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Abstract

Life stress increases risk for multiple forms of psychopathology, in part by altering neural processes involved in performance
monitoring. However, the ways in which these stress-cognition effects are influenced by the specific timing and types of life
stressors experienced remains poorly understood. To address this gap, we examined how different social-psychological charac-
teristics and developmental timing of stressors are related to the error-related negativity (ERN), a negative-going deflection in the
event-related potential (ERP) waveform that is observed from 0 to 100 ms following error commission. A sample of 203
emerging adults performed an ERN-eliciting arrow flanker task and completed an interview-based measure of lifetime stress
exposure. Adjusting for stress severity during other developmental periods, there was a small-to-medium effect of stress on
performance monitoring, such that more severe total stress exposure, as well as more severe social-evaluative stress in particular,
experienced during early adolescence significantly predicted an enhanced ERN. These results suggest that early adolescence may
be a sensitive developmental period during which stress exposure may result in lasting adaptations to neural networks implicated
in performance monitoring.
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Introduction

Major life stressors are a key risk factor for a wide range of
health problems, including multiple forms of psychopatholo-
gy (Brown & Harris, 1978; Ingram & Luxton, 2005; Kendler
et al., 2002; Kendler et al., 2003; Mazure, 1998). One pro-
posed manner in which stress can affect mental health out-
comes is by promoting adaptations in brain structure and func-
tion that are beneficial during times of stress but that also may
represent latent vulnerabilities for future dysfunction if persis-
tent (Lupien et al., 2009; Masten & Cicchetti, 2010; McCrory
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et al., 2010; McCrory et al., 2017; McEwen, 1998). In fact, a
wealth of evidence shows that individuals who have experi-
enced heightened life stress exhibit volumetric and functional
alterations in multiple brain regions, including the anterior
cingulate cortex (ACC; Cohen et al., 2006; Treadway et al.,
2009) and prefrontal cortex (PFC; De Bellis et al., 2002;
Hanson et al., 2010; McLaughlin et al., 2014; Tomoda et al.,
2009), which are involved in adaptive performance monitor-
ing and cognitive control (Carter & van Veen, 2007; Miller &
Cohen, 2001; Shenhav et al., 2013; Stemmer et al., 2004).
Such individuals also demonstrate increased risk for multiple
forms of psychopathology (Bae et al., 2006; Botteron et al.,
2002; Dell'Osso et al., 2015; Kujawa et al., 2016b; Murrough
et al., 2016; Pizzagalli et al., 2018).

Life stress, however, is not a monolithic construct (Epel
et al., 2018; Hammen, 2005; Monroe & Roberts, 1990;
Slavich, 2019). For example, stressors can occur in multiple
domains (e.g., interpersonal conflict, physical danger, finan-
cial difficulties) and can be episodic (e.g., serious car accident)
or chronic (e.g., ongoing physical abuse; McEwen, 1998;
Slavich, 2016; Shields & Slavich, 2017). Consistent with this
specificity, emerging research suggests that these different
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stressor characteristics can exert varying effects on neural de-
velopment (Andersen et al., 2008; Gollier-Briant et al., 2016;
Humphreys et al., 2019; Teicher et al., 2018). Moreover, al-
though many studies have primarily been concerned with dif-
ferentiating the effects of early life stress from adulthood or
more proximal experiences of stress, there are periods across
childhood and adolescence when susceptibility to the remod-
eling effects of stress might be especially high (Heim &
Binder, 2012; Lupien et al., 2009; Steinberg, 2005), in part
because of functional changes in physiological systems in-
volved in the body’s stress response across development
(Gunnar & Donzella, 2002; Gunnar, Talge, & Herrera,
2009a; Gunnar et al., 2009b; Lupien et al., 2009).

Additionally, given that different regions of the brain ma-
ture at different rates, it is likely that stress-susceptible regions
of the brain have differing sensitive periods (Andersen et al.,
2008; Andersen & Teicher, 2008; Cohen et al., 2006; De
Bellis et al., 2000; Lim et al., 2015; Luby et al., 2019;
Lupien et al., 2009; McCrory et al., 2017; Mueller et al.,
2010; Tottenham & Galvan, 2016). For instance, brain regions
involved in perception and sensory processing show signifi-
cant development in childhood, before approximately age 7
years (Gogtay et al., 2004; Shaw et al., 2008). Plasticity in
neural regions involved in cognitive control is also seen in
infancy and early childhood (Guyer et al., 2018; Inguaggiato
et al., 2017). Adolescence (approximately ages 8 to 18) is
another important time during which neural systems involved
in performance monitoring and cognitive control undergo
substantial change (Giedd, 2004; Gogtay et al., 2004; Kelly
et al., 2008; Segalowitz & Davies, 2004; Sowell et al., 1999;
Sowell et al., 2003; Steinberg, 2005), and this change is ac-
companied by increased cognitive control over behaviors by
higher-order prefrontal regions (Griffin, 2017; Luna &
Sweeney, 2004).

Plasticity in regions involved in cognitive control appears
particularly pronounced during the pubertal transition to ado-
lescence, between approximately ages 8 and 12 years (Dahl &
Gunnar, 2009; Shaw et al., 2008; Sowell et al., 2004;
Tottenham & Galvan, 2016). Importantly, this developmental
period is also characterized by reorganization of the hypotha-
lamic—pituitary—adrenal (HPA) axis, a key part of the body’s
stress response system (Doom & Gunnar, 2013; Gunnar &
Vazquez, 2006). Heightened reactivity to stressors and in-
creased neural sensitivity to the effects of cortisol is
also seen during early adolescence, making this a period of
heightened vulnerability (Gunnar & Donzella, 2002; Gunnar
& Quevedo, 2007; Gunnar, Talge, & Herrera, 2009a; Gunnar
et al., 2009b; Lupien et al., 2009).

