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ABSTRACT 

Longitudinal studies of the effects of adversity on human brain development are complicated by 

the association of stressful events with confounding variables. To counter this bias, we apply a 

propensity-weighted analysis of the first two years of The Adolescent Brain Cognitive 

DevelopmentSM (ABCD) Study® data, employing a machine learning analysis weighted by 

individuals' propensity to experience adversity. Data included 338 resting-state functional 

connections from 7190 youth (46% female), divided into a training group (80%) and an 

independent testing group (20%). Propensity scores were computed using 390 variables to 

balance across two-year adverse life event exposures. Using elastic net regularization with and 

without inverse propensity weighting, we developed linear models in which changes in 

functional connectivity of brain connections during the two-year period served as predictors of 

the number of adverse events experienced during that same period. Haufe’s method was 

applied to forward-transform the backward prediction models. We also tested whether brain 

changes associated with adverse events correlated with concomitant changes in internalizing or 

externalizing behaviors or to academic achievement. In the propensity-weighted analysis, brain 

development significantly predicted the number of adverse events experienced during that 

period in both the training group (ρ=0.14, p<0.001) and the independent testing group (ρ=0.10, 

p<0.001). The predictor indicated a general pattern of decreased functional connectivity 

between large-scale networks and subcortical brain regions, particularly for cingulo-opercular 

and sensorimotor networks. These network-to-subcortical functional connectivity decreases 

inversely associated with the development of internalizing symptoms, suggesting adverse 

events promoted adaptive brain changes that may buffer against stress-related 

psychopathology. However, these same functional connections were also associated with 

poorer grades at the two-year follow-up. Although cortical-subcortical brain developmental 

responses to adversity potentially shield against stress-induced mood and anxiety disorders, 

they may be detrimental to other domains such as academic success. 
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INTRODUCTION 

Early life stress (ELS) increases risk for negative physical and mental health outcomes, such 

that a greater number of stressors experienced is associated with poorer outcomes in a dose-

depended manner1-4. Stressful experiences in childhood can range from ongoing exposure to 

abuse, neglect, household dysfunction, discrimination, as well as discrete adverse and 

traumatic events. Such experiences are associated with alterations in brain structure and 

function, providing a mechanistic link to the development of stress-related psychopathologies, 

including depression, anxiety, and substance use disorders5-9. ELS-associated brain differences 

are largely recognized as representing perturbations in typical brain development leading to 

persistent alterations to brain structure and function10,11.  

Human neuroimaging studies of brain development during childhood and adolescence have 

provided important insights into the dynamic changes in brain connectivity underlying typical 

development. For example, there is a significant increase in white matter connectivity between 

the cortical and subcortical brain regions during childhood and adolescence that supports 

cognitive and motor abilities, with prefrontal tracks implicated in executive control maturing in 

adolescence and adulthood12-14. Similarly, functional connectivity of the dorsal striatum with 

sensorimotor regions is present during childhood but diminishes through adolescence in favor of 

strengthening prefrontal-striatal connectivity15. Furthermore, increased resting-state functional 

connectivity between the prefrontal cortex and the amygdala during childhood and adolescence 

supports emotional regulation and reduces negative affect16,17. However, as children enter 

adolescence, the normative functional connectivity between the prefrontal cortex and amygdala 

switches from positive to negative, which is proposed to reflect maturing emotion regulation18. 

Overall, studies suggest that changes in connectivity between cortical and subcortical brain 

regions during different periods of development is crucial for the development of motor, 

cognitive, and emotional processing abilities. Factors such as ELS may produce variations in 
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the developmental trajectories of these processes, leading to risk or resilience for various 

negative health outcomes. 

The ABCD Study® offers an unprecedented opportunity to prospectively investigate the effects 

of ELS on longitudinal brain development in a large and diverse sample of adolescents. For 

example, using ABCD data, Rakesh and colleagues examined effects of socioeconomic status 

on baseline resting-state connectivity of large-scale networks19. In that study, within and 

between-network connections involving sensorimotor networks and auditory network were 

particularly affected, in addition to multiple connections involving several frontal cognitive 

networks. However, because that study only included a single timepoint, prospective changes in 

brain development for these networks were not characterized. Another study by Brieant and 

colleagues using ABCD data examined developmental changes in functional connectivity 

associated with cumulative adverse life events experienced across the youth’s lifetime20. That 

analysis was focused on cingulo-opercular connectivity with the hippocampus and amygdala 

and identified reduced functional connectivity development in those connections. However, 

large-scale prospective studies of the impact of ELS on brain developmental changes have thus 

far been limited. 

