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ABSTRACT

Objective:Daily life stressors include everyday irritants, hassles, and inconveniences, such as problems in traffic and unexpected work dead-
lines. A growing body of research has suggested higher daily stress is associated with blunted cortisol response to acute psychosocial stressors.
However, so far, the neural mechanism underlying this association has not been elucidated. The current study aimed to examine the role of
stress neurocircuitry between the hippocampus and the ventral medial prefrontal cortex in this relationship.

Methods:To this end, as an indexof daily stress in 44younghealthy individuals (23 females;mean [standard deviation] age=19.07 [1.11] years),
the total stressful rating score of daily life stress events that occurred in a 24-hour period was quantified. Individuals were then administered a
modified version of the Montreal Imaging Stress Task while undergoing functional magnetic resonance imaging scans, and their saliva
samples were collected for assessment of the stress hormone cortisol.

Results: Results revealed that a higher level of daily stress was associated with lower salivary cortisol secretion (r = −0.39, p = .008) and
lower activation of the left hippocampus (tpeak = −5.51) in response to the Montreal Imaging Stress Task. Furthermore, a higher level of
daily stress was associated with stronger functional connectivity between the left hippocampus and the ventral medial prefrontal cortex/
subgenual anterior cingulate cortex (tpeak = 4.91, R2 = 0.365).

Conclusions: Taken together, the current study suggested a possible neurocircuitry of the hippocampus and ventral medial prefrontal cor-
tex in the relationship between daily life stress and acute psychosocial stress.
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INTRODUCTION

P revious studies have established that acute exposure to stressful
stimuli is accompanied by an increased hypothalamic-pituitary-

adrenal (HPA) activity, resulting in heightened cortisol levels (1–3).
However, these responses to acute stressors are affected by daily
background stress (4,5), which refers to the everyday irritants, has-
sles, and inconveniences, such as problems in traffic, bad weather,
and unexpectedwork deadlines (6–8). Indeed, some studies have found
reduced responses to acute stressors due to repeated or prolonged
exposure to mild stressful experiences, such as perceived stress at
work (9), stress-related to examinations at the end of a semester
(10), or daily stress levels as measured by the Perceived Stress
Scale (11). These studies have all consistently highlighted a blunted
response (physiologically reflected in diastolic blood pressure, heart
rate reactivity, and levels of cortisol and dehydroepiandrosterone) to
acute stressors in the presence of a mild daily stressor. Researchers
have further suggested that the blunted responsiveness of stress hor-
mones to acute psychosocial stressors is a result of stress habitua-
tion, which occurs after low-to-medium intensity stimuli presented
at an increased frequency of exposure (12). After repeated stress,

the stress response system maintains a high activity state resulting
in heightened stress hormonal level, which subsequently results in
reduced responsiveness to any new stressful stimuli (3,13–15).

Based on the health-neuroscience studies, the brain is the cen-
tral, top-down regulator of behaviors and parameters of peripheral
physiology that impact physical health (16). It is also the critical
organ orchestrating adaptive andmaladaptive responses to stressors.
Specifically, it evaluates whether stimuli are threatening and poten-
tially stressful, then initiating the behavioral and many of the phys-
iological responses to the stressors, which in and of themselves can
either be adaptive or damaging (17,18). Avery recent study assessed
hair cortisol over the last 3 months as a marker of the long-term
background stress level and found that higher long-term background
stress was associated with lower activation of the dorsal anterior
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cingulate cortex in response to the acute stressors (19). Notably, al-
though both the long-term stress and the daily life stress could be
classified into background stress, the daily stress is more transient
and has more proximal physiological and psychological effects
than the long-term background stress (7,20,21). However, so far,
the neural mechanism underlying the impact of daily life stress
on acute stress reactivity has not been elucidated.

The hippocampus is part of the limbic system and is an important
component of the neural circuitry that coordinates behavior through
modulating neuroendocrine, immune, and autonomic functions
for adaptive coping to environmental and psychosocial challenges
(22–26). Studies have consistently established that the hippocam-
pus plays an important role in negative feedback inhibition of the
HPA axis in response to stressors (1,24). Accordingly, the hippo-
campal activity will increase to shut down the activated HPA axis
when exposed to stressors. Specifically, the stimulation of hippo-
campus decreases HPA axis activity, whereas hippocampal lesions
and total hippocampectomy increase HPA axis activity (1,27–30).
In line with this notion, a growing body of research has suggested
that there is a stronger activation of hippocampus in the stress
compared with the control condition (31–35). Regarding the asso-
ciation between daily life stress and acute stress response, studies
have shown that higher daily stress elicited greater basal activity of
the HPA axis (daily cortisol secretion) (6,36–38). Individuals with
high daily stress may maintain a state of higher level of hippocam-
pus activity, whichmay subsequently result in a reduced activity to
new stressful stimuli.

In addition to the limbic system, stress reactivity is also regu-
lated by the central nervous system through coordinated circuitry
integrating the limbic and prefrontal brain regions (1,39). The ven-
tromedial prefrontal cortex (vmPFC), encompassing the subgenual
region of the anterior cingulate cortex (sgACC), is thought to be
critical both in endocrine regulation, affective regulation, and be-
havioral coping (40–44). For example, more activation of vmPFC
in response to the stressor predicted more positive emotions and
less negative emotions during stress recovery (16,45). Moreover,
studies have found that activation of the pathway between vmPFC
and the hippocampus facilitated the extinction of fearful memory
information (40,46–49). A decrease in functional connections be-
tween vmPFC and the hippocampus is thought to be a neural
marker of inadequate fear extinction ability, which may lead to el-
evated pathology and stress-related disorder (49,50). Furthermore,
stronger hippocampus-vmPFC connectivity was related to weaker
stress symptoms after stressful experiences (50,51). Regarding the
association between daily life stress and acute stress response, pre-
vious studies have found that, after repeated exposure to military
stress, the functional connectivity between vmPFC and the hippo-
campus increased in response to stress cues compared with
preexposure (50,51). These findings suggest that higher daily
stress may be correlated with higher hippocampus-vmPFC con-
nectivity in response to a new stressor.

