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Abstract

Childhood adversity is a major risk factor for emotional and cognitive disorders later in adulthood. Behavior monitoring,
one of the most important components of cognitive control, plays a crucial role in flexible interaction with the environ-
ment. Here, we test a novel conceptual model discriminating between two distinct dimensions of childhood adversity
(i.e. deprivation and threat) and examine their relations to dynamic stages of behavior monitoring. Sixty young healthy adults
participated in this study using event-related potentials and the dynamic stages of behavior monitoring including response
inhibition, error detection and post-error adjustments were investigated in a classical Go/NoGo task. Multiple regression anal-
yses revealed that participants with higher severity of childhood adversity recruited more controlled attention, as indicated
by larger (more negative) conflict detection-related NoGo-N2 amplitudes and larger (more negative) error detection-related
error-related negativity amplitudes. Higher severity of childhood abuse (an indicator of threat) was related to smaller (less
positive) error appraisal-related error positivity amplitudes on the neural level and subsequently lower post-error accuracy
on the behavioral level. These results suggested that prefrontal-supported controlled attention is influenced by universal
adversity in childhood while the error-related behavioral adjustment is mainly affected by childhood abuse, indicating the
dimensions of deprivation and threat are at least partially distinct.
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Introduction emotional, physical and sexual abuse to parental neglect, early

life foster care and low socioeconomic status (McLaughlin et al.,
Childhood adversity refers to a set of negative events chil- 2014). Evidence from numerous prospective and retrospective
dren experience before they reach adulthood, ranging from studies demonstrates that childhood adversity has been linked
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to poor physical and mental health outcomes (Clark et al., 2010;
Shonkoff et al., 2012; Hughes et al., 2017). For example, victims of
childhood maltreatment expressed a higher prevalence of sub-
stance use, affective and personality disorders as well as poorer
treatment response among psychiatric patients (McLaughlin
etal., 2012; Teicher and Samson, 2013). In past decades, there has
been considerable interest in unraveling the underlying mech-
anisms linking childhood adversity to psychopathology. One
factor that has been proposed to underlie these psychopatholog-
ical consequences of childhood adversity is impaired executive
functioning and the associated compromised neural integrity
and function (Teicher, 2000; Teicher and Samson, 2013, 2016;
Teicher et al., 2016). Notably, behavioral studies with tasks tap-
ping cognitive control showed that early exposure to deprivation
measured as poverty or institutional care was associated with
deficits in behavior monitoring (Farah et al., 2006; Noble et al.,
2007; Eigsti et al., 2011). For example, the seminal work from the
Bucharest Early Intervention Project (BEIP) found that compared
to controls, children who experienced prolonged institutional
rearing committed more errors on response inhibition (Lamm
etal., 2018) and less behavioral adjustment after an error (Buzzell
et al., 2020). These deficits in behavior monitoring further medi-
ated the relationship between early institutionalization and
psychopathological symptoms (Tibu et al., 2016; Troller-Renfree
et al., 2016).

Behavior monitoring or performance monitoring, the ability
to monitor ongoing performance and make an adjustment by
recruiting increased cognitive control when necessary, is cru-
cial for carrying out higher-order executive functions. Behavior
monitoring involves a set of highly interacting yet dissociable
processes, characterized by inhibition of improper response,
error detection when inhibition fails and behavioral adjustment
for subsequent trials. Several key prefrontal regions includ-
ing anterior cingulate cortex (ACC) and dorsal lateral prefrontal
cortex (dIPFC) have been demonstrated to implement these
behavior-monitoring processes (Botvinick et al., 2001; Kerns,
2004). From childhood to early adulthood, there is substantial
improvement in behavior monitoring, which is supported by
progressive maturation of frontal-cingulo-striatal circuitry over
development (Rubia et al., 2007; Velanova et al.,, 2008). How-
ever, the development of this functional circuit might be altered
by childhood stress even in high-functioning maltreated sur-
vivors (Marsh et al., 2008). Failures of behavior monitoring are
associated with both lower survival and task success and a
higher risk of psychiatric and personality disorders (Swann et al.,
2002).

Event-related potentials (ERPs), with their high time reso-
lution in milliseconds, are suitable to measure the dynamic
sub-processes of behavior monitoring. In the classical Go/NoGo
task, participants have to exercise inhibitory control on NoGo tri-
als by withholding a prepotent response to Go trials. Otherwise,
if response inhibition fails, an error would occur, and individuals
might modify their behavior accordingly in the subsequent trial.
Therefore, the Go/NoGo task is a well-established paradigm for
evaluating dynamic behavior monitoring (Hester, 2004; Moser
et al., 2013). In this paradigm, two ERP components have larger
amplitudes in NoGo than in Go trials, which have been labeled as
the NoGo-N2 and NoGo-P3 (Falkenstein et al., 1999). The NoGo-
N2 is a negative shift with its maximum at frontal regions with a
latency of 200-400 ms following NoGo stimuli, and a more poste-
rior NoGo-P3 appears around 400-600 ms following NoGo stimuli
(Nieuwenhuis et al., 2003; Donkers and Van Boxtel, 2004; Huster
et al., 2013). The NoGo-N2 and NoGo-P3 represent the response
inhibition step of behavior monitoring. The NoGo-N2 may reflect

the detection of the conflict or mismatch between the internal
representation of the Go response and the NoGo stimulus before
motor execution, while the NoGo-P3 reflects an evaluation of the
decision or response inhibition success (Kok et al., 2004; Smith
et al., 2013; Wessel and Aron, 2015).

