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Abstract: Previously published models of frontal activity linked high relative left frontal activity to
the behavioral approach system (BAS) and impulsivity. Additionally, these models did not account
for BAS facets encompassing the anticipation of reward, i.e., goal-driven persistence (BAS–GDP)
and reward interest (BAS–RI), from those that deal with the actual hedonic experience of reward,
i.e., reward reactivity (BAS–RR) and impulsivity (BAS–I). Using resting electroencephalographic
(EEG) recordings, the source localization (LORETA) method allowed us to calculate the hemispheric
asymmetry of the current density within the alpha band (7.5–13 Hz) in ten regions of interest.
Compared to low BAS subtrait scorers, high BAS subtrait scorers (except for BAS–I) were correlated
with greater relative left-sided activity in the superior frontal gyrus (BA10). Further, an isolated
effective coherence (iCOH) analysis of the beta activity (21 Hz) disclosed that high impulsive scorers
as compared to low impulsive ones had higher connectivity between the superior frontal gyrus
and middle temporal gyrus, which was not compensated for by enhanced inhibitory alpha (11 Hz)
connectivity between these regions. For the beta frequency, we also found in highly impulsive
individuals that (i) both left and right middle temporal lobes directly influenced the activity of
the left and right superior frontal lobes, and (ii) a clear decoupling between left and right superior
frontal lobes. These findings could indicate reduced control by the supervisory system in more
impulsive individuals.

Keywords: behavioral approach system; impulsivity; EEG alpha asymmetry; alpha activity; beta
activity; eLORETA; effective connectivity; central executive function

1. Introduction

One dominant personality theory, namely the reinforcement sensitivity theory (RST) [1,2], outlines
two main temperamental systems used to describe human personality: the behavioral approach
system (BAS), alternatively known as the behavioral activation system [3,4], and the behavioral
inhibition system (BIS). The BAS is thought to encompass behavioral activation, the approach to goals,
and responses to reward signals. The BIS is thought as sensitive to punishment stimuli and to involve
behavioral inhibition, withdrawal, and escape from threats [5]. In this theory, a less defined fight–flight
system (FFS) is also incorporated that accounts for fear. Although RST is currently accepted as a useful
tool for understanding the biological bases of behavior and personality [6], it is limited because of the
relatively complex functioning in and between the conceptualized systems. Consequently, any rare
attempt to provide a psychometric description of them produces uncertainty. [7]. However, this theory
was recently revised [8–11]. The revised version of the RST (rRST) developed the FFS further into a
fight–flight–freeze system (FFFS), the functions of which are clearly distinct from those of BIS. In the
rRST, the BIS is believed to be the system that resolves all forms of goal conflict. The FFFS controls any
type of aversive stimulus, such as fighting threats, frustrative non-rewards, fleeing in active avoidance,
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or freezing to avoid predators’ interest. As is widely known, the BAS is multidimensional, both on
the basis of empirical evidence [12,13] and on theoretical grounds [14,15]. In the rRST, the behavioral
activation processes govern a number of cognitive functions, for example in working memory and
executive control, in persistence in executing planned behavior, and in identifying and catching the
final biological reinforcer [14,16]. One favored RST questionnaire is composed of the Carver and White
BIS and BAS scales (the BIS/BAS questionnaire) [12]. This instrument has shown excellent reliability
and validity. It includes three scales measuring three BAS subtraits (drive, reward responsiveness,
and fun seeking) and one scale measuring BIS.

1.1. Personality Traits and EEG Alpha Asymmetry

The BIS/BAS questionnaire has been widely employed in an increasing number of EEG studies
suggesting that individual differences in the approach and avoidance systems and emotional control are
linked to electroencephalographic (EEG) frontal asymmetry in the alpha band (8–13 Hz) [17–19]. Alpha
band power is inversely associated with cortical activation, since the alpha rhythm desynchronizes in
response to an activating stimulation [20,21]. In the resting idling condition, the relative activation
in homologous areas of the left and right hemispheres is usually obtained by subtracting the resting
EEG alpha power of a given area in the left hemisphere from that of the homologous one in the right
hemisphere [22]. An increase in activity (i.e., a decrease in alpha power) in the left rather than the right
frontal region is thought to be associated with approach motivation, while higher activity in the right
rather than the left frontal region (i.e., a relative increase of alpha power in the left frontal region) is
believed to indicate withdrawal motivation.