Combined, these data suggest that it will be beneficial to
clarify associations between characteristics and timing of
stressors and the activity of neural systems involved in perfor-
mance monitoring and cognitive control. Effective goal-
directed behaviour requires the ability to monitor the

outcomes of our actions, which allows us to adapt our behav-
iour to changing and demanding environments (Ridderinkhof
etal., 2004; Ullsperger et al., 2014). The ability to detect errors
in one’s performance is a crucial step in recognizing that be-
haviour should change (Falkenstein et al., 2000; Holroyd &
Coles, 2002). The error-related negativity (ERN), an event-
related potential (ERP) component involved in error detection,
measures one aspect of performance monitoring. The ERN is
a fronto-centrally maximal negative deflection in the ERP
waveform that differentiates erroneous from correct responses
within 100 ms of response onset (Falkenstein et al., 1991;
Gehring et al., 1995). It functions as an early alarm signal in
an action monitoring network that indicates the need to adjust
behaviour and increase executive control to remediate mis-
takes (Botvinick et al., 2001; Gehring et al., 1993; Holroyd
& Coles, 2002).

Although the bulk of existing data implicates the ACC as
the primary neural generator of the ERN, the ACC has dense
interconnections to both limbic and prefrontal areas (Bush
et al., 2000), which also modulate ERN magnitude (de
Bruijn et al., 2004; Gehring & Knight, 2000; Manoach &
Agam, 2013). The amplitude of the ERN appears to increase
across adolescence (Davies et al., 2004; Meyer et al., 2012;
Tamnes et al., 2013; Weinberg et al., 2016), an effect that is
hypothesized to be due in part to increased activity in ventral-
frontal cortical regions involved in error monitoring (Buzzell
et al., 2017a). This is consistent with evidence for continued
maturation of the ACC and PFC from childhood through
young adulthood (Caballero et al., 2016; Lichenstein et al.,
2016; Petanjek et al., 2011; Sturman & Moghaddam, 2011;
Velanova et al., 2008).

The ERN has also been shown to be sensitive to the effects
of a diverse array of naturalistic and experimental stressors, as
well as cumulative effects of different stressors (Brooker,
2018; Kessel et al., 2019). For instance, neural response to
errors is enhanced under threatening or dangerous conditions:
an enhanced ERN is seen under threat of shock (Meyer &
Gawlowska, 2017), and when errors are punished by noxious
sounds (Riesel et al., 2012), an effect that persists up to 24
hours after the cessation of punishment (Riesel et al., 2019).
Naturalistic studies also bear out the results of these laboratory
findings. For instance, adolescents who experienced high
levels of trauma (Lackner et al., 2018) and veterans with great-
er exposure to combat (Khan et al., 2018) exhibit an enhanced
ERN. It may be adaptive to monitor performance more care-
fully under conditions of danger and threat — and, indeed,
errors potentiate defensive reflexes that are also activated in
response to stressful or dangerous situations, such as exposure
to threatening stimuli (Bradley et al., 2006; Grillon et al.,
1993; Riesel et al., 2012). Neural responses to errors may
result in the downstream activation of such defensive systems
to avoid physical harm (Riesel et al., 2012). However, other
studies have found no associations between posttraumatic
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stress disorder (PTSD) diagnosis and ERN magnitude in vet-
erans (Gorka et al., 2016; Rabinak et al., 2013; Swick et al.,
2015), suggesting that threats to physical integrity may not
always lead to increased error monitoring. Moreover, there
is to date limited research examining whether the timing of
threats to physical integrity is important in understanding as-
sociations with the ERN.

Nor does this effect appear to be unique to life-threatening
stressors. ERN magnitude, for example, is also enhanced un-
der conditions of social-evaluative stress, such as when par-
ticipants are told that their performance is being observed
(Barker et al., 2015; Buzzell et al., 2017b; Hajcak et al.,
2005; Kim et al., 2005; Schillinger et al., 2016; Van Meel &
Van Heijningen, 2010). Furthermore, experiencing harsh and
controlling parenting has been associated with a larger ERN in
children (Brooker & Buss, 2014; Meyer et al., 2015b; Meyer
et al., 2019), an association that persists into early adulthood
(Banica et al., 2019). The magnitude of the ERN also appears
to be particularly susceptible to social stress in early adoles-
cence: young (approximately aged 9 to 12 years), but not older
(approximately aged 15 to 18 years), adolescents display an
enhanced ERN in social situations compared to nonsocial
contexts (Barker et al., 2018), suggesting that the influence
of social evaluation on the ERN changes across adolescence.
Further, a study by Moor et al. (2012) suggests that early
adolescents (aged 10 to 12 years) show increased activity in
response to social rejection in the ACC compared to mid-
adolescent teenagers (aged 14 to 16 years) and emerging
adults (aged 19 to 21 years). These data are consistent with
evidence that early adolescence is a period of social reorien-
tation toward peers (Parker et al., 2015) and subsequently
heightened sensitivity to social stress (e.g., peer evaluation
and exclusion; Bolling et al., 2011; Silk et al., 2013).

Taken together, these findings suggest that the ERN is
enhanced under stressful circumstances—particularly those
involving threats to physical integrity or social standing—in
which errors may be more consequential. However, most
studies that have examined these associations have only
looked at a single type of stress exposure. Consequently, it
is not clear whether all types of stress show similar associa-
tions with the ERN, nor whether there might be cumulative
effects of multiple stressors (Dunn et al., 2019; Evans et al.,
2013). Critical to this investigation, it is also not clear whether
the developmental timing of stressors differentially affects as-
sociations with the ERN. For instance, in contrast to the work
cited above, some studies have found that early childhood
psychosocial deprivation has been associated with a blunted
ERN (in 11- and 12-year-old children; Loman et al., 2013;
Troller-Renfree et al., 2016), whereas others have found no
such association (in 8-year-old children; McDermott et al.,
2013). Additionally, there is some evidence that early adoles-
cents who experienced institutional stress for longer during
childhood appear to display later blunted error processing
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compared to early adolescents with less exposure during in-
fancy (McDermott et al., 2012). This highlights the potential
importance of identifying the type and timing of stress to
understand its association with neural response to errors.

The present study sought to address this gap by investigat-
ing associations between the ERN and both specific and cu-
mulative life stress during distinct developmental periods as
retrospectively reported by an emerging adult sample. We
tested the following two hypotheses: (1) experiencing socially
evaluative and life-threatening stressors would be associated
with a heightened ERN; and (2) the developmental timing of
exposure to these forms of adversity would influence their
associations with the ERN, with stronger associations being
observed for stressors occurring earlier in development. In
particular, we predicted that early adolescent stress would be
most strongly associated with an enhanced ERN magnitude
because of prior research indicating that young adolescents
exhibit an enhanced ERN under stressful social-evaluative
conditions (Barker et al., 2018) and that plasticity in neural
regions involved in higher-order cognitive functioning is par-
ticularly heightened during the transition into puberty
(Tottenham & Galvan, 2016), as opposed to mid- and late-
adolescence. Finally, we conducted exploratory analyses with
cumulative lifetime stress exposure across different develop-
mental periods in order to understand the specificity of our
hypothesized effects.

