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Abstract 

Background: Much research has focused on the deleterious neurobiological effects of childhood 

adversity that may underlie internalizing disorders.  While most youth show emotional adaptation 

following adversity, the corresponding neural mechanisms remain poorly understood.   

Methods: In this longitudinal community study, we examined the associations among childhood family 

adversity, adolescent internalizing symptoms, and their interaction on regional brain activation and 

amygdala/hippocampus functional connectivity during emotion processing in 132 adolescents.  

Results: Consistent with prior work, childhood adversity predicted heightened amygdala reactivity to 

negative, but not positive, images in adolescence.  However, amygdala reactivity was not related to 

internalizing symptoms.  Furthermore, childhood adversity predicted increased fronto-amygdala 

connectivity to negative, but not positive, images, yet only in lower internalizing adolescents.  Childhood 

adversity also predicted increased fronto-hippocampal connectivity to negative images, but was not 

moderated by internalizing.  These findings were unrelated to adolescence adversity or externalizing 

symptoms, suggesting specificity to childhood adversity and adolescent internalizing.   

Conclusions: Together, these findings suggest that adaptation to childhood adversity is associated with 

augmentation of fronto-subcortical circuits specifically for negative emotional stimuli.  Conversely, 

insufficient enhancement of fronto-amygdala connectivity, with increasing amygdala reactivity, may 

represent a neural signature of vulnerability for internalizing by late adolescence.  These findings 

implicate early childhood as a critical period in determining the brain’s adaptation to adversity, and 

suggest that even normative adverse experiences can have significant impact on neurodevelopment and 

functioning.  These results offer potential neural mechanisms of adaptation and vulnerability which 

could be used in the prediction of risk for psychopathology following childhood adversity.  
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Introduction 

Childhood adversity, such as parental mental illness and household dysfunction, is common, affecting 

nearly two-thirds of youth by age 18 (1).  Much research has focused on childhood adversity as a risk 

factor for developing mood and anxiety disorders (2).  However, many youth show emotional adaptation 

even in the face of severe childhood adversity and do not develop mental illness (3; 4).  However, the 

neurobiological mechanisms conferring adaptation to childhood adversity remain poorly understood.  

Such knowledge is vital for predicting individual outcomes following childhood adversity, determining 

which youth should receive early intervention, and developing biologically informed treatments for 

symptomatic youth.   

Many neuroimaging studies have documented neural abnormalities during emotion processing in 

relation to childhood adversity.  What is less clear, however, is which of these abnormalities may be 

adaptive, versus those which directly contribute to psychopathology.  For example, amygdala 

hyperactivation has been reported across many types of childhood adversity (e.g. poverty, caregiver 

deprivation, interpersonal violence, maltreatment, stressful life events) (5–16), appears to be specific to 

negative emotional stimuli (6; 9; 12; 14) [though see (13)], and is generally independent of symptom 

levels (5–13).  Together, these studies suggest that amygdala hyperactivation to negative stimuli may be 

an adaptive response to early life adversity, perhaps allowing enhanced threat detection.  In contrast, 

prefrontal findings during emotion processing have been more variable and include mixed findings 

(increased and decreased activation) in the medial prefrontal cortex (mPFC) (5; 17), dorsolateral (dl)PFC 

(5; 7; 9; 18) and ventrolateral (vl)PFC (5–7; 17) in relation to interpersonal violence/maltreatment, 

caregiver deprivation, and poverty.  Notably, abnormal prefrontal activation following early life adversity 

may also be specific to negative stimuli (6; 9).  Furthermore, adversity-related increases in dorsal/lateral 

prefrontal activation may serve a compensatory role in emotion regulation (7; 9; 18).  
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Relative to brain activation studies, even less is known about emotion-related functional connectivity 

patterns which may confer adaptation versus vulnerability following childhood adversity.  Gee and 

colleagues found that more “mature” mPFC-amygdala connectivity to negative stimuli following 

caregiver deprivation may be partially adaptive, in that it was associated with some reduction in anxiety 

symptoms (6).  Relatedly, work from our group has shown that trauma-exposed youth with PTSD show 

reduced mPFC-amygdala connectivity to negative stimuli, which in turn was inversely related to PTSD 

severity (19).  An intriguing possibility then, is that while amygdala hyperactivity to emotional stimuli 

may be a typical response to childhood adversity, augmentation of coupling between the amygdala and 

prefrontal regulatory regions may be a crucial determinant of adaptive emotion regulatory responses. 