In sum, the current study sought to examine the possible
neurocircuitry between daily life stress and acute psychosocial
stress. Generally, daily stress fluctuates from day to day, and research
has found that the daily stress exhibited low consistency for 28 con-
secutive days (8).Moreover, daily stress is closely related to the spikes
in arousal or psychological distress that day (51,52), and its effects
and the stress itself are expected to moderate or disappear within a
day or two (15,53). Thus, we measured the total stressful rating score

of daily life stress events that occurred in the 24 hours before acute
stressors as an index of the degree of exposure to daily stress. In-
dividuals also underwent a modified Montreal Imaging Stress
Task (MIST) that was used to induce an acute stress response dur-
ing functional magnetic resonance imaging (fMRI) scanning (52).
Here, we hypothesized that a higher level of daily background
stress would lead to a blunted cortisol stress response and reduced
hippocampal activation in the acute psychosocial stress task. We
further hypothesized that a higher level of daily background stress
would lead to an enhanced regulatory role of vmPFC/sgACC on
negative emotions elicited by the acute stressor, eventually result-
ing in stronger functional connectivity between the hippocampus
and vmPFC/sgACC.

METHODS

Participants
Forty-eight healthy university students were recruited as paid volunteers
through Internet advertising. All participants were free of any psychiatric or
physical illness, drug abuse, or alcoholism (as indicated by self-report). Four
participants were excluded because of excessive head movement during
fMRI scanning (translation >2.5 mm or rotation >2.5 degrees) or missing
data (resulting from sample contamination or an insufficient volume of sa-
liva), resulting in a final sample of 44 participants (23 females; mean [stan-
dard deviation] age = 19.07 [1.11] years). Because the poststress cortisol
levels of women in the luteal phase approach those of men, the female partic-
ipants in the current study were all in their luteal phase (as indicated by self-
report) (53). Participants were asked not to smoke on the day of their appoint-
ment or engage in any strenuous exercise, drink alcohol or caffeine, eat, or
brush their teeth within 1 hour before the testing session. All participants pro-
videdwritten informed consent. The studywas approved by the review board
of a local university, and all work was carried out in accordance with The
Code of Ethics of the World Medical Association (Declaration of Helsinki).

Daily Life Stress
TheDaily Stress Inventory (DSI) was used to assess participants’ perceived
daily life stress. The DSI consists of 58 items that describe various stressful
events of daily life, such as “can’t finish the assigned work,” “was misun-
derstood by others,” or “argued with another person” (7). If the event did
not occur in the past 24 hours, participants are asked to denote a “none” re-
sponse to that item. If the event did occur, participants are asked to indicate
the stress level by placing a number from 1 (occurred but was not stressful)
to 7 (caused me to panic). There are three indicators to DSI including a) the
number of items that are endorsed as having occurred (FREQ), b) the total
stress level of items denoted as having occurred (SUM), and c) the average
stress level (AIR = SUMdivided FREQ). Because FREQ ignores that one’s
perception of the event may lead to the severity of the stress experienced
(54–57), AIR emphasizes the average perception of stressful events ignor-
ing the number of times stressful events are repeated (12), and SUM is a
comprehensive index considering both quantity (number) and quality (per-
ception). Thus, in the current study, SUM was quantified as an indicator of
daily stress levels.

The Montreal Imaging Stress Task
Participants completed a modified version of the MIST, a well-validated
psychosocial stress inducer andMRI-adapted protocol to administer during
fMRI scanning (52). The MIST used in this study consisted of a block de-
sign with three imaging runs. Each run consisted of two conditions: a
stressful experimental condition and a nonstressful control condition. Each
condition was repeated once per run (order: control-stress-control-stress,
70 seconds for control condition and 140 seconds for stress condition), re-
sulting in a total time of 7 minutes per run.
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In both conditions, participants are asked to answer arithmetic questions
on a computer screen, to which they have to respond by choosing a one-digit
number from a rotary dial using a button mouse. In the stressful experimental
condition, the difficulty of arithmetic questions is adapted to participants’ per-
formance to yield a 45% to 50% performance range. Participants are asked to
answer the arithmetic questions with a time limit, which is presented within a
visible progress bar. These settings ensured a higher rate of incorrect re-
sponses, and a mock performance indicator on the computer screen shows
the poor performance of the participant in comparison to the dummy average
others.Moreover, participants are providedwith negative verbal feedback via
headphones between each run. In this study, to increase participants’ feelings
of being socially evaluated, the original MIST was modified by creating a
monitoring screen with the image of a strict evaluator’s face under the exper-
imental stress condition. In the nonstressful control condition, participants are
asked to answer arithmetic questions without a time limit and they would not
receive any feedback on their performance (Figures 1A, B).