Findings have consistently supported the notion that resting cortical activation is higher in
individuals with high self-reported BAS. However, equal support is shown for both bilateral
activation [23–25] and left-lateralized activation [26–28]. This rift in the literature suggests the
need to better understand specific recording characteristics that may affect the localization of
electrophysiological activity associated with high self-reported BAS [29]. In addition, the relationship
between the BIS and right frontal cortical activation has received less empirical attention [25,30–32].
However, despite some experimental evidence linking FFFS with right frontal activity, many studies
have failed to find an association of trait or state withdrawal with right frontal hemisphere activation [19].
In addition, in a recent study approach motivation and impulse control were found to be associated
with the activity of the left and right frontal cortices, respectively [33].

Asymmetric hemispheric activation has been found to relate to both trait [30] and situational
approach and avoidance motivation [34–36]. However, Neal and Gable [37] noted that while past
work considering behavioral approach and avoidance as states have consistently related these states
to asymmetric activation, evidence for approach and avoidance as traits has been inconsistent [38].
On the basis of this observation and their previous findings, Gable and colleagues [23] suggested that
hemispheric asymmetry at the resting level of activity may indicate the operation of the supervisory
control system, which supervises approach and avoidance behavior rather than approach and avoidance
per se.

From the viewpoint of rRST, in the BIS/BAS questionnaire, the FFFS and BIS are not separately
conceptualized or measured. This may explain the inconsistent findings in past research looking at the
association of the BIS traits with resting frontal alpha activity. Recently, Neal and Gable [32] suggested
that these incongruent findings may be due to the fact that in the BIS scale, there are items referring to
both the FFFS and revised BIS traits. These authors, who derived the BIS and FFFS subscales from the
original Carver and White BIS and BAS scales [12], showed that the BIS subscale (but not the FFFS)
is associated with greater relative right than left frontal hemispheric activity, while impulsivity was
associated with less relative right frontal activity.

To facilitate behavioral and neuroscience research on rRST, Corr and Cooper [39] developed the
Reinforcement Sensitivity Theory Personality Questionnaire (RST-PQ). This questionnaire measures
four subscales of the BAS–goal-driven persistence (BAS–GDP), reward interest (BAS–RI), reward
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reactivity (BAS–RR), and impulsivity (BAS–I). The first two BAS facets characterize the early stages of
approach (“wanting”, i.e., “anticipatory pleasure” or “hope” to achieve a reward) and are associated
with dopaminergic neurotransmission [40,41]. The BAS–RR indexes behavioral and emotional
excitement to reward and BAS–I indexes the “pleasure attack” as the final biological reinforcer is
reached (“liking”) [42] and seems to be more closely related to opioidergic than to dopaminergic
neurotransmission [43–45]. This tool conceptualizes facets covering FFFS behavior (fight, freeze,
and active avoidance) and the BIS functions (motor planning interruption, worry, obsessive thoughts,
and behavioral disengagement), and allows separate measures of these two fundamental traits and
of reward sensitivity and impulsivity. In the present study, we administered the RST-PQ and state
anxiety questionnaire [46] to participants of both sexes to examine the relation of BIS, FFFS, and BAS
facets with asymmetry in frontal alpha activation.

Wacker and colleagues conducted a meta-analysis of studies examining the relationship of the
BAS with frontal alpha asymmetry and reached the conclusion that this association is weak [38].
They observed that a link between alpha asymmetry and the BAS appeared only in the cases in which
the EEG was recorded in male participants by an appealing female experimenter. This explanation was
also advised in a later study by Schneider and co-workers [47], who failed to find a significant correlation
between alpha asymmetry and personality in adolescents. This hypothesis also seems consistent
with our recent findings obtained in a group of female participants with a male experimenter [13].
In a previous study of our own, we used standardized low-resolution brain electromagnetic
tomography (sLORETA) [48] to determine the relation of BIS/BAS and dispositional optimism traits
with interhemispheric alpha asymmetry [28]. We found a significant association of BAS traits with
relatively lower current EEG alpha density in the left middle frontal gyrus (Brodmann area 11 (BA11L)
in the left hemisphere), indicating relatively high left frontal hemisphere activation. These findings
also seem consistent with our more recent results of significant associations of BAS–I with greater
relative left frontal activity, and FFFS (but not BIS), with greater relative right frontocentral activity in
a group of female students with a young female experimenter. These relations disappeared with an
experimenter of the opposite sex [13]. Interestingly, Gable and colleagues [23] in a resting EEG alpha
asymmetry study reported a robust relationship between greater positive urgency and greater relative
left frontal activity. Using source localization, these authors observed that this relationship was due
to reduced right frontal activity in the inferior frontal gyrus. This observation led these authors to
conclude that reduced right frontal activity may reflect the activity of the supervisory control system.

