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ABSTRACT
BACKGROUND: The ability to control social-emotional actions is relevant for everyday social interaction and may be
indicative of responsiveness to actual social stress situations. This is particularly relevant for predicting stress
responsiveness of the hypothalamic-pituitary-adrenal axis, known to be dysregulated in various stress-related
affective disorders. Here we tested, in a large sample, whether reduced frontal control over social approachavoidance actions can indeed signal increased hypothalamic-pituitary-adrenal axis reactivity to subsequent social
stress exposure.
METHODS: A total of 279 subjects (214 men) participated in a functional magnetic resonance imaging socialemotional approach-avoidance task that involved impulsive and controlled emotional actions. Subsequently,
participants underwent a stress induction including a socially evaluated cold pressor task and a mental arithmetic
task. Salivary cortisol and a-amylase levels, as well as self-reported negative affect, were measured before and
after stress induction.
RESULTS: Emotion control was successfully induced by the approach-avoidance task. Namely, instrumental
overriding of automatic social approach-avoidance actions was associated with the typical increased bilateral
anterior prefrontal cortex activation, longer reaction times, and more errors. Moreover, subsequent stress
induction led to signiﬁcant increases in all stress measures. Critically, bilateral anterior prefrontal cortex activation
during emotion control was associated with reduced responses to the subsequent stressor in not only cortisol but
also a-amylase and negative affect.
CONCLUSIONS: The ability to recruit prefrontal regions during social-emotion regulation predicts cortisol responses
to an actual social stress situation. This ﬁnding provides the ﬁrst evidence that instrumental control over social
approach avoidance actions can signal stress responsiveness in major stress systems, providing a promising
biomarker in stress vulnerability and resilience research relevant for affective disorders.
Keywords: Approach-avoidance behavior, Cortisol, Emotion regulation, Neuroimaging, Prefrontal cortex, Stress
response
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Healthy social-emotional behavior in everyday social interactions involves adequate control over automatic responses
to affective cues such as emotions expressed by others (1).
This largely prefrontally driven emotion control becomes
particularly relevant during socially threatening situations,
when control over highly salient social cues is essential to
prevent the major stress systems from overshooting. Failure of
this emotion control and dysregulation of these stress systems
are implicated in a broad range of psychopathologies (2,3).
Although these notions are widely adopted in human stress
theories (4), direct neurocognitive evidence for the link between frontal emotion control capacities and glucocorticoid
stress responsiveness is lacking, let alone evidence in wellpowered samples.
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Acute stress results in fast responding of the sympathoadrenomedullary system, increasing noradrenaline, and activation of the hypothalamic-pituitary-adrenocortical (HPA) axis,
with its end product cortisol. Particularly the slower-acting
HPA system is implicated in returning to homeostasis and is
seen as an adaptive process, impairments of which are
associated with psychopathology such as depression, posttraumatic stress disorder, and anxiety disorders (5–12). Both
chronic and acute stress impair prefrontal functioning (13,14).
Impaired prefrontal functioning, in turn, plays an important role
in the pathophysiology of affective disorders, including
depression and anxiety (15,16).
Crucially, the link between stress and prefrontal functioning
is not unidirectional; the prefrontal cortex (PFC) not only is
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impaired as a function of acute and chronic stress but also
plays a role in the regulation of the HPA axis and thus the
glucocorticoid stress response (17–19). However, the neurocognitive evidence on this latter process (i.e., reduced PFC
functioning as a predisposing factor for maladaptive stress
responsivity) is limited. Interestingly, a recent study found a link
between reduced PFC activation and increased cortisol after
stress both in patients with depression and in healthy participants (20). Because PFC activation was measured during
stress induction, however, it is likely to be inﬂuenced by
feedback mechanisms triggered by the stress response, so it
remains unclear whether PFC activation can serve as a neurocognitive predictor of HPA axis function.
In this study, we tested whether PFC activation during a
relevant social-emotion regulation task predicts cortisol stress
responsiveness during social stress in a well-powered sample
(N = 283, 76% men) of medication-free healthy participants.
This approach allows for a mechanistic understanding of
variability in HPA axis functioning in the healthy population,
which could then serve as a starting point for further investigations in clinical populations (21). Although there are
different types of emotion regulation, they all rely on control of
the PFC over regions primarily involved in emotional reactivity
such as the amygdala (1,22). We employed a functional magnetic resonance imaging (fMRI)-optimized approachavoidance (AA) task, measuring social-emotion control over
automatic action tendencies, which has been shown to
robustly activate the anterior subregion of the PFC (aPFC)
(23–26). Stress was induced by a socially evaluated cold
pressor task (SECPT) and a mental arithmetic (MA) task. We
hypothesized that relatively low aPFC activation during
emotional action regulation is associated with relatively
stronger cortisol increases after subsequent stress induction.
As secondary stress indices, we used increases in salivary
a-amylase, which is a marker of sympatho-adrenomedullary
activity (27) and self-reported negative affect, as measure of
a subjective stress response.

