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Anxiety disorders are associated watithancearrorrelated negativity (ERN)
acrass development but it remains unclear whether alterations in brain
electrophysiology are linked to the timing of puberty. Pubertal timing and
alterations of prefrontal and limbic development are implicated in risk for
depressin, but the interplay of these factors on the E&titiety association has
not been assessalfe examined the unique and interactive effects of pubertal
timing.and depression on the ERN in a sample of youth 10-19 years old with
anxietydisordergn=30 or no history of psychopathologg<30). Earlier
pubertalmaturation was associated with an enhanced ARbhgst early, but
notlatematuring youth, higher depressive symptoms were associated with a
reduced ERN. The magnitude of neural reactivity to erraggsnsitive to anxiety,
depression, and development. Early physical maturation and anxiety may
heighen neural sensitivity to erroy®tpredictopposingeffectsin the context of
depressionk eywor ds: pediatric anxiety; errerelated negativity; puberty;
depression; EEG
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The ability to selfdetect errors and dynamicallyjast goaldirected behavior is one
critical aspect of adaptiveognitive developmer({fTamnes, Walhovd, Torstveit, Sells, & Fjell,
2013).Theneural basis of error monitoring is observable in scatprded
electroencephalograrkEEG) as a frontecentral negativity for error versus correct responses,
termed theerrorrelated negativity (ERN(Falkenstein, Hohnsbein, Hoormann, & Blanke,
1990; Gehring, Goss, Coles, Meyer, & Donchin, 1998 ERNwas initiallylocalized
primarilytothe anterior cingulateortex(van Veen & Carter, 2002), a region of the brain
where'information about pain, threat, and punishment is integrated to change behavior
(Shackman et al., 2011Additionally, morerecent work suggésthat activity within the
posterior gingulate cortefBuzzell et al., 2017)superior/medial prefrontal cortéldochman,
Eviatar,"Breznitz, Nevat, & Shaul, 2009; Holmes & Pizzagalli, 208&],insular cortex
(Czobor et al., 2017), which operate within a fronto-limbic network involved in emotional
salience and attentigmlso provide a substantial contribution to the scatprded ERNAN
enhanced ERN igostulated to be involved monflict monitoring(Yeung, Botvinick, &
Coheny2004), increased sensitivity to endogenous threat (Weinberg, Meyer, et al., 2016), and
reinforcement learnin@Holroyd & Coles, 2002)These cognitive processes have shown
relevance to the etiologyf anxiety disorder@Moser, Moran, Schroder, Donnellan, & Yeung,
2013;.Weinberg, Meyer, et al., 2016), and indeed, a more negative ERN has consistently
differentiated adults witheterogeneousnxiety disorders from healtlopunterparts across
over 40, studiesyith an overall effect size af= 0.35 (Cavanagh & Shackman, 2015; Moser
et al., 2013)

Inereasingly, a enhance@RN s also observabla clinically anxious youth,
including those with obsessive compulsive disor@€D) (Carrasco, Harbin, et al., 2013;
Carrasco, Hong, et al., 2013; Hajcak, Franklin, Foa, & Simons, 2008; Hanna et al., 2012),
social anxiety disorder (Kujawa, Weinberg, et al., 2016), and other mixed anxietjedssor
(Ladouceur; Dahl, Birmaher, Axelson, & Ryan, 2006; Meyer, Hajcak, Glenn, Kujawa, &
Klein, 2017; Meyer et al., 2013%everal studies report an association betwegiety
severityandincreases in the ERBress, Meyer, & Hajcak, 2015; Meyer, Weinberg, Klein,
& Hajcak, 2012; Santesso, Segalowitz, & Schmidt, 2006; Weinberg, Meyer, et al., 2016),
though thidinearrelationship has not been consistently observed in clinical samples
(Carrasco, Hong, et al., 2013; Hajcak et al., 2008; Hanna et al., 2012; Ladouceur et al., 2006).
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Variability in the anxietyERN associatiomay in part, be related tm-morbid depression,

which has been purported to have an opposing effeitteoBRN(Weinberg, Klein, &

Hajcak, 2012; Weinberg, Kotov, & Proudfit, 2015). In support of this, a blunted ERN has
been reported in relation tepressive syptomsamong youth (Weinberg, Meyer, et al.,

2016) andn offspring of mothersvith recurrent depressidiMeyer, Bress, Hajcak, & Gibb,
2016).'Of note, in adult studies, however, the effects of depression are quite mixed, with
reducedOlvet, Klein, & Hajcak, 2010; Weinberg et al., 2012), equivocal (Schoenberg, 2014;
Weinbergetal., 2015), and even larger ERN’s repd@il & Deldin, 2007; Holmes &
Pizzagalli, 2010).

