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Amygdala Reward Reactivity Mediates the Association Between Preschool 
Stress Response and Depression Severity 

 
Supplemental Information 

 

Diagnostic Assessment 

Diagnostic assessments were conducted using the Kiddie Schedule for Affective Disorders-Early 

Childhood version (K-SADS-EC; (1)), a developmentally modified version of the Kiddie Schedule 

for Affective Disorders and Schizophrenia for School age Children-Present and Lifetime Version 

(K-SADS-PL) (2) adapted for use in preschool age children. Revisions include adjusting and/or 

adding questions and threshold anchors reflecting developmentally appropriate symptom and 

diagnostic criteria for 3-6 year old children, removing sections less applicable to young children, 

editing probes to use parent-directed wording, and providing directions for clarifying symptom 

severity and genesis where necessary. Previous research has demonstrated diagnostic consistency 

between the K-SADS-PL and the Preschool Age Psychiatric Assessment (3), a valid and 

commonly used semi-structured psychiatric interview for parents of young children. Following 

completion of the K-SADS-EC by a trained research assistant, relevant symptom and duration 

criteria gathered during the interview were individually reviewed for each child by a licensed 

clinical psychologist with expertise in early childhood development and psychopathology (author 

MSG) and subsequently used to generate DSM-5 (4) diagnoses when appropriate.  

 

Depression Severity 

The Preschool Feelings Checklist – Scale Version (PFC-S; (5) is a 23 item measure that uses a 

Likert rating scale (0 = never, 4 = most of time; range of possible scores 0-92) designed to assess 

depression severity in preschool children and has established validity at this age (6). To further 
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support the validity of the Preschool Feelings Checklist – Scale version (PFC-S) as a measure of 

depression severity and to demonstrate its convergence with a widely available clinical 

questionnaire commonly used to examine emotion difficulties in preschoolers, we examined the 

relationship between scores from the PFC-S and the Child Behavior Checklist (CBCL) (7) subscale 

scores for Depression/Anxiety and Affective Problems (reflecting many of the symptoms of 

depression including sadness, irritability, diminished positive affect, sleep disturbances, altered 

eating, and fatigue in the current sample). CBCL scores were available for 50 of the 52 

preschoolers included in the current study. As anticipated, the PFC-S and both CBCL scores were 

highly positively correlated (PFC-S and CBCL Depression/Anxiety raw score: r = .55, p < .001; 

PFC-S and CBCL depression/anxiety t-score: r = .53, p < .001; PFC-S and CBCL Affective 

Problems raw score: r = .73, p < .001; PFC-S and CBCL Affective Problems t-score: r = .72, p < 

.001), providing further support of the PFC-S as a valid measure of depression severity and its use 

as such in the current study.” 

 

Cortisol Assay and Quality Control Methods 

Saliva samples (n=395) were collected using Salivette collection devices (Sarstedt, Rommelsforf, 

Germany) then stored at -80°C immediately following collection. Salivary cortisol was measured 

using enzyme-linked immunosorbent assay (ELISA; DRG International kit SLV-2930 lot #s 

64K035 and 64K105; Springfield, New Jersey USA).  All samples were run in duplicate and the 

average value was used for analyses. Intra- and inter-assay coefficients of variation (CV) were 

3.99% and 6.85% respectively. 

Prior to use, kits, reagents, and samples were brought to room temperature. Samples were 

centrifuged at 3,000 x g for 10 minutes. Next, 120 µL of sample, standard (0.0, 2.0, 5.0, 10.0, 20.0, 
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40.0, 80.0 ng/mL), or high and low cortisol control samples (to allow for interplate comparison) 

were aliquoted to a clean 96 well plate. Then, 100 µL from each well was transferred to the 96 

well ELISA plate pre-coated with mouse anti-cortisol antiserum. Horseradish peroxidase-

conjugated cortisol (200 µL) was added to each well on the ELISA plate and incubated on a mixer 

for 60 minutes. After emptying well contents, plates were washed 3 times with wash solution (400 

