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a  b  s  t  r  a  c  t

Stimuli  in  simple  oddball  target  detection  paradigms  cause  evoked  responses  in  brain  potential.  These
responses  are  heritable  traits,  and  potential  endophenotypes  for clinical  phenotypes.  These  stimuli  also
cause  responses  in oscillatory  activity,  both  evoked  responses  phase-locked  to  stimulus  presentation
and  phase-independent  induced  responses.  Here,  we  investigate  whether  phase-locked  and  phase-
independent  oscillatory  responses  are  heritable  traits.  Oscillatory  responses  were  examined  in  EEG
recordings  from  213  twin  pairs  (91 monozygotic  and  122  dizygotic  twins)  performing  a  visual  oddball
task.  After  group  Independent  Component  Analysis  (group-ICA)  and  time-frequency  decomposition,  indi-
vidual  differences  in evoked  and  induced  oscillatory  responses  were  compared  between  MZ and  DZ  twin
pairs. Induced  (phase-independent)  oscillatory  responses  consistently  showed  the  highest  heritability
EG
CA
300
ime-frequency analysis
ndophenotype

(24–55%)  compared  to evoked  (phase-locked)  oscillatory  responses  and  spectral  energy,  which  revealed
lower heritability  at 1–35.6%  and  4.5–32.3%,  respectively.  Since  the  phase-independent  induced  response
encodes  functional  aspects  of the  brain  response  to target  stimuli  different  from  evoked  responses,  we
conclude  that the modulation  of ongoing  oscillatory  activity  may  serve  as  an additional  endophenotype
for  behavioral  phenotypes  and  psychiatric  genetics.

Crown Copyright  © 2015  Published  by Elsevier  B.V.  All  rights  reserved.
. Introduction

Twin studies may  be used to investigate genetic influences on
ndividual differences in biological and behavioral traits (Ehringer,
hee, Young, & Corley, Hewitt, 2006; van Dongen, Slagboom,
raisma, Martin, Boomsma, 2012; Anokhin, 2014), including psy-
hophysiological measures linked to liability of psychopathology
e.g., van Beijsterveldt and van Baal, 2002; Ehringer et al., 2006;
mit, van Ent, Zubicaray, & Stein, 2012; Ethridge, Malone, Iacono,

 Clementz, 2013). Studies assessing endophenotypes—i.e., inter-
ediate phenotypes in the expression pathway from genes to
henotype (Gottesman and Gould, 2003)—found that many elec-
roencephalographic (EEG–based) endophenotypes are to some
xtent genetically determined (e.g., O’Connor, Morzorati, Christian,
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M.  Antonakakis).
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301-0511/Crown Copyright © 2015 Published by Elsevier B.V. All rights reserved.
& Li, 1994; Almasy et al., 1999; Smit, Posthuma, Boomsma, & de
Geus, 2007; De Geus, 2010; Anokhin, 2014). Of these, the P300 may
be the most commonly investigated parameter. This signal is typi-
cally elicited in simple visual or auditory “oddball” tasks when the
subject is required to distinguish between frequent and rare stimuli
present in random series, to respond (or count) the rare target stim-
ulus, while ignoring the frequent nontarget stimulus (Polich and
Herbst, 2000). The amplitude of the P300 is modulated by chang-
ing the task specifications, e.g., making the target rarer (Kok, 2001).
Moreover, the amplitude of the P300 response is altered in alco-
holism, schizophrenia, and Alzheimer’s disease (Mathalon, Ford, &
Pfefferbaum, 2000; Polich and Bloom 1999; Polich and Ochoa 2004;
Polich and Corey-Bloom 2005; Ford, 1999; see Polich and Corey-
Bloom 2005; Ford 1999; Porjesz et al., 2005 for overviews), which
suggests that the P300 amplitude is a biomarker for the cogni-
tive symptoms present in these psychiatric phenotypes (Ford et al.,

1994).

Studies of the P300 response in the oddball task have calcu-
lated the evoked response by averaging the EEG scalp potentials
in time windows relative to the stimulus onset. They thus assess

dx.doi.org/10.1016/j.biopsycho.2015.12.006
http://www.sciencedirect.com/science/journal/03010511
http://www.elsevier.com/locate/biopsycho
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biopsycho.2015.12.006&domain=pdf
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oltage changes that are time-locked to the event of interest, that
s, the rare target stimulus. By averaging across a large number of
EG epochs, ongoing brain activity—pre- and post-stimulus oscil-

ations with phase independent from stimulus events—cancels out
n the long run, increasing the relative strength of stimulus-evoked
otentials. These event-related potentials (ERPs) consist of a series
f positive and negative peaks occurring at a fixed time relative to
he event (Ergen, Marbach, Brand, Baş ar-Eroglu, & Demiralp, 2008;
ilmore, Malone, Bernat, & Iacono, 2010; Ucles, Mendez, & Garay,
009). The procedure assumes that ongoing oscillatory EEG activ-

ty are background “noise” in which the ERP “signal” is embedded.
owever, oscillations in EEG activity may  also carry dynamic infor-
ation associated with the neural system that generates them in

he form of modulation of the oscillatory activity. This modulation
ay  consist of amplitude increase or decrease, and/or a phase-

eset resulting in phase-locking to the stimulus event (Makeig
t al., 2002; Nikulin et al., 2007). Part of the ERP response may
onsists of the phase-reset of ongoing oscillations as these will
how up in the averaged response (Makeig et al., 2002; Nikulin
t al., 2007). Thus, evoked responses phase-locked to the stimulus
vent may  include both evoked potentials (ERPs) and phase-locked
scillatory responses. On the other hand, induced responses are
hase-independent oscillatory amplitude modulations (Shah et al.,
004; Mazaheri & Jensen, 2006; David, Kilner, & Friston, 2006) not
isible in the ERP. Here, it is our aim to investigate both types of
esponses in the oddball task.