Method
Participants

Two hundred forty-five participants were recruited from
McGill University’s psychology human participant pool,
flyers posted around the McGill campus, online advertise-
ments, and in-class advertisements. To participate in the study,
which is a part of an ongoing longitudinal project (Banica
et al., 2020), participants were required to be at least 18 years
old and in the first semester of their first year of their under-
graduate degree. Participants received course credit or mone-
tary compensation for their time. All participants provided
informed, written consent after reviewing the protocol, and
all procedures were approved by the McGill University
Research Ethics Board.

Two participants were excluded due to excessive noise in
their EEG data, one participant was excluded for not complet-
ing the stress assessment, 11 participants were excluded be-
cause they were currently taking psychotropic medication
(e.g., antidepressant or antianxiety medication; De Bruijn
et al., 2004; Zirnheld et al., 2004), and one participant was
excluded because their correct-related brain activity was more
than three standard deviations from the sample mean. Because
six or more errors trials are required to elicit a reliable ERN
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(Meyer et al., 2013; Olvet & Hajcak, 2009), 27 participants
were excluded for committing fewer than six errors.' The final
sample for the ERN and stress analyses thus included 203
participants. Six participants were removed from the regres-
sion analysis involving life-threatening situations variables
because their stress severity scores were more than three stan-
dard deviations from the sample mean, leaving a sample of
197 for these analyses. Seven participants were removed from
the regression analysis involving the social-evaluative stress
variables because their stress severity scores were more than
three standard deviations from the sample mean, leaving a
sample of 196 for these analyses. Finally, four participants
were removed from the regression analysis involving the total
stress variables because their stress severity scores were more
than three standard deviations from the sample mean, leaving
199 participants in these analyses.*"

The average age of the 203-person sample was 18.14 (SD =
0.39) years. Of these participants, 75.4% were female and
24.6% were male; 51.7% of participants were Caucasian,
22.7% were Chinese, 4.4% were South Asian, 2.5% were
Arab/West Asian, 2.5% were Hispanic, 1.0% were South
East Asian, 1.0% were Caribbean, 2.0% were Korean, 9.4%
indicated they were of another ethnicity, and 2.5% did not
indicate their ethnicity. The median family income was be-
tween $90,000 and $99,999 CAD (range between less than
$10,000 and more than $250,000).

Measures

All participants completed the Stress and Adversity Inventory
for Adults (Adult STRAIN; Slavich & Shields, 2018), an online
interview that assesses individuals’ exposure to major stressors
over the entire lifespan. The STRAIN has demonstrated excel-
lent test-retest reliability; good concurrent, predictive, incre-
mental, and discriminant validity; and does not appear to be
influenced by participants’ social desirability or personality
characteristics (Slavich & Shields, 2018; Sturmbauer et al.,
2019). Participants respond to questions probing 55 types of
acute life events and chronic difficulties, and for each stressor
that is endorsed, follow-up questions are asked about its sever-
ity, frequency, timing, and duration. Up to 115 summary scores
indicating overall count and severity of total, acute, and chronic
stress experienced in multiple domains, such as life-threatening

! Participants excluded for having fewer than six errors did not differ on life-
threatening stressor count, #274) = —0.83, p = 0.41, social-evaluative stressor
count, #(274) = 0.43, p = 0.67, or total stressor count, #274) = 0.91, p = 0.37,
compared with participants who had six or more errors. They also did not
differ on the stressor severity timing variables, all ps > 0.14.

2 Participants excluded based on stress severity scores (N = 14) did not signif-
icantly differ on conditional ERN magnitude, #201) = —1.75, p = 0.08, or
conditional CRN values, #201) =—1.73, p = 0.09, compared with participants
included in the analyses.

3 For results of the regressions with these outliers included, see Table S1 in
supplemental analyses.

situations, humiliation, interpersonal loss, marital/partner, and
housing, can be computed for each participant from the raw life
stress data (Slavich & Shields, 2018). For persons experiencing
multiple instances of the same stressor, the stress severity scores
reflect severity of the worst (i.e., most severe) instance of each
stressor. Participants rated severity using the following response
options: Very slightly or not at all, a little, moderately, quite a
bit, or extremely stressful or threatening. The severity ratings
for the stressors occurring in the same life stress domain are
then summed together to yield a total life domain severity score
for the time window specified (e.g., early life, adulthood).

Stressor timing and duration data also allow for the investi-
gation of stressor severity during different life periods, ranging
from infancy to the past year. To that end, we created severity
variables for different types of life stress exposure occurring
during different developmental periods. Consistent with prior
research (Dahl, 2004), childhood was defined as 7 years or
younger; early adolescence was 8 to 12 years; and mid-
adolescence was 13 to 15 years. Given naturalistic data show-
ing that recent life stress impacts psychological functioning
(Kendler et al., 1998; Kendler et al., 2003) and experimental
data demonstrating an effect of proximal stressors on ERN
magnitude (Meyer & Gawlowska, 2017; Riesel et al., 2012;
Riesel et al., 2019), we also calculated participants’ total stress
severity during the past year, defined as the 365-day period
prior to completing the STRAIN. Because our participants were
nearly uniformly 18 years old, this 365-day period included age
17 for most (N = 242) but not all (V = 44) participants. For these
reasons, we could not reliably calculate stress severity scores
for all participants between the ages of 16 to 17 years that were
distinct from the past-year variables we created.

Severity of life-threatening stressors during different devel-
opmental periods was calculated by summing severity scores of
stressors in the following life domains that occurred during each
period: ongoing sexual abuse; accident experienced by a close
other; having one’s life threatened; being robbed; being jailed;
physical sexual attack; and/or physical abuse. This yielded sep-
arate sum scores of the severity of life-threatening stressors in
childhood, early adolescence, mid-adolescence, and the past
year. Similarly, severity of social stressors at different time
points was calculated by summing severity scores of stressors
in the domains of experiencing harsh discipline, losing a job,
dropping out of school, having an unfaithful romantic partner,
experiencing emotional abuse, and experiencing bullying, dur-
ing each separate time period. Lastly, severity of total stress was
calculated by adding together severity scores across all stress
domains during each of the developmental periods.