METHODS AND MATERIALS
Participants
A total of 427 participants passed initial screening. Exclusion
criteria were current psychiatric and neurological disorders, a
history of endocrine or neurological treatment, current drug or
alcohol abuse, and current use of psychotropic medication.
Complete datasets were available for 305 participants. Participants with anatomical abnormalities or poor MRI quality,
excessive movement during MRI acquisition (i.e., maximal
framewise displacement .3 mm), extreme scores on hormone
variables [outliers . j3.29j SD (28)], or poor task performance
(i.e., ,10 correct trials in one or more of the four task conditions)
were excluded. Consequently, the ﬁnal analyses comprised 279
participants (214 men) between 18 and 43 years of age (median = 23 years). Of the ﬁnal sample, 80% (n = 226, 176 men)
were students from the Dutch Police Academy, and the
remainder were students from other schools and universities.
The latter were age and gender matched to the police recruits
and included in all analyses because no systematic differences
in the relationship between prefrontal control and stress
responsivity were expected between those students, which was
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conﬁrmed by later analyses (see Supplemental Table S1). aAmylase and negative affect analyses were performed on subgroups (see Supplement). To test the effectiveness of the stress
induction procedure, we also tested a separate nonstress group
(n = 25, 18 men). The study was conducted in accordance with
the Declaration of Helsinki and approved by the Independent
Review Board Nijmegen (Nijmegen, The Netherlands).

Procedure
All reported experiments were conducted as part of the baseline
measurement of a prospective study assessing the role of
automatic defensive responses in the development of traumarelated psychopathology in police recruits (Netherlands Trial
Registry NTR6355). See Koch et al. (29) for details. On arrival in
the lab, participants provided written informed consent,
completed several questionnaires, performed several behavioral and fMRI tasks (not reported here), and underwent a
7-minute structural T1-weighted scan. Approximately 1 hour
before the AA task, a baseline saliva sample was collected for
baseline hormonal assessments (see Supplement for details
on the analysis of the baseline cortisol and testosterone
samples). In the MRI scanner, participants completed a 3minute AA task training session, which was followed by the AA
task (12 minutes). Subsequently, participants underwent a
resting-state scan, the stress induction, and a second restingstate scan (resting-state data not discussed here). During the
procedure (see Figure 1A), saliva and a negative affect questionnaire (Positive and Negative Affect Schedule) (30) were
collected ﬁve times with intervals of approximately 10 minutes.
See Supplement for more details on the saliva sample collection. The AA task and the stress induction were conducted in the
late afternoon between 4 and 7 PM when diurnal effects on
cortisol ﬂuctuations are minimal (31).

Experimental Task
The AA task is a well-established task (23,32,33), requiring
participants to respond as fast as possible to pictures of facial
expressions by moving a joystick (Figure 1B). The automatic
tendency is to approach happy faces and avoid angry faces
(affect-congruent actions). Execution of the opposite (affectincongruent actions) requires control over these automatic
action tendencies, reﬂected in longer reaction times and
stronger aPFC recruitment (32,33). At the start of congruent
blocks, participants were instructed to pull the joystick in
response to happy faces and to push it in response to angry
faces. The instruction was reversed for incongruent blocks.
There were 4 congruent and 4 incongruent blocks (12 trials
each) presented alternatingly, with a counterbalanced starting
block type, an interblock interval of 21 to 24 seconds, and an
intertrial interval of 2 to 4 seconds. The facial expressions (36
models [18 male], two emotions each) originated from multiple
databases (34–37). Presentation software version 16 (https://
www.neurobs.com) was used for stimuli presentation and the
acquisition of joystick positions. See Tyborowska et al. (38) for
details.

