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Here, we evaluated the P3b potential evoked in a visual two-stimulus oddball paradigm. The experiment was conducted in 20 healthy
students (23.1+1.1 years, 10 women), using a 32 channel electroencephalography (EEG) montage system. The paradigm included
geometric figures; a black square on a white background as a target and a white circle on a black background as a standard stimulus.
We examined the maximal amplitude and latency of the P3b component at 18 electrode sites, as well as, temporal changes of scalp
voltage distribution. We observed a non-equal spatial distribution of the visual ERP (event related potentials) waveforms on the scalp
surface, with the highest P3b waveform observed over midline parietal areas and the lowest over frontal regions. Moreover, the spatial
distribution of ERP signal on the scalp surface was more lateralized towards the right side in men and more centralized in women.
Gender-related differences in P3b amplitude and latency were observed only in left hemisphere. Differences in P3b between men and
women observed in our study arose not only from different P3b amplitudes and latencies, but also from the speed and character of P3b
waveform fall, resulting in spatio-temporal amplitude changes. Moreover, the spatial distribution of the P200 potential also changed
on the scalp differently in men and women. These results suggest that gender-related differences evoked in visual two-stimulus
oddball paradigm, which engage attention processes, are complex and include spatio-temporal changes in P3b waveform generation,

distribution, and suppression across the scalp.
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INTRODUCTION

The P300 is one of the most extensively studied
event-related brain potentials (ERPs) and is thought
to account for information processing mechanisms
of attention allocation and immediate memory, in-
cluding context updating, working memory storage,
and task-related memory operations (Ibanez et al,,
2012; Dehaene et al., 2014; Chapman et al., 2015; Ruti-
ku et al., 2015). According to Polich and Criado (2006),
in a single-stimulus oddball task, a target stimulus is
presented infrequently in time with no other stimuli
(Polich and Criado, 2006). In a standard two-stimulus
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oddball paradigm, in contrast, an infrequent target oc-
curs in the background of frequent standard stimuli.
In a three-stimulus oddball task, a target is presented
infrequently in a background of frequently occurring
standard stimuli and infrequently occurring distract-
er stimuli. The P3a potential has a maximal amplitude
over central/parietal region, and is elicited by an infre-
quent stimulus in the absence of a task. The name, P3a,
distinguishes it from the other subcomponent of P300
waveform - the task-relevant target P3b potential. In
contrast, a “novel P300” potential is elicited by non-re-
peated, perceptually novel distracter stimuli, presented
with target and standard stimuli and is thought to in-
dex initial signal evaluation. The P300 maximum am-
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plitude is distributed across frontal/central regions
(Comerchero and Polich, 1998; 1999; Polich and Criado,
2006; Polich, 2007; Zheng et al., 2015). The scalp topog-
raphy of the P3b potential is consistently determined
in both the standard and three-stimulus oddball tasks
and in visual modality. Maximum amplitude of this
potential, measured on the scalp surface via EEG elec-
trodes, can be observed at parietal regions with a broad
peak around 300-450 ms after the onset of the stimulus
(Polich, 2007; Volpe et al., 2007; Lafuente et al., 2017).
The latency of the P3b potential is shorter over frontal
regions and longer over parietal regions (Polich, 2007).
The P3b waveform is generated as a result of memo-
ry comparison wherein a current stimulus is evaluat-
ed in the context of the previous stimuli - a process
called the “context updating approach” (Delplanque
et al., 2005; Polich and Criado, 2006; Polich, 2007).
These memory storage operations are initiated in the
hippocampal formation and updated outputs are sub-
sequently transmitted to the parietal cortex (Knight,
1996; Squire and Kandel, 1999). Amplitude of the P3b
component is sensitive to the amount of attentional
resources engaged during task performance, and vari-
ation in P3b amplitude is assumed to reflect the degree
or quality with which information is processed (Polich
and Herbst, 2000; Lukdcs et al., 2016). Latency of the P3b
component is thought to reflect stimulus classification
speed, which is proportional to the time required to de-
tect and evaluate a target stimulus. Thus, P3b latency
may be a sensitive temporal measure of the neural ac-
tivity underlying the processes of attention allocation
and immediate memory (Polich and Herbst, 2000).

The P3b component has many potential generators,
which form a widespread neuronal network (Comer-
chero and Polich, 1998; 1999; Polich and Criado, 2006;
Zheng et al., 2015). P300 generation (including P3b) has
been shown to include regions of the superior and infe-
rior frontal lobe, middle temporal gyrus, parietal lobe,
temporoparietal junction, lateral prefrontal areas, and
the cingulate gyrus (Bocquillon et al., 2011; Sabeti et
al., 2016). Moreover, regions of the inferior parietal
lobe, prefrontal, and cingulate cortices were found to
be involved in the generation of target-elicited P3b
(Bocquillon et al., 2011; Volpe 2007).