A major challenge to studying the effects of ELS through observational studies in humans is that 

exposure to stressors is typically associated with a multitude of other confounding variables that 

occur over a broad time period. For example, individuals exposed to one type of trauma are 

more likely to have also been previously exposed to other forms of stressors. The likelihood of 

experiencing stressors also varies by socioeconomic status, racial identity, family structure, and 

community environment. Furthermore, adverse childhood experiences related to living with 

family members with mental health disorders can be confounded by personal genetic risk for 

those disorders. These complex relationships have the potential to obscure and confound 

effects of stressful experiences on brain development. Although longitudinal designs can 
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overcome some limitations, baseline brain measures may also systematically differ between 

those who are later exposed to stressors versus those who are not. To account for these myriad 

influences, propensity score-weighted analysis can adjust for potential confounding factors that 

may affect the accurate assessment of the relationship between adverse life events and brain 

development. Propensity score methods enable observational studies to provide effect 

estimates that more closely reflect those that would be obtained with randomized experimental 

designs21. Specifically, weighting individuals according to their propensity to experience adverse 

life events balances the distribution of covariates across the levels of this exposure (the 

“treatment"), thereby reducing the bias in effect estimates. 

For the current study, we conducted a data-driven, propensity score-weighted analysis of ABCD 

data to examine the relationship between the number of adverse life events experienced during 

a two-year period and brain development during that same time period. Here we examine the 

effects of adverse life events on network-level brain functional connectivity derived from resting-

state fMRI. In this study, we focused on acute stressors in the form of discrete adverse life 

events that occurred during the study timeframe (rather than lifetime events or chronic stress 

like low socioeconomic status), which allowed us to simulate, using propensity scores, an 

experimental design in which subjects are matched at baseline and prospectively randomized to 

an exposure. As a result, this design allowed us to more clearly attribute brain developmental 

effects over the study period to the stressful events experienced during that time period. This 

distinction in the timing of events is crucial since ELS exposures can have opposite effects 

depending on their developmental timing7,22. Using a machine learning approach, we identified 

patterns of functional connectivity development within and between cortical brain networks and 

subcortical regions that were associated with the number of adverse life events experienced 

between the baseline and two-year follow-up fMRI scans. Furthermore, we tested whether 

variations in stress-sensitive functional connections related to changes in behavior. 
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METHODS 

The present study utilized resting-state functional connectivity data from the ABCD study to 

investigate the impact of exposure to stressful events on brain functional development. For the 

current analysis, we downloaded data from data release 4.0 and included subjects who had 

complete resting-state fMRI data at both baseline and the two-year follow-up, providing a total 

sample size of 7,190 subjects. Subjects were an average 9.9±0.1 years old at baseline and 

12.0±0.1 years old at follow-up.  

Data were divided into a training group (80%; n=5,749) and a testing group (20%, n=1,441), 

with the site composition and adverse life events within each group constrained to be 

approximately equal. Using only the training data, we developed a resting-state functional 

connectivity-based classifier of adverse events that was subsequently evaluated on the 

independent testing group, as described in further detail below.  

This analysis was not pre-registered. However, this was a data-driven analysis that did not test 

a priori hypotheses, and the inclusion of an independent testing group offers an important 

degree of rigor that demonstrates the robustness of the findings. 

Resting-state functional connectivity 

Resting-state functional connectivity data were collected at baseline and a two-year follow-up. 

Data were downloaded as tabulated text files containing the pairwise Fisher z-transformed 

Pearson correlation coefficient denoting the functional connectivity between pairs of brain 

regions. Details of the processing of these data has been reported elsewhere24. Two sets of 

functional connectivity data were used: 1) the functional connectivity within and between 13 

large-scale cortical brain networks (abcd_betnet02.txt) defined from the Gordon network 
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parcellation25; and 2) the functional connectivity between the networks and 19 anatomically-

defined subcortical regions (mrirscor02.txt). In total, 338 connections were considered. 

To measure brain development over the two years between the baseline and follow-up scan, we 

calculated the residualized change in functional connectivity. First, functional connectivity 

estimates were cleaned to remove effects of variables known to systematically affect the 

functional connectivity estimates: For each time point independently, we used linear regression 

to estimate and then partial out effects of age in months at the time of the scan, the scanner 

manufacturer [Siemens (1) versus GE or Philips (0)], and the maximum and average framewise 

displacement and their squares (to remove both linear and nonlinear effects of motion). The 

adjusted functional connectivity values for the follow-up scan were then regressed on the 

corresponding adjusted values of the baseline scan, and the residuals (with the intercept added 

back) were retained. These calculations were conducted separately for the training and testing 

groups to avoid introducing bias into the test results. 