Consistent with this notion, prefrontal-amygdala connectivity is associated with emotion regulation 

success and lower anxiety in healthy adults (20; 21). 

A major limitation of prior emotion-related imaging studies of childhood adversity is that they have not 

incorporated measures of childhood adversity and emotional adaptation in the same individual brain 

model.  This risks conflating adaptive and maladaptive sequelae of adversity, given that they may have 

opposing effects in the same circuits.  In addition, prior studies have focused on severe adversity (e.g., 

maltreatment, caregiver deprivation), leaving it unclear whether similar neural sequelae occur with 

more normative types of adversity.  Prior work in the present community sample of adolescents 

revealed decreased intrinsic mPFC-amygdala connectivity in relation to normative levels of family 

adversity and experiences of maltreatment, which mediated some risk for adolescent internalizing 

symptoms (22; 23).  However, it remains unclear how normative experiences of childhood adversity may 

impact prefrontal-amygdala function and connectivity during emotion processing, and which patterns 

may serve an adaptive role.  Finally, to our knowledge, no studies have examined the effects of 

childhood adversity on hippocampal functional connectivity during emotion processing.  The 

hippocampus plays an important role in the contextual gating of fear and anxiety (24), and we have 
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previously reported reduced intrinsic mPFC-hippocampus functional connectivity in relation to 

maltreatment experiences (23). 

To address these knowledge gaps, we explored the neural substrates of adversity adaptation during 

emotion processing in a prospective, longitudinal community sample of adolescents.  To index childhood 

adversity, we focused on family adversity levels during childhood (infancy to age 11), given our prior 

work showing that childhood, but not adolescent, adversity predicts weaker intrinsic fronto-amygdala 

and –hippocampus connectivity (22; 23).  We defined emotional adaptation as the relative absence of 

internalizing (anxiety and depressive) symptoms (25) in adolescence, spanning ages 15-18.  At age 18, 

adolescents completed functional MRI while performing an emotion processing task in which they rated 

negative, positive, and neutral images (26).  Group-level analyses examined the effects of childhood 

adversity, adolescent internalizing, and their interaction on activation and functional connectivity in 

prefrontal-amygdala and -hippocampal pathways.  We hypothesized that childhood adversity would be 

associated with increased amygdala reactivity to negative, but not positive, emotional content.  

However, emotional adaptation would be associated with adversity-related augmentation of prefrontal-

amygdala and –hippocampus connectivity to negative emotional content.  Attenuated recruitment of 

these pathways following childhood adversity would, in turn, be associated with greater internalizing 

symptoms in adolescence (i.e. childhood adversity by internalizing interaction).  Within these analyses, 

we explored the specificity of neural findings to adolescent adversity, externalizing symptoms, and 

potential sex differences. 

Methods 

Participants 

Recruitment for the Wisconsin Study of Families and Work (originally Wisconsin Maternity Leave and 

Health Project) (27) began in 1990 and was designed to gather information on parental leave and health 
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outcomes from a community sample in and around two cities in southern Wisconsin. A total of 570 

women and their partners were initially recruited from clinics and hospitals while attending routine 

prenatal visits.  Mothers had to be over 18 years old, in their second trimester of pregnancy, and living 

with the baby’s biological father.  Selection for the present study was based on proximity to the 

laboratory and MRI exclusionary criteria.  A total of 138 participants completed MRI.  Of these, 6 

participants were missing data on either childhood adversity or adolescent internalizing, resulting in a 

final sample of 132 adolescents (69 female; Mage = 18.63). See Table 1 for participant/family 

characteristics.  Note that our prior intrinsic functional connectivity studies (22; 23) represent a 

subsample of the current set of adolescents.  Informed consent (and parental permission in childhood) 

was obtained for all assessments.  University of Wisconsin-Madison Institutional Review Boards 

approved all procedures. 