A comparison of evoked responses with induced response in the
lpha band revealed that they are both present in simple stimulus
aradigms and both respond to oddball task manipulations. Inter-
stingly, however, both also seem to reflect different aspects of the
rain response to the event (Zervakis, Michalopoulos, Iordanidou,

 Sakkalis, 2011; Yordanova, Kolev, & Polich, 2001; Klimesch 1999),
uggesting they serve different functional roles in stimulus process-
ng related to specific processing steps in the performance of a task
ven though they resulted from common cognitive events such as
arget stimulus presentation (Jung et al., 2001; Makeig et al., 2002;
allon-Baudry, Bertrand, Delpuech, & Pernier, 2002). Evoked oscil-

atory response can be determined using Phase Intertrial Coherence
PIC) (Jervis et al., 2007; Tallon-Baudry et al., 1996). Combining
hase and amplitude into a phase vector, PIC measures the unifor-
ity of distribution of angles weighted by the relative amplitudes of

scillations (Jervis et al., 2007; Tallon-Baudry et al., 1996), yielding
arge values when all trials are phase-locked to the same phase shift
f a specific frequency. A metric revealing the induced response
phase-independent activity) is the Phase shift Intertrial Coherence
PsIC) (Zervakis et al., 2011), which compares the inter-trial consis-
ency of a component in terms of its energy, irrespective of phase
elation to the inducing event. In essence, PsIC captures both phase
nd phase-independent activity by adding up the spectral energy of
scillatory signals. Finally, Spectral Energy (SE) is a measure which
aptures the (squared) amplitude of each oscillation frequency of
he average response over trials, and is therefore the most closely
elated to the ERP (Jervis et al., 2007; Onton and Makeig, 2006;
allon-Baudry et al., 1996). Note that both PIC and SE capture phase-

ocked responses, however, they differ in the sense that the former
PIC) detects phase-locked patterns of oscillatory activity across tri-
ls while the latter (SE) determines the spectral energy of intertrial
verage; in this form, SE can reveal increased energy due to only

 small number of individual trials without necessarily indicating
onsistency of signal peaks across trials.

The P300 evoked potential was found to be associated with
any disease phenotypes such as schizophrenia, alcoholism, and
lzheimer’s disease (Polich and Bloom 1999; Polich and Ochoa
004; Polich and Corey-Bloom, 2005; Porjesz et al., 2005; Ford et al.,
994). It may  be hypothesized that oscillatory responses are sim-

larly useful biomarkers of brain pathology. Indeed, Alzheimer’s
ychology 114 (2016) 69–80

disease has been found to lead to reduced evoked oscillatory
response (Jeong, 2004; Karrasch et al., 2006; Zervakis et al., 2011)
but an absence of induced response (Zervakis et al., 2011; Krause
et al., 2000) compared to control state. Schizophrenia (SZ) is
associated with reduced evoked oscillatory response (Ford et al.,
2008; Brockhaus-Dumke et al., 2007) and substantial reductions
of induced response (Bates, Kiehl, Laurens, & Liddle, 2009; Doege,
Jansen, Mallikarjun, Liddle, & Liddle, 2010) in patients. Gilmore
and Fein (2012) showed that an increased evoked response of
theta oscillations in EEG activity was present in long-term absti-
nent alcoholics (Gilmore and Fein, 2012). In developmental dyslexia
(Soltez et al., 2013) the strength of inter-trial delta phase coher-
ence (an evoked oscillatory response) is significantly weaker in
dyslexics, suggestive of weaker entrainment and less preparatory
brain activity. Gilmore, Malone, Bernat et al. (2010) showed that
the oscillatory responses to an oddball stimulus predicted exter-
nalizing disorders better than the time-domain evoked potential.
As low as six principal components explained most of the variation
in the evoked oscillatory response, and combined they carried all
or most of the variation present in the evoked potential.

Because of its potential as an endophenotype, many studies
have investigated the heritability of the P300 (see De Geus, 2010
and Anokhin, 2014 for overviews). Using the classical twin design
(Smit et al., 2010; van Beijsterveldt, Molenaar, de Geus, & Boomsma,
1998) and family studies (Porjesz and Begleiter, 2003), it was  found
that both amplitude and latency of the P300 wave are herita-
ble traits. A meta-analysis (van Beijsterveldt and van Baal, 2002)
found that respectively 60% and 51% of the trait variance could be
attributed to additive genetic factors. In spite of their association
with disease and the evidence presented above that they provide
additional information to and reflect different aspects of stimulus
processing than the P300, the heritability of oscillatory responses
measured by PIC, PsIC and SE have not been subjected to com-
parable extensive study (Smit, Stam, Posthuma, Boomsma, & de
Geus, 2008; Gilmore, Malone, Bernat et al., 2010; Gilmore, Malone,
& Iacono, 2010; Ethridge et al., 2013). A few existing studies used
time-frequency analysis (TF) similar to PIC, PsIC and SE (Gilmore,
Malone, Bernat et al., 2010, Malone, Iacono et al., 2010; Ethridge
et al., 2013). Gilmore, Malone, Iacono et al. (2010) showed that prin-
cipal components from evoked oscillatory responses were highly
heritable, while Gilmore, Malone, Bernat et al. (2010) showed
that these were promising endophenotype for various externaliz-
ing psychopathologies. The multivariate genetic analysis suggested
that the time-frequency analysis of the evoked response carries
multiple, partly independent sources of information, supporting
the idea that TF analysis. Ethridge et al. (2013) demonstrated that
the TF response to oddball stimuli can be parsed into genetic
components that largely fit into standard frequency bands. The
components for the slower oscillation frequencies (including alpha
and lower beta) showed strong genetic effects.

A major goal here is to investigate the genetic or environmental
etiology of the induced response to the oddball stimulus. The previ-
ous studies examining heritability of the TF response used principal
components analysis (PCA) to extract components. PCA does not
assume any generative model of the data like source modeling does,
and as such is restricted to explaining variance irrespective of the
neurogenerative specifics of EEG generation. On the other hand,
Independent Component Analysis (ICA) (Onton and Makeig, 2006)
can be seen as expanding the potential of PCA, and is highly suitable
for non-Gaussian neural generators with fixed position and near
immediate responses on scalp-recorded signals (Hyvärinen, 2001;
James and Hesse, 2005). ICA is a well-established tool for identi-

fying source-space signals (Onton and Makeig, 2006), to extract
oscillatory sources and subject these to TF analysis. Since the appli-
cation of individual ICA creates different scalp topographies for
each subject that are difficult a compare across subjects. Compa-
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ability across subjects may  be Group ICA, however, estimates a
ommon mixing matrix (i.e., the same mixing matrix for all the sub-
ects) by applying ICA on a merged data matrix concatenating all
EG recordings in order to increase the temporal size of the input
o ICA data (Grin-Yatsenko, Baas, Ponomarev, & Kropotov, 2010;
ichele, Rachakonda, Brakedal, Eikeland, & Calhoun, 2011; Ethridge
t al., 2013; Antonakakis, Giannakakis, Tsiknakis, Micheloyannis, &
ervakis, 2013). This group-ICA creates scalp topography through
he mixing matrix for each independent component shared across
ubjects. The current application overcomes (1) the problem of
omparability of the ICA decomposition, (2) the stability problem
f ICA (i.e. different temporal and spatial result at each application
f ICA) when the temporal size (i.e. number of time-points) of the
EG signal is small (Jung et al., 2001). Also note that as reported
y Montefusco-Siegmund et al. (2013), ICA can introduce phase
istortions and may  lead to biases in the metric computations.
evertheless, these metrics (especially PIC and PsIC) are defined
nd operate within a narrow range of frequencies where we  would
xpect fixed biases, with no effect on phase consistency. In addition,

 successful combination of ICA and phase locking measures has
lready been reported by other studies (Phillips, Takeda, & Singh,
012; Radüntz, Scouten, Hochmuth, & Meffert, 2015).

