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Abstract
OBJECTIVE—It has been proposed that event-related oscillation (ERO) measures of EEG
activity recorded in P300 tasks provide more powerful biomarkers of alcoholism than event-
related potential (ERP) measures. This study examines this question in a group of long-term
abstinent alcoholics (LTAAs).

METHODS—EEGs were recorded on 48 LTAAs and 48 age and gender matched non-alcoholic
controls (NACs) during the performance of a 3-condition visual target detection task. The event-
related data were analyzed to extract ERP amplitude measures and total and evoked ERO power
measures. Data were analyzed using MANCOVA to determine the contributions of ERO vs. ERP
measures to discriminate between the LTAA vs. NAC groups.

RESULTS—The LTAA group showed significantly lower evoked δ ERO power and total δ and θ
ERO power compared to the control group. The evoked and total ERO power measures provide an
alternative (but not more powerful) representation of the group difference than does P3b
amplitude. There was a weak suggestion that non-phase-locked θ ERO power (which contributes
to total ERO power) might provide independent discriminatory information.

CONCLUSIONS—Reduced evoked ERO power in the response to target stimuli provided an
alternative and comparable representation of the reduced P3b amplitude in LTAA. This is not
surprising since the evoked ERO power measures are derived from time-frequency representations
(TFRs) of the ERP waveform. Induced theta oscillations might provide independent
discriminatory information beyond ERP amplitude measures, but separate analysis of the event-
related non-phase-locked activity is required to investigate this further.
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INTRODUCTION
A large body of evidence suggests that alcoholics process stimuli differently from non-
alcoholics, and that electrophysiological measures of stimulus processing discriminate
groups of alcoholics from non-alcoholics and groups of individuals at high risk of
developing alcoholism from groups not at high risk. One of the most robust findings in
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electrophysiological alcoholism research is the reduction in the amplitude of the P3b ERP
component in alcoholics and in high risk individuals (1984; Begleiter et al., 1987; Benegal
et al., 1995; Berman et al., 1993; Cohen et al., 1997; Ehlers et al., 2003; Fein and Chang,
2006; Glenn et al., 1994; Glenn et al., 1996; Hill and Steinhauer, 1993; Iacono et al., 2003;
Kamarajan et al., 2005; O’Connor et al., 1986; O’Connor et al., 1987; Polich et al., 1994;
Porjesz and Begleiter, 1985; 1990; Porjesz et al., 1998; Steinhauer and Hill, 1993; Suresh et
al., 2003; Van der Stelt et al., 1998). The P3b is a subcategory of the P300, and occurs when
an individual attends or responds to an infrequent but task-relevant target stimulus. It is
defined as a centro-parietal positive voltage peak in the ERP waveform occurring between
300 to 500 milliseconds after stimulus presentation.

In addition to eliciting an ERP, an endogenous or exogenous event can also result in
frequency-specific changes to ongoing EEG oscillations that are not phase locked to the
stimulus and so cannot be extracted by trial averaging. (Pfurtscheller and Lopes da Silva,
1999). Spectral analysis techniques, such as time-frequency analysis, are applied to the
event-related trials to quantify such changes. In such event-related oscillation (ERO)
analyses, the dynamics of the power of frequency-specific oscillations are quantified and
these spatiotemporal dynamics are examined as they relate to task-specific sensory, motor
and/or cognitive processes. Event-related decreases (increases) of power in specific
frequency bands are considered to be due to decreases (increases) in synchrony of the
underlying neuronal assemblies. These synchrony changes are thought to result from event-
related changes in the oscillatory control parameters of these neuronal networks. Thus, a
relative decrease in band power is often referred to as event-related desynchronization
(ERD) and a relative power increase as an event-related synchronization (ERS). An event-
related increase in non-phase-locked frequency-specific activity is also often referred to as
an induced oscillation (Pfurtscheller and Lopes da Silva, 1999).

Spectral analysis can also be applied directly to the ERP waveforms to quantify the
underlying oscillatory nature of these waveforms. The spectral decomposition of the phase-
locked activity may reveal evoked oscillations, often in the theta and alpha bands. The study
of evoked oscillations has led to the proposition of an oscillatory model in comparison to the
classic evoked model of the ERP. While the evoked model ascribes ERP generation to the
superposition of a series of transient post-synaptic responses of pyramidal neurons that are
independent of ongoing EEG oscillations (Pfurtscheller and Lopes da Silva, 1999), the
oscillatory model accounts for the ERP through (i) partial phase resetting of the ongoing
oscillations, with amplitude enhancement occurring through trial averaging of the phase-
locked oscillations or (ii) phase-dependent amplitude modulation within single trials (Basar-
Eroglu et al., 1992; Fell et al., 2004; Gruber et al., 2005; Klimesch, 1999; Klimesch et al.,
2004; Kolev et al., 1997; Makeig et al., 2002; Penny et al., 2002; Schurmann et al., 2001;
Shah et al., 2004; Yordanova et al., 2003). Limitations in methodology often make it
difficult to disentangle phase resetting from additive evoked responses (Sauseng et al.,
2007), and so it is therefore difficult to draw definitive conclusions regarding which of these
mechanisms underlies the generation of the ERP1.

In the search for biomarkers of alcoholism, ERO measures that index brain functions
associated with stimulus processing are an attractive proposition, as they may provide
complementary information to that of the ERP measures. For this reason, a number of
studies on alcoholism have investigated ERO measures extracted from EEG data collected
during the performance of stimulus processing tasks (Jones et al., 2006; Kamarajan et al.,

1Evidence for the oscillatory hypothesis of ERP genesis needs to be presented, for example by demonstrating an underlying phase rest
mechanism of ongoing oscillations, in order to infer a correspondence between the oscillatory basis functions of the time-frequency
representation and neurophysiological oscillations.
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2006; Kamarajan et al., 2004; Porjesz and Begleiter, 2003; Rangaswamy et al., 2007). Jones
et al. (2006) conducted ERO analysis to compare adult male alcoholics and controls on a 3-
condition visual target detection task. The same research group (Rangaswamy et al., 2007)
applied this methodology to compare high risk vs. low-risk groups of adolescents, seeking
trait (or endophenotypic) markers of the vulnerability to develop alcoholism.

