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Abstract
Reduced P3 amplitude has been consistently linked to a spectrum of externalizing disorders. Utilizing
data from a large sample of adolescent male twins (N = 1196), we used biometric modeling to assess
the genetic and environmental contributions to the association between reduced P3 amplitude and a
general vulnerability to externalizing disorders. Externalizing vulnerability was indexed by a
composite of symptoms of conduct disorder, adult antisocial behavior, and alcohol, nicotine, and
drug dependence. The sample included two independent age cohorts, providing an internal replication
of the findings. For the best-fitting model, genetic influences alone accounted for the association
between P3 amplitude and externalizing disorders, with an estimated genetic correlation of rg = −.
22. Results replicated across the two age cohorts and demonstrate that reduced P3 amplitude is a
marker of the biological vulnerability to externalizing disorders.
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Over the past 20 years, a substantial body of research has established a link between alcoholism
and reduced amplitude of the P3 (third positive) component of the brain event-related potential
(Polich, Pollock, & Bloom, 1994; Porjesz, Begleiter, Bihari, & Kissin, 1987). Reduced P3
amplitude is associated not only with active symptoms of alcoholism, but also with risk for
alcoholism. Specifically, prior to the onset of drinking, reduced P3 has been demonstrated in
sons of alcoholics in comparison to controls without a family history of alcoholism (Begleiter,
Porjesz, Bihari, & Kissin, 1984). Additionally, reduced P3 amplitude prospectively predicts
the emergence of later alcohol problems in persons asymptomatic at the time of the baseline
assessment (Iacono, Carlson, Malone, & McGue, 2002). These lines of evidence support the
hypothesis that reduced P3 amplitude is a biological risk marker or endophenotype for
alcoholism, that is, a laboratory measure of nervous system activity whose genetic
underpinnings overlap with the genetic risk factors associated with alcoholism (Begleiter &
Porjesz, 1999; Iacono, 1998).

Other research, however, has demonstrated that reduced P3 amplitude is associated not only
with alcoholism but with other psychiatric disorders characterized by behavioral disinhibition,
including illicit drug dependence (Bauer, 2001; Biggins, MacKay, Clark, & Fein, 1997;
Brigham, Moss, Murrelle, Kirisci, & Spinelli, 1997), nicotine dependence (Anokhin et al.,
2000), and child and adult antisocial behavior (Bauer & Hesselbrock, 1999, 2001, 2003; Costa
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et al., 2000; Hesselbrock, Bauer, O’Connor, & Gillen, 1993). In a rather comprehensive
analysis, Iacono et al. (2002) reported the associations between P3 amplitude and several
psychiatric disorders in a large community sample of adolescent male twins, and found reduced
P3 amplitude was associated with a spectrum of substance use and disinhibited behavior
disorders, including alcohol dependence, illicit drug dependence, nicotine dependence,
attention-deficit/hyperactivity disorder, oppositional defiant disorder, conduct disorder, and
antisocial personality disorder (ASPD). Additionally, persons with comorbid conditions
evinced the greatest reduction in P3 amplitude, and lower P3 amplitude at age 17 predicted the
development of these disorders at age 20. Furthermore, fathers’ diagnostic status on
disinhibitory disorders was also associated with reduced P3 amplitude in their adolescent sons,
indicating a familial association between P3 and externalizing tendencies. These results
provide strong evidence that reduced P3 amplitude is a marker for disinhibitory syndromes in
general rather than for alcoholism specifically.