µL/well) using an ELx50 plate washer (BioTek; Winooski, Vermont, USA). Residual wash 

solution was removed before 200 µL of tetramethylbenzidine (TMB) substrate solution was added 

to each well. The plate was then incubated on a mixer for 30 minutes. The reaction was stopped 

by adding 400 µL of 0.5M H2SO4 stop solution and then read at 450 nm using an Epoch microplate 

spectrophotometer (BioTek; Winooski, Vermont, USA) and calculated using Gen5 software 

(BioTek; Winooski, Vermont, USA). Cortisol concentrations (ng/mL) were calculated from the 

optical densities by the Gen5 software using 4-parameter logistic regression.  

Fifty-two of the 60 children with usable fMRI data also provided usable cortisol data from 

5 or more samples during the stress reactivity task. Of the 8 children without usable cortisol data, 

5 were unable to produce saliva sufficient for measurement and 3 took 30 minutes or longer to 

produce their baseline cortisol sample. Of the 52 children with cortisol data, 1 child provided 5 

samples, 6 children provided 6 samples, and 45 children provided 7 samples. Children with 

missing samples were required to have one of the first two samples (prior to frustration task and 

immediately after the frustration task [2 were missing the first sample and 4 were missing the 

second sample]) and the last sample. Number of saliva samples was not related to AUCg (r = .01, 

p = .9) and the mediation models reported in the main manuscript remained significant when 

number of cortisol samples was included as a covariate (PROCESS Indirect Effect [10,000 

bootstrap samples]: .19 (.11), bias corrected 95% CI: .04/.5) and when children with fewer than 7 
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cortisol samples are excluded (PROCESS Indirect Effect [10,000 bootstrap samples]: .17 (.12), 

bias corrected 95% CI: .03/.5). 

 

Stress Evoked Cortisol Response in Young Children 

While cortisol scores increased at the group level between cortisol measures 1 (baseline mean = 

.5[.07]) and 6 (mean peak at 40 minutes post stressor = .52 [.1]) following our stressor paradigm, 

this increase did not reach statistical significance (t = -.88, p = .39). Previous research examining 

stress evoked cortisol response in preschool age children has reported mean level cortisol 

increases, decreases, as well as significant variability at the individual level (e.g., some children 

exhibiting increases in cortisol and others exhibiting decreases in cortisol despite mean level 

increases or decreases at the group level). As an illustrative example, Tolep & Dougherty (8) 

recently reported an overall mean decrease in preschooler cortisol reactivity following exposure 

to the same in-lab stressor paradigm used in the current study. However, when cortisol increases 

were examined at the individual child level (i.e., peak value that was used to calculate increase 

was child specific), the authors found a stress-invoked cortisol response in 51.3% of their 

preschoolers. Similarly, despite reporting a mean level increase at the group level, De Weerth et 

al. (9) found that a significant minority of their preschoolers (39%) did not exhibit an increase in 

cortisol following an age appropriate, in-lab stressor paradigm. In line with the current study’s 

focus on individual differences, this research has also suggested that variability stress-evoked 

cortisol response following a stressor may be related to inter-individual differences in emotion 

regulation at this early age (e.g., high negative affect, low positive affect, etc) (8, 10, 11). 

Importantly, similar research in adults has suggested that individual variability in stress evoked 

cortisol response may be meaningfully related to brain activity. More specifically, attenuated 
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amygdala reactivity has been associated with a heightened stress evoked cortisol response 

following a psychosocial stressor in adults (12). Given the previous research reviewed above, it’s 

likely that variability in stress evoked cortisol response in preschoolers also reflects meaningful 

individual differences in stress reactivity and response that can be uniquely informative when 

interpreted within a broader context (i.e., not group mean(s) alone), including measures of brain 

function and emotion like those used in the current study.  