Gender is one factor that may influence ERP wave-
forms related to attention processes. However, despite
the wide range of studies, there is still no consensus
regarding gender-related differences in the P3b wave-
form. In a normative study of P3a and P3b from a large
sample using a visual three-stimulus ERP oddball par-
adigm, Conroy and Polich (2007) obtained larger and
later P3a and P3b components from females than from
male subjects. In addition, P3b amplitude was negative-
ly correlated with P3b latency over right frontal areas,
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and was positively correlated with response time (RT)
over right parietal areas (Conroy and Polich, 2007).
Hoffman and Polich (1999) also obtained larger P300
components in women than in men in a standard odd-
ball task, as well as in a single-stimulus paradigm with
visual and auditory stimuli. These results suggest that
the observed gender differences arose from differences
in corpus callosum size and inter-hemispheric trans-
mission efficacy (Hoffman and Polich, 1999). JauSovec
and JauSovec (2009a) studied gender-related differenc-
es in visual and auditory processing of verbal and fig-
ural task. They found shorter RTs in a visual task as
well as higher amplitudes for both P1 and P3b in wom-
en than in men (JauSovec and JauSovec, 2009a). The
authors concluded that these results reflected an en-
hancement in matching process in women, potentially
subserved by more distinct sensory information and
greater allocation resources that improve perceptual
accuracy (JauSovec and Jau$ovec, 2009a). However, de-
spite the fact that the measurements were performed
at 22 frontal, central, and parietal EEG electrode local-
izations, the paper presents ERP results averaged across
all electrodes. The authors also found higher P3b am-
plitudes in women than in men in a simple visual and
auditory oddball paradigm task (JauSovec and JauSovec,
2009b). Finally, both main effects of gender and gen-
der-by-location interactions were reported; however
post hoc results were not reported that would reveal
the electrode site(s) that show significant gender ef-
fects. No gender-related differences were observed for
ERP latencies. In studies conducted by Steffensen et
al. (2008), RTs to target stimuli did not differ between
genders (Steffensen et al., 2008). Further, amplitude of
P3b was greater in women than in men and the latency
didn’t differ; however, the analysis was limited to five
electrode sites (0z, 01, 02, P3 and P4). Alternatively,
Vaquero et al. (2004) obtained higher amplitudes for
both P1 and P3b in men compared to women, whereas
women showed higher amplitudes in the temporal N1
than did men. In that same study, the amplitude of the
P3 potential over frontal/central regions was higher in
men than in women, and men presented a gender-spe-
cific right frontal functional asymmetry that was not
present in women in a visual-spatial attention task (as
measured at F3, F4, C3, C4, P3, P4, T5, T6, 01, 02 elec-
trodes). The authors concluded that those components
were related with the modulation of visual processing
via effects of spatial attention (Vaquero et al., 2004). On
the other hand, Sangal and Sangal (1996) did not find
differences in P300 amplitudes or latencies by gender,
modality, or side of scalp. In addition, there were no sig-
nificant topographical differences in P300 amplitudes
or latencies were noted by gender, age-group, modality,
or side of scalp in auditory and visual P300 recordings
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(Sangal and Sangal, 1996). Shelton et al. (2002) found
no significant main effect of gender, nor any significant
gender-interactive effects in ERP responses (i.e., P3 am-
plitude and latency) in visual and auditory two-stimu-
lus simple tasks, as measured at electrode Cz. In a facial
affect recognition on the bimodal auditory-visual P300
task, Morita et al. (2001) found no gender differences
in P3 amplitudes nor latencies for neutral faces, mea-
sured at midline electrodes (Fz, Cz, Pz, 0z), C3 and C4
(Morita et al., 2001). Tsolaki et al. (2015) observed no
gender-related differences in P3b amplitude and la-
tency in simple two-tone oddball study, measured at
electrode Pz (Tsolaki et al., 2015). However, Tsolaki et
al. (2015) obtained faster responses while retaining the
same error level in men than in women. Next, based on
a SLORETA source localization analysis, they found that
females had maximum intensity of the P3b component
in the frontal lobe, whereas intensity was maximal in
the temporal lobe among males. Together, differences
in obtained results could be due to methodological dis-
crepancies, for e.g., different tasks, type of responses
required, time windows used. Many of the reviewed
studies were conducted using only a few electrode sites,
for e.g., along midline areas or only from a small area
such as parietal regions. Moreover, prior investigations
were focused primarily on comparing the amplitude
and latency values and/or source localization analy-
sis. Therefore, there is need for an extended analysis
of a target elicited P3b potential in a group of young
males and females.

To our best knowledge, the present study is the first
to investigate spatio-temporal gender-related differ-
ences in visual P3b evoked using a standard oddball
experiment, in such a broad perspective. We not only
analyzed P3b maximal amplitude and latency across
18 channels, but also considered gender differences
at each electrode site, hemispheric and midline dif-
ferences, and correlations between these parameters
and with behavioral data. We also evaluated differenc-
es in scalp voltage distribution after onset of the tar-
get stimuli and performed a statistical analysis of ERP
time courses using nonparametric permutation cluster
analysis. The latter is an additional novel aspect of this
study, and may provide deeper insights into the current
knowledge of gender-based differences during the gen-
eration, propagation, and decline of the P3b waveform.

METHODS
Participants

The present experiment included 20 students
(23.1#1.1years, 10 women). All students were right-hand-
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ed, had normal color perception, normal or corrected
to normal visual acuity, and normal blood pressure and
body temperature at the time of the study. All of the par-
ticipants were healthy, physically active, non-smokers
and had no neurological medical history. Information
about their health conditions and lifestyle was collected
via a questionnaire. None of the participants had con-
sumed alcohol, coffee, intoxicant, energizing beverages
or other such substances within 12 hours prior to the
study (based on the questionnaire). Participants were
also asked to get adequate rest, not to participate in
a party or other tiring events, and not to consume large
amounts of alcohol the day before the examination. The
experiment was conducted with the understanding and
written consent of each subject, according to the Code
of Ethics of the World Medical Association. The stud-
ies have been approved by the Committee of Ethics of
University of Silesia on scientific studies conducted on
humans (approval number: 1/2018).

Procedure

In the two-stimulus oddball paradigm, the visual
P3b potential has been elicited in response to task-rel-
evant target stimuli. EEG data were collected by means
of a commercial ANT Neuro amplifier (AMP-TRF40AB
model) in DC with 20000 amplification gain and 256 Hz
sampling rate. Participants were fitted with a 32 chan-
nel Ag/AgCl Waveguard™ EEG cap (using an extended
10/20 EEG montage system). The AFz electrode was
used as the ground electrode, and the average refer-
ence method was used. Recordings were averaged over
the trials based on voltage amplitude. Everi (Spes Med-
ica s.r.l.) abrasive and conductive paste was used to
clean the skin on the forehead and OneStep Clear Gel
(ANT Neuro) was inserted into electrodes to provide
contact between skin and electrodes. The impedances
were kept below 5 kQ during recording. Participants
were seated in a comfortable chair in front of the com-
puter screen at a distance of 1 m, in a dimmed room.
A two-stimulus oddball paradigm was used to stimulate
participants with visual stimuli presented on a 19 inch
LCD monitor. White and black geometric figures were
presented in a randomized order. In particular, a black
square on a white background was presented as a target
stimulus and a white circle on a black background was
the standard stimulus. The length of the square side
and the diameter of the circle were each 9 cm. Stimu-
li were presented using Eevoke software (ANT Neuro).
Participants were instructed to press a button when
they saw the target stimulus, and to gaze on the center
of the black screen during the inter-stimulus interval.,
The parameters of the stimuli were: 150 ms duration,
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1000 ms inter-stimulus interval, 20% target and 80%
standard stimulus probabilities. The total number of
stimulus presentations was 300, including 240 standard
and 60 target stimuli. Advanced Source Analysis system
ASA-Lab (ANT Neuro) with ASA v.4.8 software was used
for data acquisition and analysis.

Apparatus and recording
Data processing

Recorded EEG signals were filtered using a Butter-
worth type band-pass filter, based on the FFT method,
with frequencies 0.01-30 Hz and filter slope 24 dB/oct.
Signals with amplitude over +75uV were detected and
removed from the analysis. Electrooculography arti-
facts from eye movement were corrected using a PCA
algorithm. After baseline correction and detrending
using a 100 ms prestimulus time window, analyzed EEG
epochs were averaged within a 1000 ms time window.
In the final step of the analysis, individual ERP wave-
forms were grand averaged to obtain mean ERPs from
the whole experimental group. Mean (¢ standard de-
viation) number of standard and target stimuli after
data processing were: 16032 and 40«8 in women and
16451 and 40+13 in men, respectively. The acquisition
as well as the processing of EEG signals were performed
according to International Federation of Clinical Neu-
rophysiology (IFCN) Guidelines for eliciting, recording,
and quantifying mismatch negativity, P300, and N400
(Duncan et al., 2009). To extract the signal changes,
which are related to attention processes, differences in
ERP waveforms (i.e., target-standard) were calculated.
All further analyses were performed on these differ-
ence waveforms.

