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1  |  INTRODUC TION

The startle reflex, a defensive reaction in animals and humans, is 
measured by recording the magnitude of orbicularis oculi muscle 
contraction in response to sudden aversive stimulation (e.g. electric 
shock, white noise burst). It is mediated by well- established neural 
circuitry underlying fear processing and captures individual differ-
ences in the excitability of the amygdala, a region of the brain im-
plicated in anxiety (Davis, 2006). In adults and adolescents, larger 
startle magnitude associates with heightened threat aversion and 
negative emotional state and has been suggested as a biomarker of 
fear disorders (Vaidyanathan et al., 2012), but less is known about 
startle in young children.

Larger startle reflexes are elicited in fear- inducing, aversive con-
texts (e.g. angry face, violent scene) relative to positive (e.g. happy 
face, happy scene) or neutral (e.g. neutral face, neutral scene) con-
texts in healthy adults (Cuthbert et al., 1996; Grillon, 2002) and ad-
olescents (Grillon et al., 1998, 1999); however, this phenomenon, 
known as fear- potentiated startle, may be disrupted by clinically sig-
nificant anxiety. Higher levels of anxiety associate with larger startle 
during both threatening and neutral relative to positive conditions 
(Grillon et al., 1994; Morgan et al., 1995). In clinically anxious adults, 
selective failure to inhibit startle response during neutral conditions 
has been observed (Grillon, 2002; Lissek et al., 2006)— a finding 
that may reflect heightened threat reactivity that is only inhibited 
by overtly positive cues (Davis et al., 2010) or disturbances in fear 
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Abstract
A putative biomarker of anxiety risk, the startle response is typically enhanced by 
negative compared to neutral emotion modulation in adults, but remains understud-
ied in children. To determine the extent to which neutral, negative, and positively 
valenced emotional conditions modulate startle response in early life, a child- friendly 
film paradigm was used to vary emotion across these conditions during startle induc-
tion in sixty- four 4-  to 7- year- old children. Association of emotion- modulated startle 
with parent- reported anxiety symptom severity and child behavioral inhibition, a risk 
factor for anxiety problems, were assessed. Analyses revealed no difference in startle 
magnitude during negative compared to neutral film clips. By contrast, startle during 
both negative and neutral conditions was greater than startle during the positive con-
dition. Larger startle magnitude during the neutral condition associated with higher 
levels of child behavioral inhibition (BI). These results are consistent with possible 
immaturity of startle response in young children, and suggest that startle amplitude 
in more emotionally ambiguous, neutral conditions could serve as an early biomarker 
for anxiety risk.
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anywhere from 15% to 23% of anxious youth meet criteria for at-
tention-deficit hyperactivity disorder (ADHD; Angold, Costello, 
& Erkanli, 1999; Kendall, Brady, & Verduin, 2001), and about 9% 
of anxious youth meet criteria for oppositional defiant disorder 
(ODD; Kendall et al., 2001). It is well established that childhood 
comorbidity is associated with significantly worse short- and 
long-term psychosocial impairments (Fraire & Ollendick, 2013; 
Franco, Saavedra, & Silverman, 2007). Despite moderate rates 
of anxiety and externalizing psychopathology comorbidity, their 
neurobiological origins are not well understood, which is sig-
nificant given increasing clinical research emphasis on under-
standing the underlying pathophysiology of common psychiatric 
disorders and syndromes, and identifying the extent to which 
disorders and subtypes are associated with similar or unique 
neurophysiological characteristics (Insel et al., 2010; Shankman 
& Gorka, 2015).

Psychophysiological tools, such as scalp-recorded electro-
encephalogram (EEG) recordings in response to environmental 
cues of threat and error monitoring, have proven to be useful in 
identifying neural correlates of different forms of psychopathol-
ogy across the life span (e.g., Shankman & Gorka, 2015). Over 
50 studies have focused on the error-related negativity (ERN), 
an event-related potential (ERP) component typically measured 
at frontocentral electrodes 50–100 ms following commission 
of an error (Olvet & Hajcak, 2008; Weinberg, Riesel, & Hajcak, 
2012). Source localization studies and investigations employing 
EEG and functional magnetic resonance imaging (fMRI; Debener 
et al., 2005; Fitzgerald et al., 2005; Mathalon, Whitfield, & Ford, 
2003) have identified the anterior cingulate cortex (ACC) as the 
region of the brain that generates the ERN. The ACC is the pri-
mary brain mechanism involved in online monitoring for conflict 
between simultaneously active but incompatible streams of in-
formation (Shiels & Hawk, 2010). Greater ERN amplitudes are 
theorized to reflect processes of heightened conflict monitor-
ing (Yeung, Botvinick, & Cohen, 2004), and sensitivity to threat 
(Weinberg et al., 2016) and punishment (Shackman et al., 2011; 
Zambrano-Vazquez, & Allen, 2014). Research has indicated that 
the ERN represents a trait-like neural response to errors, as it 
demonstrates strong test-retest reliability and rank-order stabil-
ity. Furthermore, ERN amplitudes appear to be multiply deter-
mined by genetic and environmental influences (Weinberg, Klein, 
& Hajcak et al., 2012).

Research has shown that the ERN is a neural correlate of 
psychopathology, particularly anxiety disorders. Specifically, 
enhanced (i.e., more negative) ERN in anxious individuals is fre-
quently observed, and has been consistently replicated in both 
adult (Hajcak, Klawohn, & Meyer, 2019; Weinberg, Dieterich, & 
Riesel, 2015) and pediatric samples (Ladouceur, Dahl, Birmaher, 
Axelson, & Ryan, 2006; Meyer, 2017). Enhanced ERN has been 
shown to prospectively predict the onset of anxiety psychopa-
thology in school-age children (Meyer, Proudfit, Torpey-Newman, 
Kujawa, & Klein, 2015), adolescents (Meyer, Nelson, Perlman, 
Klein, & Kotov, 2018), and adults (Tang et al., 2020), to identify 

individuals with a family history of anxiety (Riesel et al., 2019), and 
to associate with fear-based anxiety symptoms in adults (Gorka, 
Burkhouse, Afshar, & Phan, 2017).

Although studies have been more limited, differences in ERN 
have also been documented in individuals with externalizing symp-
tomatology (Pasion & Barbosa, 2019). Externalizing symptoms and 
disorders have been linked with error-related hypoactivity or a 
blunted ERN, which means more positive rather than negative ERN 
amplitudes, the latter being observed in anxiety disorders (Hall, 
Bernat, & Patrick, 2007; Pasion & Barbosa, 2019; Shiels & Hawk, 
2010). Blunted ERNs have been documented in youth with ADHD 
and disruptive behavior disorders (Geburek, Rist, Gediga, Stroux, & 
Pedersen, 2013; Meyer & Klein, 2018; Vilà-Balló, Hdez-Lafuente, 
Rostan, Cunillera, & Rodriguez-Fornells, 2014). This suggests that 
externalizing symptoms and psychopathology are characterized by 
deficient error responding and impaired error evaluation.

It is important to note that ERN findings in the anxiety and ex-
ternalizing literatures have not been entirely consistent, such that 
symptom/disorder and ERN patterns do not always demonstrate the 
expected directional relationships, particularly when there is comor-
bid psychopathology. For example, some adult studies have found 
that ERN and anxiety disorder associations differ when individuals 
have comorbid depression (Weinberg, Klein, et al., 2012; Weinberg, 
Kotov, & Proudfit, 2015). In addition, Stieben et al. (2007) found 
that the association between externalizing problems and a blunted 
ERN was less apparent among children with comorbid internalizing 
problems.

Despite the high prevalence of anxiety disorders (Beesdo et al., 
2009; Copeland et al., 2014) and frequent co-occurrence of exter-
nalizing problems in childhood (Angold, Costello, & Erkanli, 1999; 
Kendall et al., 2010; Verduin & Kendall, 2003), how anxiety and ex-
ternalizing comorbidity patterns relate to ERN profiles has yet to be 
tested. Research that examines these relations could have the po-
tential to resolve some of the inconsistencies observed in the ERN 
pediatric literature, increase precision in our understanding of neural 
correlates of anxiety comorbidity subtypes, and elucidate primary 
sources of impairment that could have translational implications. 
Accordingly, the primary aim of this preliminary study was to be one 
of the first to investigate how ERN responses could differentiate 
anxious subtypes as defined by those with and without comorbid 
externalizing problems in a pediatric sample. Healthy youth, defined 
as those without lifetime histories of psychiatric disorders, were also 
included in order to examine psychiatric symptom and ERN rela-
tions dimensionally. The overall sample consisted of anxious youth 
and healthy controls (ages 7–19 years old) who were recruited for a 
study of the treatment of pediatric anxiety disorders. Based on prior 
work on ERN in anxiety disorders (Meyer, 2017; Meyer et al., 2013), 
we hypothesized that youth with greater anxiety symptoms who did 
not have co-occurring externalizing problems would demonstrate 
enhanced ERN (i.e., greater sensitivity to errors). Drawing on pre-
liminary studies suggesting anxiety and ERN relations could be qual-
ified by psychiatric comorbidity (Stieben et al., 2007), we predicted 
that youth with co-occurring anxiety symptoms and externalizing 
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modulation because neutral contexts are more difficult to interpret 
than negative or positive contexts (Denefrio et al., 2019; Grillon, 
2002). Indeed, interpretation of neutral/ambiguous information as 
negative or threatening has been demonstrated in anxious adoles-
cents and adults (Miers et al., 2008; Peschard & Philippot, 2017; 
Yoon & Zinbarg, 2008), and elevated startle response to safety stim-
uli in adolescence predicts the onset of anxiety disorders in adults 
(Craske et al., 2012).