Behavioral measures 

See Figure 1 for a schematic of behavioral measures and their use in the fMRI model.  Childhood 

adversity was based on a composite of maternal reports of normative types of family adversity including 

maternal depression, negative parenting, parental conflict/family anger, maternal role overload, and 

financial stress (27).  We focused on family adversity because it encompasses a broad array of common 

family stressors, was available prospectively, and would be less likely to introduce bias when included 

with adolescent internalizing in the same brain model. The adversity composite was created at each 

time point using principle components analysis (PCA), then averaged across seven assessments spanning 

the child’s infancy to age 11.  Adolescent internalizing symptoms were assessed four times annually, 

from ages 15-18, with the adolescent version of the MacArthur Health and Behavior Questionnaire 

(HBQ) (25).  At each time point, PCA was used to create a composite score across reporters - mother, 

teacher (age 15 only), and adolescent.  Composite scores were then averaged across time points.  
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Internalizing was comprised of HBQ subscales measuring symptoms of generalized anxiety, social 

anxiety, and depression.  See Supplemental Methods for description of additional measures for 

adolescent adversity, externalizing, and clinical diagnoses. 

fMRI Experimental Task 

During fMRI, participants completed an emotion processing task in an event-related design as previously 

described (19; 26).  In this task version, participants viewed 180 images from the International Affective 

Picture System (IAPS) (28), evenly split among negative, neutral, and positive images.  The task also 

included presentation of neutral male faces after image offset in two-thirds of trials, with the intent of 

examining the effect of emotional content on subsequent face processing.  Each image was presented 

for 4 s, and each face for 500 ms.  The current analyses focused only on IAPS responses (negative-

neutral, positive-neutral), though all stimuli were modeled at the individual level.  Participants were not 

explicitly instructed to regulate their emotional responses, but were instructed to rate picture valence 

via button press.  The task consisted of five runs approximately eight minutes each.  Additional task 

details can be found in Supplemental Methods. 

Image Acquisition and Processing 

Structural and functional images were collected on a 3T MRI scanner (Discovery MR750, GE, Milwaukee, 

WI, USA) with an 8-channel RF head coil array. T1-weighted structural images (1mm3 voxels) were 

acquired axially with an isotropic MPRAGE sequence (TE=3.18ms, TR=8.13ms, TI=450ms, FA=12°).  

Functional scans were acquired using a gradient echoplanar sequence (64 x 64 in-plane resolution, 240 

mm FOV, TE=25ms, TR=2s, FA=60°, 30 x 5mm interleaved sagittal slices, 265 volumes per run). 

Anatomical images were segmented and transformed to MNI space using linear (12 parameter affine) 

and nonlinear (DARTEL) (29) warps with Statistical Parametric Mapping (SPM)8 (Wellcome Trust Centre 
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for Neuroimaging, UK).  For functional data, the first 4 volumes of each time-series were removed due to 

T1-equilibrium effects.  Functional data were concatenated across runs, slice-time-corrected, realigned 

to the last volume of each run, and coregistered with the anatomical image using Analysis of Functional 

NeuroImages (AFNI) (30).  Images were resampled to 2 x 2 x 2 mm3 voxels and smoothed with an 8 mm 

Gaussian (FWHM) kernel.   

Individual Level Analysis 

Each participant’s functional data were entered into a general linear model (GLM) in AFNI 

(3dDeconvolve), including regressors for each stimulus condition (positive, negative, or neutral IAPS; 

face presentation) convolved with a sine basis function. Each trial was modeled in two epochs to 

examine brain activation during reactivity (2-6s post image onset) and recovery (6-14s post image onset) 

periods (26).  Six motion parameters were included as nuisance regressors.  Motion parameters were 

unrelated to childhood adversity or adolescent internalizing (all p ≥ 0.2).  Additionally, time-points were 

censored if the motion of a point 87 mm from the center of rotation was greater than 2 mm/degrees.  

At the run level, a run was excluded if more than 25% of time points were censored. This resulted in the 

exclusion of 1 run from 4 subjects.  Finally, linear and quadratic trends were modeled to control for 

correlated drift.  For the current study, contrasts of interest included negative-neutral and positive-

neutral IAPS.  Results from the first level GLM were then transformed to MNI space with the anatomical 

warp parameters using SPM.  