Procedure
Data were collected between September 2017 and March 2018. All exper-
iments were conducted between 1:30 PM and 5:00 PM to control cortisol’s
circadian rhythm. Figure 1C also outlines the experimental procedure. Af-
ter participants arrived at the laboratory, they rested for 30 minutes and
filled out the questionnaires. Seven saliva samples were collected in total,
including the Cort1 sample called Prescanning, acquired immediately
before participants entered the scanner; the Cort2 sample called
PreMIST, acquired after the resting-state fMRI and T1 image scanning;
the Cort3 sample called Run1, acquired after the first run of the MIST;
the Cort4 sample called Run2, acquired after the second run of the
MIST; the Cort5 sample called Run3, acquired after the third run of

the MIST; the Cort6 sample called Rest1, acquired after a 15-minute
rest; and the Cort7 sample called Rest2, acquired after a further 10-minute
rest. To obtain participants’ saliva samples in the scanner, the experimenter
handed a saliva tube to the participant at the end of each run. Participants
put the tube in their mouth and chewed for about 50 seconds. Afterward, par-
ticipants expelled the tube and handed it back to the experimenter, at which
point they were ready for the next experimental task. Participants’ subjective
stress reports were assessed by oral reports via themicrophone in the scanner,
just after the saliva sample collection. Each sampling lasted about 3 minutes.

Psychological and Physiological Measures
Self-reported subjective stress was used to rate participants’ perceived
stress levels on a 7-point Likert scale ranging from 1, corresponding to
“not stressful,” to 7, corresponding to “terribly stressful.” Saliva samples
were collected with a specific sampling device (Salivette; SARSTEDT,
Nümbrecht, Germany) to assess cortisol levels throughout the experiment.
All saliva samples were stored at room temperature until completion of the
experiment, after which they were kept in a −20°C freezer until final anal-
ysis. Cortisol concentrations were analyzed by an enzyme-linked immuno-
sorbent assay (IBL, Hamburg, Germany) following the manufacturer’s in-
structions. The sensitivity of the cortisol assay was 0.005 ̀g/dl, and the
interassay and intra-assay coefficients of variation for the cortisol assay
were 3.2% and 6.1%, respectively.

fMRI Data Acquisition
Functional and anatomical whole-brain images were acquired in a 3 T Sie-
mens Trio MRI scanner. Six hundred fifty-four volume-functional images
were acquired from each participant with a T2*-weighted gradient echo-
planar imaging sequence. We obtained 32 echo-planar images per volume

FIGURE1. Visualization of theMISTand experimental procedure. A, Nonstressful control condition of the modified version of theMIST.
Participants are asked to answer arithmetic questions without a time limit, leading to a high number of correct responses. Nothing is shown
on the monitoring screen. B, Stressful experimental condition of the modified version of the MIST. Participants answer the arithmetic
questions with a time limit and a visible progress bar, leading to a high number of incorrect responses. The image of an evaluator’s
strict face is shown on the monitoring screen. C, Experimental procedure. After participants arrived at the laboratory, they rested for
30 minutes and filled out the questionnaires. Seven saliva samples were collected in total, including the Cort1 sample called
Prescanning, acquired immediately before participants entered the scanner; the Cort2 sample called PreMIST, acquired after the
resting-state fMRI and T1 image scanning; the Cort3 sample called Run1, acquired after the first run of the MIST; the Cort4 sample
called Run2, acquired after the second run of the MIST; the Cort5 sample called Run3, acquired after the third run of the MIST; the
Cort6 sample called Rest1, acquired after a 15-minute rest; and the Cort7 sample called Rest2, acquired after a further 10-minute rest.
Participants’ subjective stress reports and saliva samples were assessed at the same time. MIST = Montreal Imaging Stress Task. Color
version of this figure is available online only with this article at www.psychosomaticmedicine.org.
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sensitive to blood oxygenation level–dependent contrast (repetition time, 2000
milliseconds; echo time, 30milliseconds; 64! 64matrix with 3! 3! 3mm3

spatial resolution; field of view, 192 ! 192 mm2). Slices were acquired in an
interleaved order and oriented parallel to the AC-PC plane with a 0.99-mm
gap. High-resolution T1-weighted three-dimensional fast-field echo sequences
were obtained for anatomical reference (176 slices; repetition time, 1900
milliseconds; echo time, 2.52 milliseconds; slice thickness, 1 mm; field
of view, 256 mm ! 256 mm; voxel size, 1 mm ! 1 mm ! 1 mm).

fMRI Data Analysis
All preprocessing was performed using the Data Processing & Analysis for
(Resting-State) Brain Imaging software (58). The first five volumes were
removed. The images were corrected for the acquisition time differences
between slices, realigned to the 32nd volume. Individual structural images
(T1-weightedmagnetization prepared rapid gradient echo) were co-registered
to the mean functional image after realignment. To remove the nuisance sig-
nals, the Friston 24-parameter model was used to regress out head motion ef-
fects from the realigned data. The transformed structural images were then
segmented into gray matter, white matter, and cerebral spinal fluid (59).
TheDARTEL tool (60)was used to compute transformations from individual
native space to Montreal Neurological Institute (MNI) space. The signals
fromwhitematter and cerebral spinal fluidwere regressed out to reduce respi-
ratory and cardiac effects. The images were normalized into the standard T1
MNI template image with a voxel size of 3! 3! 3 mm3. Then, the images
were smoothed with a Gaussian kernel of 6-mm full-width-half-maximum.