1.2. Aims and Hypotheses

According to the rRST model, and in line with previous EEG alpha and current density
findings [13,23,28], we predicted a positive association of higher BAS and its subtraits (BAS–GDP,
BAS–RI, BAS–RR, and BAS–I) with the relatively higher frontal left, rather than right, hemisphere
activation, as measured by conventional alpha band power. Building on previous research linking
personality traits to right frontal alpha activity [19,32], we expected that the BIS, as measured by the
RST-PQ, would be related to the relative right frontal activity. In addition, considering our recent
findings linking FFFS with greater relative right frontocentral activity [13], we expected that greater
FFFS would be related to enhanced right frontal hemispheric asymmetry.

In the present study, we also applied the eLORETA method to avoid the known problem of
lack of validity of anterior asymmetry measures among studies using different reference montages,
such‘as the averaged earlobes, scalp vertex, and the average reference [49–51]. The eLORETA method
includes a zero-error current source density approach [48,52,53]. This method is preferable since it
localizes electrocortical sources on the scalp and provides current density measures, which are not
dependent on the recording reference. Additionally, this method has proved its validity in linking
the approach with the activity in the middle frontal gyrus [28,54]. Using a set of 10 regions of interest
(ROIs; left and right frontopolar, frontal, frontocentral, temporal, and parietal regions), one of the
main aims was to test the robustness of the correlation between RST-PQ measures with resting frontal
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asymmetry of current spectral density (CSD, eLORETA) in the alpha band (7.5–13 Hz). Finally, using
the eLORETA tool of isolated effective coherence (iCOH), a further aim of this study was to highlight
causal directional effective connectivity of preferentially involved frequency oscillations within a set of
ROIs. It is expected that the results will clarify the role of each ROI in supporting information flow
between different cortical regions and differentiate high (Hi) versus low (Lo) levels of the personality
trait of interest [55].

2. Methods

2.1. Participants and Questionnaires

One-hundred and forty-three right-handed psychology students participated in this study. Three
participants were excluded for failing to complete individual difference measures and four were
excluded for excessive artifacts in EEG data. Thus, data from one-hundred and thirty-six participants
were included (75 females: M = 22.2, SD = 2.6, range 18–29 yrs; 61 males: M = 23.2, SD = 2.9,
range 19–34 yrs). The Italian version of the original Edinburgh Inventory Questionnaire was used
to measure hand preference [56]. Participants declared being free of neurological or psychiatric
issues. Women during their menstrual period were invited for the EEG recordings after the onset of
menses (between the 5th and 11th day) to avoid possible influences of menstrual stress on resting
EEG. The participants completed the Reinforcement Sensitivity Theory Personality Questionnaire
(RST-PQ) [39]. RST-PQ measures three major systems: the fight/flight/freeze system (FFFS; fear/active
avoidance); the behavioral inhibition system (BIS; related to anxiety); the behavioral approach system
(BAS). The BAS is composed of four subscales: goal-driven persistence (BAS–GDP), reward interest
(BAS–RI), reward reactivity (BAS–RR), and impulsivity (BAS–I), while BAS total (BAS–TOT) is the
average of the three BAS subscales measuring responsiveness and pursuit of rewards. Cronbach′s α
values for GDP, RI, RR, and Imp, respectively, were 0.85, 0.79, 0.78, and 0.77, and for the BAS–TOT,
α was 0.87. Cronbach′s α values for BIS and FFFS, respectively, were 0.86 and 0.81. Participants also
completed the state form of the State-Trait Anxiety Inventory (STAI-Y1) [46] to measure state anxiety.

2.2. Resting Condition

EEG data were obtained during 4.5-min eyes-closed and 4.5-min eyes-open resting conditions.
Participants were instructed to keep their eyes open for about a 4.5-min interval and closed for a
4.5-min interval. The eyes-open/eyes-closed order was counterbalanced across participants. They were
required to stay still and avoiding blinking and eye movements during EEG recordings. They were
generally informed that resting EEG recording served to evaluate EEG correlates of personality without
any information about the specific study aims and hypotheses.

