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Abstract

Early life adversity (ELA) characterized by threat (e.g., abuse, witnessing violence) impacts neural 

and physiologic systems involved in emotion reactivity; however, research on how threat exposure 

impacts the interplay between these systems is limited. This study investigates ELA characterized 

by threat as a potential moderator of the association between (a) neural activity during a negative 

image processing fMRI task and (b) cortisol production following a modified Trier Social Stress 

Test (TSST). The sample is comprised of 117 young adolescent females (Mage = 11.90 years, 

SD = 1.69) at elevated risk for internalizing problems. Whole-brain analyses revealed a positive 

association between cortisol production and increased right lateral orbitofrontal cortex activity 

during the emotion reactivity task. In moderation models, threat exposure interacted with bilateral 

amygdala activation (b = −3.34, p = 0.021) and bilateral hippocampal activation (b = −4.14, p 
= 0.047) to predict cortisol response to the TSST. Specifically, participants with low, but not 

high, levels of threat exposure demonstrated a positive association between cortisol production 

and neural activity in these regions, while no significant association emerged for participants with 

high threat exposure. Findings contribute to the growing field of research connecting physiological 
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and neural emotion processing and response systems, suggesting that dimensions of ELA may 

uniquely disrupt associations between neural activation and cortisol production.

Keywords

Early life adversity; Threat; Cortisol; Neural; Amygdala; Hippocampus

1. Introduction

Experiences of early life adversity (ELA), defined as stressful events occurring prior to age 

18 that threaten a child’s sense of safety or impact normative development, are associated 

with physical morbidity, mortality, and virtually all forms of psychopathology across the 

lifespan (Kessler et al., 2010). Identifying mechanisms of risk is necessary to ameliorate the 

impact of ELA on health and well-being. An individual’s response to stressful or emotion-

eliciting stimuli (i.e., emotion reactivity) stands out among candidate mechanisms, given its 

relation to both ELA and mental health problems (Kim and Cicchetti, 2010). Disruptions 

in emotion reactivity can manifest as increased negative affect, atypical (i.e., elevated or 

blunted) physiologic reactivity, difficulty regulating emotions, and increased salience of 

negative information (Gross and Jazaieri, 2014). The association between ELA characterized 

by threat (e.g., physical abuse, sexual abuse, witnessing domestic violence) and emotion 

reactivity is particularly robust (Sheridan and McLaughlin, 2014; McLaughlin et al., 2019), 

even after controlling for other forms of ELA such as deprivation (e.g., lack of cognitive 

stimulation in early childhood, neglect).

The dimensional model of adversity and psychopathology (DMAP), a mechanistic theory 

of the impact of specific forms of adversity on neurodevelopment, delineates threat (e.g., 

abuse, exposure to violence) from deprivation (e.g., neglect, lack of cognitive stimulation). 

In the DMAP, the association between ELA and emotion reactivity is posited to result from 

exposure to adverse experiences that impact the developing neural networks supporting 

environmental processing, reactivity, and regulation (Sheridan and McLaughlin, 2014). 

Research has established that threat exposure is associated with altered development of the 

neuroendocrine systems that underlie these neural networks as well as atypical physiologic 

activation following perceived environmental stressors (Busso et al., 2016; Thompson et al., 

2014). To date, most research investigating the impact of threat on these components of 

neurobiological development has been conducted in relatively separate literatures. However, 

neural and physiologic systems work together to facilitate emotion reactivity and regulation 

processes; therefore, understanding how threat exposure impacts the link between these 

systems represents a critical step in the accurate characterization of emotion reactivity 

following ELA.

One body of work has focused on the impact of ELA on the hypothalamic-pituitary-adrenal 

(HPA) axis, a vital neuroendocrine system that mediates the impact of stress by regulating 

the release of cortisol (steroid hormone) from the adrenal glands. Although a certain level of 

cortisol secretion in response to acute stress is necessary for energy mobilization (McEwen, 

2007; Sapolsky et al., 2000a), long-term activation of the HPA axis can negatively contribute 
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to allostatic load and, consequently, mental and physical health deterioration (Sapolsky et 

al., 2000a). Evidence suggests that exposure to threatening experiences in childhood, such 

as physical abuse, can disrupt the feedback pathways of the HPA axis due to early sustained 

periods of hyper-reactivity, altering the regulation of glucocorticoid receptors and resulting 

in blunted cortisol in response to stress (Bunea et al., 2017; Gunnar et al., 2015; Machlin et 

al., 2019; McEwen, 2007). Long-term blunted cortisol reactivity patterns, in turn, are linked 

to emotion dysregulation, health problems (e.g., obesity, cardiovascular disease), and the 

emergence of multiple psychiatric disorders across the life course (Zorn et al., 2017).

A second body of research has documented associations between ELA characterized by 

threat and neural processing of negative environmental stimuli. In typically developing 

individuals, regions that co-activate as a part of the salience network (e.g., insula, 

amygdala) and are recruited in emotion regulation tasks (e.g., ventromedial prefrontal 

cortex, hippocampus) tend to be recruited to a greater degree in response to negative 

stimuli (Jankord and Herman, 2008; Ochsner and Gross, 2014). In individuals exposed 

to ELA characterized by threat, activation of these regions is further enhanced. Studies 

have documented greater recruitment of regions in the salience network (i.e., amygdala, 

putamen, anterior insula) for those exposed to high levels of threat as compared to peers 

with little or no threat exposure (Jenness et al., 2021; McLaughlin et al., 2015), suggesting 

an increased detection and interpretation of negative stimuli as potentially dangerous. Threat 

exposure is also associated with reduced activation in regions involved in emotional control 

and memory when viewing negative stimuli, including the ventromedial prefrontal cortex 

(vmPFC) and hippocampus (Jenness et al., 2021; McLaughlin et al., 2015), which may 

indicate a compromised ability to engage in higher-order emotion regulation strategies 

that require individuals to identify a regulatory goal, hold this goal in working memory, 

and select and implement a corresponding regulatory strategy (e.g., cognitive reappraisal; 

Silvers, 2020).

The neural regions responsible for coordinating HPA axis activity overlap with the regions 

involved in the perception and modulation of emotion that are selectively impacted by 

threat exposure, including the vmPFC, amygdala, and hippocampus (Lupien et al., 2009; 

McEwen, 2007), underscoring the importance of examining brain-body connections. In 

the extant literature, increased amygdala activation in response to negative stimuli is 

associated with heightened endogenous cortisol production in response to psychological 

stressors, whereas engagement of prefrontal regions and the hippocampus in response to 

negative stimuli have each been related to decreased salivary cortisol (Harrewijn et al., 

2020). These findings contribute to a paradoxical understanding of the impact of ELA 

on the biological underpinnings of emotion reactivity, such that threat exposure has been 

linked to patterns of neural activation consistent with elevated cortisol (e.g., amygdala 

hyperactivity), yet evidence increasingly links ELA to blunted cortisol production (Bunea et 

al., 2017). Therefore, it is possible that one consequence of childhood threat exposure is the 

de-coupling of typical physiologic stress responses (e.g., HPA axis activation) from expected 

neural activation patterns. An integrated, multi-system approach is needed to elucidate the 

impact of threat-based ELA on brain-body connections.
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The present study 1) examined the association between HPA axis regulation in response 

to acute social stress and activation of neural circuitry involved in emotion reactivity and 

2) investigated threat exposure as a potential moderator of this association. We focused 

on adolescent females to decrease heterogeneity in neurobiological reactivity markers 

related to biological sex and to capture a salient developmental context that includes 

still-maturing neurobiologic systems, increased exposure to interpersonal (e.g., peer) stress, 

and increased risk for emerging mental and physical health symptoms (Costello et al., 

2011; Rose and Rudolph, 2006; Thompson et al., 2004). We first conducted a whole-brain 

analysis to examine the association between neural activation during the processing of 

negative emotional stimuli and cortisol production in response to an acute social stress 

task. No studies to our knowledge have examined this association in adolescent females; 

therefore, this analysis is largely exploratory. However, the few studies that have utilized 

similar paradigms in other populations suggest a positive association between cortisol 

production and amygdala activity and a negative association between cortisol and vmPFC 

and hippocampal activity (see Harrewijn et al., 2020 for a meta-analytic review), and we 

hypothesize that these associations will emerge in the present sample.