Task and materials
Using an Intel Core i7 computer, an arrow version of the

flanker task (Eriksen & Eriksen, 1974) was administered to
participants using Presentation software (Neurobehavioral
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Systems, Inc., Albany, CA) to control the timing and presenta-
tion of task stimuli. All stimuli were displayed on a 19-inch
(48.3 cm) computer monitor. Five horizontally aligned arrow-
heads were presented on every trial, and the center arrow was
always the target. Participants used the computer mouse to
indicate the target arrow’s direction (i.e., pressing the left mouse
button if the center arrow points to the left). Approximately
50% of the trials were congruent (“>>>>>" or “<<<<<”) and
approximately 50% were incongruent (“<<><<” or “>><>>").
The order of incongruent and congruent trials was random.
Arrow stimuli were presented for 200 ms, followed by a period
of a maximum of 1,800 ms, which ended once a response was
provided. An intertrial interval ranging randomly from 1,000 to
2,000 ms was then presented. Participants were presented with
a black screen with a white cross in the center during response
and intertrial periods.

Procedure

Participants were first given a brief description of the study.
Next, they completed the STRAIN. Electroencephalograph
(EEG) sensors were then attached, and participants were pro-
vided with more detailed flanker task instructions. Participants
were instructed to indicate the central arrowhead’s direction
using the right or left mouse button. Participants first did a 6-
trial practice block and were told to be both as fast and accurate
as possible. The actual task consisted of five blocks of 30 trials
(150 trials total), and each block was initiated by the participant.
To encourage both accurate and fast responding, participants
were provided with feedback at the end of each block, based on
their performance. If participants got 75% or less of trials cor-
rect, the message “Please try to be more accurate” was
displayed; if participant performance was above 80% correct,
they received the message “Please try to respond faster”; oth-
erwise, if participant performance was between 76% and 79%
accurate, the message “You're doing a great job” was displayed.
Participants performed several additional tasks during the ex-
periment: a monetary reward task; a social feedback task (both
described in Ethridge & Weinberg, 2018); and an emotional
picture viewing task (described in Sandre et al., 2019). The task
order was counterbalanced across participants.

Electroencephalographic recording and data
processing

Continuous EEG was recorded with a 32-electrode cap and a
BrainVision actiCHamp system (Brain Products, Munich,
Germany) with a ground electrode at Fpz and based on the
standard 10/20 layout. The electrooculogram (EOG) generat-
ed from blinks and eye movements was recorded using facial
electrodes placed around 1 cm below and above one eye
(VEO) and 1 cm to the left and right of both eyes (HEO). A
sampling rate of 1,000 Hz was used to record data.
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BrainVision Analyzer software (Brain Products, Munich,
Germany) was used to conduct offline analysis. Unsegmented
data were band-pass filtered with low and high cutoffs of 0.01
and 30 Hz, respectively, with a Butterworth zero phase filter
with a 24 db/octave roll-off. For each trial, the EEG was seg-
mented into 1,500 ms windows starting 500 ms before each
response onset and continuing for 1,000 ms post-response.
Data were then referenced to the average of the left (TP9)
and right (TP10) mastoids. Ocular and eye-blink corrections
were conducted using HEO and VEO using a modification of
the formula defined in Miller et al. (1988).

Detecting and rejecting non-encephalic artifacts (e.g.,
slow-wave activity, muscle movements) was conducted using
a semi-automatic procedure. The criteria applied were a max-
imum voltage difference of 175 pV within 400-ms intervals, a
minimum voltage difference of less than 0.50 1V within 100-
ms intervals, and a voltage step of more than 50.0 1LV between
sample points. These intervals were rejected in each trial from
individual channels. To detect and reject remaining artifacts,
visual inspection of the data was then conducted. Following
artifact rejection, the minimum number of correct trials at Cz
for our sample was 79, the maximum was 144, and the aver-
age was 132.56. The minimum number of error trials at Cz
was 6, the maximum was 60, and the average was 14.94.

Error and correct trials were then averaged separately.” The
mean voltage in the 200-ms window from —500 to =300 ms
before response onset served as a baseline and was subtracted
from each data point (Sandre et al., 2020). Consistent with
prior research (Banica et al., 2019; Riesel et al., 2013;
Weinberg et al., 2010; Weinberg et al., 2012; Weinberg &
Hajcak, 2011), and based on visual inspection of the data,
the ERN was quantified on error trials as the average activity
from 0 to 100 ms at electrode site Cz, where brain activity
following errors was maximal across all participants. In addi-
tion, the correct response negativity (CRN)—a negative de-
flection in the ERP typically present following both correct
and error trials (Burle et al., 2008), which appears to index
generic response monitoring (Simons, 2010)—was evaluated
in the same time window and sites on correct trials.
Throughout the manuscript, “conditional ERN” refers to av-
erage electrical activity (in microvolts) between 0 and 100 ms
following erroneous responses; “conditional CRN” refers to
average electrical activity between 0 and 100 ms following
correct responses; and “residual ERN”’/“ERN,;q” refer to av-
erage electrical activity between 0 and 100 ms following er-
roneous responses after controlling for the conditional CRN.

The residual method of calculating the ERN creates scores un-
related to activity following correct responses, identifying brain
activity that indexes error processing specifically and providing a

4 We collapsed across congruent and incongruent error and correct trials. See
Table S2 in the supplemental material for results of the main regression anal-
yses using residual ERN activity following incongruent trials only.
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more reliable measure than subtraction-based methods (Meyer
et al.,, 2017b). A regression-based procedure (Meyer et al.,
2017b; Weinberg et al., 2015) was thus used to compute a stan-
dardized ERN residual score to quantify error-specific neural activ-
ity. To calculate the residual ERN (ERN ), participants’ condi-
tional CRN was entered as the predictor, and the conditional ERN
was entered as the dependent variable; the standardized residual
scores from this regression were saved and used as the ERN g.

