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Abstract

Event-related potential (ERP) measures may index genetic risk for psychopathology before
disorder-onset in adolescence, but little is known about their developmental rank-order stability
during this period of significant brain maturation. We studied ERP stability in 48 pairs of identical
twins (age 14 — 16 years) tested one year apart. Trial-averaged voltage waveforms were extracted
from electroencephalographic recordings from Oddball/Novelty, Go/Nogo, and Flanker tasks, and
16 amplitude measures were examined. Members of twin pairs were highly similar, whether based
on ERP amplitude measures (intraclass correlation [ICC] median = .64, range = .44 — .86) or 3
factor scores (all ICCs = .69) derived from them. Stability was high overall, with 69% of the 16
individual measures generating stability coefficients exceeding .70 and all factor scores showing
stability above .75. Measures from 10 difference waveforms calculated from paired conditions
within tasks were also examined, and were associated with lower twin similarity (ICC median = .
52, .38 —.64) and developmental stability (only 30% exceeding .70). In a supplemental analysis,
we found significant developmental stability for error-related negativity (range = .45 — .55) and
positivity (.56 —.70) measures when average waveforms were based on 1 or more trials, and that
these values were equivalent to those derived from averages using the current field
recommendation which requires 6 or more trials. Overall, we conclude that the studied brain
measures are largely stable over one year of mid- to late-adolescence, likely reflecting familial
etiologic influences on brain functions pertaining to cognitive control and salience recognition.
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Individual differences in the amplitudes of several event-related potential (ERP) measures
correlate with cognitive function and psychiatric disorder. Some ERP indices may serve as
endophenotypes, laboratory measures that result from the same genetic liability that
predispose an individual to a given disorder or spectrum of disorders. Various authors have
documented the properties that endophenotypes are expected to possess (Almasy &
Blangero, 2001; de Geus, 2002; Gottesman & Gould, 2003; lacono, 1998; lacono & Malone,
2011), but one important criterion often neglected is that endophenotypes should identify

Corresponding author: Scott J. Burwell, Department of Psychology, University of Minnesota, 75 East River Road, Minneapolis, MN
55455 (USA), burwell@umn.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Burwell et al.

Page 2

risk for psychopathology prior to the onset of symptoms, giving them the potential both to
forecast the likelihood of succumbing to disorder and to provide insight into
pathophysiological processes leading to disorder development. For instance, our group
(Carlson, lacono, & McGue, 2004; Carlson, McLarnon, & lacono, 2007; lacono, Carlson,
Malone, & McGue, 2002; Yoon, Malone, & lacono, 2015) has found low amplitude of one
ERP metric acquired at age 17 predicts subsequent development of new psychopathology up
to twelve years later. Pathophysiological implications of this endophenotype suggested by
others (Begleiter & Porjesz, 1999; Nieuwenhuis, Aston-Jones, & Cohen, 2005; Polich,
2007) may eventually lead to improved diagnosis and personalized interventions. However,
as lacono and Malone (2011) noted in their paper on developmental endophenotypes,
sensitivity to changing developmental influences and the age at which such endophenotypes
may be profitably used to index genetic risk remains unknown. Endophenotypes that are
present during fetal development and remain relatively unchanged thereafter are desirable.
Yet, adolescence may impress changes upon ERP metrics during this time of substantial
maturational change and emergence of psychopathology (Paus, Keshavan, & Giedd, 2008).
Thus, there is considerable value in understanding how candidate endophenotypes change in
adolescence and to what degree their ability to index familial risk is colored by
developmental change. In this report, we address this issue by examining the developmental
stability of candidate endophenotype ERP measures and determining the degree to which
members of the same family (in this case, monozygotic [MZ] twins) show endophenotypic
similarity during the ages of 14 to 17 years.

Several paradigms from cognitive psychology have been adapted for ERP research to probe
the development and pathophysiology of neurocognitive processes. One of the oldest
examples is the “Oddball task™ (Squires, Squires, & Hillyard, 1975), whereby infrequently-
occurring “Target” stimuli are mixed within serial presentation of frequently-occurring non-
Target (“Standard”) stimuli and subjects are instructed to attend to the former while ignoring
the latter. Targets elicit a larger-amplitude P3 (often referred to as P3b; see Polich, 2007 for a
review) at parietal electrodes and this potentiation is thought to implicate “top-down”
information processing (Nieuwenhuis et al., 2005). Some researchers have also inserted
task-irrelevant “Novelty” stimuli into the Oddball task (Courchesne, Hillyard, & Galambos,
1975), which elicits an earlier-peaking and more frontally-focused “P3a” wave thought to be
reflective of the brain’s “orienting response” (a bottom-up-driven attentional shift to
unanticipated changes in one’s environment; Friedman, Cycowicz, & Gaeta, 2001).
Amplitude reductions for both P3a (Keage et al., 2006; Rodriguez Holguin, Porjesz,
Chorlian, Polich, & Begleiter, 1999a, 1999b) and P3b (Carlson, Thai, & McLarnon, 2009;
Euser et al., 2012; Gao & Raine, 2009; lacono et al., 2002; Yoon, lacono, Malone, Bernat, &
McGue, 2008) have been associated with substance use disorders and other externalizing
psychopathology (e.g., attention-deficit hyperactivity disorder or ADHD, antisocial
behavior). However, only P3b has gained attention as a candidate endophenotype (Euser et
al., 2012; Hesselbrock, Begleiter, Porjesz, O’Connor, & Bauer, 2001; lacono et al., 2002;
McLoughlin, Makeig, & Tsuang, 2014), leaving unknown whether P3a has similar value or
the degree to which it may tap into the same psychophysiological dimension.

While Oddball and Novelty stimuli elicit robust P3 waves, tasks that require substantial
cognitive control over one’s behaviors (e.g., suppression of a primed response) generate a
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robust negative-going N2 wave that occurs over frontal electrodes. For example, the Go/
Nogo paradigm requires responding (e.g., button-press) to all frequently-occurring “Go”
trials and inhibiting responses to rarely-occurring “Nogo” trials. In the Flanker task, each
stimulus presented is classified as either “Congruent” (e.g., <« <—<«—<—<—<-) or
“Incongruent” (——<——>—>), and correct trial performance requires responding only to the
center stimulus (e.g., left-button to “«<—") while ignoring distracting flanking stimuli. In both
tasks, N2 is typically largest (most negative) on rarely-occurring “Nogo” (Folstein & Van
Petten, 2008; Pfefferbaum, Ford, Weller, & Kopell, 1985) and “Incongruent” (Kopp, Rist, &
Mattler, 1996) trials, and has been linked to theories of cognitive control and stimulus-
template mismatch (Folstein & Van Petten, 2008; Ridderinkhof, van den Wildenberg,
Segalowitz, & Carter, 2004). Although little attention is paid to P3 in the Flanker task,
enhanced P3 on “Nogo” trials has been posited to reflect either motor response-inhibition
(Bokura, Yamaguchi, & Kobayashi, 2001; Fallgatter & Strik, 1999; Smith, Johnstone, &
Barry, 2008) or Target detection/selection processes (similar to that of P3b; Kopp, Mattler,
Goertz, & Rist, 1996; Salisbury, Griggs, Shenton, & McCarley, 2004). Disinhibitory
psychopathology has been related to smaller amplitudes on cognitive control tasks for both
N2 (Albrecht et al., 2008; McLoughlin et al., 2009) and P3 (Albrecht et al., 2013; Fallgatter
et al., 2005; McLoughlin et al., 2010), but only Flanker-N2 has been posited as an
endophenotype (Albrecht et al., 2008; McLoughlin et al., 2009).

