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Abstract

Stress elicits a variety of psychophysiological responses that show large inter-individual 

variability. Determining the neural mechanisms that mediate individual differences in the 

emotional response to stress would provide new insight that would have important implications for 

understanding stress-related disorders. Therefore, the present study examined individual 

differences in the relationship between brain activity and the emotional response to stress. In the 

largest stress study to date, 239 participants completed the Montreal Imaging Stress Task (MIST) 

while heart rate, skin conductance response (SCR), cortisol, self-reported stress, and blood oxygen 

level dependent (BOLD) functional magnetic resonance imaging (fMRI) signal responses were 

measured. The relationship between differential responses (heart rate, SCR, cortisol, and self-

reported stress) and differential BOLD fMRI data was analyzed. Dorsolateral PFC (dlPFC), 

dorsomedial PFC (dmPFC), ventromedial PFC (vmPFC), and amygdala activity varied with the 

behavioral response (i.e. SCR and self-reported stress). These results suggest the PFC and 

amygdala support processes that are important for the expression and regulation of the emotional 

response to stress, and that stress-related PFC and amygdala activity underlie inter-individual 

variability in peripheral physiologic measures of the stress response.
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Stress is a part of everyday life and, although unpleasant, is generally considered an 

adaptive, allostatic response to perceived threats in our environment (McEwen and Gianaros, 

2011). Unfortunately, high levels of prolonged stress can have adverse effects on mental 

health (Chrousos & Gold, 1992). For example, chronic stress is linked to the development of 

disorders such as depression and anxiety (Kendler et al., 1999; Havranek et al., 2016). Stress 

also elicits psychophysiological responses through the activation of the sympathetic branch 

of the autonomic nervous system (ANS) and the hypothalamic-pituitary-adrenal (HPA) axis. 

Peripheral measures of ANS activation include changes in heart rate and skin conductance. 

Cortisol is the primary product of the activation of the HPA axis. These psychophysiological 

parameters show large inter-individual variability in response to stress. The relationship 

between stress and each of these peripheral physiological measures (heart rate, skin 

conductance, and cortisol) at the group level has been extensively studied (Wang et al, 2005; 

Fechir et al., 2010; Pruessner et al., 2008), as has the basic neural circuitry that mediates the 

stress response (Masaoka et al., 2003; Kapp et al., 1979; Sullivan et al., 2004; Hilz et al., 

2006; Nagai et al., 2004). Group level analyses have demonstrated notable changes in 

measures such as heart rate, skin conductance, and cortisol in response to stress (Wang et al, 

2005; Fechir et al., 2010; Pruessner et al., 2008) and the importance of structures such as the 

amygdala and prefrontal cortex (PFC) in the expression of the emotional response (LeDoux 

et al., 1988; Gray et al., 1989; Ochsner et al., 2004; Phan et al., 2005). However, the neural 

processes that mediate individual differences in these responses have received limited 

empirical attention. Advancing our understanding of the neural circuitry that mediates 

individual variability in behavioral, ANS, and HPA axis stress-reactivity may have important 

implications for our understanding of the nature, onset, course, and concomitants of stress-

related disorders.

Prior human and animal model research suggests the PFC and amygdala play an important 

role in the expression and regulation of the peripheral emotional response (LeDoux et al., 

1988; Gray et al., 1989; Ochsner et al., 2004; Phan et al., 2005). The amygdala appears to 

control the peripheral expression of emotion via projections to the hypothalamus and 

medulla, which control both the ANS and HPA axis (LeDoux et al., 1988; Gray et al., 1989; 

Takeuchi et al., 1991; Schwaber et al, 1982). Studies examining the impact of brain lesions 

demonstrate the amygdala has an important role in the expression of heart rate, skin 

conductance, and cortisol responses (Masaoka et al., 2003; Kapp et al., 1979; Sullivan et al., 

2004). Further, prior functional magnetic resonance imaging (fMRI) research has 

demonstrated that fMRI signal within the amygdala varies with the peripheral emotional 

response (e.g., indexed by skin conductance) (Cheng et al., 2006; Critchley, 2002; Knight et 

al., 2005; Wood et al., 2014). The vmPFC also influences ANS and HPA axis activity 

through projections that regulate amygdala function (Ochsner et al., 2004; Phan et al., 2005, 

Phelps et al., 2004). Decreased activation of the vmPFC is associated with increased 

amygdala activation to emotional stimuli, implicating the vmPFC in the regulation of the 

emotional response via projections to the amygdala (Hartley and Phelps, 2012). In sum, both 

lesion and neuroimaging studies indicate the vmPFC is associated with heart rate, skin 

conductance, and cortisol levels (Hilz et al., 2006).