The conditional ERN and CRN displayed good internal
consistency (Clayson & Miller, 2017), determined using
split-half reliability analyses examining associations between
even and odd trials. The Spearman-Brown coefficient for the
conditional ERN was r = 0.81. For the conditional CRN, the
coefficient was r = 0.98. For the residual ERN, the Spearman-
Brown coefficient was r = 0.67.

Data analysis

All statistical analyses were conducted using IBM SPSS
Statistics software (Version 24). Paired samples #-tests were used
to compare the magnitude of correct- and error-related brain
activity. Stress severity scores were z-scored before analysis to
facilitate comparison of severity ratings for different types of
stress and developmental periods. Pearson’s correlations were
used to report the magnitude of bivariate associations between
the ERN g and stress severity variables. To investigate associ-
ations between the ERN ;g and stressor severity during different
developmental periods, we conducted simultaneous multiple re-
gressions with severity of stressors during childhood, early ado-
lescence, mid-adolescence, and past year as independent vari-
ables, and the residual ERN as the dependent variable. One re-
gression was conducted for life-threatening stressors and one for
social-evaluative stressors in order to investigate unique effects
of different stressor characteristics. To further investigate the cu-
mulative effects of stress, we also conducted a simultaneous
multiple regression that included total stressor severity during
each developmental period as the predictors. Prior research indi-
cates that there are gender differences in both ERN magnitude
and its relationship with individual difference variables (Larson
et al., 2011; Moran et al., 2012; Moser et al., 2016); therefore,
gender was included as a covariate in each regression.

Results
Error-related brain activity

Figure la displays waveforms of all participants’ average
ERN, CRN, and difference between them (conditional ERN
values minus conditional CRN values), and a topographical
map displaying activity post-error minus post-correct. A
paired-samples #-test indicated that participants’ average brain
activity between 0 and 100 ms following erroneous responses

was significantly more negative (i.e., larger) than activity fol-
lowing correct responses, #202) = —17.77, p < 0.001. A
repeated-measures ANOVA comparing AERN values (er-
ror-related neural activity minus correct-related neural activi-
ty) at electrode sites Fz, Cz, and Pz confirmed that brain ac-
tivity following errors was maximal at Cz, F(1.54, 308.49) =
81.79, p < 0.001. Given that Mauchly’s test indicated a viola-
tion of sphericity, x*(2)= 70.02, p < 0.001, we report results
with a Greenhouse-Geisser correction. Descriptive statistics,
as well as bivariate associations between time-limited stress
severity variables and the residual ERN, are presented in
Table 1.

Life stress exposure

Means, standards deviations, and ranges of number and sever-
ity of cumulative, life-threatening, and social-evaluative
stressors are displayed in Table 2. The total sample experi-
enced an average of 11.49 stressors over their lives (SD =
7.05; range = 0-34), with an average total severity of 26.47
(SD = 17.46; range = 0-87), which corresponds to a severity
rating of “moderately” stressful.

Flanker task behavioural data

Descriptive statistics for flanker task behavioural variables
(number of errors committed, reaction time on error trials,
reaction time on correct trials, and post-error slowing), as well
as bivariate associations between behavioural variables, stress
variables, and ERN,;q4, are reported in the supplemental ma-
terial (Table S3). A paired samples #-test indicated that partic-
ipants were significantly more accurate on congruent trials
than incongruent trials, #(198) = —27.61, p < 0.001, and sig-
nificantly faster on congruent than incongruent trials, #198) =
—37.16, p < 0.001.

Stress and the ERN

Results of the three multiple regressions predicting ERN ;g
magnitude from severity of life-threatening, social-evaluative,
and cumulative life stress exposure experienced during child-
hood, early adolescence, mid-adolescence, and the year prior
to completing the stress questionnaire are presented in
Table 3.

We first investigated the effects of timing of life-
threatening stressors. Although the overall model predicted a
significant amount of variance in the ERN, 4, after adjusting
for the effects of gender and severity of life-threatening situa-
tions during all other time periods, only severity of life-
threatening situations experienced in mid-adolescence was
uniquely significantly associated with the ERN 4, 5 =
0.17, p = 0.02, with more severity predicting a less negative
(i.e., smaller) ERN (Fig. 1b). We did not observe significant
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Fig. 1 (a) Response-locked ERP average waveforms after erroneous and
correct responses, and the difference (conditional ERN values minus
conditional CRN values), at electrode site Cz, and a topographical map
displaying the error minus correct neural response difference (in 1V) for
all participants (N = 203). (b) A partial regression plot depicting the
association between life-threatening stress severity during mid-
adolescence and the residual ERN, adjusting for gender and stress

associations with either more proximal (i.e., past-year) or
more distal (i.e., childhood or early adolescence) stressors.

Next, we examined the effects of timing of social-
evaluative stressors. As above, the overall model accounted
for a significant portion of variance in the ERN,;4. However,
after adjusting for effects of other predictors, only the severity
of social-evaluative stressors occurring during early adoles-
cence was significantly associated with magnitude of the
ERN,eiq, 6 = —0.22, p = 0.007. Specifically, more se-
vere social-evaluative stress occurring during this time
period was associated with a more negative (i.e., larger)
ERN (Fig. lc).

The final regression was conducted to estimate the effects
of cumulative stress exposure occurring during each develop-
mental period. The results indicated that the ERN,;q was also
significantly negatively associated with severity of fotal stress
experienced during early adolescence, 5 = —0.23, p = 0.006,
with more severe life stress exposure occurring across all life
domains predicting a larger ERN (Fig. 1d). Because this
effect was similar in magnitude to that observed for
social-evaluative stress, we calculated a new total sever-
ity score of stress in early adolescence excluding sever-
ity ratings for social-evaluative stress. This new total
severity score was also significantly correlated with the
ERNresids r = _0.17, p = 0.02.
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severity during other time periods. (¢) Partial regression plot depicting
the association between social-evaluative stress severity during early ad-
olescence and the residual ERN, adjusting for gender and stress severity
during other time periods. (d) Partial regression plot depicting the asso-
ciation between total stress severity during early adolescence and the
residual ERN, adjusting for gender and stress severity during other time
periods