Next, we next investigated whether exposure to threat-based ELA moderates the association 

between neural substrates of emotion processing and cortisol in three predetermined regions 

of interest: the amygdala, the vmPFC, and the hippocampus. We hypothesized that threat-

based ELA would disrupt the expected cross-system links between neural activation and 

cortisol reactivity. Specifically, we hypothesized that individuals with low/absent threat 

exposure would demonstrate associations between neural activation and cortisol, such 

that high cortisol production will be associated with heightened amygdala activation and 

decreased vmPFC and hippocampal activity, consistent with prior research, whereas these 

associations would be absent for individuals with a history of high threat exposure. We 

expected these associations to remain robust while controlling for other forms of ELA, 

specifically deprivation, as well as age, pubertal timing, medication use, time of day of 

cortisol sampling, time between study visits, and symptoms of psychopathology.

2. Method

2.1. Participants

Participants were 117 adolescents assigned female at birth who endorsed experiencing at 

least one mental health concern (e.g., depression, anxiety) in the two years prior to study 

recruitment. Participants provided data on ELA exposure, saliva samples, and completed 

scanning procedures. Of note, participants were recruited from a larger sample of 229 

adolescents assigned female sex at birth, originally enrolled in a longitudinal investigation 

of biological and behavioral responses to stress as risk factors for internalizing symptoms 

and self-injurious thoughts and behaviors. Participants were initially recruited through local 

psychiatric inpatient units (approximately 40%) and community advertisements (e.g., flyers, 

e-mails, TV commercials). Eligibility for the study included: (a) female sex; (b) 9–14 

years old at baseline assessment; (c) caregiver (parent or guardian) available for study 

participation; and (d) a history of mental health concerns (e.g., affective disorders, anxiety, 

substance use, disruptive behavior disorders) within the past two years. Exclusion criteria 
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included active psychosis, developmental disorder, and lack of ability to speak/read English. 

A preliminary phone interview with adolescents’ caregivers was conducted to determine 

the presence of mental health concerns, including whether adolescents had received a prior 

diagnosis, prior treatment, or experienced prior symptomatology.

A subset of participants was invited to participate in a subsequent fMRI scan visit. 

Participants who declined being contacted for follow-up (n = 1), were left-handed (n = 

13), had MRI contraindications (n = 4), or were unable to participate for other reasons 

(e.g., moved out of state, did not complete baseline assessment; n = 13) were not eligible, 

and 38 participants declined participation, yielding a sample of 138. Within the scanned 

subsample, participants with missing or unusable (i.e., data that did not meet imaging quality 

checks) emotion reactivity fMRI task data (n = 21) were excluded from the present analyses, 

yielding an analytic sample of 117. Excluded participants differed from the analytic sample 

on age (t = −4.41, p < .001), such that excluded participants were younger than included 

participants. There were no other significant group differences in demographic variables or 

adversity (threat or deprivation) exposure.

Eligible adolescents and their caregivers were invited to the laboratory to complete a series 

of tasks, including surveys collecting demographic information and data on ELA, a social 

stress task with accompanying saliva sampling to assess cortisol, and a functional MRI 

task to assess the neural correlates of emotion reactivity/processing. The average age of 

participants was 11.90 years old (SD = 1.69) at the time of the initial assessment and 12.81 

(SD = 1.92) at the time of the scan visit. On average, participants completed their fMRI 

scan 3.99 months after their baseline assessment (range = 0–37 months; SD = 6.77 months). 

Participants self-reported as Black or African American (n = 38, 32.5%), Asian (n = 3, 

2.6%), White/Caucasian (n = 51, 43.6%), Hispanic/Latina (n = 7, 6.0%), American Indian or 

Alaska Native (n = 2, 1.7%), or more than one race/other (n = 16, 13.7%).

2.2. Social stress task and cortisol

Participants completed a modified Trier Social Stress Test (TSST; Kirschbaum et al., 1993) 

to induce stress in the laboratory and activate the HPA axis approximately three hours after 

arrival at the laboratory during their initial (baseline) visit. Prior to the TSST, participants 

underwent a relaxation period consisting of watching an emotionally neutral movie clip to 

ensure that pre-task cortisol reflected resting HPA axis activity. Participants then received 

instructions to imagine that they were auditioning for a reality show about how teenagers 

make friends and interact with other teens (Calhoun et al., 2012). Participants were allotted 

a one-minute preparation period followed by a three-minute audition/speech. During the 

speech presentation period, participants were oriented towards a camera connected to a 

closed-circuit feedback screen displaying their own live image. Two young adult judges 

were present in the room with the adolescent female during the speech task to evaluate 

the participant’s speech. The presence of adult judges was intended to increase the social-

evaluative nature of the task, given that laboratory tasks that elicit social evaluation and 

threaten an individual’s social self are known to specifically activate HPA axis stress 

responses. The judges did not provide feedback during the speech and prompted participants 

to continue their speech if they stopped before the end of the allotted three-minute period. 
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Self-reported affect was measured at baseline (approximately 2 h after arrival to the lab, 50 

min prior to the stress task) and immediately post-stress task with a modified version of the 

Positive and Negative Affect Schedule for Children (Laurent et al., 1999). Participants were 

fully debriefed following this task.

Participants provided saliva using the Sarstedt Salivette Synthetic Swab (Sarstedt, Newton, 

NC 28658, USA) at five time points: (1) upon arrival, (2) pre-TSST baseline (i.e., 

immediately before TSST instructions), (3) 20 min after the TSST, (4) 30 min after the 

TSST, and (5) 40 min after the TSST. No stressful procedures were administered for 30 min 

before the baseline sample or for 40 min after the speech. Salivary samples were frozen 

and stored at −25 °C and shipped on dry ice to Pennsylvania State University’s Behavioral 

Endocrinology Laboratory for assay (Salimetrics, PA) for assay using EIA. EIA kits have 

excellent lower limit sensitivity, ranging from 0.007 μg/dL to 1.2 μg/mL. Samples were 

assayed in duplicate and the mean levels for each sample were utilized for analysis. The 

inter-assay coefficient of variation (CV) for each sample ranged from 5.62% to 6.54%.

To index cortisol, we plotted a reactivity curve for each participant, calculating the area 

under the curve (AUC) with respect to ground (AUCg), following methods set forth by 

Pruessner et al. (2003). AUCg was chosen as a measure of cortisol response because it 

captures the intensity and sensitivity of the HPA axis response, including both baseline 

cortisol levels and the cortisol response to the stressor, therefore providing a comprehensive 

measure of overall cortisol output (Fekedulegn et al., 2007; Pruessner et al., 2003). Further, 

AUCg is less influenced by cortisol fluctuations that are not related to the stressor, such as 

circadian variations, whereas AUC with respect to increase (AUCi) is sensitive to cortisol 

increases that are not related to the stressor and may not reflect the individual’s overall 

cortisol output (Pruessner et al., 2003). Importantly, because saliva sample 1 (arrival) was 

collected over 60 min prior to the TSST, AUCg was calculated using samples 2–5, as 

sample 1 may not reflect the individual’s true baseline cortisol level and may lead to an 

overestimation of the cortisol response to the TSST (Pruessner et al., 2003).

2.3. Emotion reactivity task (in-scanner)

During the second laboratory visit, participants completed a simple task to assess neural 

markers of emotion reactivity based on a task widely used in adults (Ochsner et al., 2004) 

that has been successfully adapted for adolescent and pediatric samples (Jenness et al., 2021; 

McLaughlin et al., 2015; Silvers et al., 2012, 2017). In this task, participants viewed images 

from the International Affective Picture System (Lang et al., 2008) and from a normed 

sample of images for youth (available here: https://osf.io/43hfq/) that were either neutral 

(e.g., a leaf) or negative (e.g., a child in a medical gown crying; Jenness et al., 2021). 