In the present study, we investigated whether PFC and amygdala activity supports processes 

that underlie the inter-individual variability of the stress response. Participants completed the 
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Montreal Imaging Stress Task (MIST) while heart rate, skin conductance response (SCR), 

cortisol, self-reported stress, and blood oxygen level dependent (BOLD) functional magnetic 

resonance imaging (fMRI) signal were measured. Given prior work suggests the amygdala 

and vmPFC mediate the peripheral expression of emotion (Gray et al., 1989; Hilz et al., 

2006 LeDoux et al., 1988; Wheelock et al., In Press), we hypothesized individual variability 

in the stress response would localize to these regions. More specifically, we hypothesized the 

stress response would show a positive relationship with amygdala activity and a negative 

relationship with vmPFC activity.

Methods

Participants

Two-hundred thirty-nine right-handed [126 male, 113 female; age = 19.44 ± 0.07 years 

(mean ± SEM); range = 17–22 years] volunteers participated in the present study. All 

participants were screened for exclusion criteria prior to the study. Exclusion criteria 

included: history of blood or circulation disorders (e.g., anemia or sickle-cell), diabetes, 

brain or spinal abnormalities, pregnancy, previous or current head injury (e.g., traumatic 

brain injury, concussion, or loss of consciousness). All volunteers provided written informed 

consent as approved by the University of Alabama at Birmingham Institutional Review 

Board.

Procedure

Montreal Imaging Stress Task (MIST)—Participants completed a modified version of 

the Montreal Imaging Stress Task (MIST) as described in previous work (Dedovic et al., 

2005; Goodman et al., 2016; Wheelock et al., 2016). The MIST consisted of two scans: a 

Control scan and a Stress scan. Each scan was approximately 7 minutes and 54 seconds in 

duration and consisted of 54 math trials. Prior to these scans, participants completed practice 

problems outside of the scanner. These practice problems allowed participants to familiarize 

themselves with the task and to determine the difficulty of math problems to be presented 

during scanning. During the fMRI scans, each trial lasted six seconds and contained a 

unique math problem. At the start of the trial, a math problem and response options (i.e. 

answers from 0–9) were presented (0.5–5 seconds). Once a participant selected an answer, a 

fixation cross appeared (0.5–5 seconds). The fixation cross was followed by 0.5 seconds of 

visual feedback (“Right”, “Wrong”, or “Time out”). Each trial was separated by a fixation 

cross during a variable inter-trial interval (1–3 seconds). The difficulty of problems 

presented remained the same during both the Control and Stress scans.

Prior to the Control scan, investigators attempted to lower participant stress levels by telling 

them “It is OK if you do not answer all of the math problems correctly.” During the Control 

scan, participants were given five seconds in which to respond to each math problem and 

received previously recorded positive auditory feedback. In contrast, the investigators 

attempted to elevate stress levels prior to the Stress scan by telling participants they must 

answer the questions correctly, and warning that if they did not perform as well as others in 

the study their data would not be used. Further, during the Stress scan, the participants were 

given previously recorded negative auditory feedback. Failure was ensured by modulating 
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the time in which the participant could respond in a stair-step manner such that on average 

participants answered approximately 50% of the problems correctly.

Magnetic Resonance Imaging (MRI)—Blood oxygen level dependent (BOLD) fMRI 

was acquired on a 3T Siemens Allegra Scanner using a brain-specific RF head coil. 

