2009). However, children displayed increased amygdala reactivity following dACC 

activation, suggesting qualitative differences in the nature of communication between these 

regions at unique developmental periods.

Effective Connectivity

Next we sought to test age-related changes in the direction of influence between the 

amygdala and these prefrontal regions using Bayesian network analyses using IMaGES 

(Ramsey et al., 2010, 2011). A data-driven approach was used to first identify age groups for 

subsequent effective connectivity analysis (based upon a maximum likelihood clustering). 

This resulted in three groups (5-9 (n=12), 10-13 (n=10), and 14-19 (n=18) years old). 

For each age group, a directed connectivity graph was calculated based on the dominant 

direction of information flow between these regions during the face presentations following 

the high conflict manipulation (Figure 4; See Supplementary Results for results of all 

task conditions). The vmPFC and dACC more strongly influenced the amygdala in the 

late adolescent group (14-19 year olds): dominant connections were observed from the 

dACC (0.271, t=6.73, p<.0000001) and from the vmPFC (0.803, t=20.13, p<.00000001) 

to the amygdala (X2=4.15, p<.04; BIC=1.3). In contrast, this approach suggested that the 

amygdala more strongly influenced the vmPFC and dACC in children (5-9 years old): 

dominant connections were observed from the amygdala to the vmPFC (0.998, t=60.14, 

p<.0000001) and from the amygdala to the dACC (0.913, t=11.70, p<.000001) (X2=8.7, 

p<.003; BIC=6.0). The 10-13 year-olds exhibited an intermediate stage of directional 

influence: a dominant connection was observed from the amygdala to the dACC (1.078, 

t=7.83, p<.000001), and non-significant connections were observed from the amygdala to 

the vmPFC (0.987, t=1.47, p<.10) and from the vmPFC to the dACC (−0.178, t=−0.24, 

p>.81) (X2=44.0, p<.00001; BIC=46.0).

Associations with Anxiety

The observed age-related changes in frontoamygdala communication were associated with 

affective behavior, providing insight into their functional significance. As anticipated, 

normative parent-reported levels of children’s current separation anxiety decreased with 

age (r(29)=−.42, p=.018). However, controlling for age, individuals for whom dACC 

activation was followed by reduced amygdala reactivity (i.e., the “adolescent pattern,” n=17) 

had lower separation anxiety than those participants who exhibited increased amygdala 

reactivity following dACC activation (i.e., the “child pattern,” n=14) (F(1,28)=17.92, 

p<.001, ηp
2=0.39) (Figure 5), consistent with individual differences that would be expected 

based on the functional role of frontoamygdala connectivity. Separation anxiety was not 

significantly correlated with vmPFC-amygdala (r(29)=.12, p=.519) or dACC-amygdala 

(r(29)=.02, p=.909) effective connectivity during faces following high cognitive conflict.

Gee et al. Page 11

Dev Sci. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DISCUSSION

Taken together, the identification of an age-related switch in frontoamygdala communication 

in the current cross-sectional pilot study suggests a shift from bottom-up to top-down 

frontoamygdala connectivity in human development, whereby the direction of information 

flow shifted from amygdala-to-prefrontal (vmPFC and dACC) in childhood to prefrontal-to-

amygdala by late adolescence, with a transitional period demarcating this shift. This pattern 

of early bottom-up dominance is consistent with the increased amygdala reactivity (Gee 

et al., 2013b; Hwang et al., 2014; Silvers et al., 2015) and heightened normative anxiety 

(Gullone et al., 2001) that children typically exhibit. The obtained results add support to the 

hypothesis that amygdala influences during childhood identified in the present study may 

play an active role in shaping the development of and future function of frontoamygdala 

circuitry (Gabard-Durnam et al., 2016; Tottenham and Gabard-Durnam, 2017), consistent 

with prior evidence of bottom-up input shaping higher-order cortical development (Powell 

et al., 2018; Casey et al., 2019). Indeed, bottom-up projections from the amygdala to the 

vmPFC and dACC (Klavir et al., 2013) have been shown to be important for learning in 

the affective domain, which is especially relevant during early development. Predominance 

of amygdala influences in early life has vast implications for how environmental factors 

such as early-life stress may have cascading effects on the long-term regulatory function of 

prefrontal regions.