Pictures were preceded by a “look” cue, during which participants were instructed to simply 

look at the image and allow emotions to unfold naturally without altering their emotional 

reaction. An additional cue of “decrease” was given before a subset of negative images to 

prompt participants to engage in previously reviewed emotion regulation strategies; however, 

decrease trials were not included in the current analyses, given our focus on emotion 

reactivity.
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After each stimulus, participants rated the strength of their emotional reaction on a 5-point 

scale that they received extensive training on prior to the task. During training, participants 

were given explicit anchors for the emotion ratings ranging from a minimum of 0, “I 

experienced almost no emotion,” to a maximum of 4, “It would be hard for me to imagine 

feeling this emotion more strongly.” Verbal descriptors of “Low (0,1),” “Medium (2),” and 

“Strong (3,4)” were also included on the rating screen to remind participants of the anchors. 

A constant of “1” was added to all responses for analyses to translate the rating scale range 

to 1–5. Negative and neutral pictures were randomized within each run.

In total, adolescents participated in 6 runs lasting 6 min and 37 s each. The task proceeded 

as follows: An instructional cue appeared for 2 s, the emotional stimulus appeared for 4, 6, 

or 8 s, the rating screen appeared for 4 s, and the inter-trial interval (ITI) lasted from 0.5 

to 7.5 s (see Fig. 1). A pseudo-exponential distribution was used to select ITI and stimulus 

lengths, following accepted guidelines (Ollinger et al., 2001), and the data were analyzed 

using an event-related design. Specifically, we used approximately 50% of the fastest 

possible duration, 25% of the middle duration, and 25% of the longest duration for both 

the emotional stimulus and ITI. Stimuli were presented in one of 2 series (Series A/Series 

B, counterbalanced across participants to reduce the effects of single pictures on neural 

activation), each consisting of 3 runs. The task included 48 trials of each type distributed 

evenly across runs such that a given run contained eight neutral stimuli with the “look” 

instruction, eight negative stimuli with the “look” instruction, and eight negative stimuli with 

the “decrease” instruction. Importantly, because a social evaluation and rejection paradigm 

was introduced after the third run, only the first three runs were used in analyses. The 

main effects of the emotion reactivity condition, including self-reported affect, the neural 

correlates of look versus decrease, neural cues across all respondents, and the impact of 

rejection on the neural correlates of emotion regulation, are reported elsewhere (see Miller et 

al., 2018).

2.4. Image acquisition and processing

Scanning was performed on a 3.0-T Siemens Prisma Scanner using a 32-channel head 

coil. T1-weighted multiecho MPRAGE volumes were acquired for coregistration with fMRI 

images (repetition time= 2530 ms, echo time = 1670–7250 ms, flip angle = 7°, field of view 

= 192 × 192 mm, 176 slices, 1 × 1 × 1 mm voxels). BOLD signal during functional runs was 

acquired using a gradient-echo T2-weighted EPI sequence. An online prospective motion 

correction algorithm was used to reduce motion artifacts during functional scans. Standard 

fMRI scanning acquisition parameters were followed (repetition time = 2500 ms, echo time 

= 28 ms, flip angle = 90°, 44 slices, 2.4 × 2.4 × 2.4 mm voxels). Before each scan, three 

images were acquired and discarded.

Preprocessing of functional MRI data was implemented using fMRI-Prep (Esteban et 

al., 2019), including slice-timing correction, motion correction, intensity correction, skull-

stripping, spatial normalization, segmentation, and co-registration. Framewise displacement 

exceeding 0.9 mm in any direction was identified via the fsl_motion_outliers program in 

FSL (Jenkinson et al., 2012), and a four-dimensional registration algorithm simultaneously 

corrected for motion and slice-timing using NiPy (Roche, 2011). Advanced Normalization 
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Tools software (Avants et al., 2011) was used to register images to the Montreal Neurologic 

Institutes (MNI) standards space. Preprocessed data were analyzed using FSL, including 

spatial smoothing (5-mm full width at half maximum) and high-pass temporal filtering. 

Participants were excluded due to motion if 40% of the time points exceeded 0.9 mm 

relative motion (N = 5 participants were excluded for this reason).

Select regions of interest (ROIs) were extracted using FSLutils (Jenkinson et al., 2012) 

from the preprocessed and nuisance-corrected images. ROIs were selected based on existing 

models of the neural underpinnings of HPA axis activity and emotion perception and 

modulation processes, including the vmPFC, amygdala, and hippocampus (Dedovic et al., 

2009; Lupien et al., 2009; McEwen, 2007). The present analyses focused on regions selected 

from the Harvard–Oxford atlas (Harvard-Center for Morphometric Analysis). Functional 

regions of interest for the look negative > look neutral contrast were extracted from the peak 

of activation in the amygdala, vmPFC, and hippocampus with a 10 mm sphere and averaged 

bilaterally.

2.5. Early life adversity

Exposure to ELA characterized by threat was assessed using select items from 

the Childhood Trauma Questionnaire (CTQ; Bernstein et al., 2003), Stress and 

Adversity Inventory for Adolescents (STRAIN; Slavich et al., 2019), Mini International 

Neuropsychiatric Interview (MINI; Sheehan et al., 1998), Peer Victimization Questionnaire 

(PVQ; Prinstein et al., 2001), and Parenting Styles and Dimensions Questionnaire (PSDQ; 

Robinson et al., 2001). Exposure to ELA characterized by deprivation was assessed using 

select items from the Child Chronic Strain Questionnaire (CCSQ; Rudolph et al., 2001), 

CTQ, and STRAIN.

The threat and deprivation composites used in analyses were created by first categorizing 

items by exposure type to avoid duplicate endorsements (e.g., positive endorsement of 

sexual abuse on the CTQ, STRAIN, and MINI). Threat exposures were categorized as: 

(1) sexual abuse or trauma (α = 0.92), (2) physical abuse or harsh discipline (α = 0.69), 

(3) emotional abuse (α = 0.81), and (4) physical danger outside of the home (α = 0.69). 

Deprivation exposures were categorized as (1) neglect/lack of parental availability (α = 

0.76) and (2) material deprivation (α = 0.81). A list of items in each category is provided 

in Supplementary Table 1. Participants received a score of 1 in a given category if any item 

contributing to that category was endorsed. Participants received a score of 0 in a given 

category if no endorsements were present. Binary scores in each category were summed 

to create the final threat exposure variable (range: 0–4) and deprivation exposure variable 

(range: 0–2).

2.6. Pubertal timing

Pubertal timing was assessed to account for variation in puberty status among participants 

and the possible impact of puberty on neurobiological functioning (Ferri et al., 2014) 

via the Pubertal Development Scale (PDS; Petersen et al., 1988). The PDS, which was 

completed by caregivers and participants, consists of five items on a 4-point rating scale (1 

= no development to 4 = development seems complete) that assess aspects of participants’ 
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physical development, including body hair, skin changes, growth spurt, breast development, 

and menarche (binary item; 1 = no, 4 = yes). Mean scores computed for self-report 

(Cronbach’s α = .86) and caregiver-report (Cronbach’s α = .86) were strongly correlated 

(r = .81, p < .001). To incorporate multiple informants and create a more robust index, a 

cross-rater mean score was computed across self- and caregiver-report items (Cronbach’s α 
= .93).

2.7. Psychopathology symptoms

In line with past work (Rodriguez-Thompson et al., 2023), psychopathology was 

operationalized using a higher-order p factor model. The following questionnaires were 

used to compute p factor: the Youth-Self Report Aggressive Behavior subscale (Achenbach 

and Rescorla, 2001), the Conners-3 Parent Report Attention-Deficit Hyperactivity Disorder 

(ADHD) index (Conners, 2001), the parent and self-report of the Mood and Feelings 

Questionnaire (depression symptoms) (Angold et al., 1995), and the parent and self-report of 

the Screen for Child Anxiety Related Disorder (anxiety symptoms) (Birmaher et al., 1997). 

The Mini Neuropsychiatric Interview for Children and Adolescents (Sheehan et al., 2010), 

a semi-structured clinical interview, was administered to caregivers and youth separately to 

obtain a total symptom count for Conduct Disorder, Oppositional Defiant Disorder, Major 

Depression, Generalized Anxiety Disorder, and Post-Traumatic Stress Disorder.