Statistical analysis

Statistical analysis was performed on both behav-
ioral and electrophysiological data. For each analyzed
group, the assumptions for the use of parametric tests
were checked with the use of appropriate tests. In
particular, Shapiro-Wilk’s test was used to check the
normality of the data distributions, and Levene’s test
was used to check variation homogeneity. When the
data did not fulfill assumptions required for paramet-
ric tests, nonparametric equivalent tests were used.
Behavioral data (RT and percentage of correct hits) as
well as electrophysiological data (P3b amplitudes and
latencies) were compared between men and women by
means of two-tailed independent samples t-test. Hemi-
spheric differences were calculated using two-tailed
paired samples t-tests. The differences between chan-
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nels were assessed by means of repeated-measures
ANOVA with channel as the within-subject factor and
gender as a between-subjects factor. Significant ANO-
VA results were followed by post hoc comparisons per-
formed with Bonferroni correction. Sphericity of the
data was checked by means of Mauchley’s test. Green-
house-Geisser, Huynh-Feld, and lower-bound correc-
tions for violation of sphericity were used, as appro-
priate, followed by multivariate Wilks, Pillai, Hottel-
ing-Lawley, and Roy tests for repeated-measures ANO-
VA (as an additional confirmation of obtained correct-
ed univariate results). For correlation analysis, Pearson
Bivariate correlation was used for normally distributed
data, and Spearman’s rank-order correlation for data
which didn’t meet this criterion. In all analyses, P<0.05
was regarded as statistically significant. The ERPs from
men and women were also analyzed by means of non-
parametric permutation cluster test with 2000 per-
mutations for solving the MCP (multiple comparison
problem) using MNE (Python) software, according to
Maris and Oostenveld (2007).

RESULTS
Behavioral data

Average RTs, characterized by the time delay be-
tween the rare stimulus onset and the button press,
for men and women were 350+25 ms and 364+43 ms, re-
spectively. RTs did not differ between genders (t,;=-0.9,
P=0.38). Similarly, correct hits did not differ between
men (97.8+2.6%) and women (99.0+1.4%, t,,=-1.2, P=0.24).

Electrophysiological data

The grand averaged difference in ERPs in men and
women at the analyzed channels are presented in Fig. 1.
The P3b peak was measured by assessing its amplitude
(i.e., size) and latency (i.e., timing). Amplitude (uV) was
defined as the voltage difference between a pre-stimu-
lus baseline and the largest positive-going peak of the
ERP waveform within a P3b waveform latency window
(250-500 ms). Latency (ms) was defined as the time
from stimulus onset to the point of maximum positive
amplitude within the P3b latency window. However, be-
cause there may be more than one positive peak in the
P3b time window, manual inspection and correction of
the P3b maximal amplitude value calculation process
was applied as necessary to all ERP time courses.

P3b waveform occurred as a broad positive peak
in the latency range 300-600 ms, with its amplitude
maximum up to 12 uV at around 350-400 ms (Fig. 1).
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Fig. 1. Grand averaged difference in ERPs elicited in the two-stimulus oddball experiment for men (black) and women (grey) at the analyzed 18 electrode

locations.

Table I. Parameters of statistical analyses (parametric Student’s t-test and non-parametric Mann-Whitney U test) of P3b maximal amplitude and latency
comparisons, for electrodes showing significant differences between genders (P<0.05).

Channel

Student's t-test results

Mann-Whitney U test results

P7 - amplitude
F3 - latency
FC1 - latency
C3 - latency
CP1 - latency

CPS5 - latency

tg=-3.09, P=0.0063

t;g=3.17, P=0.0053

t1g=3.42, P=0.0031

t,3=3.23, P=0.0047

t1 8=2.45, P=0.025

t;g=4.10, P=0.00067

Zeor=-2.68, P=0.0073
Zeon=2.43, P=0.015
Zeow=2.73, P=0.015
Zeon=2.51, P=0.012
Zeon=2.24, P=0.025
Zeon=2.86, P=0.0043
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The potential was the lowest in the frontal region and
increases through central and centro-parietal to pari-
etal region, with its maximal values along the midline.
N100, P200 and N200 components, which reflect sen-
sory and early attention processes, were also visible.
The averaged ERPs from men and women were similar
in height and latency, however there were some differ-
ences, especially in frontal, central and centro-parietal
regions. These gender differences within the right side
of the P3b peak were notable and will be discussed in
a subsequent section.

Statistical analysis of amplitude and latency
of P3b peak

To determine the spatial distribution of the P3b
waveform more accurately, statistical analyses of P3b
amplitude and latency were performed. The P3b ampli-
tudes and latencies from 18 channels (F3, Fz, F4, FC1,
FC2,(C3, Cz, C4, CP1, CP2, CP5, CP6, P3, Pz, P4, P7, P8 and
POz) were analyzed. Six analyses each were run on am-
plitude and latency data, to obtain a full view on how
the P3b parameters differ in men and women.

Gender-related differences

The first step was to compare P3b amplitudes and
latencies between men and women, for each chan-
nel, using t-tests. Given that some of the data didn’t
meet the assumption of normality of the data distri-
bution (i.e. amplitude at CP6 [W4=0.87, P=0.013] and P8
[W,4=0.9, P=0.04] across the entire sample; amplitude at
FC1 [W,=0.77, P=0.006] and Cz [W,=0.83, P=0.034] and la-
tency at P7 [W,=0.84, P=0.041] and P8 [W,=0.84, P=0.042]
in men; latency at C3 [W,=0.82, P=0.023], C4 [W,=0.84,
P=0.046] and CP6 [W,=0.82, P=0.023] in women), para-
metric Student’s t-tests were followed by nonparamet-
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ric Mann-Whitney U tests. Both tests yielded consis-
tent results, showing significant differences between
gender groups. In particular, amplitude was higher at
the P7 site for women than men, and latency at F3, FC1,
C3, CP1 and CP5 sites was shorter in women than men
(see Table I).