Other analyses as follows were conducted using SPM12 software (sta-
tistical parametric mapping software, SPM; Wellcome Department of Im-
aging Neuroscience, London, United Kingdom; http://www.fil.ion.ucl.ac.
uk). Because of the experimental program settings, when one condition
ended, the experimenter had to click a “continue button” to jump to the next
condition in a separate run. To avoid unnecessary confusion, we set aside
time that acquired eight volumes in total for each run to click the “continue
button,” so that a “blank condition” was defined to distinguish the button-
click trails and other trials. First-level effects were estimated by creating a
general linear model that incorporated three conditions (a stressful condi-
tion, a control condition, and a blank condition) convolved with the canon-
ical hemodynamic response function and six movement parameters as co-
variates of noninterest. A high-pass temporal filter with a cutoff period of
256 seconds was applied. The second-level analyses were conducted using
random-effects models to assess for any stress effects (stress versus con-
trol). To investigate the differences between stressful and nonstressful con-
ditions, a stress versus control contrast was measured. In this study, stress
condition was twice as long as the control condition, which can induce a
very strong stress effect. Accordingly, to render the results clearly, a rela-
tively strict correction (voxel-level family-wise error corrected p < .05)
was adopted in this analysis, which was consistent with previous acute
stress–related studies (25,61–64). Moreover, to identify the brain regions
whose neural responses were associated with daily life stress, the SUM in-
dices of the DSI were entered as a regressor in a whole-brain multiple re-
gression analysis. Significant activation in this whole-brain multiple regres-
sion analysis was identified using a widely accepted threshold of voxel-
level false discovery rate (FDR) corrected ( p < .05).

The connectivity analysis was performed using the CONN toolbox
based on SPM12 (CONN; http://www.nitrc.org/projects/conn) (65), which
provided task-dependent functional connectivity processing.With the setup
step, the data of the first level that was already estimated by creating a gen-
eral linear model were subsequently used, so that three conditions (the
stress, control, and blank) were entered into the design matrix. After that,
denoising was performed to define, explore, and remove possible con-
founds in the blood oxygenation level–dependent signal, including motion,
physiological, and other noise sources. A bandpass filter (0.008–0.09) was
applied to the data. The seed region of interest was functionally defined by
the hippocampus (MNI −24 −6 −15) that showed the effects of daily back-
ground stress on neural responses to acute stress in the current study, with a

radius of 3 mm. Then, a seed-to-voxel functional connectivity analysis was
conducted. Furthermore, to analyze connectivity results across conditions,
stress versus control contrast was conducted. In the contrast analysis, a
threshold of voxel-level FDR corrected ( p < .05) was used. Furthermore,
to identify brain regions whose functional connectivity with the seed region
was associated with daily background stress, the SUM indices of the DSI
were entered as a regressor in the second-level (between-subject) covariates
setup. To delineate the relevant brain regions that show strong relationship
between daily background stress and the neural response to ongoing acute
psychosocial stress as comprehensively as possible, significant activation
in the seed-to-voxel functional connectivity analysis was identified using a
relatively lenient correction method (cluster-level FDR corrected p < .05
[uncorrected p < .001]).

All the resting-state data collected in the current study have not been an-
alyzed. All the original data and/or code used in the present study are avail-
able upon direct request by contacting the corresponding author.

RESULTS

Daily Stress
Descriptive statistics of daily stress are presented in Table 1.ABayesian
independent-samples t test revealed no significant sex differences on the
total stressful ranking of daily life events (BF10 = 0.46, error = 0.018).

Acute Stress Response
Participants’ subjective stress reports during the MIST are illus-
trated in Figure 2A. A repeated analysis of variance with time as
a within-subject variable revealed a significant effect of time (F
(6,258) = 72.81, p < .001, ηp

2 = 0.63). A post hoc analysis revealed
that participants reported the highest levels of perceived stress after
the Run3 session (approximately 30 minutes after the onset of the
MIST, pRun3-Run1 < .001, pRun3-PreMIST < .001, pRun3-

Prescanning < .001, pRun3-REST1 < .001, pRun3-REST2 < .001, pRun2-
Run1 < .001, pRun2-PreMIST < .001, pRun2-Prescanning < .001, pRun2-
REST1 < .001, pRun2-REST2 < .001, pRun1-PreMIST < .001, pRun1-
Prescanning < .001, pRun1-REST1 < .001, pRun1-REST2 < .001,
pPreMIST-Prescanning < .001, pREST1-REST2 < .001).

Participants’ salivary cortisol stress responses during the MIST
are illustrated in Figure 2B. A repeated analysis of variance with
time as a within-subject variable revealed a significant effect of
time (F(6,258) =3.05, p = .029, ηp

2 = 0.066). A post hoc analysis
revealed that participants’ salivary cortisol levels peaked after the
Run3 session (approximately 30 minutes after the onset of the
MIST, pRun3-Run2 < .05, pRun3-Run1 < .05, pRun3-Prescanning < .05,
pREST1-Run2 < .05, pREST1-Run1 < .05, pREST1-Prescanning < .05). We
also analyzed the area under the curve with respect to increase
(AUCi) as the indicator of changes in stress levels. The AUCi is
calculated in reference to the baseline measurement, ignoring the

TABLE 1. Descriptive Statistics of Daily Stress Levels

Behavioral Variable Group n M SD BF10 Error

SUM All participants 44 56.02 43.29

Male 21 61.85 54.05 0.46 0.018

Female 23 50.69 30.74

Bayesian independent-samples t test was conducted to assess the sex differences on
daily stress levels. The total stressful ranking of daily life events is quantified as an
indicator of daily stress levels (SUM).

M = mean; SD = standard deviation; BF = Bayesian factor.
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distance from zero of all measurements, and emphasizes changes
over time (66,67). A Bayesian independent-samples t test revealed
no significant sex differences in the AUCi of cortisol (BF10= 1.40,
error = 0.002).