In both studies (Jones et al., 2006; Rangaswamy et al., 2007), ERP amplitude measures and
ERO measures in different sub-bands across delta, theta and alpha frequency bands were
extracted from the event-related data. Two types of ERO measures were quantified: (i)
evoked ERO power measures were computed by applying time-frequency analysis directly
to the trial-averaged ERP waveforms and (ii) total ERO power measures were calculated by
applying time-frequency analysis to each individual trial and averaging the results across
trials. Total ERO power contains contributions from both phase-locked and non-phase-
locked activity, while evoked ERO power quantifies phase-locked activity only.
Multivariate analysis of variance (MANOVA) was applied to the ERP and ERO measures to
investigate which measures best discriminated the groups. The principle finding was that in
addition to the P3b amplitude, the δ evoked power and the θ total power significantly
distinguished the two groups from one another. Both studies concluded that the ERO power
measures provided unique information beyond that of the ERP measures for group
discrimination. While there was agreement between the two studies that ERO measures
discriminated the groups, Jones et al. (2006) found that δ evoked power and θ total power
over frontal regions provided the best discrimination, while Rangaswamy et al.(2007) found
that δ evoked power over parietal regions and θ totalpower at central and parietal sites best
discriminated the groups.

As the ERO power measures quantify the ERP waveform dynamics within a time window, it
is possible that they contain additional group discriminatory information to the ERP
amplitude measure, when this measure is only quantified at a single time point in the ERP
waveform2. As the total ERO power measures contain contributions from both phase-locked
and non-phase-locked oscillations, the contributions of non-phase-locked induced
oscillations might provide independent information to that of the ERP amplitude measure.
This could account for the finding reported in the Jones et al. (2006) and Rangaswamy et al.
(2007) studies that the ERO measures provided group discriminators that were more
powerful than the ERP amplitude measures.

However, to provide strong evidence for such a conclusion, either a statistical comparison of
group effect sizes of the ERO and ERP measures is required or an analysis of covariance
should be undertaken to assess whether the variance of the ERO power measures remaining,
after the covariance between the ERP and ERO measures is removed, significantly
discriminates the two groups. Such methods were not applied in the Jones et al. (2006) and
Rangaswamy et al. (2007) studies (group effect sizes were not even presented), and so the
conclusions made were not supported by quantitative analysis.

The objective of the current study was to compare ERO vs. ERP measures in discriminating
long-term abstinent alcoholics (LTAA) from age and gender comparable non-alcoholic
controls (NACs) in a visual 3 condition target detection task. Appropriate statistical analyses
were applied to determine whether the ERO power measures provided more powerful
discrimination between groups.

2Transforming the ERP waveform into the time-frequency domain does not produce new information, but simply creates an
alternative representation of the information present in the time domain waveform. Therefore, differences found in the discriminatory
power of the evoked ERO and ERP measures in the Jones et al. (2006) and Rangaswamy et al. (2007) studies would only be the result
of using a considerably larger temporal extent of the waveform than using point (ERP amplitude) measures.
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MATERIALS AND METHODS
Subjects

Various advertising methods (newspaper advertisements, Internet postings etc.) were used to
recruit the study participants. The study comprised of LTAAs and age and gender matched
NACs. Each group consisted of 23 females and 25 males aged 35 to 58 (mean = 46.3, SD =
6.8). Inclusion criteria for the LTAA group were meeting DSM-IV (American Psychiatric
Association, 2000) criteria for alcohol dependence and being abstinent for at least six
months. NAC participants responded to advertisements for light/non-drinkers and were
recruited if they did not meet lifetime criteria for alcohol abuse or dependence, had a
lifetime drinking average of less than 30 drinks/mo and never drank more than 60 drinks/
mo. For a more detailed account of the subject selection methodology and the
neuropsychological and clinical assessments administered, the reader is referred to Fein &
Chang (2006).

VP3 Experimental Paradigm
The visual oddball experiment was administered using the E-prime software system
(Psychology Software Tools Inc., Pittsburgh, USA). The task consisted of the presentation
of three types of visual stimuli:- (i) standard non-target stimuli – a small hollow white
square; (ii) target stimuli – a small white X; and (iii) rare non-target stimuli – different
shapes of various colors. The stimuli were displayed for 200ms in the middle of a black
screen on a computer monitor, followed by a delay varying between 1000ms and 1100ms
before the next stimulus and during which time the screen was blank. Stimuli were presented
in a predetermined semi-random order, with standard non-target stimuli appearing 210
times, rare non-target stimuli appearing 35 times and target stimuli appearing 35 times. The
total task duration was approximately 6.5 minutes. The subjects were instructed not to
respond to the standard and rare non-target stimuli, and to press a response key as quickly as
possible to target stimuli. Each subject was shown examples of the various stimuli during a
short practice session before proceeding with the task. The paradigm was similar to that used
by Jones et al. (2006) and Rangaswamy et al. (2007), with differences being that those
studies presented stimuli for only 60 ms and had longer and fixed ISIs of 1600 ms (Jones et
al., 2006) and 1625 ms (Rangaswamy et al., 2007).