The taxing nature (e.qg., fast-paced, stimulus conflict) of cognitive control tasks leads to
occasional performance errors. In the early 1990s, researchers observed a sharp negative
voltage at frontal electrode sites shortly following the commission of erroneous responses
during these tasks (Falkenstein, Hohnsbein, Hoormann, & Blanke, 1991; Gehring, Goss,
Coles, Meyer, & Donchin, 1993). The error-related negativity (ERN) and positivity (Pe,
occurring 200 to 400 milliseconds post-error with more posterior focus) have since been
investigated widely with respect to cognitive functions and psychiatric disorders. Popular
theories suggest that ERN could embody an “alarm” by which future trial performance can
be adapted either through reinforcement-learning (Holroyd & Coles, 2002) or conflict-
monitoring (Yeung, Botvinick, & Cohen, 2004). In comparison, Pe amplitude appears to be
specifically related to awareness of one’s mistake (Nieuwenhuis, Ridderinkhof, Blom, Band,
& Kok, 2001). ERN’s correct-trial analog CRN (for correct-response negativity; Ford, 1999)
is smaller in amplitude and has been viewed both in terms of its motor-generative (lkeda et
al., 1995; Pedersen et al., 1998) and behavioral-adaptive (Vidal, Burle, Bonnet, Grapperon,
& Hasbroucq, 2003) roles, but is less well-researched. Enhanced and blunted ERN
amplitude may provide endophenotypic value for internalizing (e.g., anxiety, depression)
and externalizing disorder prediction (respectively; Euser, Evans, Greaves-Lord, Huizink, &
Franken, 2013; Hajcak, Franklin, Foa, & Simons, 2008; Olvet & Hajcak, 2008), but to date,
little is known about the potential of CRN and Pe to serve as endophenotypes.

The above tasks incorporate a broad sampling of neurocognitive processes (e.g., orienting,
cognitive control, error-processing, etc.) often investigated in psychiatric literature and
thought to be relevant to the etiology of different psychopathologies. Of these ERP
measures, heritability has only extensively been studied for P3b (meta-heritability = 60%;
van Beijsterveldt & van Baal, 2002). Heritability estimates for CRN, ERN, and Pe from the
Flanker task (Anokhin, Golosheykin, & Heath, 2008) and Nogo-N2, Go-P3, and Nogo-P3
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from a continuous performance task (Anokhin, Heath, & Myers, 2004) range about 46% to
65%, but these two studies lack replication. The degree to which measures derived from
other tasks (e.g., P3a, N2 from Flanker task, ERN from Go/Nogo task) show familial
resemblance remains virtually unknown. MZ twins who are reared together have more in
common with each other than any other pair of family members (identical genome, shared
upbringing), offering a unique opportunity for studying familial influence. In addition,
because MZ twins are psychometrically equivalent to parallel forms of the same individual,
high MZ twin similarity attests directly to the high reliability of a measure (Lykken, 1982).

The brain undergoes significant reorganization over the course of late childhood and
adolescence (Giedd et al., 1999; Gogtay et al., 2004; Huttenlocher, 1984; Huttenlocher &
Dabholkar, 1997; Huttenlocher, de Courten, Garey, & Van der Loos, 1982; Sowell et al.,
2003; Sowell et al., 2004) leading to maturational changes that can reasonably be expected
to influence ERP expression. Mean-levels in visually-elicited P3b amplitude decrease over
adolescence (Carlson & lacono, 2006; Courchesne, 1978; Hill et al., 1999; Katsanis, lacono,
& McGue, 1996). P3a amplitude appears to increase until mid/late adolescence, and declines
thereafter (Courchesne, 1978; Cycowicz, Friedman, & Rothstein, 1996). In addition, there is
evident augmentation (enhanced negativity) in mean-levels of ERN amplitude across mid/
late-adolescence (Davies, Segalowitz, & Gavin, 2004; Hogan, Vargha-Khadem, Kirkham, &
Baldeweg, 2005; Wiersema, van der Meere, & Roeyers, 2007) accompanied by a leveling-
off in the third decade (Weinberg & Hajcak, 2011). Whether there are reliable age-related
changes in N2 amplitude over adolescence remains unclear (Johnstone et al., 2007;
Jonkman, Lansbergen, & Stauder, 2003; Ladouceur, Dahl, & Carter, 2007). Such age-related
changes reflect mean-level instability in the population, to be expected given brain structure
changes over this period. As lacono and Malone (2011) noted, a neurobehavioral measure
can still serve as an endophenotype if, despite these age effects, individual differences in the
rank ordering of endophenotype trait scores are preserved with growth. Of importance is the
degree to which a measure exhibits developmental rank-order stability indicating that an
individual’s position in the distribution of endophenotypic scores is preserved from one age
to another.

Expression of a genetically-influenced trait need not be constant over the lifespan and thus
developmental stability (typically measured by the Pearson correlation coefficient, /) of ERP
measures is of concern to researchers. It is largely unknown in youth as they enter the age of
risk for the onset of psychiatric disorder. Developmental stability (> .5; Clayson & Larson,
2013; Helmstadter, 1964; Segalowitz, Santesso, Murphy, et al., 2010) over relatively long
stretches of brain development implies that the measure could convey genetic risk for a
disorder in say, adolescence, similarly to how it conveys this risk in adulthood. By contrast, a
candidate endophenotype with low developmental rank-order stability may index genetic
risk during a limited period in life, but lose its predictive power if examined at other time-
points. Stability coefficients examined in adult populations (>18 years) over short delays (<2
months) have been substantial (most values .7 to .8) for ERP measures such as P3a and P3b
(Cassidy, Robertson, & O’Connell, 2012; Debener, Kranczioch, Herrmann, & Engel, 2002),
N2 (Clayson & Larson, 2013) and P3 (Fallgatter et al., 2001) from Go/Nogo and Flanker
tasks, as well as ERN and Pe (Olvet & Hajcak, 2009a; Segalowitz, Santesso, Murphy, et al.,
2010), but such studies provide little information regarding how stable these measures are
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during adolescent brain development. Among studies including younger subjects (Carlson &
lacono, 2006; Hammerer, Li, Volkle, Muller, & Lindenberger, 2013; Meyer, Bress, &
Proudfit, 2014; Segalowitz & Barnes, 1993; Segalowitz, Santesso, Murphy, et al., 2010),
only a few (Carlson & lacono, 2006; Meyer et al., 2014; Segalowitz & Barnes, 1993) have
examined ERP measures’ developmental stability over long intervals (e.g., years) where
brain development is ongoing and likely to affect values. One study investigating 2-year test-
retest stability of ERN and CRN in a pediatric sample (first tested at approximately age 11;
Meyer et al., 2014) reported average stabilities of .49 and .34 respectively, much lower than
what has been reported for adults (e.g., /s ~ .66 for both; Weinberg & Hajcak, 2011), raising
the possibility that developmental rank-order stability may be poorly preserved during
childhood and adolescence.

The present study examined the mean-level changes and rank-order stabilities of sixteen
ERP measures obtained from Novelty (P3a), Oddball (P3b), Go/Nogo (N2, P3, ERN, CRN,
Pe), and Flanker (N2, P3, ERN, CRN, Pe) paradigms over one year of mid-adolescence, a
period associated with many developmental brain changes and high risk for the onset of
psychopathology. Our sample of MZ twins enabled us to study the familiality (via twin
correlations) of such measures. The ideal endophenotype possesses strong familiality and is
rank-order stable over this developmental window; therefore, to the extent that these
measures meet such criteria, their value as candidate endophenotypes is enhanced. This
assortment of tasks and ERP measures are often studied in isolation, so little is known about
the degree to which they are likely to tap into the same cognitive, neurobiological, and
genetic substrates. Hence, we further extended the existing literature by examining the factor
structure of the 16 measures studied here (cf. Nelson, Patrick, & Bernat, 2011), which in
turn provided composite measures that could also be evaluated for their potential as
endophenotypes by evaluating their developmental stability and twin similarity.