Hemispheric differences

The second step of the analysis was to evaluate
hemispheric differences in P3b amplitude and la-
tency across the entire sample, and within men and
women separately. The amplitudes and latencies from
pairs of corresponding left-right sites (F3-F4, FC1-FC2,
C3-C4, CP1-CP2, CP5-CP6, P3-P4 and P7-P8) were com-
pared using paired sample t-tests. First, we evaluat-
ed the assumption of normal distribution of the dif-
ferences. For data not meeting criteria for normality
(i.e., latencies for F3-F4 [W,=0.88, P=0.019], FC1-FC2
[W,=0.67, P=0.00002], and CP1-CP2 [W,=0.89, P=0.025]
in the whole sample, and FC1-FC2 [W,=0.78, P=0.0087]
and CP1-CP2 [W,=0.81, P=0.02] in men), nonparametric
Wilcoxon tests were used. Significant differences in
the whole experimental group were observed only in
latencies for two channel pairs: FC1-FC2 and CP5-CPé6.
However, when the analysis was performed within the
gender groups separately, significant differences in la-
tency were noted for C3-C4 and in amplitude for the
P7-P8 pair in women. Among men, there were signifi-
cant differences in latency for F3-F4, FC1-FC2, CP1-CP2,
and CP5-CP6 in men (see Table II).

Across the entire sample and in men, latency of the
P3b component was shorter in the right hemisphere
than the left. In women, however, latency was longer in
the right hemisphere as compared to the left. In wom-
en, amplitude of the P3b component at the P8 electrode
site (right hemisphere) was smaller than at P7 site (left
hemisphere).

Table Il. Parameters of statistical analysis of P3b maximal amplitude and latency comparisons between corresponding electrodes in both hemispheres
performed in the whole experimental group, as well as in men and women separately. L - P3b latency, A - P3b amplitude, NS - not significant.

Channel pairs Whole experimental group Men Women

F3-F4 NS L: ty=2.75, P=0.022 NS

FC1-FC2 L: 7=2.42, P=0.016 L: 7=2.60, P=0.0093 NS

C3-C4 NS NS L: t5=-2.32, P=0.046
CP1-CP2 NS L: 7=2.07, P=0.038 NS

CP5-CP6 L: t;o=3.35, P=0.0034 L: t5=5.56, P=0.00035 NS

P3-P4 NS NS NS

P7-P8 NS NS A: t9=2.3, P=0.047
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Midline differences

Next, we tested whether observed differences in the
P3b peak parameters were due to their location along
the midline. To address this, we used repeated-mea-
sures ANOVA to test for differences in amplitudes and
latencies among Fz, Cz, Pz and POz. Across the entire
sample, the data met the normality assumption, but
the sphericity assumption was not fulfilled. Therefore,
the ANOVA analysis utilized three different corrections
for violation of sphericity: G-G, H-F and lower-bound.
In addition, to ensure that this violation did not influ-
ence the interpretation of results, multivariate tests
for repeated-measures ANOVA were also conducted. All
tests resulted in significant differences in amplitude
(F,=6.85, P, .=0.0085, P, ;=0.0074, P,,=0.017; multivariate:
F,=8.38, P=0.0012), but not in latency (F,=0.02, P; =0.97,
P, +=0.98, P,,=0.88; multivariate: F,=0.043, P=0.99) be-
tween midline channels across the whole experimental
group. Mean P3b amplitudes and latencies at Fz, Cz, Pz
and POz electrodes in men and women are presented in
Fig. 2. Differences between electrode sites are marked
with an asterisk. Post-hoc test with Bonferroni cor-
rection resulted in significantly lower amplitude at Fz
than at other electrode locations (P=0.017 compared to
the Cz electrode, P=0.0004 compared to Pz, and P=0.02
compared to POz). Further, repeated-measures ANOVA
performed in the two gender groups separately revealed
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significant amplitude differences in men (Chi*2 Fried-
man ANOVA_;,4.5=21.6, P=0.00008), but no differences
in women (Chi*2 Friedman ANOVA,.4.5=3,0, P=0.39).
In men, latency data met assumptions for normality
and also sphericity, so parametric repeated-measures
ANOVA was used and yielded non-significant results
(F,=1.71, P=0.19). In women, corrected ANOVA resulted
in non-significant differences (F,=2.73, P; ¢=0.1, P, :=0.09,
P,,=0.13), and this was confirmed by multivariate tests
(F,=1.02, P=0.44). Although latency differences along the
midline were not significant in either gender groups,
the observed differences from frontal to parieto-occipi-
tal brain regions were notable. In particular, latency in-
creased from POz to Fz among men, whereas in women
latency increased from Fz to POz,

Channel differences

Next, we used repeated-measures ANOVA to compare
P3b amplitudes and latencies at 18 channel locations,
with channel as the within-subject factor (F3-POz) and
gender as the inter-subject factor (men, women). Given
that the assumption of variation in homogeneity was
not met, we performed a non-parametric Chi’2 Fried-
man ANOVA. The results were significant for amplitude
and latency across the whole experimental group, and
in men and women separately (Fig. 3). The same analy-
sis was then performed for electrode clusters contain-

Fig. 2. Mean P3b amplitudes (A) and latencies (B) measured at midline elec-
trodes (Fz: frontal, Cz: central, Pz: parietal, POz: parieto-occipital) in men
and women. Differences between electrode sites are marked with P<0.05
are marked with an asterisk. Error bars reflect 0.95 confidence level.
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Fig. 3. Mean P3b amplitudes (A) and latencies (B) measured at all 18
analyzed channel sites (F3-POz) in men and women. Error bars reflect
0.95 confidence level.
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Table 1. Analytic results of P3b maximal amplitude and latency comparisons between 18 analyzed electrodes and electrode clusters, performed across
the whole experimental group as well as in men and women separately. L - P3b latency, A - P3b amplitude.

Whole experimental group Men Women
A ANOVA Chi’2\-50 d4f=17=133.6, ANOVA Chi’2\-50 4f=17=100.9, ANOVA Chi’2\=30, g=17=44.7,
) P=0.0000 P=0.0000 P=0.0000
Single electrodes
L ANOVA ChiA2N=20’df=1 7=59.72, ANOVA ChiA2N=20’ df=1 7=51 .9, ANOVA ChiA2N=20' df=1 7=41 .0,
P=0.0000 P=0.0000 P=0.0000
A F8=8.37, PG—G=0'0007I ANOVA ChiA2N=.|0’ df=8=42~1 6, F8=2.35, PG—G=0'1 3,
Py.r=0.0004, P,,=0.009 P=0.0000 Py.=0.11, P ,=0.16
Electrode clusters
L F8=4.89, PG-G=O'OO67' F8=4.28, PG-G=0'021 R ANOVA ChiA2N=20, df=8=28'27'

Py,£=0.004, P,,=0.039

P, £=0.0097, P,,=0.068 P=0.00043

ing averaged signals over neighboring electrodes (i.e.,
F3-FC1, F4-FC2, C3-CP1, C4-CP2, CP5-P3-P7, CP6-P4-P8,
Pz-POz). Results showed significant amplitude differ-

160 ms

fouv 200 ms

Fig. 4. Voltage maps on the scalp surface in subsequent points (130 ms,
160 ms, 200 ms) within the P200 time range, in men (left column) and
women (right column). A broader area and longer duration of the P200
potential is observed in women.

ences across the experimental group and in men, but
not in women. Latency differences were significant in
all groups (i.e., whole group, men, women; see Table III).