EEG Acquisition
EEG was acquired on three EEG acquisition systems (with two different amplifiers) during
the course of the study. The first two were a 32-channel system (N = 7 subjects) and a 40-
channel system (N = 81 subjects), both which used the NuAmps single-ended, 32/40-
channel amplifier and Scan 4.2 Acquisition software (Compumedics Neuroscan Inc., El
Paso, USA). The third was a 64-channel system (N = 8 subjects) which used the SynAmps2
amplifier and Scan 4.3 acquisition software (Compumedics Neuroscan Inc., El Paso, USA).
Electrode sites Fz, FCz, Cz, CPz and Pz, which were the main electrode sites analyzed in
this study, were common to all three systems. A right ear reference electrode was used for
all recordings. The ground electrode was placed 4 cm above the nasion for the 32-channel
and 40-channel caps, and 8 cm above the nasion for the 64-channel caps. Electrode site
impedances were kept below 10 kΩ for all recordings. A vertical electro-oculogram (EOG)
was recorded from a bipolar electrode site pair placed above and below the left eye for use
in offline reduction of ocular artifacts. The EEG and EOG channels were sampled at 250 Hz
and stored for offline analysis.

To ensure that between-amplifier comparisons were valid, data from control participants
recorded on both amplifier systems (NuAmps, SynAmps2) were examined and revealed no
differences associated with the different acquisition amplifiers. Additionally, a within-
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amplifier analysis, using only the participants whose data were collected using the NuAmps
amplifier, replicated ERP results reported in Fein and Chang (2006) that were produced
from the combined data acquired with both amplifiers.

EEG Analysis
The Brain Vision Analyzer package (BVA, Brain Products, Munich, Germany), was utilized
for pre-processing of the data, computation of ERP waveforms and extraction of the peak
amplitudes of the ERP components. The open-source, MATLAB-based EEGLAB Toolbox
(Delorme and Makeig, 2004) was used for computation of event-related TFRs and extraction
of ERO power measures from these TFRs, with additional functionality added to the toolbox
as required. The methodology used for the analysis of the event-related EEG data, as
described below, was similar to the methodology used in Jones et al. (2006) and
Rangaswamy et al. (2007), with important differences indicated..

Artifacts were removed using the Gratton and Coles method implemented in BVA (Gratton
et al., 1983). Data were then bandpass filtered between 0.5 Hz and 30Hz3 using a zero phase
lag filter with a 48 dB/octave roll-off. Stimulus-locked trials were extracted for all instances
where there was a correct behavioral response, for each of the three experimental conditions
(target, rare non-target and standard non-target), with each trial comprising 450ms of data
pre-stimulus and 1300ms post-stimulus4. The response window for correct responses on
target trials was 800 ms. Data for the ERP analysis were baseline corrected using the 100ms
pre-stimulus interval5. Any trials containing out of range voltages (± 75 μV) were rejected
as artifacts and excluded from further processing. All further processing was applied to the
data from the target condition only.

ERP waveforms were extracted by synchronously averaging all trials having the correct
behavioral responses for the target condition, producing one ERP waveform per electrode
site per subject. For each subject, the peaks of the major ERP components, these being the
N100, P200, N200, P300 (i.e. P3b) and N300, were extracted independently for each of the
midline electrode sites of interest (MESOIs)6, these being Fz, FCz, Cz, CPz and Pz, using a
semi-automated peak detection algorithm. Peak locations were adjusted manually where
necessary, and if no discernable peak was present or the locations were ambiguous, the ERP
component for that subject was omitted from further analysis. Grand average ERP
waveforms and topographical maps for each of the ERP components were computed across
groups.

Event-related TFRs were computed using the Stockwell Transform (ST) in two different
ways:- (i) the ST transform was applied to each single-trial, resulting in a complex-valued
TFR for each trial. The absolute power for each single-trial TFR was then computed by
taking the square of the magnitude of the complex-valued TFR for each trial and these were
then averaged across all trials to produce a resultant TFR that was termed the event-related
total power TFR or EROTOT TFR. (ii) the ST transform was applied to the trial-averaged
ERP waveform, with the absolute power computed by taking the square of the magnitude of
the complex-valued TFR, this termed the event-related evoked power TFR or EROEVK TFR.
Using these methods, one EROEVK TFR and one EROTOT TFR were produced per electrode

3Jones et al. (2006) and Rangaswamy et al. (2007) used a filter setting of 0.02–100 Hz
4The reason that the trial length of 1750 ms was chosen to be slightly longer than the inter-trial interval (ISI) of between 1200ms to
1300ms, was to allow the dynamics of the ERO’s to be observed in the TFRs beyond the ISI to ensure that event-related changes of
oscillatory activity had returned to baseline levels before the presentation of the next stimulus.
5Jones et al. (2006) and Rangaswamy et al. (2007) used a 200ms pre-stimulus interval for baseline correction
6Full electrode montage recordings allowed the spatial distributions of ERPs and EROs across the entire scalp surface to be computed.
Only midline electrodes were utilized for statistical analysis, as the ERP and ERO spatial topographies showed bilaterally symmetrical
distributions centered on the midline (see Results).
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site per subject. Based on visual inspection of the distribution of power within the EROEVK
and EROTOT TFRs at the MESOI, time-frequency regions of interest (TFROIs) were
defined, with the sub-bands of these TFROIs covering the δ, θ and α frequency bands and
the time windows covering time epochs that overlapped with the major components in the
ERP waveforms. The power within each TFROI, for both total and evoked power TFRs, was
computed and these EROTOT and EROEVK power measures were utilized for further
statistical analysis. Grand average EROEVK TFRs and topographical maps for each of the
EROEVK power measures (δ1, δ2, θ1, θ2 and α) were computed across subjects.