Forty-eight adolescent monozygotic twin pairs were recruited under the auspices of the
Minnesota Center for Twin and Family Research to study adolescent brain development. The
sample was selected to construct three equally-sized and gender-balanced age-groups,
hereinafter referred to as Cohort-14 (M [SD] age = 14.4 [.3]), Cohort-15 (15.6 [.2]), and
Cohort-16 (16.5 [.3]). Two assessments were completed about one-year apart (M[SD] = .95
[.04]) (for more information on the sample, see Malone, Luciana, et al., 2014; Silverman et
al., 2014; Wilson, Malone, Thomas, & lacono, 2015).

Tasks and electrophysiological assessment

Twin pairs were tested simultaneously in one of two dimly lit sound-attenuated rooms.
Response-buttons on each armrest of the subject’s chair were aligned with the subject’s
index finger so that bodily movement to the button-press was minimized. Video surveillance
by means of infrared cameras was employed to confirm that subjects followed directions
properly and remained still. Before each task, subjects underwent a brief training block to
ensure they understood task directions.
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Oddball/Novelty task—We used an extension of the rotated-heads Oddball task
(Begleiter, Porjesz, Bihari, & Kissin, 1984; Bernat, Malone, Williams, Patrick, & lacono,
2007; Hill & Steinhauer, 1993; O’Connor, Bauer, Tasman, & Hesselbrock, 1994) that
included an additional Novelty stimulus-type (Nelson et al., 2011; Venables & Patrick,
2014). Each stimulus appeared on screen for 100 milliseconds. Target stimuli (16.7% of
trials) were one of two stylistic oval “heads” with a triangular “nose” situated atop the oval
and an oblong “ear” on either the left or right side of the oval; these were presented pseudo-
randomly amidst presentation of Standard (plain oval, 66.7% of trials) stimuli. Target trials
were separated into “easy/unrotated” (nose oriented up) and “difficult/rotated” (nose
oriented down) conditions with equal numbers of trials per condition. Subjects were
instructed to respond with a left or right index finger button-press whether the “ear” for
Target trials was located on the left or right side of the head, accounting for the possible
rotation of the stimulus. Additionally, Novelty stimuli (16.7% of trials) consisting of images
from the International Affective Picture System (IAPS) (Lang, Bradley, & Cuthbert, 2008)
were interspersed throughout presentation of Target and Standard stimuli. A set of trial-
unique (i.e., each image only presented once to a subject) IAPS images were chosen to
represent pleasant, unpleasant, and neutral scenes; each of the three valences comprised
5.6% of all trials. The response window for Target-stimuli button press was 1500
milliseconds and intertrial interval was randomized between one and two seconds; all
Standard stimuli (the ovals and the pictures) were to be ignored. For the purposes of this
study, easy/difficult-right/left Target stimuli and pleasant/unpleasant/neutral Novelty stimuli
were collapsed into Target and Novelty conditions, respectively.

Go/Nogo task—The Go/Nogo task consisted of two stimuli that appeared in the center of
the screen, one at a time (e.g., Xor Y). Subjects were instructed to press a button to the
presentation of every stimulus (“Go”), unless the stimulus was preceded by its exact copy
(“Nogo”). For example, in the sequence [X, Y, X, X, Y, X, Y, X, Y, Y], all stimuli would be
considered “Go” stimuli except for the fourth and tenth. The duration of stimulus
presentation was 300 milliseconds with an inter-stimulus interval of 900 milliseconds. If the
subject did not respond within 1150 milliseconds or the subject responded incorrectly, a red
bar was presented to indicate poor performance. The task consisted of three blocks of trials,
each using a different pair of letter stimuli (block 1: X-Y, block 2: P-O, block 3: U-D). In
total, Go and Nogo trials comprised 75% and 25% of the task, respectively.

Flanker task—The task used here is a modified version of the Eriksen flanker task
(Eriksen & Eriksen, 1974) and it is adapted from the protocol that was used in Hall, Bernat,
and Patrick (2007). Stimuli for the task consisted of a five-character array of the letters Sand
H. four Target arrays appeared pseudo-randomly in a serial-fashion with the following
frequencies: “SSSSS,” (33.3%); “HHHHH,” (33.3%); “SSHSS,” (16.7%); and “HHSHH,”
(16.7%). For each array, the Target stimulus is the center character and all other characters
are “flankers” (to be ignored). Subjects were told to watch the screen as stimuli were
presented and indicate with the left-button if the Target stimulus was an Sand indicate with
the right-button if the Target stimulus was an H. EEG was recorded for three blocks of 150
trials where Target stimulus hand-mapping was alternated for each block: Block 1 (S =right,
H = left), Block 2 (5= left, H=right), and Block 3 (S = right, /= left). Feedback on the
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person’s accuracy (“Your performance so far: A% correct”) was given at the halfway-point
and end of each block.

EEG acquisition—Dense-array EEG (61 scalp sensors; 10/10 placement cap; 1024 Hz
sample rate; passband, DC to 205 Hz) was recorded continuously while participants
performed each task with the BioSemi ActiveTwo system (BioSemi, Amsterdam,
Netherlands). To monitor eye movement, two additional electrodes were placed superior and
inferior to the right eye and another two electrodes were placed on the right and left temples.
Reference electrodes were placed on each earlobe.

EEG processing—Data were processed offline in MATLAB (version 7.8, Mathworks
Inc.) and the EEGLAB open-source software (version 9, Delorme & Makeig, 2004) as
described in Burwell, Malone, Bernat, and lacono (2014). Continuous EEG was re-sampled
at 256 Hz, highpass-filtered with a windowed sinc filter (firfilt plug-in; 0.1 Hz cutoff, Kaiser
window, order of 1286), and re-referenced to the averaged potential from earlobe-situated
electrodes. For the purpose of ocular correction, EEG was decomposed into independent
components with the Infomax algorithm (Bell & Sejnowski, 1995). Spatial and temporal
features of each subject’s set of independent components were correlated with those of an
expected blink component (a spatial blink template and bipolar criterion channel from
vertical electrooculogram channels). Components whose squared correlation coefficients
exceeded threshold derived by means of an expectation maximization algorithm (Mognon,
Jovicich, Bruzzone, & Buiatti, 2010) for both spatial and temporal criteria were subtracted
from the data. Ocular saccades were corrected in a similar way. Finally, data were lowpass
filtered (45 Hz cutoff, Kaiser window, order of 88) and epochs were generated spanning two
seconds either side of stimulus-onset.

Improbable instances of data (i.e., artifacts) were pruned from the dataset at multiple
junctures. First, descriptive measures (e.g., temporal variance, maximum gradient) for each
electrode and one-second time-range in the continuous EEG were computed (prior to ocular-
correction and epoching). If 75% or 25% of a given electrode or time-range (respectively)
was deemed a statistical outlier (exceeding 4 normalized median absolute deviations relative
to the median of the distribution) (Rousseeuw & Croux, 1993), it was deleted. Segments in
the ocular-corrected/epoched data were subjected to the same criteria. Prior to computing
ERPs, we interpolated deleted electrodes for epochs containing more than 75% of the
original data via a spherical spline method (Perrin, Pernier, Bertrand, & Echallier, 1989).