When individuals fail to inhibit their response to a NoGo
stimulus, an error occurs. Error often induces autonomic reac-
tions and activation of defense-oriented motivation systems
to protect the organism (Hajcak, 2012; Weinberg et al., 2012).
The error-related negativity (ERN), a negative response-locked
ERP component, appears at the frontal region approximately
0-100ms after an erroneous response (Falkenstein et al., 1991;
Gehring et al., 1993). The ERN has been proposed to reflect
the automatic comparing or detection of the conflict between
the intended response and the actual response (Nieuwenhuis
et al., 2003; van Veen and Carter, 2006). Following the ERN, the
error positivity (Pe) appears at the central-parietal region around
200-500ms after the error commission (Falkenstein et al., 2000;
Overbeek et al., 2005). It has been suggested that the Pe reflects
conscious error recognition or emotional appraisal of the error
and might be involved in motivated strategy adjustments after
an error commission (van Veen and Carter, 2006; Hajcak and
Foti, 2008; Boldt and Yeung, 2015). More negative ERNs have been
found in adults with high sensitivity to punishment (Santesso
et al., 2011), while diminished Pes have been associated with
emotional bluntness like psychopathy (Brazil et al., 2009).

The functional significance of error processing is to subse-
quently modify behavior, i.e. post-error behavior adjustments,
namely adapting response strategies on the trials immediately
following an error to avoid more mistakes (Danielmeier and
Ullsperger, 2011). Post-error behavior adjustments are funda-
mental to flexible behavior and crucial to survive in a compli-
cated changing environment. Post-error behavior adjustments
can be twofold: 1) a generally prolonged reaction time (RT) in tri-
als following an error compared to RT in trials following correct
Go response (post-error slowing) and accuracy change (hit rate)
following an error as compared to following correct Go response
(post-error accuracy change) (Danielmeier and Ullsperger, 2011).
On the one hand, active processing of current errors can impose
demands on limited central resources, leading to distraction or
interference on the subsequent trial. The consequence of this
interference can be revealed as a reduction in post-error accu-
racy (double errors) (Jentzsch and Dudschig, 2009; Notebaert
et al., 2009; Buzzell et al., 2017). On the other hand, post-
error accuracy improves when errors are consciously perceived
by individuals and individuals succeed to appropriately imple-
ment top-down cognitive control (Hajcak and Simons, 2008;
Danielmeier and Ullsperger, 2011). The ability to detect errors
and adjust behavior after an error accordingly may be particu-
larly important in threatening childhood environment, because
error commission might be linked with more punishment.

Disruptions in neural function underlying cognitive control
have been widely reported in institutionalized children from the
BEIP (e.g. McDermott et al.,, 2012; Loman et al., 2013). A few
studies also revealed the persistent effects of childhood mal-
treatment on cognitive control in adolescence and adulthood,
although the results are mixed in the literature. Compared to
healthy controls, for instance, adolescents with different types
of early life stress showed increased activation in the inferior
frontal cortex and ACC during response inhibition (Mueller et al.,
2010). Another study found that adolescents, but only girls grow-
ing up in poverty, had hyper-activation in the ACC and decreased
ACC-dIPFC coupling during response inhibition (Spielberg et al.,
2015). In contrast, Lim et al. (2015) found that compared
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to a healthy group, the physically abused group showed no
difference in activation patterns during response inhibition, but
hyper-activation in the dorsomedial frontal cortex and supple-
mentary motor area during error processing (Lim et al., 2015). By
using electrophysiological measures, Lackner et al. (2018) found
that adolescents with greater than fewer adverse childhood
experiences showed larger ERN differentiation (Error-Correct
difference), while better self-regulation measured by question-
naire reduced the association between adverse childhood expe-
riences and ERN amplitudes. Compared to adolescents who
experienced a time-limited form of institutional deprivation but
were subsequently adopted into nurturing families, those who
experienced prolonged institutional rearing exhibited decreased
error-related mediofrontal theta power and were less likely
to adjust their behavior following errors (post-error accuracy)
(Buzzell et al., 2020).

The mixed findings might be partially explained by the dif-
ferent types of psychopathology in the maltreated group, as
well as the variability in the approaches to measuring childhood
stress. Prevailing research approaches rely on specific types of
adversity (such as physical or sexual abuse, or poverty), while
ignoring the fact that different types of adversity usually coex-
ist (Kessler et al., 2010; McLaughlin et al., 2012). Consequently,
it is difficult to differentiate whether a particular outcome
(e.g. cognitive impairment) is due to the focal adversity or other
co-occurring adversities. By distilling complex adverse experi-
ences into core dimensions, the recently proposed dimensional
approach suggested two dimensions across different types of
childhood adversity: (i) adversity in the form of deprivation,
due to the absence of cognitive stimulation and multi-sensory
and social experiences, which is central to children exposed
to neglect and poverty and (ii) adversity in the form of direct
(physical or emotional) threat such as abuse (McLaughlin et al.,
2014; Sheridan and McLaughlin, 2014; Humphreys and Zeanah,
2015; Teicher and Samson, 2016; Teicher et al., 2016). Further-
more, exposure to early deprivation was thought to be associ-
ated with volume reductions in the association cortex (including
PFC, and superior and inferior parietal cortex), which in
turn might produce difficulties in multiple domains of execu-
tive functioning (McLaughlin et al., 2014, 2017; Sheridan and
McLaughlin, 2014). In the case of threat dimension, threaten-
ing experience during childhood was supposed to be associated
with alterations in the circuits involved in processing salient
information like the amygdala, hippocampus and vmPFC, lead-
ing to an abnormal emotional response, emotional learning and
behavior (McLaughlin et al., 2014; Sheridan and McLaughlin,
2014).