These results are also consistent with epidemiological investigations that have identified a
broad risk factor, typically referred to as Externalizing, that accounts for comorbid relations
among disinhibitory disorders (Krueger, 1999; Krueger, Caspi, Moffitt, & Sliva, 1998). Large-
sample twin studies have since shown that this general vulnerability to externalizing disorders
is primarily attributable to genetic influences, and that this general vulnerability accounts for
the majority of the genetic risk factors associated with each disorder in the spectrum (Kendler,
Prescott, Myers, & Neale, 2003; Krueger et al., 2002; Young, Stallings, Corley, Krauter, &
Hewitt, 2000). In addition, heritability estimates for the general vulnerability factor (h2 = .81–.
85) are notably greater than heritability estimates for individual disorders (h2 = .35–.60; Fu et
al., 2002; Heath et al., 1997; Jacobson, Prescott, & Kendler, 2002; Kendler, Jacobson, Prescott,
& Neale, 2003; Lyons et al., 1995; Slutske et al., 1998; Tsuang et al., 1998; van den Bree,
Svikis, & Pickens, 1998). These findings, which indicate that this general vulnerability
accounts for much of the genetic risk associated with individual externalizing disorders,
suggest that this Externalizing factor might also account for associations between specific
disinhibitory disorders and biological markers such as P3 amplitude.

Patrick et al. (2006) directly tested the hypothesis that reduced P3 amplitude is a marker for
the general vulnerability to externalizing disorders. Using a measure of the Externalizing factor
consisting of scores on the first principal component extracted from symptoms of alcohol and
drug dependence, conduct disorder, and adult antisocial behavior (the adult criteria for ASPD),
these investigators found that: (1) reduced P3 amplitude was significantly related to scores on
this factor indexing the general vulnerability to externalizing disorders, and (2) scores on this
broad factor accounted for associations between the individual disorders and P3 amplitude
(i.e., no residual association with any individual disorder was significant after variance in the
general factor was included in a prediction model). These results further demonstrate that the
association between reduced P3 amplitude and alcoholism is nonspecific, that is, it arises from
the fact that alcoholism is one indicator of a general vulnerability to externalizing disorders.

The present investigation extends the findings of Patrick et al. (2006) by delineating the genetic
and environmental contributions to the association between P3 amplitude and the general
vulnerability to externalizing disorders. Although the research on P3 amplitude as a biological
marker of externalizing disorders rests on the assumption of a common genetic diathesis
(Begleiter & Porjesz, 1999; Iacono, 1998), the hypothesis that the relation between the two is
mediated by genes has yet to be directly tested. The primary reason is that such an analysis
requires a genetically informative sampling design entailing large samples of individuals with
varying degrees of genetic relatedness (e.g., monozygotic [MZ] and dizygotic [DZ] twins;
Neale & Cardon, 1992).
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The current investigation was intended to fill this gap in the literature. The sample for the
current study consisted of 1196 male twins—a sample size large enough to provide reliable
and accurate parameter estimates of the heritability of P3 amplitude as well as the magnitude
of its overlap with the genetic risk for externalizing disorders (Neale & Cardon, 1992). In
addition, the sample included two, nonoverlapping age cohorts of approximately equal size,
both drawn from the community—providing for an internal replication of findings that
enhances the likelihood that the results will generalize to the population.

On the basis of previous findings, we predicted that P3 amplitude and the general vulnerability
to externalizing disorders would each be highly heritable (Katsanis, Iacono, McGue, & Carlson,
1997; Kendler, Prescott, et al., 2003; Krueger et al., 2002;Young et al., 2000). Our second,
crucial prediction was that most if not all of the association between P3 amplitude and the
general vulnerability to externalizing disorders would be attributable to genetic factors. Finally,
consistent with studies that have examined associations between single-gene markers and
psychiatric disorders (e.g., Faraone, Doyle, Mick, & Biederman, 2001; Faraone et al., 2005),
we predicted that P3 amplitude would account for a modest, but reliable (i.e., replicable) portion
of the overall genetic variance for the general vulnerability to externalizing disorders.

Method
Participants

Participants were adolescent male twins who participated in the Minnesota Twin Family
(MTFS). The MTFS is a longitudinal study of twins and their parents living in the state of
Minnesota that is investigating the development of substance abuse and related
psychopathology. A comprehensive description of the MTFS has been provided elsewhere
(Iacono, Carlson, Taylor, Elkins, & McGue, 1999; Iacono, Malone, & McGue, 2003). The
MTFS sample is composed of two age cohorts: a younger cohort initially recruited the year
the twins turned 11 years old, and an older cohort recruited the year the twins turned 17 years
old. Public birth records were used to identify families that included a twin pair born in the
years 1972–1978 in the case of the 17-year-old cohort and the years 1978–1982 in the case of
the 11-year-old cohort. Zygosity was determined by the agreement of three estimates: (1) a
standard zygosity questionnaire completed by parents, (2) evaluation by MTFS staff of physical
similarity based on eye, hair, face, and ear characteristics, and (3) similarity on fingerprint
ridge count, cephalic index, and ponderal index. If the three estimates did not agree, a
serological analysis was conducted using DNA markers. Twins return at roughly 3-year
intervals for follow-up assessments.