Findings from the study of startle in anxious or fearful children 
are less consistent. Startle response across negative, positive, and 
neutral pictures has been found to be greater in children with anxiety 
disorders relative to non- anxious 9-  to 12- year- old children (Waters 
et al., 2005). In a community sample of children 8 to 13 years, larger 
startle magnitude during a safety condition was found to predict 
greater anxiety symptoms (Jovanovic et al., 2014). However, other 
recent work found no relation between affectively modulated star-
tle and anxiety disorder status in similarly aged, 8-  to 10- year- old 
children (Meyer et al., 2017). In younger children, 4-  to 8- year- old, 
larger startle magnitude during both neutral and negative faces dis-
tinguished those with an anxiety disorder compared to those with-
out (Waters et al., 2008).

These divergent results may reflect developmental differ-
ences in neural systems for threat processing across different ages 
(Thomas et al., 2001), but could also stem from differences in startle 
paradigms. Traditional paradigms used to study emotion- modulated 
startle in adults and adolescents use threat of electric shock, aver-
sive sounds, air blasts to the larynx, and darkness to create aversive 
conditions (Grillon & Ameli, 1998; Grillon et al., 1999). These same 
paradigms are widely held to be developmentally inappropriate and 
too averse to parse differences in response conditions in very young 
children (e.g. highly averse negative conditions could contaminate 
other conditions for some children, Grillon & Baas, 2003), prompting 
the use of more developmentally appropriate, picture- based emo-
tional stimuli (e.g. Waters et al., 2005, 2008). However, most picture 
stimuli have been developed for the study of adults, and some im-
ages may be overly aversive, while others are insufficiently arousing 
for children (McManis et al., 2001; Waters et al., 2005). In sum, these 
methodological limitations have hindered attempts to determine 
whether emotion- modulated startle tracks anxiety and/or anxiety 
risk in children.

In response, Quevedo et al., (2010) designed a child-  and adult- 
friendly, affectively valenced film paradigm to modulate emotion in 
a community sample of children ages 3, 5, 7, and 9 and adults. Across 
all ages, magnitude of startle was significantly higher in the nega-
tive relative to neutral, and neutral relative to positive conditions. 
These findings are in contrast to earlier studies that found no affec-
tive modulation of startle response in healthy children ages 7 to 12 
(Cook et al., 1995; McManis et al., 1995; Waters et al., 2005, 2008). 
Self and/or parent- reported anxiety severity in Quevedo et al.,'s 
(2010) sample was related to larger startle magnitude, but only in 
the baseline condition. In addition, the relation was present in older 
children (ages 7 and 9) and adults, but not younger children (3 and 
5 years). Adapting this paradigm, Lo et al., (2015) found that healthy 

children ages 4 to 7 years demonstrated larger startle magnitude 
in both negative and neutral relative to positive film clip conditions, 
but did not test if startle was related to anxiety symptoms. Thus, 
it remains unclear precisely how startle is affectively modulated in 
young children, and if affective startle modulation is related to anx-
iety severity.

Temperamental risk for anxiety may further influence startle 
characteristics in children. For example, behavioral inhibition (BI), a 
pattern of behavioral fear or avoidance of novel stimuli and early 
risk marker for anxiety disorders (Blackford et al., 2011; Kagan et al., 
1988) has been shown to influence startle in children, with those 
higher in BI showing greater magnitude of startle to safety cues than 
those low in BI (Barker et al., 2014). However, studies of preschool 
aged children with the film clip paradigm (Lo et al., 2015; Quevedo 
et al., 2010) did not examine startle in relation to BI— an especially 
relevant risk marker for anxiety in children under 5 years who may be 
biologically prone to anxiety disorders but not yet exhibiting symp-
toms. Additional studies employing engaging, affectively- valenced 
film clips that concurrently measure anxiety severity and BI are 
needed to advance understanding of startle as a potential biomarker 
of anxiety and/or anxiety risk in young children.

Thus, the current study employed the film clip paradigm to ex-
amine startle during three affectively valenced conditions in children 
ages 4 to 7 years old. In addition, parent report was used to assess BI 
and anxiety symptoms in children. Prior studies of startle in young 
children during the film paradigm have produced inconsistent results 
(Lo et al., 2015; Quevedo et al., 2010). We predicted larger startle 
magnitude would associate with both negative and neutral com-
pared to positive film clips, consistent with potentially less mature 
capacity for contextual differentiation of threat response in children 
and some prior work (Lo et al., 2015, but see Quevedo et al., 2010). 
To assess the viability of startle as a biomarker of either early risk or 
impairment, we explored the relation of startle response magnitude 
with concurrently measured anxiety problems and BI.

2  | METHODS

Eighty- eight 4-  to 7- year- old children were sampled from the com-
munity and a Child Psychiatry clinic to capture a spectrum of anxiety 
symptom severity. Children could have no history of neurodevelop-
mental delay, autism spectrum disorder, mental retardation, head 
injury, or serious medical illness, and take no medications affecting 
central nervous system functioning. Caregivers consented to the 
study and children were given an age- appropriate task overview (IRB 
waived assent due to young child age). While children completed the 
startle procedure, caregivers completed the Behavioral Inhibition 
Questionnaire (BIQ) and the Child Behavior Checklist (CBCL). Of 
88 who attempted the startle procedure, 64 children (34 female) 
with analyzable startle data (see criteria below) ranged from 3.75 to 
7.92 years old (M = 5.91, SD = 1.11); 64.1% were Caucasian, 10.9% 
African American, 21.9% bi- racial and 3.1% Asian/Pacific Islander. Of 
the 64, 12 were missing BIQ (measure added after study initiation), 
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anywhere from 15% to 23% of anxious youth meet criteria for at-
tention-deficit hyperactivity disorder (ADHD; Angold, Costello, 
& Erkanli, 1999; Kendall, Brady, & Verduin, 2001), and about 9% 
of anxious youth meet criteria for oppositional defiant disorder 
(ODD; Kendall et al., 2001). It is well established that childhood 
comorbidity is associated with significantly worse short- and 
long-term psychosocial impairments (Fraire & Ollendick, 2013; 
Franco, Saavedra, & Silverman, 2007). Despite moderate rates 
of anxiety and externalizing psychopathology comorbidity, their 
neurobiological origins are not well understood, which is sig-
nificant given increasing clinical research emphasis on under-
standing the underlying pathophysiology of common psychiatric 
disorders and syndromes, and identifying the extent to which 
disorders and subtypes are associated with similar or unique 
neurophysiological characteristics (Insel et al., 2010; Shankman 
& Gorka, 2015).

Psychophysiological tools, such as scalp-recorded electro-
encephalogram (EEG) recordings in response to environmental 
cues of threat and error monitoring, have proven to be useful in 
identifying neural correlates of different forms of psychopathol-
ogy across the life span (e.g., Shankman & Gorka, 2015). Over 
50 studies have focused on the error-related negativity (ERN), 
an event-related potential (ERP) component typically measured 
at frontocentral electrodes 50–100 ms following commission 
of an error (Olvet & Hajcak, 2008; Weinberg, Riesel, & Hajcak, 
2012). Source localization studies and investigations employing 
EEG and functional magnetic resonance imaging (fMRI; Debener 
et al., 2005; Fitzgerald et al., 2005; Mathalon, Whitfield, & Ford, 
2003) have identified the anterior cingulate cortex (ACC) as the 
region of the brain that generates the ERN. The ACC is the pri-
mary brain mechanism involved in online monitoring for conflict 
between simultaneously active but incompatible streams of in-
formation (Shiels & Hawk, 2010). Greater ERN amplitudes are 
theorized to reflect processes of heightened conflict monitor-
ing (Yeung, Botvinick, & Cohen, 2004), and sensitivity to threat 
(Weinberg et al., 2016) and punishment (Shackman et al., 2011; 
Zambrano-Vazquez, & Allen, 2014). Research has indicated that 
the ERN represents a trait-like neural response to errors, as it 
demonstrates strong test-retest reliability and rank-order stabil-
ity. Furthermore, ERN amplitudes appear to be multiply deter-
mined by genetic and environmental influences (Weinberg, Klein, 
& Hajcak et al., 2012).