Within the overall sample with complete psychopathology data, we employed a 

confirmatory factor analysis using a higher-order model with p factor as a second-order 

factor and internalizing and externalizing as first-order factors (see Rodriguez-Thompson et 

al., 2023). A maximum likelihood estimation with robust (Huber-White) standard errors was 

used to estimate models. In the higher-order model, the loading of the second-order factor 

(p factor) to the first-order factors (internalizing and externalizing) was set to 1. Participants 

with greater than 20% of items missing on a questionnaire or subscale were excluded from 

the p factor computation (n = 4). In all other cases, missing items were imputed with the 

mean of remaining items. In the instances where both parent and self-report data were 

available, the highest score was included in the analysis.

2.8. Additional covariates

Given the diurnal rhythm of cortisol, all analyses controlled for the timing of saliva sampling 

to account for individual differences. Upon the arrival in the laboratory, which ranged 

approximately from 11:00 a.m. to 1:00 p.m., participants were asked to report at what 

time they woke up that morning. A cortisol timing variable was computed by subtracting 

adolescents’ awakening time from the time of the first saliva sample. The cortisol timing 

variable ranged between 4 and 14.25 h (M = 7.00, SD = 1.68).

Adolescents and their caregivers also reported participants’ current medication usage. A 

dichotomous variable was created distinguishing between adolescents who were currently 

taking medications that may impact cortisol levels, including birth control or corticosteroids, 

and those who did not. Approximately 13% of participants (n = 18) reported using oral 

contraceptives, and 8% of participants (n = 11) reported using corticosteroids. Medication 

was coded as 1 (present) or 0 (absent).
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2.9. Statistical analyses

Whole-brain analyses were conducted in FSL in FEAT version 6.0.3 using FLAME1 

(Eklund et al., 2016). To investigate the study hypotheses, we first conducted a single whole-

brain multiple regression analysis using FSL FEAT, with AUCg cortisol as the continuous 

independent variable and neural activation to negative vs. neutral images as the outcome 

variable. Whole-brain analyses were conducted within a gray matter mask created by 

segmenting the MNI 152 2 mm voxel template image using FSL FAST. Cluster thresholding 

was determined using AFNI’s 3dClustSim (Cox et al., 2017), which generates Monte Carlo 

simulations (10,000) to determine appropriate cluster sizes, and AFNI’s 3dFWHMx, which 

accounts for the number of voxels and the intrinsic spatial autocorrelation in the data 

residuals. These corrections address prior work indicating that failure to account for this 

autocorrelation in cluster correction can inflate type 1 error (Eklund et al., 2016). We used a 

conservative voxel-wise threshold of p < 0.005 and a cluster-level threshold of p < 0.05.

The PROCESS package (Hayes, 2013) in IBM SPSS was used to test the hypothesized 

moderation of threat exposure on the association between cortisol reactivity and neural 

activation. Threat exposure served as the moderator of the association between each ROI 

and cortisol (AUCg), and conditional effects were probed to test simple slopes at low 

(the mean − 1 SD), moderate (the mean), and high (the mean + 1 SD) levels of the 

moderator. Confidence intervals that do not include zero indicate a significant simple slope. 

All analyses controlled for participant age, pubertal timing, timing of saliva sampling, 

medication usage, time between study visits, psychopathology symptoms (p factor), and 

deprivation exposure. Although the present study focused only on the impact of threat, we 

also controlled for the effects of the other hypothesized dimension of adversity, deprivation, 

to demonstrate the specific effects of threat on outcomes, consistent with past research and 

conceptual models (Sheridan & McLaughlin, 2014).

3. Results

3.1. Preliminary analyses

Approximately 89.9% of participants reported experiencing at least one threat-based 

adversity exposure, with 30.8% endorsing one category, 20.5% reporting two categories, 

17.9% reporting three categories, and 19.7% reporting four categories.

Participants reported a large and statistically significant negative affective response to the 

TSST, including a significant increase in self-reported nervousness (t = 22.46, p < .001). 

Mean levels of cortisol in response to the TSST are presented in Fig. 2. A repeated measures 

ANOVA with cortisol at the four assessments as within-subject factors was performed 

to examine mean changes in cortisol levels from pre- to 40 min post-task. A significant 

effect of time was observed, F(3, 114) = 36.48, p < 0.001. Polynomial contrasts revealed 

a significant quadratic trend, F(1, 116) = 66.51, p < 0.001, indicating that cortisol levels 

increased from pre- to 20 min post-task and subsequently decreased approximately to pre-

task levels at 40 min post-task. A significant cubic effect also was observed, F(1, 116) = 

66.75, p < 0.001, suggesting an asymmetric cortisol trend characterized by an initial sharp 

increase and a subsequent more gradual decline.
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Because participants in this sample reported experiencing at least one mental health concern 

in the two years prior to study recruitment, associations between p factor and key study 

variables were assessed. Correlation analyses indicate that p factor was positively associated 

with both threat (r = .612, p < .001) and deprivation (r = .31, p < .001) in this sample. 

P factor was negatively associated with cortisol output, such that higher symptomatology 

was related to lower cortisol output (AUCg) when controlling for age, pubertal status, saliva 

sample timing, and medication usage in a regression (β = −0.26, p = .015). P factor was not 

significantly associated with neural reactivity in the amygdala, hippocampus, or vmPFC in 

this sample (ps > .10) in regression analyses controlling for age and pubertal timing.

3.2. Whole-brain analysis

Results of the whole-brain analysis are provided in Fig. 3. Results indicate a positive 

association between cortisol (AUCg) during the TSST and activation in the right lateral 

orbitofrontal cortex (OFC) during the emotion reactivity task.

3.3. Moderation analyses

Models assessing the interaction between neural activation and threat exposure in relation 

to TSST cortisol (AUCg) are presented in Table 1. The model testing threat as a moderator 

in the amygdala-AUCg association [F(10,102) = 2.17, p = 0.026] demonstrated that mean 

bilateral amygdala activation interacted with threat exposure to predict cortisol response to 

the TSST (b = −3.34, p = 0.021) after controlling for deprivation exposure, participant age, 

pubertal timing, timing of saliva sampling, medication usage, time between study visits, and 

p factor. Probing of the interaction effect revealed that participants with low threat exposure 

(mean − 1 SD) demonstrated a significant positive association between cortisol production 

and amygdala activity (b = 7.03, p = 0.005), whereas no significant association between 

amygdala and cortisol production was observed for participants with high (mean + 1 SD) 

levels of threat exposure (b = −1.70, p = 0.572) (Fig. 4). The Johnson-Neyman significance 

region, calculated via the PROCESS macro for SPSS, was determined to be a threat score of 

1.70 (% below: 40.71; % above: 59.29).

The model testing threat as a moderator in the hippocampus-AUCg association was also 

significant [F(10,102) = 1.80, p = 0.070]. A significant, negative interaction between 

mean bilateral hippocampal activity and threat exposure emerged (b = −4.14, p = 0.047) 

when controlling for deprivation exposure and other covariates. Probing of the interaction 

effect indicated that participants with low threat exposure (mean − 1 SD) demonstrated a 

significant positive association between cortisol production and hippocampal activity (b = 

4.95, p = 0.048), whereas no significant association between hippocampal activation and 

cortisol production was observed for participants with high levels of threat exposure (b = 

−5.86, p = 0.215) (Fig. 5). Results of the Johnson-Neyman significance test indicate that 

threat exposure significantly influenced the relationship between hippocampal activation and 

AUCg at the value of 0.80 (9.73% below, 90.27% above). No significant interaction emerged 

in moderation analyses testing vmPFC and threat exposure in relation to TSST cortisol 

production [F(10, 102) = 1.66, p = 0.100].
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4. Discussion

This study is the first to investigate how ELA characterized by threat (e.g., physical 

abuse, sexual abuse, witnessing domestic violence, neighborhood violence) moderates the 

association between patterns of neural activation and cortisol production. At separate time 

points, we measured cortisol production throughout an experimental exposure to acute social 

stress and neural responses to static negative images. We first demonstrated that cortisol, 

indexed via AUCg, was negatively correlated with threat exposure, consistent with past 

research showing a blunting effect of threat on the HPA axis response to social stress (Bunea 

et al., 2017), and was positively associated with activation in the right orbitofrontal region. 