Recently, a few studies with the dimensional method have
provided preliminary but direct evidence for the distinction
between deprivation (a core feature of neglect) and threat (a core
feature of abuse). In a behavioral study, Lambert et al. (2017)
revealed that deprivation (poverty) was linked with poor cog-
nitive inhibitory control measured by a Flanker task but not
automatic emotion regulation measured by emotional Stroop,
while threat (child abuse and community violence) was linked
with deficits in automatic emotion regulation but not cognitive
control (Lambert et al., 2017). Sheridan et al. (2017) found that
deprivation (low parental education and child neglect) rather
than threat (community violence and abuse) was associated
with poor working memory performance at the behavioral level
as well as widespread and inefficient neural recruitment in the
parietal cortex and PFC at the neural level (Sheridan et al., 2017).
Furthermore, the distinction was also demonstrated at the phys-
iological level, such that threat rather than deprivation was
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associated with blunted sympathetic and cortisol reactivity to
acute stress (Busso et al., 2017).

The aim of the present study was to investigate the rela-
tionship between childhood adversity and the dynamic pro-
cess of behavior monitoring (inhibition, error processing and
post-error adjustments) in the Go/NoGo task using ERPs and
behavioral measurements. We further explored whether the
two dimensions of childhood adversity (i.e. threat and depri-
vation) have a distinct association with behavior monitoring.
Considering that both healthy participants and patients with
psychopathologic disorders were recruited in the maltreated
group in many of the previous studies (e.g. Mueller et al., 2010;
Lim et al., 2015), this calls into question whether the findings
indicate the neurodevelopmental consequences of childhood
adversity or rather reflect the characteristics of resilience to
maltreatment. Therefore, we recruited healthy adults and mea-
sured their childhood adverse experiences by the Childhood
Trauma Questionnaire. According to the dimensional model
of childhood adversity, we hypothesized that (i) exposure to
childhood deprivation (indicated by neglect) would be associ-
ated with deficits in response inhibition and (ii) exposure to
threat (indicated by abuse) would be associated with disrupted
emotion processing, in this case, error as salient information
especially in abusive early environment, and thus altered error
monitoring and appraisal, and consequently worse post-error
adjustments.

Methods
Participants

As part of a larger project addressing the relationship between
cognition and stress/cortisol, this study sought to specifically
investigate the impact of childhood stress and behavior mon-
itoring. The results between cortisol and cognition will be
reported elsewhere. Participants were recruited from Shenzhen
University through online and public postings. All postings spec-
ified the inclusion criteria of the study: (i) male [to control sex
effect on cortisol response (Liu et al., 2019) and sex-based dif-
ferences in the development of the hippocampus and amygdala
(Fish et al., 2020)]; (ii) normal hearing ability and physically
healthy; (iii) no habit of staying up late and (iv) no psychi-
atric disorders including depression, etc. All eligible participants
were further screened by the following exclusion criteria: (i) his-
tory of psychiatric or neurological disease, epilepsy or migraine;
(ii) history of endocrine disorders (such as Cushing’s syndrome);
(iii) history of other major chronic physiological diseases, such
as diabetes, heart disease, meningitis, severe kidney disease
and malignant tumors; (iv) history of brain injury (such as brain
surgery, cerebral hemorrhage and severe head trauma); (v) long-
term use of antipsychotic, neurological or adrenocortical hor-
mone drugs; (vi) long-term use of other medications; (vii) major
operation in the past 6 months; and (viii) smoking (more than
five cigarettes a day) and drinking habit (more than two alcoholic
drinks daily). Participants were first screened based on the inclu-
sion criteria at the time of recruitment and further screened
by the exclusion criteria by self-reported questionnaire. A total
of 60 healthy young male students met the criteria for inclu-
sion in the study and analyses. The mean age was 21.10 years
(s.d.: 0.838) and the mean year of education was 13.55years
(s.d.: 0.699). All participants gave written informed consent and
were paid for their participation. This experiment was approved
by the Ethics Committee of Human experimentation at the
Medical Department of Shenzhen University.
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General procedure

After arriving at the laboratory, participants were informed
of the experimental procedure and completed demographic
information collection and questionnaires including the Per-
ceived Stress Scale (10-item version, PSS10). After applica-
tion of the electrodes, participants were seated in a dimly lit,
sound-attenuated, electrically shielded room and completed the
acoustic Go/NoGo task while behavioral and electroencephalo-
gram (EEG) data were recorded. To avoid the effect of recall-
induced negative emotion on performance, participants filled in
Negative Affect Scale (NAS) and the Childhood Trauma Ques-
tionnaire (CTQ) as described in the Questionnaires section after
they completed the experiment.

Go/NoGo task

For the auditory Go/NoGo task, the targets (Go stimuli) were
1000Hz pure tones and the non-targets (NoGo stimuli) were
1032 Hz pure tones (10ms rise and fall times). The sound vol-
ume was adjusted to a comfortable level. All the tones were
presented binaurally over headphones. After an initial prac-
tice block of 10 trials, two experimental blocks each including
310 trials (20% NoGo and 80% Go probability) were completed
with 2-min breaks between blocks. The duration of the tones
was 200ms and the stimulus-onset asynchrony randomized
from 900 to 1100 ms. During each trial, one of the two tones was
presented. Participants were instructed to respond as fast and
accurately as possible by pressing a button on the keyboard once
they heard the Go stimuli. The sequence of Go and NoGo stimuli
was pseudorandom, thus the consecutive presentation of two
NoGo stimuli was avoided.

Questionnaires

Childhood stress was assessed by 28-item version CTQ on
a 5-point Likert scale (1, never true; 5, very often true) (Bernstein
and Fink, 1998). The CTQ is a self-reported scale, which was used
as a quantitative measure of the severity of childhood adversity
within different populations with or without psychopathology
(Viola et al., 2016). The exemplary item is ‘when I was growing
up, I got hit so hard by someone in my family that I had to see a
doctor or go to the hospital’. Besides the CTQ total (CTQ-t) score,
originally there are five subscales including emotional, physical
and sexual abuse, and emotional and physical neglect. However,
different types of adverse early experiences usually coexist,
and recent model and empirical evidence suggested distinctions
between abuse dimension and neglect dimension (McLaughlin
et al., 2014; Sheridan and McLaughlin, 2014; Humphreys and
Zeanah, 2015; Teicher and Samson, 2016; Teicher et al., 2016).
Therefore, abuse total score (as a proxy of threat) was calcu-
lated by summing up scores from emotional, physical and sexual
abuse subscales, and neglect total score (as a proxy of depriva-
tion) was calculated by summing up scores from emotional and
physical neglect subscales.

