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Abstract

Background: Aberrations in both neural reward processing and stress reactivity are associated 

with increased risk for mental illness; yet, how these two factors relate to each other remains 

unclear. Several studies suggest that stress exposure impacts reward function, thus increasing risk 

for psychopathology. However, the alternative hypothesis, in which reward dysfunction impacts 

stress reactivity, has been rarely examined. The current study aimed to test both hypotheses using a 

longitudinal design.

Methods: Participants were 38 children (23 females, 61%) from a prospective cohort study. A 

standard stress-exposure measure was collected at age 7. Children performed a well-validated 

imaging reward paradigm at age 10, and a standardized acute psychological stress laboratory 

protocol was administered both at age 10 and 13. Structural equation modeling was used to 

examine bidirectional associations between stress and neural response to reward anticipation.

Results: Higher exposure to stressful life events at age 7 predicted lower neural response to 

reward anticipation in regions of the basal ganglia at age 10, which included ventral caudate, 
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nucleus accumbens, putamen and globus pallidus. Lower response to reward anticipation in medial 

prefrontal and anterior cingulate cortex predicted higher stress reactivity at age 13.

Conclusions: Our findings provide support for bidirectional associations between stress and 

reward processing, in that, stress may impact on reward anticipation, but also reduced reward 

anticipation may increase susceptibility to stress.
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Introduction

Aberrations in both reward processing and stress reactivity occur in mental illness (1–3), but 

the nature of relations between these two factors remains unclear. Evidence derived mostly 

from adult samples suggests that stress exposure impacts reward function, which increases 

risk for psychopathology (4). However, an alternative theory might be that reward 

dysfunction affects stress sensitivity, increasing the risk for stress-related disorders. This 

hypothesis has been rarely examined. Such neglect is surprising since reward dysfunction is 

a risk factor for psychiatric disorders, particularly depression (5). Here, we leverage a 

prospective pediatric cohort to evaluate both models. To do so, we utilize data from a 

standard stress-exposure measure collected at age 7, a well-validated imaging paradigm 

performed at age 10, and a standardized acute psychological stress laboratory protocol 

administered both at age 10 and 13.

It has been suggested that the effects of stress on depression arise through mediating effects 

on the brain reward circuit (2–4, 6). Support for this model comes from both cross-sectional 

and prospective studies examining the impact of stress on neural reward processing. 

Longitudinal studies relate early life stress exposure to later reward dysfunction. Overall, 

these studies find early stress exposure to predict decreased responses to reward cues and 

outcomes in the basal ganglia, including nucleus accumbens, caudate, putamen, and globus 

pallidus (7–11). To a lesser extent, some studies find associations between early life stress 

and lower response in the insula, anterior cingulate cortex (ACC), and medial prefrontal 

cortex (mPFC) (7, 12). These findings suggest that exposure to early adversity during 

sensitive periods impacts the development of reward-related regions, especially in the 

striatum.

Cross-sectional studies find acute or chronic psychological stress to impact reward 

processing. However, whereas considerable evidence links current stress to altered reward 

processing, findings vary based on types of stress and phases of reward. For example, under 

conditions of acute stress, some studies find decreased response in the striatum (13) or the 

mPFC (14) during reward anticipation, whereas others find increased striatal response (15). 

Reward feedback responses under acute stress are consistently blunted in the striatum (15–

17). Conversely, chronic stress has been associated with decreased response of the mPFC 

during reward feedback (18), and with low positive affect in those with decreased striatum 

response to reward feedback (19).
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Several brain mechanisms have been suggested to mediate the effects of stress on reward 

signaling (for reviews, see (2, 3)). Human and animal studies have shown that stress 

exposure impacts on dopamine (DA) release from the ventral tegmental area (VTA) towards 

the NAcc and mPFC. In addition, the amygdala, a region involved in stress and fear 

conditioning, also receives DA from VTA and modulates stress responses and DA release in 

the NAcc and mPFC (20, 21). Indeed, increased connectivity between these regions has been 

linked to higher stress and depressive symptoms, including anhedonia (22–24). Moreover, 

the neuropeptide corticotropin-releasing factor (CRF), a key component of the hypothalamic 

pituitary adrenal (HPA) axis functioning, is released by the amygdala projecting to VTA and 

NAcc and seems to impact DA release in these regions, especially following stress (25, 26). 

