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1  |  INTRODUC TION

The family role of fathers has changed radically in contemporary 
Western societies during the last two decades (Parke, 2013; Pleck, 
2010). These societal changes require a re- examination of traditional 
conceptualizations of what it means to be a father, the characteris-
tics and behaviors defining the paternal role, and fathers’ involve-
ment in caregiving activities (Kaźmierczak & Karasiewicz, 2019). 
There is substantial variation in the relative involvement of fathers 
in caregiving (Murphy et al., 2017). Notwithstanding, increases in 
employment rates of women (Sigurdardottir & Garðarsdóttir, 2018) 
and vast economic changes in the early years of the 21st century 
(Berik & Kongar, 2013) resulted in a shift in what defines the core 
elements of fatherhood in humans (Gettler, 2016). Evidence of this 

change is observable in the greater amount of time spent by fathers 
in direct (e.g., feeding and playing) and indirect (e.g., providing eco-
nomic well- being and protection) caregiving (Brown et al., 2018; 
Lee & Lee, 2018). For example, U.S. fathers have nearly tripled the 
time they spend with their children, from 2.5 h in 1965 to 7.3 h per 
week in the early 2000s (Bianchi, 2011). Given the extensive change 
in men's roles in the family, and particularly in their role as fathers, 
researchers started to examine both the determinants of fathering 
behavior as well as the consequences of fathering on children's de-
velopment. At the same time, even though societal changes have 
resulted in greater scientific interest in human fatherhood, more 
research is needed that tackles the wide cultural variation in what 
it means to be a father and what constitutes fathering behavior in 
Western and non- Western societies (Volling & Cabrera, 2019).
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Abstract
With the consolidation of fathers’ engagement in caregiving, understanding the neu-
roendocrine and hormonal mechanisms underlying fatherhood becomes a relevant 
topic. Oxytocin (OT) has been linked with maternal bonding and caregiving, but less is 
known about the role of OT in human fatherhood and paternal caregiving. A system-
atic review of methods and findings of previous OT research in human fathers was car-
ried. The literature search on PubMed and Scopus yielded 133 records. Twenty- four 
studies were included and analyzed. Significant variability emerged in OT methodol-
ogy, including laboratory tasks, assessment methods, and outcome measures. Fathers’ 
OT levels appear to increase after childbirth. OT was significantly correlated with less 
hostility and with the quality of paternal physical stimulation in play interactions, but 
not with paternal sensitivity. Fathers’ and children's OT levels were significantly cor-
related in a limited subset of studies, intriguingly suggesting that cross- generational 
OT regulation may occur during the early years of life. This study highlights relevant 
issues and limitations of peripheral OT assessment in human subjects, especially in 
fathers. Although the study of paternal neuroendocrinology appears promising, cop-
ing with these issues requires dedicated efforts and methodological suggestions are 
provided to guide future advances in this field.
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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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Extensive literature suggests that specific neuroendocrine mod-
ifications that have their roots in pregnancy underlie maternal care-
giving in the early years of infancy and further facilitate immediate 
postnatal mother– infant bonding (Bridges, 2020). Oxytocin (OT) is 
a nine- amino- acid neuropeptide hormone that is produced in the 
paraventricular nucleus and supraoptic nucleus of the hypothalamus 
(Uvnäs- Moberg et al., 2005). OT plays a key role in enhancing ma-
ternal caregiving, which is essential for early relational attunement 
and bonding between the mother and the newborn baby (Feldman 
& Bakermans- Kranenburg, 2017). Previous research indicated that 
increased OT was associated with the transition to motherhood 
(Kendrick, 2000) and with the quality of maternal behaviors in 
mother– child interaction (Galbally et al., 2011; Markova & Siposova, 
2019).

The study of the neuroendocrinology of paternal behavior has 
received far less attention in the scientific literature compared to 
maternal neuroendocrinology. This may partially reflect the fact 
that— contrary to mothers— fathers do not undergo the same prena-
tal biological and hormonal changes that are inherent with maternal 
pregnancy. Nonetheless, exactly for this reason, studying OT in fa-
thers represents a unique opportunity to understand how biological 
and social processes interact and contribute to set the behavioral 
phenotype of fatherhood. Changes in fathers’ OT regulation may 
reflect environmental exposures to their offspring and/or to the 
pregnant partner (Abraham et al., 2014) and, in turn, these hormonal 
adjustments may contribute to the emergence of caregiving- related 
attitudes and parenting behavioral patterns (Bartz et al., 2010). 
Noteworthy, previous studies reported that basal OT levels are not 
significantly different between men and women (Amico et al., 1981; 
Grewen et al., 2005), suggesting that significant changes in fathers’ 
endogenous OT concentrations may reflect different psychosocial 
adaptation to parenting.