The period from 10-13 years of age was characterized by a less stable network 

of connections between the dACC, vmPFC, and amygdala, which may signal an 

important transition point characterized by reorganization in this circuit. Prior studies of 

frontoamygdala development in humans (Perlman and Pelphrey, 2011; Gee et al., 2013b; 

Gabard-Durnam et al., 2014, 2016; Silvers et al., 2015; Wu et al., 2016) have relied on 

correlations of BOLD timecourses and lacked experimental manipulation, precluding a more 

nuanced understanding of the circuitry’s development in humans. However, it is notable that 

the switch observed here occurred at a similar age (10 years old) as prior observations of 

changes in functional connectivity (Gee et al., 2013b; Gabard-Durnam et al., 2014, 2016; 

Hwang et al., 2014) both during task and at rest. Sensitive periods are posited to occur 

during times of substantial change in a network (Lupien et al., 2009); thus it may be that this 

period is marked by greater plasticity and openness to environmental influences.

Evidence from cross-species research provides important context for the observed age-

related switch in frontoamygdala communication. The shift in directed influence from 

bottom-up to top-down connectivity in humans may be consistent with evidence from 

tracing studies in rodents that projections from the amygdala to the medial prefrontal 

cortex (mPFC; including regions encompassing both vmPFC and dACC) emerge earlier in 

development than the reciprocal projections from the mPFC to the amygdala (Bouwmeester 

et al., 2002b, 2002a; Cressman et al., 2010). Though fMRI research in humans cannot 

dissociate excitatory from inhibitory connections, recent evidence suggests that modulating 

prefrontal-amygdala functional connectivity is related to changes in GABA concentrations 

in the prefrontal cortex and anterior cingulate cortex (Zich et al., 2020), and optogenetic 

work in mice suggests that the age-related switch observed here may index a shift toward 

stronger prefrontal inhibition of the amygdala (Arruda-Carvalho et al., 2017). However, with 
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regard to timing, the shift from bottom-up to top-down connectivity in humans appears to 

occur much later in development than in rodents. Whereas rodent models (Bouwmeester 

et al., 2002a, 2002b) suggest the switch would occur around the prenatal or infant period 

in humans, the identified switch around the transition from childhood to adolescence is 

consistent with prior evidence of protracted brain development in humans (Thompson-Schill 

et al., 2009; Callaghan and Tottenham, 2016) and may serve to extend a unique period 

of learning and openness to environmental influence in childhood. Similar mechanisms of 

protracted development have been theorized to contribute to experiential shaping in other 

domains. For example, protracted changes in the mPFC and its connectivity to subcortical 

regions might be important for developing face perception and shaping responses to social 

interactions early in life (Powell et al., 2018). Moreover, consistent with the current findings 

in the faces condition, prior work suggests that the spatial organization of circuitry involved 

in processing faces is present (Deen et al., 2017) and already right-lateralized early in 

life (Otsuka et al., 2007; de Heering and Rossion, 2015; Adibpour et al., 2018), though 

the developmental mapping of bottom-up versus top-down connectivity related to face 

perception remains unknown.

The focus of this study was on childhood and adolescence due to the marked changes in 

subcortical-cortical interactions during these stages of development (Casey et al., 2016, 

2019; Heller et al., 2016; Murty et al., 2016; Silvers et al., 2017; Gee et al., 2018), 

with the transition from childhood to adolescence potentially having particular significance 

for frontoamygdala connectivity (Gee et al., 2013b, 2013a, 2016; Gabard-Durnam et al., 

2016). However, future research that extends into adulthood and examines age continuously 

will also provide important information about frontoamygdala trajectories and whether the 

identified age-related changes are linear or non-linear. For example, though some prior 

studies suggest linear decreases in amygdala reactivity from childhood to adolescence and 

from adolescence to adulthood (Decety et al., 2012; Gee et al., 2013b; Hwang et al., 

2014; Swartz et al., 2014; Vink et al., 2014; Silvers et al., 2015), we cannot infer from 

the current data that amygdala reactivity following high conflict would continue to decline 

into adulthood. Of note, the pattern of reduced amygdala reactivity following high conflict 

in adolescents (but not children) observed here is consistent with prior evidence of lower 

amygdala reactivity in the context of high (relative to low) conflict in adults (Etkin et al., 

2006), suggesting that the adolescents but not children in our study exhibit more adult-like 

patterns of amygdala reactivity in the context of prefrontal engagement during cognitive 

conflict. Regarding differences in amygdala activation following high (relative to low) 

conflict between children and adolescents, it is possible that the high conflict task was 

more anxiety-provoking in children than adolescents. However, this possibility seems less 

likely given that the conflict manipulation operated similarly across children and adolescents 

(i.e., there was no condition x age interaction for accuracy, reaction time, or dACC activation 

to incongruent versus congruent words).