The 10-item NAS from the Positive and Negative Affect
Schedule was used to assess the negative mood state at the time
of filling in the CTQ. The exemplary items are ‘Indicate to what
extent you feel this way right now: Irritable, Ashamed, Nervous’.
Each item is rated on a 5-point scale of 1 (not at all) to 5 (very
much) (Watson et al., 1988). NAS was used as a covariate in our
data analysis to correct for possible recollection bias, which is
common among individuals who suffered from traumatic events
(Amir et al., 1996; Tapia et al., 2012). In turn, the recollection bias
might result in an overestimation of childhood stress.

Recent perceived stress was assessed by Cohen’s PSS (10-item
version) (Cohen, 1988). The scale measures perceived stress over
the last month on a 5-point Likert scale ranging from 0 (never)
to 4 (always). The exemplary item is ‘In the last month, how
often have you felt that you were unable to control the impor-
tant things in your life?’. PSS10 was further controlled to exclude
the effect of chronic stress during the last month on behavioral
monitoring (Wu et al., 2019).

EEG recording and preprocessing

The EEG was recorded with Ag/AgCl electrodes from 64 scalp
sites mounted in an elastic cap (Neuroscan Inc., Charlotte,
NC, USA) according to the international 10-20 system, with
online reference to the left mastoid. Data were re-referenced
offline to the average of both mastoids. One pair of electrodes
placed above and below the left eye was used to record ver-
tical eye movement and another pair placed 10mm from the
outer canthi of each eye to monitor horizontal eye movement.
The impedance from all electrodes was below 5 K. Signals were
amplified with a bandpass filter at 0.05-100Hz and digitized at
1000 Hz.

The EEG data were processed by Scan 4.3 software
(Neuroscan, USA). The data were further filtered with a 30-Hz
lowpass filter. Ocular artifacts were removed from the EEG signal
by a regression procedure implemented in Neuroscan software
(Semlitsch et al., 1986). Trials with artifacts were automatically
rejected with a criterion of +£100 pV.

For the response inhibition, two stimulus-locked (N2 and P3)
components were analyzed. EEG data were epoched into periods
of 1000 ms (including 200 ms before stimulus onset as baseline)
time-locked to the onset of the stimulus. Considering that mean
amplitude is more reliable than peak amplitude (Clayson et al.,
2013), all the ERP components were measured as mean ampli-
tude in the current study. The mean amplitude of the frontal
N2 was measured at the Fz site in the time window between
200 and 400ms after stimulus onset. The mean amplitude of
the P3 was measured at the Pz site in the time window between
400 and 600 ms after stimulus onset. These sites and time win-
dows were chosen according to the maximum amplitude in our
data and in line with previous research (Falkenstein et al., 1999;
Sehlmeyer et al., 2010).

For the error processing, two response-locked (ERN and Pe)
components were analyzed. Error responses to the NoGo trials
(false alarm) were averaged for the ERN and Pe. EEG data were
epoched into periods of 1000ms, including 400-200 ms before
response as baseline according to previous studies (Olvet and
Hajcak, 2009), and time-locked to the onset of the button press.
The ERN focused on the electrode placed at the FCz site and the
Pe on the electrode of the CPz site. Mean ERN amplitude was
measured 50 ms before and 150 ms after a false alarm response,
and mean Pe amplitude was measured between 300 and 500 ms
after a false alarm response. These sites and time windows were
chosen according to our own data where they have the maxi-
mum amplitude and in line with previous research (Falkenstein
et al., 2000; O’Connell et al., 2007).

Data preparation and preprocessing

For the behavioral performance of response inhibition, the false
alarm rate of the NoGo trials was calculated. Trials with RT below
50ms and above 1000 ms were excluded. The hit rate of the Go
trials and the RT of the correct Go trials were also calculated.
For post-error adjustments, the behavioral performance after
committing an error was calculated. Specifically, ‘post-error’
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refers to Go trials following an error response to NoGo trials, and
‘post-correct’ as a control condition refers to Go trials following
a correct response to Go trials. Post-error costs were indexed by
post-error slowing and post-error accuracy change. Post-error
slowing was calculated as the difference between mean RTs
on ‘post-error’ vs those on ‘post-correct’. Post-error accuracy
change was calculated as the difference between hit rates on
‘post-error’ vs those on ‘post-correct’.

All statistical analyses were conducted by SPSS software (ver-
sion 22.0). Considering that the bootstrapping method provides
better control over type I error as well as a better representation
of the probability distribution which makes it a robust statistical
test (Wilcox, 2011), we performed all the analyses with bootstrap
(n=1000 times of resampling with replacement) to improve the
robustness of our inference. For the response inhibition-related
ERP components (N2 and P3 amplitudes), a paired-samples
t-test was carried out on stimulus type (Go vs NoGo). For the
error processing-related ERP components (ERN and Pe ampli-
tudes), a paired-samples t-test was carried out on response
outcomes (correct hit to Go us false alarm to NoGo). Greenhouse-
Geisser correction for degrees of freedom was applied when the
sphericity assumption was violated.

Data analysis

First of all, we investigated the relationship between the severity
of childhood adversity and dynamic stages of behavior monitor-
ing by using multiple linear regression. The primary predictor
was CTQ-t score. The demographic variables (age and educa-
tion years) and current mood state (NAS), as well as chronic
perceived stress (PSS10) were treated as covariate variables. The
dependent variables were the dynamic stages of behavior mon-
itoring, i.e. response inhibition (false alarm rate, and NoGo-N2
and NoGo-P3 amplitudes), error processing (ERN and Pe ampli-
tudes) and post-error cost (post-error slowing and post-error
accuracy change).