In this scenario, the role played by OT in fathering behavior 
is intriguing. Animal model studies— especially those investigat-
ing fatherhood neuroendocrinology in biparental species— are 
showing that OT may be involved in promoting paternal caregiv-
ing. Findings showed that in mammals, the oxytocinergic system 
plays a role in facilitating bonding and parenting in both females 
and males (Ross & Young, 2009). For instance, in mandarin vole 
mating pairs, new fathers showed higher levels of OT expression 
compared to non- fathers; moreover, those with higher responsiv-
ity to the pups also displayed higher OT levels when contrasted to 
low- responsive fathers (Wang et al., 2015). Additionally, not only 
endogenous concentrations, but also experimental manipulation 
through OT administration appears to enhance behaviors such as 
guarding, feeding, and physical contact with the offspring in meer-
kats (Madden & Clutton- Brock, 2011) and marmosets (Finkenwirth 
et al., 2016; Saito & Nakamura, 2011; Woller et al., 2012). Notably, 
multiple and bidirectional effects may be observed among pa-
ternal caregiving, OT levels, and developmental outcomes in the 
offspring (Bales & Saltzman, 2016; Bales et al., 2004). More spe-
cifically, in biparental animals (e.g., meadow voles), fathers were 
found to have significant increases in OT receptor binding in brain 

regions that included the lateral amygdala compared to inexpe-
rienced counterparts (Parker et al., 2001). At the same time, in 
virgin male prairie voles not previously exposed to females, expo-
sure to pups elicited a rise in plasma OT levels and immunoreac-
tivity staining in the paraventricular nucleus of the hypothalamus 
(Kenkel et al., 2014). Altogether, these findings highlight the pres-
ence of a strong link between OT and paternal caregiving in sev-
eral mammalian species.

The translation of these findings from biparental mammals to 
human fathers is not immediate as several methodological issues 
need to be considered when examining OT in human fathers. 
Central OT assessment in the brain is not possible in human studies 
and researchers must rely on peripheral assays from blood, saliva, 
and urine. On the one hand, central and peripheral circulations of 
OT are separated anatomically by the blood– brain barrier and so 
there has been considerable discussion as to whether there is con-
sistency across measures of OT from central and peripheral tissues 
in human studies. On the other hand, the supposed role played by 
OT in affecting human parenting behavior often relies on the ef-
fects that this neuropeptide provokes in the central nervous system 
(Kenkel et al., 2014; Valstad et al., 2016). Additionally, it is still rel-
atively unknown whether peripheral OT concentrations— secreted 
endogenously or in response to experimental administration— are 
indicative of central secretion patterns. Further issues emerge on 
what the specific methods for sampling OT from peripheral tissues 
should be. Indeed, different estimation measures (e.g., radioimmu-
noassay, RIA; enzyme immunoassay, EIA) may lead to very different 
OT values, which vary up to two orders of magnitude (McCullough 
et al., 2013). Moreover, RIA and EIA— but especially EIA unextracted 
samples— may be sensitive to molecules other than OT, which may 
further bias the estimations. Finally, several factors inherent to the 
study design (e.g., laboratory task) and to environmental conditions 
(e.g., temperature and time of day) may also add to the variability 
of findings and ultimately limit the interpretations and replicabil-
ity of findings, as well as the comparisons across different stud-
ies. For example, recent meta- analytic evidence suggested that 
cross- correlations in OT concentrations from different tissues (e.g., 
plasma and central nervous system) were found under stressful 
conditions, but not during resting state or at baseline (Valstad et al., 
2016).

In the light of both the intriguing paternal OT findings from an-
imal model research and the number of methodological issues that 
apply to human OT research, a systematic review of OT research 
with human fathers is needed. The present systematic review had 
two main goals. First, we systematically reviewed the methodol-
ogy of previous research conducted on human fathers and OT to 
highlight the reliability and robustness of this research to date and 
then underscore future directions for increasing the quality of meth-
ods used in OT studies and their potential for both theoretical and 
translational implications. Second, we reviewed the findings accu-
mulated to date, by focusing on the role of OT in (a) fatherhood, (b) 
paternal caregiving behaviors, and (c) intergenerational attunement 
in OT levels between fathers and infants. As the regulation of OT 



GRUMI et al.13322  |     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 
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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concentrations may be especially relevant for fatherhood during the 
first years of life (Bakermans- Kranenburg et al., 2019) and father-
hood behaviors largely change throughout children's development 
(Hosokawa & Katsura, 2018; Petts et al., 2020; Rothbaum & Weisz, 
1994), the focus of the present review is limited to early develop-
ment, including fathers of infants and preschool children.

2  |  METHODS

2.1  |  Literature search

This systematic review was performed under the PRISMA (Preferred 
Reporting Items for Systematic Reviews and Meta- Analyses) guide-
lines (Moher et al., 2009) and the protocol is available on PROSPERO.1 
A comprehensive literature search was first performed in February 
2020— and then updated to include potential new publications in 
May 2020— using PubMed and Scopus to identify primary research 
articles with a focus on OT and fathers. In particular, the following 
keywords were used: "Oxytocin"[Mesh] AND "Fathers"[Mesh]; father* 
AND oxytocin. Restrictions about the publication period were not 
set, and only documents published in peer- reviewed English journals 
were selected.

2.2  |  Study selection

Only quantitative studies that measured OT levels in human fathers 
were included. As anticipated, the eligible studies were restricted 
to those that included fathers of infants or children up to 6 years 
of age. This narrow developmental focus allowed us to reduce— at 
least partially— the variability in study designs, as paternal caregiving 
changes significantly as children grow through middle childhood and 
adolescence. No exclusion criteria were set for fathers’ or infants’ 
health conditions. All abstracts were reviewed first to determine in-
clusion or exclusion of the retrieved records. Then the full text of 
each paper was assessed according to the goals of the present re-
view. The PRISMA flow diagram (Figure 1) maps out the number of 
records identified, included, and excluded during this process.

2.3  |  Data extraction and analysis

For each of the 24 studies included in the final review, the follow-
ing data were abstracted: paternal characteristics (sample size, age, 
number of kids, and health status), child characteristics (age and 
health status), methodological variables (study design, main goals, 
setting, tissue, assay method, management of outliers and drop- outs, 

F I G U R E  1  Study selection flow chart
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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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task description, and category of outcomes), and findings. Data were 
analyzed using qualitative descriptions.