Group Level Analysis 

Individual level regression coefficients were submitted to random effects, group level analyses in AFNI 

(3dttest++).  A single group test was used for negative-neutral and positive-neutral contrasts with 

covariates including childhood adversity, adolescent internalizing, and their interaction. All covariates 
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were mean centered, with the interaction term generated from the mean-centered variables.  A priori 

regions of interest included the PFC and bilateral amygdala/hippocampus using masks generated in 

AFNI.  Multiple comparison correction was applied at the cluster level following Monte Carlo simulations 

in AFNI (3dClustSim).  Multiple comparison correction was performed separately for the 

amygdala/hippocampus complex to avoid type II error given the small volume of this region (31).  

Additional results outside of a priori regions surviving whole brain correction are reported in 

Supplemental Information.  Using a voxelwise p = 0.01, the cluster forming threshold for corrected α ≤ 

0.05 was 295 voxels for the PFC, 39 voxels for amygdala/hippocampus, and 471 voxels for whole brain. 

Functional Connectivity Analyses  

A psychophysiological interaction (PPI) analysis was conducted within AFNI to examine task-dependent 

connectivity with the amygdala and hippocampus using the full hemodynamic response time course.  As 

in our previous studies (22; 23), binary masks of the left and right amygdala and hippocampus were 

defined by placing 4 mm radius spheres at locations of the amygdala and mid-hippocampus according to 

the Talairach Daemon (32).  A GLM was carried out for each participant as above, with additional 

regressors for each seed region time series, and the interaction of task and time series.  Individual-level 

PPI coefficients were then entered into a random-effects, group level analysis as for the activation 

analysis, with multiple comparison correction as above. 

Secondary analyses 

Secondary analyses were conducted in SPSS (v. 21) on extracted cluster averages obtained in the voxel-

wise analyses.  Cluster averages were examined for outliers, and any outliers were winsorized to the 

next nearest non-outlier value.  Next, a GLM of the primary model was repeated in SPSS, which 
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confirmed the primary imaging results (see Supplemental Information).  Subsequent analyses examined 

potential sex differences, and specificity of effects to adolescent adversity and externalizing symptoms.  

Results 

Childhood adversity and adolescent internalizing characteristics 

Childhood adversity was very consistent across time points (intraclass correlation [ICC] = 0.88, F116,348 = 

8.63, p < 0.001).  For a descriptive summary of adversity experiences, see Supplemental Results.  

Adolescent internalizing symptoms were also very consistent across time points (ICC = 0.90, F113,339 = 

10.46, p < 0.001).  Nearly one-third (n = 38) of youth had a lifetime diagnosis of any internalizing 

disorder (Table 1).  Lifetime internalizing diagnoses increased with adolescent internalizing levels, 

ranging from 11% to 46% for internalizing Z scores <-0.5 and >0.5, respectively. 

Childhood adversity, adolescent internalizing, and regional brain activation during emotion processing 

Analysis of a priori regions for the negative-neutral image contrast revealed that right amygdala 

reactivity was positively correlated with childhood adversity (k = 141 voxels, peak t = 3.07, xyz = 20, -4, -

24; Figure 2), but showed no relationship with adolescent internalizing or an adversity by internalizing 

interaction.  No significant effects were found in the negative-neutral contrast for PFC or hippocampal 

activation.  In the positive-neutral contrast, no significant effects were observed with amygdala or PFC 

activation.  However, right hippocampus reactivity was negatively correlated with internalizing (k = 36 

voxels, peak t = -3.95, xyz = 36, -20, -18).  No significant findings were observed for either contrast in the 

recovery period when split by face and no face trials.  See Supplemental Table 1 for results outside of a 

priori regions. 

Childhood adversity, adolescent internalizing, and functional connectivity of the amygdala and 

hippocampus during emotion processing 
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Complete results for a priori search regions can be found in Table 2.  See Supplemental Table 2 for 

results outside of a priori regions. 