The complex nature of cognition-emotion interactions has been widely studied in adults, and 

cognitive engagement that recruits the dACC has been associated with reduced amygdala 

reactivity in adulthood (Pessoa et al., 2002a, 2002b; Mitchell et al., 2007, 2008), even after 

emotional stimuli have activated the amygdala (Van Dillen et al., 2009). Similar to these 

prior studies of adults, adolescents demonstrated decreased amygdala reactivity following 
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dACC activation with high cognitive conflict. Despite similar dACC engagement, children 

showed increased amygdala reactivity. Though the relationship between cognitive load or 

conflict and emotional responding likely differs by task (e.g., Wagner and Heatherton, 

2013), the present findings suggest that the nature of this relationship changes with age. In 

addition to the shift in connectivity between the dACC and amygdala, changing interactions 

between the vmPFC and amygdala with age may contribute to the difference in children’s 

amygdala reactivity following the cognitive conflict manipulation. In the present study, 

adolescents recruited the vmPFC when viewing emotional faces following high cognitive 

conflict, whereas children deactivated the vmPFC. In adulthood the vmPFC regulates 

amygdala reactivity during threat (Banks et al., 2007; Stein et al., 2007; Gold et al., 

2015) and has dense connections with the amygdala (Aggleton et al., 1980; Barbas, 1995; 

Ghashghaei et al., 2007). These connections may emerge prior to adulthood, contributing 

to downregulation of the amygdala later in development. Consistent with this idea, we 

observed a developmental shift in information flow between the vmPFC and amygdala, such 

that children showed greater amygdala-to-vmPFC connectivity, whereas late adolescents 

exhibited greater vmPFC-to-amygdala connectivity.

Because of our specific hypothesis about the changing nature of interactions between 

prefrontal regions and the amygdala during development, the current study focused on 

functional interactions. The use of effective connectivity analyses provided unique insight 

into a possible transition from stronger bottom-up to stronger top-down influences within 

frontoamygdala circuitry. It is important to note that the use of fMRI precludes directly 

mapping bottom-up versus top-down projections between the amygdala and vmPFC (Ray 

and Zald, 2012), as has been performed in anatomical studies with rodents and non-human 

primates (Bouwmeester et al., 2002b, 2002a; Ghashghaei et al., 2007). However, the 

IMaGES method shows strong concordance with anatomical connectivity (Sun et al., 2012), 

and the developmental patterns observed here are highly consistent with findings in rodents 

(Bouwmeester et al., 2002b, 2002a; Arruda-Carvalho et al., 2017). Studies in humans that 

can examine covariation between changes in functional and structural connectivity will 

also provide valuable insight into frontoamygdala development. Moreover, our hypotheses 

focused on interactions between the amygdala with the vmPFC and with the dACC 

based on prior work (Bouwmeester et al., 2002b, 2002a; Gee et al., 2013b; Klavir et al., 

2013; Gabard-Durnam et al., 2014), whereas we did not have specific hypotheses about 

connections between the vmPFC and dACC. Future work will be important for better 

understanding age-related changes in vmPFC-dACC connections and for clarifying the 

precise mechanisms that may drive developmental changes in top-down connections to the 

amygdala. As one example, tasks without a predetermined temporal order (i.e., in which 

one condition is not intended to influence responses to another condition) may lend further 

insight into the directionality of information flow between regions.