Statistical Analysis
All statistical analyses were performed using SPSS (SPSS Inc., Chicago, USA). To
investigate which of the measures (ERP amplitude measures, evoked ERO power measures
or total ERO power measures) discriminated the two groups, MANOVAs were applied. The
Pillai-Bartlet trace was used as the test statistic for the MANOVAs. Tests of multivariate
normality were not carried out on the dependent variables, but the Kolmogorov-Smirnov test
was performed on each dependent variable to check for univariate normality. Where
dependent variables were not normally distributed, logarithmic transformation of the
variables was applied.

Separate MANOVAs were carried out for each of the ERP amplitude measures (N100,
P200, N200, P3b and N300), EROEVK power measures (δ1, δ2, θ1, θ2 and α) and EROTOT
power measures (δ1, δ2, θ1, θ2 and α). For each MANOVA, the particular measure (for
example the P3b amplitude measures or the α EROEVK power measures) at each of the
MESOIs were taken as the multiple dependent variables, with group (NAC vs. LTAA) as
the between-subjects independent variable. A further MANOVA and a multivariate analysis
of covariance (MANCOVA) were performed on a subset of the ERO power measures at
selected MESOIs. The measures selected were the ones found to be the best7 discriminators
of the groups. The covariate utilized for the MANCOVA was an ERP amplitude measure at
a selected MESOI found to best8 discriminate the groups.

For the MANOVAs (MANCOVA), follow-up analyses were performed to investigate the
reasons for significant group effects. Univariate ANOVAs (ANCOVAs) were utilized with
each of the dependent variables taken independently. For the MANOVAs, discriminant
analysis was also used with the dependent variables taken as the predictors in the
discriminant function. Bonferroni corrections for multiple comparisons were not applied to
any of the analyses.

RESULTS
(i) ERP Results

(a) ERP waveforms and topographical distributions—Figure 1(a) shows the grand
average ERP waveform for the target condition for the NACs at electrode site Cz, together
with the topographical distributions of the ERP amplitudes of the major components of the
ERP waveform.

(b) Group comparison of ERP amplitudes—Table 1 shows the results of MANOVA
analyses applied to the ERP amplitudes measures. The results show that only P200 (F(5,79)
= .139, p = .035) and P3b (F(5,90) = .195, p = .001) amplitudes discriminate the groups.

7Best is defined in terms of the size of the univariate group effect. For each EROEVK or EROTOT power measure that showed a
significant multivariate group effect, a single ERO power measure at the electrode site which showed the largest univariate group
effect across all MESOIs was selected.
8Definition as for the best ERO power measure discriminators
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However, Box’s test on the P200 amplitude measures indicated that the covariance matrices
differed significantly between groups (p = 0.003), complicating the group comparison on
this difference. LTAAs had reduced P3b amplitudes at Pz and CPz, with the group effect
accounting for 8.5% and 4.8% of the variance, respectively. The discriminant analysis
support the separate contributions of P3b at Pz and CPz in discriminating the groups

(ii) ERO Results
(a) ERO TFRs and topographical distributions—Figure 1(b) shows the grand
average log-transformed EROEVK TFR at electrode site Cz for the NACs. The power in the
ERP is localized to the first 700 ms post stimulus, with peak power occurring from 200 to
500 ms and between 4 to 5 Hz. The EROTOT TFR at electrode site Cz showed a similar
distribution in the delta and theta band, but with the peak value of the theta power being
approximately 3 times larger (on a linear scale) in the EROTOT TFR compared to the
EROEVK TFR. The main difference between TFRs was in the alpha band, where the
EROTOT TFR showed significantly larger pre-stimulus alpha power than in the EROEVK
TFR. The alpha power showed desynchronization (i.e. showed a decrease in power), after
stimulus onset, at approximately 200ms post-stimulus, with maximum desycnronization at
around 600ms post-stimulus. The alpha power returned to pre-stimulus baseline levels by
approximately 1000ms post-stimulus.

Based on visual inspection of the TFRs at the MESOIs, five TFROIs (δ1, δ2, θ1, θ2 and α),
as defined in Table 2 and shown in Figure 1b. were selected for EROEVK computation.
Topographical maps of which shown in Figure 1b. δ1 and δ2 EROEVK power have a
midline-symmetrical, parietal localization, with δ2 EROEVK power having a more
widespread distribution with a slightly more anterior (centro-parietal) peak. The θ1 and θ2
EROEVK power is more anterior than the δ EROEVK power, with a fronto-central peak. θ2
EROEVK power also shows a bilateral peak over the left and right parieto-occipital regions.
α EROEVK power has a bilateral distribution over left and right occipital regions.

(b) Group comparisons of EROEVK power measures—MANOVAs on each of the
EROEVK log-transformed power measures are shown in Table 3. Only δ1 EROEVK power
(F(5,90) = 3.098, p = .013) discriminated the groups. LTAAs had lower δ1 EROEVK power
than NACs at Pz, CPz and Cz, with group accounting for 9.9%, 6.3% and 4.8% of the
variance respectively. Discriminant analysis confirmed the contribution δ1 EROEVK power
at Pz, but indicated only δ1 EROEVK power at Pz and FCz made independent contributions
to group discrimination.

(c) Group comparisons of EROTOT power measures—MANOVAs on EROTOT
power utilizing log-transformed power at the same TFROIs (δ1, δ2, θ1, θ2 and α) are shown
in Table 4. δ1 EROTOT power (F(5,90) = 3.452, p = .007), θ1 EROTOT power (F(5,90) =
2.567, p = .032) and θ2 EROTOT power (F(5,90) = 2.461, p = .039) discriminated the groups.

Follow-up analyses revealed reduced EROTOT power in LTAAs vs. NACs for the:- (i) δ1 at
Pz, (accounting for 7.9% of the variance), (ii) θ1 at Pz and CPz (accounting for 7.6% and
4.8% of the variance), and (iii) θ2 at Cz, CPz, Pz and FCz (accounting for 9.5%, 9.2%, 8.0%
and 5.7% of the variance). Discriminant analysis confirmed the independent contribution of
these measures at all electrode sites noted.