Task performance measures

Accuracy for each task was derived as the total number of correctly-performed trials divided
by the sum of correctly-performed and incorrectly-performed trials. We also calculated
participants’ mean reaction time (RT), defined as the average button-response latency across
all correctly-performed trials. For those few subjects who reversed their hand responses for
one of the blocks of the Flanker task (resulting in block-accuracy approaching zero), we
ignored trials from these blocks in all analyses.
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ERP measure extraction

ERPs were calculated from the epoched EEG in MATLAB using the Psychophysiology
Toolbox (http://sourceforge.net/projects/psychophys). The voltage at each time-point relative
to stimulus- or response-onset was averaged across trials, then, the mean value from a
baseline period (=200 to 0 for stimulus-locked and =500 to —300 for response-locked, in
milliseconds) was subtracted from each ERP wave. To facilitate comparability with past
endophenotype research using these measures (Albrecht et al., 2008; Hajcak et al., 2008;
Hesselbrock et al., 2001; lacono et al., 2002; lacono, Malone, & McGue, 2003; McLoughlin
et al., 2009), we extracted ERP measures from the raw ERP waveforms which were
quantified as the average voltage within a specified window. Time-windows used to derive
ERP measures are as follows: P3a (275 — 550 ms) and P3b (350 — 850 ms) from the Oddball/
Novelty task; N2 (225 — 325 ms) and P3 (325 — 650 ms) and response-locked ERN/CRN
(=25 - 100 ms) and Pe (220 — 440 ms) from the Go/Nogo and Flanker tasks. All stimulus-
locked ERPs were computed using correctly-performed trials only while response-locked
ERPs were derived from error trials (ERN, Pe) and appropriate hits (CRN) from Go/Nogo
and Flanker tasks only. The number of erroneous trials going into error-related ERPs were as
follows: Go/Nogo first assessment (M[SD, range] = 26.1 [19.1, 1 — 86]); Go/Nogo second
assessment (15.7 [13.1, 1 — 68]); Flanker first assessment (25.3 [25.4, 2 — 162]); Flanker
second assessment (14.3 [17.8, 1 — 108]).

Two subjects (one complete pair) did not complete the Go/Nogo task and therefore had no
data for that task. Two additional subjects were excluded from all analyses at intake because
EEG data were contaminated with artifact. Available data for correct-related (all stimulus-
locked ERPs, CRN) and error-related (ERN, Pe) waveforms varied by task and assessment
(due to differences in accuracy). Out of the 96 individuals who participated in the study, 94
had available ERP measures for time 1 (T1) and 96 for T2 for the Oddball/Novelty task; Go/
Nogo task: correctyy = 92, incorrectty = 92, correctt, = 96, incorrectty = 95; Flanker task:
correctyy = 94, incorrecttq = 91, correctys = 96, incorrectt, = 93.

Figure 1 plots grand-averaged ERP waveforms and topographical head distributions of
measures. Although scores were not analyzed for a correct-related positivity component
(“Pc”) which lacked a clear peak in the same time-range as Pe, scores from correctly-
performed trials (within the same window as the Pe) are plotted on heads for reference.
Generally, negative-going ERP measures (N2s, ERNs, and CRNs) were focused fronto-
centrally (indicated by deep-blue) while positive-going ERP measures (P3s and Pe) were
focused parietally (deep-red)L. Thus, based on the topographical foci of these measures and
prior studies using age-comparable subjects, electrode FCZ was used for extracting N2 and
ERN/CRN scores (Hogan et al., 2005; Jonkman, Sniedt, & Kemner, 2007; Ladouceur et al.,
2007; Meyer et al., 2014) and electrode PZ was used for extracting P3 and Pe scores
(Carlson & lacono, 2006; Cycowicz et al., 1996; Jonkman et al., 2007; Katsanis et al., 1996;
Ladouceur et al., 2007).

INote that the posterior focus of P3a is consistent with prior research of this age-range (Courchesne, 1978; Cycowicz et al., 1996),
albeit in adults P3a has a more frontal distribution (Polich, 2007).
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Statistical Analyses

We utilized linear mixed-effects regression using the nime package (LME; Pinheiro et al.,
2014) in R (R Core Team, 2013) which enabled testing for age-dependent changes (mean-
level instability) in task performance and ERP measures while accounting for the nesting of
repeated measures within twins nested within the same family. In the model,

Yij=DBo+Bigender j,+Baage i+ +ag+e ik,

Yijk is the expected value of Y (accuracy, RT, or ERP score) for the A measurement (T1 or
T2) of the /7 member of family k. The intercept, gender, and age are fixed effects, with age
a time-varying covariate, and By, By, and B, are their associated coefficients (respectively),
estimated via restricted maximum likelihood. B; corresponds to the average effect on Y
when the participant is female, and B, the average rate of change in Y for every 1 year
increase in age. In this notation, ajand a4 are random effects, which account for the
correlation across repeated measures within each individual and the correlation within twin
pairs, respectively. Their mean is 0 and they assumed normally distributed with an unknown
variance, which is estimated simultaneously with the fixed effects. e;j is individual-specific
random error. For the sake of brevity, we only reported age-effects (55).

Because two measurements are insufficient to dissociate purely age-related effects from
effects that could have been influenced by prior task-exposure (i.e., “practice” or “training”
effects from T1 that carry over to T2), we conducted independent samples t-tests comparing
the means of those age 15 at study intake (T1 for Cohort-15) to those who were 14 at study
intake but 15 when retested (T2 for Cohort-14). Similarly, those who were age 16 at study
intake (Cohort-16 at T1) were compared to those who were 15 at study intake but 16 at
retest (Cohort-15 at T2). To conclude that there was a significant effect of task-exposure, we
required both age 15 and age 16 tests to have significant t-values (¢’s < .05) indicating
change in the same direction for a given measure.

We assessed developmental stability using Pearson correlation coefficients which reflect
consistency in the relative ordering of individuals’ ERP measures from T1 to T2. As
discussed, developmental stability has implications for these measures’ clinical and research
utility; good stability (s > .5) confers “traitness” and implies that individual differences on
such measures are due to stable personal factors rather than one’s mental or developmental
state (e.g., fatigue, mental illness, puberty) at the time of testing (Gottesman & Gould, 2003;
lacono & Malone, 2011). Confidence intervals for Pearson /s were calculated by Fisher-
transforming the coefficient, calculating its 95% interval (with /= 88, the lowest common
denominator between T1 and T2 A/s), and converting back into original units.

We also examined the correlational structure of our ERP measures to explore similarity
among measures. Pearson correlations were calculated within-person across measures and
also between members of twin pairs for each measure (in double-entry fashion, to remove
effects caused by the order with which members of a twin pair were entered). The within
person correlations indicate the degree to which variance is shared across measures. The
within-pair/cross-measure correlations provide insight into the degree to which covariance
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across measures can be attributed to familial factors (genetic similarity and similarity arising
from twins being reared together). Also, for all measures in the study, we calculated
intraclass twin correlations (ICCs) and accompanying 95% confidence intervals in the
method of Shrout and Fleiss (1979); ICCs reflect the degree to which members of the same
twin pair resemble one another on the same ERP measure (e.g., twin A’s P3b to twin B’s
P3b). For a measure to serve as an endophenotype, these values should be high. Given the
number of statistical tests, we adopted a significance threshold of p< .01 for LME
regression results and correlation coefficients.