In the same adolescent twin EEG dataset as used previously for
classical” P300 analysis (van Beijsterveldt et al., 1998), we esti-
ated independent components (ICs) by application of group ICA

Grin-Yatsenko et al., 2010; Eichele et al., 2011; Ethridge et al.,
013; Antonakakis et al., 2013). Next, we subjected these to a Con-
inuous Wavelet Transform TF analysis (Torrence and Compo, 1998)
or evoked and induced oscillatory responses (Bernat, Malone,

illiams, Patrick, & Iacono, 2006; Hironaga and Ioannides, 2007;
ung et al., 2001; Zervakis et al., 2011). Finally, for each inde-
endent component, the PIC, PsIC, and SE time-frequency maps
ere separated into theta—� (4–8 Hz), alpha—�  low (8–10 Hz), �

igh (10–13 Hz), beta—� (13–30 Hz) and gamma—� (30–45 Hz) fre-
uencies in order to extract the specific response components,
onsistent with the notion that these frequencies reflect differ-
nt aspects of cognitive processing (Klimesch, Sauseng, Hanslmayr,
ruber, & Freunberger, 2007). In doing so, the TF responses were
veraged across time and across frequencies within a band, to
btain a single score per band per IC. We  then carried out a vari-
nce decomposition model parsing individual variation in phase
ctivity and energy into genetic and environmental variance com-
onents, to establish whether the PIC, PsIC and SE metrics are
eritable traits and thus viable endophenotypes as the P300 ampli-
ude for associated disease phenotypes. To our knowledge, this is
he first attempt to study the genetics of source-level responses in
he oddball task, which distinguishes between evoked and induced
scillatory responses.

. Method

.1. Subjects

The subjects were 213 pairs of 16-year-old Dutch twins (mean
ge = 16.18, S.D. = 0.55), including 39 monozygotic male (MZM), 52
onozygotic female (MZF), 36 dizygotic male (DZM), 38 dizygotic

emale (DZF), and 48 opposite sex dizygotic (DZOS) pairs, who were
ested in the Psychophysiology Laboratory at the VU University
msterdam, The Netherlands. Three subjects’ tests were excluded
ecause of technical difficulties. For 75.5% of all pairs zygosity was

scertained by being an opposite-sex twin pair, or based on DNA
nd/or blood markers. For the other pairs, zygosity was  based on

 standard set of questions (Boomsma, Koopmans, van Doornen, &
rlebeke, 1994). All participants signed informed consent and their
ychology 114 (2016) 69–80 71

parents when their age was below 18. The project was approved by
the Ethical Board (METc) of the VU University Medical Centre.

2.2. Event related potentials

In the current study we analyze the ERP recordings for the visual
oddball task, which were also used by the study of van Beijsterveldt
et al. (1998). The oddball task consisted of a frequent stimulus (viz.,
non-targets), which was  a line drawing of a dog for 100 epochs.
The infrequent stimuli (viz., targets) consisted of a line drawing of
a cat for 25 epochs and were presented randomly during the pre-
sentation of frequent stimuli to the subject. The stimulus duration
was 100 ms  and the time between stimuli varied quasi randomly
from 1.5 to 2 s (mean = 1.75 s). Build-up time was  <20 ms.  A central
fixation square was  shown on the video monitor during the inter-
stimulus interval. The instruction of eye movements was  reduced
by instruction to fixate on the current central square. Subjects were
instructed to silently count of the infrequent target stimuli.

An 18-channel Nihon Kohden electroencephalograph (type
EEG-4414A1K) was used for recording EEG-, EOG-, and ECG-signals.
Monopolar brain (EEG), cardiac (ECG) and bipolar ocular (EOG)
activity were measured by tin electrodes mounted in an electro
cap at the scalp locations Fp1, Fp2, F7, F8, C3, C4, P3, P4, O1, O2, T5,
and T6 according the 10–20 system (Jasper et al., 1958). Tin elec-
trodes were placed at the canthus of each eye to record horizontal
movements, horizontal EOG channel. To detect vertical movement,
EOG was recorded from intra- and supra-orbital electrodes, in line
with the pupil of the left eye, vertical EOG channel. Linked ear-
lobes (A1, A2) were used as reference fed into separate high input
impedance preamplifiers following the recommendations by (Pivik
et al., 1993), which reduces the effects of possible imbalances in
electrode impedance. The electrode impedance for EEG, ECG, and
EOG was kept at or below 5 k�. A ground electrode was attached
to FPz. For EEG, ECG, and EOG, conductive ECI electro-gel was used.
Sampling rate of the AD-converter was set to 250 Hz and digital lim-
itation of bandwidth was at frequency range of 0.03–30 Hz using a
second order Butterworth band-pass filter.

2.3. Independent component analysis

The aim of ICA is to reveal independent sources of activity from
different EEG signals and attempts to separate the corresponding
generators of EEG rhythms. Methodologically, it attempts tries to
estimate a set of spatial filters to invert the assumption of linear
mixture sources at every electrode and recover the original sources,
called independent components (ICs). Appendix A provides the def-
initions and assumptions of ICA.

2.4. Individual ICA

It has been shown that ICA is capable of reliably separating arti-
facts, such as blinking and lateral eye movement (Jung et al., 2000).
The influence of ocular activity was detected and eliminated by
decomposition of channels into ICs using extended Infomax algo-
rithm (Delorme and Makeig, 2004; Jervis et al., 2007). ICs were
determined in the combined EEG—EOG and ECG data. There were
eighteen ICs on 125 trials for every individual, each trial with length
120 time-points. Ocular and cardiac artifacts were detected using
the correlation values between trials of every IC with trials of
the EOG (vertical and horizontal movements) and the ECG chan-
nel, respectively. Furthermore, the metrics of kurtosis and Rényi
entropy estimated on every trial are used to support the correla-

tion values. If the correlation and z-score values of metrics of at
least 20% trials are larger than the threshold values of 0.7 for cor-
relation and ±1.64 for metrics (Escudero et al., 2011; Antonakakis
et al., 2013), the IC is detected as artifact and removed (Escudero
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t al., 2011; Dimitriadis et al., 2013; Antonakakis et al., 2013). After
emoving artifact components, the clean EEG was recovered via
ack projection of only the remaining components.