Discussion

Although prior studies have examined associations between
life stress and the ERN, this body of research has not thor-
oughly explored the important question of how such effects
might differ as a function of the specific timing or type of
stressors experienced. To address this gap, we investigated
how type of life stress experienced (social-evaluative, life-
threatening, and cumulative) and timing of stress exposure
(from childhood to the past year) was associated with partic-
ipants’ neural response to errors. We found that more severe
total stress exposure occurring during early adolescence (8 to
12 years old) was associated with an enhanced ERN. These
findings are consistent with studies indicating that stress ex-
perienced during early adolescence is associated with alter-
ations in the function and structure of the ACC and PFC (De
Bellis et al., 2000; Lupien et al., 2009; Tottenham & Galvéan,
2016), which are involved in generating the ERN (Brazdil
et al., 2005; de Bruijn et al., 2004; Dehaene et al., 1994,
Gehring & Knight, 2000). In particular, prior studies have
found that extreme threat or deprivation occurring during
childhood and adolescence are associated with increased acti-
vation of the ACC (Lim et al., 2015; McCrory et al., 2017;
Mueller et al., 2010). The present study extends these findings
by demonstrating that even common forms of stress, such as
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Table 2 Descriptive statistics for number and severity of life-
threatening, social-evaluative, and total stressors experienced across the
lifespan

Mean SD Range
Life-threatening stress: Total count 1.22 1.79 0-9
Life-threatening stress: Total severity 2.92 4.13 0-20
Social-evaluative stress: Total count 1.55 1.84 0-8
Social-evaluative stress: Total severity 3.82 4.00 0-18
Total stress: Total count 11.49 7.05 0-34
Total stress: Total severity 2547 17.46 0-87

Note. For all statistics, N = 203.

bullying, may be associated with increased engagement of a
performance monitoring network when they occur during cer-
tain developmental periods.

In particular, the data suggest that more severe social-
evaluative stress experienced during early adolescence is as-
sociated with a larger ERN. This finding is consistent with
prior research indicating that social stressors, such as punitive

Table 3

parenting and peer evaluation, are related to enhanced error
monitoring (Barker et al., 2015; Banica et al., 2019; Brooker
& Buss, 2014; Buzzell et al., 2017b; Hajcak et al., 2005; Kim
et al., 2005; Meyer et al., 2015b; Meyer et al., 2019;
Schillinger et al., 2016; Van Meel & Van Heijningen, 2010).
Importantly, consistent with Barker et al. (2018), who found
that young (but not older) teenagers show enhanced error
monitoring in social contexts, our results indicate that social
stress experienced during early adolescence is particularly
strongly associated with a larger ERN in emerging adulthood.
Sensitivity to social stress is heightened in adolescence
(Bolling et al., 2011; Silk et al., 2013), which is a develop-
mental period characterized by increased emphasis on peer
relationships and social feedback (Parker et al., 2015). This
sensitivity appears particularly pronounced in early adoles-
cence (Moor et al., 2012). Therefore, the present results sug-
gest that increased social stress, which is especially salient
during this time, may result in lasting adaptations in neural
networks involved in performance monitoring.

These adaptations may be functional in the context of
stress. In social settings, for example, errors may pose a threat

Results of three separate simultaneous linear regressions predicting the residual error-related negativity from severity of stressors in the life-

threatening, social-evaluative, and total life stress domains during different developmental periods

Residual Error-Related Negativity (ERN)

Predictor b (SE) 1) p 95% C1 Tolerance VIF

Regression 1: Life-Threatening Situations
Gender 0.34 (0.17) 0.15* 0.04 0.01, 0.67 0.96 1.04
Life-threatening stress: Childhood Severity 0.02 (0.07) 0.02 0.81 -0.12,0.16 0.98 1.02
Life-threatening stress: Early Adolescence Severity —0.08 (0.07) —0.08 0.28 —0.22, 0.06 0.95 1.06
Life-threatening stress: Mid-Adolescence Severity 0.17 (0.07) 0.17* 0.02 0.03, 0.31 0.96 1.04
Life-threatening stress: Past Year Severity —0.11 (0.07) —0.11 0.14 —0.25, 0.03 0.97 1.03

Total R> = 0.06; F(5, 191) = 2.54, p = 0.03

Regression 2: Social-Evaluative Stress
Gender 0.33 (0.16) 0.15% 0.04 0.02, 0.65 0.99 1.01
Social stress: Childhood Severity 0.10 (0.08) 0.10 0.23 —-0.06, 0.26 0.75 1.33
Social stress: Early Adolescence Severity —0.22 (0.08) —0.22% 0.01 -0.38, —0.06 0.74 1.35
Social stress: Mid-Adolescence Severity 0.10 (0.08) 0.10 0.20 —-0.05, 0.25 0.86 1.16
Social stress: Past Year Severity —0.06 (0.08) -0.06 0.40 -0.21, 0.09 0.88 1.13

Total R* = 0.06; F(5, 190) = 2.32, p = 0.045

Regression 3: Total Stress
Gender 0.28 (0.16) 0.12 0.08 —0.03, 0.59 1.00 1.01
Total stress: Childhood Severity 0.13 (0.08) 0.13 0.09 -0.02, 0.29 0.79 1.26
Total stress: Early Adolescence Severity —0.23 (0.08) —0.23* 0.01 -0.39, -0.07 0.69 1.44
Total stress: Mid-Adolescence Severity —0.05 (0.09) -0.05 0.57 -0.22,0.12 0.67 1.50
Total stress: Past Year Severity —0.06 (0.08) —0.06 0.45 —-0.21, 0.09 0.85 1.18

Total R* = 0.08; F(5, 193) = 3.22, p = 0.008

*p < 0.05. Univariate outliers were eliminated for some analyses. Therefore, for regression one, N = 197. For regression two, N = 196. For regression

three, N = 199. Gender is coded such that 0 = males and 1 = females.
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to safety or social standing, and better performance monitor-
ing in times of social stress may help individuals to avoid
mistakes that could result in negative evaluation (Banica
et al., 2019; Brooker & Buss, 2014; Hajcak, 2012; Kujawa
et al., 2016a; Lim et al., 2015; Meyer et al., 2015b; Meyer
etal., 2019). Yet such adaptations may become maladaptive in
other circumstances. For instance, an enhanced ERN has been
observed in individuals with social anxiety (Endrass et al.,
2014; Kujawa et al., 2016a), who, due in part to past social
stress, find social situations threatening and closely monitor
their performance to prevent mistakes (Clark & Wells, 1995).
This heightened self-monitoring can then interfere with social
performance (Clark & Wells, 1995). An enhanced ERN may
thus be one pathway through which social interactions be-
come even more stressful. More specifically, social stress in
early adolescence may sensitize neural performance monitor-
ing networks to errors, leading to enhanced performance mon-
itoring and increased neural reactivity to mistakes in social
settings, as well as poorer social skills. Longitudinal studies
examining associations between social stress, the ERN, social
functioning, and social anxiety will be necessary to explore
this possibility.