2.4  |  Quality appraisal

The methodological quality was assessed according to the Quality 
Assessment Tool for Quantitative Studies. Sections A through F of 
that tool (A, selection bias; B, study design; C, confounders; D, blind-
ing; E, data collection methods; F, withdrawal, and dropouts) were 
coded by two independent coders (SG and AS) and each section was 
scored as 3 (weak), 2 (moderate), or 1 (strong). Then, an overall 3 to 
1 score was assigned to each paper according to the presence of 
two or more weak section scores (3 = weak), only one weak sec-
tion score (2 = moderate), and no weak section scores (1 = strong). 
A 95% agreement was obtained for each of the section scores. Any 
disagreement was resolved by conference under the supervision of 
a senior author.

3  |  RESULTS

3.1  |  Sample characteristics

Table 1 presents a schematic overview of the 24 included studies. 
Quality appraisal for each of the selected records is reported in 
Table 2. All selected studies included healthy fathers. Sample sizes 
for the various studies ranged from 16 (Gettler et al., 2019) to 121 
(Feldman et al., 2012). Fathers’ ages ranged from 28 to 37 years. Five 
studies enrolled only fathers with firstborn children (Abraham et al., 
2014; Gordon et al., 2010a, 2010b, 2010c, 2017), while others also 
included fathers with more than one child. Only one study engaged 
fathers- to- be during the third trimester of their partner's pregnancy 
(Cohen- Bendahan et al., 2015).

Twenty of the 24 studies included healthy children, whereas 
three studies enrolled preterm infants (Cong et al., 2015; Vittner 
et al., 2018, 2019), and one included children with autism spectrum 
disorders (Naber et al., 2013). Figure 2 displays the range in chil-
dren's ages for each of the selected studies.

3.2  |  Methodology review

3.2.1  |  Disentangling the interdependence of 
studies and labs

Fourteen papers came from the laboratory of Ruth Feldman at 
the Bar- Ilan University in Israel (Abraham et al., 2014; Apter- Levi 
et al., 2014; Feldman, Gordon, Schneiderman, et al., 2010; Feldman, 
Gordon, & Zagoory- Sharon, 2010; Feldman et al., 2011, 2012; 
Gordon et al., 2010a, 2010b, 2010c, 2017; Weisman et al., 2012, 
2013, 2014, 2016). Three papers were published by Dorothy Vittner 
and colleagues at the University of Connecticut (Cong et al., 2015; 

Vittner et al., 2018, 2019). The Leiden University team led by Marian 
Bakermans- Kranenburg and Marinus van IJzendoorn published two 
papers (Naber et al., 2010, 2013). The remaining papers reported 
on independent samples from different research groups (Cohen- 
Bendahan et al., 2015; Gettler et al., 2019; Gray et al., 2007; Mascaro 
et al., 2014; Miura et al., 2015).

3.2.2  |  OT assessment

Tables 2 and 3 summarize the assessment methods used to meas-
ure OT concentrations. Paternal OT was assayed in saliva (n = 11), 
plasma (n = 10), or urine (n = 4). Three studies conducted cross- tissue 
assessment (Feldman, Gordon, Schneiderman, et al., 2010; Feldman, 
Gordon, & Zagoory- Sharon, 2010; Feldman et al., 2011) and showed 
a significant correlation between plasma and salivary OT concentra-
tions (r = .46, n = 19 fathers, Feldman, Gordon, & Zagoory- Sharon, 
2010; r = .41, n = 41 fathers, Feldman, Gordon, Schneiderman, et al., 
2010, Feldman et al., 2011). No significant correlations emerged for 
urinary OT with either plasma or salivary concentrations (Feldman 
et al., 2011). Most of the studies (n = 18) collected hormone samples 
during the afternoon hours (13:00– 20:00) to control for the circa-
dian rhythm in OT secretion. EIA kits were used in 22 of 24 records, 
usually citing previous validations from Carter et al. (2007) as sup-
porting the use of the EIA kits. RIA procedures were used according 
to the validation study of Amico et al. (1981). EIA kits were used 
on extracted samples according to the manufacturer's guidelines in 
the majority of studies, although in some studies the information on 
extraction was not explicitly reported.

3.2.3  |  Interaction tasks

Half of the included studies (n = 12) were conducted in a labora-
tory setting, whereas the remaining took place in the participant's 
home (n = 8) or hospitals (n = 4). Fourteen studies used a free or 
semi- structured play session ranging from 5 to 20 min (Abraham 
et al., 2014; Apter- Levi et al., 2014; Feldman, Gordon, Schneiderman, 
et al., 2010; Feldman, Gordon, & Zagoory- Sharon, 2010; Feldman 
et al., 2011, 2012; Gordon et al., 2010a, 2010b, 2010c, 2017; Gray 
et al., 2007; Miura et al., 2015; Naber et al., 2010, 2013). Four stud-
ies used the Face- to- Face Still- Face paradigm (Weisman et al., 2012, 
2013, 2014, 2016), whereas the three studies including preterm in-
fants opted for sessions involving skin- to- skin contact (Cong et al., 
2015; Vittner et al., 2018, 2019). Additionally, Cohen- Bendahan 
et al. (2015) used an immersive virtual reality environment to inves-
tigate the associations between OT concentrations and parenting 
attitudes (i.e., interest in caregiving activities) in a sample of expect-
ant fathers and single men. Two other studies did not include any 
interactive tasks. Mascaro et al. (2014) tested the reaction to pho-
tographic infant stimuli using a sample of fathers and non- fathers 
and Gettler et al. (2019) only used self- report measures of fathers’ 
parenting style.
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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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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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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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3.3  |  OT in human fatherhood