Research has shown that the ERN is a neural correlate of 
psychopathology, particularly anxiety disorders. Specifically, 
enhanced (i.e., more negative) ERN in anxious individuals is fre-
quently observed, and has been consistently replicated in both 
adult (Hajcak, Klawohn, & Meyer, 2019; Weinberg, Dieterich, & 
Riesel, 2015) and pediatric samples (Ladouceur, Dahl, Birmaher, 
Axelson, & Ryan, 2006; Meyer, 2017). Enhanced ERN has been 
shown to prospectively predict the onset of anxiety psychopa-
thology in school-age children (Meyer, Proudfit, Torpey-Newman, 
Kujawa, & Klein, 2015), adolescents (Meyer, Nelson, Perlman, 
Klein, & Kotov, 2018), and adults (Tang et al., 2020), to identify 

individuals with a family history of anxiety (Riesel et al., 2019), and 
to associate with fear-based anxiety symptoms in adults (Gorka, 
Burkhouse, Afshar, & Phan, 2017).

Although studies have been more limited, differences in ERN 
have also been documented in individuals with externalizing symp-
tomatology (Pasion & Barbosa, 2019). Externalizing symptoms and 
disorders have been linked with error-related hypoactivity or a 
blunted ERN, which means more positive rather than negative ERN 
amplitudes, the latter being observed in anxiety disorders (Hall, 
Bernat, & Patrick, 2007; Pasion & Barbosa, 2019; Shiels & Hawk, 
2010). Blunted ERNs have been documented in youth with ADHD 
and disruptive behavior disorders (Geburek, Rist, Gediga, Stroux, & 
Pedersen, 2013; Meyer & Klein, 2018; Vilà-Balló, Hdez-Lafuente, 
Rostan, Cunillera, & Rodriguez-Fornells, 2014). This suggests that 
externalizing symptoms and psychopathology are characterized by 
deficient error responding and impaired error evaluation.

It is important to note that ERN findings in the anxiety and ex-
ternalizing literatures have not been entirely consistent, such that 
symptom/disorder and ERN patterns do not always demonstrate the 
expected directional relationships, particularly when there is comor-
bid psychopathology. For example, some adult studies have found 
that ERN and anxiety disorder associations differ when individuals 
have comorbid depression (Weinberg, Klein, et al., 2012; Weinberg, 
Kotov, & Proudfit, 2015). In addition, Stieben et al. (2007) found 
that the association between externalizing problems and a blunted 
ERN was less apparent among children with comorbid internalizing 
problems.

Despite the high prevalence of anxiety disorders (Beesdo et al., 
2009; Copeland et al., 2014) and frequent co-occurrence of exter-
nalizing problems in childhood (Angold, Costello, & Erkanli, 1999; 
Kendall et al., 2010; Verduin & Kendall, 2003), how anxiety and ex-
ternalizing comorbidity patterns relate to ERN profiles has yet to be 
tested. Research that examines these relations could have the po-
tential to resolve some of the inconsistencies observed in the ERN 
pediatric literature, increase precision in our understanding of neural 
correlates of anxiety comorbidity subtypes, and elucidate primary 
sources of impairment that could have translational implications. 
Accordingly, the primary aim of this preliminary study was to be one 
of the first to investigate how ERN responses could differentiate 
anxious subtypes as defined by those with and without comorbid 
externalizing problems in a pediatric sample. Healthy youth, defined 
as those without lifetime histories of psychiatric disorders, were also 
included in order to examine psychiatric symptom and ERN rela-
tions dimensionally. The overall sample consisted of anxious youth 
and healthy controls (ages 7–19 years old) who were recruited for a 
study of the treatment of pediatric anxiety disorders. Based on prior 
work on ERN in anxiety disorders (Meyer, 2017; Meyer et al., 2013), 
we hypothesized that youth with greater anxiety symptoms who did 
not have co-occurring externalizing problems would demonstrate 
enhanced ERN (i.e., greater sensitivity to errors). Drawing on pre-
liminary studies suggesting anxiety and ERN relations could be qual-
ified by psychiatric comorbidity (Stieben et al., 2007), we predicted 
that youth with co-occurring anxiety symptoms and externalizing 
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and 2 were missing CBCL. These data were found to be missing com-
pletely at random (Little's MCAR p =0.78), and multiple imputation 
was used to impute missing values (Expectation- Maximization algo-
rithm, 10 iterations).

2.1  |  Measures

The Behavioral Inhibition Questionnaire (Bishop et al., 2003) as-
sesses BI in children ages 2 through adolescence (Broeren & Muris, 
2010). Parents rated frequency of their children's behavior on a 7- 
point scale from 1 (hardly ever) to 7 (almost always). Analyses consid-
ered raw scores on the BIQ which capture the full range of variance 
and because population- normed T- scores are not available for this 
instrument.

Child anxiety symptoms were measured by parent report on 
the DSM- oriented Anxiety Problems subscale of the Child Behavior 
Checklist (CBCL/1- 5 years and CBCL/6- 18 years; Achenbach & 
Rescorla, 2001). The CBCL is commonly used to measure child 
psychopathology and is considered more accurate than self- report 
in young children who struggle to provide accurate self- ratings 
(Tandon et al., 2009). Because the age range of our subjects required 
use of both the younger and older versions of the CBCL, population- 
normed T- scores, rather than raw scores, were used to collapse 
across subjects for analyses.

2.2  |  Startle paradigm

The startle paradigm developed by Lo et al., (2015) was used to 
test the effect of emotion modulation on startle response. Emotion 
modulation was induced using 12 unique video clips, selected for 
child- friendly, emotionally evocative content. Ratings by 11 early 
childhood development experts confirmed the clips were both 
child- appropriate and likely to induce positive, negative and neu-
tral emotions in 4-  to 7- year olds (Table S1). Clips ranged from 0.82 
to 1.35 min in duration, and included four positive clips from “The 
Incredibles,” “Harry Potter & the Sorcerer's Stone,” “Hoosiers,” 
and “Unaccompanied Minors,” four negative clips from “The Fox & 
the Hound,” “Jumanji,” “Monster House,” and “Harry Potter & the 
Chamber of Secrets,” and four neutral clips from “Secret Garden,” 
“Goonies,” and “Matilda”. Between each clip, a blue screen was 
presented for 10 s to serve as an inter- trial interval (ITI) to reduce 
carry- over effects and quantify general startle reactivity. Each par-
ticipant viewed one of three possible orders of film clip presenta-
tions, pseudo- randomized to ensure that films of the same valence 
were never presented consecutively.

During the film clip paradigm, startle probes were 100 db SPL(A) 
broadband white noise bursts (50 ms duration) presented binaurally 
at intermittent times throughout each video clip. Prior to beginning 
the experiment, probes were presented on 3 occasions during a neu-
tral film clip with a nature scene for startle habituation. During the 
paradigm, probes were administered randomly (7– 12 s intervals, 3 

per film clip), following a 13 s acclimation period at the beginning of 
each clip. Probes were also presented randomly 2, 4, or 5 s into the 
ITI trials. A total of 52 startle probes were administered (3 during 
habituation, 3 during each film clip, 1 during each of 13 ITIs). After 
excluding habituation, 49 trials were analyzed.

2.3  |  Data collection and processing

Startle was measured as the electromyographic (EMG) response 
to startle probes, recorded using a Biosemi ActiveTwo System 
(BioSemi). Two Ag- AgCl active electrodes placed under the left 
eye, along the orbicularis oculi muscle (Blumenthal et al., 2005), and 
grounded by BioSemi's Common Mode Sense active and Driven 
Right Leg passive electrodes. Raw EMG was digitized by ActiveTwo's 
analog- to- digital converter (ADC) at a sampling rate of 1,024 Hz 
using a low- pass 5th order sinc response filter with a half power 
point of 1/5th the sampling rate (204.8 Hz), processed offline in 
BrainVision Analyzer 2 (BrainProducts) using a bandpass filter (28– 
256 Hz), rectified, and baseline- corrected using the −100 to 0 ms 
window preceding the startle probe. Peak amplitude was scored 
as the largest rectified value 20– 220 ms following startle probe 
onset by a trained coder blinded to clip valence. Non- response trials 
were assigned a value of zero and were included in calculations of 
magnitude. Our scoring window exceeded the 20– 150 ms window 
recommended by Blumenthal et al., (2005) but was consistent with 
scoring methods used on this task previously in young children (Lo 
et al., 2015). Individual trials were considered valid if signal from the 
beginning of the baseline through the end of the scoring window 
(−100 to 220 ms) was free of artifact (Blumenthal et al., 2005). For 
inclusion in analyses, subjects were required to meet two criteria. 
First, each subject was required to have at least 4 ITI trials and 2 
trials from each affective condition. The average number of trials 
per condition was 10 in each condition for our included subjects. 
Baseline, probe and scoring windows had to be free from artifact. 
Second, subjects had to be classified as a startle responder, defined 
as having a startle response during at least 2 ITI trials (Blumenthal 
et al., 2005). Based on these criteria, data were analyzable for 64 
of 88 participants. Of the 24 participants excluded from analyses, 
6 had an insufficient number of non- artifactual trials during posi-
tive, negative, neutral conditions and/or ITIs and 18 were startle 
non- responders.