We also examined the possibility that variability in the
magnitude of the ERN might be better predicted by cumula-
tive stress (Brooker, 2018; Kessel et al., 2019), both in terms
of cumulative effects over time for each distinct type of stress
across all developmental periods (regressions one and two)
and in terms of cumulative effects of multiple stressors within
distinct developmental periods (regression three). Our results
are consistent with evidence for a cumulative effect of multi-
ple stressors within distinct developmental periods in that the
data indicated that more severe fotal stress exposure occurring
during early adolescence was associated with an enhanced
ERN magnitude, even when adjusting for social stress sever-
ity. These findings are in line with broader neuroscience liter-
ature demonstrating that alterations in ACC and PFC volume
and function, as well as the magnitude of the ERN, are asso-
ciated with many different types of stress (Banica et al., 2019;
Barker et al., 2015; Buzzell et al., 2017b; Cohen et al., 2006;
De Bellis et al., 2002; Hanson et al., 2010; Kim et al., 2005;
McLaughlin et al., 2014; Meyer et al., 2015b; Meyer &
Gawlowska, 2017; Riesel et al., 2019; Tomoda et al., 2009;
Treadway et al., 2009). Moreover, they suggest that cumula-
tive effects of stress—particularly during early adolescence,
when neural plasticity is increased—are also related to alter-
ations in performance monitoring networks. Future studies
with larger samples that are better powered to examine inter-
actions between stressor types and timing will be useful for
exploring such cumulative effects more thoroughly.

Extending prior research, our results suggest some speci-
ficity in terms of the effects of the fiming of stressors and
associations with the ERN. For instance, although we did
not observe a significant association with life-threatening

stressors experienced in early adolescence, our results did in-
dicate that increased severity of life-threatening stressors ex-
perienced during mid-adolescence was associated with a
smaller ERN magnitude. This is contrary to our hypotheses
and to literature indicating that shock and noxious sounds
(Meyer & Gawlowska, 2017; Riesel et al., 2012; Riesel
et al., 2019) and trauma (Khan et al., 2018; Lackner et al.,
2018) are related to an enhanced ERN, as well as research
suggesting that neural systems that generate the ERN may
activate defensive systems designed to protect oneself from
harm (Riesel et al., 2012). Furthermore, it should be noted that
the effect size is small and changed in magnitude when in-
cluding outlier participants in the regression analyses (see
supplemental material). Thus, we are hesitant to speculate
about why mid-adolescent exposure to stress related to threats
to physical integrity may be associated with decreased perfor-
mance monitoring. Future studies should further investigate
this research question.

However, there is also research showing that war veterans
with PTSD display a similar ERN magnitude as control par-
ticipants without PTSD (Gorka et al., 2016; Rabinak et al.,
2013; Swick et al., 2015), indicating that individuals exposed
to life-threatening stressors do not always display enhanced
performance monitoring. In our study, life-threatening stress
was measured by asking participants about the severity of
situations, such as physical and sexual abuse, being robbed,
and living in a war zone, which may exert different effects on
performance monitoring than threats in a controlled laboratory
setting. However, another possibility is that the relatively re-
stricted range of reported severity of life-threatening situations
limited our ability to detect the expected associations with the
ERN. This range is also small compared with the range of the
social-evaluative stress and total stress severity variables—
stressors that were more common in our sample of college
students. Future studies should investigate this question in
samples with a greater number and more severe dangerous
Stressors.

Contrary to research demonstrating that childhood is a vul-
nerable period during which environmental influences may
have a particularly strong effect on neural development
(Andersen, 2003; Crews et al., 2007; De Bellis, 2005; Hart
& Rubia, 2012), and that stress during childhood is associated
with alterations in neural regions involved in performance
monitoring (Cohen et al., 2006; Tomoda et al., 2009;
Treadway et al., 2009), the present analyses did not reveal
significant associations between childhood stress exposure
and ERN magnitude. In our sample, however, relatively few
participants reported severe stressors during childhood.
Further, we were not able to separate stress severity experi-
enced in later childhood from that experienced in infancy,
which has previously shown different associations with ERN
magnitude (Loman et al., 2013; McDermott et al., 2013;
Troller-Renfree et al., 2016). Future studies are required to
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clarify associations between ERN magnitude in adulthood and
more severe stress occurring early in development. Similarly,
our results did not identify significant associations between
ERN magnitude and stress experienced during the past year,
despite prior research suggesting that there are proximal ef-
fects of stress on performance monitoring (e.g., Meyer &
Gawlowska, 2017; Riesel et al., 2012; Riesel et al., 2019).
However, in this study, proximal stress included stressors ex-
perienced over the preceding 12 months, whereas other stud-
ies investigated effects of same-day or previous-day stress,
which may explain the observed differences. Future experi-
mental research examining the duration of the effects of labo-
ratory stressors will be helpful to clarify the nature of these
associations.

Limitations of this study point to directions for future re-
search. First, our sample consisted of relatively few male par-
ticipants, which did not allow us to investigate whether there
are different stress-susceptible developmental periods for
males versus females. Given prior research indicating possible
sex differences in rates of neural maturation (Andersen, 2003;
Lenroot et al., 2007; Lenroot & Giedd, 2010), future research
should look closely at sex-specific sensitive periods. In partic-
ular, adolescence is thought to begin with puberty onset
(Blakemore et al., 2010), which tends to be between the ages
of 8 and 12 for females (Hayward, 2003). However, hormonal
events involved in puberty typically occur 1 or 2 years later for
males (Blakemore et al., 2010). Our stress severity time inter-
vals classified early adolescence as 8 to 12 years old, which
may be accurate for denoting the period of transition to puber-
ty for females (Hayward, 2003) but may not effectively cap-
ture male transition to puberty (Blakemore et al., 2010).
Additionally, a sample that consisted of 75% female partici-
pants may not have provided adequate statistical power to
detect gender effects, or potential moderating effects of
gender.