.5. Group ICA

In our approach, we use ICA on concatenated artifact free chan-
els in order to avoid the stability problem (Delorme et al., 2002;
rin-Yatsenko et al., 2010; Antonakakis et al., 2013) and com-
are characteristics between twin groups on ICs. The underlying
ssumption for such a group approach is that the way  signals diffuse
rom the sources to the EEG channels is the same for all subjects
n the group, so that there is a correspondence between signals
rom different subjects. This implies an assumption that the cor-
ical localization of ICs is similar between all individuals, so that
t is viable to implement the ICA for all groups. In theory, these
ssumptions do not exactly fit to EEG recorded from the scalp,
ut in practice the application of ICA for EEG analysis gives quite
easonable results (Onton and Makeig, 2006). Common cortical
ocalization of ICs implies shared mixing matrix (Grin-Yatsenko
t al., 2010; Eichele et al., 2011; Ethridge et al., 2013) that is used
or the estimated representation of whitened brain activity into
calp topography and, as a consequence, common scalp maps for
ll subjects in each group or task considered.

In order to estimate the common mixing matrix, we maintained
rtifact-free channels from frontal, central, parietal, temporal and
ccipital scalp sites in both hemispheres (Fp1, Fp2, F7, F8, C3, Cz,
4, P3, Pz, P4, O1, O2, T5, and T6). Next, we concatenated the sig-
als of all individuals. The concatenation involves all trials of the
pecific channels of twin groups in a common matrix with dimen-
ions: 14 channels × 50400 time points × 110 trials. Dimensionality
eduction was first performed preserving only the most dominant
omponents with the most significant information (above 95% of
otal energy for all subjects) according to PCA (Delorme et al., 2002;
nton and Makeig, 2006; Dimitriadis et al., 2013; Antonakakis
t al., 2013). The new dimensionality of the data was  10 principal
omponents (PCs) × 50400 time (120 time points × 420 subjects)
oints × 110 trials. After the estimation of the application of group

CA, we maintained only those ICs that showed the highest eigen-
alue, amplitude and structure similarity to P300.

.6. Phase activity and spectrum energy

TF analysis is a powerful tool in the analysis of EEG signals
Bernat et al., 2006) and characterizes a signal in both the time
nd frequency domains simultaneously (Boashash, 1988). TF anal-
sis was applied on ICs that reflect the brain sources generating
he actual EEG signals during a specific task and may  thus avoid the
olume conduction effects. In addition, ICs are expected to partially
ecouple the complicated activity in the event related response
Iyer and Zouridakis, 2007; Zervakis et al., 2011).

For the TF analysis we  employ the Continuous Wavelet Trans-
orm (CWT) (Daubechies, 1990). We  adopted three measures of
omponent consistency over trials in terms of phase, namely Spec-
rum Energy (SE), Phase inter-trial coherence (PIC) and Phase shift
nter-trial Coherence (PsIC) (Zervakis et al., 2011; Torrence and
ompo, 1998). SE, PIC, and PsIC scores were examined for skewness
f their population distribution, and data were log-transformed
hen needed. Details of the TF metrics are further presented in
ppendix B.

.7. Genetic analysis
We  conducted an EEG twin study of target response, based
n the phase and energy activity computed on the TF distribu-
ions of group-extracted ICs. The values of SE, PIC, and PsIC were
ychology 114 (2016) 69–80

averaged across frequencies for every brain rhythm of interest (�,
˛-low, ˛-high, ˇ, and �). Alpha sub-bands are defined according
to (Shackmana, McMenaminb, Maxwellc, Greischard, & Davidsone,
2010; Boersma et al., 2013). On the SE, PIC, PsIC for the 5 frequency
bands of interest, we used structural equation model (SEM) with
full information maximum likelihood (FIML) estimation for testing
and estimating genetic and environmental contributions to indi-
vidual variation in the outcome measures. Genetic models were fit
to the data in the OpenMx package (Broker et al., 2011) available
for free as a package in R (Ihaka and Gentleman, 1996).

Appendix C provides the most important details of the genetic
models. In general, the quantitative genetic modeling paradigm fol-
lows a stepwise method of parameter reduction in a series of nested
models that estimate mean and covariance association present in
the data. The fit of data is expressed as minus two times the log
of the likelihood of the fit of the model. We  started with the most
complex model fitting all correlations as free parameters for each
sex and zygosity group, as well as freely estimated means, variances
and betas for covariates age and sex. Subsequent models reduced
the number of freely estimated parameters by equating correla-
tions, means, and/or variances. These nested model strategy results
in a monotonic reduction in likelihood. Twice the difference of log-
likelihoods between nested models is asymptotically chi-square
distributed with the number of free parameters lost as degree of
freedom (df). By the rule of parsimony, nonsignificant differences
result in the rejection of the more complex model.

2.8. Saturated model and testing (co) variances and means

We  first fitted a saturated model to MZ  and DZ data, in which
we estimated separately for males and females the means and
variances, for twin1, twin2 within pairs and for each zygosity
(model1). We  then investigated whether the means and variances
were equal across birth order (Twin1 = Twin2; model2). Next, we
tested equality of means and variances across zygosity (MZ = DZ;
model3). The equalities of means and variances across sex were
examined by separate models (i.e., MMales = MFemales; model4 and
VARMales = VARFemales; model5). Finally, correlations were equated
across the sexes (rMZM = rMZF and rDZM = rDZF = rDZOS; model6).
All significance testing was  FDR corrected. Significant effects (i.e.,
differences in means and variances) were retained in subsequent
modeling.

This stepwise testing was performed for mean values of PIC, PsIC
and SE for every IC, at every brain rhythm (theta, alpha low, alpha
high and beta) for target stimuli. Due to the high number of tests,
the p-values were adjusted using the Benjamini-Hochberg False
Discovery Rate (FDR) adjustment (Benjamini and Hochberg, 1995).