For the present investigation, data were collected when members of both cohorts were at a
similar age, specifically, the intake assessment for the 17-year-old cohort (M = 17.0, SD = 0.5)
and the second follow-up assessment for the 11-year old cohort (M = 18.5, SD = 0.8). All study
protocols and data collection methods remained consistent across the intake and second follow-
up assessments. The current investigation included 598 male twin pairs (396 MZ pairs, 202
DZ pairs; total N = 1196 individuals). Approximately equal numbers were drawn from each
cohort: 309 twin pairs (208MZpairs, 101 DZ pairs) from the age 11 cohort, and 289 twin pairs
(188MZ pairs, 101DZ pairs) from the age 17 cohort. Consistent with the demographics of
Minnesota during the years the twins were born, almost all are Caucasian (98%). Informed
assent or consent was obtained as appropriate, and an internal review board approved all study
procedures and protocols.

Diagnostic Assessment
For participants in each of the two cohorts, lifetime presence of DSM-III-R (American
Psychiatric Association, 1987) disorders was assessed via in-person, structured clinical
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interviews at our Minneapolis laboratories. Members of each twin pair were assessed
concurrently by separate interviewers. Interviewers had either a Bachelor’s or Master’s degree
in psychology and completed extensive training in DSM assessment procedures. An expanded
version of the Substance Abuse Module of the Composite International Diagnostic Interview
(Robins, Baber, & Cottler, 1987) was used to assess symptoms of nicotine dependence, alcohol
dependence, and illicit drug dependence. Drug classes included amphetamines, cannabis,
cocaine, inhalants, opioids, PCP, and sedatives. The substance for which the participant
reported the maximal number of symptoms was used for their drug dependence variable. An
interview designed by MTFS staff (Holdcraft, Iacono, & McGue, 1998) was used to assess
symptoms of conduct disorder and adult antisocial behavior (i.e., the adult criteria for ASPD).
The mother of each twin pair was also interviewed using the parent version of the Diagnostic
Interview for Children and Adolescents (Reich, 2000) and reported on the presence of
symptoms in her children for conduct disorder and all substance use disorders. A symptom
was considered present if reported by either them other or twin.

A team of at least two clinical psychology graduate students with extensive training in
descriptive psychopathology and differential diagnosis reviewed all interview data in a case
conference to determine the presence or absence of all symptoms. Consensus between the two
diagnosticians was reached prior to assigning symptoms. This consensus process yielded the
following kappa reliabilities: .81 for conduct disorder, .95 for adult antisocial behavior, and>.
91 for all substance disorders. Prevalence rates and mean symptom levels for the MTFS
samples are available in previous reports (e.g., Iacono et al., 2003; Krueger et al., 2002; Patrick
et al., 2006).

A composite Externalizing score was calculated via a principal components analysis of the
symptom counts of alcohol dependence, nicotine dependence, drug dependence, conduct
disorder, and adult antisocial behavior. A normalizing (Blom) transformation was applied to
correct for positive skew in the distributions of the scores of each of the indicators of the general
externalizing vulnerability. The first principal component accounted for 61% of the variance
among the five indicators (all remaining components had an eigenvalue less than 1) and yielded
the following loadings: .85 adult antisocial behavior, .68 conduct disorder, .81 alcohol
dependence, .78 nicotine dependence, and .78 drug dependence.