Recent studies have also implicated CRF within the mPFC with impairing cognitive function 

and frontostriatal signaling (27, 28), which might have an impact on reward-based learning 

(29). Other factors, such as opioid receptors or inflammatory markers have been also 

implicated in stress-induced reward dysfunction (2, 3).

In summary, there is substantial evidence to suggest that stress is related to brain-reward 

dysfunction. However, an alternative model might be that the presence of brain-reward 

dysfunction can increase stress sensitivity and the likelihood of exposure to stress, which in 

turn would increase the risk for depression (4, 30, 31). Surprisingly, this alternative model 

has not been tested, though the original framework is not new. Nearly thirty years ago 

Hammen (32) showed that women with remitted depression were more likely to generate 

interpersonal stressors that actually predicted new depressive episodes. Since then, research 

has implicated stress generation in depression pathogenesis among adolescents (33) and 

adults (34). While several predictors of stress generation have been studied (35–37), reward 

processing is not one of them, even though altered reward processing is a key mechanism in 

the prediction of depression onset in adolescents (38–40). In addition, some evidence 

suggests that exposure to rewarding environments can buffer the effects of stress exposure 

(41). Therefore, it is plausible that the opposite might also be true; that is, that brain-reward 

dysfunction may increase sensitivity to stress.

In the current study, we employed a prospective cohort design to examine whether past 

stress exposure predicted alterations in reward anticipation processing in children, and 

whether reward anticipation processing in children predicted stress reactivity to a social 

stressor in early adolescence. To test both hypotheses within a single model, we used 

structural equation modeling (SEM), and accounted for past, current and prospective 

associations.

Methods and Materials

Participants

Participants were 38 children (23 females, 61%) drawn from a longitudinal study of 

temperament’s effect on social development throughout infancy and childhood. The original 

cohort consisted of 291 children (134 boys) that were selected at 2 years of age based on 4-

month temperament (for a complete description of the recruitment and selection process see 

(42) and (43)). Parent-reported stress measures were collected when participants were 7 

years old. On two separate days at age 10 (Mean = 10.5, SD = 0.4, Range = 9.6-11.6), 
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participants completed an imaging reward paradigm and a standardized laboratory stress 

paradigm. At 13 (Mean = 13.2, SD = 0.6, Range = 12.3-14.6), they repeated the stress 

paradigm. Participants were 68% white (n = 26), 13% Black or African American (n = 5), 

5% Asian (n = 2), 5% multiple races (n = 2), and 8% (n = 3) did not report race. All 

participants provided informed assent and the participants’ guardians provided informed 

consent. The study was approved by the Institutional Review Boards of the National Institute 

of Mental Health and the University of Maryland, College Park. The design and time course 

of the study is depicted in Figure 1.

Past exposure to stress

Parents completed the Child’s Life Events Inventory (44) when participants were 7 years 

old. The Child’s Life Events Inventory contains 31 items covering events including changes 

in family composition, upheavals in living arrangements, sickness or death of people close to 

the child, sickness or injury experienced by the child, school changes, legal problems in the 

child’s family, child’s exposure to violence, and family accomplishments. The parents 

answered yes or no to whether each event occurred in the child’s life. For the current study, 

we employed the total number of life events reported as a measure of past stress exposure.