Although both anxiety and depressimrerelated to alterations ithe ERN amongst
youth, itis less cleawhetheranxiety and depression relate to or interact with developmental
changes inthe error-monitoring system. Not all studies include a wide enough age range to
chart the ERN across childhood, adolesceand adulthood (Lo et al., 2016; Meyer et al.,
2013; Santesso et al., 2006). Yet, others have repoterdctions betweeage andynmptoms
of anxiety=and depression (Meyer et al., 2012; Weinberg, Meyer, et al., 2016). For instance,
Hanna'et'af2012) found that the ERN increased prematurely in youth with OCD relative to
controls(Hanna et al., 2012). By contrast, Ladouceur et al (2012) foungiab#t with major
depressionid not exhibit the expected increase in ERN amplitudes as a function of age
(Ladouceur et al., 201Zyhus, while youtHikely undergochangesn the ERNacross
development, further work is neededsfmecifyhow developmerninteracs with dimensions of
psychopathology.

In.particular, one important aspect of developniigety to have direct implications
for brain development and possible downstream influence on risk for psychopatisclogy
hormonal changes associated with puberty, as both puberty ratings and sexdsdnene
shown_ a relationship with the ERN (Gorday & Meyer, 20BRjberty is a process that is
marked by reproductive maturation, via elevated secretion of gonadal steroid ho(Biskes
& Zehr2005). Although therain is a target organ for gonadal steranfones throughout
life, the"adolescent brain is particularly sensitive to these expd&isks 2017) Therefore,
puberty may partly account feahanges irbrainstructure and functiothat source localization
studies havalsoimplicated in the ERN. For instanaghangesn pubertal sex hormones
across latehildhood to early adolescence have been linked to grey matter density in the
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anterior engulate and prefrontal cortex (Brouwer et al., 2085)well as increased furmtial
activation in these areé®p de Macks et al., 2016). Additionally, pubertal stage been
associated with volumehanges in subcorticaldin areas involved in salience and decision-
making (Goddings et al., 2014). Moreovér effects of pubertal status on the brain have
been shewn to interact with ag@oddings et al., 2014), suggesting tthattiming with which
the brain isexposed to gonadal hormadm&s the potential to produtime-sensitive neural
development and behavioral maturation (Blakemore, Burnett, & Dahl, 2010). Accordingly,
there may'be value and preoisithat is gained through assessing the impact of pubertal
timing'on neural development - that is, the effect of puberty that is not explained by age
(Blakemoreet al., 2010).

Pubertal timing may be a particularly relevant measure of developmentigalclin
samples because rates of depresghtiny, Hamilton, Hamlat, & Abramson, 201@nhd
arxiety (Graber, 2013) increase during puberty, for which early developing youth are at
highest.risk The underlying causes for thigy relate to pysiological and hormonal changes
during ppubertythatalterneural circuits diectly (Buchanan, Eccles, & Becker, 1992; Schulz,
Molenda-Figueira, & Sisk, 2009).lt&rnatively, the physiological changes associated with
early puberty may alter an adolescent’s social experiences during puberty, and in tu
increaserisk for psychopathology (Graber, 2033. also possibl¢hat the neuradnd social
changes associated with egplybertal developmemhay moderateendogenous threat
sensitivity in a way that predisposes anxious youth to depre&il@nDavis, McMakin,

Dahl, &Forbes, 2012). However, the impact of pubertal timing on ERNety and ERN
depression‘associations has not yet been examined.

Accordingly, this study sougi addresshe relationship between the ERN, anxiety,
and depression in a developmental context. We examined the impact of pubertal timing and
depressivasymptoms on the ERN in youth with heterogeneous anxiety disqAljsand
healthy controls (HC)We hypothesized th#&D youth would exhibit an enhanced ERN and
that the.ERN would be larger amongst early developing youth. We also hypethisiz by
contrastiyoeuth with greater depressive symptoms would exhibit a bluntedvigERdkpected
that depression would moderate the effe€@xiety and pubertal timing, such that high
levels of depression would be associated with a reduceddaRMNamongst early developing,