Psychophysiological Assessment
We used the rotated-heads visual oddball task of Begleiter et al. (for a graphic depiction, see
Patrick et al., 2006, Figure 1), a procedure that has yielded robust P3 effects in alcohol risk
studies. Each of the 240 stimuli comprising this task was presented on a computer screen for
98 ms, with the intertrial interval (ITI) varying randomly between 1 and 2 s. A small dot, upon
which subjects were instructed to fixate, appeared in the center of the screen during the ITI.
On two-thirds of the trials, participants saw a plain oval to which they were instructed not to
respond. On the remaining third of the trials, participants saw a superior view of a stylized
head, depicting the nose and one ear. Participants were instructed to press one of two response
buttons attached to each arm of the chair in which they were seated to indicate whether the ear
was on the left side of the head or the right. Half of these “target” trials consisted of heads with
the nose pointed up, such that the left ear would be on the left side of the head as it appeared
to the subject (easy discrimination). Half consisted of heads rotated 180° so that the nose
pointed down, such that the left ear would appear on the right side of the screen and the right
ear would appear on the left side of the screen (hard discrimination).

Recording procedure—All participants completed the assessment at approximately the
same time in the morning. Participants sat in a comfortable high-backed chair while
electroencephalographic (EEG) data were recorded from three parietal scalp locations, one on
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the midline (Pz) and one over each hemisphere (P3 and P4). Linked earlobes served as reference
and an electrode on the right shin as ground. Blinks and eye movements were recorded with a
pair of biopotential electrodes arranged in a transverse montage, one electrode superior to the
right eye and the other over the outer can thus. A Grass Model 12A Neurodata acquisition
system was used to collect EEG data, with each signal passed through an amplifier with a
bandpass of 0.01 to 30 Hz (half-amplitude) and a roll-off of 6 dB per octave. For each trial, 2
s of EEG data, including a 500-ms prestimulus baseline, were digitized to 12 bits resolution at
a rate of 256 Hz. If participants failed to respond on a given trial, or if any EEG signal exceeded
the range of the A-D converter, the trial was repeated. Trials repeated more than twice were
excluded from averaging.

EEG data processing and reduction—The procedure of Gratton, Coles, and Donchin
(1983) was used to correct for blinks and other ocular artifacts in the raw EEG data. Signals
were digitally filtered using a third-order Butterworth highpass filter at 0.5 Hz to attenuate low
frequency artifact present in some of the data due to amplifier drift. ERP waveforms were
constructed by averaging EEG data across trials within easy and hard discrimination conditions
at each electrode site (P3, Pz, P4). The P3 was defined as the point between 280 and 600ms at
which amplitude of the average waveform was maximal. Associations between P3 and
Externalizing factor scores did not differ as a function of target difficulty or electrode site.
Current analyses are based on P3 scores for the parietal electrode Pz at which the amplitude
of the P3 response has been shown to be maximal (Comerchero & Polich, 1999; Friedman,
Cycowicz, & Gaeta, 2001; He, Lian, Spencer, Dien, & Donchin, 2001; Polich & Kok, 1995;
Spencer, Dien, & Donchin, 1999).

Data Analysis
Our primary goals were to estimate the heritability of P3 amplitude and Externalizing
composite scores as well as the genetic and environmental contributions to their covariance
using standard biometric modeling (Neale & Cardon, 1992). The biometric modeling we
employed assumes that the phenotypic variance of an individual differences variable can be
decomposed into three sources: additive genetic (A), shared or common environmental (C),
and nonshared or unique environmental (E). This variance decomposition can be accomplished
by comparing the similarity of MZ and DZ twins under the following assumptions: no
assortative mating for the phenotype, all genetic effects are additive with no gene–environment
correlations or interactions, and shared environmental effects for MZ and DZ twins are the
same (Plomin, DeFries, McClearn, & McGuffin, 2001). MZ twins are genetically identical,
resulting in a correlation of 1.0 for all genetic effects. In contrast, DZ twins, on average, share
50% of their segregating genes, resulting in a correlation of .5 for all genetic effects. An MZ
correlation twice that of the DZ correlation suggests twin similarity is primarily due to additive
genetic effects. A DZ correlation greater than half the MZ correlation, however, suggests shared
environmental factors contribute to twin similarity. Nonshared environmental effects represent
influences (including measurement error) that contribute to differences between members of
a twin pair, and so are uncorrelated across members of both MZ and DZ twin pairs.