Reward paradigm

At age 10, participants completed a child-friendly version of the Monetary Incentive Delay 

(MID) fMRI task (45) called the Piñata task (42, 46) (see supplemental information for a 

description). In this task, participants were told to press a button as fast as possible after a 

piñata appeared on screen in order to “hit” the piñata and earn stars inside (0 stars, 1 star, 2 

stars, or 4 stars) (Figure S1). Participants were told that a larger number of stars earned 

would correspond to a larger monetary reward at the end of the task. Participants were not 

informed of the payment structure but received a base payment of $3, plus an additional $3 

for every 47 stars earned, up to $15.

Acute stress laboratory paradigm

At ages 10 and 13, participants completed a Speech task (see supplemental information for a 

description), an adapted version of the Trier Social Stress Test (TSST), a widely-used 

laboratory paradigm for generating acute psychological stress (47).

Participants perceived-stress levels during the task were assessed by self-report. Specifically, 

participants rated their stress levels on a scale of 0-10 at three-time points: at baseline (prior 

to receiving task instructions), after the two-minute preparation period (before giving the 

speech), and immediately following the speech. For each participant, we calculated the area 

under the curve with respect to ground (AUCg) (Figure S2) for the self-report measures 

collected during the task (48) using the following formula,

AUCG =
m2 + m1 ⋅ t1

2 +
m3 + m2 ⋅ t2

2 (1)

Vidal-Ribas et al. Page 4

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with m1 representing the value of the self-report measure collected at baseline, prior to the 

task explanation, m2 representing the measure collected after the preparation period 

immediately prior to the speech, m3 representing the measure collected immediately post-

speech, and t1 and t2 representing the length of time between the baseline and pre-speech 

measures, and between the pre-speech and post-speech measures, respectively.

Image Acquisition

Participants were scanned in a General Electric (Waukesha, WI, USA) Signa 3 Tesla 

magnet. Task stimuli were displayed via back-projection from a head-coil mounted mirror to 

a screen at the foot of the scanner bed. Foam padding was used to constrain head movement. 

Behavioral data were recorded using a hand-held two-button response box. Forty-seven 

sagittal slices (3.0 mm thickness) per volume were obtained using a T2*-weighted echo 

planar sequence (echo time, 25 ms; flip angle, 50°; 96 × 96 matrix; field of view, 240 mm; 

in-plane resolution, 2.5 mm × 2.5 mm; repetition time was 2300 ms). A total of 77 volumes 

were collected in each run. To improve the localization of activations, a high-resolution 

structural image was also collected from each participant during the same scanning session 

using a T1-weighted standardized magnetization prepared spoiled gradient recalled echo 

sequence with the following parameters: 124 1.2-mm axial slices; repetition time, 8100 ms; 

echo time, 32 ms; flip angle, 15°; 256 × 256 matrix; field of view, 240 mm; in-plane 

resolution, 0.86 mm × 0.86 mm; NEX, 1; bandwidth, 31.2 kHz.

Image Processing and Analysis

Analysis of fMRI data was performed using Analysis of Functional and Neural Images 

(AFNI) software version 17.3.05 (49). Echo-planar images (EPI) were visually inspected to 

confirm image quality and minimal movement. Standard pre-processing of EPI data 

included slice-time correction, motion correction and spatial smoothing with a 6-mm full 

width half-maximum Gaussian smoothing kernel. Each subject’s data were transformed to a 

percent signal change using each subject’s voxel-wise time series mean blood oxygen level 

dependent (BOLD) activity as a baseline. Subjects who had more than 25% of the data 

censored based on average motion per TR greater than 0.8mm and/or an outlier limit of 

0.1mm were excluded (42). However, only two subjects had data censored above 20%. 

Images were analyzed using an event-related design. Time series data for each individual 

were analyzed using multiple regression (50). The entire trial was modeled using a gamma-

variate basis function, including five anticipation events, composed by the times of cue 

presentation and anticipation period with no cue visible (i.e., 0 star cues, 1 star cues, 2 star 

cues, 4 star cues and cues from premature response trials), one target event, and all feedback 

events. The model also included six nuisance variables modeling the effects of residual 

translational (motion in the x, y and z planes) and rotational motion (roll, pitch, and yaw). 