(iii) Independence of ERP and ERO measures in group discrimination
δ1 EROEVK power, δ1 EROTOT power, and θ1 EROTOT power, all at Pz, and the θ2 EROTOT
power at Cz were selected as the best9 group discriminators. Table 5 shows the results of the
MANOVA performed on this set of measures, with an overall significant group effect
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(F(4,91) = 4.034, p = 0.005). The rank order of the discriminant coefficients was the same as
for the univariate effect sizes: EROEVK δ1 power at Pz, followed by EROTOT θ2 power at
Cz, EROTOT δ1 power at Pz and EROTOT θ1 power at Pz.

Table 5 also presents the results of the MANCOVA performed on this subset of ERO
measures, with the P3b amplitude at Pz as a covariate. The MANCOVA group effect was
not significant (F(4,90) = 1.833, p = 0.129) after removal of P3b variance. Although the
MANCOVA is non-significant, follow-up univariate analyses are included so that univariate
effect sizes can be compared before and after removal of P3b variance. Only θ2 EROTOT
power at Cz had a p-value below 0.05, providing a weak indication that this measure may
provide discriminatory power beyond P3b amplitude.

DISCUSSION
(i) ERP measures

The ERP results concur with those in the alcoholism research literature, with the LTAA
group showing a significantly reduced P3b amplitude over central-parietal regions (Begleiter
et al., 1984; Begleiter et al., 1987; Benegal et al., 1995; Berman and Noble, 1995; Cohen et
al., 1997; Ehlers et al., 2003; Fein and Chang, 2006; Glenn et al., 1994; Glenn et al., 1996;
Hill and Steinhauer, 1993; Iacono et al., 2003; Kamarajan et al., 2005; O’Connor et al.,
1986; O’Connor et al., 1987; Polich et al., 1994; Porjesz and Begleiter, 1985; 1990; Porjesz
et al., 1998; Steinhauer and Hill, 1993; Suresh et al., 2003; Van der Stelt et al., 1998).

Fein and Chang (2006) presented results of between-group ANOVAs of P3b and P3a
amplitudes and latencies on this same data. The multi-electrode analysis of the current study
confirms the Pz as the primary electrode site for P3b group discrimination, similar to the
findings of Rangaswamy et al. (2007). However, the Jones et al (2006) finding of the largest
group effect for the P3b amplitude being over the frontal region rather than parietal region,
differs from that of both the current study and the literature consensus.

(ii) ERO measures
Our results, as well as the Jones et al. (2006) and Rangaswamy et al. (2007) studies all show
that δ EROEVK power and δ and θ EROTOT power discriminate the groups10. There are both
similarities and differences across studies in the scalp locations of these findings. We and
Rangaswamy et al. (2007) find δ EROEVK power at parietal sites discriminates the groups,
while Jones et al. (2006) reported δ1 EROEVK power frontally and the δ1 EROTOT power
centrally provided the best group discrimination. For θ EROTOT power, we and
Rangaswamy et al.(2007) found best discrimination at central sites, while Jones et al. (2006)
found best discrimination frontally. In all three studies, power was reduced in the alcoholic
group (LTAAs or active alcoholics or high-risk of alcoholism) compared to control group
for all measures.

The significant group effect on the δ1 EROEVK power indicates that the phase-locked (i.e.
evoked) activity in the lower δ band discriminates the groups. The δ1 EROTOT power,
comprising both evoked and non-phase-locked activity also significantly discriminates the
groups. As the effect size is smaller for the δ1 EROTOT power compared to the δ1 EROEVK
power, it is most likely that the non-phase-locked activity does not contribute to the
significant group effect, and it is only the evoked activity in the lower δ band that account
for the significant group differences. Had the non-phase-locked activity contributed, the

9As defined in the Methodology section
10ignoring sub-division of the δ and θ bands, as Rangaswamy et al.(2007) only analyzed these as complete bands
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effect size of the δ1 EROTOT power would have been larger than the effect size for the δ1
EROEVK power. The finding that the θ1 and θ2 EROTOT power measures discriminate the
groups, while the θ1 and θ2 EROEVK power measures do not, indicates that it is most likely
the contribution of non-phase-locked activity to the θ EROTOT power that accounts for the
significant group effect. If evoked activity discriminated the groups, then the θ EROEVK
power would have shown a significant group effect as well. Only separating the
measurement of phase-locked and non-phase-locked power could directly address this issue.

(iii) Independence of the ERO and EPR measures for group discrimination
The group effect sizes for the ERO power and P3b amplitude are of similar magnitude,
suggesting that ERO power does not provide more powerful group discrimination than P3b
amplitude in this study. After removing P3b amplitude variance, the ERO power measures
no longer discriminated the groups, providing strong evidence in this study that ERO power
provides an alternative, but not independent measure to P3b amplitude for discriminating
LTAAs from NACs.

Our findings do not support the findings of Jones et al. (2006) and Rangaswamy et al.
(2007) that the ERO power measures provide more powerful group discriminators than the
ERP amplitude measures. The requisite statistical analyses were not applied to their data to
substantiate their conclusions. Our findings cannot be generalized to their data though, as
differences in samples (i.e. differences in the population (LTAA vs. active alcoholics vs.
individuals at high risk of alcoholism), age and gender of the subjects) and in the
experimental paradigm precludes such generalization. From our subject sample, it is not
possible to distinguish the effects of predisposition to alcoholism, chronic alcohol abuse and
recovery from alcoholism. Further investigation of EROs in populations of active alcoholics
and offspring of alcoholics are necessary to address these issues. However, our results do
show the importance of appropriate statistical analyses to draw conclusions regarding the
relative predictive power of different biomarkers of alcoholism.