Amygdala functional connectivity 

Analysis of the negative-neutral contrast revealed that childhood adversity positively predicted 

functional connectivity of the right amygdala to bilateral medial prefrontal cortex (mPFC, Brodmann 

areas [BA] 9, 10; Figure 3A).  Furthermore, an adversity by internalizing interaction was present in an 

overlapping cluster in the dorsomedial (dm)PFC.  Here, childhood adversity effects on amygdala-dmPFC 

functional connectivity were moderated by internalizing levels, such that adversity-related increases in 

connectivity were attenuated in higher internalizing adolescents (Figure 3B).  To further explore this 

interaction, a conditional effects plot examined the effect of childhood adversity on amygdala-dmPFC 

connectivity across the full range of internalizing symptoms.  Childhood adversity predicted significantly 

greater amygdala-dmPFC connectivity only in adolescents with internalizing Z-scores < 0.25, while no 

significant association between adversity and connectivity was observed at higher internalizing levels 

(Figure 3B).  Finally, no relationships were observed among childhood adversity, adolescent 

internalizing, or their interaction with fronto-amygdala connectivity in the positive-neutral contrast. 

Hippocampus functional connectivity 

Analyses of the negative-neutral contrast revealed that childhood adversity positively predicted 

functional connectivity of the left and right hippocampus to bilateral dm/dlPFC (BA 8, 9, 32; Figure 4), 

but no adversity by internalizing interaction.  No relationships were observed among childhood 

adversity, adolescent internalizing, or their interaction with fronto-hippocampal connectivity in the 

positive-neutral contrast. 
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Potential sex differences in the effects of childhood adversity and adolescent internalizing on brain 

activation and functional connectivity   

Given our prior work demonstrating a greater impact of childhood adversity on intrinsic amygdala-

prefrontal connectivity in females compared to males (22; 23), we explored possible sex differences in 

our primary findings.  Within this sample, there was a main effect of sex for adolescent internalizing 

symptoms as expected (Z-scored averages of 0.19 and -0.21 for females and males, respectively, F1,128 = 

6.38, p = 0.01).  Using extracted clusters from the negative-neutral contrast, we conducted a GLM 

including sex, interactions of sex with childhood adversity and adolescent internalizing, and their 3-way 

interaction.  We found no significant main effects of sex or interactions of sex explaining the findings 

above. 

Developmental timing of adversity effects on brain activation and functional connectivity   

Next, we asked whether the neural effects of adversity were specific to exposure in childhood versus 

adolescence.  Using extracted clusters from the negative-neutral contrast, we repeated our original GLM 

(childhood adversity, adolescent internalizing, and their interaction) while including recent adolescent 

adversity (past 6 months negative events), and the interaction of adolescent adversity with internalizing.  

In each case, the original effects of childhood adversity and childhood adversity by internalizing 

interactions remained, with no significant effects of adolescent adversity or adolescent adversity by 

internalizing.  Furthermore, substituting adolescent adversity for childhood adversity entirely revealed 

no significant effects of adolescent adversity nor adolescent adversity by internalizing interactions, 

suggesting specificity of neural effects to adversity in childhood. 

Symptom specificity of brain activation and connectivity findings: internalizing versus externalizing  
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Finally, we asked whether adolescent externalizing, versus internalizing, showed any relationship to our 

primary brain findings.  Externalizing and internalizing symptoms were modestly correlated (r = 0.40, p < 

0.001).  Using clusters from the negative-neutral contrast, we repeated our original GLM while including 

adolescent externalizing, and the interaction of childhood adversity with externalizing.  In each case, the 

original effects of childhood adversity and childhood adversity by internalizing interactions remained, 

with no significant effects of externalizing or childhood adversity by externalizing.  Furthermore, 

substituting externalizing for internalizing entirely revealed no significant effects of externalizing nor 

childhood adversity by externalizing interactions, suggesting specificity of reported effects to adolescent 

internalizing. 