Correlations

Correlation analyses were then performed between
P3b amplitude and latency, as well as, between RT and
these two electrophysiological parameters. There was
a significant but weak correlation between param-
eters of the P3b peak across the whole experimental
group (N=340, Spearman’s R=-0.17, P=0.0016), as well as
in women (N=170, Spearman’s R=-0.21, P=0.005). This
correlation was not significant among men. After in-
cluding electrode sites, a significant strong negative
correlation was observed between amplitude and la-
tency only in women at two electrode sites: C4 (N=10,
Pearson’s R=-0.81, P=0.0045) and P8 (N=10, Spearman’s
R=-0.73, P=0.018).

A moderate positive correlation was observed be-
tween RT and amplitude across the whole experimen-
tal group at electrode site Cz (N=20, Pearson’s R=0.56,
P=0.01. This correlation was not significant when test-
ing men and women separately. A negative correlation
between RT and latency was observed at the P4 location
across the whole experimental group (medium, N=20,
Pearson’s R=-0.51, P=0.02) as well as in women (medi-
um-strong, N=10, Pearson’s R=-0.69, P=0.029). There
were no other significant correlations between RT and
electrophysiological parameters.

Spatio-temporal changes of ERP

Spatio-temporal changes in the P3b potential (i.e.,
peaking and subsiding during experimental task)
are presented as voltage maps in Figs 4 and 5. These
maps show the distribution of voltage changes on the
scalp surface in different time points, measured from
the stimulus onset until the suppression of the ERPs.
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Evaluation of the maps showed that the P200 peak in-
creased earlier (130 ms and 150 ms) and lasted longer
(up to 200 ms and 160 ms) in women than in men, re-
spectively. The spatial distribution of this potential was
also different between genders. In women, the voltage
started at Fz, spread through FC1, FC2, Cz, CP1 and CP2
at 180 ms time point, and ended at Cz, CP1, CP2 and
Pz at 200 ms. In women, the highest amplitude was
reached at 180 ms at Cz (2.79 uV). In men, in contrast,
the potential started at Fz and FC1, and ended at Fz,
FC1, and FC2 with maximal amplitude at 160 ms at the
Fz channel (1.8 uV) (Fig. 4).

Although the P3b waveform started at the same time
(260 ms) in women and men, and had a maximum at Pz
at similar time point (390 in women and 370 in men),
the time course differed in men vs, women. In women,
the P3b waveform started at (1) Pz and then progressed
through (2) POz, CP1, and CP2; (3) Cz, P3, and P4; (4) C3
and C4; (5) FC1 and FC2; (6) Cz, C3, C4, CP1, and CP2, and
(7) ended at CP1. In men, the P3b waveform started at
(1) Pz, P4, and POz; then (2) CP1, CP2 and P3; (3) FC2 and
C4; (4) C3; (5) FC1 and F4; and (6) finished at centro-pa-
rietal electrodes, including CP1, CP2, Pz, and C4 (Fig. 5).
Of note, there was a second potential peak, evident par-
ticularly in women around 500 ms, with a maximum at
CP1 (4.88 uv).

When comparing the ERPs between men and wom-
en, there are notable differences in the later time range
related to P3b waveform decrease. Among men, a sec-
ond positive peak was observed in the frontal and fron-
to-central areas around 550-700 ms, but this peak was
only evident on the right side. In central regions, the
slope of decreasing P3b peak was faster at C3 than at
the C4 site. At 600 ms, the potential amplitude at C3 was
zero, while at C4 it was still around 1 pV. In centro-pari-
etal regions, the potential decreased in the similar fash-
ion for both sides at CP1-CP2, but at CP5-CP6, potential
was lower than zero on the left side. Similar to C3-C4,
the P3b waveform was higher on the right side com-
pared to the left for the P3-P4 electrode pair. At P7 and
P8, there was a negative peak noticed just after 300 ms,
which started arising after 400 ms on both sides, with
higher amplitude at P8 than at P7 around 650-680 ms.
In women, the hemispheric differences were less pro-
nounced. In particular, there was a negative peak in
frontal regions, but a second peak was observed around
450 ms on both sides. In fronto-central areas, the P3b
potential decrease had similar characteristics on both
sides; however, the potential remained higher on the
right side. For the P3-P4 electrode pair, the P3b wave-
form decreased more rapidly on the right side, with
a clearly observed second maximum around 500 ms. Po-
tential was still higher at P3 than at P4. Similar to what
was observed in men, the ERPs had a negative course
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for the P7-P8 electrode pair on both sides, but potential
peaked towards positive values around 400 ms and was
subsequently more positive on the left side.

The observed differences in time-related changes of
the ERP distribution between men and women led us to

10wV 400
Fz 0 Fz

i 460 ms

Fig. 5. Voltage maps on the scalp surface in subsequent points (260 ms,
400 ms, 460 ms, 490 ms) within the P3b time range, in men (left column)
and women (right column). More lateralized P3b distribution was observed
in men at 260-460 ms, and higher amplitude values were observed in
women at 490 ms.
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apply a different statistical method than the aforemen-
tioned conventional comparison of maximal P3b ampli-
tude and latency values. Due to the MCP, which arises
from the fact that the effect of interest (i.e., a differ-
ence between experimental conditions) is evaluated for
a large number of channel-time pairs, a nonparametric
permutation cluster test was used. With a test for be-
tween-subjects EEG study, a null hypothesis about the
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probability distributions of the subject-specific averag-
es is tested. This test involves all subject-specific aver-
ages drawn from the same probability distribution, re-
gardless of the experimental condition, and combines
neighboring values that are likely to be correlated (e.g.,
neighboring time points and/or spatial locations) to
reduce the MCP. In the first step, a permutation clus-
ter test was run on single sensor, which allowed us to
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Fig. 6. A single sensor analysis results with temporal clustering statistics: grand averaged ERPs from men and women (with difference waveforms) and
t-statistic graphs for the following channels: C3, CP5, CP1, CP2, P3 and P7. Black lines indicate a time range wherein a cluster was found. Bold black lines
indicate a time range wherein the differences in the cluster were significant (P<0.05).
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reject the null hypothesis (P<0.05), using a two-sided
paired t-test. Fig. 6 presents grand averaged ERPs from
men and women (showing difference waveforms) and
t-statistic graphs for channels, which revealed signif-
icant results. After selecting a single sensor, the clus-
ter-based permutation tests revealed a difference be-
tween men and women in the following channels: C3
(one cluster), CP5 (two clusters), CP1 (one cluster), CP2
(one cluster), P3 (one cluster; starting around 600 ms
up to around 700 ms), and in channel P7 (one cluster;
between 400 and 450 ms; bold lines). Results of the
test are shown in Fig. 6, The test was run using a high
threshold (6.0) to find strong, localized effects. After
lowering the threshold (0.05) to evaluate weaker and
more diffuse effects, significant clusters were found at
CP5, CP1, CP2 and P3 electrode sites. In particular, sig-
nificant effects began at 300 ms at CP5, around 400 ms
at other locations, and up to around 800 ms (data not
shown). In the second step, we performed a spatio-
temporal cluster test with threshold=6.0, to take into
account the spatial distribution of the sensor into the
clustering procedure. This analysis yielded one spatio-
temporal cluster (P<0.05) that contained C3, CP1, CP2,
Cz, CP5, and P3 sensors between 543 and 714 ms (Fig. 7).