Adverse life events 

We aimed to evaluate the effects of acute stress associated with specific adverse life events. 

Adverse life events were self-reported by participants at the 1-year follow-up and the 2-year 

follow-up on the Adverse Life Events Scale26. Participants indicted whether each of 25 events 

had ever occurred, had occurred within the past year, the perceived valence (“Was this a good 

or bad experience?”), and the perceived severity (“How much did the event affect you?”). Due to 

the known dose-effect relationship between ELS and psychiatric outcomes1, we focused our 

investigation on the total number of adverse life events. The negatively-rated events endorsed 

at the 1-year follow-up that had not occurred during the past year were counted as prior adverse 

life events. The total number of adverse life events experienced between the baseline scan and 

the 1-year follow-up was calculated as the total number of endorsed events rated as negative 

and occurring in the past year, regardless of the severity. This approach was similarly applied to 
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estimate total adverse events between the 1- and 2-year follow-ups. The sum of adverse life 

events occurring between the baseline and 2-year follow-up was used in subsequent analyses. 

Propensity Score Calculation 

Incorporating propensity scores into analyses offers a way to balance covariates across all 

levels of a variable of interest in an observational study as a way to approximate an 

experimental study in which subjects are randomly assigned to a “treatment.” This is an 

improved method compared with including many covariates in statistical models27. Propensity 

scores are first constructed in a statistical model to derive the predicted probabilities of 

treatment assignment based on the associated covariates. In this case, the “treatment” is the 

number of adverse life events. It is recommended to include covariates that predict not only the 

treatment but also the outcome (i.e., brain functional connectivity development) when 

constructing propensity scores28. Only baseline variables collected prior to the “treatment” are 

included. Following the calculation of propensity scores, one of several methods for 

incorporating propensity scores into the analysis can be implemented. 

Here, propensity scores for the training group were calculated with the weightit() function in R 

statistical software using the propensity score method. There were 390 variables used to 

construct the propensity scores: study site, scanner manufacturer, baseline age, sex, race, 

ethnicity, number of prior adverse life events, T-scores for the internalizing and externalizing 

subscales of the Child Behavior Checklist (CBCL29) at baseline, puberty score at baseline, 

maternal and paternal histories of depression, maternal and paternal histories of alcohol and 

other substance use problems, parental education, income, whether children split their time 

between separate homes, baseline values for all included functional connections, and baseline 

in-scanner motion (mean and maximum framewise displacement and their squares). The 

relative contribution of each of these variables to the calculated propensity scores depends on 

the strength of their association with the number of adverse events. We used weightit() to 
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calculate weights to balance confounding variables across the number of adverse life events, 

modeled as a Poisson distribution with a log link function. Here we use the inverse probability of 

treatment weighting method30,31, in which subjects for which the baseline variables were better 

predictors of the number of adverse events experienced were downweighted relative to subjects 

for which those variables were poorer predictors. As a result, we were able to reduce the 

confounding influence of these variables in our analysis. This weighting strategy was selected 

for its compatibility with continuous treatments. 

Elastic Net Prediction Analysis 

We used an elastic net-regularized32 negative binomial regression to predict adverse life events 

using resting-state functional connectivity data with glmregNB() in R version 4.2.1. The 

prediction analysis was run twice: once inserting the propensity score weights in the weights 

option and once without weights to enable qualitative comparison. These analyses used 10-fold 

cross validation in which 90% of the training group was used to develop a functional connectivity 

predictor of stressful events for the remaining 10% of the training group, repeated 10 times. 

Within each fold, a nested cross-validation tuning step involved selection of α and λ parameters: 

A series of 10 α values between 0.1 and 1 (in increments of 0.1) were tested to weight the 

penalty towards ridge or lasso optimization, where 1 is equivalent to lasso regularization. 

Additionally, a series of 10 values for the regularization parameter, λ, was tested at each value 

of α, and another nested level of 10-fold cross-validation was used to select the values α and λ 

that provided the lowest cross-validation error. After fitting the set of selected functional 

connections to the 90% training subgroup, the linear equation was used to predict the number of 

adverse events experienced by the remaining 10%. This cross-validation procedure was 

repeated 10 times until all subjects in the training group had a predicted value for the number of 

adverse events experienced. These predicted values were then correlated with subjects’ actual 

values using a Spearman correlation analysis to evaluate the accuracy of the prediction. The 
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10-fold cross validation was repeated 5 times to ensure stability of the results across different 

partitions of the training data. 