These 16 ERP measures were also represented in terms of a reduced number of composite
factors, extracted with principal components analysis (PCA) using the “psych” package in R
(Revelle, 2014). For both N2 and P3, the Flanker task Congruent and Incongruent ERP
measures correlated nearly perfectly, so for the PCA we averaged these scores resulting in
“Flanker-N2” and “Flanker-P3.” Scree plots depicting singular values from T1 scores alone,
T2 scores alone, T1-T2 averaged scores, and T1-T2 concatenated scores (2 rows per subject)
all showed a “break” in modal explanatory variance between 3- and 4-factor solutions.
Therefore we extracted 3 factors from the T1-T2 concatenated scores (standardizing within
each measure) and rotated (Varimax method) the solution to get uncorrelated factors.
Loadings for each measure are presented in Table 1 and can be interpreted as each measure’s
Pearson correlation with a given factor. The first factor (hereinafter referred to as P3-F;
explaining 44% of variance) was characterized mainly by P3 and Pe measures (loading
range = .52 — .85); the second factor (N2-F; explaining 29% of variance) was characterized
by N2 measures (range = .73 — .84); and the third factor (RN-F; explaining 27% of variance)
was characterized by response-negativities (CRNs and ERNs; range = .62 — .78).

Does prior task-exposure affect task performance and ERP measure amplitude?

Our evaluation of prior task-exposure (i.e., practice) effects required that any observed
change in task accuracy, RT, and ERP measure show a significant test result (o < .05) for
both the age 15 and age 16 analysis. None of these variables produced a significant result for
both age groups, indicating that practice was unlikely to be an important contributor to
change in these variables over the interval spanning T1 to T2.

How does one year increase in age affect task performance?

As presented in the top part of Table 2, mean accuracy at both time points was high (>90%)
and as B»-values indicate, one year of age was associated with 2.20% to 2.79% improvement
in accuracy across all tasks (p’s < .001). Although RT did not change for the Flanker task a
year later, it did for the other tasks.

How does one year increase in age affect ERP measure amplitude?

Illustrated in Figure 1, ERP waveforms at T2 (solid traces) were generally more negative
than those at T1 (dotted traces), and this is reflected in descriptive statistics and negatively-
signed age-related regression coefficients (B,-values) in Table 2. For P3 measures (except
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P3a) and the P3-F factor score, these decreases were significant (0’s < .001). No other
measures produced significant effects.

Rank-order stability of ERP measures

All individual ERP measures and factor scores were developmentally stable (see Figure 2,
blue bars). Stabilities were large for N2s (median = .78, range = .75 — .88) and P3s (median
= .77, range = .75 — .81) and significant (df= 86, p’s < .001) across all tasks. Nogo-N2 was
associated with the greatest stability (- =.88), exceeding the 95% confidence-intervals (ClIs)
for all other measures (the closest competitor being P3a; r=.81, 95% CI = [.72, .87]). The
median stability estimate for stimulus-locked measures (N2s, P3s; r =.77) was also
significantly greater than that for response-locked measures (CRN, ERN, Pe; r =.58, 95%
Cl =[.42,.70]). The weakest stability was associated with ERN (range = .45 — .55) which
was nominally lower than CRN (range = .60 — .68) and Pe (range = .56 —.70). As expected,
composite factors echoed these trends whereby P3-F and N2-F were comparably stable (r’s
= .84 and .85, respectively) and that of RN-F was significantly lower (r =.63, 95% CI = .
48, .74]). Developmental stability did not differ as a function of gender nor did it differ as a
function of age-cohort (with one exception for Go-N2, Cohort-14 = .66, Cohort-16 = .90, p
=.01).

We further sought to understand whether ERN and Pe, because they comprise a smaller
number of trials than CRN or stimulus-locked ERPs (see M ethod for descriptive statistics),
negatively biased the overall developmental stability of response-locked relative to stimulus-
locked ERP measures (cf. Meyer et al., 2014; Olvet & Hajcak, 2009b; Pontifex et al., 2010).
Guided by prior suggestions (Olvet & Hajcak, 2009b; Pontifex et al., 2010), we re-
calculated developmental stability correlations for ERN and Pe measures by including only
those subjects whose error-related ERP averages were derived from six or more trials.
Applying this criterion, we observed no appreciable increase in stabilities for ERN and Pe
measures (mean change in 7 =.03, range = —.03 to .09) but witnessed a considerable
reduction in sample size (20 and 31 individuals [23%, 34%] were excluded based on this
criterion for Go/Nogo and Flanker tasks, respectively). Additionally, we compared the
stability of Go-CRN to stabilities of Go-N2 and Go-P3 (which have exactly the same trials
included in their averages) and found that the point-estimates of Go-N2 (r =.81) and Go-P3
(r =.75) both exceed the CI of Go-CRN (7 =.60, 95% CI = [.45, .72]). Thus, discrepancies
in available trials for ERP averages is not solely responsible for response-locked measures
having lower stability estimates than stimulus-locked measures.

Familiality of ERP measures

We also included twin ICCs (red bars) in Figure 2 for scores from individual ERP measures
amplitudes and composite factors to investigate how similar the members of a twin pair were
to each other (median = .64, range = .44 — .86). For the sake of simplicity, these were
computed from the average T1-T2 score for each measure per participant (if data from either
time-point were missing, we used the available raw score). As might be expected, the
majority (75%) of the developmental stability estimates (reflecting 1-year rank-order
consistency within person) for individual ERP measures were nominally larger than twin
ICCs (reflecting similarity between two twin members from the same family). Yet, the
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resemblance between the two patterns of correlations is striking; a given measure with large
rank-order stability was often accompanied by a large ICC (and vice versa). ICCs for N2s
were greatest (median = .79, range = .64 — .86), nominally higher than those for P3s (median
= .68, range = .54 — .77) and significantly greater than ICCs for any of the response-locked
ERP measures (median = .55, range = .44 — .64; none of which included N2s” median in
their 95% CI). All composite factor ICCs were large (P3-F = .69, N2-F = .79, RN-F = .75).

Commonality among ERP measures

Although these 16 ERP measures were obtained using different stimuli (often during
different tasks), as the factor score results indicated, they share variance in common, a fact
that is further fleshed out in Figure 3A which provides the correlation matrix for all the
measures. In the figure, correlations of significant magnitude (o < .01) are color-coded for
their sign and strength (red = positive, blue = negative, white = non-significant). Out of 120
correlations among individual ERP measures, 58 (48%) were positive-valued and significant
(df=186, p’'s <.01). All correlations among N2s (/7= 6; range = .57 —.95) and all
correlations among P3s (7= 15; .30 — .95) were significant and most were sizeable, albeit
certain measures were apparent outliers. For example, of the P3 measures we studied, P3a
was associated with the smallest inter-P3 correlations and non-overlapping range (median = .
37, range = .30 — .46) relative to others’ (median = .67, range = .56 — .95). This is also
reflected in the P3a loading on P3-F in Table 1 (r =.52), which possessed a 95% confidence
interval barely overlapping the next-lowest loading (upper CI v. Flanker-Pe loading = .62 v.
62). Likewise, the Nogo-N2 N2-F-loading (r =.73) was significantly weaker than that of
other N2 measures (per confidence interval, 95% CI = [.65, .79]) which was consistent with
the observed comparatively weak inter-N2 correlations in Figure 3A. We also observed
moderately sized but significant correlations between P3 and Pe (10 of 12 correlations were
significant, median = .57, range = .14 —.70) which was reflected in P3-F loading patterns for
Pe (r’s>.6). While 6 of 8 N2-ERN correlations (median = .35, range = .19 — .45) were
significant, ERN correlated more strongly with CRN measures (3 of 4 were significant,
median = .47, range = .27 — .48) and the RN-F composite consistent with related but
separable neurobiology.