Functional MRI data were acquired using a gradient-echo echo planar pulse sequence 

(TR=2000ms, TE=30ms, FOV=24cm, matrix=64×64, slice thickness=4mm) during two 

scans of stimulus presentations. High resolution anatomical images (MPRAGE) were also 

obtained to serve as an anatomical reference (T1 weighted, TR=2300ms, TE=3.9ms, 

FOV=25.6cm, matrix=256×256, slice thickness=1mm, 0.5mm gap). MRI data were 

preprocessed using the AFNI software package (AFNI_16.2.06) (Cox, 1996). Functional 

MRI data were corrected for motion by censoring high-motion TRs, and including the six 

motion parameters in the first level model. High motion TRs were defined as volumes in 

which three percent (or greater) of voxels deviated by more than five times the median 

absolute signal. The fMRI time course for control and stress scans were each separately 

adjusted to a mean signal of 100 before first level analyses were completed. First level 

models included a regressor of interest for duration modulated math response (i.e. time from 

trial onset to button press used to answer math problems) as well as regressors of no interest 

for linear drift, duration modulated auditory feedback, visual feedback events, joystick 

movement, and button press responses. A multiple-linear regression analysis was completed 

and the percent signal change in the fMRI signal was calculated. Functional MRI data were 

normalized to the MNI 152 template before second level analyses.

Second level analyses (AFNI’s 3dttest++) included a within subject factor for stress (i.e. 

Stress vs Control conditions) and continuous factors for SCR, heart rate, cortisol, and self-

reported stress. These analyses were used to determine the relationship between differential 

(Stress vs. Control) peak time-course brain activity (fMRI) and observed measures of stress 

(i.e. skin conductance, heart rate, cortisol, and self-reported stress rating). Analyses were 

restricted using a gray matter mask of the prefrontal cortex, insula, amygdala, hippocampus, 

and hypothalamus based on the Automated Anatomical Labeling (AAL) atlas, which were 

then used to calculate the corrected (i.e. for multiple comparisons) significance threshold. 

Cluster corrections were performed using AFNI’s 3dclustsim at a family-wise error rate of p 
< 0.05. The corrected significance threshold was calculated by Monte Carlo simulations 

(3dclustsim) using an uncorrected threshold of p < 0.01 and a volume correction threshold of 

760mm3 (based on AFNI’s spherical autocorrelation function [ACF] with parameters based 

upon the results from 3dFWHMx). In addition, small volume corrections were performed for 

the amygdala and hippocampus. Separate masks were created for the amygdala and the 

hippocampus using the Automated Anatomical Labeling (AAL) atlas, which were then used 

to calculate corrected significance thresholds as described above. Multiple comparisons 

corrections were performed using 3dclustim at a family-wise error rate of p < 0.05, based on 

an uncorrected threshold of p < 0.01. Critical volumes of 152mm3 (amygdala) and 315mm3 

(hippocampus) were calculated for these regions.
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Autonomic Nervous System (ANS)

Skin Conductance Response.: An MRI compatible physiological monitoring system 

(Biopac Systems; Goleta, CA) was used to collect skin conductance response (SCR) data. 

SCR were sampled (10 KHz) using a pair of radio-translucent electrodes (1 cm diameter, 

Biopac Systems; Goleta, CA) from the thenar and hypothenar eminence of the left hand. 

SCR data were processed using Biopac Acqknowledge 4.1 software. A 1 Hz low pass digital 

filter was applied and SCR data were resampled at 250 Hz. The resampled SCR was 

exported to SCRalyze toolbox for further analysis (version b2.1.8) (Bach et al., 2009). The 

data were then bandpass filtered with a first order Butterworth filter (highpass cutoff of 

0.0159 Hz, lowpass filter of 1.0 Hz) and further downsampled to a 10 Hz sampling rate. The 

time-series was then normalized (z-transformed and mean centered). The presentation of the 

math problem was included as a regressor predicting SCR using the general linear model 

with an assumed SCR function without a time or dispersion derivative (Bach et al., 2009, 

Bach et al., 2013). Resultant beta coefficients were entered into a two-tailed paired samples 

t-test in SPSS software to assess SCR to math presentation trials during Control and Stress 

MIST scans. Beta coefficients of the Control scan were subtracted from beta coefficients of 

the Stress scan to calculate differential SCR. Differential SCR was then used as a variable in 

fMRI analyses. Fifty-three participants were excluded from SCR analyses due to equipment 

failure, SCR non-responsiveness (SCR< 0.05 μS), or as outliers (± 3SD). Therefore, a total 

of one-hundred eighty-six participants were included in the SCR analyses.