To combine the linear equations produced by each training iteration into the final prediction 

equation, we averaged coefficients across the iterations. Each subject’s data was entered into 

the final equation to obtain a predicted value. This final prediction equation was tested on both 

the training group (resubstitution, a biased estimate of accuracy) as well as the testing group 

(an unbiased estimate of accuracy) based on Spearman correlations between actual and 

predicted values.  

To transform the backward prediction model (functional connectivity predicting adversity) to a 

forward model (adversity predicting functional connectivity), we used Haufe’s method for 

transforming multivariate neuroimaging results33. Because we only had one outcome variable in 

our model, this method involves calculating the covariance between each predictor and the 

predicted values, which produces transformed coefficients representing effects of adversity on 

functional connectivity development. Initially, we calculated the significance of these results by 

examining the magnitude of this transformed coefficient relative to both the variance within each 

10-fold cross validation and between the 5 iterations to derive a t-statistic. There was a 

remarkable consistency across each cross validation and iteration, which resulted in 88% and 

90% of the connections being deemed significant for the unweighted and propensity-weighted 

analyses, respectively (Supplemental Table 1). To improve interpretability of these findings, we 

adopt the recommendation to set effect sizes thresholds to focus on not only significant, but 

potentially important results34
. Here we set Pearson’s r=0.50, which is generally considered a 

moderate effect size relationship35, as the minimum important effect size of the Haufe-

transformed coefficients.  

 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 

 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.(which was not certified by peer review)preprint 
The copyright holder for thisthis version posted September 26, 2024. ; https://doi.org/10.1101/2024.09.25.24314355doi: medRxiv preprint 

https://doi.org/10.1101/2024.09.25.24314355
http://creativecommons.org/licenses/by-nc-nd/4.0/


Brain-Behavior Correlations 

We next tested whether changes to brain connections associated with adversity may relate to 

changes in two functional domains: mental health and academic achievement. 

To examine the implications of functional brain changes for mental health, we tested the 

association of significant functional connectivity predictors with parental reports of child 

behaviors using the  Child Behavior Checklist (CBCL29) at the two-year follow-up. Specifically, 

we used T-scores for the internalizing and externalizing subscales of CBCL. Pearson 

correlations were calculated in separate analyses for the two subscales, partialing the 

corresponding baseline CBCL scores so that the correlations account for the relative change in 

behaviors over two years. We also partialed for the total number of adverse life events over the 

past two years in order to ensure that relationships between the brain and 

internalizing/externalizing behaviors were not driven by their common association with adverse 

life events. 

To examine the implications of functional brain changes for academic achievement, we 

examined academic performance at the two-year follow-up. For this analysis, we used parent-

reported grades, which were available as binned data, where greater values reflected poorer 

grades, and analyzed these relationships with Spearman correlations. Baseline scores were not 

available to enable a measure of change in academic performance. However, we partialed for 

the total number of adverse life events over the past two years. 

Sensitivity and Secondary Analyses 

Motion during fMRI can affect functional connectivity estimates but is also closely associated 

with development and behavioral measures. We re-ran the elastic net prediction analysis 

including only subjects with lower levels of motion, which we defined as an average framewise 

displacement of <0.3 mm for both the baseline and follow-up scans. After applying this 
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threshold, 3625 (63%) subjects remained in the training group and 893 (62%) remained in the 

testing group. 

We next tested whether the effects of adverse life events on the brain substantially differed 

between males and females, as sex differences in the response to stress are well 

documented36,37. To test this possibility, we developed a predictor based only on females and 

predicted the number of adverse life events in males and vice versa. We used the same training 

and testing groups as the original analysis.  

 

RESULTS 

Table 1 presents the frequency of adverse events experienced in the sample. 

Elastic net prediction analysis 

In the unweighted analysis, not correcting for propensity to experience adverse life events, the 

final prediction equation predicted the number of adverse life events in the training group 

(r=0.16, p<0.001) and the independent testing group (r=0.12, p<0.001). In the propensity-

weighted analysis, the final prediction equation predicted the number of adverse life events in 

the training group (r=0.14, p<0.001) and the independent testing group (r=0.085, p=0.001). 

Table 2 displays the significant prediction accuracy results of the five iterations of the prediction 

analysis for both the training group and the independent testing group.  