3.3.1  |  OT in fathers and non- fathers

Three studies revealed that fathers of infants aged 4 months to 
3 years had significantly higher endogenous OT levels compared to 

non- fathers (Abraham et al., 2014; Feldman et al., 2012; Mascaro 
et al., 2014). One longitudinal study (Cohen- Bendahan et al., 2015) 
reported that fathers- to- be (during their partner's pregnancy) did 
not differ in OT from non- fathers (whose partner was not pregnant). 
Another cross- sectional study reported similar findings for adoptive 
fathers, who had similar OT concentrations compared to biological 
fathers and higher OT levels compared to non- fathers (Abraham 
et al., 2014).

3.3.2  |  OT in fathers and mothers

No significant differences emerged in the endogenous OT concen-
trations between mothers and fathers of infants during the first 
4 years after birth (Abraham et al., 2014; Apter- Levi et al., 2014; 
Feldman, Gordon, Schneiderman, et al., 2010; Feldman et al., 2011; 
Gordon et al., 2010a, 2010b, 2017; Miura et al., 2015; Vittner et al., 
2018). Notwithstanding, seven records were from the same labora-
tory. Specifically, mothers’ and fathers’ OT levels were comparable 
and significantly correlated over time with an increase from post-
partum to 6 months after childbirth (Gordon et al., 2010b, 2017). No 
significant differences also emerged in another study on 19 fathers 
that assessed OT levels after a structured playful parent– infant in-
teraction (Feldman, Gordon, & Zagoory- Sharon, 2010). Only Gettler 
et al. (2019) documented significantly higher OT levels in mothers 
compared to fathers; nonetheless, the sample size was limited to 16 
fathers. Both Gettler et al. (2019) and Feldman et al. (2011) also inves-
tigated the presence of significant associations between the quality of 
the mother– father relationship and each parent's endogenous OT lev-
els. These findings suggested that both fathers’ and mothers’ OT con-
centrations were significantly and positively correlated to romantic 
attachment security (Feldman et al., 2011). In another study looking 
at endogenous OT levels, fathers who reported high marital conflict 
also had lower salivary OT levels, whereas fathers who reported low 
marital conflict had higher OT concentrations (Gettler et al., 2019).

3.4  |  Paternal caregiving and affect regulation

3.4.1  |  Endogenous OT and paternal caregiving

Eight studies focused on the association of paternal endogenous OT 
levels (e.g., not related to experimental administration of OT) with pa-
ternal caregiving behaviors or father– infant interactions. No signifi-
cant correlations emerged between paternal OT concentrations and 
fathers’ observed interactive behaviors (e.g., parent gaze, parent vo-
calization, parent touch, parent- infant synchrony, and respect for au-
tonomy) during the 5- min play interactions in 1-  to 6- month- old infants 
(Gordon et al., 2017) and 18-  to 48- month- old infants (Miura et al., 
2015). In line with these results, Gettler et al. (2019) found that OT con-
centrations were not significantly linked with self- reported paternal 
direct caregiving of children up to 5 years of age in a remote region of 
the Republic of Congo. In contrast, several studies from the laboratory 

TA B L E  2  Quality appraisal of included studies

Study A B C D E F Final

Abraham et al. 
(2014)

3 2 1 1 1 NA 2

Apter- Levi et al. 
(2014)

3 2 1 1 1 NA 2

Cohen- Bendahan 
et al. (2015)

2 2 1 1 1 1 1

Cong et al. (2015) 3 1 1 1 1 1 2

Feldman, Gordon, 
and Zagoory- 
Sharon (2010)

3 2 1 1 1 NA 2

Feldman, Gordon, 
Schneiderman, 
et al. (2010)

3 2 1 1 1 2 2

Feldman et al. 
(2011)

3 2 1 3 1 NA 3

Feldman et al. 
(2012)

3 2 1 3 1 NA 3

Gettler et al. (2019) 3 2 2 2 1 NA 2

Gordon et al. 
(2010a)

3 1 1 1 1 NA 2

Gordon et al. 
(2010b)

3 2 2 1 2 NA 2

Gordon et al. 
(2010c)

3 2 1 1 1 1 2

Gordon et al. (2017) 3 2 1 3 2 2 3

Gray et al. (2007) 2 1 1 1 1 NA 1

Mascaro et al. 
(2014)

3 2 1 1 1 2 2

Miura et al. (2015) 2 2 1 1 1 NA 1

Naber et al. (2010) 3 1 1 1 1 1 2

Naber et al. (2013) 3 2 1 1 1 NA 2

Vittner et al. (2018) 3 2 1 1 2 NA 2

Vittner et al. (2019) 3 1 1 1 1 NA 2

Weisman et al. 
(2012)

3 1 1 1 2 1 2

Weisman et al. 
(2013)

3 1 1 1 1 1 2

Weisman et al. 
(2014)

3 1 1 1 2 1 2

Weisman et al. 
(2016)