In tests of moderation, associations between amygdala activation and AUCg and between 

hippocampal activation and AUCg were each significantly moderated by threat exposure.

The positive association between cortisol production in the TSST and orbitofrontal activity 

is in line with past work linking HPA axis activity with prefrontal activation (Harrewijn 

et al., 2020). Research suggests that the OFC plays a role in emotional, cognitive, and 

behavioral flexibility (Britton et al., 2010; Li et al., 2019; Robbins et al., 2012; Schoenbaum 

et al., 2011), as well as in reward processing, including anticipation, the evaluation of 

expected outcomes, and value-guided decision-making (Arana et al., 2003; O’Doherty et 

al., 2002). The association between lateral OFC activation in this emotion reactivity task 

and cortisol (AUCg) in another setting may support the importance of OFC recruitment 

in the service of naturally experiencing and regulating negative emotions, including those 

associated with HPA axis activation.

In tests of moderation, threat significantly moderated the association between amygdala 

activation (fMRI emotion reactivity task) and cortisol (TSST). Specifically, individuals 

with low threat exposure (i.e., mean threat score below 1.84) demonstrated a positive 

association between amygdala activation and cortisol. This finding is consistent with 

literature indicating that the amygdala is an important component of the neural circuitry that 

contributes to HPA axis activity (Segal, 2016; Sullivan et al., 2004) and past research noting 

positive associations between amygdala activation and physiological stress reactivity (Root 

et al., 2009). In individuals with high threat exposure in our sample, amygdala activation 

and cortisol production were not significantly associated, suggesting that cross-system 

organization may be disrupted in adolescents with a history of threat exposure. It is possible 

that exposure to severe threat during early periods of neuroendocrine development disrupts 

the excitatory inputs from the amygdala that promote HPA axis activation (Jankord and 

Herman, 2008). As such, we might observe more typical amygdala-HPA axis coordination 

in young children with threat exposure, with the divergence of cross-system coordination 

occurring later in development.

A similar moderation effect emerged when examining hippocampal activation, such 

that threat significantly moderated the association between hippocampal activation and 

cortisol production. Individuals with low threat exposure in our sample, specifically an 

average threat exposure score of 0.88 or less, demonstrated a positive association between 

hippocampal activation and cortisol production. This finding is surprising considering the 

negative feedback inhibitory influence of the hippocampus on the HPA axis (Herman 
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and Mueller, 2006) and past studies yielding a negative association between hippocampal 

activity and cortisol production (Harrewijn et al., 2020). However, studies of this association 

in humans have generally focused on the effects of cortisol on hippocampal activation during 

working memory or recall tasks (e.g., Kukolja et al., 2011; Fleischer et al., 2019). Our 

findings may be attributable to task differences, given that our study focused on neural 

activation in response to negative images. The positive association between hippocampal 

engagement when viewing negative images and cortisol production following stress for 

individuals with low threat exposure may suggest that, in the absence of traumatic threat 

exposure, individuals who engage in greater memory-based cognitive functions when 

processing negative environmental stimuli tend to exhibit a higher physiological response 

to stress. For example, individuals who build strong associative memories when encoding 

environmental cues may be more likely to associate the TSST with prior negative public 

speaking experiences, prompting a stronger stress response. In line with this theory, Khalili-

Mahini and colleagues (2010) found that individuals classified as “high-responders” based 

on their cortisol response to stress showed higher hippocampal activity during a picture 

encoding task compared to “low-responders” (Khalili-Mahani et al., 2010).

Similar to the pattern observed when probing the association between amygdala activation 

and cortisol, the association between hippocampal activation and cortisol was nonsignificant 

for individuals with high levels of threat exposure. It is possible that threat exposure 

has profound but separate effects on the hippocampus and the HPA axis during 

development. The neurotoxicity hypothesis suggests that stress-induced prolonged exposure 

to glucocorticoids (e.g., cortisol) can lead to a reduction in hippocampal cell complexity 

and eventual cell death (e. g., Sapolsky et al., 2000b), and studies of youth with histories 

of trauma have demonstrated reduced hippocampal activity during memory tasks (e.g., 

Carrion et al., 2010). Moreover, the blunting of the HPA axis, arising from continued 

overexposure to threatening stimuli early in development, results in long-term patterns of 

low cortisol following acute stress (Bunea et al., 2017). Therefore, consistent with the 

neurotoxicity hypothesis, experiences of traumatic threat may initially prompt high levels of 

cortisol that are related to reduced hippocampal volume and activation. However, if cortisol 

levels become blunted over time, reflected in the negative correlation between cortisol 

during the TSST and threat exposure observed in this study, the inverse association between 

hippocampal activity and cortisol may dissipate.

Of note, threat exposure did not emerge as a moderator of vmPFC activity and cortisol 

reactivity. We did, however, observe activation in lateral prefrontal regions in the whole-

brain analysis in relation to greater cortisol production for the full sample. The vmPFC is an 

important component of the neural circuitry mediating emotional responses to environmental 

stimuli and is thought to support regulatory processes through projections to the amygdala 

(Ochsner et al., 2004; Phelps et al., 2004). However, it may be that the particular nature of 

the negative image task used in the scanner is more related to the function of lateral versus 

medial ventral prefrontal regions (Johnstone et al., 2007; Ochsner et al., 2004). It is possible 

that threat would act as a significant moderator of the vmPFC-cortisol association when 

assessing neural activity in emotion regulation tasks that elicit greater prefrontal recruitment.
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4.1. Limitations and future directions

Findings from this study should be considered in light of a few limitations. First, the sample 

size, although substantial in the field of neuroimaging and physiological data collection, may 

have limited the power to identify interaction effects between predictors. Second, we control 

for p factor in moderation models to account for the impact of psychopathology symptoms 

in this sample. However, we did not examine whether various forms of psychopathology 

(e.g., depression, anxiety, conduct disorder) differentially impact neural or physiological 

emotion reactivity processes. Additionally, because symptoms of psychopathology were 

not re-assessed during the fMRI visit, we were unable to account for possible changes in 

psychiatric status in our models. Third, we utilize AUCg as the index of cortisol in this 

study; thus, results only reflect overall cortisol output in the TSST and conclusions about the 

specific dynamics or patterns of cortisol secretion in relation to neural markers of emotion 

reactivity cannot be drawn. Fourth, the fMRI task used in this study is specific to negative 

images whereas the TSST represents a live social evaluative threat. It is possible that, if our 

two tasks were more similar, we may have observed stronger cross-system links. Finally, 

neural and physiological indices of emotion reactivity were not collected simultaneously. 

As such, conclusions about the real-time coordination of these emotion reactivity systems 

cannot be made. Research replicating this study design in different samples, as well as 

research using a single stress-induction paradigm, is necessary to draw conclusions about 

cross-system coordination within and across stressful contexts, respectively.

4.2. Conclusion

ELA characterized by threat has profound effects on the developing brain and physiologic 

stress response systems, which can exacerbate risk for a wide range of physical and mental 

health problems. Investigating the impact of threat on the links between the neurobiological 

systems underlying the stress response is crucial to understanding the etiology of stress-

related disorders and shedding light on the potential neuro-developmental mechanisms 

underlying specific types of early adversity. In the present study, we observed that higher 

production of cortisol during a social-evaluative stressor was linked to greater activation in 

the OFC. Furthermore, higher amygdala and hippocampal activation when viewing negative 

stimuli were related to higher cortisol production only for individuals with low levels of 

previous threat exposure. These associations were not present for individuals with high 

levels of prior threat exposure, raising the possibility that threat exposure may have a 

“de-coupling” effect on neural and physiological systems, eliminating the presence of cross-

system associations that are observed in the general population. Findings are consistent with 

the idea that disruptions in associations between the amygdala and hippocampus and the 

HPA axis could contribute to the atypical patterns of emotion reactivity that are observed 

following threat-related ELA.
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Gruhn et al. Page 14

Psychoneuroendocrinology. Author manuscript; available in PMC 2024 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acknowledgements

Data collection and preparation of this manuscript were supported by grants from the National Institutes of Mental 
Health (R01MH107479, R01MH107479-S1, R01MH122446, K01MH116325) and the National Institute of Child 
Health and Human Development (T32HD040127).