To further explore the differential influence of the two
dimensions of childhood adversity on the dynamic stage of
behavior monitoring in adulthood, we repeated the multiple
regression analysis with the primary predictors of abuse and
neglect scores from CTQ. Results from the regression analy-
sis were described as regression coefficients with 95% CI and
standard errors from the bootstrap analysis.

In order to test the hypothesis that abuse and neglect dis-
tinctly influence behavior monitoring, we used the conservative
method by examining the overlap of CI from abuse and neglect.
In the event that the CIs overlapped by less than 50% of one
CI arm, the beta weights would be considered statistically sig-
nificantly different from each other (P<0.05; Cumming, 2009,
2014).

Additionally, to explore the relationship between inhibition-
related ERP components (NoGo-N2 and NoGo-P3 amplitudes)
and behavior performance of response inhibition, the Pearson
correlation was conducted between the inhibition-related ERP
components and the false alarm rate. Considering one of the
functional roles of error processing is to prevent future mis-
takes, a correlational analysis was conducted between the error-
related ERP components (ERN and Pe amplitudes) and post-error
costs (post-error slowing and post-error accuracy change).

Results
Subjective measurements

The average CTQ-t score was 35.07 (s.d.: 6.88, range: 25-57).
When the CTQ was subdivided into abuse and neglect, the
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Table 1. The behavioral performance for the Go/NoGo task

Post-trial accuracy

Mean (s.d.) Post-trial RT (s.d.) (s.d.)

False alarm 25.17% (16.23) 445.18 ms (102.08) 76.75% (23.46)
Hit 91.14% (8.95)  403.69ms (65.88)  92.92% (7.70)

average abuse score was 18.33 (s.d.: 3.35, range: 15-28) and the
average neglect score was 16.73 (s.d.: 4.85, range: 10-29). The
mean score of NAS was 16.07 (s.d.: 5.96, range: 10-36), and
the mean score of PSS10 was 16.08 (s.d.: 5.35, range: 7-28).

Behavioral performance

Table 1 shows the behavioral performance for the Go/NoGo
task. For the response inhibition performance, the mean false
alarm rate for NoGo trials was 25.17%, with an average of 30.2
(s.d.: 19.48) false alarms to NoGo trials per participant. The
mean RT for correct Go trials was 403.58 ms (s.d.: 66.39). For
post-error performance, the paired t-test showed that the post-
error RT was slower than post-correct RT (t=4.01, P<0.01), and
the post-error accuracy was lower than post-correct accuracy
(t=5.97, P<0.01). The mean post-error slowing was 41.50ms
(s.d.: 78.92ms) and mean decreases in post-error accuracy
(double error) was 16.17% (s.d.: 20.98%).

ERPs

Figure 1 shows the response inhibition-related ERP waveforms
time-locked to stimulus onset. N2 amplitudes (t=11.72, P<0.01)
and P3 amplitudes (t=9.68, P<0.01) were larger for NoGo than
for Go stimuli, indicating the classical response inhibition
effects on ERPs. Mean NoGo-N2 amplitudes were —7.23 uV (s.d.:
2.97 uV). Mean NoGo-P3 amplitudes were 4.06 uV (s.d.: 3.36 uV).

Figure 2 shows the error processing-related ERP waveforms
time-locked to correct hit response to Go trials and false alarm
response to NoGo trials. ERN amplitudes (t=11.27, P<0.01) and
Pe amplitudes (t=3.77, P<0.01) were larger for the erroneous
response to NoGo trials than for the correct hit to Go trials,
indicating the classical error processing on ERPs. Mean ERN
amplitudes were —6.74 uV (s.d.: 4.87 uV). Mean Pe amplitudes
were 4.36 1V (s.d.: 5.11 pV).

The relationships between severity of
childhood adversity and dynamic stages
of behavior monitoring

‘For the response inhibition’, a multiple linear regression
(Table 2) was conducted with primary predictor (CTQ-t) and
control variables (age, education year, NAS and PSS10). The
model explained 13.7% of the variance in NoGo-N2 amplitudes
[R?=0.14, F(5,59)=1.71, P>0.10], and only CTQ-t score sig-
nificantly predicted NoGo-N2 amplitudes (Table 2). Therefore,
more negative N2 amplitudes were associated with higher CTQ-t
scores. However, the CTQ-t was not associated with any behav-
ior index (i.e. false alarm rate) or the late stage (NoGo-P3 ampli-
tudes) of response inhibition (P values>0.10). To explore the
neural effect of the NoGo-N2 on behavior, we further inves-
tigated the association between CTQ-t and false alarm rate
after controlling for mean NoGo-N2 amplitudes. We first ran
a bootstrapping partial correlation (sampling n=1000) between
CTQ-t and false alarm rate with mean NoGo-N2 amplitudes
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Fig. 2. Left: The error processing-related ERP waveforms time-locked to correct hit response to Go trials and false alarm response to NoGo trials. Right: The scalp

distribution of the ERN and Pe.

controlled, and the partial correlation coefficient was not sig-
nificant (partial r=0.05, P>0.10, 95% confidence interval (CI)
[-0.15, 0.27]). Next, we conducted a stricter partial correla-
tion of CTQ-t and false alarm rate, controlling for five vari-
ables: the demographic variables (age and education), the
psychological variables (negative affect and PSS) and mean
NoGo-N2 amplitudes. However, the partial correlation coef-
ficient was still not significant (partial r=0.06, P>0.10, 95%
CI [-0.01, 0.11]).