2.4  |  Startle magnitude quantification

Among those with analyzable startle data, startle magnitude was 
summarized using within- subjects T- scores, computed for each con-
dition (positive, negative, and neutral) relative to all other valid trials. 
This method of quantifying startle magnitude was used to account 
for observed wide individual variation in absolute blink magnitude 
(e.g. disproportionately large blinks) that is unrelated to experimen-
tal phenomena (Blumenthal et al., 2005).
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anywhere from 15% to 23% of anxious youth meet criteria for at-
tention-deficit hyperactivity disorder (ADHD; Angold, Costello, 
& Erkanli, 1999; Kendall, Brady, & Verduin, 2001), and about 9% 
of anxious youth meet criteria for oppositional defiant disorder 
(ODD; Kendall et al., 2001). It is well established that childhood 
comorbidity is associated with significantly worse short- and 
long-term psychosocial impairments (Fraire & Ollendick, 2013; 
Franco, Saavedra, & Silverman, 2007). Despite moderate rates 
of anxiety and externalizing psychopathology comorbidity, their 
neurobiological origins are not well understood, which is sig-
nificant given increasing clinical research emphasis on under-
standing the underlying pathophysiology of common psychiatric 
disorders and syndromes, and identifying the extent to which 
disorders and subtypes are associated with similar or unique 
neurophysiological characteristics (Insel et al., 2010; Shankman 
& Gorka, 2015).

Psychophysiological tools, such as scalp-recorded electro-
encephalogram (EEG) recordings in response to environmental 
cues of threat and error monitoring, have proven to be useful in 
identifying neural correlates of different forms of psychopathol-
ogy across the life span (e.g., Shankman & Gorka, 2015). Over 
50 studies have focused on the error-related negativity (ERN), 
an event-related potential (ERP) component typically measured 
at frontocentral electrodes 50–100 ms following commission 
of an error (Olvet & Hajcak, 2008; Weinberg, Riesel, & Hajcak, 
2012). Source localization studies and investigations employing 
EEG and functional magnetic resonance imaging (fMRI; Debener 
et al., 2005; Fitzgerald et al., 2005; Mathalon, Whitfield, & Ford, 
2003) have identified the anterior cingulate cortex (ACC) as the 
region of the brain that generates the ERN. The ACC is the pri-
mary brain mechanism involved in online monitoring for conflict 
between simultaneously active but incompatible streams of in-
formation (Shiels & Hawk, 2010). Greater ERN amplitudes are 
theorized to reflect processes of heightened conflict monitor-
ing (Yeung, Botvinick, & Cohen, 2004), and sensitivity to threat 
(Weinberg et al., 2016) and punishment (Shackman et al., 2011; 
Zambrano-Vazquez, & Allen, 2014). Research has indicated that 
the ERN represents a trait-like neural response to errors, as it 
demonstrates strong test-retest reliability and rank-order stabil-
ity. Furthermore, ERN amplitudes appear to be multiply deter-
mined by genetic and environmental influences (Weinberg, Klein, 
& Hajcak et al., 2012).

Research has shown that the ERN is a neural correlate of 
psychopathology, particularly anxiety disorders. Specifically, 
enhanced (i.e., more negative) ERN in anxious individuals is fre-
quently observed, and has been consistently replicated in both 
adult (Hajcak, Klawohn, & Meyer, 2019; Weinberg, Dieterich, & 
Riesel, 2015) and pediatric samples (Ladouceur, Dahl, Birmaher, 
Axelson, & Ryan, 2006; Meyer, 2017). Enhanced ERN has been 
shown to prospectively predict the onset of anxiety psychopa-
thology in school-age children (Meyer, Proudfit, Torpey-Newman, 
Kujawa, & Klein, 2015), adolescents (Meyer, Nelson, Perlman, 
Klein, & Kotov, 2018), and adults (Tang et al., 2020), to identify 

individuals with a family history of anxiety (Riesel et al., 2019), and 
to associate with fear-based anxiety symptoms in adults (Gorka, 
Burkhouse, Afshar, & Phan, 2017).

Although studies have been more limited, differences in ERN 
have also been documented in individuals with externalizing symp-
tomatology (Pasion & Barbosa, 2019). Externalizing symptoms and 
disorders have been linked with error-related hypoactivity or a 
blunted ERN, which means more positive rather than negative ERN 
amplitudes, the latter being observed in anxiety disorders (Hall, 
Bernat, & Patrick, 2007; Pasion & Barbosa, 2019; Shiels & Hawk, 
2010). Blunted ERNs have been documented in youth with ADHD 
and disruptive behavior disorders (Geburek, Rist, Gediga, Stroux, & 
Pedersen, 2013; Meyer & Klein, 2018; Vilà-Balló, Hdez-Lafuente, 
Rostan, Cunillera, & Rodriguez-Fornells, 2014). This suggests that 
externalizing symptoms and psychopathology are characterized by 
deficient error responding and impaired error evaluation.

It is important to note that ERN findings in the anxiety and ex-
ternalizing literatures have not been entirely consistent, such that 
symptom/disorder and ERN patterns do not always demonstrate the 
expected directional relationships, particularly when there is comor-
bid psychopathology. For example, some adult studies have found 
that ERN and anxiety disorder associations differ when individuals 
have comorbid depression (Weinberg, Klein, et al., 2012; Weinberg, 
Kotov, & Proudfit, 2015). In addition, Stieben et al. (2007) found 
that the association between externalizing problems and a blunted 
ERN was less apparent among children with comorbid internalizing 
problems.

Despite the high prevalence of anxiety disorders (Beesdo et al., 
2009; Copeland et al., 2014) and frequent co-occurrence of exter-
nalizing problems in childhood (Angold, Costello, & Erkanli, 1999; 
Kendall et al., 2010; Verduin & Kendall, 2003), how anxiety and ex-
ternalizing comorbidity patterns relate to ERN profiles has yet to be 
tested. Research that examines these relations could have the po-
tential to resolve some of the inconsistencies observed in the ERN 
pediatric literature, increase precision in our understanding of neural 
correlates of anxiety comorbidity subtypes, and elucidate primary 
sources of impairment that could have translational implications. 
Accordingly, the primary aim of this preliminary study was to be one 
of the first to investigate how ERN responses could differentiate 
anxious subtypes as defined by those with and without comorbid 
externalizing problems in a pediatric sample. Healthy youth, defined 
as those without lifetime histories of psychiatric disorders, were also 
included in order to examine psychiatric symptom and ERN rela-
tions dimensionally. The overall sample consisted of anxious youth 
and healthy controls (ages 7–19 years old) who were recruited for a 
study of the treatment of pediatric anxiety disorders. Based on prior 
work on ERN in anxiety disorders (Meyer, 2017; Meyer et al., 2013), 
we hypothesized that youth with greater anxiety symptoms who did 
not have co-occurring externalizing problems would demonstrate 
enhanced ERN (i.e., greater sensitivity to errors). Drawing on pre-
liminary studies suggesting anxiety and ERN relations could be qual-
ified by psychiatric comorbidity (Stieben et al., 2007), we predicted 
that youth with co-occurring anxiety symptoms and externalizing 
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3  |  RESULTS

Included and excluded children did not differ by age, gender, or anxi-
ety problems, though the excluded group demonstrated lower be-
havioral inhibition (Table S2).

To test the modulation of startle magnitude by affective condi-
tion, a repeated- measures ANOVA compared startle T- scores across 
conditions in all subjects with analyzable startle data. A significant 
effect of condition on startle emerged, Wilkes’ lambda = 0.490, 
F(2,62) = 32.24, p <0.001, ηp2 = 0.51. Post hoc Bonferroni- corrected 
paired samples t tests (see Table 1) indicated that startle was larger 
during both neutral and negative conditions compared to the posi-
tive condition, ps < 0.001. Startle during the neutral condition was 
not significantly different from the negative condition, p = 0.63. Age 
did not interact with the effect of valence on startle magnitude, 
F(6,118) = 0.973, p =0.447.

Correlational analyses were conducted to examine how BI, anx-
iety, age, and gender may relate to startle response (see Table 2). 
Partial correlations revealed that after controlling for age and gen-
der, larger startle magnitude during the neutral condition related to 
greater BI (Figure 1), r(60) = 0.340, p = 0.007 (startle during negative 
and positive conditions was not associated with BI, ps > 0.56) and BI 
positively related to anxiety, r(60) = 0.259, p = 0.042, but startle (in 
any condition) was not associated with anxiety (ps > 0.56; see Figure 
S1). Furthermore, startle did not moderate BI- anxiety associations 
(ps > 0.10). Neither age nor gender related to startle magnitude (any 
condition), BI or anxiety, all ps > 0.26.

4  |  DISCUSSION

Startle response magnitude in three emotionally valenced film clip 
conditions was examined in a sample of children 4 to 7 years old. 
Children demonstrated larger startle in both neutral and negative 

conditions, relative to the positive condition, standing in contrast to 
research in adult samples. Startle response in the neutral condition, 
but not other conditions, was associated with BI, consistent with prior 
work suggesting that startle during a “safety” context may identify risk 
for future anxiety disorders (Craske et al., 2012; Lissek et al., 2006).