In our introduction, two reasons were put forward as to why ERO power measures might
provide unique discriminatory information beyond that of ERP amplitude measures. For
EROEVK power measures, it was argued that the temporal extent of the ERO measures
across a time interval, rather than at a single time point, could account for the additional
discriminatory information. The premise for this argument is that the dynamics or
morphology of an ERP component might differ between groups. Our results indicate that
this is not the case and any additional information contained in the evoked ERO power
measures due to P3b dynamics does not significantly contribute towards group
discrimination. The second reason was that in addition to evoked activity, the EROTOT
power measures contains contributions of non-phase-locked activity, and this induced
activity might provide additional discriminatory information beyond the ERP amplitude
measures. The post hoc EROTOT power finding, although not warranted by the
MANCOVA, gives a weak indication that induced θ activity might provide group
discriminatory information beyond that of the ERP. This indication of a potential
contribution to group discrimination of induced activity should be followed up with a more
complete investigation of event-related non-phase-locked activity.

The importance of analyzing event-related phase-locked and non-phase-locked theta activity
separately has been highlighted by a number of researchers (Bastiaansen and Hagoort, 2003;
Klimesch et al., 1998). A study by Deiber et al. (2007) reported findings on a visual oddball
detection task similar to ours, in which evoked and induced oscillatory activity was
examined separately. They reported evoked theta activity phase-locked to the visual
stimulus and localized to the parieto-occipital region and in parallel, induced theta activity in
the form of an ERS over the frontal region. This induced theta activity was found to be
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modulated by task load, where increased attentional demand and working memory load
resulted in a larger frontal ERS. The evoked parieto-occipital activity did not show
modulation to task load. Preliminary analysis on the non-phase-locked activity of our data
has revealed a frontally-focused ERS, which is larger in the target compared to non-target
stimuli. We are in the process of analyzing these induced oscillations further to investigate
their utility as biomarkers for alcoholism and whether they provide independent group
discrimination to the ERP amplitude measures.
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Figure 1.
Comparison of ERP and ERO measures derived from the event-related data for the target
condition for the NACs. (a) The grand average ERP waveform for electrode site Cz is
displayed, along with the grand average topographical maps for each of the major ERP
components, namely the N100, P200, N200, P300 (P3b) and N300. (b) The grand average
EROEVK TFR for the Cz electrode site is shown, together with the grand average
topographical maps for the TFROIs given in Table 2.
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Table 1

MANOVA results for the between-group analyses of each of the major ERP amplitude components (N100,
P200, N200, P300 (P3b) and N300), with the multiple dependent variables taken as the particular ERP
amplitude measure at the midline electrodes Fz, FCz, Cz, CPz and Pz. Follow-up univariate ANOVAs with
each of the dependent variables taken independently and follow-up discriminant analysis with the dependent
variables taken as the predictors in the discriminant function are shown for MANOVAs where the group effect
is significant at p ≤ 0.05.

ERP Amplitude Measures Model: Fz, FCz, Cz, PCz, Pz

N100 amplitude

 MANOVA
Group (N=67; 37 NACs, 30 LTAAs)
Error df = 61

df Pillai-Bartlett Trace F-value

5 .103 1.408

P200 amplitude

 MANOVA
Group (N = 85; 42 NACs; 43 LTAAs)
Error df = 79

df Pillai-Bartlett Trace F-value

5 .139 2.546*

 MANOVA Follow-up Analyses

  Univariate ANOVAs

df Controls Mean Amplitude LTAAs Mean Amplitude Effect Size (% Variance) Group

   Dependant Variables

    P200 amplitude at Fz 1 5.77 5.92 0.1

    P200 amplitude at FCz 1 6.14 6.30 0.1

    P200 amplitude at Cz 1 6.29 5.92 0.3

    P200 amplitude at CPz 1 6.70 6.25 0.4

    P200 amplitude at Pz 1 7.12 6.30 1.5

  Discriminant Analysis Wilks’ Lambda % Classification Accuracy

0.861* 64.7

   Predictors Standardized Canonical Discriminant Function Coefficients

    P200 amplitude at Fz 2.00

    P200 amplitude at FCz −5.16

    P200 amplitude at Cz 5.71

    P200 amplitude at CPz −4.63

    P200 amplitude at Pz 2.60

N200 amplitude

 MANOVA
Group (N=88; 44 NACs, 44 LTAAs)
Error df = 82

df Pillai-Bartlett Trace F-value

5 .116 2.162

P300 (P3b) amplitude

 MANOVA
Group (N = 96; 48 NACs; 48 LTAAs)
Error df = 90

df Pillai-Bartlett Trace F-value
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ERP Amplitude Measures Model: Fz, FCz, Cz, PCz, Pz

5 .195 4.353**

 MANOVA Follow-up Analyses

  Univariate ANOVAs

df Controls Mean Amplitude LTAAs Mean Amplitude Effect Size (% Variance) Group

   Dependant Variables

    P300 amplitude at Fz 1 7.99 8.02 0.0

    P300 amplitude at FCz 1 10.40 9.06 1.8

    P300 amplitude at Cz 1 11.85 9.94 3.2

    P300 amplitude at CPz 1 12.97 10.65 4.8*

    P300 amplitude at Pz 1 12.80 9.93 8.5**

  Discriminant Analysis Wilks’ Lambda % Classification Accuracy

0.805*** 68.8

   Predictors Standardized Canonical Discriminant Function Coefficients

    P300 amplitude at Fz −1.89

    P300 amplitude at FCz 2.13

    P300 amplitude at Cz 1.13

    P300 amplitude at CPz −3.74

    P300 amplitudeat Pz 2.72

N300 amplitude

 MANOVA
Group (N = 96; 48 NACs; 48 LTAAs)
Error df = 90

df Pillai-Bartlett Trace F-value

5 .097 1.924

Effect is significant:

*
p ≤ 0.05;

**
p ≤ 0.01;

***
p ≤ 0.001.
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Table 2

Time-frequency region of interest (TFROI) used for the evoked and total ERO power analysis.