As for the neural response that induced by the psychosocial
stress, compared with the nonstressful control condition, stress in-
duced extensive activation, including of the frontal gyrus, parietal
lobule, precuneus, cingulate gyrus, thalamus, insula, hippocam-
pus, parahippocampal gyrus, occipital gyrus, temporal gyrus, and
caudate. Deactivation was detected in the temporal gyrus, angular
gyrus (all p values <.05, family-wise error) corrected for the whole
brain (Table 2 and Figure 3).

Association Between Daily Life Stress Levels and Acute
Stress Response

The Correlation Between Daily Stress and Acute Stress
Response
After controlling for the effect of sex, participants’ daily stress levels
were significantly correlated with the cortisol level on the time point
of Prescanning (rPrescanning = 0.52, p < .001). Importantly, after con-
trolling for the effect of sex, participants’ daily stress levels were sig-
nificantly correlated with the AUCi of salivary cortisol levels
(r = −0.38, p = .012; Figure 4A), but not significantly correlated
with the AUCi of their subjective stress reports (r = 0.08, p = .59;
Figure 4B).

Association of Daily Stress With Neural Responses to
Acute Stress
Significant inverse relationships between SUM indices and stress-
induced neural activity were found in the left parahippocampal gy-
rus extending into the hippocampus (MNI −24 −6 −15,
tpeak = −5.51), right cerebellum anterior lobe extending to the left
parahippocampal gyrus (MNI 9 −33 −18, tpeak = −4.60), left supe-
rior temporal gyrus (MNI −48 6 −18, tpeak = −5.03), right superior
temporal gyrus (MNI 57 −60 21, tpeak = −4.46), and right inferior

frontal gyrus (MNI 54 42 3, tpeak = −4.96; all p values <.05, FDR
corrected for the whole brain, cluster voxel size >20; Table 3 and
Figure 5).

Association of Daily Stress With Stress-Induced
Functional Connectivity
A task-dependent seed-to-voxel functional connectivity analysis
with the left hippocampus (MNI −24 −6 −15) as a seed region
found that no brain regions (stress versus control) survived after
the correction of multiple comparisons. Thus, to identify whether
there was stronger functional connectivity between the hippocam-
pus and vmPFC in the stress condition, we conducted a small vol-
ume correction within a region of vmPFC that was defined from
the anatomical automatic labeling (AAL) template (68). Results
showed that, compared with the nonstressful control condition,
stress induced stronger functional connectivity between the left
hippocampus and vmPFC (MNI 18 32 −16, tpeak = 3.39; peak-
level FDR corrected p = .059 after a small-volume correction).

Furthermore, a regression analysis was conducted to investi-
gate the correlation between the SUM indices reflective of daily
stress levels and the difference of functional connectivity between
the stress and control conditions. This revealed a significant posi-
tive relationship between the SUM indices and functional connec-
tivity, with the left hippocampus as a seed region to the vmPFC/
sgACC (MNI 12 32 −16, tpeak = 4.91; all p values <.001 uncor-
rected, cluster-level FDR corrected p < .05, R2 = 0.365; cluster
voxel size ≥117; Table 4 and Figure 6).

DISCUSSION
To investigate the possible neurocircuitry between daily life stress
and acute psychosocial stress, the current study quantified the total
stressful rating score of daily life stress events over the course of 1
day as a marker of daily stress level. Meanwhile, participants per-
formed the modified MIST while their brains were undergoing
fMRI scanning in the laboratory. Our results were consistent with

FIGURE 2. Participants’ subjective stress reports and salivary cortisol stress responses during the MIST. A, Subjective stress reports
showed elevated responses during the MIST (n = 44, post hoc: pRun3-Run1 < .001, pRun3-PreMIST < .001, pRun3-Prescanning < .001, pRun3-
REST1 < .001, pRun3-REST2 < .001, pRun2-Run1 < .001, pRun2-PreMIST < .001, pRun2-Prescanning < .001, pRun2-REST1 < .001, pRun2-
REST2 < .001, pRun1-PreMIST < .001, pRun1-Prescanning < .001, pRun1-REST1 < .001, pRun1-REST2 < .001, pPreMIST-Prescanning < .001, pREST1-
REST2 < .001). B, Participants’ salivary cortisol (̀g/dl) peaked immediately after Run3 of the MIST (approximately 30 minutes after
the onset of the MIST, n = 44, post hoc: pRun3-Run2 < .05, pRun3-Run1 < .05, pRun3-Prescanning < .05, pREST1-Run2 < .05, pREST1-Run1 < .05,
pREST1-Prescanning < .05). Values and their error bars represent the mean ± SEM. MIST = Montreal Imaging Stress Task; SEM =
standard error of the mean.
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TABLE 2. Stress Induced Neural Activation and Deactivation