Discussion 

Our study offers novel insights on how normative experiences of childhood adversity may alter the 

brain’s emotion circuitry by adolescence, and how adaptive neural patterns may become compromised 

in vulnerable adolescents.  Consistent with prior studies of more severe adversity, childhood adversity 

was associated with greater amygdala reactivity in adolescence.  At the same time, childhood adversity 

predicted greater functional connectivity between the amygdala and hippocampus to dorsal prefrontal 

regions important in the regulation of fear and anxiety.  However, adversity-related augmentation of 

prefrontal-amygdala connectivity was attenuated in higher internalizing adolescents, despite increasing 

amygdala reactivity.  Importantly, these findings were specific to adversity during childhood, to 

symptoms of internalizing in adolescence, and to negative emotional content.  Together, these findings 

suggest that even normative experiences of childhood adversity bias the amygdala towards reactivity to 

negative content, yet also adaptively augment prefrontal regulatory pathways, which in turn are 

compromised in more vulnerable youth.  These results implicate childhood as a critical developmental 
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period in the brain’s response to adversity, potentially tipping emotion regulatory circuits towards 

adaptation or vulnerability by late adolescence. 

The present findings revealed that childhood adversity is associated with augmentation of prefrontal-

amygdala coupling in lower internalizing adolescents, suggesting a potential neural mechanism of 

adaptation to adversity.  It is worth noting, however, that higher internalizing adolescents also tended to 

have higher levels of childhood adversity.  Furthermore, maternal depressive symptoms in childhood, 

part of our adversity composite, could also partially reflect heritable vulnerability factors transmitted to 

the child.  On the other hand, maternal depression is, in and of itself, a significant form of 

childhood/family adversity (33).  Thus, attenuated augmentation of prefrontal-amygdala coupling in 

higher internalizing adolescents could reflect a combination of both greater childhood adversity and 

heritable vulnerability, reflecting the complex interplay between genetic predisposition and early-life 

environment (3; 34).   

Interestingly, amygdala reactivity was not itself associated with internalizing symptoms, consistent with 

prior studies of childhood adversity (5–13), suggesting it may be a more general response to childhood 

adversity allowing improved detection of potential threat.  While amygdala hyperactivation is commonly 

reported in studies of internalizing disorders (35; 36), our findings suggest that augmentation of dorsal 

prefrontal-amygdala coupling may be a crucial determinant in emotional adaptation following childhood 

adversity, by counteracting increased amygdala reactivity.  The dorsal prefrontal-amygdala pathway is 

notable for its role in effortful emotion regulation (37), and connectivity between dorsal/lateral PFC and 

the amygdala has been associated with emotion regulation success and lower anxiety levels in healthy 

adults (20; 21).   Consistent with this regulatory hypothesis, work from our group using the current task 

in youth with PTSD revealed decreased amygdala-dmPFC coupling, which further related to illness 

severity (19).  Furthermore, recent studies have demonstrated that, controlling for symptom severity, 
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childhood maltreatment is associated with increased dorsolateral prefrontal activation in emotion tasks 

requiring cognitive control (9; 18), which may counteract re-experiencing symptoms (18) and amygdala 

hyperactivity (9).   

Within this framework, one possible interpretation is that vulnerable youth show impaired 

augmentation of dorsal prefrontal-amygdala coupling following adversity, which then leads to deficient 

emotion regulation and internalizing symptoms.  Alternatively, the development of internalizing 

symptoms in adolescence may cause a “degradation” of prefrontal-amygdala coupling, in effect negating 

adversity augmentation of this pathway.  In either case, reduced dorsal prefrontal-amygdala coupling to 

negative stimuli appears to be a key neural marker of vulnerability for internalizing symptoms following 

childhood adversity.  Future longitudinal neuroimaging studies in adolescence (before and after 

development of internalizing) would be warranted to fully explore the developmental course of these 

effects.   

Similar to the amygdala, we found that childhood adversity predicted enhanced coupling between the 

hippocampus and dm/dlPFC to negative emotional content.  The hippocampus is notable for its role in 

providing contextual information to the prefrontal cortex in gating fear and emotional responses (24).  

Rodent studies suggest that the hippocampus is capable of both promoting and extinguishing 

conditioned fear responses based on context (38).  The current findings suggest that adaptive neural 

responses to childhood adversity involve increased coupling between the hippocampus and dm/dlPFC, 

which may allow for more flexible engagement of regulatory circuits based on environmental context.  