2.9. Variance decomposition into genetic and environmental
components

First, we fitted a univariate genetic model to test the signifi-
cance of genetic and environmental components of variance. The
phenotypic (P) variance was  decomposed into additive genetic (A),
common environmental (C: environmental influences shared by
twins reared in the same family), and unique environmental (E;
effects not shared between family members) variance (Boomsma
et al., 2002). MZ  twins share all genetic variance and DZ twins share
on average 50%. Unique environmental influences are uncorrelated
and also includes variance due to measurement error. All variance

due to common environment is shared between MZ and DZ twins
by definition. Significance of the variance components was assessed
by dropping the component from the model and recording the
increase in -2LL of the model.
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. Results

.1. Average PIC, PsIC, and SE responses

Fig. 1 shows the topographic plots and the grand average ERPs of
he four maintained ICs for PIC, PsIC, and SE. The topography of the
voked responses shows that IC1 reflected a strong P3 component
hat likely reflects the well-known activity from parietal sources.
n addition, the early occipital responses are present in target and
isual stimuli with weak P1 and P2 peaks. IC2 and IC4 reflected the
ilateral early part of the visual oddball response. The grand aver-
ge responses of IC3 reflected a more centrally oriented response.
his functional distinction between a parietal (IC1) and more cen-
ral response is well documented in the literature (Jung et al., 2001;
nton et al., 2006), and suggests that the ICA decomposition was

uccessful in extraction these distinctive responses. After selecting
hese four ICs, we proceeded by calculating IC activity for each indi-
idual, performed a TF analysis for each, extracted PIC, PsIC, and SE
n 5 frequency bands, and subjected these values to an analysis of
ndividual differences.

The grand average TF images of phase activity (PIC and PsIC)
nd spectrum energy (SE) of target trials across all subjects are pre-
ented in Fig. 2. We  show the TF responses in the widely studied
requency bands (�, � low, � high, � and �). Dashed lines indi-
ate the boundaries for these bands. We first note that the three
easures show distinct patterns in their respective TF images.

or example, IC3 shows predominantly PsIC responses in � band,
hereas ICs 2 and 4 show PsIC responses in � low and � high

ands. Therefore, independent components analysis was success-
ul in separating the different types of responses, as identified by
heir evoked or induced nature. This further supports the assump-
ion that different types of responses are generated by different
eurobiological sources.

IC2 and IC4 show a very similar pattern of response, due to
he fact that they reflect lateral homologues. Through the PIC met-
ic, they reveal stronger evoked responses in lower � (ca. 200 ms).
oth ICs reflect induced low and upper � responses near 180 ms
nd 600 ms  post-stimulus, respectively. IC1 and IC3 on the other
and, show evidence for low amplitude evoked response (PIC) in
he �, low and high � bands around 150–400 ms  post-stimulus.
oncurrent induced responses (PsIC) are present for IC1 in the slow
scillations (�) and additionally in upper alpha.

Within the five frequency bands, the responses could be aver-
ged without loss of the main features (for example, IC2 PIC
as clear responses in each of the �, lower �, and � bands that
re well separated among frequency bands). Averaging over the
hole period can also be justified, even when responses are
ainly restricted to 100–400 ms  post-stimulus (individual differ-

nces were mostly determined by the strongest response period).
he dark area outside the COI area of every TF representation indi-
ates the region in which the edge effects of the CWT  computation
ecome unreliable, and was ignored.

.2. Testing of group differences

Table 1 presents the parameters of compared models, only for
tatistically significant differences after FDR adjustment (q = 0.05).
ost of the significant differences arise from the comparison of
odel3 with model4, which tests whether means and/or variances

f males and females differed. We  therefore retained sex differ-

nces in the mean in all further models. No significant differences
ere found in the correlations across the sexes, implying that only

ne MZ  correlation (MZM with MZF) and one DZ correlation (DZM
ith DZF and DOS) sufficed.
ychology 114 (2016) 69–80 73

3.3. Saturated model twin correlations

MZ and DZ correlations estimated by model6 are shown in Fig. 3.
Color-coding of Fig. 3 is according to significance of A and C accord-
ing to ACE modeling results (see below). Twin correlations range
from 0 to 0.6. For most variables, DZ correlations were lower than
MZ  correlations, indicating that genetic influences play a role.

3.4. ACE decomposition models

The statistical parameters of submodels fitting to ACE model for
every frequency band, per IC and method are presented in Table S1
of the Supplementary material in 60 combinations (i.e., 5 frequency
bands × 4 ICs × 3 methods). Each case investigated if it was possible
to drop either A or C in 1df tests, or both A and C in a 2df test.
Significance was  FDR adjust at level q = 0.05 across 60 tests.

We  summarize the results as follows. First, C was  not significant
in any combination of IC frequency and/or consistency metric. A
was significant in 15 model combinations all for PsIC. In 11 cases,
either A or C was  significant in the 2df test, but the separate 1df tests
remained undecided. A majority of those (i.e., 9) showed stronger
effects for A than for C. The prevailing pattern of significant A effects,
the absence of any significant C, and the bias in favor of A rather
than C in the undecided cases suggest that the AE model may  be the
most appropriate model in our study. We  decided to fit a single AE
model to all combinations of IC, frequency, and variables in order
to maximize comparability across the results. A color coding was
created to illustrate the significant cases, i.e. dark orange if A is
significant, light orange if A or C is significant with lower p-value
for A, light blue if A or C is significant with lower p-value for C and
no color if the case is not significant.

The heritability from the AE decomposition is shown in Fig. 4.
The color on every bar follows the color-coding of the ACE sig-
nificance in Fig. 3. Heritability of evoked response (reflected by
PIC and SE metrics) was  low (up to 35%) and remained not sig-
nificant. Higher values of h2 (24–55%) were found for the induced
response (reflected by PsIC metric). Interestingly, the most con-
sistent and strongest heritabilities were observed for IC1 and IC2,
which showed minor P300 responses. These heritabilities also
appear independent from peaks on the PsIC grand average of ICs,
especially for  ̌ and � bands. Overall, the most appropriate model
fitting our analysis of genetic influences is the AE model as it also
indicated for such similar purposes (Wright et al., 2001, 2002;
Carlson and Iacono, 2006; Smit et al., 2006).

4. Discussion

This study aimed to investigate the heritability of individual
differences in the brain response in a simple oddball task. Adoles-
cent twins’ time-locked EEG responses were parsed into ICs using
group-based ICA, further parsed for evoked and induced oscilla-
tory responses in the TF domains, which were then separated into
well-known frequency bands. Group ICs are primarily localized on
central, parietal and occipital brain areas (topographies of Fig. 1).
The evoked oscillatory response mostly appears in � low frequency
band. By contrast, the induced response and spectral energy are
more prominent in �, � low and � high. Next, the influences of
genetic and environmental effects on frequency-specific responses
were estimated. The AE model was the most suitable model for
the majority of cases (Figs. 3 and 4). The resulting heritability val-
ues were consistently highest for the induced (phase-independent)

oscillatory responses, and low for evoked responses.