anxious youth.
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M ethods

Participants

Participants wergouth recruited through the University of Michigan and University
of Illingis at Chicago. Patients were recruited through outpatient clinics at each university and
healthy_centrols were recruited through the surrounding communities (Bunford et al., 2017;
Burkhouse.et al., 2017; Kujawa, MacNamara, Fitzgerald, Monk, & Phan, 2015; Kujawa,
Swain)etal’, 2016; Kujawa, Weinberg, et al., 2016). We have previously puliiBidata
from this'sample of youtAnd a sample ofoung adults before and after treatment for anxiety
(Kujawa, Weinberg, et al., 2016\.total of 60 participants between the ages of11®((n = 30
AD youthwith a current diagnosis of social, separatmmngeneralized anxiety disordandn
= 30 HCwith no psychiatric histodyprovided usable electroencephalogram (EEG) and
guestionnaire dataDiagnoses were obtained throuitje semistructuredSchedule of
Affective Disorders and Schizophrenia for School-Age Children (Kaufman, 98i7) by
master'sor doctoraldevel clinicians History of mania, psychotic symptoms, intellectual
disabilitysspervasive developmental disordexgrent substance use disorders;wrent
suicidalideation was exclusionary. Patienithwsecondary comorbidepressive disorders
were ingluded (Table 1Piagnose®f attention deficit hyperactivity disorder (ADHD) and
oppasitional defiant disorder (ODD) were not exclusionaD participants however in the
current sampleno participants met criteria for ODD and only 2 participants (AD group) had
ADHD.
PubertalTiming

ThePubertal Development ScdRDS)is aself-report questionnaire that assesses
pubertal development (Petersen, Crockett, Richards, & Boxer, . IBB8)PDS evaluates
height, weight, body hair, body hair growth, breast change (girls only), facial hair growth
(boys only),.and menstruation (gidsly). All items excepinenstruatior{binary coded
[yes=4, no.= 0]) are rated on an ordinal scaldal scores are calculated by summing across
items, with higher raw scores indicating more mature pubertal status. Bhbdpreviously
demonstrated good psychometric properties and convergent validity based andself-
physicianrated Tanner stage@eteren et al., 1988), including in ethnicatlyverse samples
(Siegel, Yancey, Aneshensel, & Schuler, 1999). Given that boys tend to show an age lag in

pubertal onset (Graber, 2013})igs to conducting analyses, we calculated-cewected z
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scores using the mean and standard deviation of total PDS score for boys and gatslgepar
Consistent with preweus researchhe PDS sexorrected zscore was regressed onto age and
the residual obtained was used as a continuous measure of puberta(Bietsky et al.,
2007; Dorn, Dahl, Woodward, & Biro, 2006; Dorn, Susman, & Ponirakis, 2003).
Accordingly, positive pubertal timing scores indicate earlier onset of puthern expected
for agerelative to same sex peers and negative pubertal timing scores indicate later onset of
pubertythan expected for age relative to same sex padysrtakiming scores and puberty
total scores(sexorrectedwvere moderately correlated£ .61,p <.001). Additionally, age
was moderately correlated with pubetdyal scores (= .57, p <.001).
Depressive& Anxiety Symptoms

Selfsreport of depressive symptoms was collected using the Children’s Depression
Inventory (CDI;(Kovacs, 1981) areliableand valid measure of depressive symptoms.
Higher scores indicate greater depression severity, with raw scores of 15, 21, and 25 reflective
of mild;,;moderate, and severe depression, respeciiBalyg, Park, & Kim, 2015). For the
purposesrof this studyaw scores were transformed to age and sex corréesedres with a
mean of 50‘and a standard deviation of $@lf-report anxiety symptoms were recorded using
the Multidimensional Anxiety Scale for Children (March, Parker, Sullivan,isgall &
Conpers; 1997).
Error Task

Participants completed a flanker task, which has been shown to reliably elicit an ERN
in youth"Meyer, Bress, & Proudfit, 2014Dn each trial, horizontally aligned arrowheads
were presented for 200 ms, followed by an intertrial interval between 2300 and 2800 ms. The
task included 11 blocks of 30 trials (330 trials total), with half of the trials coohgp&t>>>>
or <<<<<) andhalf incompatible (<<><< or >><>>). Participants were instructed to press the
left or right.mouse button to indicate the direction of the center arrow. Participants first
completed.a practice block of 30 trials. During the task, participants receivéadkezh
their performance at the end of each block in order to ensure a sufficient number of error
trials. The,message “Please try to be more accurate” was displayed if accuracy was < 75%,
and “Please try to respond faster” was displayed if accuracy waes 806%. Otherwise, the
message “You're doing a great job” was displayiéek administrative procedures for the
flanker task were identical acrastsidysites; specifically, theask was administered in a quiet
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room at both sites with only one observerserd. Sites used the same version of the flanker
task, which was run using the same software, so as to minimize any possible impact of the
size of the visual stimuli on the data.
EEG Data Acquisition and Preprocessing