Stress Induction
Stress induction consisted of two sequentially administered
tasks, a SECPT and an MA task, which have been shown to
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Figure 1. (A) Schematic timeline of the experimental procedure. (B) Response mapping for the different conditions during the approach-avoidance task. (C)
Responses in the incongruent condition were signiﬁcantly slower than those in the congruent condition. (D) Overview of regions showing increased activation
across all task conditions. (E, F) Activation differences between the incongruent and congruent task conditions for the a priori deﬁned regions of interest: the
bilateral anterior prefrontal cortex (aPFC) and amygdala. Small volume corrected results at an initial threshold of p , .005 are shown. Only clusters with peak
activation within one of the volumes of interest are displayed. Bar graphs visualize beta estimates of the effects for each task condition extracted from the
bilateral activation clusters. Sample images are AM10HAS and AM10ANS from the Karolinska Directed Emotional Faces stimulus set (36). ***p , .001. a.u.,
arbitrary units.

successfully induce psychophysiological and subjective stress
responses (39–41). Both tasks lasted for 3 minutes, but participants were not informed about the exact duration. Two
experimenters closely monitored their facial expressions. At
least one of them was of the opposite gender of participants to
ensure maximal social stress (42). The primary experimenter
was unfamiliar to participants, wore a white lab coat, and
spoke in a formal manner. The assistant experimenter was
familiar to participants because he or she had instructed participants during all other experimental procedures. During the
SECPT, the primary experimenter instructed participants to
immerse their right foot in ice-cold water (0–3 C), to lie as still
as possible, and not to talk. During the subsequent MA task,
the primary experimenter instructed participants to count back

out loud from 2059 in steps of 17 as quickly and accurately as
possible. The primary experimenter gave feedback when the
counting went slow. After each error, participants were asked
to start over from 2053, 2045, or again 2059. The full procedure
took approximately 8 minutes including instructions. A separate sample of 25 participants completed a control (nonstress)
procedure (see Supplement).

Analysis of Questionnaire and Hormone Levels
All stress-response measures were log transformed to correct for
a skewed distribution and entered into separate repeatedmeasures analyses of variance with sampling time as the
independent variable, followed by Bonferroni-corrected
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paired-sample t tests testing for differences between sampling
times. These analyses were performed on a subsample of all
participants (cortisol n = 244, a-amylase n = 222, negative affect
n = 255) because of incomplete data or detection problems. To
link the stress response measures to the AA task behavioral and
neural effects, we calculated difference scores for each measure
(D-cortisol, D-a-amylase, and D-negative affect) by subtracting
the log-transformed value of the pre-stress-induction sample (T0)
from the peak post-stress-induction sample. Individuals with
extreme values [.j3.29j SD (28)] for the difference scores for any
stress measure within each gender group were excluded from
the respective analyses. Outliers were determined for each
gender separately because the strength of the cortisol increase
differs per gender (43). Comparison with a nonstress group
enabled a manipulation check for the stress induction and indicated signiﬁcantly greater D-cortisol and D-negative affect in the
stress group (all ps , .001), but not for D-a-amylase (t277 = 1.20,
p = .232) (see Supplemental Table S1).