The group ICA was  successful in recovering some of the well-
known components of the oddball task (Pfurtscheller and Lopes da
Silva, 1999; Makeig et al., 2002; Kok, 2001; Polich, 2007; Zervakis
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Fig. 1. Grand average of the single target trial for all the independent components. The coordinates of single trials are common for all the ICs. The distribution of color is
common for the scalp topographies.

Fig. 2. Grand average of TF representations for phase activity (PIC), phase independent activity (PsIC) and spectrum energy (SE) of target mean trial. Thin black area represents
area  of COI. Scalp topographies were common for all subjects due to the estimation of common mixing matrix in the group-ICA. Color scale of between methods and ICs was
c ency
g rresp
r

e
t
e
t
r

ommon between groups per method. Dashed lines separate the investigated frequ
enetic models. Topography maps in the first column reflect the strength of the co
ed  indicate high values while shades of blue low values.

t al., 2011). The grand-average oscillatory responses (Fig. 2) show
hat ICs were specific in their response to the stimulus. IC1 clearly

xtracted the parietal stimulus-locked response as evidenced by
he increase in evoked slow oscillations. The same component also
eflected transient induced responses (PsIC) in the lower alpha and
 bands, from which the final averaged values were extracted and were used to the
onding common independent component projected on scalp electrodes. Shades of

beta bands. IC3 reflected early positive peaks and sustained theta
oscillations. Topography and signal waveforms of IC1 and IC3 are

in correspondence with earlier ICA-based analysis of P300 activ-
ity (Jung et al., 2001; Onton and Makeig 2006) indicating that ICA
applied on sets of single trials from event-related EEG experiments
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Table  1
Statistically significant differences between submodels of saturated model of phase and energy activity of target single trial ICs.

IC Band Method base Vs ep −2LL df AIC diffLL diffdf p

2 � PsIC model3 model4 25 573.51 417 -260.49 21.1 6 0.0007
2  � SE model3 model4 25 887.49 417 53.49 11.65 6 0.0385
4  � PsIC model3 model4 25 516.23 417 -317.77 27.46 6 0.0001
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odel1 is the saturated model; model2 is the submodel of saturated model with eq
odel3  with equal means and variances between zygosity groups (i.e., MZ  = DZ); M
ifference is significant with FDR adjustment at q = 0.05.

an enhance the information available from ERP analysis. Further-
ore, the phase activities of both ICs are similar to corresponding

xperimental studies (Jung et al., 2001; Onton and Makeig, 2006;
ervakis et al., 2011; Ethridge et al., 2013). In addition to these
xperimental studies and their evoked oscillations, IC2 and IC4
lso reflect early visual responses in occipital areas (N1), as well
s late responses (N2, P3) in Fig. 2, while both ICs reflect PsIC oscil-
atory activity on lower � and � bands. Shin et al., (2010) presented
imilar induced responses of ERP spectral perturbation on � and �
ands. Similar responses were also reported in the study of Zervakis
t al. (2011), who focused on identifying and analyzing distinct
esponses in an auditory working memory paradigm.

The genetic analyses showed that, while ERP components gen-
rally have moderate to high heritability (van Beijsterveldt and van
aal, 2002; Anokhin, 2014), evoked oscillatory responses to the
arget stimulus (PIC, SE) showed low and non-significant heritabil-

ty. This indicates that evoked potentials are inadequately captured
y phase-locked oscillatory activity within the standard frequency
ands. This outcome may  partly support the findings of (Ethridge
t al., 2013) who also investigated heritability of stimulus locked

ig. 3. Estimated correlations of target single trial between Twin1 Twin2 for MZ group 

odel6 was the best fitting model according to its AIC value (smallest value in all cases
arget  is the type single trial. Dashed bars represent the DZ correlation. The bars are colo
1).  Dark orange: A was  significant; light orange, dropping both A and C was  significant in

 and C was significant in the 2df test, with the p-value for C lower in the 1df test.
ans and variances between the twins per zygosity group (i.e., Twin1MZ = Twin2MZ);
 4, 5, 6 with equal means, variances and correlations between sexes, respectively.

time-frequency analysis in an oddball task. In their study, the fac-
tors A and C could not be dropped simultaneously, although either
could be dropped from low frequency bands (theta) to the beta
bands. Note, however, that Ethridge et al. used a different approach
in which heritability was estimated for each value of the TF spec-
tral energy response to the oddball stimulus. The heritability scores
were then clustered using PCA. Here, we first extracted ICs and
computed multiple measures of the stimulus locked response, and
subjected these to the genetic analysis. Gilmore, Malone, Iacono
et al. (2010) showed that significant difference between the inter-
class correlations of MZ  and DZ for the spectral energy of the �
band, which is corroborates our finding for significant heritability
for SE perturbations for IC1 in the � band (Fig. 3).

PsIC, on the other hand, showed significant evidence for additive
genetic factors for many ICs and frequency bands, and consistently
higher heritability than PIC or SE. This shows that not only evoked

but also induced responses to targets in a simple cognitive task
are heritable traits (Smit et al., 2007). Since induced responses
are thought to reflect cognitive aspects different from evoked
responses (Tallon-Baudry and Bertrand, 1996; Yordanova et al.,

and DZ group from model6 (assumption of equal correlation for sex differences).
). Frequency bands are listed in order from the left of every IC from theta to beta.
red according to the significance level the variance decomposition models (Table

 the 2df test, with the p-value for A lower in the 1df test; light blue: dropping both
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ig. 4. Heritability (h2) was  tested in case of target phase and energy measures es
p  > .05), with AE being the best fitting model for most of the decomposition. The sep
lpha  high (˛2),  ̌ and � . The color coding is as in Fig. 3.

001; Herrmann and Knight 2001), we conclude that the analysis of
oth types of responses is essential for a complete evaluation of the
tiology of individual differences in the brain response to an oddball
timulus, and that the former could provide additional endopheno-
ypes for human cognitive processing. Since induced responses are
y definition phase independent, PsIC perturbations will not be vis-

ble in the standard ERP, and therefore reflect additional variability
f cognitive processing (see also, Jensen and Mazaheri, 2010).