Our connectivity analyses employed a data-driven approach that was specifically designed 

for BOLD data, which has several methodological advantages. IMaGES is an empirically-

validated (Mill et al., 2017) search-based algorithm that performs well in model simulations, 

does not require a pre-specified model, and reduces the risk of false positives by 

penalizing for overfitting (Ramsey et al., 2010, 2011). Importantly, the models are limited 

to unidirectional influence, and the present study cannot dissociate whether information 
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flow in a specific connection is solely unidirectional or simply stronger in one of the 

directions. However, prior evidence suggests that studies of effective connectivity during 

human development can map changes in directed information flow (acyclic) associated 

with emotion regulation (Kadosh et al., 2016; Jiang et al., 2019; Jamieson et al., 2021), 

and we note that the discovery of an age-related switch in the dominance of information 

flow provides critical insight into frontoamygdala development regardless of whether that 

dominance reflects an underlying unidirectional or bidirectional connection. Though the 

sample size in the present pilot study is limited, the IMaGES approach is the only effective 

connectivity method to aggregate across participants, thus maximizing statistical power (i.e., 

the effective sample size is the number of timepoints x participants). Unlike dynamic causal 

modeling, IMaGES can fail to detect a graph and to produce significant edge directions. The 

identification of graphs, in combination with a modest sample size which could increase the 

risk of missing a true effect if it exists, may suggest that the approach here was sufficiently 

powered. The current sample size falls within, but on the lower end, of the range of 

sample sizes typical of past functional neuroimaging studies on frontoamygdala circuitry 

development (e.g., 18-273; Thomas et al., 2001; Hare et al., 2008; Todd et al., 2011; Decety 

et al., 2012; Qin et al., 2012; Gee et al., 2013b; Gabard-Durnam et al., 2014; Hwang et al., 

2014; Swartz et al., 2014; Vink et al., 2014; Silvers et al., 2015, 2017; Spielberg et al., 2015; 

Heller et al., 2016; Wu et al., 2016; Jalbrzikowski et al., 2017; van Duijvenvoorde et al., 

2019; Zich et al., 2020), and at the same time, testing these hypotheses in larger samples will 

be important for assessing the robustness of findings (e.g., Poldrack et al., 2017).

Although the current findings may provide novel insight into the dynamic nature of 

frontoamygdala circuitry during the transition from childhood to adolescence, various future 

directions will be essential to further testing an age-related switch in this circuit and 

its functional implications. The cross-sectional design precludes modeling within-subject 

trajectories. In addition, examinations of age-related effects focused on age groups instead of 

treating age continuously in the present study, and the connectivity and activation analyses 

examined distinct age groups, making it difficult to directly align the findings across 

functional activation and connectivity. Given that variance within individuals can be much 

higher than within groups (Fisher et al., 2018), longitudinal research will be necessary to 

confirm developmental changes in frontoamygdala connectivity. Future work employing this 

task would benefit from incorporating psychophysiological measures of arousal and self-

reported ratings of anxiety to better understand possible age-related patterns in task effects, 

particularly as the number of trials with neutral faces was insufficient to examine behavioral 

responses during the faces blocks or to compare responses to fearful faces versus neutral 

faces. Given that analyses focused on affective stimuli more generally (i.e., aggregating 

across fearful and neutral faces), future work that examines age-related differences during 

tasks more specifically targeting affect learning or regulation will provide further insight into 

the role of frontoamygdala changes in emotional development. In addition, as examination 

of normative anxiety in the current study was limited to separation anxiety, additional 

research will be needed to clarify to what extent developmental changes in frontoamygdala 

circuitry relate to separation anxiety specifically or to other domains of anxiety. Lastly, given 

known sex differences in brain development (Giedd et al., 1997; Sowell et al., 2002; Lenroot 

et al., 2007) and potential influences of puberty on frontoamygdala development, a future 
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study powered to test for sex differences in age-related changes and to dissociate age-related 

versus puberty-related changes (van Duijvenvoorde et al., 2019) would be beneficial for 

better understanding whether developmental changes in frontoamygdala connectivity differ 

between girls and boys and how hormonal changes might play a role in circuit maturation.