Contrast Anatomical Region Hemisphere

Montreal Neurological Institute

Coordinate

k tpeak Peak pFWE-corrX Y Z

Stress > control Cluster 1 L/R −12 −93 12 23,535 14.34 .001

Cluster 1 subregions

Precuneus L −15 −66 33 375 9.86 .001

R 12 −51 51 427 10.67 .001

Middle frontal gyrus L −27 −3 60 55 8.36 .001

L −30 39 15 118 7.52 .001

R 36 −3 54 143 9.56 .001

R 36 42 24 345 6.51 .001

Superior frontal gyrus L −24 −6 63 140 9.13 .001

R 15 6 60 292 10.67 .001

R 27 45 21 64 7.79 .001

Medial frontal gyrus L 0 18 42 27 8.95 .001

R 12 24 45 41 7.78 .001

Inferior frontal gyrus L −39 12 12 27 7.82 .001

L −39 18 12 51 8.60 .001

R 42 3 27 218 9.21 .001

R 39 24 9 127 8.31 .001

Precentral gyrus L −33 −6 45 428 10.19 .001

R 39 −6 51 483 10.23 .001

Middle occipital gyrus L −24 −90 15 646 13.73 .001

R 27 −84 21 285 12.87 .001

Superior occipital gyrus L −12 −93 12 291 14.34 .001

R 27 −84 24 303 13.76 .001

Inferior occipital gyrus L −33 −75 −9 211 11.42 .001

R 33 −75 −9 207 12.72 .001

Middle temporal gyrus L −42 −66 9 223 13.11 .001

R 48 −60 6 378 14.1 .001

Superior temporal gyrus L −54 −45 15 32 7.26 .001

R 60 −36 18 159 11.18 .001

Inferior temporal gyrus L −42 −60 −9 113 8.13 .001

R 48 −66 −3 229 10.48 .001

Inferior parietal lobule L −30 −57 51 190 9.00 .001

R 30 −51 51 214 11.33 .001

Superior parietal lobule L −27 −60 51 250 10.57 .001

R 15 −54 51 239 11.03 .001

Lingual gyrus L −21 −75 −6 363 14.32 .001

R 6 −81 −6 392 13.92 .001

Postcentral gyrus L −45 −9 48 313 9.89 .001

R 24 −48 54 320 8.28 .001

Cuneus L −12 90 15 226 13.10 .001

R 15 −90 12 97 13.69 .001

R 18 −66 39 82 9.91 .001

Thalamus L −15 −9 3 259 9.66 .001

R 15 −21 12 260 10.26 .001

Insula L −39 15 9 292 9.60 .001

R 36 18 6 218 9.17 .001

Fusiform gyrus L −24 −75 −6 345 13.84 .001

Continued on next page
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our hypotheses and revealed that a higher level of daily stress was
associated with lower salivary cortisol secretion and lower activa-
tion of the left hippocampus in response to the MIST. Moreover, a
higher level of daily stress was associated with stronger functional
connectivity between the left hippocampus and vmPFC/sgACC.

In line with previous work, we found decreased salivary corti-
sol secretion in response to theMIST in individuals who reported a
higher level of daily stress. Studies have demonstrated that mild
background stressors, such as perceived stress in one’s daily life,
overcommitment in one’s work, and examination-related stress,
may blunt the acute stress response, indicating that higher back-
ground stress levels may compromise physiological markers of a
healthy stress response to acute stressors, resulting in lower blood
pressure, heart rate, and norepinephrine and salivary cortisol levels

(5,10,11,69). These reduced acute stress responses may be interpreted
as resulting from a process of stress habituation characterized by a re-
duction of stress responses elicited by exposure to repeated or/and
prolonged stressors, especially of low-to-medium intensity (70).

Consistent with this, our results showed that participants’ daily
stress levels were significantly correlated with the prescanning cor-
tisol level, which may suggest a higher level of daily life stress re-
sult in an enhanced baseline cortisol level. Importantly, acute re-
sponse to a stressor is usually considered an adaptive response be-
cause it allows for the reallocation of metabolic resources toward
the fight or flight response to the stressor at hand; prolonged expo-
sure to stressors, however, may be deleterious (3,71). After re-
peated stressors, the stress response system maintains a high activ-
ity state resulting in heightened hormonal levels that subsequently

TABLE 2. (Continued)

Contrast Anatomical Region Hemisphere

Montreal Neurological Institute

Coordinate

k tpeak Peak pFWE-corrX Y Z

R 30 −78 −9 371 12.90 .001

Anterior cingulate L −9 21 27 155 7.89 .001

R 12 24 30 186 7.03 .001

Middle cingulate L 0 15 42 323 0.961 .001

R 12 15 42 380 10.76 .001

Posterior cingulate L −9 −42 21 15 7.07 .001

R 12 −42 18 16 7.05 .001

Caudate L −21 0 24 98 10.42 .001

R 21 18 18 156 11.61 .001

Putamen L −24 9 15 91 7.55 .001

R 27 21 0 118 8.54 .001

Hippocampus L −24 −33 0 49 8.81 .001

R 30 −33 3 72 8.95 .001

Supramarginal L −45 −42 33 95 8.37 .001

R 48 −39 42 368 9.01 .001

Angular gyrus R 27 −54 45 74 10.89 .001

Cerebellum L −27 −60 −21 983 11.11 .001

- 0 −42 3 20 7.64 .001

Cluster 1

Stress < control Superior temporal gyrus R 39 15 −30 77 −7.79 .001

Cluster 2

Superior temporal gyrus L −33 6 −30 37 −7.90 .001

Cluster 3

Medial frontal gyrus L −9 27 −12 20 −6.71 .001

Cluster 4

Medial frontal gyrus L −6 57 −9 20 −7.20 .001

Cluster 5

Angular gyrus R 54 −69 36 66 −9.77 .001

Cluster 6

Angular gyrus L −39 −78 42 145 12.05 .001

All p values are <.05, and FWE has been corrected for the whole brain.

FWE = family-wise error; L = left; R = right.
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result in reduced responsiveness to novel stressful stimuli (3,13–
15). Studies have demonstrated that blunted stress responses occur
more often in response to low-to-medium intensity stimuli of in-
creasing frequency of exposure (5,12,70). In the current study,
the total stressful rating score of stressful events within 1 day, of
high frequency and low-to-medium intensity, were quantified as
the daily background stress (7). Moreover, an acute stress response
in this study was elicited by the MIST, which is considered to be a
mild laboratory stressor (52,72). Accordingly, the acute stress re-
sponse seems to be blunted in individuals who had experienced
significant levels of daily stress of a similar perceived and experi-
enced nature.