Heart Rate.: An MRI compatible pulse oximeter (Siemens; Munich, Germany) was used to 

collect cardiac data during Stress and Control scans. Cardiac data were sampled (50 Hz) 

from the distal phalanx of the left index finger and heart rate was calculated using QRSTool 

software. Average heart rate during Stress and Control scans was assessed by a two-tailed 

paired samples t-test comparison using SPSS software. Average heart rate during the Control 

scan was subtracted from average heart rate during the Stress scan to calculate differential 

heart rate. Differential heart rate was then used as a variable in fMRI analyses. One-hundred 

and four participants were excluded from the heart rate analysis due to equipment failure, 

poor data quality, or as outliers. Thus, a total of one-hundred thirty-five participants were 

included in heart rate analyses.

Hypothalamic Pituitary Adrenal (HPA) Axis—Participants donated two saliva 

samples. The first sample (pre-task baseline) was collected sixty minutes after participant 

arrival, prior to the beginning of the first scan. The second sample (post-task) was collected 

twenty minutes after the conclusion of the Stress scan. Saliva samples were frozen at −80°C 

then transported frozen to the Institute for Interdisciplinary Salivary Bioscience Research 

where they were assayed for cortisol using a commercially available immunoassay 

(Salimetrics, LLC, Carlsbad, CA). The sample test volume was 25 μl, assay range of 

sensitivity from .007 to 3 μg/dL, and intra- and inter-assay coefficients of variation were, on 

average, less than 5% and 15%. All samples were tested in duplicate and the average of the 

duplicates was used in the statistical analyses. Pre-task baseline and post-task cortisol levels 

were assessed by a two-tailed paired samples t-test comparison using SPSS software. Pre-

task baseline levels were subtracted from post-task levels and this difference score was then 

used in fMRI analyses. Two participants were excluded from the cortisol analysis due to the 
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high viscosity of the sample or as outliers. Therefore, a total of two-hundred thirty-seven 

participants were included in cortisol analyses.

Behavioral Assessments

A measure of self-reported stress was also used to assess participant’s emotional response to 

Control and Stress MIST scans. Following the completion of the MIST, participants 

completed, outside of the scanner, a self-report questionnaire consisting of eight statements 

(Wheelock et al., 2016). Participants rated each statement’s applicability on a five point 

scale where 1 corresponded to “not at all” and 5 corresponded to “Extremely”. Four of the 

statements were worded positively (e.g., I felt calm) and four were worded negatively (e.g., I 

felt stressed) for a total possible self-reported stress score of 40. Stress ratings of Control 

and Stress scans were assessed by two-tailed paired samples t-test comparison using SPSS 

software. The stress ratings of the Control scan were subtracted from the stress ratings of the 

Stress scan to calculate differential stress ratings. Differential stress ratings were then used 

as a variable in fMRI analyses. Self-reported stress ratings were not collected from the first 

thirteen participants. Therefore, two-hundred twenty-six participants were included in stress 

rating analyses.

Analytical Strategy

AFNI software was used to complete analyses in the present study. Specifically, 3dttest++ 

was used with a within subject factor for stress (i.e. Stress vs. Control conditions) and 

continuous factors for SCR, heart rate, cortisol, and self-reported stress. Because we did not 

have SCR, heart rate, cortisol, and stress ratings for all participants, analyses were run 

separately for each index of the emotional response to stress. Prior to assessing the 

relationship between the fMRI data and behavioral measures, outliers with residuals greater 

than 3 standard deviations from the overall sample mean were excluded from the analysis. 

There was considerable variability in SCR, heart rate, cortisol, and self-reported stress 

across participants and stress measures, including participants that did not show an increase 

in these measures in response to the stress condition. This type of variability is common in 

psychophysiological data (Allendorfer et al., 2014; Arasaratnam et al., 2018; Cheng et al., 

2006; Dedovic et al., 2009). Therefore, all participants were included regardless of whether 

or not they displayed an increased response to the Stress condition for any or all stress 

measures.

Results

Preliminary Analyses: Manipulation Check

SCR was greater during the Stress (0.85 ± 0.05 beta estimates) than Control (0.40 ± 0.03 

beta estimates) condition of the MIST (t[185] = 11.064, p < 0.001; Figure 1a). Heart rate 

was significantly greater during the Stress (72.25 ± 1.11 BPM) than Control (66.9 ± 0.91 

BPM) condition of the MIST (t[134] = 10.66, p < 0.001; Figure 1b). Cortisol levels were 

higher at baseline (0.23 ± 0.01 μg/dL) than at the conclusion of the Stress scan (0.20 ± 0.01 

μg/dL; t[236] = 4.50, p < 0.001; Figure 1c). Participants’ stress ratings were higher for the 

Stress (26.07 ± 0.45) than Control (15.24 ± 0.39) condition of the MIST (t[225] = 20.27, p < 

Orem et al. Page 6

Behav Neurosci. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



0.001; Figure 1d). Distributions of participants’ behavioral data for Control and Stress 

conditions are shown in the supplementary materials.