We used a standard bivariate Cholesky decomposition (Figure 1; C effects are excluded to ease
interpretation) to delineate the genetic and environmental components of variance and
covariance for the P3 amplitude and Externalizing composite scores. In a bivariate Cholesky
model, there are two types of genetic and environmental effects. Factors A1 and E1 account
for all the additive genetic and nonshared environmental variance in P3 amplitude, including
the genetic and environmental variance that overlaps with risk for externalizing disorders
(a22 and e22). Factors A2 and E2 account for residual (i.e., independent of P3 amplitude)
additive genetic and nonshared environmental factors in the risk for externalizing disorders.
The total genetic covariance between P3 amplitude and Externalizing composite scores is the
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product of a11 × a21. Standardizing the genetic covariance on the genetic variance of the two
phenotypes yields the genetic correlation, which indexes the magnitude of genetic overlap
between P3 amplitude and Externalizing composite scores. A genetic correlation of 1.0
indicates that the two variables share all of their genetic effects, whereas a genetic correlation
of 0 indicates genetic independence. Similar analytic procedures can also be used to estimate
the nonshared environmental correlation.

Models were fit to the raw data using full information maximum likelihood estimation as
implemented in the computer program Mx (Neale, 1997). This approach was taken because it
uses all available information from all cases regardless of missing data. This procedure yields
less biased parameter estimates compared to listwise or pairwise deletion methods (Allison,
2003) and allowed us to retain twin pairs who would have been excluded due to individual
twins with missing data. For the current sample, 436 (72.9%) twin pairs had complete data for
both twins, and 162 (27.1%) twin pairs included at least one member who was missing either
P3 amplitude or symptom count data or both (within the age 11 cohort, some members of a
pair did not participate in the follow-up assessment). As long as one member of the twin pair
had scores for either P3 amplitude or the Externalizing composite, the twin pair was retained
in the analysis.

The fit of models was evaluated by comparing −2 times the natural log likelihood (−2lnL) of
a base model that estimated the means and covariances of the variables to more restrictive
bivariate Cholesky models. The distribution of differences in the −2lnL index approximates a
χ2 distribution, which allows for a likelihood ratio test. In addition, the χ2 values for alternative
biometric models were converted to values of the Bayesian Information Criterion (BIC;
χ2−df ln N; Raftery, 1995). The BIC is a fit index that assesses overall model fit in relation to
model parsimony, with more negative values indicative of better fit. The model that yielded
the most negative BIC value was selected as the best fitting model. Additionally, when
comparing two models, the difference in BIC values corresponds to the odds ratio formed by
taking the probability that, given the data, the second model is correct to the probability that
the first model is correct. Differences in BIC values of 6 (posterior odds 20:1) is considered
“strong evidence” in favor of the model with the more negative BIC value, whereas differences
in BIC values of 10 (posterior odds 150:1) are considered “very strong” evidence in favor of
the model with the more negative BIC value (Raftery, 1995).

Results
Model fitting results are presented in Table 1. For model 1, we estimated all ACE components
of variance and covariance and allowed the parameter estimates to differ across the two age
cohorts. The fit of this model was then compared to more restrictive (i.e., more parsimonious)
CE and AE models, with more negative BIC values indicative of better model fit. As can be
seen in Table 1, model 6 (the AE, no cohort differences model) yielded the most negative BIC
value, indicating no significant contribution of shared environment effects to either P3
amplitude or Externalizing composite scores, and no difference in parameter estimates across
the two age cohorts. Figure 2 presents the average ERP waveforms from the 11- and 17-year-
old cohorts for participants in the lowest and highest quartiles of the distribution of scores on
the Externalizing composite.