Lack of difference in startle response across neutral and negative 
emotions in our child sample may stem from immaturity of neural 
mechanism underlying the startle response. In adults, prefrontal cor-
tical inhibition of amygdala reactivity to threat is believed to impact 
variation in startle response across threating and non- threatening 
contexts (Vaidyanathan et al., 2009). Given that cortical- amygdala in-
teractions develop during adolescence into early adulthood (Swartz 
& Monk, 2014), it is possible that children have less neural capacity 
for startle modulation than adults. This possibility is consistent with 
recent work in children 3– 7 years old using the same child- friendly 
film paradigm as in our study (Lo et al., 2015; but see Quevedo et al., 
2010) and prior research in older, school- aged children (Cook et al., 
1995; McManis et al., 1995; Waters et al., 2005, 2008). In our sam-
ple, however, age did not interact with valence to modulate startle 
response. By sampling across a wider age range, ideally within a lon-
gitudinal design, future studies may be able to more fully address 
developmental factors when examining startle reactivity and emo-
tion processing in children. Such work should consider the possibil-
ity that greater sensitivity to the laboratory environment (e.g. novel 
equipment, interactions with unfamiliar lab personnel and parental 
separation) could differentially influence neural systems underlying 
startle response in younger compared to older children and adults.

While negative and neutral conditions were not found to differ-
entially modulate startle in our sample, larger startle during negative 
and neutral relative to positive conditions was observed. This pat-
tern has been previously demonstrated in clinically anxious adults, 
and suggested to reflect increased perception of neutral stimuli 
as threatening (Lissek et al., 2006; Miers et al., 2008; Peschard & 
Philippot, 2017; Yoon & Zinbarg, 2008). In theory, immature capacity 

TA B L E  1  Descriptive statistics and 
post hoc pairwise comparisons of startle 
magnitude by conditionCondition

Descriptive statistics

Mean SD Range

Neutral 52.09 3.48 41.82– 58.38

Negative 51.79 3.28 45.21– 61.17

Positive 47.94 2.86 41.60– 56.70

Condition

Pairwise comparisons

Mean diff. SE 95% CI (LL, UL) t- test df

Neutral vs. positive 4.15 0.575 2.74, 5.57 7.21*** 63

Negative vs. positive 3.85 0.604 2.36, 5.33 6.37*** 63

Neutral vs. negative 0.30 0.634 −1.26, 1.86 0.48 63

Note: Table includes all subjects with analyzable startle response, n = 64. One- way ANOVA 
is presented in text. Post- hoc pairwise comparisons were Bonferroni corrected to consider a 
familywise error rate of 0.05. Mean diff = mean difference. CI = confidence interval. LL = lower 
limit, UL = upper limit. Unit of startle magnitude is the mean of within- subjects t- scores of a 
condition relative to all other valid trials in the experiment.
***p <0.001. 
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anywhere from 15% to 23% of anxious youth meet criteria for at-
tention-deficit hyperactivity disorder (ADHD; Angold, Costello, 
& Erkanli, 1999; Kendall, Brady, & Verduin, 2001), and about 9% 
of anxious youth meet criteria for oppositional defiant disorder 
(ODD; Kendall et al., 2001). It is well established that childhood 
comorbidity is associated with significantly worse short- and 
long-term psychosocial impairments (Fraire & Ollendick, 2013; 
Franco, Saavedra, & Silverman, 2007). Despite moderate rates 
of anxiety and externalizing psychopathology comorbidity, their 
neurobiological origins are not well understood, which is sig-
nificant given increasing clinical research emphasis on under-
standing the underlying pathophysiology of common psychiatric 
disorders and syndromes, and identifying the extent to which 
disorders and subtypes are associated with similar or unique 
neurophysiological characteristics (Insel et al., 2010; Shankman 
& Gorka, 2015).

Psychophysiological tools, such as scalp-recorded electro-
encephalogram (EEG) recordings in response to environmental 
cues of threat and error monitoring, have proven to be useful in 
identifying neural correlates of different forms of psychopathol-
ogy across the life span (e.g., Shankman & Gorka, 2015). Over 
50 studies have focused on the error-related negativity (ERN), 
an event-related potential (ERP) component typically measured 
at frontocentral electrodes 50–100 ms following commission 
of an error (Olvet & Hajcak, 2008; Weinberg, Riesel, & Hajcak, 
2012). Source localization studies and investigations employing 
EEG and functional magnetic resonance imaging (fMRI; Debener 
et al., 2005; Fitzgerald et al., 2005; Mathalon, Whitfield, & Ford, 
2003) have identified the anterior cingulate cortex (ACC) as the 
region of the brain that generates the ERN. The ACC is the pri-
mary brain mechanism involved in online monitoring for conflict 
between simultaneously active but incompatible streams of in-
formation (Shiels & Hawk, 2010). Greater ERN amplitudes are 
theorized to reflect processes of heightened conflict monitor-
ing (Yeung, Botvinick, & Cohen, 2004), and sensitivity to threat 
(Weinberg et al., 2016) and punishment (Shackman et al., 2011; 
Zambrano-Vazquez, & Allen, 2014). Research has indicated that 
the ERN represents a trait-like neural response to errors, as it 
demonstrates strong test-retest reliability and rank-order stabil-
ity. Furthermore, ERN amplitudes appear to be multiply deter-
mined by genetic and environmental influences (Weinberg, Klein, 
& Hajcak et al., 2012).

Research has shown that the ERN is a neural correlate of 
psychopathology, particularly anxiety disorders. Specifically, 
enhanced (i.e., more negative) ERN in anxious individuals is fre-
quently observed, and has been consistently replicated in both 
adult (Hajcak, Klawohn, & Meyer, 2019; Weinberg, Dieterich, & 
Riesel, 2015) and pediatric samples (Ladouceur, Dahl, Birmaher, 
Axelson, & Ryan, 2006; Meyer, 2017). Enhanced ERN has been 
shown to prospectively predict the onset of anxiety psychopa-
thology in school-age children (Meyer, Proudfit, Torpey-Newman, 
Kujawa, & Klein, 2015), adolescents (Meyer, Nelson, Perlman, 
Klein, & Kotov, 2018), and adults (Tang et al., 2020), to identify 

individuals with a family history of anxiety (Riesel et al., 2019), and 
to associate with fear-based anxiety symptoms in adults (Gorka, 
Burkhouse, Afshar, & Phan, 2017).

Although studies have been more limited, differences in ERN 
have also been documented in individuals with externalizing symp-
tomatology (Pasion & Barbosa, 2019). Externalizing symptoms and 
disorders have been linked with error-related hypoactivity or a 
blunted ERN, which means more positive rather than negative ERN 
amplitudes, the latter being observed in anxiety disorders (Hall, 
Bernat, & Patrick, 2007; Pasion & Barbosa, 2019; Shiels & Hawk, 
2010). Blunted ERNs have been documented in youth with ADHD 
and disruptive behavior disorders (Geburek, Rist, Gediga, Stroux, & 
Pedersen, 2013; Meyer & Klein, 2018; Vilà-Balló, Hdez-Lafuente, 
Rostan, Cunillera, & Rodriguez-Fornells, 2014). This suggests that 
externalizing symptoms and psychopathology are characterized by 
deficient error responding and impaired error evaluation.

It is important to note that ERN findings in the anxiety and ex-
ternalizing literatures have not been entirely consistent, such that 
symptom/disorder and ERN patterns do not always demonstrate the 
expected directional relationships, particularly when there is comor-
bid psychopathology. For example, some adult studies have found 
that ERN and anxiety disorder associations differ when individuals 
have comorbid depression (Weinberg, Klein, et al., 2012; Weinberg, 
Kotov, & Proudfit, 2015). In addition, Stieben et al. (2007) found 
that the association between externalizing problems and a blunted 
ERN was less apparent among children with comorbid internalizing 
problems.

Despite the high prevalence of anxiety disorders (Beesdo et al., 
2009; Copeland et al., 2014) and frequent co-occurrence of exter-
nalizing problems in childhood (Angold, Costello, & Erkanli, 1999; 
Kendall et al., 2010; Verduin & Kendall, 2003), how anxiety and ex-
ternalizing comorbidity patterns relate to ERN profiles has yet to be 
tested. Research that examines these relations could have the po-
tential to resolve some of the inconsistencies observed in the ERN 
pediatric literature, increase precision in our understanding of neural 
correlates of anxiety comorbidity subtypes, and elucidate primary 
sources of impairment that could have translational implications. 
Accordingly, the primary aim of this preliminary study was to be one 
of the first to investigate how ERN responses could differentiate 
anxious subtypes as defined by those with and without comorbid 
externalizing problems in a pediatric sample. Healthy youth, defined 
as those without lifetime histories of psychiatric disorders, were also 
included in order to examine psychiatric symptom and ERN rela-
tions dimensionally. The overall sample consisted of anxious youth 
and healthy controls (ages 7–19 years old) who were recruited for a 
study of the treatment of pediatric anxiety disorders. Based on prior 
work on ERN in anxiety disorders (Meyer, 2017; Meyer et al., 2013), 
we hypothesized that youth with greater anxiety symptoms who did 
not have co-occurring externalizing problems would demonstrate 
enhanced ERN (i.e., greater sensitivity to errors). Drawing on pre-
liminary studies suggesting anxiety and ERN relations could be qual-
ified by psychiatric comorbidity (Stieben et al., 2007), we predicted 
that youth with co-occurring anxiety symptoms and externalizing 
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of amygdala- based neural networks for differentiating neutral from 
negative conditions may confer vulnerability for anxiety (i.e. anxi-
ety risk) in children, even in the absence of clinically severe anxiety. 
This notion is supported by our finding that greater BI, a well- 
documented, early childhood risk marker of later anxiety disorders, 
significantly associated with larger startle in the neutral condition. 
Alternatively, children high in BI are likely those most susceptible 
to experiencing the lab environment as threatening which, in turn, 
could enhance startle reactivity (i.e. across neutral and negative 
conditions), leading to larger startle response unless dampened by 
overtly positive cues.