Baseline was the non-modelled phases. Our regressor of interest was the anticipation stage 

for each reward cue. Specifically, we analyzed the contrast composed by the difference of 

anticipating a reward (i.e., average of 1 star, 2 stars and 4 stars) versus anticipating no 

reward (i.e. star 0).

A region-of-interest (ROI) approach was used to test our hypotheses (i.e. past exposure to 

stress impacts reward function and reward function impacts future stress reactivity). We 
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extracted average beta values from anatomical ROIs defined by Talairach anatomical 

boundaries provided by AFNI. These included left and right of nucleus accumbens (NAcc), 

ventral and dorsal caudate, putamen, globus pallidus, insula, amygdala, medial prefrontal 

cortex (mPFC), and anterior cingulate cortex (ACC). For clarity and simplicity, and since 

correlations between left and right ROIs ranged r=0.70-0.94 (all p<0.0001), we decided to 

generate single bilateral ROIs by averaging beta values across sides. Since we were testing 

nine different ROIs, a Benjamini-Hochberg correction for False Discovery Rate (FDR) was 

applied to all tests (q=0.015).

In addition, as an exploratory approach, we also examined our hypotheses by performing 

whole-brain analyses. The statistical threshold for individual voxels was set to p < 0.005, 

uncorrected. Correction for multiple comparisons was applied following Monte Carlo 

simulations to determine appropriate cluster thresholds of a minimum cluster size of 110 

voxels for the whole brain to achieve a corrected alpha level of p < 0.05. Full results of 

whole-brain analyses unadjusted and adjusted for average motion are shown in the 

supplemental material (Table S1 and S2, Figures S3 and S4)

Data analysis

Analyses were performed in MPlus v7.4 using Full Information Maximum Likelihood 

(FIML) to account for missing data. Specifically, six participants had no information on past 

stressful life events, and stress reactivity was not collected for three participants at age 10 

and five participants at age 13. Maximum likelihood uses all available data to generate 

parameter estimates without discarding cases or filling in data prior to analysis. 

Methodologists regard maximum likelihood estimation as an outstanding missing data 

technique (51) because it requires less strict assumptions about the mechanisms that led to 

missing data and produces more accurate estimates than other traditional missing-data-

handling techniques (e.g., discarding cases).

Stress reactivity to the Speech task.—To examine associations across time in stress 

reactivity we used regression analysis with reported stress at age 10 as predictor of interest 

and reported stress at age 13 as outcome. Repeated measure ANOVA was used to examine 

changes in reported stress across the procedure (i.e., baseline, prior speech, after speech) at 

ages 10 and 13.

Association between early life stress, brain reward function, and future stress 
reactivity.—To test our hypotheses, we took advantage of SEM and tested a path analysis 

in which both brain reward function and stress reactivity at ages 10 and 13 were regressed on 

past stress; stress reactivity at age 13 was additionally regressed on reward function and 

stress reactivity at age 10, with the latter two allowed to correlate (see Figure 2). All 

variables were regressed on sex and age, using these as covariates. We performed these 

analyses for each extracted anatomical ROI.

All ROI models were re-analyzed adding the following covariates: maternal depressive 

symptoms collected when the child was 2 years old as measured with the Beck’s Depression 

Inventory. peer rejection at age 10 as measured with Children’s Loneliness Scale, 
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depressive-like symptoms at age 10 as measured with the withdrawn/depressed subscale of 

the Child Behavior Checklist, and average motion.

Results

Stress reactivity to the Speech tasks.