Next, we evaluated genetic and environmental contributions to the covariance between P3
amplitude and Externalizing composite scores by comparing even more restrictive models to
the AE, no cohort differences model. First, we tested whether there was a significant genetic
contribution to the covariance between P3 amplitude and Externalizing composite scores by
requiring environmental factors alone to account for the link between P3 and Externalizing.
This model (6a) yielded a worse fit to the data, as evidenced by a significant likelihood ratio
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test, Δχ2 = 12.08, df = 1, p<.01, and a less negative BIC value—indicating a significant
contribution of genetic influences to the covariance between P3 amplitude and Externalizing
composite scores.

Next, we fit a model (6b) that tested whether the covariance between P3 and Externalizing
could be attributed to genetic factors only. This more parsimonious model did not result in a
significantly poorer fit to the data, Δχ2 = 3.81, df = 1, p>.05, and yielded a more negative BIC
value—suggesting genetic factors alone can account for the link between P3 amplitude and
Externalizing composite scores. However, the difference in BIC values (−2.6) was small and,
therefore, provides only modest evidence to reject any environmental contribution (i.e., e21>0)
to the covariance between P3 amplitude and Externalizing composite scores. That being said,
genetic factors clearly account for the majority of the link between P3 amplitude and
Externalizing composite scores, as genetic variance accounted for 82% of the phenotypic
covariance when environmental factors were retained in the model (model 6).

Table 2 presents parameter estimates and 95% confidence intervals derived from the best fitting
model (model 6b) for each age cohort separately and for a model that utilized the entire sample
by constraining the parameters to be the same across cohorts. Of note, all results were nearly
identical across cohorts, providing a replication of the findings. Both P3 amplitude and scores
on the Externalizing composite scores were highly heritable, and shared environmental effects
did not account for a significant portion of the variance of either. There was a modest but
statistically significant phenotypic correlation between P3 amplitude and Externalizing
composite scores. The genetic correlation between P3 amplitude and Externalizing composite
scores was rg = −.22 (95% CI:−.31,−.12) indicating that the genetic factors associated with P3
amplitude accounted for 4.8% of the genetic risk associated with externalizing disorders (this
statistic was obtained by squaring the genetic correlation: .22 × .22 = .048 × 100% = 4.8%).

Discussion
The current study extended prior research demonstrating links between P3 amplitude and
specific DSM disorders (e.g., alcohol dependence, antisocial personality disorder) by
examining genetic and environmental contributions to the recently established association
between P3 and the general vulnerability to externalizing disorders (Patrick et al., 2006).
Notable features of the current study are that (1) it is one of the largest samples to date used to
estimate the heritability of P3 amplitude, (2) it is the first to estimate the genetic overlap
between P3 and externalizing psychopathology, and (3) the sample was composed of two non-
overlapping age cohorts, providing for an internal replication of the study findings.

Consistent with previous investigations (Kendler, Prescott, et al., 2003; Katsanis et al., 1997;
Krueger et al., 2002; Young et al., 2000), both P3 amplitude and the general vulnerability to
externalizing disorders were highly heritable. Furthermore, we found that the association
between P3 amplitude and the general vulnerability to externalizing disorders was primarily
attributable to genetic effects. Finally, the genetic effects associated with P3 amplitude
accounted for 4.8% of the genetic risk associated with externalizing disorders.

Although the magnitude of the genetic overlap between P3 amplitude and externalizing
disorders might appear modest, an appropriate comparison in terms of effect size can be derived
from molecular genetic studies of single-gene markers and psychiatric disorders. Studies of
this kind that have detected an association between a particular gene marker and a disorder
have typically reported that the gene marker accounts for an estimated 1% to 5% of the variance
of the disorder (Faraone et al., 2001, 2005). Using this as a benchmark, our results fall toward
the high end of the range of reported effect sizes. Moreover, whereas many molecular genetic
studies revealing associations between specific gene loci and psychiatric phenotypes have not
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been consistently replicated (Hirschhorn, Lohmueller, Byrne, & Hirschhorn, 2002; Prathikanti
& McMahon, 2001), our results replicated closely across the two age cohorts in the current
study, as evidenced by nearly identical parameter estimates. This suggests that the genetic
association between P3 and externalizing psychopathology will prove to be as robust as the
phenotypic association has been shown to be (for reviews, see Begleiter & Porjesz, 1999;
Iacono, 1998; Porjesz et al., 2005).