In the unweighted analysis, 7 functional connections showed significant negative effects of 

adverse life events on development. For the propensity-weighted analysis, 10 functional 

connections showed negative effects, which included the 7 connections from the unweighted 

analysis in addition to three others (Figure 1). No connections showed significant positive 

effects in either analysis. Results are thresholded at |r|>0.50, which is intended to display only 
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those connections with a moderate-to-large effect size relationship with the predictor. 

Supplemental Figure 1 displays the same data using an alternative, lower threshold (|r|>0.40). 

These results suggested an overall pattern in which the largest effects, which tended to be 

negative, were primarily observed between large scale brain networks and subcortical brain 

regions.  

Figure 2 plots the baseline and follow-up values for each of the 10 significant functional 

connections from the propensity-weighted analysis. For visualization purposes, we perform a 

median split of the data, plotting subjects with <2 adverse life events and >2 adverse life events 

separately. Figure 2 also includes the residualized change values for each subgroup of the 

median split, which were calculated as the follow-up values after adjusting for the effect of 

baseline functional connectivity values estimated with linear regression. These connections are 

plotted using unweighted (Figure 2A) and propensity-weighted (Figure 2B) means. For each 

connection, there was a trend for functional connectivity to decrease between the baseline and 

two-year follow-up, regardless of stress exposure. However, this developmental decrease was 

accelerated in subjects reporting a greater number of adverse life events. 

To interrogate whether certain networks were broadly affected by adverse life events, we 

calculated the average values for within-network connections (Figure 3A), between-network 

connections (Figure 3B), and network-to-subcortical connections (Figure 3C) for each network 

separately. These calculations included all connections for a given network, regardless of 

whether they met the threshold for significance. We also performed the same calculations for 

each subcortical brain region to all networks to examine whether there were subcortical regions 

that were particularly related to adverse life events (Figure 3D). Overall, adverse life events 

were related to reduced network-to-subcortical functional connectivity development across most 

networks, but particularly for the cingulo-opercular network and sensorimotor network. In 

addition to ELS effects on reduced network-to-subcortical connectivity, there was also a 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 

 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.(which was not certified by peer review)preprint 
The copyright holder for thisthis version posted September 26, 2024. ; https://doi.org/10.1101/2024.09.25.24314355doi: medRxiv preprint 

https://doi.org/10.1101/2024.09.25.24314355
http://creativecommons.org/licenses/by-nc-nd/4.0/


tendency for increased connectivity within and between motor and sensory networks. The 

patterns of covariance between all functional connections and the predictor for the propensity-

weighted analysis was highly similar to that of the unweighted analysis, with a Pearson 

correlation across all connections yielding r=0.99. However, covariance values of the effects of 

ELS on these brain regions were generally reduced for the propensity-weighted analysis, as 

evidenced in Figure 3. 

 Brain-Behavior Correlations 

A Pearson correlation between the number of adverse life events and CBCL internalizing and 

externalizing symptoms indicated that acute stressors were related to increased expression of 

both internalizing (r=0.054, p<0.001) and externalizing (r=0.082, p<0.001) behaviors, relative to 

baseline.  

The correlations between brain functional connectivity development and changes in CBCL 

scores are presented in Table 3. Of the 10 functional connections tested, 6 demonstrated 

significant correlations with internalizing behaviors after FDR correction, whereas there were no 

significant effects for externalizing behaviors. However, these correlations were each in the 

positive direction. Among connections for which adverse life events were associated with lesser 

functional connectivity over time, decreases in connectivity were associated with reductions in 

internalizing symptoms. Thus, functional connectivity developmental changes associated with 

recent experiences of adverse life events at least partially protected against the development of 

internalizing psychopathology. 

A Spearman correlation between the number of adverse life events and parent-reported grades 

indicated that acute stressors were related to lower academic achievement (r=0.15, p<0.001). 

The correlations between brain functional connectivity development and grades is presented in 

Table 3. All 10 of the tested connections were significant, where functional connectivity 
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developmental changes associated with recent experiences of adverse life events were 

associated with poorer grades. 

 

 

Sensitivity and Secondary Analyses 

The elastic net prediction analysis of the low motion sample resulted in significant predictions, 

similar in strength to the full sample analysis (Supplemental Table 2). The pattern of covariance 

associations between the full set of connections and the predictor aligned closely with the 

results from the full sample (r=0.95, p<0.001, Supplemental Table 1), although the only 

significant functional connections using the |r|≥0.5 threshold extended from the sensorimotor 

(mouth) network to right putamen and salience network to left caudate. 