Data were collected using a Be@i (Amsterdam, Netherlands)-3hannel cap (32
channels plus FCz and IBEG data acquisition and preprocessing steps were identical across
study sitesSpecifically, electrodes wepaced on the left and right mastoids, and
electrooculogram recorded from four facial electrodes. Data were digitizeeb#tr24olution
with alLeast Significant Bit (LSB) value 8fL..25nV and a sampling rate of 1024 Hz, and
processedweffline using Brain Vision Analyzer software (Brain ProductshiGgcGermany).
Data were converted to a linked mastoid reference, filtered withgagh-and lowpass filters
of 0.1 and 30 Hz, and segmented 500 ms before the response and continuing for 1000 ms after
theresponse. Eyeblinks were correc(€datton, Coles, & Donchin, 1983), and semi-
automated artifact rejection procedures removed artifacts with a voltage step of >50 uV
betweenrsample points, voltage difference of 175 uV within 400 ms intervals, maximum
voltage difference of <0.5 pV within 100 ms intervals, and additional artifacts removed using
visualinspection. ERPs to errors and correct responses were averaged separately and baseline
corrected tahe window 500—-300 ms prior to responsdse ERN was scored tte
frontocentral site (FCz) where amplitude was maxjd@lto 100 ms after the response
(Figure.x AD and HC shown separatelyrior to adjusting for other variables of interest,
Supplemental Figure 1Analyses focused on the error minus correct response difference
score (AERN) to isolate variation in the ERP wave related to performance monitoring (Luck,
2005).More negative AERN indicates greater differentiation between errors and correct
responses.
Data Analytic Plan

To.test our hypotheses, we conducted a generatizéiiple linear regression analysis
with the AERN as the dependent variable. All continuous variables were mean centered prior
to analysis.. The model included the main effects of diagnosis (coded [HTADG=1],
pubertal timing, and CDdepression T scores, as well as all-way interactions, and a

diagnosis x pubertal timing x CDI depression three-way interaction. We initaaila model
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including biological sex, but did not result in any main or moderating effects of sex, and so
sexwas removed tachievethe most parsimonious model.

A significant interaction was followedp using a standard simple slopes approach
(Aiken, West, & Reno, 1991 Fpecifically, the moderator was eithercentered at 1 SD
above the.mean for “high scores” and 1 SD below the mean for “low sé¢oresintinuous
variables (i.. pubertéiming) or the simple slopes were tested at each level of the categorical
moderatorvariable (i.e. diagnosis). Pbet additional follow-up linear regression models
were ran-at'high and low symptoms and plotted at these levels for display.

Results

DescriptivesStatistics

Demographic and descriptive statistics of the sample are presented in Table 1.
Participants were matched on age and sex and were comparable in terms of mean pubertal
timing across diagnostic groups. Amongst participants with an anxiety disordég 3@0
criteriafor a lifetimedepressivealisorder Moreover, there was a range of depressive
symptamatology within the AD group; 43of CDI totalraw scores fell in the mild to
moderate severity rang€here was no significant effect of age in relation to depressive
symptoms (main effech = .05,se = .58,p = .932) or any age x diagnostic group interactions
in relation to depressive symptoms (interactlos,-.76,se = 13.09,p = .347). Depressive
symptoms were significantly correlated with pubertal development amongst the AD group
using a.directional ontest (positive association,=.32,p = .042), an effect that was reduced
to a trendlevel when using a ndirectional, twetailed test |§ = .089.
Behavioral'Results

With regard to behavioral performance during the flanker task, ipanits committed
an average of297+ 15.66 errors, corresponding to an overall 9%@&tcuracy rate.
Accuracy.rates did not differ between AM € 93.39%,SD = .04 and HC M = 92.6%, SD
= .05) youth. Accuracy was also unrelated to pubertal timirg19,p = .14), anxiety
symptomsTASC Total T-Scorer = .09,p = .49), ordepressive symptoms (CDI Total T
Scorer=.17,p = .21). Additionally, diagnostic group did not moderate the associations
between accuracy and depressive sympt@mrs-(002,SE =.003,p = .41), anxiety
symptomgB =-.001,SE = .002,p = .39), or pubertal timingB =-.005,SE = .01,p = .97).
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Response times faongruent and incongruent trials, stratified by correct and incorrect
responses are reportederall and for each group in TableQverall (across all participants),
responses were faster for incorrect versus correct responses to corgiyeésf)) = 22.37, g
<.001,.and incongruent trials, F(1, 59) = 28.22, p = <.001. The interaction between diagnosis
and congruence for respongee to correct trials was not significaf{1, 58) = .86, p =.359.
The interaction between diagnosis and congruence was also not significardrfoaterrF(1,