References

Achenbach T, Rescorla L, 2001. Manual for the ASEBA school-age forms & profiles: child behavior 
checklist for ages 6-18, teacher’s report form, youth self-report. Integr. Syst. multi-Inf. Assess (17).

Angold A, Costello EJ, Messer SC, Pickles A, 1995. Development of a short questionnaire for use in 
epidemiological studies of depression in children and adolescents. Int. J. Methods Psychiatr. Res

Arana FS, Parkinson JA, Hinton E, Holland AJ, Owen AM, Roberts AC, 2003. Dissociable 
contributions of the human amygdala and orbitofrontal cortex to incentive motivation and goal 
selection. J. Neurosci 23 (29), 9632–9638. [PubMed: 14573543] 

Avants BB, Tustison NJ, Song G, 2011. Advanced Normalization Tools. Electronic Distribution.

Bernstein DP, Stein JA, Newcomb MD, Walker E, Pogge D, Ahluvalia T, Stokes J, Handelsman L, 
Medrano M, Desmond D, Zule W, 2003. Development and validation of a brief screening version 
of the Childhood Trauma Questionnaire. Child Abuse and Neglect 27 (2), 169–190. 10.1016/
S0145-2134(02)00541-0. [PubMed: 12615092] 

Birmaher B, Khetarpal S, Brent D, Cully M, Balach L, Kaufman J, Neer SM, 1997. The 
screen for child anxiety related emotional disorders (SCARED): scale construction and 
psychometric characteristics. J. Am. Acad. Child Adolesc. Psychiatry 36 (4), 545–553. 
10.1097/00004583-199704000-00018. [PubMed: 9100430] 

Britton JC, Rauch SL, Rosso IM, Killgore WD, Price LM, Ragan J, Chosak A, Hezel DM, 
Pine DS, Leibenluft E, 2010. Cognitive inflexibility and frontal-cortical activation in pediatric 
obsessive-compulsive disorder. J. Am. Acad. Child Adolesc. Psychiatry 49 (9), 944–953. [PubMed: 
20732630] 

Bunea IM, Szentágotai-Tătar A, Miu AC, 2017. Early-life adversity and cortisol response to social 
stress: A meta-analysis. Article 12 Transl. Psychiatry 7 (12). 10.1038/s41398-017-0032-3.

Busso DS, McLaughlin KA, Sheridan MA, 2016. Dimensions of adversity, physiological reactivity, 
and externalizing psychopathology in adolescence: Deprivation and threat. Psychosom. Med 
⟨https://www.researchgate.net/profile/Daniel_Busso/publication/
305382568_Dimensions_of_Adversity_Physiological_Reactivity_and_Externalizing_Psychopathol
ogy_in_Adolescence_Deprivation_and_Threat/links/578e91b508aecbca4caad35a.pdf⟩.

Carrion VG, Haas BW, Garrett A, Song S, Reiss AL, 2010. Reduced hippocampal activity in youth 
with posttraumatic stress symptoms: an FMRI study. Journal of Pediatric Psychology 35 (5), 559–
569. [PubMed: 19995868] 

Conners C., 2001. Conners Rating Scales-Revised. Multihealth Systems.

Costello EJ, Copeland W, Angold A, 2011. Trends in psychopathology across the adolescent years: 
what changes when children become adolescents, and when adolescents become adults? J. Child 
Psychol. Psychiatry Allied Discip 52 (10), 1015–1025. 10.1111/j.1469-7610.2011.02446.x.

Cox RW, Chen G, Glen DR, Reynolds RC, Taylor PA, 2017. FMRI clustering in AFNI: False-positive 
rates redux. Brain Connectivity 7 (3), 152–171. [PubMed: 28398812] 

Dedovic K, Duchesne A, Andrews J, Engert V, Pruessner JC, 2009. The brain and the stress axis: 
the neural correlates of cortisol regulation in response to stress. NeuroImage 47 (3), 864–871. 
10.1016/j.neuroimage.2009.05.074. [PubMed: 19500680] 

Eklund A, Nichols TE, Knutsson H, 2016. Cluster failure: Why fMRI inferences for spatial extent have 
inflated false-positive rates. Proc. Natl. Acad. Sci. USA 201602413. 10.1073/pnas.1602413113.

Esteban O, Markiewicz CJ, Blair RW, Moodie CA, Isik AI, Erramuzpe A, Kent JD, Goncalves M, 
DuPre E, Snyder M, 2019. FMRIPrep: a robust preprocessing pipeline for functional MRI. Nat. 
Methods 16 (1), 111. [PubMed: 30532080] 

Gruhn et al. Page 15

Psychoneuroendocrinology. Author manuscript; available in PMC 2024 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.researchgate.net/profile/Daniel_Busso/publication/305382568_Dimensions_of_Adversity_Physiological_Reactivity_and_Externalizing_Psychopathology_in_Adolescence_Deprivation_and_Threat/links/578e91b508aecbca4caad35a.pdf
https://www.researchgate.net/profile/Daniel_Busso/publication/305382568_Dimensions_of_Adversity_Physiological_Reactivity_and_Externalizing_Psychopathology_in_Adolescence_Deprivation_and_Threat/links/578e91b508aecbca4caad35a.pdf
https://www.researchgate.net/profile/Daniel_Busso/publication/305382568_Dimensions_of_Adversity_Physiological_Reactivity_and_Externalizing_Psychopathology_in_Adolescence_Deprivation_and_Threat/links/578e91b508aecbca4caad35a.pdf


Fekedulegn DB, Andrew ME, Burchfiel CM, Violanti JM, Hartley TA, Charles LE, Miller DB, 2007. 
Area under the curve and other summary indicators of repeated waking cortisol measurements. 
Psychosom. Med 69 (7), 651–659. 10.1097/PSY.0b013e31814c405c. [PubMed: 17766693] 

Ferri J, Bress JN, Eaton NR, Proudfit GH, 2014. The impact of puberty and social 
anxiety on amygdala activation to faces in adolescence. Dev. Neurosci 36 (3–4), 239–249. 
10.1159/000363736. [PubMed: 25034314] 

Fleischer J, Metz S, Düsenberg M, Grimm S, Golde S, Roepke S, Wingenfeld K, 2019. Neural 
correlates of glucocorticoids effects on autobiographical memory retrieval in healthy women. 
Behavioural Brain Research 359, 895–902. [PubMed: 29940261] 

Gross JJ, Jazaieri H, 2014. Emotion, emotion regulation, and psychopathology: an affective science 
perspective. Clin. Psychol. Sci 2 (4), 387–401. 10.1177/2167702614536164.

Gunnar MR, Hostinar CE, Sanchez MM, Tottenham N, Sullivan RM, 2015. Parental buffering of 
fear and stress neurobiology: reviewing parallels across rodent, monkey, and human models. Soc. 
Neurosci 10 (5), 474–478. 10.1080/17470919.2015.1070198. [PubMed: 26234160] 

Harrewijn A, Vidal-Ribas P, Clore-Gronenborn K, Jackson SM, Pisano S, Pine DS, Stringaris A, 2020. 
Associations between brain activity and endogenous and exogenous cortisol – a systematic review. 
Psychoneuroendocrinology 120, 104775. 10.1016/j.psyneuen.2020.104775. [PubMed: 32592873] 

Herman JP, Mueller NK, 2006. Role of the ventral subiculum in stress integration. Behav. Brain Res 
174 (2), 215–224. 10.1016/j.bbr.2006.05.035. [PubMed: 16876265] 

Jankord R, Herman JP, 2008. Limbic regulation of hypothalamo-pituitary-adrenocortical function 
during acute and chronic stress. Ann. N. Y. Acad. Sci 1148 (1), 64–73. 10.1196/annals.1410.012. 
[PubMed: 19120092] 

Jenkinson M, Beckmann CF, Behrens TEJ, Woolrich MW, Smith SM, 2012. FSL. NeuroImage 60 (2), 
782–790. 10.1016/j.neuroimage.2011.09.015.