Limitations
Given that several components exist in ERP courses

and these components often overlap, it is sometimes
difficult to distinguish which peak maximum is gener-

t-statistic

Averaged T-map (543 - 714 ms)

Fig. 7. Spatiotemporal cluster statistics on the EEG sensors. A topographic
map of the t-statistic is provided, showing one significant spatiotemporal
cluster (P<0.05).
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ated by the P3b waveform. This is particularly difficult
when negative components are present, and is notice-
able at more anterior electrodes where the positive
P3b peak may have negative maximal amplitude. To
overcome this problem, we calculated difference wave-
forms (i.e., target-standard). Calculating the difference
removed the influence of all other components that
are not related to attention processes. Amplitude was
defined as the voltage difference between a pre-stim-
ulus baseline and the largest positive-going peak (i.e.,
positive or less negative - when the ERP was below the
baseline) of the ERP waveform within a P3b waveform
latency window (250 - 500 ms). However, there was often
more than one positive peak in the P3b time window, so
manual inspection and, if necessary, correction of the
P3b maximal amplitude value automatic calculation
process was applied to all ERP time courses. Therefore,
after automatic calculation of the highest amplitude in
the specified latency window, each ERP was manually
inspected and, when the highest value appeared ear-
lier than 300 ms, the value of P3b peak was manually
inserted. To further check for fidelity of the correction,
statistical analyses were repeated for the full dataset
that included values that were uncertain (i.e. those
which appeared when the positive peak was observed
just after 300 ms and there was a chance that it was not
a P3b waveform). Separate analyses were also carried
out uncorrected data. Both sets of statistical analyses
(i.e., uncorrected and with removed uncertain values)
yielded the same results as the corrected analyses that
are reported in this manuscript.

DISCUSSION

Gender-related differences in parameters of P3b
waveform were observed only at electrode sites in the
left hemisphere. In particular, we observed higher am-
plitude in women than men at electrode P7, and P3b
latency was shorter in women than in men at electrode
sites F3, FC1, C3, CP5, and CP1. These findings shed
some light on discrepancies in previous studies of gen-
der-related differences in the P3b potential., These data
suggest that differences in the P3b waveform between
men and women should be analyzed using a broader
perspective than comparing amplitude and latency be-
tween gender groups. It also highlights how important
the area size of EEG measurements is. For example, gen-
der differences may be missed if recordings are only
collected in midline or parietal electrodes.

Moreover, we found that the P3b latency across
the whole experimental group differed between cor-
responding locations on the left and right side of the
scalp in fronto-central (FC1-FC2) and centro-parietal
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(CP5-CP6) regions, with the P3b potential maximum
being faster in the right hemisphere. Interestingly,
these hemispheric differences were not the same in
men and women. In women, the only differences that
were significant were a shorter latency at C3 than at
C4 site, and a higher amplitude at P7 than P8. More
hemispheric differences were noticed in men than in
women, In particular, in frontal (F3-F4), fronto-central
(FC1-FC2) and centro-parietal (CP1-CP2 and CP5-CP6)
regions, P3b peaked faster on the right side. Given that
the generation and transmission of the neural activa-
tions which induce the scalp P3b potential (i.e., atten-
tion processes in frontal and temporal/parietal brain
regions), we obtained differences in its parameters
along midline electrodes. These differences, however,
were limited only to amplitude. Interestingly, latency
did not significantly differ between Fz, Cz, Pz, and POz
in any of the analyzed groups (Figs 2 and 3). By con-
trast, amplitude at Fz was lower than at all other elec-
trode locations, in the entire group as well as in men.
It is also notable that the latency increased on the mid-
line differently in each group, although these effects
did not reach significance. In men, latency increased
from parieto-occipital to frontal, while in women: from
frontal to parieto-occipital brain area. Consistent with
the results of Conroy and Polich (2007), we observed an
increase of P3b latency from frontal to parietal regions
in women.

Spatial differences in P3b parameters were inves-
tigated further by analyzing temporal changes in po-
tential distribution on the scalp in men and women.
Differences were observed in the P200 potential, which
started earlier and lasted longer in women than in men.
Moreover, the P200 appeared more centrally in wom-
en, while in men it was distributed across frontal and
fronto-central areas (Fig. 4). The P3b potential was also
distributed differently in women than in men (Fig. 5).
In women, the P3b was localized in general across cen-
tral, centro-parietal, parietal, and parieto-occipital
scalp regions. In men, in contrast, the P3b was more
pronounced in the right hemisphere. These time-relat-
ed changes of P3b waveform confirmed higher maximal
P3b amplitudes on the right side in men throughout
the whole scalp area, with no hemispheric differenc-
es between frontal to parietal regions in women (with
the exception of the P7-P8 electrode, which was high-
er on the left side). Additionally, analysis of temporal
changes in the ERPs showed that the P3b potential last-
ed longer in women, with a more distinct second maxi-
mum around 500 ms. The second peak may be due to an
additional component. Interestingly, in the time range
after P3b maximum, amplitude was higher on the right
compared to the left side for women in fronto-central
regions, and higher on the left compared to the right
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side in parietal areas. In men, in contrast, amplitude
was always higher on the right side. Statistical spatio-
temporal analysis of the ERP waveforms using nonpara-
metric permutation cluster tests confirmed this later-
alized character of a suppressing P3b waveform. These
analyses yielded significant differences in ERP ampli-
tude between men and women in the 543-714 ms time
range in the centro-parietal and parietal scalp areas in
the left hemisphere (Figs 6 and 7). These results sug-
gest that surface P3b potential distributes differently
in the time points following target stimulus onset in
men versus women, with more pronounced lateraliza-
tion towards the right side in men, and different be-
havior of these changes in women. Learmonth et al.
(2017) observed right lateralization in response to long
lines during a spatial attention ERP task in young peo-
ple. The authors interpreted this result as arising from
a right posterior-parietal dominance for visuospatial
processing in young adults, resulting in a net asymme-
try of activity between the right and left parietal corti-
ces when performing spatial judgements (Learmonth et
al., 2017). According to Roalf et al. (2006), the brains of
men are typically more lateralized than those of wom-
en. While solving visual tasks, men showed a decrease
in left hemispheric oxygenation and an increase in the
right hemisphere (Roalf et al., 2006). Previous studies
demonstrate that men process information more asym-
metrically, whereas women rely on both hemispheres
when processing verbal and spatial information (Kolb
and Wilshaw, 1996; Kramer et al., 1996; JauSovec and
Jau$ovec, 2009a). Similar asymmetries were observed
in imaging studies, for example e.g., men showed sig-
nificantly stronger parietal activation, while women
showed significantly greater right frontal activation
in a functional magnetic resonance imaging mental
rotation task (Weiss et al., 2003). The observed gen-
der differences may be attributed to morphological
differences in brain structure and organization (e.g.,
corpus callosal neuroanatomical integrity and size,
temporal-parietal junction integrity, or gray matter
volumes), differences in allocation of attention, or the
matching process between the presented stimulus and
the internal representation of the stimulus relevant for
the task (Hoffman and Polich, 1999; Kok, 2001; Merritt
et al., 2007). Male brains were found to be more asym-
metric than female in all brain areas, but especially in
temporal areas, the thalamus, and the posterior cin-
gulate cortex (Kovalev et al., 2003). Ingalhalikar et al.
(2014) studied gender-related differences in the struc-
tural connectome of the human brain using diffusion
tensor imaging. In all supratentorial regions, males had
greater within-hemispheric connectivity, as well as en-
hanced modularity and transitivity. In females, howev-
er, between-hemispheric connectivity and cross-mod-
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ule participation predominated. These observations
were regarded by the authors as fundamental sex dif-
ferences in the structural architecture of the human
brain (Ingalhalikar et al., 2014).