58) = 146, p =.232
| mpact of‘Pubertal Timing and Depressive Symptoms

Results of thgeneralized multiplénear regression model are presented in Table
There was#a main effect of diagnosis;expectedhe AERN was more pronounced (more
negative) in"AD participanisfter controlling for the impact of pubertal timing and
depression.fiere was also a main effect of pubertal timing, such that earlier onset of puberty
was associated with a more enhanced AERN (Figure 2). There was no main effect of
depressive symptomshere was, however, a tweay interaction between diagnostic group
and depressive symptoms. Follow-up analyses indicated that among AD patsidipgher
depression'was associated with an attenuated AERN, b = .14, se = .07,p <.05 (Figure 3), but
not ameng HC participantb,=-.34, se = .30, p =.26. There was alsa twoway interaction
between'depressive symptoms and pubertal timbwodlow-up analyses indicated that with
earlier onset of puberty (‘high’ pubertal timing scores), increases in degregmptoms
were associated Wi a reducé AERN, b =.18,se = .08,p = .04(Figure4). Depressive
symptomsWwere unrelated to the AERN amongst youth with late pubertal timing (‘low’
pubertaktiming scoresh,=-.10,se= .11, p = .21. Thethreeway interactiorbetween pubertal
timing; mood, and diagnostic group didt reach significance
Exploratory Analyses

To evaluate the potential effect of different baselines on these results, these analyses
were repeated with a baseline of both 400 to 200 milliseconds (ms) and 15Gs@50Or to
the response, the results of which are reported in Supplemental Teeallkoconducted an
additional regression model to assess whether dimensional anxiety symptomdateddae
the ERN or interacted with pubertal timing in relation the ERIMNere was no main effect of
anxiety symptomsh(=-.05,se = .04,p = .261, nor did anxiety symptoms interact with
pubertal timing I§ = .04,se = .05,p = .457).
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Discussion

We examined error monitoring in a sample of youth with heterogeneous anxiety
disorders in relation to pubertal timing and depressive symptoms. Our primary finding
provides.preliminary evidence that in both anxious and healthy youth, early pubertal §ming i
associated.with enhanc&®RN amplitude. This finding builds on prior work linking puberty
stage with'an enhanced ERN (Gorday & Meyer, 20d&nonstrating that pubertal timing
may provide another layer of specificity into how developmental changes imp&the
Our results also replicate prior waffor a review segMeyer, 2017), that controlling for
depressivessymptasnchild and adolesceahxietydisorders are marked by an increased
ERN. Depressive symptoms attenuatbdse effects, both amaosigarly deeloping and
anxious youth, such that increasing depressive symptoms were associated with a reduced ERN
(Weinberg, Meyer, et al., 2016). Taken together, these findings indicate that theuc@aghit
neural reactivity to errors is sensitive to variationpubertal development, anxiety, and
depression:

An‘enhanced ERN is robustly associated with anxiety disorders in adults (Gavana
Shackman, 2015; Moser et al., 2013), and increasingly among youth (Meyer, 2017).
Consequently, the question of when and how this neural sensitivity develops becomes
important to understand in what way this biomarker of anxiety differssdypical
developmentindeed, the observadain effect of pubertal timingnhances ayrecision in
understanding when sensitive periods for the development &RNeare most likely to
occur.Byseorrecting for chroological age in our analyses, we show that the timing of
pubertal onset is related to the development of the ERN such that it is enhraeady i
maturing youth and attenuated amongst late maturing youtheXigisds previous evidence
of agetelated changes in the ER(Davies, Segalowitz, & Gavin, 2004; Hanna et al., 2012;
Meyer et als, 2012; Tamnes et al., 2013; Weinberg, Meyer, et al., 2016), shbatithg
timing_ofsphysical maturation compared to saaged peex can predict the neural signature of
youth’s'sensitivity to their own errors. Although longitudinal designs, including the
assessment of sex si@ hormones (Brown & Spencer, 2018)e needed to draw firm

conclusionsthis also means that thiening of puberty in relation to fluctuations aortical
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maturationcouldreflecta mechanism by which tHeRN becomes enhanceder time(and
generally, with age).

Although early physical maturatiomasrelated to heightened neural sensitivity to
errorsoverall, symptoms of depression exerted an opposing influence of the magnitude of the
ERN; high.depressive symptoms amongst early maturing youth were associated with a
reduced ERN. This finding poses a good example of why the transition from childhood to
adolescencenay be a particularly important time period tmsidemmultiple levelsof the
RDoCnegative valence systeamd their interactionfGarvey, Avenevoli, & Anderson,

2016), in relation to the development of psychopatholtigy.possible thaa blunted ERN is

a preexistingrisk factor or state marker of depression and masks the enhancement in the ERN
that is typically observed acrogabertal developmeriHolder & Blaustein2014).