In the top 16 rows of Figure 3B we plotted within-pair/cross-measure Pearson correlations,
reflecting the degree to which familial factors (e.g., genes, shared environment) contributed
to similarity among different measures. Although 98 (82%) of the 120 within-subject cross-
measure cells in Figure 3A were nominally greater than the corresponding within-pair/cross-
measure cell in 3B (range = -.09 — .31), we noted many symmetries. Of the 58 significant
cross-measure correlations in the top 16 rows of 3A, 21 (34%) of them were significant in
3B. Like patterns of statistical significance from Figure 3A were seen in 3B; for example, all
six N2 correlations (median = .59, range = .49 — .82) and almost all (12 of 15) P3
correlations (median = .43, range = .15 — .72) were significant.

The bottom three rows of Figure 3A and 3B display within-subject cross-measure and
within-pair/cross-measure correlations among composite factors and individual ERP
measures. Twenty-three of the 51 cells were significant in 3A and 20 of those same cells
were significant in 3B, indicating that in terms of statistical significance, the bottom three

Psychophysiology. Author manuscript; available in PMC 2017 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Burwell et al.

Page 13

rows only differed by a mere 6% (3 of 51). As expected, correlations among factors were
essentially zero (because of the orthogonal rotation) and significant correlations (p’s < .01)
between composites and individual ERP measures were very similar to those in Table 1;
P3/Pe scores correlated most often with P3-F, N2 scores correlated most often with N2-F,
and CRN/ERN scores correlated most often with RN-F. Resemblance between cross-
measure correlation patterns within-individuals (3A) and among co-twins (3B) is illustrated
by absolute difference correlations in the upper right of 3B (median = .07, range = 0 —.31)
and provides further evidence that monozygotic twins are nearly parallel versions of the
same individual (Lykken, 1982).

Exploratory investigation of difference wave ERP measures

Although the literature on ERP endophenotypes has been focused on amplitude measures
extracted directly from the scalp-recorded voltage at a given electrode (hereinafter referred
to as “raw voltage”), also of interest is to what degree scores derived from difference waves,
which contrast voltage from two task manipulations to potentially highlight task-specific
ERP features (Luck, 2005), might have properties supporting their potential as
endophenotypes. We computed difference waves using the following contrasts: Novelty
minus Standard (P3a); Target minus Standard (P3b); Nogo minus Go (Nogo-N2, —P3);
Incongruent minus Congruent (Flanker-N2, —P3); and Error minus Correct (ERN, Pe). Next,
we extracted scores using identical windows used for the raw voltage measures and
subjected these difference wave scores to the same developmental and twin analyses.
Difference waves are plotted in Figure 4 and are remarkably similar across T1 (dotted traces)
and T2 (solid traces) in terms of amplitude and shape. Mean amplitude levels for only 2 out
of the 10 difference wave measures were significantly associated with age in regression
analyses; the Novelty-Standard score increased with age by about 1.4 microvolts (o =.001)
while the Oddball-Standard score decreased with age by about 2.1 microvolts (o < .001).
Based on comparison of age 15 and age 16 groups, it was apparent that changes in amplitude
spanning T1 to T2 were not due to prior task-exposure or practice.

Turning to Table 3, all developmental stability (median = .59, range = .26 —.78) and twin
similarity (median = .52, range = .38 — .64) correlations calculated from difference waves
were significant (df= 86, p’s < .01). Compared to raw voltage ERP measures, all measures
extracted from difference waves were associated with nominally lower developmental
stability (difference minus raw voltage ERP measures, M= -.14, range = —.49 to —.02) and
in 5 out of 10 cases (see Table 3), this reduction in stability was deemed significant because
the difference wave estimate fell below the 95% confidence interval of the raw voltage
estimate presented in Figure 2. In addition, an average decrease in twin similarity of .11
(range = —.44 to .05) was observed when using difference waves rather than raw voltage
measures. This reduction in twin similarity was only significant for two measures
(Incongruent-N2 and -P3 from the Flanker task), both of which yielded estimates that fell
below the confidence interval of their respective raw voltage ICC estimates. Expectedly,
using difference waves resulted in reductions in covariance among measures relative to raw
voltage ERP waveforms (see Figure 5): only 9 (out of 45, 20%) of cross-measure and 6
(13%) of within-pair/cross-measure correlations remained significant. Although reliance on
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difference waves may diminish redundancy across measures, a resulting cost is reduced
developmental stability and familiality.

Discussion

In this report, we characterized age-related changes and developmental rank-order stability
of sixteen ERP measures in a group of adolescent identical twins over one year of important
brain development. Despite age-dependent changes in ERP measure amplitudes during this
adolescent epoch (particularly for P3 measures), individuals’ rank-order was preserved over
a 1-year period characterized by important forms of brain development, such that stability
correlations were comparable to those from prior research studying adult (>18 years)
subjects over much shorter (<2 months) time windows when brain maturation is less likely
to be as pronounced (Cassidy et al., 2012; Clayson & Larson, 2013; Debener et al., 2002;
Fallgatter et al., 2001; Olvet & Hajcak, 2009a; Segalowitz, Santesso, Murphy, et al., 2010).
We also examined the shared covariance among these measures and observed many
substantial inter-measure correlations within-individuals (indicative of possibly shared
neural generators) and also by twin-pair (indicative of familial influence). The commonality
evident among individual ERP measures was effectively summarized by three factors
extracted using PCA: 1) P3-F, accounting for 27 to 72% of the variance in P3 (P3a, P3b
from Novelty/Oddball; and P3s from Go/Nogo and Flanker tasks) and Pe (Go/Nogo and
Flanker tasks) measures, 2) N2-F, accounting for 53 to 71% of the variance in N2 measures
from Go/Nogo and Flanker tasks, and 3) RN-F, explaining 38 to 61% of the variance in CRN
and ERN amplitudes from Go/Nogo and Flanker tasks. Factors exhibited excellent
developmental stability and like individual ERP measures, showed strong familial
correlations. Finally, even though they have less phenotypic overlap than raw voltage ERP
measures (perhaps due to greater task-specificity), difference wave ERP measures are less
developmentally stable and less similar among twins.

It is of interest to understand how endophenotypes, which themselves can change with
development, may usefully index familial risk during a developmental stage associated with
both the onset of psychopathology and dramatic changes in brain structure and function
(lacono & Malone, 2011). In this investigation, P3 amplitude showed both reduction over
one year of adolescent maturation and high rank order stability. The former observation is
consistent with prior research (Carlson & lacono, 2006; Courchesne, 1978; Hill et al., 1999;
Katsanis et al., 1996), and may reflect the consequences of synaptic pruning and
reorganization associated with increased developmental efficiency for information
processing (Segalowitz, Santesso, & Jetha, 2010; Spear, 2003). The latter indicates that an
adolescent’s position in the distribution of P3 amplitude scores at one age is preserved when
that individual ages by one year. This means that when using P3 amplitude as an
endophenotype, in order to interpret an individual score as high or low, it must be properly
age referenced. It also means that over this one year interval in mid-adolescence, the effect
of maturation on P3 amplitude is about the same for everyone regardless of their P3
amplitude level at T1; thus, those with smaller P3 amplitudes at T1 tended to have smaller
P3 amplitudes at T2. We can only speculate about what having small P3 amplitude relative
to one’s peers means in relation to brain maturation. However, it may be that adolescents
possessing consistently smaller P3 amplitudes have relatively less synaptic density in
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cortical regions that generate the P3 wave, perhaps due to reduced synaptogenesis earlier in
life or premature synaptic pruning. Both factors would constrain the number of synaptic
connections available to facilitate the development of age-appropriate cognition and adaptive
behavior. Additional work would be required to address these possibilities. In the meantime,
the present results support considering the measures we examined as potential
endophenotypes even during a period of extensive brain reorganization.