‘For the error processing’, the result from multiple linear
regression [Table 3, R?=0.09, F(5,57)=0.97, P>0.10] showed
that the CTQ-t score significantly predicted ERN amplitudes.
More negative ERN amplitudes were associated with higher
CTQ-t scores. The regression model on Pe amplitudes [Table 4,
R2=0.21, F(5,57) = 2.69, P<0.05] also showed that higher CTQ-t
score significantly predicted less positive Pe amplitudes.

‘For post-error adjustments’, the CTQ-t was not related with
either post-error slowing or post-error accuracy (P values >0.10).
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Table 2. Bootstrapping regression of CTQ-t score on NoGo-N2 ampli-
tudes
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Table 5. Bootstrapping regression of CTQ two dimensions on the Pe
amplitude

Standardized Standard
regression error
coefficient B 95% CI (bootstrap) P

Standardized Standard
regression error
coefficient B 95% CI (bootstrap) P

Age —0.08 [-0.44,023]  0.17 0.64

Education 0.03 [-0.27,030]  0.14 0.79
years

NAS —0.09 [-0.45,017] 0.5 0.52

PSS10 —0.14 [-0.51,021]  0.19 0.45

CTQ-t —0.30 [-0.55, —0.04] 0.13 0.03

Table 3. Bootstrapping regression of CTQ-t score on ERN amplitudes

Standardized Standard
regression error
coefficient B 95% CI (bootstrap) P

Age ~0.10 [-0.53,0.13]  0.17 0.50

Education 0.05 [-0.25,062]  0.22 0.82
years

NAS —0.00 [-0.38,029]  0.16 0.97

PSS10 0.01 [-0.27,035]  0.16 0.93

CTQ-t —0.29 [-0.62, —0.07] 0.14 0.05

Table 4. Bootstrapping regression of CTQ-t score on the Pe amplitude

Standardized Standard
regression error
coefficient B 95% CI (bootstrap) P

Age —0.04 [-0.35,0.33]  0.18 0.83

Education  —0.05 [-0.50,0.22]  0.17 0.74
years

NAS 0.19 [~0.24,0.63]  0.23 0.46

PSS10 0.26 [-0.08,0.57]  0.17 0.13

CTQ-t ~0.29 [-0.57, —0.03] 0.14 0.04

Distinct relationships between two
dimensions of childhood adversity and
dynamic stages of behavior monitoring

We found that the severity of childhood adversity is associated
with more allocation of controlled attention (indicated by the
more negative NoGo-N2 and ERN amplitudes) as well as less
conscious error assessment (indicated by the less positive Pe
amplitudes). In the next step, we explored whether different
dimensions of childhood adversity (i.e. abuse and neglect) have a
distinct relationship with behavior monitoring. The same multi-
plelinear regression was repeated on dynamic stages of behavior
monitoring with primary predictors (abuse and neglect) and
control variables (age, education year, NAS and PSS10).

‘For the response inhibition’, the results from the multi-
ple regression with bootstrap revealed that neither abuse nor
neglect was significantly associated with an index of response
inhibition (i.e. false alarm rate and NoGo-N2/P3 amplitudes,
P values >0.10).

‘For the error processing’, the multiple regression model for
ERN amplitudes showed that neither abuse nor neglect was
associated with ERN amplitudes (P values>0.10). The multi-
ple regression model explained 23.4% of the variance in Pe

Age —0.04 [-0.34,033]  0.17 0.82

Education  —0.07 [-0.53,0.17]  0.17 0.62
years

NAS 0.18 [-0.25,056]  0.21 0.43

PSS10 0.24 [-0.07,057] 0.6 0.15

Abuse —0.33 [~0.64, —0.02] 0.16 0.04

Neglect —0.05 [-0.40,031] 0.8 0.78

Table 6. Bootstrapping regression of CTQ’s two dimensions on
decreases in post-error accuracy

Standardized Standard
regression error
coefficient B 95% CI (bootstrap) P

Age ~0.10 [-0.47,0.13]  0.15 0.44

Education 0.12 [-0.11,055]  0.18 0.44
years

NAS —0.08 [-0.33,0.22]  0.14 0.53

PSS10 —0.10 [-0.45,027] 0.8 0.59

Abuse 0.37 [-0.01,0.77]  0.20 0.06

Neglect ~0.20 [-0.52,0.01]  0.17 0.22

amplitudes [Table 5, R? = 0.23, F(6,57) =2.59, P =0.03], and CTQ-
abuse score significantly predicted Pe amplitudes (Figure 3 Left).
To evaluate the hypothesis more precisely, standardized beta
coefficients and CIs were compared between CTQ-abuse and
CTQ-neglect. As shown in Figure 4 Left, CIs of Pe mean ampli-
tudes for abuse and neglect overlapped substantially (over 50%),
demonstrating that the regression coefficient for CTQ-abuse
was not considered significantly different from the CTQ-neglect
regression coefficient (Cumming, 2009).

‘For post-error adjustments’, the multiple regression model
explained 16% of the variance in decreases in post-error accu-
racy [Table 6, R2=0.16, F(6,59) =1.68, P>0.10], and only CTQ-
abuse score marginally positively predicted decreases in post-
error accuracy (Figure 3 Right). Furthermore, as shown in
Figure 4 Right, ClIs of post-error accuracy for abuse were clearly
distinguished from neglect (less than 50%), indicating that
the relationships for decreases in post-error accuracy were
significantly different between CTQ-abuse and CTQ-neglect
(Cumming, 2009). However, the multiple regression model for
post-error slowing showed that neither abuse nor neglect was
associated with post-error slowing (P values>0.10).