Behavioral Analysis
See Supplement for details on behavioral data preprocessing.
Mean reaction times and error rates were entered into two
separate repeated-measures analyses of variance with withinsubject factors movement (approach or avoid) and valence
(happy or angry). Gender and D-cortisol were included as
covariates. Analyses were repeated with D-a-amylase and
D-negative affect as covariates instead of D-cortisol. The alpha
level was set at .05.

fMRI Single-Subject Analysis
See Supplement for details on imaging parameters and the
preprocessing of the 3T fMRI data. Following Volman et al. (33)
and Tyborowska et al. (38), the fMRI time series were analyzed
using an event-related approach within the framework of the
general linear model. The following effects were considered
separately: approach–happy, approach–angry, avoid–happy,
and avoid–angry. The time of stimulus presentation (onset)
and the time between stimulus presentation and response
(duration) were convolved with the canonical hemodynamic
response function. Misses and on-screen information (instructions preceding each block and feedback messages)
were modeled as separate regressors. Potentially confounding
effects of residual head movement were modeled using original, squared, cubic, ﬁrst-order, and second-order derivatives
of the movement parameters (44). Three further regressors
described the time course of signal intensities of white matter,
cerebrospinal ﬂuid, and the portion of the magnetic resonance
image outside the skull (45). The fMRI time series were highpass ﬁltered (cutoff of 128 seconds). Temporal autocorrelation was corrected by a ﬁrst-order autoregressive model.

fMRI Second-Level Analyses
To assess overall task effects (task performance . baseline),
contrast images of a combination of all four task conditions
(approach–happy, approach–angry, avoid–happy, and avoid–
angry) were entered into a random-effects multiple regression analysis.
For the main analysis, contrast images of the four task
conditions were entered into a random-effects multiple
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regression analysis separately for each condition. Subjectspeciﬁc regressors were added to control for overall
between-subject effects. We ﬁrst contrasted affectincongruent trials (approach–angry and avoid–happy) with
affect-congruent trials (approach–happy and avoid–angry).
Subsequently, D-cortisol values, log-transformed baseline
testosterone levels, and log-transformed baseline cortisol
levels were standardized within each gender group and added
as condition-speciﬁc covariates, yielding 12 extra regressors.
Baseline cortisol and testosterone levels were added to remain
consistent with previous work (33,38). We assessed the
interaction of these congruency effects with stress responsivity, indexed by D-cortisol, by contrasting the conditionspeciﬁc covariates (D-cortisol happy–approach 1 D-cortisol
angry–avoid vs. D-cortisol happy–avoid 1 D-cortisol angry–
approach). This analysis was repeated with D-a-amylase and
D-negative affect instead of D-cortisol.
Effects were assessed at the whole-brain level and within a
priori deﬁned regions of interest that have been shown to be
sensitive to AA task congruency effects (33,46): the bilateral
aPFC based on the lateral frontal pole region from a frontal
cortex parcellation atlas (47) and the bilateral amygdala based
on the automated anatomical labeling atlas (48). The reported
activation clusters were corrected for multiple comparisons
using a familywise error (FWE) correction. Statistical inferences
were made at the peak level for both the whole-brain analyses
(FWE p , .05) and the volumes of interest (small volume
correction [SVC], FWE p , .05, initial cluster-forming threshold
p , .005). Anatomical inference was drawn by superimposing
the thresholded SPM T-maps onto the canonical SPM singlesubject T1 image.

RESULTS
Regulation of Approach-Avoidance Behavior
In line with previous ﬁndings (23,32,49), participants responded slower and made more errors during trials that required a
response incongruent with the automatic tendency (i.e.,
approaching angry faces and avoiding happy faces) compared
with congruent trials (valence 3 movement interaction reaction
time: F1,271 = 17.43, p , .001; error rate: F1,271 = 20.91, p ,
.001) (Figure 1C). This indicates that participants had greater
difﬁculty in performing the required actions during incongruent
trials. Gender, education type (police or nonpolice), and Dcortisol, D-a-amylase, or D-negative affect did not modulate
these behavioral effects. See Supplement for more details.
Overall, task performance recruited a network including,
among other regions, the primary motor cortex, supplementary
motor cortex, occipital cortex, and frontal cortex (Figure 1D).
As expected (33,46,50,51), participants showed increased
bilateral aPFC activation during the incongruent condition (i.e.,
approach–angry and avoid–happy) compared with the
congruent condition (i.e., approach–happy and avoid–angry),
reﬂecting increased recruitment of this frontal region to control automatic emotional response tendencies (left: local
maxima x, y, z = 232, 54, 6, SVC pFWE = .013; right: local
maxima x, y, z = 18, 60, 26, SVC pFWE = .048) (Figure 1E).
Conversely, participants showed decreased right amygdala
activation during the incongruent condition compared with the
congruent condition (local maxima x, y, z = 24, 22, 220, SVC
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pFWE = .045) (Figure 1F). This is in accordance with the supposed mechanism of frontal control over the amygdala during
emotion control. See Supplement and Supplemental Table S2
for whole-brain congruency effects, which included increased
activation in the inferior parietal lobe, lateral orbital frontal
cortex, and precuneus. No effects of valence were found on
the whole-brain level or within the volumes of interest.