3 1 1 1 1 NA 2

Note: A, Selection bias; B, Study design; C, Confounders; D, Blinding; 
E, Data collection methods; F, withdrawals and drop- outs. Quality 
codes: 1, strong; 2, moderate; 3, weak.
Abbreviation: NA, not applicable.
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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 Ruth Feldman reported significant correlations of OT levels with 
frequency and quality of paternal affectionate touch (Apter- Levi et al., 
2014; Feldman et al., 2012), as well as with father– infant gaze and af-
fect synchrony (Feldman, Gordon, & Zagoory- Sharon, 2010; Feldman 
et al., 2012; Gordon et al., 2010a) during free play interactions with 
their 1-  to 6- month- old infants. The OT levels were associated with 
specific caregiving behaviors in fathers. Higher OT concentrations be-
fore (Apter- Levi et al., 2014; Gordon et al., 2010b) and after (Feldman, 
Gordon, Schneiderman, et al., 2010) a playful interaction with 4-  to 
6- month- old infants were linked with more frequent use of facilitating 
physical stimulation (e.g., changing infants’ position in space) and more 
functional presentations of objects to the infant.

3.4.2  |  OT administration and paternal caregiving

A subset of studies examined the effects of OT administration on 
paternal behavior during experimental studies using a within- subject 
design. On the one hand, OT and placebo conditions did not result 
in significant differences in ratings of paternal sensitivity and intru-
siveness in a sample of 17 fathers (Naber et al., 2010) as well as vocal 

turn- taking in a slightly larger sample of 35 subjects (Weisman et al., 
2013, 2016). On the other hand, fathers of 2-  to 3- year- old children 
provided more attuned physical stimulation as well as less hostil-
ity when administered OT versus the placebo (Naber et al., 2010, 
2013). Fathers who received OT administration exhibited more 
infant- directed touch, positive vocalizations, and encouragement of 
infants’ social initiative compared to fathers in the placebo condi-
tion (Weisman et al., 2012, 2014). As only expectant fathers were 
included in the study by Cohen- Bendahan et al. (2015), the paternal 
caregiving behaviors were assessed only in a virtual reality environ-
ment, where they were interacting with a baby or a non- baby avatar. 
Nonetheless, the time spent directly engaged in interactions with 
the baby avatar was greater when the men were administered intra-
nasal OT compared to the placebo condition.

3.4.3  |  OT and paternal caregiving in at- risk and 
atypical developmental conditions

Four studies examined paternal caregiving behaviors with samples 
of at- risk, preterm infants or infants with atypical development (i.e., 

F I G U R E  2  Overview of the age range of infants and children whose fathers were enrolled in previous research on paternal oxytocin 
Note: Black bars are obtained from min and max age values reported in original papers. White bars are obtained by adding and subtracting 
two standard deviations from the mean age obtained from studies that did not report min and max age for infants/children
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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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autism spectrum disorder). Cong et al. (2015) investigated the role of 
OT in modulating paternal anxiety and stress during skin- to- skin con-
tact in 19 dyads of fathers and their preterm infants. They reported 
that fathers who engaged in skin- to- skin contact with their newborn 
showed evidence of increased OT levels and reduced anxiety. A simi-
lar significant association between skin- to- skin contact and paternal 
OT levels was reported by Vittner et al. (2018, 2019). However, in 
this same study, paternal OT levels were negatively correlated with 
fathers’ self- reported engagement in parenting at hospital discharge 
(Vittner et al., 2019). The only study that included fathers of children 
with a diagnosis of autism spectrum disorders tested within- subject 
effects of OT versus placebo administration on paternal caregiving 
behavior. The results showed that— when compared to the placebo 
condition— fathers benefited from intranasal OT administration by 
exhibiting less hostility and more appropriate physical stimulation 

during the 15- min free play interactions with their 4- year- old chil-
dren (Naber et al., 2013).

3.4.4  |  Father– child OT attunement

Only two studies focused on the attunement between fathers’ and 
children's baseline and/or post- interaction OT concentrations. One 
study explored father– infant OT attunement between 19 fathers 
and their 4-  to 6- month- old infants and reported a significant posi-
tive correlation in OT levels both before and after a 15- min playful 
interaction (Feldman, Gordon, & Zagoory- Sharon, 2010). Moreover, 
dyads with higher ratings of affect synchrony during interaction also 
showed greater dyadic OT co- regulation and attunement, suggest-
ing that early parenting experiences may play a significant role in OT 

TA B L E  3  Oxytocin (OT) assessment and concentrations

Study Hormone tissue Study timing
Estimation 
method Salivary OT Plasma OT Urinary OT

Abraham et al. (2014) Saliva 16:00– 20:00 EIA 6.33 pg/ml NA NA

Apter- Levi et al. (2014) Plasma 13.00– 16.00 EIA NA 391.18 pg/ml NA

Cohen- Bendahan et al. 
(2015)

Urine 16:00– 19:00 EIA NA NA 4.14 ng/mmol (ratio 
to creatinine)

Cong et al. (2015) Saliva 13:00– 15:00 EIA 41.25 pg/ml NA NA

Feldman, Gordon, and 
Zagoory- Sharon 
(2010)

Saliva; plasma 13.00– 16.00 EIA 10.46 pg/ml 356.13 pg/ml NA

Feldman, Gordon, 
Schneiderman, et al. 
(2010)