 

Specificity of Findings to AUCg 

The current study included a measure of the overall stress evoked cortisol response (i.e., the 

amount of cortisol produced following the in-lab stressor) referred to as Area Under the Curve 

with respect to ground (AUCg). This choice was based on previous research indicating that total 

cortisol output, rather than reactivity, following a stressor is associated with depression and 

depression risk (13, 14). Nevertheless, to provide additional support for the specificity of the 

reported findings to AUCg, we re-ran our primary mediation analysis using AUCi, a measure of 

cortisol change from baseline following a stressor (15). When using AUCi, the mediation model 

including AUCi as the independent variable, amygdala reactivity as the mediator, and depression 

severity as the outcome was not significant (PROCESS Indirect Effect [10,000 bootstrap samples]: 

-.06 (.21), bias corrected 95% CI: -.51/.31). 

 

Specificity of Findings to Depression Severity 

To further bolster the specificity of our mediation findings to depression severity, we replaced 

PFC-S scores with raw scores from the CBCL (7) DSM-Oriented Anxiety and ODD subscales in 

our mediation model. CBCL scores were available for 50 of the 52 preschoolers included in the 
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current study. Mediation models including CBCL Anxiety and ODD raw scores as the outcome 

measure (rather than PFC-S scores) did not reach significance. In addition, providing additional 

support for the specificity of our findings to depression severity, amygdala reactivity continued to 

mediate the relationship between cortisol response (AUCg) and PFC-S scores when CBCL Anxiety 

and ODD subscale raw scores were included as covariates in the model (PROCESS Indirect Effect 

[10,000 bootstrap samples]: .18 (.11), bias corrected 95% CI: .04/.49). The CBCL Affective 

Problems subscale primarily includes items measuring symptoms of depression, such as sadness, 

irritability, diminished positive affect, sleep disturbances, altered eating, and fatigue. Given the 

strong positive correlation (r = .727, p < .001) between PFC-S scores and CBCL Affective 

Problems subscale raw scores, we replaced PFC-S scores with CBCL Affective Problems subscale 

raw scores in our mediation model to investigate whether our findings would replicate with this 

closely aligned measure. The mediation model including CBCL Affective Problems in place of 

PFC-S scores was significant (PROCESS Indirect Effect [10,000 bootstrap samples]: .05 (.03), 

bias corrected 95% CI: .0023/.1327), though with a reduced effect size. Collectively, these findings 

further support the specificity of our findings to depressive symptoms. 

 

Results of Mediation Model When Excluding Two Children Without Reaction Time Data, 

When Not Controlling for Maternal Depression, and When Using Right Amygdala 

Reactivity to Outcome 

In order to further establish the robustness of the mediation model supporting diminished amygdala 

reactivity to reward outcome as a mediator of the relationship between stress evoked cortisol 

response and depression, we reran our mediation analyses excluding the two children who did not 

make a button press during the CGT and when not controlling for maternal depression. The 
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reported results stay the same when maternal depression scores are not included as a covariate, 

including a significant positive relationship between AUCg and PFC-S scores (r = .244, p = .04), 

significant negative relationship between left amygdala reactivity and PFC-S scores (r = -.36, p = 

.004), and a significant mediation effect of amygdala reactivity (PROCESS Indirect Effect [10,000 

bootstrap samples]: .24 (.15), bias corrected 95% CI: .04/.6). 

 Our mediation analyses also remained significant when the two children who did not make 

a button press during the CGT were excluded, (PROCESS Indirect Effect [10,000 bootstrap 

samples]: .21 (.12), bias corrected 95% CI: .04/.55). 

 Our primary analyses supported left amygdala reactivity to highly salient reward outcomes 

as an important mediator of the relationship between stress evoked cortisol response and 

depression severity in preschoolers. To further examine the specificity of our results to amygdala 

reactivity to highly salient reward outcomes versus amygdala responsivity in general, we carried 

out an additional mediation model using reactivity scores from the right amygdala region of 

interest, which exhibited a main effect of time (i.e., similar reactivity to all 3 outcomes) but not an 

outcome-by-time interaction. The mediation model using the average reactivity score across all 

outcomes relative to baseline (i.e., the percent signal change score representing a main effect of 

time) from the right amygdala as the mediator was not significant (PROCESS Indirect Effect 

[10,000 bootstrap samples]: -.0038 (.06), bias corrected 95% CI: -.14/.1), providing additional 

support for amygdala reactivity to highly salient outcomes as an important mediator of stress and 

depression in preschool age children.” 