Considering the impact of daily stress on the neural mecha-
nisms of acute stress responses, our results demonstrate that indi-
viduals who experience a greater number of stressful events over
the course of the past day show less hippocampal activation in re-
sponse to the MIST. Because glucocorticoid receptors and miner-
alocorticoid receptors both play crucial roles in the negative feed-
back inhibition of the HPA axis and are highly expressed in the
hippocampus (73), we speculate that the blunted hippocampal re-
sponse after acute stressors may reflect a decrease in the negative
feedback inhibition of the HPA axis resulting from high exposure
levels to daily stress. Notably, the daily stress level was associated
with the left hippocampus but not with the right hippocampus. The

FIGURE 4. Correlations between SUM and acute stress response during MIST. A, the AUCi of salivary cortisol levels. B, the AUCi of
subjective stress levels. The AUCi denotes the area under the curve with respect to an increase and as such represents changes in stress
levels. SUM = total stress level of items denoted as having occurred; MIST = Montreal Imaging Stress Task.

FIGURE 3. Neural responses during the MIST. Compared with the nonstressful control condition, stress induced extensive activation of
the brain, including of the frontal gyrus, parietal lobule, precuneus, cingulate gyrus, thalamus, insula, hippocampus, parahippocampal
gyrus, occipital gyrus, temporal gyrus, and caudate. Deactivation was detected in the temporal gyrus and angular gyrus. All p values
are <.05, and FWE has been corrected for the whole brain. MIST = Montreal Imaging Stress Task; FWE = family-wise error. Color
version of this figure is available online only with this article at www.psychosomaticmedicine.org.
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right hemisphere of the brain is more involved in the process of
emotional cognition and expression, and the left hemisphere is more
associated with coping, that is, the fight/flight response (74). More-
over, the left hemisphere is linked to activation of catecholamines
and directed fight/flight vigilance, and it sets the stage to deal with
challenges (74,75). Furthermore, previous evidence has suggested
that a reduced left hippocampal volume was associated with clinical
pathology like first-episode psychosis (76,77), major depression
(78), and posttraumatic stress disorder (79). Therefore, the laterality
of the hippocampus in the current study may suggest an important
role of left hippocampus involved in stress coping.

Importantly, we also found that higher levels of daily stress
were associated with stronger functional connectivity between
the left hippocampus and vmPFC/sgACC. Studies have found that
the vmPFC/sgACC is related to the inhibition and extinction of

negative emotional information (43,46,48). The stronger functional
connectivity between the hippocampus and vmPFC/sgACCmay re-
flect an enhanced stress regulation function when facing stressful
events again under high background stress. Moreover, studies also
found that the activation of vmPFC is associated with behavioral
control and stress-resilient coping in the middle and later stages of
the stress response (80). This evidence suggests an enhanced adap-
tive regulation mechanism of the vmPFC when facing stressful
events again under high daily stress. This reciprocal relationship be-
tweenmedial PFC andmesotemporal limbic cortices is of interest in
the context of previous neuroimaging studies. In relation to the cur-
rent findings, this reciprocal relationship between the vmPFC and
hippocampus cortices may represent a greater top-downmodulation
of vmPFC to hippocampus in individuals who have experienced a
greater level of stress over the course of the day.

FIGURE 5. Association between SUM and stress-induced neural activity. Inverse relationships between SUM indices and stress-induced
neural activity were found in the left parahippocampal gyrus extending to the hippocampus (MNI −24 −6 −15, tpeak = −5.51), right
cerebellum anterior lobe extending to the left parahippocampal gyrus (MNI 9 −33 −18, tpeak = −4.60), left superior temporal gyrus
(MNI −48 6 −18, tpeak = −5.03), right superior temporal gyrus (MNI 57 −60 21, tpeak = −4.46), and right inferior frontal gyrus (MNI 54
42 3, tpeak = −4.96). All p values <.05, FDR corrected for the whole brain, cluster voxel size >20. SUM = total stress level of items
denoted as having occurred; MNI = Montreal Neurological Institute; FDR = false discovery rate. Color version of this figure is
available online only with this article at www.psychosomaticmedicine.org.

TABLE 3. Brain Regions Showing an Association Between SUM and Stress-Induced Neural Activity

Anatomical Region Hemisphere

Montreal Neurological Institute Coordinate

k tpeak Peak pFDR-corrX Y Z

Parahippocampal gyrus/hippocampus/amygdala L −24 −6 −15 60 −5.51 .032

Right cerebellum anterior lobe/left parahippocampal gyrus R/L 9 −33 −18 70 −4.60 .032

Inferior frontal gyrus R 54 42 3 39 −4.96 .032

Superior temporal gyrus L −48 6 −18 32 −5.03 .032

Superior temporal gyrus R 57 −60 21 28 −4.46 .033

All p values <.05, FDR corrected for the whole brain, cluster voxel size >20.

SUM = total stress level of items denoted as having occurred; FDR = false discovery rate; L = left; R = right.
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Humans often face various stressors, trauma, and aggression in
their daily life. These stressful experiences physically alter the struc-
ture and function of brain regions involved in controlling HPA and
autonomic responses to stress (24,81). Individuals with long-term
trauma and life stress typically show hippocampal volume reduction
(82). Individuals with a high level of cumulative adversity show
an increased hippocampal activation and vulnerability to adverse
health consequences (83). However, things do not always have
to turn bad. Some studies have suggested that reduced limbic de-
activation in an individual with childhood trauma may reflect a
type of counterregulatory adaptation after sustained exposure to
stressors during development (84). In the current study, individuals
seemed to exhibit an adaptive response after experiencing high
levels of daily background stress throughout the day, illustrated
by the reduced neuroendocrine responses and increased regulation
role of vmPFC.