Consistent with this notion, enhanced mPFC-hippocampus coupling in trauma-exposed adults appears to 

mitigate the development of PTSD symptoms.  Furthermore, lower gray matter volume in both 

hippocampus and dmPFC has been shown to mediate the relationship between childhood adversity and 

adult anxiety symptoms (39).  Thus, impaired adversity-related augmentation of this circuit could 
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contribute to impaired contextual modulation of fear and anxiety in adolescence, as has been observed 

in anxiety disorders and PTSD (24). 

Limitations 

While this study has a number of strengths including the large sample size, longitudinal design, and 

examination of normative types of adversity, there are limitations.  First, differences in brain function 

could represent a predisposing trait to experience childhood adversity.  Second, temporal overlap in 

brain and internalizing measures precludes direct inference on brain differences contributing to 

internalizing, or vice versa, and will require future studies employing longitudinal neuroimaging.  Third, 

we do not have an independent measure of emotion regulation, such as corrugator activity (21), to 

directly demonstrate the benefit of augmented fronto-amygdala connectivity.  Relatedly, PPI analyses 

cannot determine directionality, i.e. top-down vs. bottom-up changes in connectivity.  Future studies 

employing causal modeling approaches would be warranted to explore these effects.  Fourth, while our 

findings suggest that childhood adversity is particularly important in the neural differences reported 

here, we cannot exclude the possibility that different types of adversity captured by our childhood and 

adolescent measures account for apparent specificity to childhood. Additionally, it is possible that other 

forms of adversity outside the home, such as exposure to violence or bullying, may influence the brain’s 

adaptive capacity.  Finally, we recognize that our definition of emotional adaptation was restricted to 

the relative absence of adolescent internalizing/externalizing symptoms, and doesn’t necessarily 

generalize to other indicators such as well-being which would merit exploration in future studies.  

In summary, the current data suggest neural signatures of adaptation to childhood adversity involving 

augmentation of fronto-amygdala and –hippocampal pathways important in the regulation of fear and 

anxiety.  Furthermore, adversity-related augmentation of fronto-amygdala connectivity was attenuated 

in higher internalizing adolescents, suggesting that either vulnerable youth fail to benefit from this 
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adaptation, or that it becomes degraded with the development of internalizing.  Finally, our results 

suggest that childhood, but not late adolescence, is a particularly important developmental period in 

determining neural adaptation to adversity.  These findings have great relevance for understanding the 

development of adversity-related psychopathology such as depression, anxiety-disorders, and PTSD, the 

majority of which emerge by late adolescence (40).  These findings offer neural markers of vulnerability 

which could be used in the prediction of risk for psychopathology following childhood adversity, the 

institution of timely interventions in at-risk youth, and as treatment targets in those suffering from 

internalizing disorders and PTSD. 
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Table 1.  Participant and family characteristics. 

N 132 

Age, m (range, SD) 18.63 years (18.15-19.48, ±0.26) 

Sex (female), n (%) 69 (52%) 

Race/ethnicity, n (%) 
    

Caucasian, 119 (90%) 
Native American/Alaskan, 7 (5%) 
African American, 5 (4%) 
Asian, 1 (1%) 

Family income at child’s age 4.5 yrs, m 
(range, SD) 

$68,296 ($20,000-$300,000, ±$40,676) 

Parental education at child’s age 3.5 
yrs, m (range, SD) 

Mother 15.2 years (10-20, ±2.0) 
Father 14.9 years (10-20, ±2.2) 

Lifetime internalizing diagnoses, n (%) 

Any diagnosis, 38 (29%) 
Major depressive disorder, 19 (14%) 
Social anxiety disorder, 16 (12%) 
Specific phobia, 8 (6%) 
Generalized anxiety disorder, 3 (2%) 
Panic disorder, 2 (2%) 
Depressive disorder NOS, 1 (1%) 
PTSD, 1 (1%) 

Lifetime externalizing diagnoses, n (%) 
Attention deficit hyperactivity disorder (5.2%) 
Oppositional defiant disorder (2.6%) 

 

Table 2.  Summary of results from the psychophysiological interaction (PPI) analysis in a priori regions 

using a seed-based approach with the amygdala or hippocampus.  Clusters shown survived correction (α 

≤ 0.05) within a priori search regions of the prefrontal cortex or amygdala/hippocampus complex.  Peak 

coordinates (x, y, z) are based on the MNI atlas in LPI orientation.  The statistical model included 

childhood adversity (A), adolescent internalizing (I), and their interaction term (A X I).  BA = Brodmann 

area, amyg = amygdala, hipp = hippocampus, dm/dlPFC = dorsomedial/dorsolateral prefrontal cortex. 