 

Alternative Mediation Model 

A growing body of research suggests that early alterations in the developing stress system affect 
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neural response to reward and increase risk for depression as a result (16). We investigated a 

mediational model based on this research including stress evoked cortisol response as an 

independent variable (measured via AUCg), amygdala reactivity to reward as a mediator variable, 

depression severity as an outcome variable, and relevant covariates (maternal depression, age in 

months, gender, CBCL anxiety raw score, CBCL, ODD raw score; please see parent paper and 

Specificity of Findings to Depression Severity subsection in the supplemental material). As 

predicted and in line with previous developmental theories and data, the tested mediation model 

was significant in our preschool aged sample, indicating that attenuated amygdala response to 

reward mediated the relationship between heightened stress evoked cortisol response and increased 

depression severity at this very early age (please see results in parent paper). However, given that 

our measures of stress evoked cortisol response, depression severity, and brain function were 

measured concurrently, the current data cannot inform directions of causality. As a result, it is 

possible that alternative mediational relationships between the included variables may be present 

and fit the current data. In line with this, we tested an additional mediation model based on the 

growing body of research suggesting a complex and reciprocal relationship between stress and 

depression (i.e., stress generation (17)). Following this line of thinking we tested two alternative 

mediation models including one placing stress evoked cortisol response as the independent 

variable, child depression severity as the mediating variable, and amygdala reactivity to reward as 

the outcome variable (model 1) and another placing depression as the independent variable, stress 

evoked cortisol response as the mediator variable, and amygdala reactivity to reward as the 

outcome variable (model 2). Both mediation models were not significant (Model 1: PROCESS 

Indirect Effect [10,000 bootstrap samples]: -0.004 (.004), bias corrected 95% CI: -0.02/.0007; 

Model 2: PROCESS Indirect Effect [10,000 bootstrap samples]: -0.003 (.003), bias corrected 95% 
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CI: -0.01/.0009). 

 

fMRI Data Acquisition Parameters and Preprocessing Methods 

Image acquisition included an initial low-resolution 3D sagittal T1-weighted MP-RAGE rapidly 

warped to Talairach space (18). This image was then used to provide on-line slice localization for 

the functional images, placing them as close as possible to the target template. T1 images (TR = 

2,400 ms, TE = 3.16 ms, flip angle = 8°, slab = 176 mm, 176 slices, matrix size = 256 x 256, field 

of view (FOV) = 256 mm, voxel size = 1 x 1 x 1 mm, sagittal plan acquisition) were acquired as 

part of the structural imaging protocol and used in the transformation of images to a common 

template space optimized for preschool children (18). The accuracy and validity of this 

transformation for preschool age children has been demonstrated in previous research (19) and 

was confirmed through visual inspection for distortions and the accuracy of alignment for key 

cortical and subcortical landmarks. The functional images were collected with a 12-channel head 

coil using an asymmetric spin-echo echo-planar sequence sensitive to BOLD contrast (T2*) 

(TR=2000ms, TE=27ms, FOV=384mm, flip=90°). During each functional run, sets of 32 

contiguous axial images with isotropic voxels (4mm3) were acquired parallel to the anterior-

posterior commissure plane.  