Although our study has impressive strengths, it also has some notable limitations. First, the
sample was composed solely of male twins. Whether the link between P3 amplitude and
externalizing disorders will be found in female twins remains to be seen. Also, members of the
sample were all in late adolescence, and the sample was not racially or ethnically diverse.
Whether the findings generalize to younger and older samples and in different racial or ethnic
groups will need to be determined through further research.

Though the current investigation advances our understanding of the association between P3
amplitude and externalizing disorders, questions could also be raised about the specificity of
P3 amplitude reduction as an indicator of externalizing psychopathology—because reduced
P3 amplitude has also been detected for schizophrenia (Ford et al., 1999; Friedman & Squires-
Wheeler, 1994; Mathalon, Ford, & Pfefferbaum, 2000) and major depression (Blackwood et
al., 1987; Charkroun, 1988; Kayser, Bruder, Tenke, Stewart, & Quitkin, 2000; Santosh,
Malhotra, Raghunathan, & Mehra, 1994). It is conceivable that the P3 response amplitude is
a general index of cognitive processing efficiency that is compromised in various forms of
psychopathology. However, there are some indicants of specificity: P3 amplitude is not
consistently linked to familial risk for depression or schizophrenia, nor does it predict the
developmental course of these disorders, and results are more robust for auditory rather than
visual paradigms. Additionally, our results linking P3 and externalizing disorders at the
genotypic level, rather than simply the familial level, provide further support for P3 as an
endophenotypic marker of the general vulnerability to externalizing disorders.

An important direction for future research will be to develop new experimental paradigms that
index the processes underlying P3 amplitude reduction in relation to specific forms of
psychopathology. For example, one mechanism for reduced P3 amplitude in relation to
externalizing disorders may be that individuals with such disorders operate in a more stimulus-
driven fashion with less ongoing vigilance and less prestimulus preparation. This possibility
could be evaluated by measuring or probing brain states during interstimulus intervals to test
for differences associated with externalizing disorders. Another valuable approach in future
research will be to examine brain response measures that more directly reflect the processes
underlying different forms of psychopathology. For example, recent research indicates that the
error-related negativity, a cortical response measure that reflects the brain’s ability to detect
errors on-line during performance of a task, is reduced among individuals who are high in
externalizing psychopathology (Hall et al., 2005). Besides contributing to a greater
understanding of brain processes underlying different forms of psychopathology that have been
associated with reduced P3 amplitude, response measures derived from functionally relevant
task paradigms are likely to yield greater effect sizes in the differentiation of pathologic and
nonpathologic groups.
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Figure 1.
Path diagram of an AE Cholesky model (C factors have been excluded for ease of presentation)
for P3 amplitude and a composite measure of symptoms of externalizing disorders. The
variance in each observed variable is parsed into that which is attributable to latent additive
genetic (A1 and A2) and nonshared environmental effects (E1 and E2).
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Figure 2.
Average ERP waveforms from the 11- and 17-year-old cohorts for participants in the lowest
and highest quartiles of the distribution of scores on the Externalizing (EXT) composite.
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Table 2
Parameter Estimates for the Best Fitting Model

Heritability (95% CI)

P3 amplitude EXT rp P3-EXT (95% CI) rg P3-EXT (95% CI)

Age 11 cohort .66 (.56, .73) .83 (.78, .86) −.17 (−.27, −.08) −.23 (−.36, −.09)
Age 17 cohort .62 (.52, .70) .76 (.70, .81) −.14 (−.24, −.05) −.21 (−.35, −.07)
Combined sample .64 (.57, .70) .80 (.77, .83) −.16 (−.23, −.09) −.22 (−.31, −.12)

Note: rp: phenotypic correlation, rg: genetic correlation, CI: confidence interval. Results are reported separately for each age cohort and for a no cohort
differences model (i.e., combined sample) in which the parameters were constrained to be the same across cohorts. The age 11 cohort refers to the age of
participants upon entry into the longitudinal study. The data reported in this investigation were collected when members of both the 11- and 17-year-old
cohorts were in their late teens.
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