The relationships between ERP components and
behavioral performance

Correlations between NoGo-N2 amplitudes or latencies and
response performance (hit rate, false alarm rate and RT to
correct hit trials) were not significant (r values=0.03 to 0.14,
P values > 0.10). NoGo-P3 amplitudes were positively correlated
with hit rate (r=0.38, P=0.00) and negatively correlated with
RT to correct hit trials (r=—0.31, P=0.019). There was also a
marginally negative relationship between NoGo-P3 amplitudes
and false alarm rate (r= —0.23, P=0.076). That is, more positive
NoGo-P3 amplitudes were associated with the faster and more
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accurate response to the Go stimulus as well as the marginally
lower false alarm response to the NoGo stimulus.

Correlations between ERN amplitudes or latencies and post-
error performance (post-error slowing and decreases in post-
error accuracy) were not significant (r values =0.017-0.22, P val-
ues>0.10). The Pe amplitudes were negatively correlated with
post-error slowing (r=—0.52, P=0.00) as well as decreases in
post-error accuracy (r=—0.44, P=0.00). In short, more posi-
tive Pe amplitudes were associated with less post-error slowing
and lower decreases in post-error accuracy (i.e. better behavioral
adjustment after making an error).

Discussion

The present study investigated the relationships between child-
hood adversity (and its two dimensions) and dynamic behavioral
monitoring in healthy young adults. There were three major
findings in this study: (i) Adults with higher severity of childhood
adversity deployed more controlled attention (indicated by more

negative NoGo-N2 and ERN amplitudes) in the Go/NoGo task;
(i) Higher severity of childhood abuse (as a proxy of threat) was
related with less awareness/appraisal of errors (indicated by less
positive error-related Pe amplitudes); and (iii) Higher severity of
childhood abuse was significantly and distinctively related with
poorer post-error adjustment (i.e. lower post-error accuracy).
These associations were emerged in rather healthy individuals
during adulthood, even by controlling potential factors such as
age, education, current negative affect and perceived chronic
stress.

Adults with higher severity of childhood adversity dis-
played larger (more negative) response inhibition-related NoGo-
N2 amplitudes and larger (more negative) ERN amplitudes.
In the response inhibition domain, NoGo-N2 component has
been interpreted in terms of conflict detection, i.e. detection
of conflict between the internal dominant representation of
response and external nonresponse cue (Nieuwenhuis et al.,
2003; Donkers and Van Boxtel, 2004; Huster et al., 2013).
The ERN reflects an automatic comparing or detection of the
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conflict between the intended response and the actual response
(Nieuwenhuis et al., 2003; van Veen and Carter, 2006). By using
a novel Go/NoGo paradigm, van Noordt et al. (2015) found that
simply presenting individuals with cues signaling the poten-
tial need for a relative increase in response control without the
involvement of errors, response conflict resolution or inhibition
is sufficient to elicit a medial frontal N2-like component, fur-
ther overlapping with the ERN and NoGo-N2. Their finding was
in line with other studies suggesting that ERN and N2 compo-
nents from different paradigms have significantly overlapping
topographical scalp maps and that the modulation of controlled
attention is the underlying principle of medial frontal activa-
tion in performance paradigms with different task demands
(Gruendler et al., 2011; Wessel et al., 2012; van Noordt et al., 2015).
Our results, to some extent, supported this literature by showing
that childhood adversity is associated with more negative NoGo-
N2 as well as ERN amplitudes, indicating that childhood adver-
sity might have a universal influence on controlled attention.
Our results were consistent with those of Lackner et al. (2018),
who also found that adolescents with greater adverse childhood
experiences showed larger ERN differentiation (error—-correct dif-
ference). The positive relationship between higher childhood
adversity and more allocation of controlled attention echoed
with findings from a neuroimaging stop-signal task in which
adopted adolescents with a history of neglect and maltreatment
had higher activation in brain regions involved in conflict moni-
toring (dorsal ACC) and inhibitory and response control (inferior
PFC and striatum) but equal behavioral performance compared
to the control group (Mueller et al., 2010). Similarly, we found
that behavioral performance was not influenced by childhood
adversity (even after controlling the N2 level), suggesting that
more controlled attention does not lead to better behavioral per-
formance in individuals exposed to childhood adversity. In other
words, compared to individuals with a low level of childhood
adversity, individuals who suffered from more severe childhood
adversity are less neurally efficient when conducting executive
tasks.

If an error is detected immediately after a false alarm
response to NoGo trials, post-error behavioral adjustments may
occur. In general, the accuracy rate for the post-error trials in our
study was lower compared to the post-correct trials (decreases in
post-error accuracy). One possible explanation for such double
error is bottom-up error-induced blindness, i.e. error processing
interferes with task performance when subsequent decisions
must be made rapidly (Jentzsch and Dudschig, 2009; Notebaert
etal., 2009; Buzzell et al., 2017), as the response-stimulus interval
in our study design was relatively short (approximately 400-
600ms). Another possibility is the impaired top-down control
after error detection. In support of this, we found that it is Pe
amplitude rather than ERN amplitude that is associated with
post-error behavior, i.e. the more positive the Pe amplitude,
the higher the accuracy of the post-error trials. According to
previous literature, the Pe component reflects error awareness
or emotional appraisal of the error and might be involved in
motivated strategy adjustments after an error is committed
(van Veen and Carter, 2006; Hajcak and Foti, 2008; Boldt and
Yeung, 2015). Therefore, both the bottom-up attentional bottle-
neck and the impaired top-down control might contribute to the
reduction in post-error accuracy.