Second, our sample consisted of undergraduate students at
the beginning of their college studies, who endorsed fewer,
and less severe, stressors compared with other studies that
have employed the STRAIN (Cazassa et al., 2020; Slavich
& Shields, 2018; Sturmbauer et al., 2019). Our results may
reflect experiences unique to those with higher-than-average
socioeconomic status and education, limiting their generaliz-
ability. Indeed, prior research has found different patterns of
error monitoring alterations among individuals reporting more
extreme forms of stress—for instance, a blunted, as opposed
to enhanced, ERN in early adolescents who experienced
prolonged early institutionalization (Loman et al., 2013;
Troller-Renfree et al., 2016). At a broader level, relative to
most of the global population, our sample was Western,
Educated, Industrialized, Rich, and Democratic (i.e.,
WEIRD; Henrich et al., 2010a), and findings in WEIRD sam-
ples do not always replicate in non-WEIRD samples (Henrich
etal., 2010b). Future research should thus aim to replicate our

@ Springer

findings in a more racially and socioeconomically diverse
sample reporting more, and more severe, stressors.
However, research has shown that experiencing even one ma-
jor social stressor may substantially impact health (Slavich
et al., 2009; Slavich et al., 2014), and consistent with such
findings, we observed significant associations between
social-evaluative stress exposure and the ERN even with a
relatively limited range of stress severity. Furthermore, inves-
tigating effects of stressors in the mild-moderate range is im-
portant for elucidating how different levels of stress
severity—not just the presence and absence of severe
stress—may impact development (McLaughlin et al., 2020).

Third, although prior research indicates that social desir-
ability and personality characteristics do not influence
responding on the STRAIN (e.g., Slavich & Shields, 2018),
we cannot rule out the possible influence of such biases in this
study. Furthermore, as is the case with all retrospective self-
report measures, recall of stressful events and severity may not
have been completely accurate. For example, participant re-
ports of childhood stress may not be as accurate as their re-
ports on stressors that occurred more recently (Maughan &
Rutter, 1997). However, we note that the STRAIN focuses
on stressors that are moderate to severe in nature, which prior
research has shown can be reliably recalled (Brown & Harris,
1978; Reuben et al., 2016). Moreover, validation studies using
the STRAIN have shown very high test-retest reliability over
time, suggesting that individuals are recalling the same
stressors at different time points (Cazassa et al., 2020;
Slavich & Shields, 2018). Additionally, because of the corre-
lational nature of the study, it is also possible that individuals
with a larger ERN have more biased recall. Yet a negative
recall bias should result in global biases reflected across all
stressor types and timing, and we did not find associations
between ERN magnitude and stress experienced in every do-
main or developmental period, again suggesting minimal im-
pact of recall biases. Nevertheless, future prospective studies
documenting stress across time will be necessary to validate
the results reported here, and, in particular, the present study
should be replicated using contemporaneous assessments of
life stress exposure.

Fourth, unlike traditional interview-based measure of life
stress, such as the UCLA Life Stress Interview (Hammen,
1991) and Life Events and Difficulties Schedule (Brown &
Harris, 1978), the STRAIN does not generate interviewer-
rated life stress exposure or severity scores. A wealth of re-
search has shown that perceptions of stress exposure and se-
verity are strongly tied to biological and clinical health (Epel
et al., 2018; Slavich & Cole, 2013), suggesting that it is im-
portant to investigate individuals’ stressor appraisals and not
just objective stress severity. However, future research should
certainly employ other interview-based measures of life stress
to examine the robustness of the effects described here.
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Fifth, given the present study design, we cannot be certain
whether the effects observed are due to adolescent-limited
stress versus chronic stress that began in childhood and per-
haps peaked in adolescence (Tottenham & Galvan, 2016).
Research suggests that interpersonal stress is highly continu-
ous (Chapell et al., 2006), and the social stress reported by
participants in the present sample during adolescence may
have started earlier and continued past early adolescence.
However, the results of our multiple regression analysis—in
which stress across other periods was controlled for—are sug-
gestive in this regard, in that social stress during early adoles-
cence showed unique associations with the ERN.
Nonetheless, prospective studies would be helpful for further
disentangling the effects of stress experienced during different
developmental periods on the ERN.

Finally, the effect sizes observed in the present sample are
small to medium in magnitude (Cohen, 1988), and should be
interpreted with caution. However, self-report data and psy-
chophysiological variables share no method variance and thus
are expected to moderately correlate with one another
(Campbell & Fiske, 1959; Patrick et al., 2013). Consistent
with this, similar effect sizes are common in the literature
investigating associations between the ERN and important
individual difference variables (Cavanagh & Shackman,
2015; Meyer et al., 2015a; Moser et al., 2013; Weinberg
et al., 2016) and can have meaningful implications for real-
world outcomes (Hajcak et al., 2019; Meyer et al., 2017a). For
instance, the ERN has demonstrated incremental predictive
ability for the later development of anxiety disorders over
and above other common risk factors (Meyer et al., 2015a;
Meyer et al., 2018) and appears to predict adolescents’ tobac-
co use initiation (Anokhin & Golosheykin, 2015), effects that
were in the small to medium range. These studies suggest that
even relatively modest effects can improve prediction of im-
portant health-related outcomes.

Conclusions

The present findings indicate that greater total and social-
evaluative stress severity during early adolescence is associ-
ated with increased error monitoring in emerging adulthood.
These results provide support for the notion that early adoles-
cence is a sensitive period during which stress may more sig-
nificantly influence neural networks involved in performance
monitoring. In a notable extension of prior work, the present
results also indicate that it is important to consider both the
developmental timing and type of stressors experienced over
the lifespan. Specially, we found that social-evaluative stress
occurring during early adolescence was associated with a larg-
er ERN, whereas life-threatening stress severity during mid-
adolescence was related to a smaller ERN. However, total
stress severity in early adolescence was also associated with

enhanced error monitoring, which suggests that there are both
cumulative and specific effects of stressor type on perfor-
mance monitoring across development. This research there-
fore lays the groundwork for future prospective studies seek-
ing to understand the long-term effects of stress-induced neu-
ral adaptations to the environment.
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