Regardless of any observed mean-level change with age, our results show substantial one-
year developmental stability and MZ twin similarity for the ERP measures examined,
lending support to the construct validity of all measures as putative endophenotypes. We
observed stability correlations that ranged from moderate (response-locked ERP measures)
to very high (stimulus-locked ERP measures). Thus, these results enhance the potential for
understudied ERP measures such as P3a, CRN, and Pe as endophenotypes. This conclusion
must be tempered, however, by the fact that for many measures, mean-level changes were
observed with increasing adolescent age. This combination of findings, showing that ERP
measures are both age dependent and stable over a one-year interval, indicates that these
measures cannot be used to index vulnerability for psychiatric disorder unless properly
referenced to normative data from similarly aged adolescents; those factors that influence
developmental change undoubtedly differ from those that influence individual differences in
vulnerability.

To date, reduced amplitude of P3b is probably the most well established candidate
endophenotype ERP measures for externalizing disorders (Euser et al., 2012; Hesselbrock et
al., 2001; lacono et al., 2002; McLoughlin et al., 2014). Therefore, one can reasonably posit
that reduced amplitude of other measures that correlate strongly with P3b (e.g., Nogo-P3,
Flanker-P3) are likely to be viable candidate endophenotypes for externalizing disorders
because they are both stable and show familial resemblance. Psychophysiological
endophenotypes might be especially suited for identifying genetic liability rather than
specific genetic variants because recent work has shown that endophenotype measures
derived from EEG and ERPs reflect the influence of a large number of variants each
contributing very small effects (lacono, Vaidyanathan, Vrieze, & Malone, 2014; Malone,
Burwell, et al., 2014; Malone, Vaidyanathan, et al., 2014). Such polygenic traits are only
useful for gene finding when examined in extremely large samples (tens of thousands
individuals) that are difficult to ascertain using laboratory intensive measures such as those
employed here. Nevertheless, our results suggest that these ERP measures may have utility
for detecting high risk individuals prior to the expression of psychopathology, during a
developmental period, adolescence, where intense study of this unique population may help
provide insights into both how psychopathology develops and what brain mechanisms
underlie risk.

We observed stimulus-locked P3 and response-locked Pe measures to share several
similarities. It has been hypothesized that Pe is essentially a P3b-like wave that follows an
erroneous button-response (rather than stimulus) (Falkenstein et al., 1991; Falkenstein,
Hoormann, Christ, & Hohnsbein, 2000; Leuthold & Sommer, 1999; Nieuwenhuis et al.,
2001). Yet, to the best of our knowledge, only one study has examined the direct correlation
between P3b and Pe (r =.43; Cassidy et al., 2012). We too found zero-order correlations
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between P3b and Pe measures of modest magnitude (/s ~.3), but when each was correlated
with P3-F, we observed their loadings to be sizable and remarkably similar (P3b r =.70,
Nogo-Pe r =.72, Flanker-Pe r =.62). Therefore, it seems that P3b (and other P3s) and Pe
may reflect activation of similar neural circuitry, the former facilitating one’s behavioral
response to salient stimuli (Nieuwenhuis et al., 2005) and the latter facilitating one’s
(remedial) behavioral response to mistakes (Nieuwenhuis et al., 2001; Overbeek,
Nieuwenhuis, & Ridderinkhof, 2005). On the other hand, P3a correlated weakly with P3-F
(and other P3s/Pes individually), perhaps reflecting a dissociation between putative
dopaminergic (P3a) and noradrenergic (P3b) processes (Polich, 2007).

Research on cognitive control and error-related brain processes has suggested that N2 and
ERN are both generated by medial frontal cortex (including anterior cingulate cortex or
ACC; Bekker, Kenemans, Hoeksma, Talsma, & Verbaten, 2005; Dehaene, Posner, & Tucker,
1994; Jonkman et al., 2007; Ladouceur et al., 2007; Miltner, Braun, & Coles, 1997;
Nieuwenhuis, Yeung, van den Wildenberg, & Ridderinkhof, 2003; Van Veen & Carter,
2002), yet we found more differences than similarities between them. Despite several
significant correlations between N2 and ERN (median r =.35), they were comparatively
weak (e.g., compared to P3-Pe median r =.57) and in addition, readily dissociable by PCA.
Research from functional neuroimaging has led to the theory that maintaining task “sets”
(behavioral rules throughout a task) and adapting behavior when sets are violated (e.g.,
errors) represent separable top-down processes mediated by two neural systems known as
the cingulo-opercular (including dorsal ACC, insula, and thalamus) and fronto-parietal
networks (including frontal and parietal cortical regions), respectively (for review, see
Dosenbach, Fair, Cohen, Schlaggar, & Petersen, 2008), both of which undergo significant
functional reorganization over adolescence (Fair et al., 2007). Perhaps N2 reflects activation
of cingulo-opercular-mediated set-maintenance and CRN/ERN reflect motor-generative
processes and/or brief communication between fronto-parietal and cingulo-opercular
networks to convey demands for behavioral adjustment (for related discussions, see Luna,
Padmanabhan, & O’Hearn, 2010; Segalowitz, Santesso, & Jetha, 2010).

Limitations

Our study had a number of limitations. Although a central purpose of the endophenotype is
to index genetic risk for psychopathology, we did not have sufficient power to examine
associations between our measures and behavior disorders in our community based youth
sample. This was in part because only a small portion of our community-based sample could
be classified as ever having had a psychiatric disorder (Diagnostic and Statistical Manual of
Mental Disorders IV-TR, American Psychiatric Association, 2000; ADHD = 12.5%j;
Oppositional Defiant Disorder = 5.2%; Conduct Disorder = 9.3%; Nicotine Dependence =
2.1%; Alcohol Abuse/Dependence = 3.1/2.1%; lllicit Drug Abuse/Dependence = 2.1/1%).
Rather, our analyses highlight stability and twin similarity of these ERPs when subjects are
at currently low rates of manifest disorder, but at potential risk for future disorder.

Also, although a linear model for age-related change in ERP levels is reasonable for the
somewhat restricted age range of our subjects, we were unable to assess nonlinear (e.g.,
quadratic) change because only two measurements existed per subject. Still, we do not rule
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out the possibility that ERP measures, like brain structure (Giedd et al., 1999; Gogtay et al.,
2004; Huttenlocher, 1984; Huttenlocher & Dabholkar, 1997; Huttenlocher et al., 1982;
Sowell et al., 2003; Sowell et al., 2004), may follow nonlinear maturation (e.g., Hill et al.,
1999). More longitudinal studies are needed spanning a broader age range.

Weaker stability estimates were associated with response-locked (relative to stimulus-
locked) ERP measures, a phenomenon that is not likely due to a disparity between correctly-
(N2, P3, CRN measures) and incorrectly-performed (ERN, Pe measures) trials available for
averaging (cf. Meyer et al., 2014; Olvet & Hajcak, 2009b; Pontifex et al., 2010). Response-
locked ERP measures are presumably influenced by motor, somesthetic, premotor and/or
supplementary motor brain circuits (e.g., Gevins et al., 1989), perhaps more-so than
stimulus-locked measures such as P3b, whereas it is believed that temporal and parietal
cortices contribute principally (e.g., Bledowski et al., 2004; Dien et al., 2003; Moores et al.,
2003). Differences in stability could be due to the differential developmental stability of
neural sources underlying response- versus stimulus-locked ERPs. In addition, baseline-
correction of response-locked ERPs is especially prone to contamination from EEG related
to stimulus-processing (Picton et al., 2000). Based on visual inspection and prior reports, we
chose a baseline period believed to be sufficiently early as to not be affected by stimulus-
related response-locked noise (—500 to —300 milliseconds pre-response; Meyer et al., 2014;
Weinberg & Hajcak, 2011), albeit response-locked stabilities were still lower than stimulus-
locked ERPs overall.