Jenness JL, Peverill M, Miller AB, Heleniak C, Robertson MM, Sambrook KA, Sheridan MA, 
McLaughlin KA, 2021. Alterations in neural circuits underlying emotion regulation following 
child maltreatment: A mechanism underlying trauma-related psychopathology. Psychol. Med 51 
(11), 1880–1889. 10.1017/S0033291720000641. [PubMed: 32252835] 

Johnstone T, Van Reekum CM, Urry HL, Kalin NH, Davidson RJ, 2007. Failure to regulate: 
Counterproductive recruitment of top-down prefrontal-subcortical circuitry in major depression. 
J. Neurosci 27 (33), 8877–8884. [PubMed: 17699669] 

Kessler RC, McLaughlin KA, Green JG, Gruber MJ, Sampson NA, Zaslavsky AM, Aguilar-Gaxiola 
S, Alhamzawi AO, Alonso J, Angermeyer M, Benjet C, Bromet E, Chatterji S, de Girolamo 
G, Demyttenaere K, Fayyad J, Florescu S, Gal G, Gureje O, Williams DR, 2010. Childhood 
adversities and adult psychopathology in the WHO World Mental Health Surveys. Br. J. 
Psychiatry.: J. Ment. Sci 197 (5), 378–385. 10.1192/bjp.bp.110.080499.

Khalili-Mahani N, Dedovic K, Engert V, Pruessner M, Pruessner JC, 2010. Hippocampal activation 
during a cognitive task is associated with subsequent neuroendocrine and cognitive responses to 
psychological stress. Hippocampus 20 (2), 323–334. 10.1002/hipo.20623. [PubMed: 19437418] 

Kim J, Cicchetti D, 2010. Longitudinal pathways linking child maltreatment, emotion regulation, 
peer relations, and psychopathology. J. Child Psychol. Psychiatry 51 (6), 706–716. 10.1111/
j.1469-7610.2009.02202.x. [PubMed: 20050965] 

Kirschbaum C, Pirke K-M, Hellhammer DH, 1993. The ‘trier social stress test’ – a tool for 
investigating psychobiological stress responses in a laboratory setting. Neuropsychobiology 28 
(1–2), 76–81. 10.1159/000119004. [PubMed: 8255414] 

Kukolja J, Klingmüller D, Maier W, Fink GR, Hurlemann R, 2011. Noradrenergic-glucocorticoid 
modulation of emotional memory encoding in the human hippocampus. Psychological Medicine 
41 (10), 2167–2176. [PubMed: 21375794] 

Lang P,J, Bradley M,M, & Cuthbert BN (2008). International affective picture system (IAPS): 
Affective ratings of pictures and instruction manual [Technical Report].

Laurent J, Catanzaro SJ, Joiner TE Jr, Rudolph KD, Potter KI, Lambert S, Osborne L, Gathright T, 
1999. A measure of positive and negative affect for children: Scale development and preliminary 
validation. Psychol. Assess 11 (3), 326–338. 10.1037/1040-3590.11.3.326.

Gruhn et al. Page 16

Psychoneuroendocrinology. Author manuscript; available in PMC 2024 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Li K, Jiang Y, Gong Y, Zhao W, Zhao Z, Liu X, Kendrick KM, Zhu C, Becker B, 2019. 
Functional near-infrared spectroscopy-informed neurofeedback: Regional-specific modulation of 
lateral orbitofrontal activation and cognitive flexibility. Neurophotonics 6 (2), 025011. [PubMed: 
31930153] 

Lupien SJ, McEwen BS, Gunnar M, Heim C, 2009. Effects of stress throughout the lifespan on the 
brain, behaviour and cognition. Nat. Rev. Neurosci 10 (6), 434–445. [PubMed: 19401723] 

Machlin L, Miller AB, Snyder J, McLaughlin KA, Sheridan MA, 2019. Differential associations of 
deprivation and threat with cognitive control and fear conditioning in early childhood. Front. 
Behav. Neurosci 13 10.3389/fnbeh.2019.00080.

McEwen BS, 2007. Physiology and neurobiology of stress and adaptation: central role of the brain. 
Physiol. Rev 87 (3), 873–904. 10.1152/physrev.00041.2006. [PubMed: 17615391] 

McLaughlin KA, Peverill M, Gold AL, Alves S, Sheridan MA, 2015. Child maltreatment and neural 
systems underlying emotion regulation. J. Am. Acad. Child Adolesc. Psychiatry 54 (9), 753–762. 
10.1016/j.jaac.2015.06.010. [PubMed: 26299297] 

Miller AB, Prinstein MJ, Munier E, Machlin LS, Sheridan MA, 2018. Emotion reactivity and 
regulation in adolescent girls following an interpersonal rejection. J. Cogn. Neurosci 1–13. 
10.1162/jocn_a_01351.

O’Doherty JP, Deichmann R, Critchley HD, Dolan RJ, 2002. Neural responses during anticipation of a 
primary taste reward. Neuron 33 (5), 815–826. [PubMed: 11879657] 

Ochsner KN, Gross JJ, 2014. The neural bases of emotion and emotion regulation: a valuation 
perspective. Handbook of Emotion Regulation, 2nd ed. The Guilford Press, pp. 23–42.

Ochsner KN, Ray RD, Cooper JC, Robertson ER, Chopra S, Gabrieli JDE, Gross JJ, 2004. For 
better or for worse: neural systems supporting the cognitive down- and up-regulation of negative 
emotion. NeuroImage 23 (2), 483–499. 10.1016/j.neuroimage.2004.06.030. [PubMed: 15488398] 

Ollinger JM, Corbetta M, Shulman GL, 2001. Separating processes within a trial in event-related 
functional MRI: II. Analysis. Neuroimage 13 (1), 218–229. [PubMed: 11133324] 

Petersen AC, Crockett L, Richards M, Boxer A, 1988. A self-report measure of pubertal status: 
Reliability, validity, and initial norms. J. Youth Adolesc 17 (2), 117–133. 10.1007/BF01537962. 
[PubMed: 24277579] 

Phelps EA, Delgado MR, Nearing KI, LeDoux JE, 2004. Extinction learning in humans: role of 
the amygdala and vmPFC. Neuron 43 (6), 897–905. 10.1016/j.neuron.2004.08.042. [PubMed: 
15363399] 

Prinstein MJ, Boergers J, Vernberg EM, 2001. Overt and relational aggression in adolescents: social-
psychological adjustment of aggressors and victims. J. Clin. Child Psychol 30 (4), 479–491. 
[PubMed: 11708236] 

Pruessner JC, Kirschbaum C, Meinlschmid G, Hellhammer DH, 2003. Two formulas for computation 
of the area under the curve represent measures of total hormone concentration versus time-
dependent change. Psychoneuroendocrinology 28 (7), 916–931. 10.1016/S0306-4530(02)00108-7. 
[PubMed: 12892658] 

Robbins TW, Gillan CM, Smith DG, de Wit S, Ersche KD, 2012. Neurocognitive endophenotypes 
of impulsivity and compulsivity: Towards dimensional psychiatry. Trends Cogn. Sci 16, 81–91. 
[PubMed: 22155014] 

Robinson CC, Mandleco B, Olsen SF, & Hart CH (2001). The parenting styles and dimensions 
questionnaire (PSDQ). Handbook of family measurement techniques, 3, 319–321.

Roche A., 2011. A four-dimensional registration algorithm with application to joint correction of 
motion and slice timing in fMRI. IEEE Trans. Med. Imaging 30 (8), 1546–1554. 10.1109/
TMI.2011.2131152. [PubMed: 21427017] 

Rodriguez-Thompson AM, Miller AB, Wade M, Meyer KN, Machlin L, Bonar AS, Patel KK, Giletta 
M, Hastings PD, Nock MK, 2023. Neural correlates of the p factor in adolescence: cognitive 
control with and without enhanced positive affective demands. Biol. Psychiatry.: Cogn. Neurosci. 
Neuroimaging

Root JC, Tuescher O, Cunningham-Bussel A, Pan H, Epstein J, Altemus M, Cloitre M, Goldstein 
M, Silverman M, Furman D, LeDoux J, McEwen B, Stern E, Silbersweig D, 2009. Frontolimbic 

Gruhn et al. Page 17

Psychoneuroendocrinology. Author manuscript; available in PMC 2024 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



function and cortisol reactivity in response to emotional stimuli. NeuroReport 20 (4), 429–434. 
10.1097/WNR.0b013e328326a031. [PubMed: 19225430] 

Rose AJ, Rudolph KD, 2006. A review of sex differences in peer relationship processes: potential 
trade-offs for the emotional and behavioral development of girls and boys. Psychol. Bull 132 (1), 
98–131. 10.1037/0033-2909.132.1.98. [PubMed: 16435959] 

Rudolph KD, Kurlakowsky KD, Conley CS, 2001. Developmental and social–contextual origins 
of depressive control-related beliefs and behavior. Cogn. Ther. Res 25 (4), 447–475. 10.1023/
A:1005538704056.