ERO bands Lower frequency [Hz] Upper frequency [Hz] Min. Time [ms] Max. Time [ms]

δ1 (1–2 Hz) 1.14 2.28 300 700

δ2 (3-3 Hz) 2.85 3.42 300 700

⊖1 (4–5 Hz) 4.00 5.71 200 500

⊖2 (6–7 Hz) 6.28 7.42 200 400

α(8–12 Hz) 8.00 11.42 100 300
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Table 3

MANOVA results for the between-group analyses of each of the EROEVK power measures (δ1, δ2, θ1, θ2 and
α) with the multiple dependent variables taken as the particular log-transformed EROEVK power measure at
the midline electrodes Fz, FCz, Cz, CPz and Pz. Follow-up univariate ANOVAs with each of the dependent
variables taken independently and follow-up discriminant analysis with the dependent variables taken as the
predictors in the discriminant function are shown for MANOVAs where the group effect is significant at p <
0.05.

Evoked ERO Power Measures

Model: log(Fz), log(FCz), log(Cz), log(PCz), log(Pz)
Group (N = 96; 48 NACs, 48 LTAAs)

MANOVA: Error df =90

EROEVK power

δ1 (1–2 Hz, 300–700ms)

 MANOVA df Pillai-Bartlett Trace F-value

5 .147 3.098*

 MANOVA Follow-up Analyses

  Univariate ANOVAs

   Dependant Variables showing
significance

df Controls Mean Log
Power

LTAAs Mean Log Power Effect Size (% Variance) Group

    δ1 EROEVK power at Fz 0.380 0.372 0.0

    δ1 EROEVK power at FCz 0.522 0.387 2.8

    δ1 EROEVK power at Cz 1 0.640 0.443 4.8*

δ1 EROEVK power at CPz 1 0.758 0.539 6.3*

δ1 EROEVK power at Pz 1 0.808 0.533 9.9**

  Discriminant Analysis Wilks’ Lambda % Classification Accuracy

0.853* 64.6

   Predictors Standardized Canonical Discriminant Function Coefficients

    δ1 EROEVK power at Fz −1.04

    δ1 EROEVK powerat FCz 1.27

    δ1 EROEVK power at Cz −0.21

    δ1 EROEVK power at CPz −0.99

    δ1 EROEVK power at Pz 1.55

EROEVK power

δ2 (3-3 Hz, 300–700ms)

 MANOVA df Pillai-Bartlett Trace F-value

5 .094 1.858

EROEVK power

⊖1 (4–5 Hz, 200–500ms)

 MANOVA df Pillai-Bartlett Trace F-value

5 .082 1.608

EROEVK power

⊖2 (6–7 Hz, 200–400ms)
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Evoked ERO Power Measures

Model: log(Fz), log(FCz), log(Cz), log(PCz), log(Pz)
Group (N = 96; 48 NACs, 48 LTAAs)

MANOVA: Error df =90

 MANOVA df Pillai-Bartlett Trace F-value

5 .086 1.699

EROEVK power

α(8–12 Hz, 100–300ms)

 MANOVA df Pillai-Bartlett Trace F-value

5 .064 1.221

Effect is significant:

*
p ≤ 0.05;

**
p ≤ 0.01;

***
p ≤ 0.001.
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Table 4

MANOVA results for the between-group analyses of each of the EROTOT power measures (δ1, δ2, θ1, θ2 and
α) with the multiple dependent variables taken as the particular log-transformed EROTOT power measure at
the midline electrodes Fz, FCz, Cz, CPz and Pz. Follow-up univariate ANOVAs with each of the dependent
variables taken independently and follow-up discriminant analysis with the dependent variables taken as the
predictors in the discriminant function are shown for MANOVAs where the group effect is significant at p <
0.05.

Total ERO Power Measures

Model: log(Fz), log(FCz), log(Cz), log(PCz), log(Pz)
Group (N = 96; 48 NACs, 48 LTAAs)

MANOVA: Error df =90

EROTOT power

δ1 (1–2 Hz, 300–700ms)

 MANOVA df Pillai-Bartlett Trace F-value

5 .161 3.452**

 MANOVA Follow-up Analyses

  Univariate ANOVAs

df Controls Mean Log Power LTAAs Mean Log Power Effect Size (% Variance) Group

   Dependant Variables

    δ1 EROTOT power at Fz 1 1.031 1.048 0.3

    δ1 EROTOT power at FCz 1 1.106 1.084 0.4

    δ1 EROTOT power at Cz 1 1.157 1.110 1.4

    δ1 EROTOT power at CPz 1 1.209 1.129 3.4

    δ1 EROTOT power at Pz 1 1.228 1.102 7.9**

  Discriminant Analysis Wilks’ Lambda % Classification Accuracy

0.839** 68.8

   Predictors Standardized Canonical Discriminant Function Coefficients

    δ1 EROTOT power at Fz −1.32

    δ1 EROTOT power at FCz 1.93

    δ1 EROTOT power at Cz −1.77

    δ1 EROTOT powerat CPz −0.19

    δ1 EROTOT power at Pz 1.70

EROTOT power

δ2 (3-3 Hz, 300–700ms)

 MANOVA df Pillai-Bartlett Trace F-value

5 .089 1.766

EROTOT power

⊖1 (4–5 Hz, 200–500ms)

 MANOVA df Pillai-Bartlett Trace F-value

5 .125 2.567*

 MANOVA Follow-up Analyses

  Univariate ANOVAs
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Total ERO Power Measures