Saliva; plasma 13.00– 16.00 EIA 7.09 pg/ml 405.10 pg/ml NA

Feldman et al. (2011) Plasma, saliva, 
urine

13.00– 16.00 EIA 7.09 pg/ml 405.10 pg/ml 9.81 pg/ml

Feldman et al. (2012) Plasma 16:00– 19:00 EIA NA 377.69 pg/ml NA

Gettler et al. (2019) Saliva 16:30– 18:30 EIA 44.26 pg/ml NA NA

Gordon et al. (2010a) Plasma 16:00– 20:00 EIA NA 306.01 pg/ml NA

Gordon et al. (2010b) Plasma 16:00– 20:00 EIA NA 401.98 pg/ml NA

Gordon et al. (2010c) Plasma 16:00– 20:00 EIA NA 354.00 pg/ml NA

Gordon et al. (2017) Plasma 16:00– 20:00 EIA NA NA NA

Gray et al. (2007) Urine 08.00– 17.30 EIA NA NA 2.00 pg/mg (ratio to 
creatinine)

Mascaro et al. (2014) Plasma 7:30– 15:25 RIA NA 8.78 pg/ml NA

Miura et al. (2015) Urine 11:00– 14:00 RIA NA NA 114.60 lU/ml (ratio 
to creatinine)

Naber et al. (2010) NA NA NA NA NA NA

Naber et al. (2013) NA NA NA NA NA NA

Vittner et al. (2018) Saliva 13:00– 15:00 EIA 142.99 pg/ml NA NA

Vittner et al. (2019) Saliva 13:00– 15:00 EIA 142.99 pg/ml NA NA

Weisman et al. (2012) Saliva 13.00– 17.00 EIA 23.20 pg/ml NA NA

Weisman et al. (2013) NA NA NA NA NA NA

Weisman et al. (2014) Saliva 13.00– 17.00 EIA 23.20 pg/ml NA NA

Weisman et al. (2016) Saliva 13.00– 17.00 EIA 23.20 pg/ml NA NA

Abbreviations: EIA, enzyme immunoassay; NA, not applicable; RIA, radioimmunoassay.
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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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attunement in humans. Feldman et al. (2012) also showed that fa-
thers who experienced higher quality parental care during their own 
childhood also had higher plasma OT concentrations and provided 
more frequent physical contact to their infants during face- to- face 
interaction.

4  |  DISCUSSION

4.1  |  Methodology

In the present review, OT concentrations were assessed from dif-
ferent peripheral samples (i.e., plasma, salivary, or urinary) and only 
three studies have conducted a cross- tissue assessment to deter-
mine if concentrations from one peripheral assessment (e.g., saliva) 
are correlated with concentrations in another (e.g., urine). Peripheral 
OT measurements showed high variability and there was only partial 
support for significant cross- sample correlations. Specifically, there 
was stronger concordance between salivary and plasma OT concen-
trations and limited support for cross- sample concordance in the 
case of urinary OT. The major limitation of OT studies in humans— 
and in fathers— is partly due to the inability to measure OT levels in 
brain tissue (MacLean et al., 2019; McCullough et al., 2013; Scatliffe 
et al., 2019). Multiple techniques have been developed to measure 
endogenous OT; however, peripheral OT assessment (e.g., saliva and 
plasma) remains quite challenging and unfortunately, OT levels de-
tected through different peripheral samples are poorly correlated 
with one another (MacLean et al., 2019). Future cross- sample stud-
ies in human fathers are needed to help bridge the gap and to allow 
more reliable data collection and interpretation (Beery et al., 2016). 
Based on the findings from the present review, when compared to 
urinary samples, saliva and blood appear to be more concordant and 
may be preferred when assessing OT in peripheral tissues in human 
studies.

Besides, previous research on human OT may be dependent on 
the availability and limited validation of existing methods of OT as-
sessment tools. For example, both EIA and RIA methods may be sen-
sitive to other immunoreactive products that remain to be identified 
and as a result, the obtained estimation of OT concentrations from 
peripheral samples may be biased (McCullough et al., 2013). The ma-
jority of studies included in this review relied on EIA. Nonetheless, 
a detailed description of extraction and assessment methodology 
was not always reported in the original papers. Thus, it may be spec-
ulated that the large differences in OT raw values among some of 
the included studies may be due more to different methodological 
procedures than to task- related or hypothesized mechanisms. Zhang 
et al. (2011) described a different approach to the measurement of 
OT in human peripheral samples (i.e., mass spectrometry detection), 
which appears to be highly sensitive in detecting OT, yet it has not 
been used in previous studies with fathers. Moreover, the instru-
mentation needed to conduct these assessments may be available 
only in specialized laboratories, limiting access to this measurement 
approach to few research teams.

Consistent with this point, it should be highlighted that many 
of the studies included in the present review were from a limited 
number of research teams. For example, more than 50% of the pa-
pers were published by the same research team with multiple papers 
potentially reporting on the same fathers, using the same assayed 
tissue samples. Thus, findings are highly interdependent across mul-
tiple publications using the same data, which limits the possibility to 
conduct a proper meta- analytic study (Hedges et al., 2010). This calls 
attention to the need for additional research from multiple research 
groups and/or on multiple samples of fathers to generate replicable 
findings and eventually increase generalizability.