Prior work shows that children high in BI demonstrate increased 
startle response, but only during a neutral “safety” condition (Barker 
et al., 2014), and that startle during affectively neutral conditions 
predicts future anxiety risk (Craske et al., 2012). Indeed, preschool-
ers who are fearful in situations that are relatively low in threat are 
likely to develop anxiety by kindergarten (Buss, 2011). More gen-
erally, anxious individuals of all ages are biased to interpret neu-
tral stimuli in more negative ways (Miers et al., 2008; Peschard & 
Philippot, 2017; Yoon & Zinbarg, 2008). Thus, a “neutral,” “safety,” or 
even baseline condition may not truly be affectively neutral due to 

interpretation bias in individuals at risk for anxiety (Denefrio et al., 
2019; Grillon & Baas, 2003).

Consistent with prior research, BI and anxiety were positively 
correlated in our sample, but the significance of this finding in the 
context of startle association with BI, but not anxiety, deserves 
consideration. Our work and others (Meyer et al., 2017; Quevedo 
et al., 2010) suggests that startle magnitude may not directly re-
late to anxiety symptoms at young ages, contrasting with studies 
in adults showing direct associations between startle and anxi-
ety symptoms when measured concurrently (Vaidyanathan et al., 
2009). Rather, in children, larger magnitude startle during a neu-
tral baseline condition at age 7 has been found to moderate the 
relationship between greater early- life BI and later anxiety sever-
ity (age 9, Barker et al., 2015). This finding is consistent with other 
work showing that impaired threat processing when measured 
behaviorally (e.g. attention- based towards threat) moderates the 
relation between early BI and later anxiety (Lonigan et al., 2004; 
Pérez- Edgar et al., 2011). In our sample, startle was measured con-
currently with BI and anxiety; although startle associated with BI 
and BI associated with anxiety, no effects of startle on anxiety 
or moderation of BI- anxiety association by startle were observed. 
Collectively, these findings may suggest that, in children, larger 
startle response during neutral contexts could serve as a poten-
tially useful indicator for future anxiety problems, rather than cur-
rent anxiety symptoms.

Importantly, although we observed the same effect of emotional 
film clips on startle magnitude in children (i.e. Neg = Neu > Pos) as 
shown previously by Lo et al. (2015), our findings contrast with the 
adult- like pattern of emotion- modulated startle (Neg > Neu > Pos) 
demonstrated in children using the original version of the film clip 
paradigm (Quevedo et al., 2010). The reason for the discrepancy 
between studies is unclear. More startle probes per valence were 
delivered in our paradigm, relative to the original, which should have 
increased power to detect startle modulation by emotion valence. 
Thus, the possible effect of subtle technical differences must be 
considered. For example, if hardware used in our work accentuated 
the greater variation in noise level (e.g. background music) that tends 

TA B L E  2  Descriptive statistics and correlations between primary variables

Measure Mean (SD) Range t 1 2 3 4 5 6 7

1. Startle (neutral) 52.09 (3.48) 41.82– 58.38 0.40 — 

2. Startle (positive) 47.94 (2.86) 45.21– 61.17 −0.49 −0.05 — 

3. Startle (negative) 51.79 (3.28) 41.60– 56.70 0.63 −0.13 −0.24†  — 

4. Behavioral inhibition 93.81 (28.73) 43.90– 173.57 −0.54 0.32* −0.05 0.03 — 

5. CBCL anxiety problems 53.46 (5.61) 50.00– 73.00 −0.29 0.10 −0.06 −0.08 0.25†  — 

6. Child age (years) 5.91 (1.11) 3.75– 7.92 −0.75 −0.12 −0.08 −0.09 −0.13 −0.14 — 

7. Child gender 34F; 30 M — — −0.05 0.06 −0.08 0.08 0.03 0.10 — 

Note: n = 64. Descriptive statistics are computed from a mean of ten imputed datasets; correlations and t- tests are derived from a pooling of 
imputations. Startle refers to the mean of within- subjects t- scores of a condition relative to all other valid trials in the experiment. CBCL anxiety 
problems referenced are T- scores. t = independent- samples t tests of gender differences. SD = standard deviation.
*p < 0.05, 
†p < 0.10. 

F I G U R E  1  Scatterplot of behavioral inhibition questionnaire 
(BIQ) by startle in the neutral condition, n = 64
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anywhere from 15% to 23% of anxious youth meet criteria for at-
tention-deficit hyperactivity disorder (ADHD; Angold, Costello, 
& Erkanli, 1999; Kendall, Brady, & Verduin, 2001), and about 9% 
of anxious youth meet criteria for oppositional defiant disorder 
(ODD; Kendall et al., 2001). It is well established that childhood 
comorbidity is associated with significantly worse short- and 
long-term psychosocial impairments (Fraire & Ollendick, 2013; 
Franco, Saavedra, & Silverman, 2007). Despite moderate rates 
of anxiety and externalizing psychopathology comorbidity, their 
neurobiological origins are not well understood, which is sig-
nificant given increasing clinical research emphasis on under-
standing the underlying pathophysiology of common psychiatric 
disorders and syndromes, and identifying the extent to which 
disorders and subtypes are associated with similar or unique 
neurophysiological characteristics (Insel et al., 2010; Shankman 
& Gorka, 2015).

Psychophysiological tools, such as scalp-recorded electro-
encephalogram (EEG) recordings in response to environmental 
cues of threat and error monitoring, have proven to be useful in 
identifying neural correlates of different forms of psychopathol-
ogy across the life span (e.g., Shankman & Gorka, 2015). Over 
50 studies have focused on the error-related negativity (ERN), 
an event-related potential (ERP) component typically measured 
at frontocentral electrodes 50–100 ms following commission 
of an error (Olvet & Hajcak, 2008; Weinberg, Riesel, & Hajcak, 
2012). Source localization studies and investigations employing 
EEG and functional magnetic resonance imaging (fMRI; Debener 
et al., 2005; Fitzgerald et al., 2005; Mathalon, Whitfield, & Ford, 
2003) have identified the anterior cingulate cortex (ACC) as the 
region of the brain that generates the ERN. The ACC is the pri-
mary brain mechanism involved in online monitoring for conflict 
between simultaneously active but incompatible streams of in-
formation (Shiels & Hawk, 2010). Greater ERN amplitudes are 
theorized to reflect processes of heightened conflict monitor-
ing (Yeung, Botvinick, & Cohen, 2004), and sensitivity to threat 
(Weinberg et al., 2016) and punishment (Shackman et al., 2011; 
Zambrano-Vazquez, & Allen, 2014). Research has indicated that 
the ERN represents a trait-like neural response to errors, as it 
demonstrates strong test-retest reliability and rank-order stabil-
ity. Furthermore, ERN amplitudes appear to be multiply deter-
mined by genetic and environmental influences (Weinberg, Klein, 
& Hajcak et al., 2012).

Research has shown that the ERN is a neural correlate of 
psychopathology, particularly anxiety disorders. Specifically, 
enhanced (i.e., more negative) ERN in anxious individuals is fre-
quently observed, and has been consistently replicated in both 
adult (Hajcak, Klawohn, & Meyer, 2019; Weinberg, Dieterich, & 
Riesel, 2015) and pediatric samples (Ladouceur, Dahl, Birmaher, 
Axelson, & Ryan, 2006; Meyer, 2017). Enhanced ERN has been 
shown to prospectively predict the onset of anxiety psychopa-
thology in school-age children (Meyer, Proudfit, Torpey-Newman, 
Kujawa, & Klein, 2015), adolescents (Meyer, Nelson, Perlman, 
Klein, & Kotov, 2018), and adults (Tang et al., 2020), to identify 

individuals with a family history of anxiety (Riesel et al., 2019), and 
to associate with fear-based anxiety symptoms in adults (Gorka, 
Burkhouse, Afshar, & Phan, 2017).

Although studies have been more limited, differences in ERN 
have also been documented in individuals with externalizing symp-
tomatology (Pasion & Barbosa, 2019). Externalizing symptoms and 
disorders have been linked with error-related hypoactivity or a 
blunted ERN, which means more positive rather than negative ERN 
amplitudes, the latter being observed in anxiety disorders (Hall, 
Bernat, & Patrick, 2007; Pasion & Barbosa, 2019; Shiels & Hawk, 
2010). Blunted ERNs have been documented in youth with ADHD 
and disruptive behavior disorders (Geburek, Rist, Gediga, Stroux, & 
Pedersen, 2013; Meyer & Klein, 2018; Vilà-Balló, Hdez-Lafuente, 
Rostan, Cunillera, & Rodriguez-Fornells, 2014). This suggests that 
externalizing symptoms and psychopathology are characterized by 
deficient error responding and impaired error evaluation.