Repeated measures ANOVA with self-reported measures at age 10 revealed a main effect of 

time, F(1.9,65.8)=6.12, p = 0.004, η2 = 0.15. Stress levels significantly increased between 

baseline and after speech preparation (p=0.001), and significantly decreased between prior 

and after speech delivery (p=0.022). No differences were found between baseline and post-

speech delivery (p=0.466) (Figure 3). At age 13, there was also a main effect of time, 

F(1.9,60.7) =8.00, p = 0.001, η2 = 0.20. Likewise, stress levels significantly increased 

between baseline and after speech preparation (p<0.001), and significantly decreased 

between prior and after speech delivery (p=0.028). No differences were found between 

baseline and after speech delivery (p=0.129) (Figure 3). Self-reported stress at age 10 was 

significantly associated with self-reported stress at age 13 (β=0.58, p<0.001, R2=0.35).

Association between past stress, brain reward function, and future stress reactivity

Reported stressful life events ranged 1 to 10 (Mean=4.6, SD=2.4). Higher exposure to past 

stress predicted lower response to anticipation of reward in ventral caudate (β=−0.49, 

p<0.001) (Figure 4A), NAcc (β=−0.40, p=0.003), globus pallidus (β=−0.51, p<0.001), and 

putamen (β=−0.39, p=0.006). Other areas showed significant associations that did not 

survive our FDR correction. These comprised the amygdala (β=−0.35, p=0.017), the dorsal 

caudate (β=−0.34, p=0.022), the mPFC (β=−0.31, p=0.048), and the ACC (β=−0.31, 

p=0.048). Results with anatomical ROIs were similar to those from whole brain analysis 

(Figure 4B, Table S1) in which a single cluster in the basal ganglia showing decreased 

activation survived thresholding correction (even when adjusting for motion, Figure S3, 

Table S2), encompassing parts of the left ventral caudate, left putamen, left and right 

lentiform nucleus, and right thalamus.

At age 10, the only region cross-sectionally associated with stress reactivity in the Speech 

task was the mPFC (r=−0.39, p=0.008). However, this analysis did not survive our FDR 

correction.

Lower response to reward anticipation in the mPFC (β=−0.54, p<0.001) (Figure 5A) and the 

ACC (β=−0.49, p=0.001) (Figure 5B) at age 10 predicted higher stress reactivity in the 

Speech task at age 13, after accounting for baseline stress reactivity. Whole-brain analysis 

also showed a negative association between neural activity in prefrontal regions and future 

stress reactivity (Figure 5C, Table S1), which was a trend when covarying for motion 

(Figure S4, Table S2). Other ROIs that showed significant associations but did not survive 

our FDR correction were the NAcc (β=−0.40, p=0.007), and the ventral caudate (β=−0.39, 

p=0.018).

Figure 6 summarizes the associations with self-reported stress reactivity. Whereas past 

exposure to stress had a small effect on prefrontal areas (PFC), this was largest and 

significant in the basal ganglia (BG: R2=0.28, p<0.029). Interestingly, although the 
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activation in prefrontal areas and basal ganglia was highly correlated (r=0.61, p<0.001), only 

the activation in prefrontal areas was associated with stress reactivity at both ages 10 and 13. 

Higher past exposure to stress was associated with lower stress reactivity at age 13 only in 

the full model, but not direct association was found neither with stress reactivity at age 10 

(β=−0.04, p=0.844) nor with stress reactivity at age 13 (β=−0.03, p=0.851).

In terms of covariates, peer rejection at age 10 was associated with stress reactivity at age 10 

(r=0.48, p=0.002); maternal depressive symptoms were associated with neural response to 

reward anticipation in the mPFC (β=−34, p=0.020); and motion was associated with neural 

response to reward anticipation in the mPFC (r=0.42, p=0.008) and the amygdala (r=0.42, 

p=0.009), as well as stress reactivity at age 13 (β=−0.52, p<0.001). Regardless of these 

significant associations, the results of the ROI analyses adjusted for key covariates remained 

practically unchanged (Tables S3 and S4).