Frontoamygdala circuitry supports fundamental processes of human emotion that 

undergo dynamic changes across childhood and adolescence. Although the ontogeny 

of frontoamygdala circuitry has remained elusive, understanding the developmental 

construction of this circuitry is essential for identifying sensitive periods in socioemotional 

development and elucidating the neurobiological sequelae of early-life stress. Here we 

discovered evidence for an age-related switch in the nature of communication between the 

amygdala, vmPFC, and dACC during the transition from childhood to adolescence. The 

age-related shift from dominant amygdala-to-prefrontal (vmPFC and dACC) information 

flow in childhood to dominant prefrontal-to-amygdala information flow in adolescence 

suggests profound change that could shape the nature of emotional reactivity and regulation 

during human development.
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RESEARCH HIGHLIGHTS

• Experimentally manipulating prefrontal engagement (specifically, dorsal 

anterior cingulate cortex activation) resulted in developmentally-opposite 

effects on amygdala reactivity during childhood versus adolescence

• Bayesian network analyses revealed a shift from bottom-up to top-down 

connectivity around the transition from childhood (dominant amygdala-to-

PFC connectivity) to adolescence (dominant PFC-to-amygdala connectivity)

• Frontoamygdala connectivity related to differences in developmentally-

normative anxiety, pointing to relevant behavioral consequences of the 

balance between bottom-up and top-down processes during development

• We show an age-related switch for the first time in humans, which occurs 

much later in human development than a parallel switch in rodents
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Figure 1. 
fMRI Paradigm. Participants completed an fMRI task designed to measure the effect of 

dACC activation (via high cognitive conflict) on subsequent amygdala reactivity to faces. 

A cognitive Stroop task involved congruent trials (low conflict) and incongruent trials (high 

conflict). Each block of words was followed by a block of emotional faces.
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Figure 2. 
Behavioral performance indicated that the task was effective in increasing conflict across 

participants. Reaction times were slower (F(1,38)=25.74, p<.001, ηp
2=0.40) and accuracy 

was lower (F(1,38)=109.55, p<.001, ηp
2=0.74) for the high (versus low) conflict trials. 

The effect of conflict was evident in both children and adolescents (plotted separately for 

visualization purposes only; no interaction between condition and age).
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Figure 3. 
dACC activation (induced via high conflict) differentially relates to subsequent amygdala 

reactivity in children versus adolescents. A) The task effectively increased activation in 

the dACC (p<.05, corrected; incongruent versus congruent words) during high conflict 

compared to low conflict in the overall sample (children and adolescents plotted separately 

for visualization purposes only; no age difference). (B) The conflict manipulation changed 

subsequent amygdala reactivity to faces differently for children versus adolescents (p<.05, 

corrected; faces following incongruent words versus faces following congruent words). 

Adolescents showed decreased amygdala response after dACC activation, whereas children 

showed heightened amygdala response to faces after dACC activation. (C) Adolescents 

showed heightened vmPFC activation, whereas children showed decreased vmPFC 

activation to faces after dACC activation (p<.05, corrected; faces following incongruent 

words versus faces following congruent words). For panels A, B, and C, the top image 

shows the whole-brain GLM for the contrast of interest (for panel A, voxels depicted in 

orange showed greater activation for high (versus low) cognitive conflict; for panels B and 

C, voxels depicted in orange showed greater activation to faces following high cognitive 

conflict (versus faces following low cognitive conflict), whereas voxels depicted in blue 

showed greater activation to faces following low cognitive conflict (versus faces following 

high cognitive conflict). The bar plots below show the parameter estimates extracted from 

the relevant region from the corresponding whole-brain map (for visualization purposes 

only).
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Figure 4. 
Age-related changes in information flow during faces following high conflict. Whereas 

connections were dominant from the amygdala to the vmPFC and dACC in children, an 

age-related switch was observed such that in older adolescents connections were dominant 

from the vmPFC and dACC to the amygdala, with an intermediate pattern around the 

transition from childhood to adolescence. Solid lines indicate connections identified by the 

model that were significant at p<.05. Dashed lines indicate connections identified by the 

model that were not significant.
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Figure 5. 
Individual differences in separation anxiety. Controlling for age, individuals who showed 

decreased amygdala reactivity after dACC activation (via cognitive conflict; i.e., decreased 

amygdala activation to faces immediately after the high conflict versus the low conflict 

manipulation) were those with lower normative separation anxiety (F(1,28)=17.92, p<.001, 

ηp
2=0.39), relative to individuals who showed increased amygdala reactivity after dACC 

activation induced via cognitive conflict (i.e., increased amygdala activation to faces 

immediately after the high conflict versus low conflict conditions). Data presented as mean 

+/− 1 standard error of the mean.
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