Conversely, given that childhood and adolescence is characterizedtbyued, but uneven,
cortical maturationthere may be a timsensitive impact of sex steroids that
disproportionately modulatésspecially)imbic circuitry during an early pubertal phase
(PepergHulshoff Pol, Crone, & van Honk, 2011), anturn, increasegpropensityfor
depression‘and differentiaiternalization of tk value ofmistakeqGuyer, Silk, & Nelson,
2016):ltis also possible thaarly puberty may indirectly affect the ERN via socifiective
processes. Indeed, social scrutiny and victimization is common amongst earbpadeyel

youth (Sontag & Graber, 2010; Sontag, Graber, & Clemans, 2011). Many youth respond to
sociatevaluative threawith withdrawaland develop an increased tolerance to negative social
feedbackAllen et al., 2006; Lee, Hankin, & Mermelstein, 2010), which could be reflected at
the neurallevel in terms of reduced sensitivitgmologenous threg®ilk et al., 2012)

In anxious youth, a reduced ERNralation todepressivebut not anxietygymptoms
is consistent with prior work in community sample of adotents(Meyer et al., 2016;
Weinberg, Meyer, et al., 2016). Although evaluations of the ERN in child and adolescent
majordepression argenerallysparse (but sggadouceur et al., 2012; Meyer et al., 2016)),
this findingalsoconvergesvith adult studies wheréepressiorseverity is inversely
associated. with sensitivity to errd3lvet etal., 2010; Weinberg, Liu, & Shankman, 2016)
and a moderator of ERN magnitude in anxiety disorders (Weinberg et al., 2012; Wetnberg e
al., 2015). This study also offers leverage for RDogpired methodological approaches,
highlighting that variation in symptom dimensions of co-occurring psychopathologids are a
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least partially distinguishable in terms of patterns of neural responserdiagly, the ERN

may be a useful marker to track rions in transdiagnostic symptomand appears sensitive

to phenotypes. In contrast, there was no association between depression and the ERN amongst
HC where the range alymptoms wasorerestricted Moreover, it was somewhat surprising

that in exploradry analyses, anxiety symptoms did not relate to an enhanced ERN. On the
other hand,these findings are consistent with evidence suggesting that the ERN-i&e trait
marker-of‘anxiety, based on evidericat the ERN does not change after successfuhiesd

for instance; in OCD (Hajcak et al., 2008; Rieseklass, Auerbach, & Kathmann, 2015)

nor does it correlated with the degree of anxiety symptom change (e.g. (Kujawa, Weinhberg, e
al., 2016)st segGorka et al., 2018)and can be present in unaffected fasgree relatives

of patients with anxietyCarrasco, Harbin, &ll., 2013; Riesel, Endrass, Kaufmann, &
Kathmann, 2011)Therefore, put together, future studies should utilize a depression
comparisorgroup to determine if this effect is specific to theooourrence of depression and
anxiety.or also seen in the absence of anxiety.

Although speculative, taken together with the dynamic relationship between early
pubertaltiming and depressive symptoms, a blunted ERN may be one mechanism that places
early' maturing anxious youth at high risk for co-occurring depressidinelwith this
possibility, prior worksuggestshere is a degree obrmative developmentaicreasen the
ERN (Buzzell et al., 2017). Reoretically increased ERN in adolescence is thought to reflect
the transition from sensitivity texternal fear to greataérternal saliency of threats related to
ones’ behavior (Meyer, 2017). Howeveayly pubertal timing ray increase the likelihood
that ERN=development departs from aitgb agerelated trajectorySisk, 2017) For example,
if the error-monitoring system fails to develmgpropriatelylack of attention to behavioral
competence, performance, and social theeatd be observed, which may potentiate future
risk for.depression (Ladouceur et al., 20X2)nversely, it is possible that an enhanced ERN
may protect early maturing anxious youth from developing depre$omstance, enhanced
neural aetivity supporting the monitoring and salience of one’s performance could be an
adaptiverand compensatory response to the tendency of depressed individuals to exhibit
reduced sensitivity to reward and reinforcement (Kumar et al., 2018). Futuritbngi

designs would help tlurtherunpack the emergenceioternalizingsymptom dimensions in
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relation to theneural changes occurring acrossttia@sition from preto postpubertal status
and in relation to the timing of when this transition occurs.