The available data do not allow us to disentangle the reciprocal 
and joint contributions of OT concentrations and caregiving- related 
cultural values or practices on the observed paternal behavior pat-
terns (Bakermans- Kranenburg et al., 2019). Most of the studies 
were carried out in Western societies, and only the Gettler et al. 
(2019) study (i.e., Congo Republic) and the publication from Miura 
et al. (2015) (i.e., Japan) were conducted in non- Western societies. 
Previous research is suggestive of a potential interaction between 
cultural- informed behaviors and neuroendocrine regulation (Sasaki 
et al., 2011). Because cultural values and norms often shape par-
enting and fathering behaviors (Domenech Rodrìguez et al., 2009; 
Marsiglio et al., 2000; Porter et al., 2010), we would recommend 
that future research explore the ways different cultural contexts 
may shape fathering behaviors and the role played by OT regula-
tion. More cross- cultural research is clearly needed before we can 
deepen our knowledge about bio- cultural interactions that underpin 
fatherhood and paternal parenting in humans. This may be more rel-
evant for research on fathering compared to mothering, as the lack 
of intrinsic hormonal changes that occur during maternal pregnancy 
is less prominent in men and may contribute to the greater variations 
reported for paternal caregiving phenotypes (Feldman & Masalha, 
2010).

4.2  |  Main findings

The reviewed evidence suggests a role for OT regulation in father-
hood and paternal caregiving in infancy and early childhood. Fathers’ 
OT concentrations significantly differed from those of non- fathers 
(Feldman et al. 2012; Mascaro et al., 2014). Moreover, fathers ex-
hibited similar OT levels when compared to mothers (Apter- Levi 
et al., 2014; Feldman, Gordon, Schneiderman, et al., 2010; Feldman, 
Gordon, & Zagoory- Sharon, 2010; Feldman et al., 2011; Gordon 
et al., 2010a; Miura et al., 2015), for whom OT is typically linked 
to birth, lactation, and postnatal bonding (Crowley, 2011; Galbally 
et al., 2011). Also, fathers- to- be did not differ from non- expecting 
men in OT levels (Cohen- Bendahan et al., 2015). Taken together 
these findings suggest that the role of OT regulation in men might 
be more relevant after the infant's birth, rather than already dur-
ing pregnancy as previously reported for women (Crowley, 2011; 
Galbally et al., 2011). In other words, whereas psychological ad-
aptation to parenthood may be observed in men (Lindstedt et al., 
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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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2020), the neuroendocrine adaptation occurs only after the transi-
tion to fatherhood (Bakermans- Kranenburg et al., 2019). As such, it 
is quite likely that OT levels are modulated after the birth of the child 
and that the active engagement in fathering further modulates the 
regulation of endogenous OT secretion in men. Notwithstanding, it 
should be highlighted that the correlational nature of the studies in-
cluded in this review do not allow us to disentangle the reciprocal 
and causal influences between changes in OT concentrations and 
the observed or self- reported paternal caregiving measures.

Mixed findings emerged regarding the link between fathers’ OT 
and paternal behaviors. Such conflicting results emerged regardless 
of infants’ age and the type of observational task used, suggesting 
that wide individual variability and heterogeneity may be expected in 
the association of OT with paternal caregiving behaviors. Moreover, 
it should also be highlighted that when significant links between OT 
concentrations and fathers’ behavior emerged, they were related 
to specific caregiving behaviors. Higher OT concentrations before 
(Apter- Levi et al., 2014; Gordon et al., 2010b) and after (Feldman, 
Gordon, Schneiderman, et al., 2010) parent– child interaction were 
linked with increased stimulatory physical activities and better ob-
ject presentation to the child. This was also supported by studies 
using controlled intranasal OT administration, which resulted in in-
creased attuned physical stimulation by fathers during father– child 
interaction (Naber et al., 2010; Weisman et al., 2012, 2014). It should 
be highlighted that previous research reported that high levels of OT 
concentrations in mothers may favor the emergence of other type of 
caregiving behaviors, such as affectionate or gentle touch and syn-
chronous responses to infants’ communicative bids (Scatliffe et al., 
2019). Taken together, these findings are suggestive of a potential 
role played by OT in facilitating specific paternal behaviors that are 
different from those observed in mothers. Nonetheless, these con-
clusions require further validation in larger samples from different 
laboratories.

Notably, the association of OT with specific fathering behaviors 
was also found in the few studies conducted with fathers of at- risk 
infants and children with atypical developmental conditions. For ex-
ample, fathers of children with a diagnosis of autism spectrum disor-
der showed less hostility and more appropriate physical stimulation 
after intranasal OT administration. Also, OT reactivity was reported 
for fathers of preterm infants during skin- to- skin contact (Cong 
et al., 2015). These findings suggest that OT may serve as a neuro-
endocrine protective factor that facilitates paternal bonding even 
with more vulnerable and at- risk children. The one counterintuitive 
effect indicated that higher OT concentrations were associated with 
less engagement for fathers of preterm infants (Vittner et al., 2018, 
2019) which may be due, in part, to the high levels of stress and 
anxiety experienced by these fathers (Caporali et al., 2020) and the 
challenges they face bonding with their preterm infants during hos-
pitalization in the neonatal intensive care unit (Provenzi & Santoro, 
2015).

Finally, only two papers from Feldman, Gordon, Schneiderman, 
et al. (2010), Feldman et al. (2012) investigated the intergenerational 
transmission and attunement of OT regulation between fathers and 

children. The quality of parenting experienced by fathers during 
their own childhood was associated with paternal OT levels mea-
sured after a face- to- face interaction task with their own 4-  to 
6- month- old infants (Feldman et al., 2012), and higher OT attune-
ment between fathers and infants was reported in dyads also rated 
as highly synchronous on the behavioral level (Feldman, Gordon, 
Schneiderman, et al., 2010). While these findings are intriguing, they 
should be considered as opening new hypotheses rather than con-
firming the presence of intergenerational or dyadic co- regulation 
of OT. More research is clearly needed before we can understand 
whether and how OT is co- regulated within the father– infant dyad 
(Bakermans- Kranenburg et al., 2019; Welch & Ludwig, 2017).