The predictor developed using data from females was significantly correlated with the predictor 

developed on the males (r=0.86, p<0.001), although the significant connections were not fully 

consistent across the sexes (Supplemental Table 1). These sex-specific predictors were 

generally able to predict the number of adverse events across both males and females 

(Supplemental Table 3). Although the results do not preclude the possibility of significant sex 

differences, effects in females and males in this sample were largely similar. 

 

DISCUSSION 

Using a data-driven approach with propensity score weighting, the current study indicated that 

adverse events in late childhood/early adolescence related to developmental reductions in 

cortical-subcortical functional connectivity. The findings primarily implicated connections 

between cortical networks and subcortical brain regions, more so than within or between 
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networks. The affected cortical-subcortical connections include numerous subcortical structures 

extending beyond expected effects in the amygdala and hippocampus. Correlations with 

behavior suggested that the identified brain changes function potentially as adaptive 

mechanisms to counter stress-related development of mood and anxiety disorders, but may 

also be maladaptive for other domains such as academic achievement.  

There were strong qualitative  similarities between the propensity-weighted and unweighted 

analyses based on correlational analyses between the predictors. Although the implicated 

functional connections demonstrated robust effects of acute stress in both the unweighted and 

weighted analyses, the magnitude of effects were diminished after accounting for confounders. 

An inference of these weighting effects is that the variables that are closely associated with the 

propensity to experience acute stressors have qualitatively similar brain effects as the acute 

stressors themselves. Thus, analyses that do not adjust for these other variables are likely to 

over-estimate the effects of acute stressors for many brain connections, even though the 

estimated effects may be qualitatively accurate. Adjusting for propensity scores in studies of 

ELS can offer a method to more accurately quantify the impacts of various forms of stressors. 

Acceleration of maturation and developmental timing effects 

A major finding of this study was that adverse life events related to decreases in functional 

connectivity between large-scale networks and subcortical regions. Similar decreases have 

been reported previously for exposure to chronic and lifetime stressors and have been 

described as an enhanced maturation of the brain20,38,39. Indeed, the direction of the effects in 

this study (Figure 2) demonstrates a general age-related reduction in functional connectivity 

among ELS-associated brain connections, with stronger effects in individuals exposed to a 

greater number of adverse life events. Notably, the current study extends previous reports by 

revealing that acute stressors also promote these maturational effects, as these effects 

persisted when adjusting for chronic stressors and other variables associated with the 
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propensity to experience adverse life events, such as total lifetime adverse events and 

socioeconomic status.  

Nonetheless, the observed effects may be specific to the developmental period included in this 

analysis, as different brain systems may be susceptible to ELS exposure at different ages7. For 

example, ELS related to neighborhood environment is associated with enhanced brain 

maturation (measured by a brain age index) during early adolescence (~12 years) as seen in 

the current study, but these effects are no longer present by late adolescence (~20 years)39. 

Furthermore, in contrast with the current study, exposure to ELS earlier in childhood40 or later in 

adolescence41 and early adulthood42 has been associated with increases in cortical-subcortical 

functional connectivity. Thus, the developmental processes occurring during the time of stress 

exposure are likely to influence the observed effects. 

For example, the developmental window for this analysis (9~12 years) is a key time period 

when threat-regulation responses involving cortical-hippocampal-amygdala circuits are 

developing43. Indeed, connections between the cingulo-opercular network and hippocampus 

and amygdala were among the most affected. Although previous work in a smaller sample 

suggested that the maturational effects of ELS are specific to these threat and emotion 

regulation circuits38, the current findings suggest much broader effects. Specifically, there was a 

general trend for nearly all of the networks and subcortical regions to exhibit diminished 

network-to-subcortical connectivity in response to ELS (Figure 3C, 3D). In fact, the functional 

connectivity between sensorimotor networks and subcortical brain regions showed some of the 

strongest effects. Children exhibit stronger functional connections between primary sensory 

networks and subcortical brain regions relative to adults44. Therefore, the reductions in 

connectivity between sensorimotor regions and subcortical structures is consistent with an 

enhanced developmental trajectory. The effects of ELS on early-developing motor networks and 

threat regulation circuits is consistent with the notion that certain brain regions are particularly 
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susceptible to experiences during specific “critical periods” of development45,46. Future work 

should examine whether brain functional connectivity changes observed in the current study in 

response to acute stressors lead to persistent effects in later adolescence, even in the absence 

of repeated exposures.  