Stress Manipulation
Stress levels changed signiﬁcantly over time for all measures
during the subsequent stress induction procedure (main effect
sampling time: cortisol, F1.40,339.27 = 132.9, p , .001; aamylase, F3.49,761.88 = 92.8, p , .001; negative affect,
F2.90,736.82 = 83.7, p , .001) (Figure 2). Before stress, cortisol
showed a downward trend in line with the diurnal rhythm (T210
vs. T0, p , .001) (31). In line with the usual timing of cortisol
effects (52), cortisol levels did not increase immediately after
the stress induction onset (T0 vs. T110, p = .792) but were
raised 20 and 30 minutes after stress (all ps , .001). a-Amylase
levels and negative affect scores increased immediately after
stress induction (T0 vs. T110, all ps , .001). Thus, stress induction resulted in signiﬁcant stress responses for all measures in the previously reported time-delineated fashion (52).
See Supplement for a description of paired comparisons of the
a-amylase and negative affect values for each time point. For
all following analyses, we took the baseline to peak measures
as an index of stress responsiveness: D-cortisol (T120–T0), Da-amylase (T110–T0), and D-negative affect (T110–T0).

Linking Emotional Action Control to Stress
Sensitivity
We next assessed whether the neural markers of the
approach-avoidance task could predict stress responsivity
after the social stress induction. In line with our expectations,
participants showing relatively smaller bilateral aPFC involvement during emotional action control (incongruent .
congruent) responded to the stress induction with a relatively
stronger cortisol increase (left: local maxima x, y, z = 240,
52, 210, SVC pFWE = .039; right: local maxima x, y, z = 24, 62,
12, SVC pFWE = .044) (Figure 3). Similar results were found for
the other stress measures: a-amylase (left: local maxima x, y,
z = 224, 58, 6, SVC pFWE = .025; right: local maxima x, y, z =
36, 50, 212, SVC pFWE = .001) and negative affect (left: local
maxima x, y, z = 222, 64, 2, SVC pFWE = .003; right: local
maxima x, y, z = 18, 64, 4, SVC pFWE , .001) (Supplemental
Figure S1). See Supplemental Table S3 for all whole-brain
stress-response-related
effects,
including
a
parahippocampal/amygdala cluster. No modulating effects of
valence in general were found on the whole-brain level or
within the volumes of interest.
In line with previously reported gender differences in cortisol
stress reactions (43), D-cortisol was higher for male subjects
than for female subjects within the stress group (Welch’s
t239.56 = 10.52, p , .001) (Supplemental Table S1). Therefore,
we explored gender effects in the bilateral aPFC clusters
showing cortisol-related activation differences by comparing
the strength of the correlation between D-cortisol values and
extracted contrast estimates from the bilateral aPFC clusters
between male and female subjects. Both male and female

Figure 2. Response to stress induction as measured by salivary cortisol,
salivary a-amylase, and self-reported negative affect. For visualization purposes, the last sampling point of the a-amylase is not shown here (see
Results section). Gray areas represent standard errors. Asterisks indicate
signiﬁcance of the follow-up t test between the log-transformed values right
before the stress induction (0 sampling time) and other time points. n.s., not
signiﬁcant; *p , .05; ***p , .001. a.u., arbitrary units.