There is ample evidence of the involvement of the role of
scillations in cognitive processing (Klimesch, 1999; Jensen and
onnefond, 2013) and their relation to task performance (e.g. work-

ng memory, visual cortex organization, attention binding effects).
his evidence extends to induced responses (Tallon-Baudry et al.,
996; Makeig et al., 2002; Zervakis et al., 2011). For instance, IC
, 2 and 4 showed clear alpha-band phase-independent activity
PsIC) and it may  be related with the role of ongoing alpha oscilla-
ions in modulation of brain activity (Bonnefond and Jensen, 2012).
he high heritability of alpha band suggests that induced responses
ay  be endophenotypes for oddball task execution, which is

nown to be affected in psychiatric disease. For example, evoked
P300) responses to targets in auditory and visual oddball tasks are
ell established as endophenotypes in schizophrenia (Mathalon

t al., 2000). Several genomic studies have investigated the brain
esponse (including the P300 and delta and theta oscillations) as an

ndophenotype, but the reported effects are inconclusive (Callaway
983; Bramon et al., 2006; Marco-Pallares et al., 2010). Finally,
he � band has been focus in recent endophenotype research, par-
icularly in psychosis (Hall et al., 2006). Interestingly, the current
d by genetic model AE dropping common factor (C). C never reached significance
 vertical bars represent heritability in the frequency bands theta (�), alpha low (˛1),

study showed that PsIC in the � band consistently showed the high-
est heritability across all ICs. Future investigations may  investigate
whether the correlation between � band PsIC and psychosis is of a
genetic nature.

Based on related literature, several suggestions can be made
for the effect of specific genetic variants on evoked and/or
induced responses to stimulus processing. Genetic variation in the
DRD4 gene was  found to increase theta activity—related to P300
amplitude—in response to a stimulus. A similar dependency was
detected on COMT Val allele loading (Marco-Pallares, 2010). How-
ever, these genetic effects are at best subtle (Bramon et al., 2006).
Other evidence correlating theta band responses to the target
stimulus with various genetic polymorphisms includes the glu-
tamate receptor gene (GRM8) (Chen et al., 2010), a gene-related
rectifier channel demonstrated in a GWAS study at genome-wide
significance level (Kang et al., 2012), the serotonin receptor gene
HTR7 (Zlojutro et al., 2011), the corticotrophin releasing hormone
receptor 1 gene (CRHR1) (Chen et al., 2010) and the association
with KCNJ6. Note that these findings represent sporadic sources
of evidence that need thorough replication and proper control for
stratification effects (Ioannidis 2003; Munafó, 2006; Munafó and
Flint 2004). A possible better avenue is the calculation of polygenic
risk scores based on GWAS for disease phenotypes (e.g., Ripke et al.,
2011) in large genomic/EEG samples to establish the effect of dis-

ease related genetic variants on the endophenotypes (see De Geus,
2010).

In conclusion, our study showed that source level EEG per-
turbations reveals evoked and induced oscillatory responses to a
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imple oddball stimulus. Heritability analyses showed that evoked
scillatory responses were only weakly heritable. On the other
and, phase-independent induced responses were moderately to
ighly heritable. The proposed TF analysis extracts other sources
f variation and complements the standard palette of ERP analy-
is by providing additional genetic information. The results of our
tudy are consistent with other studies using the same or similar
asks that investigated heritability of oscillatory responses (Smit
t al., 2008; Ethridge et al., 20131), but additionally used ICA to
xtract source level analysis and elaborated on the role of phase-
ndependent induced oscillations. These results hold promise for
uture studies that investigate whether these TF responses show
enetic overlap with related clinical and nonclinical phenotypes
De Geus, 2010; Krause et al., 2000; Doege et al., 2010).
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ppendix A. Independent component aspects

The aim of ICA is to reveal independent sources of activity from
ifferent EEG signals and attempts to separate the corresponding
enerators of EEG rhythms. It tries to estimate a set of spatial fil-
ers that inverts the assumption of linear mixture sources at every
lectrode and recover the original sources, called independent com-
onents (ICs). Appendix A provides the definitions and assumptions
f the ICA. These sources are approximated by ICcm [n] and are
ecomposed from a set of single-trial EEG signals X by form:

 = WX,

here W called “unmixing” matrix that initially produces the
et of EEG signals, X based on mutually independent sourcesS.
atricesS and X at each time instant n are composed of the corre-

ponding EEG signals, X = [x1 [n] . . .xM [n]]T and source entries S =
s1 [n] . . .sM [n]]T , respectively for m = 1, . . .,  M and n = 1, . . .,  N
here M indicates the number of channels on the scalp and N

enotes the number of data points in the signal. In current study,
atrix W is found by means of the Infomax algorithm, which

s an iteration procedure that maximizes the mutual information
etweenS. According to least squares estimation,

 = AS,

here the so-called “mixing” matrix A = W−1 is the inverse matrix
f W for W = A−1 (or A∗ where ∗denotes the pseudo-inverse). Fur-
hermore,

 =
∑

AiSi,

here Ai is the i − th column of the matrixA reflects the projection
ntensity of each IC back to the electrodes and form the basis of
opographic mapping of this component. Si - is the raw of S (i.e.
ime course of the independent component).
A valid application of ICA must be agree with assumptions such
s: (1) distribution of potentials is not Gaussian; (2) generators of
patially separated components are temporally independent from
ach other; (3) summation of the electric currents induced by
ychology 114 (2016) 69–80 77

separate generators is linear at the scalp electrodes; (4) spatial
distribution of components’ generators remains fixed across time.
Unlike other EEG decomposition methods, such as Laplacian sharp-
ening filters and PCA projection, ICA separates EEG sources with
tangential as well as radial orientations and imposes independents
instead of orthogonality in the time-courses of components. Thus,
ICA decomposes the data into independent sources with dipolar
scalp maps, without restrictive assumptions on head geometry or
electrode locations (Makeig et al., 2004).

Appendix B. The time-frequency metrics

For TF analysis, we employ the Continuous Wavelet Trans-
form (CWT) (Daubechies, 1990). The CWT  has been developed
as an important tool for time series analysis that contains non-
stationary power (such as the EEG signal) at many different
frequencies (Daubechies, 1990). Let xi [n] s represent the ith trial
(n = 1, . . .,  N) with time spacing ıt and duration N data points
(N = 120 in our case). In addition, we use the normalized complex-
valued (non-analytic) Morlet wavelet, which has been extensively
studied in EEG analysis (Demiralp, Ademoglu, Istefanopulos, Baş ar-
Eroglu, & Baş ar, 2001) and given by form:

 (�) = �− 1
4 eiω0�e−

�2

2

where the eiω0� represents the Euler’s formula with � and ω0 to be
a non-dimensional time parameter and frequency, respectively. To
approximate the CWT, the convolution between each single trial
xi [n] and the  (�) should be performed N times for each scale. The
choice N convolutions is arbitrary and it could be reduced, say by
skipping every other point in n (Torrence and Compo, 1998). We
chose to work with the full length of epoch (N points), to provide
sufficient resolution for the wavelet transform. The convolution
theorem (Torrence and Compo, 1998) allows the implementation of
all N convolutions simultaneously of xi [n] with consecutive scaled
versions of a wavelet function  (n) s by form:

Xi [k, n] =
√
ıt

k

∑N−1

n′=0
xn′ ∗

[
(n′ − n) ıt

k

]

The concept of scale is used as an alternative to frequency
(Daubechies, 1990). Function  ∗ is the complex conjugate of func-
tion.   Xi [k, n] is the complex-valued CWT  of the ith trial, xi [n],
at specific frequency scalek. This is repeated for each trial starting
at stimulus presentation. Three measures are derived in the CWT
domain that reflects different forms of trial-to-trial consistency.