 

Key role of the cingulo-opercular network 

The network that demonstrated some of the greatest ELS-related developmental effects on 

subcortical functional connectivity was the cingulo-opercular network. This network is comprised 

on functional connections between the dorsal cingulate cortex, dorsal anterior insula/frontal 

operculum, and thalamus. It is generally considered a “task control” network, with a specific role 

in tonic alertness47,48. Of the subcortical regions tested, the amygdala and hippocampus 

demonstrated the strongest functional connectivity decreases with the cingulo-opercular 

network, similar to previously-reported effects of cumulative life events20. ELS has been 

repeatedly associated with reduced hippocampal volume46,49 and altered amygdala reactivity to 

emotional stimuli22,50,51, as well as altered connectivity between these regions and the prefrontal 

cortex52. Preclinical and human work suggests that these effects are at least partly related to 

effects of stress hormones53. Given the role of the cingulo-opercular network in maintaining 

alertness to the external environment, connectivity to these stress-sensitive subcortical regions 

may underly hypervigilance associated with the development of stress-related disorders. 

Relationship to symptoms and grades 

Although adverse life events were associated with greater internalizing and externalizing 

psychopathology, paradoxically, the functional connectivity changes following such events were 

related to decreased internalizing psychopathology. These correlational analyses suggest that 

the brain developmental effects identified in this study may be an adaptive response to ELS 
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exposure. These outcomes are reinforced by previous work showing that greater cingulo-

opercular network functional connectivity was associated with heightened internalizing 

symptomatology in the ABCD study at baseline (functional connectivity with putamen)54 and at 

the 2-year follow-up (functional connectivity with bilateral amygdala and right hippocampus)20. 

By controlling for the number of adverse events experienced as well as baseline symptoms, the 

current analysis supports the notion that brain development can moderate the extent to which 

internalizing symptoms are expressed in response to adversity. Intriguingly, the neural 

correlates of the increased internalizing symptomatology in response to ELS were not identified. 

In addition, identified changes were conversely maladaptive in the context of the academic 

environment, as lower functional connectivity was associated with poorer grades. These 

findings highlight how brain changes that allow adolescents to adapt to stressors in their current 

environment may ultimately be maladaptive for other functional domains and could potentially 

be detrimental in the longterm7. 

Limitations 

This study identified effects of discrete adverse events on brain development in a specific 

developmental window, which may not generalize to other developmental periods and other 

forms of stress. Furthermore, we did not differentiate between domains of stressful events in 

this study, despite some evidence that dimensions related to deprivation and threat may yield 

different brain effects49,55. Future work could also consider effects of perceived severity of 

stressors. Additionally, correlational effect sizes between resting-state connectivity and 

behavioral measures are typically small, as observed in the current analysis23. Neural changes 

in response to adversity may be inadequately captured by coarse measures like BOLD fMRI. 

However, the utility of identifying such correlations is not limited to characterizing how much 

variance fMRI signals account for in relationships between adversity and behavioral outcomes, 

but also in identifying patterns of brain effects (i.e., primarily cortical-to-subcortical) and 
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directionality of behavioral correlations, which offer important clues as to how the brain 

responds to adversity. Finally, data collection for the ABCD study is ongoing, so the impact of 

the identified brain changes on future health and behaviors remains to be determined.  

 

 

Conclusions 

Adverse events can have acute effects on brain function, leading to greater maturation of 

connections between cortical and subcortical brain regions. However, this more rapid 

development is associated with both costs and benefits. These findings update our 

understanding of the complex interplay between risk and resilience processes in the brain, and 

understanding these nuanced effects will be important for designing interventions to mitigate the 

impact of adversity on brain and behavioral outcomes. 
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Table 1. Frequency of adverse life events experienced over the two-year study period  

Year 1 
Adverse 
Events 

Frequency Percent 
 

Year 2 
Adverse 
Events 

Frequency Percent 
 

Total 
Adverse  
Events 

Frequency Percent 

0 3121 43.4 0 3236 45 0 1756 24.4 
1 2038 28.3 1 2045 28.4 1 1755 24.4 
2 1011 14.1 2 957 13.3 2 1273 17.7 
3 510 7.09 3 475 6.61 3 853 11.9 
4 251 3.49 4 241 3.35 4 538 7.48 
5 117 1.63 5 119 1.66 5 370 5.15 
6 67 0.93 6 56 0.78 6 233 3.24 
7 40 0.56 7 31 0.43 7 145 2.02 
8 18 0.25 8 15 0.21 8 82 1.14 
9 9 0.13 9 5 0.07 9 73 1.02 

10 4 0.06 10 4 0.06 10 39 0.54 
11 1 0.01 11 3 0.04 11 23 0.32 
12 1 0.01 12 2 0.03 12 14 0.19 
14 1 0.01 13 1 0.01 13 13 0.18 
16 1 0.01   14      7  0.10 