4.3  |  Limitations

There is substantial variability among the included studies in terms 
of sample size (i.e., 16– 121), the observational tasks used, the age of 
the infants and children studied, and the peripheral markers used to 
assess OT. To at least partly reduce such variability, we focused only 
on fathers of infants and preschool children to reduce the heteroge-
neity in tasks and fathering behaviors. Of course, this may prevent 
the generalizability of our findings to fathers of older children and 
adolescents. Research with larger samples is needed to assure ad-
equate power for experimental studies on fathers’ OT and to allow 
longitudinal studies that may provide evidence of OT regulation in 
fathers from infants’ birth to later childhood.

Specific limitations apply also to OT administration tasks. 
Previous research suggested that changes in peripheral OT secre-
tion can be observed between 10 and 80 min after experimental 
administration (MacDonald & MacDonald, 2010) and that only small 
amounts of peripherally administered OT may cross the blood– brain 
barrier after single doses (Mens et al., 1983; Quintana et al., 2018). 
Therefore, it is necessary that OT administration studies also re-
port pre-  and post- administration descriptive statistics for the en-
dogenous OT levels. Unfortunately, among the OT administration 
studies included in our review, only four of seven provide complete 
information on pre-  and post- administration values (Weisman et al., 
2012, 2013, 2014, 2016) and these publications were from the same 
laboratory and sample. As the lack of appropriate quantification of 
the change in OT concentrations limits the interpretation of findings 
from OT administration studies, future research using OT adminis-
tration should consistently report pre-  and post- task values.

Finally, some of the results reported here are based on a lim-
ited number of studies (e.g., the intergenerational regulation of OT 
in father– child dyads). Future research is clearly needed not only to 
augment and replicate the findings reported here but also to gen-
erate additional research questions to be pursued. These studies 
should be directed at unveiling the association of OT concentrations 
with fathering behaviors as well as the role of this hormone in the es-
tablishment of early dyadic co- regulation processes that may favor 
long- lasting child development and the intergenerational transmis-
sion of emotional well- being (Welch & Ludwig, 2017).
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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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4.4  |  Future directions

Because research on human fathers’ OT holds promises for de-
velopmental psychobiology, we offer recommendations for fu-
ture directions (see Figure 3). First, we need to understand better 
the biological interactions between different hormones that may 
shape and contribute to emerging paternal caregiving behaviors. 
Interactions among hormones and neurotransmitters (e.g., cortisol, 
vasopressin, serotonin, and OT) have been previously documented 
in parents (Bakermans- Kranenburg et al., 2019; Okabe et al., 2013; 
Rajhans et al., 2019), but specific investigations are needed as it per-
tains to fathers. Additionally, as recent research suggested that the 
regulation of endogenous OT may also be affected by DNA methyla-
tion changes occurring at the level of the OT receptor gene (OXTR; 
Cataldo et al., 2018), the role of epigenetic mechanisms related to 
the OT system in fathers may be intriguing. A recent study reported 
that the quality of maternal care experienced during childhood and 
self- reported retrospectively by adults was associated with DNA 
methylation of the OXTR gene in men and women (Unternaehrer 
et al., 2015), but less is known about the role of paternal caregiving. 
Second, the studies reviewed here mainly focused on the first 2 years 
of life and most of them were cross- sectional. Although this is con-
sistent with the notion that the first 1000 days represent a sensitive 
period for human parenting effects on infants’ developmental tra-
jectories, longitudinal designs are needed to assess changes in pater-
nal OT throughout infancy, childhood, and even adolescence. Third, 
it cannot be ruled out that sociocultural values and practices may 
further shape fathering and, in turn, OT levels (Seward & Stanley- 
Stevens, 2014). Although it may be obvious that cultural values differ 
among societies, we also believe it would be interesting to explore 
directly how different fathering phenotypes may be associated with 
diverse patterns of OT regulation. Finally, research efforts should 
be dedicated to understanding how early parenting interventions 
may be effective in promoting more positive paternal caregiving and 
how OT may be involved in contributing to the protective effects of 

fathering. This would be especially interesting in conditions where 
the immediate postnatal closeness and bonding between parents 
and infants are partially challenged or postponed, for example in the 
case of preterm birth (Provenzi et al., 2017). As early interventions 
for parents of preterm infants appear to be differently beneficial for 
mothers and fathers (Matricardi et al., 2013), the potential role of 
OT regulation in supporting adaptation to parenting in such at- risk 
conditions may deserve specific attention.

5  |  CONCLUSIONS

Research on paternal OT has rapidly accumulated during the last two 
decades. While it is intriguing and may hold potentials for both sci-
entific advances and clinical applications, due to the many methodo-
logical challenges highlighted in this review, there is still much to be 
learned. Further interdisciplinary collaborations among researchers 
with psychological, behavioral, and biological backgrounds will pro-
mote a more profound understanding of the reciprocal influences 
among human fathering, hormonal regulation, and their effects on 
child development. This continuing venture can provide the missing 
pieces needed to conclude with more certainty how OT is linked to 
human fatherhood, which may be used in clinical applications, and 
ultimately, to provide the evidence base needed to inform early par-
enting interventions in at- risk developmental conditions.
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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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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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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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