Notably, Sandner et al. (19) measured hair cortisol over the last
3 months as a marker of the long-term background stress level, and
they found that individuals with higher hair cortisol had lower re-
activity in response to an acute psychosocial stressor involving
cognitive and social-evaluative challenges. In a similar vein, we
found that high daily stress on a self-report level predicts low stress
response. Results of these two studies may suggest that both the
long-term background stress and the daily background stress might
blunt an individual’s response to acute psychosocial stressors; how-
ever, some empirical studies found opposite patterns. Because of a
reduction in coping mechanisms and resulting responses, chronic

exposure to stressors could result in a heightened acute response.
Consistently, residents living in a crowded living environment
showed a significantly greater increase in their stress response
(85); in addition, poor social support has also been associated with
heightened stress reactivity (86,87). Overall, it seems that the rela-
tionship between one’s acute stress response and levels of back-
ground stress remains complex, naturally contingent on a number
of critical factors such as the type of acute stressor and the type,
intensity, and duration of the background stressors (5). Moreover,
chronic stress was found to differentially affect anticipatory and re-
active cortisol response (88,89). Thus, the conflicting results could
also be due to the failure to distinguish the cortisol response stage.

This study has several limitations. First, we did not measure the
levels of chronic background stress and major life stress, both of
which are associated with daily hassles and cortisol response to
acute stressors (4,5,21,90–92). Accordingly, levels of chronic
background stress and major life stress may confound our results.
For example, Serido et al. (21) found that, even after controlling
for the effects of chronic stress, higher levels of daily hassles pre-
dicted higher levels of psychological distress, suggesting that daily
hassles and chronic stressors are different types of stressors with
unique contributions to psychological distress. However, they also
found that chronic stress moderated the relationship between daily
hassles and psychological distress. These results suggest that the
presence of chronic stressors on days when individuals experience
minor hassles may exacerbate the reaction to hassle and thus influ-
ence the stress response. Second, the daily background stressors

FIGURE 6. Associations of SUM indices with stress-related functional connectivity between the left hippocampus and vmPFC/sgACC.
The SUM indices were significantly associated with functional connectivity with the left hippocampus (MNI −24 −6 −15) as a seed region
to the vmPFC/sgACC (MNI 12 32 −16, tpeak = 4.91; all p values <.001 uncorrected, cluster-level FDR corrected p < .05, cluster voxel
size ≥117). SUM = total stress level of items denoted as having occurred; vmPFC = ventromedial prefrontal cortex; sgACC =
subgenual region of the anterior cingulate cortex; MNI = Montreal Neurological Institute; FDR = false discovery rate. Color version of
this figure is available online only with this article at www.psychosomaticmedicine.org.

TABLE 4. Association of SUM Indices With Stress-Related Functional Connectivity Between the Left hippocampus (MNI −24 −6 −15)
and vmPFC/sgACC

Anatomical Region Hemisphere

Montreal Neurological Institute Coordinate

k tpeak Cluster pFDR-corr R2X Y Z

Medial frontal gyrus/subgenual anterior cingulate R 12 32 −16 117 4.91 .006 0.365

SUM= total stress level of items denoted as having occurred; Montreal Neurological Institute; vmPFC = ventromedial prefrontal cortex; sgACC = subgenual region of the anterior
cingulate cortex; FDR = false discovery rate; R = right.
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were of the same type as the acute stressors in the current study.
Although we provide evidence of a blunted acute stress response
as a result of high daily stress levels, the relationship between one’s
acute stress response and levels of background stress is still influ-
enced by many factors such as the type of acute stressor and the
type, intensity, and duration of the background stressors (5).
Therefore, caution to the generalizability of results should be
made. Third, as an important indicator of HPA function, basal cor-
tisol levels comprehensively reflect the effects of daily stress on
the stress response system. Future studies should consider measur-
ing the cortisol awakening response or rhythmic cortisol levels.
Fourth, in this modified version of the MIST, a monitoring screen
with the image of a strict evaluator’s face is built into the experi-
mental stress condition, but not in the control condition. To avoid
unnecessary confusion, future studies should consider building a
face without social evaluation threat in the control condition.
Moreover, to increase the experimental effect of stress condition,
this study canceled the resting condition and added this part of
time into the stress condition, whichmight pose problems in fitting
models (93). This problem deserves consideration in future stud-
ies. Fifth, female participants were recruited in our study while
their information about oral contraceptives was not collected.
Given that some medications like anti-inflammatory medication
or oral contraceptives might affect cortisol measures, future stud-
ies should rule out the potential impact of these factors. Lastly, be-
cause sleeping hours might influence cortisol measures, future
studies should use a proper method to control participants’ sleep-
wake cycle.

CONCLUSIONS
Overall, the current study examined the associations of 24-hour
daily stress level with the neuroendocrinological response to a
laboratory-induced acute stress and found that daily stress level
was negatively associated with salivary cortisol and hippo-
campal responses to acute stress but positively associated with
hippocampus-vmPFC functional connectivity during acute stress.
These results suggested a possible neuromodulatory pathway
in the relationship between daily stress and acute stress, which fur-
ther provides a new insight into the resilience role of hippocampus-
vmPFC in the development of blunted stress system–related
psychopathology.
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