subjects showed the negative association between differential
aPFC activation and cortisol response (all ps , .025), but the
magnitude of the correlation coefﬁcient was greater for female
subjects (Fisher’s z = 3.304, p , .001). Female subjects who
were using oral contraceptives (n = 45) showed a smaller
cortisol response than female subjects who were not using
hormonal contraceptives (n = 11) (t54 = 22.143, p = .037), but
the association between cortisol response and aPFC activation was not signiﬁcantly different between these female participants (Fisher’s z = 21.40, p = .16). Interestingly, cortisol
responses correlated to trait anxiety in female subjects (r =
.324, p = .008) (see Supplemental Figure S2) and not in male
subjects (r = 2.045, p = .517; male vs. female subjects Fisher’s
z = 3.91, p , .001). For the a-amylase and negative affect
ﬁndings within the aPFC, we did not ﬁnd signiﬁcant gender
differences (all ps . .13).
Given the role of the amygdala in neurocognitive models of
both emotion regulation and stress (1,13), we investigated
whether cortisol increases were predicted by increased
amygdala activation or reduced aPFC-amygdala connectivity
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Figure 3. Bilateral anterior prefrontal cortex
(aPFC) activation during the control over approachavoidance behavior was negatively associated with
cortisol responsivity after stress (T values of the brain
clusters refer to the emotion control [incongruent .
congruent] 3 stress response interaction). The
scatterplot visualizes the mean bilateral cluster activation value in relation to the standardized cortisol
increase (D-cortisol) for each subject. The relationship remained signiﬁcant after removal of the most
negative value on the x-axis. Small volume corrected
results at an initial threshold of p , .005 are shown.
Only clusters with peak activation within one of the
volumes of interest are displayed. Sample images
are AM10HAS and AM10ANS from the Karolinska
Directed Emotional Faces stimulus set (36). L, left;
MNI, Montreal Neurological Institute; R, right.

during emotion regulation (incongruent . congruent) but found
no evidence in this direction (see Supplement for more details
on this analysis).
In sum, the results support the hypothesis that reduced aPFC
activation is associated with increased subsequent cortisol
stress responses. Moreover, aPFC activation predicted not only
HPA axis stress reactivity but also stress-induced increases
in a-amylase and negative affect. Finally, the cortisol stress
responsiveness was predicted by frontal emotion control to a
larger extent in female subjects than in male subjects and was
correlated to trait anxiety in female subjects.