 

Contrast Seed Effect Cluster BA k t x y z 

Negative-
neutral 

L amygdala I R amygdala -- 39 -3.40 26 -6 -26 

R amygdala A B mPFC 9,10 699 3.29 -2 58 2 

R amygdala A X I B dmPFC 9,10 333 -2.92 0 52 18 

L hippocampus A B dm/dlPFC 8,9 480 2.82 2 42 50 

R hippocampus A L dm/dlPFC 8,9,32 1054 2.66 0 38 58 

R hippocampus A R dm/dlPFC 8,9 939 3.76 20 46 42 

Positive-
neutral No significant effects 
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Figure Legends 

Figure 1. Summary of behavioral measures and use in analysis for fMRI.  The statistical model for fMRI 

analysis included effects of childhood adversity (infancy to age 11), adolescent internalizing symptoms 

(ages 15-18), and their interaction on regional brain activation and functional connectivity of the 

amygdala and hippocampus during emotion processing.  This model allows for testing of the effects of 

childhood adversity on neural patterns as moderated by internalizing status in adolescence.  

Figure 2. Childhood adversity predicts greater amygdala reactivity to negative vs. neutral images in 

adolescence.  Reactivity was defined as activation 2-6 seconds after image onset.  A scatterplot of 

amygdala reactivity vs. childhood adversity (Z-scored) is displayed on the right.  N=132. k=141 voxels, 

p<0.05 corrected for the amygdala/hippocampus search region. 

Figure 3. Childhood adversity predicts greater amygdala-mPFC functional connectivity in adolescence 

but is moderated by internalizing symptoms. Functional connectivity estimates were derived from the 

negative vs. neutral image contrast, using a seed based approach. The seed region and connectivity 

results are shown on the left, with scatterplots of childhood adversity (Z-scored) vs. functional 

connectivity cluster averages in the middle panel. (A) Main effect of childhood adversity on amygdala-

mPFC connectivity (k=699 voxels, p<0.05 corrected).  (B) A childhood adversity by adolescent 

internalizing interaction in an overlapping cluster revealed that childhood adversity predicts greater 

amygdala-dmPFC connectivity in lower but not higher internalizing adolescents (k=333 voxels, p<0.05 

corrected).  The middle panel shows a scatterplot depicting the interaction, with trend lines shown for 

childhood adversity vs. functional connectivity at adolescent internalizing Z-scores less than -0.5, or 

greater than 0.5 (i.e. ± 0.5 SD).  Points/lines are color coded for internalizing levels.  The dashed line 

represents the average effect across all participants.  The right panel shows a conditional effects plot 

demonstrating the effect of childhood adversity on amygdala-mPFC connectivity across the full range of 
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internalizing levels.  Childhood adversity predicted significantly greater amygdala-mPFC connectivity 

only in adolescents with internalizing Z-scores < 0.25 (vertical dashed line). N=132. mPFC = medial 

prefrontal cortex, Int = internalizing, SD = standard deviation. 

Figure 4. Childhood adversity predicts greater hippocampus-dm/dlPFC functional connectivity in 

adolescence.  Functional connectivity estimates were derived from the negative vs. neutral image 

contrast, using a seed based approach. The seed region and connectivity results are shown on the left, 

with a scatterplot of childhood adversity (Z-scored) vs. functional connectivity cluster averages on the 

right.  Shown in the scatterplot are results for hippocampus-left dm/dlPFC connectivity.  A similar 

pattern was observed for hippocampus-right dm/dlPFC connectivity.  N=132. k=1054 voxels (left 

dm/dlPFC) and 941 voxels (right dm/dlPFC), p<0.05 corrected for PFC and whole brain search regions. 

dm/dlPFC = dorsomedial/dorsolateral prefrontal cortex. 
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