 Prior to preprocessing, the first 4 frames of each run were discarded to allow for signal 

stabilization. The fMRI data were preprocessed and analyzed using in-house Washington 

University software. Data were reconstructed into images and normalized across runs by scaling 

whole-brain signal intensity to a fixed value and removing the linear slope on a voxel-by-voxel 

basis to counteract effects of drift (20). Data was also corrected for head motion using rigid-body 

rotation and translation correction algorithms (21-23), co-registered to Talairach space using a 12 
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parameter linear (affine) transformation that included resampling to 3mm cubic, and smoothed 

using a 6mm FWHM Gaussian filter. Within scan head movement was assessed using output from 

the rigid-body rotation and translation algorithm. After measuring the translations and rotations in 

the x, y, and z planes across frames, total root mean square (RMS) linear and angular measures 

were calculated and used to obtain the average amount of movement in millimeters per frame (i.e., 

1 TR) in a given run for each subject (RMS/frame). CGT runs with greater than 1.5mm RMS/frame 

on average were excluded from further data analysis. Using this criterion, 64 children provided 

usable CGT data from only 1 of the 2 possible runs. To further reduce any potential effects of head 

movement on data quality, custom MATLAB (The Mathworks, Natwick, MA) code was used to 

identify frames with greater than 1mm absolute movement. The identified frames were removed 

from further data analysis (average percentage of frames removed = 11%). Four children with 

fewer than 65% of frames remaining after frame-by-frame censoring were not included in 

subsequent data analyses. Not surprisingly, children who did not provide usable MRI data (n=28; 

NMRI) were significantly younger on average (mean age 60 [11.5] months) than those who did 

(n=60; mean age 71 [9] months; MRI). However, groups did not differ in sex (NRMI 16 vs. MRI 

33 females; x2 = .04, p = .85), maternal BDI-II score (NMRI 7.3[7.8] vs. MRI 8.2[9.4]; t86 = .4, p 

= .69), or PFC-Scale score (NMRI 18.3[10.7] vs. MRI 15.8[10.5]; t86 = -1.1, p = .3). 

 Analyses using our a priori reward processing mask and at the whole brain were corrected 

for multiple comparisons using recommended guidelines (24) addressing recently identified 

challenges with inflated false positive rates in fMRI studies (25), the Analysis of Functional Neuro-

Images (AFNI) 3dFWHMx and 3dClustSim commands were used to determine the combined p-

value/cluster size thresholds required to maintain a false positive rate of p<.05. Thresholds were z 

= 3 (p<.001) and 10 voxels within our reward processing mask (correcting for all ROIs 
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simultaneously; false positive rate of p<.05 for the whole ROI mask) and z = 3 (p<.001) and 26 

voxels for whole-brain analyses (whole-brain false positive rate of p<.05). Large clusters spanning 

multiple regions identified within our a priori reward processing mask were subsequently 

partitioned such that peaks of activity were considered separate regions if they were more than 12 

mm apart, as measured by a peak-splitting algorithm. Individual time courses within the identified 

regions were then extracted for subsequent analyses using 6mm spheres centered at the peak voxel 

coordinates. 

 

fMRI Task 

Prior to the child gambling task (CGT), children are asked to choose which of two different candies 

(M&Ms or Skittles) they would like to play for during the CGT. Once they have chosen their 

candy, they are introduced to how the CGT is played during their in-person assessment using child 

friendly language to describe how it is played (e.g., “Your job is to guess if the person hiding 

behind the question mark is bigger or smaller than you!’), by providing examples of the CGT 

images and testing understanding of them during instruction (“This is an adult. Are they bigger or 

smaller than you?”), and providing children a sequence of practice trials (fixation cross, question 

mark, outcome …) where they play the CGT and demonstrate their understanding of it (on average 

~5-10 trials). Each child practices until they can demonstrate they know when to guess and how 

to make a guess (e.g., press the button for bigger don’t press it for smaller). In addition, prior to 

playing the CGT in the scanner each child is reminded of how the game is played and asked to 

demonstrate a verbal understanding of how to respond (e.g., Staff: “What do you do when you 

want to guess bigger?”, Child: “Press the button.”). 
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fMRI Whole Brain Results 

Whole brain results were significant for a main effect of time in multiple cortical and subcortical 

regions (see Figure S1 and Table S1). Follow-up analyses found outcome x time effects in 

parahippocampal gyrus, fusiform gyrus and postcentral gyrus (see Table S1). A large cluster within 

the right fusiform gyrus was subsequently partitioned such that peaks of activity were considered 

separate regions if they were more than 12 mm apart, as measured by a peak-splitting algorithm. 