Main Analyses: Brain and Behavior

Several brain regions showed a differential fMRI signal response (Stress versus Control) that 

varied with SCR (Figure 2; Table 1). Specifically, the fMRI signal within the dlPFC, 

dmPFC, posterior cingulate, hippocampus, and amygdala was positively related to SCR (p < 

0.05, corrected). In addition, activity in several brain regions varied with self-reported stress 

ratings (Figure 3; Table 2). Differential fMRI signal within the dlPFC, vmPFC, and 

cingulate cortex was positively related to differential stress ratings (p < 0.05, corrected). No 

significant relationship was observed between either heart rate or cortisol and the fMRI 

signal response. Distributions of participants’ fMRI data for both Control and Stress 

conditions are shown in the supplementary materials.

Discussion

In the largest human stress study to date, we investigated individual differences in the 

emotional response to stress and found that amygdala and PFC activity varied with stress-

induced changes in psychophysiological and self-reported measures of the emotional 

response. These findings suggest that the amygdala and PFC underlie individual differences 

in the emotional response to stress.

Amygdala

The amygdala is a critical component of the neural circuit that mediates emotion. More 

specifically, the amygdala has a well-established role in the peripheral expression of emotion 

(Knight et al., 2005; LeDoux et al., 1988; Gray et al., 1989; Ochsner et al., 2004; Phan et al., 

2005), and prior work indicates the amygdala is an important component of the neural 

circuit that controls both ANS and HPA axis activity (Masaoka et al., 2003; Kapp et al., 

1979; Sullivan et al., 2004). In the present study, we found that amygdala activity varied 

with the emotional response (i.e. SCR) to psychosocial stress. Specifically, as differential 

SCR to stress increased, differential activity within the amygdala increased. Although prior 

emotion research has linked amygdala activity to SCR production, this is the first human 

stress study to assess the neural correlates of SCR reactivity. Despite differences in task 

design between prior research and the current study, this relationship between SCR and 

amygdala activity is consistent with prior fear conditioning and emotion-modulated startle 

research that has linked the fMRI signal within the amygdala to the generation of SCRs 

(Cheng et al., 2003; Cheng et al., 2006; Critchley, 2002; Knight et al., 2005; Wood et al., 

2014). Taken together with prior work, the present findings indicate the amygdala is an 

important component of the neural circuit that mediates expression of the peripheral 

emotional response. Further, the present findings suggest amygdala function underlies 

individual differences in the emotional response to stress.

vmPFC

The vmPFC is another important component of the neural circuit that mediates emotion 

(Milad et al., 2007; Phelps et al., 2004). In general, the vmPFC appears to support emotion 
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regulation processes via projections to the amygdala (Ochsner et al., 2004; Phan et al., 2005, 

Phelps et al., 2004). More specifically, prior research suggests the vmPFC functions to 

regulate amygdala activity as well as the corresponding emotional response (Milad et al., 

2007; Phelps et al., 2004). Consistent with prior work, we also observed vmPFC activity that 

varied with the emotional response in the present study, specifically self-reported stress. The 

current results demonstrate that vmPFC activity was greater among individuals who reported 

more stress during the Stress than Control condition. A popular view of the neural 

mechanisms of emotion regulation suggests the vmPFC inhibits the expression of the stress 

response, specifically through projections to the amygdala (Rosenkranz et al., 2003). In fact, 

there are several prior studies with findings consistent with this view of emotion regulation 

(Ghashghaei et al., 2007; Kim et al., 2009). However, there is also considerable research that 

challenges this model (Albert et al., 2015; Damasio et al., 1990; Simpson et al., 2001; Wang 

et al., 2005). For example, studies have shown vmPFC activity is positively related to self-

reported stress and heart rate (Albert et al., 2015; Simpson et al., 2001; Wang et al., 2005). 