The primary limitation of this study is the absence of a comparison group of youth
with depression and without anxiety disorders. Although the notion of ERN blunting in
depression.is empirically driven (Ladouceur et al., 2012; Meyer et al., 2016; Olvet et al
2010; Weinberg et al., 2012; Weinberg et al., 2015; Weinberg, Liu, et al., 2016; Weinberg,
Meyer;etal., 2016)n the present sample we camy comment on theelationshipof
emergent'depressiavith the ERN in the context of primary anxiety and cannot confidently
extrapolate as to whether depression shows a similar associati@rnwithmonitoring in the
absence enxiety symptomsSecond although we speculate about the neural changes
associatedwwith pubertal timing in relation to the activation of the hypothatatitary-
gonadal axis that is characteristic of this developmental period, an idiggl desild include
concurrent assessmteof sex steroid hormones (Brown & Spencer, 2013) and their
interactions wih other neuroendocrine systems (Handa & Weiser, 2014) to unravel the
mechanisms by which pubertal changes exert their efi@gfgreviously mentionedn
optimal‘design would be longitudinal and evaluate individual differences as youthidransit
through.pubertyOne recent crossectional study indicated that dehydroepiandrosterone
hormone level was associated with an enhanced ERN in female youth, even when adjusting
for age and puberty scores (Gorday & Meyer, 20I8)rd, the sample size was small and
heterogeneous with regard to primary diagnosis and prior treatment, precluding the
examination of effects of diagnostic comorbidity (as oppossgiitptoms assessed
dimensienally) and their interactions with development. Finally, though we did not observe
any effects of biological sex on the results (and corrected for sex differanuasartal
timing), given the small sample size we cannot rulaloeipossibility that we were
underpowered to detettte ways in which sex might interact wage, puberty, diagnosis,
depression, or their combinatidfor instance, it was somewhat surprising that age was not
related.to'depression in this sample. jpassible that age effects are of a small magnitude and
that a larger sample would be needed to detect significance within the AD group.
Alternatively, it may also be the case that because this sample is seeking tréatamexiety

with substantial cmorlid depression, that it is over enriched for internalizing symptoms,
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obscuring an association that might be observed more naturalisti@iithese reasons, the
findings reported herein should be interpreted as preliminary and hypothesis ggnerati
The current study also benefited from several strengths, such as the inclusion of a
relativelywide age-span of healthy and anxiasldren and adolescentts understand typical
and atypieal maturational changes in performance monitoring. Our studysetdaegap in
the literature by being the first to examine how timingloysical development influences
neural’substrates of error monitoring in relatioditnensions of internalizing
psychopathology. It seems clear from these datdhbdRN as a markef anxiety in youth
does not operate independently from dimensions of psychopatheégtions in
development, and their interactions, illustrating the utility of the ERN asstve measure
of trans=diagnostic phenotypes during complex developmental epochs. Methodologically, the
blunted phenotype associated with depression helps guide future studies in thgtariant
to isolate depression from anxiety and early puberty when assessing the&Reularly
amongst early developing youth, assessment of the ERN may help to predict vulgeoabilit
anxietyy«depression, or their combination. An exciting avenue for future work will be
investigating the potential for erroefated brain activity to prospectively predict

developmental trajectories witernalizing psychopathology.
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Table 1. Demographic and clinical characteristics of anxious and healthy youth

AD (n=230) HC (n = 30) Overall (n =60)
M SD M SD M SD
Age 15.00 2.86 16.13 2.70 15.57 2.82
CDI Depr ession:T=Scor e* 55.54  11.96 38.38 3.57 46.81 12.26
Puberty Raw Score 3.32 91 3.35 72 3.27 .82
Pubertal Timing® .01 1.18 .06 .87 0.04 1.03
MASC Anxiety T Scor €™ 60.74  13.52 38.93 9.22 49.26 15.80
Accuracy (% Corr ect) 93.39 .04 92.69 .05 93.04 .05
Congruent Trial (# Errors)  5.27 5.12 5.27 7.00 5.27 6.10
Incongruent Tral (# Errors) 16.53 9.43 18.87 11.80 17.70 10.66
Response Times
Congruent-Correct 437.25 78.03 419.86 90.76 428.56 84.37
Congruent Incorrect 360.08 165.12 400.77 176.72 380.42 170.69
Incongruent Correct 523.01 95.91 486.39 106.44 504.70 102.13
Incongruent.lncorrect 422.25 191.68  380.49 83.50 401.37 148.09
N % N % N %
Sex (% female) 16 53.3 16 53.3 32 53.3
Race
White 14 46.7 18 60.0 32 53.3
Black 4 13.3 20.0 10 16.7
Asian 3 10.0 16.7 8 13.3
Native Hawaiian 1 3.3 0.0 1.7
Pacific | Slander
Multiple 3 10.0 0 0.0 3 5.0
Other 5 16.7 3.3 10.0
Ethnicity (% Hispanic) 7 23.3 3 10.0 10 16.7
Site (% UIC) 18 60.0 22 73.3 40 66.7
Lifetime Diagnoses®
Social Anxiety 20 66.7 -- - -- -
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Separation Anxiety 5 16.7 - - - -
Generalized Anxiety 22 73.3 - -
Specific Phobia 6 20.0 -- -