Our result showed that the severity of childhood abuse
was associated with late stage of error processing: the more
severe the childhood abuse, the smaller (less positive) the Pe
amplitude. On the one hand, the association between child-
hood abuse and less positive Pe amplitude suggested that
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higher severity of childhood abuse is associated with less
pronounced conscious recognition and/or emotional/motivated
appraisal of an error. On the other hand, the less salient
appraisal of the error leads to less behavior adjustments after
an error commission. This speculation further receives evi-
dence from our own data: the positive association between the
severity of childhood abuse and decreases in post-error accu-
racy. A similarly decreased Pe amplitude and poor post-error
adjustments have been found in individuals with externaliz-
ing disorders, characterized as impulsive or antisocial behaviors
(Wilkowski and Robinson, 2008; Luijten et al., 2014), which
are common comorbidities of childhood abuse (Duffy et al,
2018). It is possible that impaired error assessment mediates
the relationship between childhood abuse and externalizing
disorders. More specifically, childhood abuse might increase
the risk for externalizing disorder by means of a decreased
saliency of error assessment and subsequent incapability of
behavioral adjustments in response to the error. However,
due to the lack of assessment of externalizing symptoms in
our study, more empirical researches are needed to test this
hypothesis.

As the theoretical models have proposed, the dimensions of
threat and deprivation should be distinguished among child-
hood adversities and may have differential impacts on the
brain and cognition (McLaughlin et al., 2014; Sheridan and
McLaughlin, 2014; Humphreys and Zeanah, 2015; Teicher and
Samson, 2016; Teicher et al., 2016). This view is also aligned with
the proposal by the Research domain criteria, which emphasizes
fundamental dimensions and validates particular dimensions
by exploring their associated behavioral and neural underpin-
nings (Insel et al,, 2010; Cuthbert and Insel, 2013). Partially
consistent with this proposal, we found that abuse (as a proxy
of threat) was numerically associated with error assessment.
Furthermore, only abuse rather than neglect (as a proxy of
deprivation) was distinctively associated with post-error adjust-
ment (post-error accuracy change). However, contrary to the
dimensional model that threat (experiences of violence at an
early age) would give rise to alterations in cortical and sub-
cortical circuits involved in emotional processing, leading to
heightened reactivity to threat information in the environment
(McLaughlin et al., 2014), our result showed that abuse was asso-
ciated with attenuated rather than an exaggerated assessment
of errors, a specific type of emotional event from an early abu-
sive environment. This effect, to some extent, was consistent
with previous findings that abused children tended to avoid neg-
ative information both on the behavioral level (bias attention
away from threat information) (Pine et al., 2005) and on the neu-
ral level (decreased activation of amygdala and insula to social
rejection) (Puetz et al., 2016). Results of both the blunted error
assessment in the current study and avoidance to threat in the
previous two studies (Pine et al., 2005; Puetz et al., 2016) could be
explained by the cortical and cognitive adaptation mechanism,
i.e. downregulation of emotional response to negative events fol-
lowing iterative exposure to threat (Heim et al., 2013). Another
interpretation is disengagement coping, i.e. responses oriented
away from the stressor or one’s emotions, which is a typical cop-
ing strategy among individuals with childhood abuse (Compas
et al., 2001; Leitenberg et al., 2004). While initially protective,
such decreased motivated error processing might represent a
direct biological substrate for the development of behavioral
problems in later life, such as failure to adjust behavior in the
face of repeated errors, as our study showed. From the perspec-
tive of behavioral cost of error, our results suggest that child-
hood abuse is associated with poor behavioral adjustment after
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making an error, which is partially consistent with the hypoth-
esis by McLaughlin et al. (2014).

Behavior monitoring is a key component of cognitive control,
which is crucial to mature adaptive behavior. Although child-
hood adversity is widely accepted as an important risk factor
for the development of psychopathology (Kessler et al., 2010;
McLaughlin et al., 2012), it is worthwhile to mention that all
the participants in our study are mentally healthy despite expo-
sure to varying degrees of childhood adversity. Individuals who
demonstrate stable and healthy levels of functioning on one
or more domains after experiences of adversity are commonly
referred to as ‘resilient’ (Kalisch et al., 2019). By comprehensively
reviewing the literature, Moreno-Lépez et al. (2020) proposed
that resilient functioning after childhood adversity is character-
ized by strong executive control, dampened threat processing
and habituation of stress responses potentially through stronger
connectivity between the central executive network and limbic
regions. Therefore, rather than vulnerability, the more con-
trolled attention and less motivated assessment of errors in our
study might represent resilient factors to childhood adversity.
However, the lack of a comparison group (adults reporting simi-
lar childhood adversity with current psychopathology) limits us
from making a strong inference.

Except for the lack of comparison group, there are some other
limitations to the current study that should be addressed. First,
all the participants in the current study were young healthy
males. This specific sample, on the one hand, mitigates poten-
tial confounding factors such as hormonal contraceptive use
or menstrual cycle, but on the other hand, limits the general-
izability. Thus, we do not know whether childhood adversity
influence males and females differently. This will be addressed
in future studies. Second, we only used the self-reported past
experiences of childhood maltreatment instead of a detailed
interview or documentary recording. However, we controlled
both the concurrent negative affect and chronic stress level,
which, to some extent, may control the recall bias effects on
traumatic events. Third, although the CTQ is a reliable, valid
and commonly used instrument for retrospective assessment of
childhood adversity, it limits our understanding of the specific
developmental stage(s) (i.e. infancy, childhood or adolescence)
of trauma exposure, which is a very important factor on the
effect of early adversity on brain development (McLaughlin et al.,
2014; Teicher et al., 2016; Dunn et al., 2019).

Conclusion

In summary, our study demonstrates that the severity of child-
hood adversity is associated with more allocation of controlled
attention, as shown by both higher level of response con-
flict during response inhibition (as indicated by more nega-
tive NoGo-N2 amplitudes) and automatic error detection during
error processing (as indicated by more negative ERN ampli-
tudes). Furthermore, abuse is associated with the less emotional
assessment of errors and poorer behavioral adjustment after
making an error (as indicated by less positive Pe amplitudes
and more double errors). Our findings provide preliminary evi-
dence for the distinct consequences of childhood adversity on
the neurocognitive processes of behavior monitoring later in
adult life.
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