Model: log(Fz), log(FCz), log(Cz), log(PCz), log(Pz)
Group (N = 96; 48 NACs, 48 LTAAs)

MANOVA: Error df =90

df Controls Mean Log Power LTAAs Mean Log Power Effect Size (% Variance) Group

   Dependant Variables

    ⊖1 EROTOT power at Fz 1.260 1.272 0.1

    ⊖1 EROTOT power at FCz 1.373 1.349 0.3

    ⊖1 EROTOT power at Cz 1.363 1.301 2.0

    ⊖1 EROTOT power at CPz 1 1.322 1.227 4.8*

    ⊖1 EROTOT powerat Pz 1 1.254 1.133 7.6**

  Discriminant Analysis Wilks’ Lambda % Classification Accuracy

0.875* 68.8

   Predictors Standardized Canonical Discriminant Function Coefficients

    ⊖1 EROTOT power at Fz −0.76

    ⊖1 EROTOT power at FCz 0.16

    ⊖1 EROTOT power at Cz −0.06

    ⊖1 EROTOT power at CPz −0.57

    ⊖1 EROTOT power1 at Pz 1.69

EROTOT power

⊖2 (6–7 Hz, 200–400ms)

 MANOVA df Pillai-Bartlett Trace F-value

5 .120 2.461*

 MANOVA Follow-up Analyses

  Univariate ANOVAs

df Controls Mean Log Power LTAAs Mean Log Power Effect Size (% Variance) Group

   Dependant Variables

    ⊖2 EROTOT power at Fz 1.122 1.042 2.7

    ⊖2 EROTOT power at FCz 1 1.205 1.093 5.7*

    ⊖2 EROTOT power at Cz 1 1.185 1.034 9.5**

    ⊖2 EROTOT power at CPz 1 1.133 0.978 9.2**

    ⊖2 EROTOT power at Pz 1 1.070 0.927 8.0**

  Discriminant Analysis Wilks’ Lambda % Classification Accuracy

.880* 61.5

   Predictors Standardized Canonical Discriminant Function Coefficients

    ⊖2 EROTOT power at Fz −0.90

    ⊖2 EROTOT power at FCz −0.07

    ⊖2 EROTOT power at Cz 2.29

    ⊖2 EROTOT power 2 at CPz −0.95

    ⊖2 EROTOT power at Pz 0.33

EROTOT power
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Total ERO Power Measures

Model: log(Fz), log(FCz), log(Cz), log(PCz), log(Pz)
Group (N = 96; 48 NACs, 48 LTAAs)

MANOVA: Error df =90

α(8–12 Hz, 100–300ms)

 MANOVA df Pillai-Bartlett Trace F-value

5 .078 1.532

Effect is significant:

*
p ≤ 0.05;

**
p ≤ 0.01;

***
p ≤ 0.001.
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Table 5

MANOVA and MANCOVA results for the between-group analyses of a compact model comprising the log-
transformed δ1 EROEVK power at electrode site Pz, the log-transformed δ1 EROTOT power at electrode site
Pz, the log-transformed θ1 EROTOT power at electrode site Pz and the log-transformed θ2 EROTOT power at
electrode site Cz. Follow-up univariate ANOVAs (ANCOVAs) with each of the dependent variables taken
independently and follow-up discriminant analysis with the dependent variables taken as the predictors in the
discriminant function (for the MANOVAs only) are also shown for the MANOVAs (MANCOVAs).

Selected ERO Power Measures in Compact
Model

Model: log(Pz-δ1-EROEVK), log(Pz-δ1-EROTOT), log(Pz-⊖1-EROTOT), log(Cz-⊖2-
EROTOT)

Group (N = 96)
MANOVA: Error df = 91

δ1 EROEVK power (1–2 Hz, 300–700ms) at Pz
and δ1 EROTOT power (1–2 Hz, 300–700ms) at
Pz and ⊖1 EROTOT power (4–5 Hz, 200–500ms)
at Pz and ⊖2 EROTOT power (6–7 Hz, 200–
400ms) at Cz

 MANOVA df Pillai-Bartlett Trace F-value

 MANOVA Follow-up Analyses 4 .151 4.034**

  Univariate ANOVAs

   Dependant Variables df Controls Mean
Log Power

LTAAs Mean Log Power Effect Size (% Variance) Group

    δ1 EROEVK at Pz 1 0.808 0.533 9.9**

    δ1 EROTOT at Pz 1 1.228 1.102 7.9**

    ⊖1 EROTOT at Pz 1 1.254 1.133 7.6**

    ⊖2 EROTOT at Cz 1 1.185 1.034 9.5**

  Discriminant Analysis Wilks’ Lambda % Classification Accuracy

0.849** 68.8

   Predictors Standardized Canonical Discriminant Function Coefficients

    δ1 EROEVK at Pz 0.939

    δ1 EROTOT at Pz −0.440

    ⊖1 EROTOT at Pz 0.264

    ⊖2 EROTOT at Cz 0.504

 MANCOVA Pillai-Bartlett Trace F-value

 Covariate – ERP P300 (P3b) Amplitude .075 1.833

 MANCOVA Follow-up Analyses

  Univariate ANCOVAs

   Dependant Variables df Controls
Marginal Mean

Log Power

LTAAs Marginal Mean
Log Power

Effect Size (% Variance) Group

    δ1 EROEVK at Pz 1 0.700 0.642 1.6

    δ1 EROTOT at Pz 1 1.177 1.153 0.7

    ⊖1 EROTOT at Pz 1 1.221 1.166 2.1

    ⊖2 EROTOT at Cz 1 1.156 1.062 4.3*

Effect is significant:

*
p ≤ 0.05;

Alcohol Clin Exp Res. Author manuscript; available in PMC 2011 December 27.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Andrew and Fein Page 23

**
p ≤ 0.01;

***
p ≤ 0.001.
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