As a first measure of phased locked component consistency
over trials in terms of phase, we  calculate the normalized Spec-
trum Energy (SE) (Zervakis et al., 2011; Torrence and Compo, 1998)
which reflects consistent amplitude of same phase over trials and
is estimated by:

SE [k, n] = [�iXi [k, n]]2[
max
k,n

[�iXi [k, n]]2

]

SE emphasizes the evoked response of phase-locked nature con-
sistent in all trials, which increases the energy of the mean (average)
trial and is not associated with a random variational increase of just

a few individual trails.

For the ith trial, the phase shift is reflected as an exponential
phase term in the TF representation. Phase inter-trial coherence
(PIC) (Zervakis et al., 2011; Jervis et al., 2007; Tallon-Baudry et al.,
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996) detects patterns of oscillatory activity phase-locked across
rials and given by:

IC = [k, n] = |�iXi[]k, n|
�i|Xi[]k, n|

Viewing each complex value Xi [k, n] in the TF maps as a
ector in polar coordinates, PIC measures the uniformity of vec-
or distribution (numerator) weighted by the relative amplitudes
denominator). The first part is similar to the Inter Trial Coher-
nce (ITC) measure (Onton and Makeig, 2006; Tallon-Baudry et al.,
996). However, the ITC approach focuses on just the angles of com-
lex vectors and projects the distribution of TF wavelet coefficients
Xi [k, n]) from multiple trials “i” to the unit circle with no respect to
mplitude, altering them all in the complex plain (Martinez-Montes
t al., 2008), whereas the PIC measure preserves the structure of
he cloud of coefficients (phase and amplitude) so that it con-
iders uniformity of the distribution weighted by the amplitude
f phase-locked trials. In our view, determining the phase angle

n low amplitude oscillations may  introduce noise; therefore, the
IC forms a more representative measure than ITC for the charac-
erization of phase-locked oscillatory activity in stimulus induced
esponses.

Different shifts of the same oscillatory signal from trial to trial
nduce only phase terms in the corresponding CWT  coefficients.
hus, we can estimate the consistency of phase independent activ-

ty across trials using the energy distribution across trials through
he so-called Phase shift Inter-trial Coherence (PsIC) (Zervakis et al.,
011):

sIC [k, n] =
[
�i|Xi [k, n] |2

]
max
k,n

[
�i|Xi [k, n] |2

]

The PsIC metric of induced responses exploits the energy distri-
ution in individual trials instead of the signal’s amplitude. Thus, it

s based on the energy similarity among trials, which favors signals
f the same frequency structure even if they are not synchronized

n phase across trials. This metric eliminates phase effects and com-
ares the inter-trial content of the trials based only on energy
istribution normalized to the maximum value. In contrast, the SE
etric reflects the energy of the average trial, which preserves only

he synchronized signals across trials and eliminates every other
ctivation. Notice that the PsIC computes the mean energy of indi-
idual signals in trials, whereas SE considers the energy of the mean
ignal over trials. Accordingly, random shifts (jitter) of the same sig-
al over trials will result in signal suppression in the average signal
suppression of SE), but they will preserve the same power over
rials and amplify the average energy of such a phase independent
omponent (enhancement of PsIC).

Both SE and PIC maps reflect aspects of phase locking of oscil-
atory components over all trials, but they provide complimentary
nformation. In particular, a non-oscillatory additive activity, or a
artial phase-reset of large energy but only in a few trials, can cause
n increase of the mean across trials and an increase of energy of the
verage signal (Martinez-Montes et al., 2008), which is captured by
he SE measure. Nevertheless, since the PIC measure demonstrates
he existence of phase-locked oscillatory activity consistent in all
rials, this measure will not capture such kind of activity. Thus, the
omparison of SE and PIC might be exploited in differentiating the
haracter of phase-locked activity.

SE, PIC and PsIC can all be plotted as a two-dimensional TF map.
 necessary point of caution related to the definition of SE, PIC and

sIC is that, due to the low temporal resolution at low frequen-
ies, the wavelet coefficients present little variation in amplitude
ver the time course of the trial so that the specificity of measure’s
ontent (i.e. phase activity of P300 response) decreases. Hence, the
ychology 114 (2016) 69–80

reliability of this measure at very low frequencies must be handled
with care, within the cone of influence (COI) for spectrum analysis
of CWT  coefficients (Torrence and Compo, 1998).

Appendix C. Genetic models

The genetic models consist of the (algebraic) specification of an
expected means vector and covariance matrix based on free param-
eters, whose values are optimized. The covariance matrix of twin
members holds the within family correlational structure. Starting
at a sensible point in the free parameter space, the parameters in the
means vector and covariance matrix are estimated. For each solu-
tion, the −2LL (minus two  times the log-likelihood) is calculated as
follows:

−2LL = −k log (2�) + log (|˙|) + (X − M)˙−1(X − M)T

where X contains the observed data for a family, M is the parameter
based means estimate, Sigma is the estimated covariance matrix,
and | · | denotes the trace. This function is applied to each row of
data (twin pairs). Next, OpenMx iteratively searches through the
parameter space minimizing −2LL -, thus maximizing the likeli-
hood. The number df of the model is the total number of dependent
observations minus the number of estimated parameters.

If free parameters are constrained at a specific value, a compari-
son of the two (nested) models A and B can be made by the so-called
likelihood ratio test (LRT). In LRT, the −2LL between models is 	2

distributed with the df equal to the difference in free parameters. If
the resulting increases in −2LL is not significant; the simpler model
is favored by rule of parsimony.

We tested whether there are differences in means, variances
and correlations between twin zygosity groups and between males
and females. This stepwise testing was performed for each parame-
ter. Next, a variance decomposition was applied separating additive
genetic (A), common environmental (C) and unique environmen-
tal effects (E), keeping the significant differences between sex or
zygosity groups (in means, variances and correlations). Finally,
significance of the factors A, C, and E was tested using variance
decomposition models.

Appendix D. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.biopsycho.2015.
12.006.
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