Depr essive Disor der 10 33.3 - - - -

*Residualef sexorrected zcore regressed on adeicluded for descriptive, but not
analytie, purpose®iagnoses not mutually exclusiiincludes lifetime history of major
depressive disorder, dysthymia, or depression not otherwise specified; *Denotes

significantly different ap <.05
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Table 2. Generalized linear regression model examining the impact of angmtyedi
diagnosis, pubertal timing, and depression on eglated negativity. Increases in the

AERN are represented by values that are more negative in polarity.

AERN

Par ameter b SE p

Diagnosis 3.28 1.30 .012
Pubertal Timing -1.19 42 .005
Depression 0.12 0.08 122
Diagnosis x Pubertal Timing -1.86 1.48 284
Diagnosis x Depression -0.80 0.33 .016
Pubertal Timing x Depression 0.22 0.07 .003
Diagnesisx Pubertal Timing Depression 0.50 .38 .182

A modelwassalso evaluated excluding youth with ADHD (n = 2) fileenAD group and no substantive
changegrin'the results were observed.

A modehwas/also evaluated using the Meyer et al (2017) guigelcalculating an ERNastdardized
residual’seore; by saving the variance leftoveriiegaession where the CRN was entered, predictieg th

ERN. Using.the ERN residual as the dependent variable, wetabgeerve substantive changes to the

parameterestimates and the overaflgwa of findings was the same as those yieldethAERN.

3Last, we evaluated the sensitivity of our findings by testimwpdel predicting thERN, derived using a
baselineé“of'both 400 to 200 milliseconds (ms) and 150 to 50 ma@tioe response; the results were
unchanged using a baseline 400 to 200 ms prior to response. Usingreelzd <50 to 50 ms prior to
responseyithe diagnosis x degsion effect was unchanged; the pubertal timing main effdahgeraction

with depression were reduced to a trend (with direction of findieigsining unchanged). These parameter

estimatesare reported in Supplemental Table 1.

This article is protected by copyright. All rights reserved



Pubertal Timing & ERN

Figure Captions

Figurel. On the left, topographic map of neural activity (error minus correct) across the
entire sample. On the right, respomseked ERP waveform for correct and error trials, as
well as the difference waves (em@tated negativity; AERN) at FCz across the entire
sample.Increases in the AERN are represented by values that are more negative in

polarity.

Figure 2. On the left, topographic map of neural activity (error minus corregtptidin
with late, average, and early pubertal timing (from top to bottespectively). On the
right, responséocked ERP waveform for correct and error trials, as well as the
difference waves (erraclated negativity; AERN) at FCz for late, average, and early
pubertal timing (from top to bottom, respectively). IncreaseseidBRN are represented

by values that are more negative in polarity.

Figure 37 Seatterplot illustrating the effect of depressive symptoms on the AERN by
diagnostic group (anxiety disorder vs. healthy controls). Increases in the AERN are
represented by vads that are more negative in polarity. AERN = difference between
errorrelated negativity and correctlated negativity; CDI= Children’s Depression

Inventory

Figure 4=A)Plot of simple slopes depicting the effect of depressive symptoms on the
AERN with early and late pubertal timing (+ 1 standard deviation from the mean).
B) Scatterplot depicting the effect of depression on the ERN at early and late
pubertaltiming (median split). Increases in the AERN are represented by values that
are more-negativaipolarity. AERN = difference between error-related negativity and

correct=related negativity; CDI= Children’s Depression Inventory
Supplemental Figure 1. On the left, topographic map of neural activity (error minus

correct) for AD and HC youth (from top to bottom, respectively) prior to adjusting f
pubertal timing and depression. On the right, response-locked ERP waveform for correct
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and error trials, as well as the difference waves (ettated negativity; AERN) at FCz
for AD and HC youth (from topo bottom, respectively). Increases in the AERN are
represented by values that are more negative in polarity. AD = Anxiety Dispktier=

Healthy Control.
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