Developmental stability estimates for ERN and Pe derived using the adopted inclusion
criterion based on relatively few trials (1 < trials) were nonetheless sizeable and similar to
those we observed using an inclusion criterion (6 < trials) recommended by published
research (Olvet & Hajcak, 2009b; Pontifex et al., 2010); this observation may have
implications for current methodological practices. Critically, requiring six or more trials
resulted in considerable sample attrition (up to 34%). Others have also excluded subjects
based on this “six or more” inclusion criterion (e.g., Brooker & Buss, 2014; Kamijo et al.,
2014; Perez et al., 2012; Riesel, Weinberg, Endrass, Meyer, & Hajcak, 2013; Themanson,
Ball, Khatcherian, & Rosen, 2014; Themanson, Pontifex, Hillman, & McAuley, 2011;
Themanson, Rosen, Pontifex, Hillman, & McAuley, 2012; Torpey, Hajcak, Kim, Kujawa, &
Klein, 2012) and in some cases, the reduction in sample size has been substantial (e.g., 85
individuals, or approximately 21% of the sample in Torpey et al., 2012). Exclusion of study
participants may restrict variance in key individual differences and reduce the overall
applicability of a measure if it is to be used as an endophenotype. Similar to what we found
in the present study, Maurer et al. (2015) concluded that acceptable ERN and Pe reliabilities
may be achieved with fewer than six trials. Perhaps rather than adhering to published “rules
of thumb” regarding the number of trials necessary for adequate signal-to-noise ratio for a
given ERP measure (Larson, Baldwin, Good, & Fair, 2010; Leue, Klein, Lange, &
Beauducel, 2013; Marco-Pallares, Cucurell, Munte, Strien, & Rodriguez-Fornells, 2011;
Meyer et al., 2014; Olvet & Hajcak, 2009b; Pontifex et al., 2010; Rietdijk, Franken, &
Thurik, 2014) which may be specific to study design or sample characteristics, researchers
should choose inclusion criteria guided by reliability analyses of available data (cf. Maurer
etal., 2015).
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We acknowledge that commonality among measures may be partly due to overlap in task
designs. For instance, longer intervals between relatively infrequently occurring stimuli
(e.g., Target stimuli in Oddball/Novelty task, Nogo stimuli in Go/Nogo task, Incongruent
stimuli in Flanker task) have been known to augment the amplitude of ERP measures such
as P3 (C. J. Gonsalvez, Barry, Rushby, & Polich, 2007; C. L. Gonsalvez & Polich, 2002).
Moreover, the “1-back” working memory task-style of our Go/Nogo task, while embodying
the type of challenging design that recruits involves brain regions critical to cognitive control
(Simmonds, Pekar, & Mostofsky, 2008), may have involved cognitive processes similar to
those elicited using the oddball paradigm, thereby influencing the degree of observed
covariance among P3 measures. Yet, these tasks are highly similar to those commonly used
in the literature and our claims regarding developmental stability and twin similarity remain.

Exploratory investigation of difference waves indeed reduced commonality among ERP
measures relative to raw voltage measures, as indicated by fewer significant and positive
correlations (see Figure 5). However, we also found diminished developmental stability and
twin similarity for difference wave measures which is to be expected: when two measures
have much true score variance in common (as indicated by strong positive correlation, e.g.,
Congruent- and Incongruent-N2 from the Flanker task generates r =.95, see Figure 3), use
of their difference score will decrease true score commonality with resulting diminishment
of the signal-to-noise ratio and statistical reliability. Further, while use of difference waves
may lessen the influence on raw scalp-recorded voltages of tissue conductivity and neural
source activity that is constant across task manipulations, it may not faithfully capture the
temporal-spatial mixing of neural source activity that is not shared across task
manipulations. For example, to the extent that the unique neural sources recruited by one
task manipulation (e.g., “Nogo”) differ from those recruited by another task manipulation
(e.g., “G0”), the difference wave of these two manipulations at a given electrode may distort
the temporal and spatial dynamics of the true brain-generated signal, with resultant cost in
endophenotypic utility.

Finally, our decision to use a significance threshold of p < .01 was not chosen based on the
number of statistical tests performed, but rather was chosen as a reasoned compromise
between the need to avoid Type | error while preserving sufficient sensitivity to evaluate our
hypotheses. Regardless, our results depended little on the specific p-value cutoff we chose.
For instance, for ERP measures for which we detected significant mean-level change in
Table 2, all p-values were smaller than .0000008, suggesting that even with adjustment for
multiple testing, results would not have changed. In Figures 2 and 3, we were concerned
with the patterning of point-estimates, not p-values (although all developmental stability p’s
<.000009 and twin similarity p’s < .0008 in Figure 2). If a formal multiple testing
correction were applied to significance thresholds in Figure 3 (171 cells in each 3A and 3B),
it is quite possible that nearly all cells would lose their hue, and regions of potential interest
would not be easily illustrated for the reader. Thus, our fundamental conclusion, that rank-
order stability of these measures persists over 1 year of adolescence despite mean-level
instability, depended little on the p-value significance threshold adopted.
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Conclusion

Our results converge on the notion that multiple commonly studied ERP measures have the
potential to serve as endophenotypes. Even with age-dependent changes in the mean-level of
ERP amplitudes (particularly for P3 measures and P3-F factor scores), rank-order of
individual amplitudes and factor scores over one year of mid-adolescence remained
remarkably consistent and trait-like. Moreover, familial influence was evident in all
measures and their covariance, findings that are consistent with the possibility that genetic
influences play a role in the individual and common expression of ERP measures. Our
results thus add to the literature by providing foundational evidence for the potential of the
measures we examined to serve as candidate endophenotypes, even in asymptomatic youth.
In conclusion, various N2s, P3s, and response-negativities may prove useful as
endophenotypes for monitoring normal and risk-associated development of three separable
neural systems, tapping set-maintenance, salience recognition, and response-monitoring
processes, respectively.
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Factor loadings for each of the three factors from principal components analysis.

Factor loadings

1(P3-F) 2(N2-F) 3(RN-F)
Oddball/Novelty
Novelty-P3a .52 40 -.25
Oddball-P3b .70 .29 .05
Go/Nogo
Go-N2 A1 .83 .23
Nogo-N2 .04 73 .32
Go-P3 .76 14 .26
Nogo-P3 .84 .15 17
Go-CRN .24 15 .78
Nogo-ERN -.03 22 .68
Nogo-Pe 12 -.06 15
Flanker
Flanker-N2 .07 .84 .07
Flanker-P3 .85 .09 12
Flanker-CRN .36 -12 75
Flanker-ERN .09 .35 .62
Flanker-Pe .62 -.29 .10

Table 1
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Note: Each individual ERP measure’s highest loading among the three factors is presented in boldface. As is evident from the pattern of loadings,
the first factor primarily explains variance in P3 and Pe measures (hereinafter referred to as P3-F), the second explains variance in N2 measures

(N2-F), and the third explains variance in response-negativity measures (ERNs and CRN; RN-F).
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