In addition, damage to the vmPFC diminishes the SCR to stress (Damasio et al., 1990). The 

relationship between the vmPFC and amygdala is complex and utilizes both inhibitory and 

excitatory connections, potentially explaining the conflicting findings regarding the 

vmPFC’s function (Myers-Schulz & Koenigs, 2012). In the present study, vmPFC activity 

showed a positive relationship to self-reported stress. Taken together with prior work, our 

findings suggest that the vmPFC’s role in the expression of the stress response is not 

exclusively inhibitory. The present findings suggest the vmPFC plays an important role in 

regulating perceptions of stress severity. Interestingly, vmPFC activity in the present study 

only varied with self-reported stress, not heart rate, SCR, or cortisol. Nevertheless, the 

present findings suggest the vmPFC plays an important role in the individual variability 

observed in measures of perceived stress (i.e. self-reported stress).

dmPFC

The dmPFC has also been implicated in emotional processing (Dedovic et al, 2009; Maier et 

al., 2012; Wang et al., 2005). For example, prior work has demonstrated greater dmPFC 

activity during psychosocial stress (Dedovic et al., 2009). In the present study, dmPFC 

activity varied with SCR. Specifically, the current study demonstrates that dmPFC activity 

was greater in individuals with higher SCR to psychosocial stress. This finding suggests the 

dmPFC plays an important role in the expression of the emotional response to stress and is 

consistent with prior work that has suggested the dmPFC mediates the emotional response to 

stress (Critchley et al., 2001, Dedovic et al., 2009, Wang et al., 2005). For example, prior 

research suggests the dmPFC plays an important role in the appraisal of stressful events and 

modulates the subsequent emotional response to stress (Dedovic et al, 2009; Maier et al., 

2012; Wang et al., 2005). However, the current findings extend this prior work by 

demonstrating dmPFC activity varies with individual differences in the stress-induced 

emotional response. The dmPFC has widely distributed connections throughout the brain, 

particularly to the limbic system (e.g., amygdala), which controls ANS activity (Banks et al., 

2007; Gabbott et al., 2012; Gabbott et al., 2005). Coupled with prior work, the present study 

suggests the dmPFC plays an important role in the expression of ANS activity. The present 

findings suggest the dmPFC supports the peripheral expression of emotion and underlies 

individual differences in the emotional response to stress.
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dlPFC

The dlPFC is another region that supports a number of executive and cognitive control 

processes that are important for emotion regulation (Basten et al., 2012). Prior work has 

demonstrated psychosocial stress elicits dlPFC activity (Dedovic et al., 2009). In the present 

study, dlPFC activity varied with SCR and self-reported stress. Specifically, dlPFC activity 

was greater in individuals with higher SCR and self-reported stress ratings to the Stress 

versus Control conditions. These findings suggest that dlPFC activity has a significant 

impact on the regulation of the ANS and perceived stress. The present findings are 

consistent with prior studies that have demonstrated the dlPFC supports emotional processes 

important to the stress response (Critchley et al., 2001; Chou et al., 2016; Dedovic et al., 

2009). Specifically, the present study suggests that the dlPFC modulates important 

components of the emotional response (ANS and perceived stress) to stress. The dlPFC has 

extensive connections throughout the brain, including connections to the dmPFC that appear 

to regulate emotional function (Tanji and Hoshi, 2008; Taren et al., 2011). Therefore, the 

dlPFC may regulate the emotional response to stress via projections to other regions of the 

PFC, and thus may play an important role in the individual variability of the stress response.

Activity within the dlPFC and cingulate varied with multiple behavioral and 

psychophysiological measures of stress. Specifically, SCR and self-reported stress each 

varied with dlPFC and cingulate activity. However, differences were also observed between 

the BOLD fMRI signal and each behavioral/psychophysiological measure. For example, 

regions such as the dmPFC, vmPFC, and amygdala only varied with one index of emotion 

(SCR or self-reported stress). Amygdala and vmPFC activity would typically be expected to 

vary with multiple indices of the stress response. However, SCR and self-reported stress 

index distinct components of the emotional response. SCR is a measure of ANS activity 

while self-reported stress measures perceived stress. Given that each measure (SCR and self-

reported stress) indexes a different component of the stress response, it is possible that the 

neural substrates associated with the individual variability of each measure may differ. In 

addition, a large amount of heart rate data was excluded from the present analyses due to 

equipment failure and poor quality data as described above. This is an important limitation 

of the present report and may have impacted our ability to identify relationships between 

heart rate data and brain activity. More specifically, the relatively limited heart rate data 

included in the present study may have interfered with our ability to detect significant 

relationships between heart rate and brain activity in regions such as the amygdala.