Discussion

This study tested two hypotheses relating stress and reward processing, namely 1) previous 

stress exposure impacts future reward processing and 2) altered reward processing impacts 

future stress reactivity. Two findings emerged. First, higher prior exposure to stress predicted 

decreased neural activity during reward anticipation, especially in the basal ganglia. Second, 

decreased neural activity during reward anticipation, especially in prefrontal regions, 

predicted higher stress reactivity three years later, independent of baseline stress reactivity. 

These results emerged even when considering several confounding factors. Therefore, 

results supported both hypotheses; however, brain regions involved in each case differed.

Our study replicates previous findings linking past stress exposure to blunted reward-related 

neural responses (2, 3), particularly in regions of the basal ganglia (7, 8, 10, 52). Moreover, 

the current study demonstrates such associations in late childhood, prior to the age when 

stress-related disorders exhibit peak onset (53, 54). Such findings add to the few studies 

examining associations between early stress and later reward processing in young people (9, 

11). Certainly, more studies are needed in this area.

Most importantly, we provide evidence for a theoretically plausible, yet long-neglected 

hypothesis: that altered reward function predicts future stress reactivity (4, 30). The reasons 

for this relationship remain unclear, since several unmeasured factors might be intervening. 

However, difficulties in recognizing rewarding social cues, along with decreased motivation 

to seek such cues, could make youth more likely to withdraw from potential rewarding 

social experiences. Eventually, this could lead to interpersonal stress and heightened stress 

reactivity in response to anticipated social cues. In line with reinforcement-based theories 

(55), this also could lead to decreased response-contingent positive reinforcement and 

increased aversive experiences, eventually leading to stress-related disorders, such as 

depression. This would be in line with cross-sectional data linking depressive symptoms to 

low motivation to obtain social approval (56) and blunted response to social cues (57). 

Indeed, blunted sensitivity to social reward has also been found in youth at risk of 

depression (58).
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Whereas several potential neurobiological mechanisms have been proposed to examine the 

impact of stress on neural reward processing (2, 3), the mechanisms that mediate between 

impaired reward processing and future stress remain unclear. Preliminary animal studies 

suggest that impaired mesocorticolimbic DA pathways as a result of stress exposure might 

sensitize such pathways to future stressors (59). In our sample, the association between 

blunted reward response and future stress reactivity was particularly strong for the mPFC 

and the ACC, implicating these regions in stress susceptibility and resilience. Prior work 

links the ACC to stress controllability (60) and reactivity (61). In animal studies, dysfunction 

of the mPFC has been linked to maladaptive behavioral responses to stress (62). In humans, 

altered function of frontal regions has been associated with rumination (63, 64), which has 

been associated with higher reactivity to stressful events (65, 66) and might play a role in the 

generation of interpersonal stress (67), consequently increasing the likelihood of depression 

and anxiety.

Interestingly, we found different regions involved depending on the timing of predictions 

and type of stress. Some studies suggest that the reward related regions affected by stress 

might differ depending on which developmental period the stress exposure takes place (10, 

12, 52). Moreover, different types of stress might have different effects. For example, 

whereas exposure to previous adversity has been consistently linked to altered function in 

the striatum (7–9), cross-sectional studies examining the effects of acute experimental and 

chronic stress have shown mixed results (13–15, 18). Therefore, our finding will require 

replication in samples that examine distinct developmental periods and types of stress.

If altered reward function proves to be a predecessor of increased stress reactivity, this can 

have important implications for treatment and prevention. There is some indirect evidence 

from animal and human studies suggesting that exposure to rewarding environments and 

stimuli might confer resilience to stress exposure (41, 68, 69). Most of these studies are 

cross-sectional and none of them examine neural responses to reward or test the effects on 

long-term stress. However, these findings along with our results, suggest that targeting 

reward processing with reinforcement-based treatment, such as behavioral activation or even 

neurofeedback, might protect against the noxious effects of stress and consequently decrease 

the likelihood of illness onset in those at high risk, or even decrease the likelihood of relapse 

in those with depression.