Our study documented a weak correlation between
Pb3 maximal amplitude and latency in women and
no correlation in men, when all electrodes were aver-
aged. After taking electrode site into account, we found
a strong negative correlation between P3b amplitude
and latency only at P8 and C4 in women, and no signif-
icant correlations in men. Again, we can see the influ-
ence of lateral differences, as both electrodes are in the
right central and parietal regions. Similarly, a relation-
ship between these electrophysiological parameters
and RTs were observed only in women at two electrode
sites. In particular, we observed a medium correlation
between P3b amplitude and RT at Cz, and a medium/
strong negative correlation between RT and Pb3 latency
at P4, P3b latency was assumed to be a measure of clas-
sification speed proportional to the time required to de-
tect and evaluate a target stimulus, and is independent
of behavioral response time (Polich and Herbst, 2000).
As Halgren et al. (1995) pointed out, the P3b peak oc-
curs at about the same latency as the subject’s response,
indicating that the stimulus has been accurately classi-
fied (Halgren et al., 1995). Since the time from P3b on-
set to P3b peak is about equal to the time from motor
command to behavioral response, the P3b may begin
when the stimulus has been sufficiently processed to be
accurately perceived. In a study by Volpe et al. (2007),
there was no correlation between RT and current source
density values observed in the regions activated for the
P3b, arguing against involvement of these regions in
response selection processes. As the P3b component is
largely independent from response selection and may
primarily reflect stimulus categorization activity, some
data indicate that P3b reflects the process of effortful
attentional allocation and stimulus evaluation for task
relevance (Volpe et al., 2007).

Recently, two views on role of P3b latency in response
evaluation have been introduced: stimulus-related and
response-related (Walsh et al., 2017). The potential role
of the P3b component in strategic processing is support-
ed by the fact that P3b sometimes follows the response.
In addition, there are often weak or absent correlations
between P3b latencies and RTs, suggesting that the P3b
does not directly relate to responses. However, other
evidence indicates that the P3b plays a role in tactical
processing. Taken together, the relationship between
the P3b and responding remains controversial (Walsh et
al., 2017). The tactical and strategic views both assume
a relationship between stimulus categorization and the
P3b, but these views differ in whether they ascribe the
P3b a role in immediate responses or future behavior.
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Our study is concordant with the strategic view; howev-
er, strong correlations in the right hemisphere observed
in women may indicate a different character of response
evaluation in males versus females.

CONCLUSIONS

In sum, we observed a non-equal spatial distribu-
tion of visual ERP waveforms on the scalp surface in
a standard two-stimuli oddball paradigm. The highest
P3b waveform was observed at midline parietal re-
gions, and lowest in frontal regions, which is in the ac-
cordance with the known generators of P3b potential.,
Moreover, the spatial distribution of ERP signal on the
scalp surface was more lateralized towards the right
side in men, and more central in women. The P3b wave-
form in men peaked earlier in the right frontal-central
and centro-parietal brain regions than their left coun-
terparts. In contrast, the P3b waveform in women was
earlier and higher at left central and parietal locations,
compared to the right side. Gender-related differences
in P3b amplitude and latency were observed only in left
hemisphere. Of note, the differences observed in our
study originated not only from differences in the larg-
est P3b amplitude and latency, but also from the speed
and character of the P3b fall, resulting in spatio-tem-
poral amplitude changes. Moreover, hemispheric and
temporal differences between men and women were
observed in the spatial distribution of the P200 poten-
tial., These results suggest that gender-related differ-
ences evoked in visual two-stimulus oddball paradigm
are complex, and include spatio-temporal changes in
ERP waveforms generation, and distribution and sup-
pression across the scalp, which may be related to early
and late stages of attention processes.

ACKNOWLEDGEMENT

The authors would like to thank Paulina Trybek for
help with the MNE analyses.

REFERENCES

Bocquillon P, Bourriez J-L, Palmero-Soler E, Betrouni N, Houdayer E,
Derambure P, Dujardin K (2011) Use of swLORETA to localize the cortical
sources of target- and distracter-elicited P300 components. Clin Neuro-
phys 122: 1991-2002.

Chapman RM, Gardner MN, Mapstone M, Dupree HM, Antonsdottir IM
(2015) Memory timeline: Brain ERP C250 (not P300) is an early biomark-
er of short-term storage. Brain Res 1604: 74-83.

Comerchero MD, Polich J (1998) P3a, perceptual distinctiveness, and stim-
ulus modality. Cogn Brain Res 7: 41-48.



38 K. Maciejewska and Z. Drzazga

Comerchero MD, Polich J (1999) P3a and P3b from typical auditory and
visual stimuli. Clin Neurophysiol 110: 24-30.

Conroy MA, Polich J (2007) Normative variation of P3a and P3b from a large
sample: Gender, topography, and response time. ] Psychophysiol 21:
22-32.

Dehaene S, Charles L, King JR, Marti S (2014) Toward a computational theo-
ry of conscious processing. Curr Opin Neurobiol 25: 76-84.