It is important to note that ERN findings in the anxiety and ex-
ternalizing literatures have not been entirely consistent, such that 
symptom/disorder and ERN patterns do not always demonstrate the 
expected directional relationships, particularly when there is comor-
bid psychopathology. For example, some adult studies have found 
that ERN and anxiety disorder associations differ when individuals 
have comorbid depression (Weinberg, Klein, et al., 2012; Weinberg, 
Kotov, & Proudfit, 2015). In addition, Stieben et al. (2007) found 
that the association between externalizing problems and a blunted 
ERN was less apparent among children with comorbid internalizing 
problems.

Despite the high prevalence of anxiety disorders (Beesdo et al., 
2009; Copeland et al., 2014) and frequent co-occurrence of exter-
nalizing problems in childhood (Angold, Costello, & Erkanli, 1999; 
Kendall et al., 2010; Verduin & Kendall, 2003), how anxiety and ex-
ternalizing comorbidity patterns relate to ERN profiles has yet to be 
tested. Research that examines these relations could have the po-
tential to resolve some of the inconsistencies observed in the ERN 
pediatric literature, increase precision in our understanding of neural 
correlates of anxiety comorbidity subtypes, and elucidate primary 
sources of impairment that could have translational implications. 
Accordingly, the primary aim of this preliminary study was to be one 
of the first to investigate how ERN responses could differentiate 
anxious subtypes as defined by those with and without comorbid 
externalizing problems in a pediatric sample. Healthy youth, defined 
as those without lifetime histories of psychiatric disorders, were also 
included in order to examine psychiatric symptom and ERN rela-
tions dimensionally. The overall sample consisted of anxious youth 
and healthy controls (ages 7–19 years old) who were recruited for a 
study of the treatment of pediatric anxiety disorders. Based on prior 
work on ERN in anxiety disorders (Meyer, 2017; Meyer et al., 2013), 
we hypothesized that youth with greater anxiety symptoms who did 
not have co-occurring externalizing problems would demonstrate 
enhanced ERN (i.e., greater sensitivity to errors). Drawing on pre-
liminary studies suggesting anxiety and ERN relations could be qual-
ified by psychiatric comorbidity (Stieben et al., 2007), we predicted 
that youth with co-occurring anxiety symptoms and externalizing 
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to accompany negative compared to neutral films (Juslin & Timmer, 
2010), then differences in startle magnitude between these condi-
tions could have been obscured. This potential confound reflects an 
inherent disadvantage of startle induction via noise burst probes 
during any paradigm involving sound (e.g. film audio) for emotion 
modulation. Given that other, existing paradigms for emotion mod-
ulation involve images (e.g. International Affective Picture System), 
darkness or threat of shock that may be too aversive to be ethically 
used in the very young (Quevedo et al., 2010), efforts to generate 
age- appropriate and effective paradigms (e.g. preschool- appropriate 
emotional image sets) for the study of emotion- modulated startle 
are still needed.

There are several other important limitations to consider. The 
number of children with analyzable startle response was limited by 
non- response and motion artifact. We attempted to balance the 
competing challenges of retaining participants with ample amounts 
of data to compute averages in each condition, while retaining as 
many participants as possible. While the average number of trials 
retained per condition was 10, our inclusion of participants with as 
few as 2 trials per condition could have contributed to difficulties 
identifying potential differences between neutral and negative con-
ditions. We also utilized filtering parameters based on similar studies 
(Lo et al., 2015), but which were more stringent than those applied 
to other datasets (Glenn et al., 2012; Kujawa et al., 2015). This could 
have contributed to difficulties detecting responses and inability to 
detect differences in startle magnitude between conditions. Future 
studies should consider ways to optimize filtering settings (Khemka 
et al., 2017). Few studies have examined startle in young children 
and best practices for eliciting startle, and processing startle data, in 
preschoolers requires further development (Quevedo et al., 2010). 
CBCL anxiety T- scores indicate only 6 children scored at or above 
borderline clinical range and children without analyzable startle 
data exhibited lower BIQ scores; future work should include chil-
dren across a wider spectrum of anxiety severity and BIQ scores 
to further test for startle- anxiety associations and moderation of 
anxiety- BI associations by startle. Moreover replication of startle- BI 
associations in a larger sample will be important to confirm the find-
ings presented here. Although trait anxiety was assessed, children's 
state- level anxiety was not despite its possible effects on startle re-
sponse (Grillon et al., 1993; Smith et al., 2005); future work should 
ask children to report real- time anxiety levels using a simple, picto-
rial self- report. Further, BI was measured solely via parent- report, 
whereas laboratory- measured BI would be ideal.

In conclusion, we examined startle response across affectively 
valenced conditions in relation to BI and anxiety symptoms in early 
childhood. Findings are consistent with prior work suggesting that 
physiological response to threat in neutral and negative conditions 
may not differ in young children. Startle during the neutral condition 
was uniquely associated with BI, suggesting that larger startle during 
ambiguous cues may be most relevant for indexing anxiety risk in 
young children.

ACKNOWLEDG EMENTS
The authors would like to thank Jessica Hruschak and Faith Horbatch 
for their assistance with data collection and management.

CONFLIC TS OF INTERE S T
The authors have no conflicts of interest to disclose.

AUTHOR CONTRIBUTIONS
All authors made substantial contributions to conception and de-
sign, or acquisition of data, or analysis and interpretation of data; 
were involved in drafting the manuscript or revising it critically for 
important intellectual content; gave final approval of the version 
to be published; and, agreed to be accountable for all aspects of 
the work in ensuring that questions related to the accuracy or in-
tegrity of any part of the work are appropriately investigated and 
resolved.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are openly avail-
able in the National Institute of Mental Health Data Archive (NDA) 
at https://nda.nih.gov.

ORCID
Julie E. Premo  https://orcid.org/0000-0003-1990-5697 
Kate D. Fitzgerald  https://orcid.org/0000-0002-6502-7031 

R E FE R E N C E S
Achenbach, T. M., & Rescorla, L. (2001). Manual for the ASEBA school- age 

forms & profiles: An integrated system of multi- informant assessment. 
Aseba.

Barker, T. V., Reeb- Sutherland, B., Degnan, K. A., Walker, O. L., 
Chronis- Tuscano, A., Henderson, H. A., Pine, D. S., & Fox, N. A. 
(2015). Contextual startle responses moderate the relation be-
tween behavioral inhibition and anxiety in middle childhood. 
Psychophysiology, 52(11), 1544– 1549. https://doi.org/10.1111/
psyp.12517

Barker, T. V., Reeb- Sutherland, B. C., & Fox, N. A. (2014). Individual dif-
ferences in fear potentiated startle in behaviorally inhibited chil-
dren. Developmental Psychobiology, 56(1), 133– 141. https://doi.
org/10.1002/dev.21096

Bishop, G., Spence, S. H., & McDonald, C. (2003). Can parents and 
teachers provide a reliable and valid report of behavioral in-
hibition? Child Development, 74(6), 1899– 1917. https://doi.
org/10.1046/j.1467- 8624.2003.00645.x

Blackford, J. U., Avery, S. N., Cowan, R. L., Shelton, R. C., & Zald, D. H. 
(2011). Sustained amygdala response to both novel and newly fa-
miliar faces characterizes inhibited temperament. Social Cognitive 
and Affective Neuroscience, 6(5), 621– 629. https://doi.org/10.1093/
scan/nsq073

Blumenthal, T. D., Cuthbert, B. N., Filion, D. L., Hackley, S., Lipp, O. V., 
& Van Boxtel, A. (2005). Committee report: Guidelines for human 
startle eyeblink electromyographic studies. Psychophysiology, 42(1), 
1– 15. https://doi.org/10.1111/j.1469- 8986.2005.00271.x

Broeren, S., & Muris, P. (2010). A psychometric valuation of the behav-
ioral inhibition questionnaire in a non- clinical sample of Dutch chil-
dren and adolescents. Child Psychiatry & Human Development, 41(2), 
214– 229. https://doi.org/10.1007/s1057 8- 009- 0162- 9



PREMO et al.13282  |     SUOR et al.

anywhere from 15% to 23% of anxious youth meet criteria for at-
tention-deficit hyperactivity disorder (ADHD; Angold, Costello, 
& Erkanli, 1999; Kendall, Brady, & Verduin, 2001), and about 9% 
of anxious youth meet criteria for oppositional defiant disorder 
(ODD; Kendall et al., 2001). It is well established that childhood 
comorbidity is associated with significantly worse short- and 
long-term psychosocial impairments (Fraire & Ollendick, 2013; 
Franco, Saavedra, & Silverman, 2007). Despite moderate rates 
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& Gorka, 2015).
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Research has shown that the ERN is a neural correlate of 
psychopathology, particularly anxiety disorders. Specifically, 
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adult (Hajcak, Klawohn, & Meyer, 2019; Weinberg, Dieterich, & 
Riesel, 2015) and pediatric samples (Ladouceur, Dahl, Birmaher, 
Axelson, & Ryan, 2006; Meyer, 2017). Enhanced ERN has been 
shown to prospectively predict the onset of anxiety psychopa-
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Kujawa, & Klein, 2015), adolescents (Meyer, Nelson, Perlman, 
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individuals with a family history of anxiety (Riesel et al., 2019), and 
to associate with fear-based anxiety symptoms in adults (Gorka, 
Burkhouse, Afshar, & Phan, 2017).