Sapolsky RM, 2000b. The possibility of neurotoxicity in the hippocampus in major depression: a 
primer on neuron death. Biological Psychiatry 48 (8), 755–765. [PubMed: 11063972] 

Sapolsky RM, Romero LM, Munck AU, 2000a. How do glucocorticoids influence stress responses? 
Integrating permissive, suppressive, stimulatory, and preparative actions. Endocr. Rev 10.1210/
er.21.1.55.

Schoenbaum G, Takahashi Y, Liu T-L, McDannald MA, 2011. Does the orbitofrontal cortex signal 
value? Ann. N. Y. Acad. Sci 1239 (1), 87–99. [PubMed: 22145878] 

Segal SK, 2016. Neuroscience meets salivary bioscience: an integrative perspective. Behav. Neurosci 
130, 156–175. 10.1037/bne0000141. [PubMed: 26974856] 

Sheehan DV, Lecrubier Y, Harnett K, Amorim P, Janavs J, Weiller E, Hergueta T, Baker R, Dunbar 
GC, 1998. The Mini-International Neuropsychiatric Interview (M.I.N.I): the development and 
validation of a structured diagnostic psychiatric interview for DSM-IV and ICD-10. J. Clin. 
Psychiatry 59 (20), 22–33.

Sheehan DV, Sheehan KH, Shytle RD, Janavs J, Bannon Y, Rogers JE, Milo KM, Stock SL, Wilkinson 
B, 2010. Reliability and validity of the mini international neuropsychiatric interview for children 
and adolescents (MINI-KID). J. Clin. Psychiatry 71 (3), 313–326. 10.4088/JCP.09m05305whi. 
[PubMed: 20331933] 

Sheridan MA, McLaughlin KA, 2014. Dimensions of early experience and neural development: 
deprivation and threat. Trends Cogn. Sci 18 (11), 580–585. 10.1016/j.tics.2014.09.001. [PubMed: 
25305194] 

Silvers JA, McRae K, Gabrieli JDE, Gross JJ, Remy KA, Ochsner KN, 2012. Age-related differences 
in emotional reactivity, regulation, and rejection sensitivity in adolescence. Emotion 12 (6), 1235–
1247. 10.1037/a0028297. [PubMed: 22642356] 

Silvers JA, Insel C, Powers A, Franz P, Helion C, Martin R, Weber J, Mischel W, Casey BJ, Ochsner 
KN, 2017. The transition from childhood to adolescence is marked by a general decrease in 
amygdala reactivity and an affect-specific ventral-to-dorsal shift in medial prefrontal recruitment. 
Dev. Cogn. Neurosci 25, 128–137. 10.1016/j.dcn.2016.06.005. [PubMed: 27445112] 

Slavich GM, Stewart JG, Esposito EC, Shields GS, Auerbach RP, 2019. The Stress and Adversity 
Inventory for Adolescents (Adolescent STRAIN): Associations with mental and physical 
health, risky behaviors, and psychiatric diagnoses in youth seeking treatment. Journal of 
Child Psychology and Psychiatry and Allied Disciplines 60 (9), 998–1009. 10.1111/jcpp.13038. 
[PubMed: 30912589] 

Sullivan GM, Apergis J, Bush DEA, Johnson LR, Hou M, Ledoux JE, 2004. Lesions in the 
bed nucleus of the stria terminalis disrupt corticosterone and freezing responses elicited by a 
contextual but not by a specific cue-conditioned fear stimulus. Neuroscience 128 (1), 7–14. 
10.1016/j.neuroscience.2004.06.015. [PubMed: 15450349] 

Thompson KL, Hannan SM, Miron LR, 2014. Fight, flight, and freeze: threat sensitivity and emotion 
dysregulation in survivors of chronic childhood maltreatment. Personal. Individ. Differ 69, 28–32. 
10.1016/j.paid.2014.05.005.

Thompson MP, Kingree JB, Desai S, 2004. Gender differences in long-term health consequences of 
physical abuse of children: Data from a nationally representative survey. Am. J. Public Health 94 
(4), 599–604. [PubMed: 15054012] 

Zorn JV, Schür RR, Boks MP, Kahn RS, Joëls M, Vinkers CH, 2017. Cortisol stress reactivity across 
psychiatric disorders: a systematic review and meta-analysis. Psychoneuroendocrinology 77, 25–
36. 10.1016/j.psyneuen.2016.11.036. [PubMed: 28012291] 

Gruhn et al. Page 18

Psychoneuroendocrinology. Author manuscript; available in PMC 2024 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Emotion reactivity fMRI task.
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Fig. 2. 
Mean cortisol level in response to TSST.
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Fig. 3. 
Whole-brain analysis.
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Fig. 4. 
Threat as a moderator between amygdala activation and cortisol.

Gruhn et al. Page 22

Psychoneuroendocrinology. Author manuscript; available in PMC 2024 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Threat as a moderator between hippocampal activation and cortisol.
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Table 1

Models of threat as a moderator of neural activation (look negative > look neutral) and cortisol (AUCg).

b (SE) 95% CI p

Amygdala

Age 0.17 (0.35) (−0.52, 0.85) 0.634

Pubertal timing 0.06 (0.76) (−1.44, 1.56) 0.940

Saliva sample timing 0.12 (0.22) (−0.31, 0.55) 0.576

Medication −0.40 (1.30) (−2.99, 2.18) 0.758

Time between visits −0.41 (0.78) (−1.95, 1.13) 0.601

Psychopathology (p factor) −0.46 (0.66) (−1.77, 0.85) 0.491

Deprivation −0.73 (0.50) (−1.72, 0.27) 0.150

Threat −0.09 (0.41) (−0.89, 0.72) 0.833

Amygdala activation (AMYG) 9.64 (3.27) (3.17, 16.12) 0.004

Threat x AMYG −3.34 (1.43) (−6.17, −0.51) 0.021

Hippocampus

Age 0.23 (0.35) (−0.47, 0.94) 0.516

Pubertal timing 0.08 (0.77) (−1.45, 1.60) 0.919

Saliva sample timing 0.17 (0.22) (−0.27, 0.61) 0.438

Medication −0.49 (1.33) (−3.12, 2.14) 0.713

Time between visits −0.35 (0.79) (−1.91, 1.21) 0.656

Psychopathology (p factor) −0.59 (0.67) (−1.92, 0.74) 0.382

Deprivation −0.77 (0.51) (−1.79, 0.24) 0.133

Threat −0.38 (0.37) (−1.11, 0.34) 0.297

Hippocampal activation (HIPP) 8.19 (3.54) (1.16, 15.21) 0.023

Threat x HIPP −4.14 (2.06) (−8.22, −0.06) 0.047

vmPFC

Age 0.09 (0.36) (−0.62, 0.79) 0.811

Pubertal timing 0.50 (0.78) (−1.04, 2.04) 0.524

Saliva sample timing 0.20 (0.22) (−0.24, 0.64) 0.379

Medication −0.67 (1.34) (−3.33, 1.99) 0.620

Time between visits −0.62 (0.79) (−2.18, 0.94) 0.433

Psychopathology (p factor) −0.45 (0.68) (−1.79, 0.89) 0.505

Deprivation −0.72 (0.51) (−1.74, 0.30) 0.162

Threat −0.73 (0.42) (−1.57, 0.11) 0.086

vmPFC activation 0.37 (1.48) (−2.56, 3.31) 0.802

Threat x vmPFC 0.75 (0.64) (−0.52, 2.02) 0.244

Note. AUCg is the dependent variable in all models
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