Delplanque S, Silvert L, Hot P, Sequeira H (2005) Event-related P3a and P3b
in response to unpredictable emotional stimuli. Biol Psychol 68: 107-120.

Duncan CC, Barry RJ, Connolly JF, Fischer C, Michie PT, Ndatanen R, Polich J,
Reinvang |, Van Petten C (2009) Event-related potentials in clinical re-
search: guidelines for eliciting, recording, and quantifying mismatch
negativity, P300, and N400. Clin Neurophysiol 120: 1883-1908.

Halgren E, Baudena P, Clarke JM, Heit G, Marinkovic K, Devaux B, Vignal J-P,
Biraben A (1995) Intracerebral potentials to rare target and distractor
auditory and visual stimuli. Il. Medial, lateral and posterior temporal
lobe. Electroencephalogr Clin Neurophysiol 94: 229-250.

Hoffman LD, Polich J (1999) P300, handedness, and corpus callosal size:
gender, modality, and task. Int ] Psychophysiol 31: 163-174.

Ibanez A, Melloni M, Huepe D, Helgiu E, Rivera-Rei A, Canales-Johnson A,
Baker P, Moya A (2012) What event-related potentials (ERPs) bring to
social neuroscience? Soc Neurosci 7: 632-649.

Ingalhalikar M, Smith A, Parker D, Satterthwaite TD, Elliott MA, Ruparel K,
Hakonarson H, Gur RE, Gur RC, Verm R (2014) Sex differences in the struc-
tural connectome of the human brain. Proc Natl Acad Sci 111: 823-828.

JauSovec N, JauSovec K (2009a) Gender related differences in visual and au-
ditory processing of verbal and figural tasks. Brain Res 1300: 135-145.

JauSovec N, JauSovec K (2009b) Do women see things differently than men
do? Neurolmage 45: 198-207.

Knight R (1996) Contribution of human hippocampal region to novelty de-
tection. Nature 383: 256-259.

Kolb B, Wishaw IQ (1996) Fundamentals of human neuropsychology (4th
ed.). New York: W.H. Freeman and Company.

Kok A (2001) On the utility of P3 amplitude as a measure of processing
capacity. Psychophysiology 38: 567-577.

Kovalev VA, Kruggel F, von Cramon DY (2003) Gender and age effects in
structural brain asymmetry as measured by MRI texture analysis. Neu-
rolmage 19: 895-905.

Kramer JH, Ellenberg L, Leonard J, Share L J (1996) Developmental sex dif-
ferences in global-local perceptual bias. Neuropsychology 10: 402-407.

Lafuente V, Gorriz JM, Ramirez ], Gonzalez E (2017) P300 brain wave ex-
traction from EEG signals: An unsupervised approach. Expert Syst Appl
74:1-10.

Learmonth G, Benwell CSY, Thut G, Harvey M (2017) Age-related reduction
of hemispheric lateralisation for spatial attention: an EEG study. Neuro-
Image 153: 139-151.

Lukacs G, Weiss B, Dalos VD, Kilencz T, Tudja S, Csifcsak G (2016) The
first independent study on the complex trial protocol version of the
P300-based concealed information test: Corroboration of previous find-
ings and highlights on vulnerabilities. Int ] Psychophysiol 110: 56-65.

Acta Neurobiol Exp 2019, 79: 25-38

Maris E, Oostenveld R (2007) Nonparametric statistical testing of EEG- and
MEG-data. ] Neurosci Methods 164: 177-190.

Merritt P, Hirshman E, Wharton W, Stangl B, Devlin J, Lenz A (2007) Ev-
idence for gender differences in visual selective attention. Pers Indiv
Differ 43: 597-609.

Morita Y, Morita K, Yamamoto M, Waseda Y, Maeda H (2001) Effects of fa-
cial affect recognition on the auditory P300 in healthy subjects. Neurosci
Res 41: 89-95.

Polich J (2007) Updating P300: An integrative theory of P3a and P3b. Clin
Neurophysiol 118:2128-2148.

Polich J, Criado JR (2006) Neuropsychology and neuropharmacology of P3a
and P3b. Int ] Psychophysiol 60: 172-185.

Polich J, Herbst KL (2000) P300 as a clinical assay: rationale, evaluation, and
Findings. Int ] Psychophysiol 38: 3-19.

Roalf D, Lowery N, Turetsky Bl (2006) Behavioral and physiological findings
of gender differences in global-local visual processing. Brain Cogn 60:
32-42.

Rutiku R, Martin M, Bachmann T, Aru ] (2015) Does the P300 reflect con-
scious perception or its consequences? Neuroscience 298: 180-189.
Sabeti M, Katebi SD, Rastgar K, Azimifar Z (2016) A multi-resolution ap-
proach to localize neural sources of P300 event-related brain potential.

Comput Meth Prog Bio 133: 155-168.

Sangal B, Sangal JM (1996) Topography of auditory and visual P300 in nor-
mal adults. Clin Electroencephalogr 27: 145-150.

Shelton PP, Hartmann AM, Allen ] (2002) Seasonal photoperiod, gender,
and P300. Biol Psychol 60: 151-171.

Squire LR, Kandel E (1999) Memory: from mind to molecules. Scientific
American Library, New York.

Steffensen SC, Ohran AJ, Shipp DN, Hales K, Stobbs SH, Fleming DE (2008)
Gender-selective effects of the P300 and N400 components of the visual
evoked potential. Vision Res 48: 917-925.

Tsolaki A, Kosmidou V, Hadjileontiadis L, Kompatsiaris 1Y, Tsolaki M (2015)
Brain source localization of MMN, P300 and N400: Aging and gender
differences. Brain Res 160: 332-349.

Vaquero E, Cardoso M), Vazquez M, Gémez CM (2004) Gender differences
in event-related potentials during visual-spatial attention. Int | Neurosci
114: 541-57.

Volpe U, Mucci A, Bucci P, Merlotti E, Galderisi S, Maj M (2007) The cor-
tical generators of P3a and P3b: A LORETA study. Brain Res Bullet 73:
220-230.

Walsh MM, Gunzelmann G, Anderson JR (2017) Relationship of P3b sin-
gle-trial latencies and response times in one, two, and three-stimulus
oddball tasks. Biol Psychol 123: 47-61.

Weiss E, Siedentopf CM, Hofer A, Deisenhammer EA, Hoptman M],
Kremser C, Golaszewski S, Felber S, Fleischhacker WW, Delazer M (2003)
Sex differences in brain activation pattern during a visuospatial cogni-
tive task: a functional magnetic resonance imaging study in healthy vol-
unteers. Neurosci Lett 344: 169-172.

Zheng Y, Tan F, Xu J, Chang Y, Zhang Y, Shen H (2015) Diminished P300 to
physical risk in sensation seeking. Biol Psychol 107: 44-51.