Although studies have been more limited, differences in ERN 
have also been documented in individuals with externalizing symp-
tomatology (Pasion & Barbosa, 2019). Externalizing symptoms and 
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ternalizing literatures have not been entirely consistent, such that 
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2009; Copeland et al., 2014) and frequent co-occurrence of exter-
nalizing problems in childhood (Angold, Costello, & Erkanli, 1999; 
Kendall et al., 2010; Verduin & Kendall, 2003), how anxiety and ex-
ternalizing comorbidity patterns relate to ERN profiles has yet to be 
tested. Research that examines these relations could have the po-
tential to resolve some of the inconsistencies observed in the ERN 
pediatric literature, increase precision in our understanding of neural 
correlates of anxiety comorbidity subtypes, and elucidate primary 
sources of impairment that could have translational implications. 
Accordingly, the primary aim of this preliminary study was to be one 
of the first to investigate how ERN responses could differentiate 
anxious subtypes as defined by those with and without comorbid 
externalizing problems in a pediatric sample. Healthy youth, defined 
as those without lifetime histories of psychiatric disorders, were also 
included in order to examine psychiatric symptom and ERN rela-
tions dimensionally. The overall sample consisted of anxious youth 
and healthy controls (ages 7–19 years old) who were recruited for a 
study of the treatment of pediatric anxiety disorders. Based on prior 
work on ERN in anxiety disorders (Meyer, 2017; Meyer et al., 2013), 
we hypothesized that youth with greater anxiety symptoms who did 
not have co-occurring externalizing problems would demonstrate 
enhanced ERN (i.e., greater sensitivity to errors). Drawing on pre-
liminary studies suggesting anxiety and ERN relations could be qual-
ified by psychiatric comorbidity (Stieben et al., 2007), we predicted 
that youth with co-occurring anxiety symptoms and externalizing 
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anywhere from 15% to 23% of anxious youth meet criteria for at-
tention-deficit hyperactivity disorder (ADHD; Angold, Costello, 
& Erkanli, 1999; Kendall, Brady, & Verduin, 2001), and about 9% 
of anxious youth meet criteria for oppositional defiant disorder 
(ODD; Kendall et al., 2001). It is well established that childhood 
comorbidity is associated with significantly worse short- and 
long-term psychosocial impairments (Fraire & Ollendick, 2013; 
Franco, Saavedra, & Silverman, 2007). Despite moderate rates 
of anxiety and externalizing psychopathology comorbidity, their 
neurobiological origins are not well understood, which is sig-
nificant given increasing clinical research emphasis on under-
standing the underlying pathophysiology of common psychiatric 
disorders and syndromes, and identifying the extent to which 
disorders and subtypes are associated with similar or unique 
neurophysiological characteristics (Insel et al., 2010; Shankman 
& Gorka, 2015).

Psychophysiological tools, such as scalp-recorded electro-
encephalogram (EEG) recordings in response to environmental 
cues of threat and error monitoring, have proven to be useful in 
identifying neural correlates of different forms of psychopathol-
ogy across the life span (e.g., Shankman & Gorka, 2015). Over 
50 studies have focused on the error-related negativity (ERN), 
an event-related potential (ERP) component typically measured 
at frontocentral electrodes 50–100 ms following commission 
of an error (Olvet & Hajcak, 2008; Weinberg, Riesel, & Hajcak, 
2012). Source localization studies and investigations employing 
EEG and functional magnetic resonance imaging (fMRI; Debener 
et al., 2005; Fitzgerald et al., 2005; Mathalon, Whitfield, & Ford, 
2003) have identified the anterior cingulate cortex (ACC) as the 
region of the brain that generates the ERN. The ACC is the pri-
mary brain mechanism involved in online monitoring for conflict 
between simultaneously active but incompatible streams of in-
formation (Shiels & Hawk, 2010). Greater ERN amplitudes are 
theorized to reflect processes of heightened conflict monitor-
ing (Yeung, Botvinick, & Cohen, 2004), and sensitivity to threat 
(Weinberg et al., 2016) and punishment (Shackman et al., 2011; 
Zambrano-Vazquez, & Allen, 2014). Research has indicated that 
the ERN represents a trait-like neural response to errors, as it 
demonstrates strong test-retest reliability and rank-order stabil-
ity. Furthermore, ERN amplitudes appear to be multiply deter-
mined by genetic and environmental influences (Weinberg, Klein, 
& Hajcak et al., 2012).

Research has shown that the ERN is a neural correlate of 
psychopathology, particularly anxiety disorders. Specifically, 
enhanced (i.e., more negative) ERN in anxious individuals is fre-
quently observed, and has been consistently replicated in both 
adult (Hajcak, Klawohn, & Meyer, 2019; Weinberg, Dieterich, & 
Riesel, 2015) and pediatric samples (Ladouceur, Dahl, Birmaher, 
Axelson, & Ryan, 2006; Meyer, 2017). Enhanced ERN has been 
shown to prospectively predict the onset of anxiety psychopa-
thology in school-age children (Meyer, Proudfit, Torpey-Newman, 
Kujawa, & Klein, 2015), adolescents (Meyer, Nelson, Perlman, 
Klein, & Kotov, 2018), and adults (Tang et al., 2020), to identify 

individuals with a family history of anxiety (Riesel et al., 2019), and 
to associate with fear-based anxiety symptoms in adults (Gorka, 
Burkhouse, Afshar, & Phan, 2017).

Although studies have been more limited, differences in ERN 
have also been documented in individuals with externalizing symp-
tomatology (Pasion & Barbosa, 2019). Externalizing symptoms and 
disorders have been linked with error-related hypoactivity or a 
blunted ERN, which means more positive rather than negative ERN 
amplitudes, the latter being observed in anxiety disorders (Hall, 
Bernat, & Patrick, 2007; Pasion & Barbosa, 2019; Shiels & Hawk, 
2010). Blunted ERNs have been documented in youth with ADHD 
and disruptive behavior disorders (Geburek, Rist, Gediga, Stroux, & 
Pedersen, 2013; Meyer & Klein, 2018; Vilà-Balló, Hdez-Lafuente, 
Rostan, Cunillera, & Rodriguez-Fornells, 2014). This suggests that 
externalizing symptoms and psychopathology are characterized by 
deficient error responding and impaired error evaluation.

It is important to note that ERN findings in the anxiety and ex-
ternalizing literatures have not been entirely consistent, such that 
symptom/disorder and ERN patterns do not always demonstrate the 
expected directional relationships, particularly when there is comor-
bid psychopathology. For example, some adult studies have found 
that ERN and anxiety disorder associations differ when individuals 
have comorbid depression (Weinberg, Klein, et al., 2012; Weinberg, 
Kotov, & Proudfit, 2015). In addition, Stieben et al. (2007) found 
that the association between externalizing problems and a blunted 
ERN was less apparent among children with comorbid internalizing 
problems.

Despite the high prevalence of anxiety disorders (Beesdo et al., 
2009; Copeland et al., 2014) and frequent co-occurrence of exter-
nalizing problems in childhood (Angold, Costello, & Erkanli, 1999; 
Kendall et al., 2010; Verduin & Kendall, 2003), how anxiety and ex-
ternalizing comorbidity patterns relate to ERN profiles has yet to be 
tested. Research that examines these relations could have the po-
tential to resolve some of the inconsistencies observed in the ERN 
pediatric literature, increase precision in our understanding of neural 
correlates of anxiety comorbidity subtypes, and elucidate primary 
sources of impairment that could have translational implications. 
Accordingly, the primary aim of this preliminary study was to be one 
of the first to investigate how ERN responses could differentiate 
anxious subtypes as defined by those with and without comorbid 
externalizing problems in a pediatric sample. Healthy youth, defined 
as those without lifetime histories of psychiatric disorders, were also 
included in order to examine psychiatric symptom and ERN rela-
tions dimensionally. The overall sample consisted of anxious youth 
and healthy controls (ages 7–19 years old) who were recruited for a 
study of the treatment of pediatric anxiety disorders. Based on prior 
work on ERN in anxiety disorders (Meyer, 2017; Meyer et al., 2013), 
we hypothesized that youth with greater anxiety symptoms who did 
not have co-occurring externalizing problems would demonstrate 
enhanced ERN (i.e., greater sensitivity to errors). Drawing on pre-
liminary studies suggesting anxiety and ERN relations could be qual-
ified by psychiatric comorbidity (Stieben et al., 2007), we predicted 
that youth with co-occurring anxiety symptoms and externalizing 
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