The strengths of this study include the prospective design and data collection, and the use of 

well-validated experimental procedures to measure reward and stress reactivity. However, 

our results should be considered in the light of some limitations. First, the sample of this 

study was small, and our findings will need replication in a larger sample. A larger sample 

would also allow us to examine sex differences, which might be relevant given the sex 

differences in stress reactivity and rates of stress-related disorders, especially in adolescence. 

Second, we could not test the stress generation model originally proposed by Hammen 

because we did not have specific measures of depression and interpersonal stressors as 

outcome. Instead, we examined the prediction of stress sensitivity to an interpersonal 

stressor; though related, it is not the same construct. However, this same cohort will have 

specific depression measures in future waves of data collection, which will allow us to test 

mediation effects with both hypotheses in a single sequential model. Future studies should 
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incorporate measures of interpersonal stressors as outcome and test the role of reward 

dysfunction in generating stress in depressed populations. A third limitation of this study is 

that, whereas the stress generator model seems to be specific for interpersonal stress, the 

current study examined reward processing using monetary-like stimuli. It would be 

interesting to examine whether responses to social reward yield the same results. Fourth, 

future studies examining temporal relations between reward processing and stress should 

incorporate physiological measures of stress, such as cortisol changes or heart rate. Finally, 

it is possible that frontal regions were associated with the type of stress in our sample (i.e., 

stress reactivity to social evaluative threat), as opposed to future stress specifically. Future 

prospective studies will need to examine the effects of past stress reactivity to social 

evaluative tasks on reward function to answer this question. Moreover, it remains to be seen 

whether reward dysfunction is predictive of stress reactivity in non-social situations.

In summary, our findings suggest that the relations between stress and reward processing are 

bidirectional, with stress exposure impacting future reward processing, and reward 

processing impacting future stress reactivity. Further studies with larger samples will be 

needed to replicate these findings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Time course and design of the current study. Past stress information was collected at age 7, 

brain reward function was assessed at age 10, and stress reactivity was assessed at ages 10 

and 13.
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Figure 2. 
Path analysis employed to test the past stress on reward function and the effect of reward 

function on future stress reactivity.

Vidal-Ribas et al. Page 16

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Self-reported stress during the Speech task at ages 10 and 13. Bars are 95% confidence 

intervals. BL, baseline; PRE, prior speech delivery; POST, after speech delivery. *p<0.05, 

**p<0.01, ***p<0.001
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Figure 4. 
(A) Scatter plot of the association between exposure to stress at age 7 and neural activity in 

the ventral caudate during anticipation of reward at age 10. Shaded area represents 95% 

confidence intervals. SLE, stressful life events. (B) Voxel-wise t-test maps for the effect of 

past stress on reward anticipation, corrected at cluster-level with a threshold of p<0.05 and a 

minimal cluster size of 110 voxels, k=240, xyz=+5 −7 −2 (Note: R is L).
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Figure 5. 
Scatter plot of the association between neural activity in the mPFC (A) and ACC (B) during 

reward anticipation at age 10 and self-reported stress reactivity during the Speech task at age 

13. Shaded area represents 95% confidence intervals. (C) Voxel-wise t-test maps for the 

association between neural activity during reward anticipation at age 10 and self-reported 

stress reactivity at age 13, corrected at cluster-level with a threshold of p<0.05 and a 

minimal cluster size of 110 voxels, xyz=−2 −56 20.
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Figure 6. 
Path analysis of the relationship between past stress at age 7, response to reward anticipation 

at age 10 in prefrontal areas (PFC: average of mPFC and ACC), basal ganglia (BG: average 

of ventral caudate, NAcc, putamen and globus pallidus) and self-reported stress reactivity to 

the Speech task at ages 10 and 13. Significant paths with standardized coefficients (β) and 

correlations (r) are presented as straight and curved continuous lines respectively. Dashed 

and faded lines represent non-significance. R2, proportion of variance explained. *p<0.05, 

**p<0.01, ***p<0.001
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