Limitations

Findings from the current study should be considered in light of a few limitations. Typically, 

an increase in cortisol, similar to what we observed with SCR, heart rate, and self-reported 

stress, is expected following stress exposure. Therefore, higher cortisol levels were expected 

after the stress task (post-task) compared to baseline (pre-stress). However, group cortisol 

levels did not increase following the stress task in the present study. In fact, cortisol levels 

were lower after the stress task than at baseline. This decrease in cortisol levels was 

somewhat unexpected. However, prior psychosocial stress studies completed during fMRI 

have often found that cortisol levels often fail to increase post-stress (Allendorfer et al. 2014; 

Dedovic et al., 2009; Gossett et al., 2018). Prior work suggests that the failure to find an 
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increase in cortisol post-stress may be due to elevated baseline cortisol levels in anticipation 

of the fMRI scan (Muehlhan et al., 2011; Gossett et al., 2018). As a result, cortisol levels 

may be elevated at baseline, making it appear as though the fMRI task did not elicit a stress 

response. In addition, cortisol levels fluctuate diurnally with lower basal cortisol levels in the 

afternoon. In the present study, stress tasks were performed in both the morning and the 

afternoon due to participant and scanner availability, which potentially impacted cortisol 

data. However, including the time of day of sample collection did not alter the pattern of 

results. In addition, self-reported stress levels were determined from a survey that 

participants completed outside of the scanner after the conclusion of the MIST. Collecting 

self-report ratings outside the scanner is common (Luettgau et al., 2018 Schechter et al., 

2012) and the pattern of self-reported stress results were consistent with other measures of 

stress (i.e. SCR and heart rate) collected for this study.

Conclusion

Prolonged stress has profound negative effects on the brain which can result in the 

development of anxiety and depression. A better understanding of the mechanisms that 

underlie the stress response is crucial to learning how stress-related disorders may develop. 

In the present study, we investigated individual differences in the emotional and neural 

response to stress. We observed increased activity within the amygdala, vmPFC, dmPFC, 

and dlPFC that was linked to changes in SCR and self-reported stress. These findings 

suggest the PFC and amygdala play important roles in the peripheral emotional response and 

may underlie individual variability in the emotional response to stress.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. (1). 
Skin conductance response (SCR), heart rate, cortisol, and stress rating to psychosocial 

stress. Greater SCR (a) heart rate (b) and stress rating (d) were observed during the Stress 

than Control scan. Higher cortisol levels (c) were observed at baseline than after the Stress 

scan. Asterisk denotes a significant difference (p < 0.05).
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Fig. (2). 
Amygdala activity and skin conductance response (SCR) to psychosocial stress. Differential 

activity (Stress-Control) within the right amygdala varied with differential SCR. As 

amygdala activity increased, SCR increased.
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Fig. (3). 
Relationship between brain activity and self-reported stress. Differential activity (Stress-

Control) within the ventromedial prefrontal cortex (vmPFC) and cingulate cortex varied with 

differential stress rating. As activity within the vmPFC (a) and the cingulate cortex (b) 

increased, differential stress rating increased.
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Table 1.

Regional Brain Activity that Varied with SCR

MNI Coordinates SCR

Region Hemisphere Volume (mm3) x y z r

dmPFC Bilateral 2003 9 3 71 .273

Cingulate Left 2000 −15 −46 38 .299

dlPFC Left 878 −45 34 42 .209

Hippocampus Right 593 20 −26 −13 .269

Amygdala Right 190 28 −1 −12 .276

Note. dmPFC, dorsomedial prefrontal cortex. dlPFC, dorsolateral prefrontal cortex.

Peak voxel coordinates shown. All p < 0.05 (corrected).
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Table 2.

Regional Brain Activity that Varied with Stress Rating

MNI Coordinates Stress Rating

Region Hemisphere Volume (mm3) x y z r

dlPFC Left 4099 −36 54 3 .298

Cingulate Bilateral 2922 −2 −28 47 .190

vmPFC Bilateral 1117 2 43 −4 .190

Note. dlPFC, dorsolateral prefrontal cortex. vmPFC, ventromedial prefrontal cortex.

Peak voxel coordinates shown. All p < 0.05 (corrected).
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