Additional cortical and subcortical regions were identified following this process (see Table S1). 

The region matching closest to our a priori region of interest in the left amygdala spanned portions 

of the amygdala as well as the uncus. Similar to the results reported for the amygdala in the main 

text, a negative correlation between reactivity within the larger amygdala/uncus ROI (using 

gain/loss minus neutral difference scores created in a fashion identical to our primary amygdala 

ROI analyses) and depression severity was found (r = -.38, p = .007). However, while in the 

expected direction, the correlation between amygdala/uncus reactivity and stress evoked cortisol 

response (AUCg) did not reach significance (r = -.13, p = .17), suggesting specificity of this 

relationship to the amygdala.  
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Table S1: Whole Brain Analyses: Regions identified with main effect of time and outcome x 
time interaction 

Region Hemisphere BA 
Peak Voxel Cluster  

(voxels) 
Outcome X      

Time X Y Z 

        
Cerebellum R  8 -54 -45 60 NS 
        
Parahippocampal Gyrus R 28 16 -21 -27 59 GL > N 
        
Fusiform Gyrus L  -58 -9 -27 223 GL > N 
        
Superior Temporal Gyrus R 38 52 15 -27 93 NS 
        
Rectal Gyrus L 11 -8 27 -24 35 NS 
        
Putamen R  16 9 6 27 NS 

        
Precentral Gyrus R  38 -3 33 47 NS 
        
Inferior Parietal Lobe R  58 -33 45 43 NS 
        
Post Central Gyrus L  -34 -33 54 395 GN > L 

        
Fusiform Gyrus* R  28 -81 -12 18,484 GL > N 

Middle Occipital Gyrus  18 26 -83 -4 116  

Cuneus  17 -16 -93 5 113  

Culmen   -37 -47 -30 108  

Declive   -30 -84 -21 110  

Cerebellar Tonsil   40 -61 -38 117  

Lingual Gyrus   -18 -48 2 116  

Culmen   9 -28 -11 116  

Posterior Cingulate  23 -1 -28 18 110  

Middle Temporal Gyrus  37 59 -44 -4 113  

Precuneus  39 41 -64 37 117  

Superior Frontal Gyrus  6 17 16 57 112  

Cuneus  19 5 -84 35 113  

Medial Frontal Gyrus  8 4 40 38 116  

Precuneus  19 -41 -68 39 110  

Precentral Gyrus  44 -42 14 6 113  

Middle Frontal Gyrus  6 -44 1 50 118  

Thalamus   -2 0 5 111  
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Region Hemisphere BA 
Peak Voxel Cluster  

(voxels) 
Outcome X      

Time X Y Z 

Middle Temporal Gyrus  21 -56 -52 0 110  

Middle Frontal Gyrus  8 41 28 38 113  

Paracentral Lobule  31 -3 -9 44 114  

Superior Frontal Gyrus  6 -20 26 54 110  

Amygdala/Uncus   31 -2 -28 107  

Superior Frontal Gyrus  10 20 61 19 110  

Precuneus  7 3 -47 60 109  

Middle Frontal Gyrus  46 -40 41 27 112  

Inferior Temporal Gyrus  20 60 -20 -23 114  

Superior Frontal Gyrus  10 -17 61 14 114  

Amygdala/Uncus   -20 -6 -33 93  

Inferior Temporal Gyrus  21 -65 -6 -18 93  

Superior Temporal Gyrus  38 50 15 -9 93  

Precentral Gyrus  4 56 -19 36 113  
* Peak splitting results using a required cluster distance of 30mm are reported underneath the original cluster. 
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Figure S1: Regions identified with a significant main effect of time during the child gambling 
task. Colored bar at right represents z-value at the individual voxel level. 
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