DISCUSSION
Reduced aPFC activation during the regulation of socialemotional behavior is predictive for responsivity toward acute
social stress. Using an fMRI emotion regulation task and stress
induction procedure, we demonstrate that individuals who
show less recruitment of the aPFC when they are required to
suppress automatic social action tendencies also show a
larger increase in salivary cortisol, salivary a-amylase, and
negative affect after a subsequent formal social stress induction. Most critically, and at a more general level, our ﬁndings
support the notion of a common ground underlying difﬁculty in
controlling emotions and social stress sensitivity, which may
play an important role in the development and maintenance of
psychopathology.
Both reduced emotion regulation capabilities and altered
functioning of the HPA axis function are hallmark characteristics of stress-related psychopathologies, including social
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anxiety disorder and depression (2,5). For example, after
similar social-emotional stress induction procedures, patients
with social anxiety disorder showed an increase of the acute
cortisol response (8,9). Abnormalities in the processing and
regulation of emotion is a common trait in psychiatric conditions (2) in which deﬁcient PFC functioning plays a major role
(15,53). Recent studies show that this relationship is relevant
for the speciﬁc type of emotion regulation operationalized in
this study—the control over impulsive social approachavoidance behavior. For instance, performance of the
approach-avoidance task is marked by neurobehavioral alterations in social anxiety disorder, borderline personality disorder, and psychopathy (8,51,54). To our knowledge, this is the
ﬁrst study to show that the neural correlate of control over this
type of clinically relevant social behavior can serve as a
biomarker for stress responsiveness.
Our ﬁndings are in line with previous work showing a
negative association between prefrontal activation and cortisol
responses after stress (19), which has recently been replicated
in patients with depression (20). However, because frontal
activation in these studies was measured during the stress
response, it is unclear whether this relationship reﬂects successful regulation of the social-emotional events that trigger
the stress response, is part of a negative feedback mechanism
prompted by the stress response itself, or is a combination of
both. This was different for a study by Taylor et al. (55), who
tested stress responsivity and threat regulation in separate
sessions. Although they found indications for involvement of
the ventrolateral PFC (adjacent to the aPFC), results were
inconclusive, pointing at both an indirect negative relationship
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and a positive relationship with cortisol increase. In the current
study, we were able to link increased stress responsiveness to
decreased activation in the aPFC, a region known to be
involved in social-emotion control. This evolutionary relatively
new region is implicated in abstract reasoning, counterfactual
decision making, and relational thinking (56,57), but recent
meta-analyses also underline the relevance of this area for
emotion control, in particular ﬂexibility in emotion control
strategies (22,58,59). This ﬁts with the notion that control over
social-emotional behavior involves the implementation of more
abstract goals while controlling immediate automatic responses. The aPFC appears to play a crucial role in this by
inﬂuencing downstream activity in the amygdala (25,46). Our
results indicate that prefrontal regulation of social-emotional
cues may play an important role in the process underlying
the stress response. Given that both short- and long-term
stress impairs PFC functioning (60), decreased PFC functioning during stress may be part of a self-containing downward spiral, which could be a crucial factor in psychopathology
[see also Ming et al. (20)].
To our knowledge, this is the ﬁrst study to systematically
investigate social-emotional prefrontal functioning as a
biomarker or predicting factor of social stress sensitivity in a
well-powered sample of 283 participants. In that light, there are
a few issues worth to consider. First of all, we found that the
relationship between PFC activation and stress responsivity
was stronger for female subjects than for male subjects.
Particularly, the ﬁnding that cortisol responses were related to
trait anxiety in female subjects makes it valuable to replicate
this ﬁnding in a study with a more balanced gender distribution, also in light of the gender difference that we found in the
cortisol response itself, which is in line with meta-analyses
(43,61,62). Moreover, future assessment of additional testosterone stress responses would be valuable because testosterone levels differ greatly between the sexes and have been
shown to interact with cortisol levels (63). Second, although
aPFC activation was predictive of cortisol responsivity, we
found no such effect for aPFC-amygdala connectivity. Future
research using more focused (high-resolution) imaging techniques could further explore whether stress sensitivity is linked
to differences in connectivity between the PFC and limbic regions during emotion regulation. Signiﬁcantly, our exploratory
analysis on a link between task-related amygdala activation
and stress responsivity did not yield conclusive evidence (see
Supplement), which is in line with literature indicating that fear,
on the one hand, and social stress, on the other, seem to rely
on distinct neural mechanisms (4,64). Third, our version of the
task is optimized to detect individual differences at the neural
level while keeping behavioral effects relatively stable across
individuals (65). Future studies using an additional, parallel
behavioral zooming task version, where the face grows larger
in size when one pulls the joystick and decreases in size when
one pushes the joystick, would enable further investigation of
the mediating role of the brain in the relationship between
hormones and behavior. Fourth, salivary a-amylase levels
signiﬁcantly increased after stress induction, but this elevation
was not signiﬁcantly stronger than the increase in the nonstress group. This may be related to the large within-group
variability for this measure, which warrants a larger nonstress
group (current n = 25). Fifth, because saliva was collected up

to 30 minutes after stress onset, cortisol recovery patterns
could not be assessed in this study. Sixth, the study population consisted of students, and 80% of the students attended a
police academy. Future studies with a more heterogeneous
sample should be conducted to assess the generalizability of
these ﬁndings. Lastly, it would be interesting for future studies
to include a nonemotional task condition to test whether effects are speciﬁc to control over prepotent emotional actions
or also other forms of prepotent responses.
To conclude, individuals who show less frontal activation during the regulation of social-emotional behavior also
show a stronger increase in stress-related measures to
subsequent actual social stress exposure. These ﬁndings
contribute to the delineation of an endophenotype of
behavioral reactions to social stress cues and eventually
should help to develop new tools to identify individuals
who are resilient or at risk for developing stress-related
psychopathology.
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