15 6 0.08 
16 4 0.06 
17 1 0.01 
18 1 0.01 
21 2 0.03 
24 1 0.01 
29 1 0.01 
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Table 2. Prediction accuracy across five iterations based on Spearman correlation between actual 
and predicted number of adverse life events 
Unweighted ρ 95% CI p   ρ 95% CI p 

Cross-Validation       Test group       
0.09 0.07 0.12 <0.001 0.11 0.07 0.15 <0.001 
0.09 0.07 0.12 <0.001 0.11 0.07 0.15 <0.001 
0.09 0.07 0.11 <0.001 0.11 0.06 0.15 <0.001 
0.10 0.08 0.12 <0.001 0.11 0.07 0.15 <0.001 
0.10 0.08 0.12 <0.001 0.11 0.07 0.15 <0.001 

Final         
0.15 0.13 0.18 <0.001 0.11 0.07 0.15 <0.001 

Propensity 
Weighted ρ 95% CI p   ρ 95% CI p 

Cross-Validation       Test group       
0.09 0.06 0.11 <0.001 0.10 0.05 0.14 <0.001 
0.09 0.07 0.11 <0.001 0.10 0.05 0.14 <0.001 
0.07 0.05 0.09 <0.001 0.09 0.05 0.13 <0.001 
0.08 0.06 0.10 <0.001 0.10 0.05 0.14 <0.001 
0.08 0.06 0.10 <0.001 0.09 0.05 0.14 <0.001 

Final                 
  0.14 0.12 0.16 <0.001   0.10 0.05 0.14 <0.001 
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Table 3. Correlations between brain functional connectivity changes and behavior       

    

CO-
Caudate 
L 

CO-
Amygdala 
L 

CO-
Hippocampus 
R 

CP-Ventral 
Diencephalon 
R 

SM 
(Hand)-
Pallidum 
L 

SM 
(Hand)-
Caudate 
R 

SM (Mouth)-
Hippocampus 
L 

Salience-
Cerebellum 
L 

VA-
Caudate 
L 

Internalizing r 0.033 0.020 0.044 0.037 0.024 0.046 0.033 0.033 0.010 

 
p 0.009 0.124 0.001 0.004 0.057 0.000 0.010 0.009 0.448 

Externalizing r 0.001 -0.006 0.002 -0.003 -0.004 0.003 -0.002 0.010 0.012 

 
p 0.930 0.615 0.848 0.787 0.776 0.838 0.870 0.444 0.355 

Grades ρ -0.045 -0.035 -0.047 -0.042 -0.045 -0.041 -0.047 -0.044 -0.042 

  p <0.001 0.004 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
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Figure Legends 1 

Figure 1. Circular plot of functional connections with significant negative (blue lines) 2 

associations with predicted values for the unweighted (left) and propensity weighted (right) 3 

analyses. There were no significant effects in the positive direction. All Plotted lines meet the 4 

threshold of |r|≥0.50 for the association between the connection and the predictor. Bilateral 5 

subcortical regions are plotted separately for left (L) and right (R) lateralization. 6 

Figure 2. Functional connectivity by time point and number of adverse life events. Violin plots 7 

(left side of each panel) display the distributions and unweighted (A) or propensity-weighted (B) 8 

means of functional connectivity values at baseline and the two-year follow up for the pairwise 9 

connections significantly (|r|≥0.50) correlated with the predicted number of adverse life events 10 

based on the propensity-weighted analysis. Residualized change scores, which are functional 11 

connectivity values at the follow-up visit after adjusting via regression for functional connectivity 12 

at the baseline visit, are plotted to the right of each panel. Data are displayed for individuals with 13 

fewer (<2; blue) or greater (>2; red) negative life events during the two-year time period 14 

between scans based on a median split of the training sample. All displayed connections 15 

indicate a negative effect of adverse life events on development of functional connectivity. CO, 16 

cingulo-opercular; CP, cingulo-parietal; RST, retrosplenial-temporal; SM, sensorimotor; VA, 17 

ventral attention; L, left; R, right. 18 

Figure 3. Estimated effects of adverse life events averaged by large-scale network for A) within-19 

network functional connectivity, B) between-network functional connectivity,  and C) network-to-20 

subcortical functional connectivity. D) Estimated effects of adverse life events averaged by 21 

subcortical brain region for subcortical-to-network functional connectivity. Values are 22 

covariances between functional connectivity development and the predicted number of adverse 23 

life events, averaged across 5 iterations of 10-fold cross-validation. 24 

 25 
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