2.3. EEG Assessment and Alpha Asymmetry

A 32-channel tin electrode stretch Lycra cap (Electro-Caps, Eaton, OH, USA) was used for EEG
recordings on the scalp (10–20 system). A ground electrode was mounted between FPz and Fz.
Electrode impedances were kept under 5 kΩ, with homologous electrodes held within a difference
of 1 kΩ. EEG activity was recorded from 30 scalp sites and referenced online to averaged earlobes
(Fp1, Fp2, F7, F8, F3, F4, FT7, FT8, T3, T4, FC3, FC4, C3, C4, CP3, CP4, TP7, TP8, T5, T6, P3, P4,
O1, O2, Fz, FCz, Cz, CPz, Pz, Oz). Bipolar vertical and horizontal electro-oculograms (EOGs) were
recorded, using standard tin electrodes, respectively, from the epicanthus of the left and the right eye
and from the supra- and infraorbital positions of the right eye. EEG was recorded in DC mode by
using a NuAmp acquisition system (Neuroscan Acquire 4.3, Compumedics Neuroscan Inc., Charlotte,
NC, USA) using an online notch filter at 50 Hz. Gain was set at 200 (100 for eye channels) with a
0.01–100 Hz bandpass (Butterworth zero-phase filter with 24 dB/octave roll-off). Online sampling
frequency was set at 1000 Hz. Continuous EOG and EEG recordings were visually inspected offline,
and EEG data showing ocular, muscular, or movement artifacts were rejected for all simultaneously
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recorded channels (Barlow, 1986; Hagemann, Naumann, and Thayer, 2001). Considering that eLORETA
processing required an averaged reference, the EEG was re-referenced to the average of all 30 recording
electrodes and resampled at 250 Hz. Signal analyses were performed using Brain Vision Analyzer
2.1 (Brain Product GmbH, Gilching, Germany). Ocular movements were removed from the EEG by
using Gratton and colleagues’ method [57]. After ocular correction, data were again visually inspected
by two separate experimenters for appropriate removals and corrections of artifacts. All artifact-free
4-s epochs were applied a Hamming window (10% slope periodic at each edge) to avoid artificial
estimates of spectral power. Contiguous epochs were 50% overlapped to minimize loss of data due to
Hamming window extraction. For each eyes-open/closed condition, an average of about 56 epochs
was obtained (ranging from 52 to 60 epochs that corresponded to 3.5–4 min of artifact-free signals).
Fast Fourier Transform (FFT) was performed on all epochs to compute spectral power (µV2) spaced at
intervals of 0.5 Hz. The band inspected was the traditional alpha band (7.5–13 Hz), and power values
were averaged across epochs.

Asymmetry scores were calculated at the frontopolar (Fp1, Fp2) and frontal (F3, F4) sites by
subtracting natural logarithm log (base e)-transformed alpha power obtained at the left site from that
obtained at the right site [28,30,58]. Similarly, asymmetry scores were also calculated for frontocentral
(FC3, FC4), inferior frontal sites (F7, F8), central sites (C3, C4), centroparietal (CP3, CP4), and parietal
sites (P3, P4) to examine whether the effect was specific to frontal regions. Low or negative asymmetry
scores indicated greater relative right frontal activity, as alpha power inversely relates to cortical
activity. Since EEG power values tend to be positively skewed, natural log transformation is usually
used in EEG asymmetry research [59,60]. These alpha asymmetry scores served to compute partial
correlations with personality measures of interest while controlling the effect of gender and state anxiety.
Additionally, to obtain a reliability measure of alpha asymmetry at the abovementioned scalp sites of
interest, split-half correlations between the alpha asymmetry scores were calculated for eyes-open and
eyes-closed resting conditions. The split-half was obtained by splitting the EEG epochs into two halves
(one based on odd numbers and the other half on even numbers) of 104 epochs each and correlating
alpha asymmetry scores of interest between the two halves. Following the guidelines of Cicchetti
and Sparrow [61], split-half correlations were defined as: excellent reliability > 0.75, good reliability
0.75–0.60, fair reliability 0.59–0.40, and poor reliability < 0.40.

Computation of asymmetry measures and statistical analyses were performed using SAS
version 9.4.

2.4. Cortical Source Analysis by eLORETA

The 30-channel EEG data were analyzed with eLORETA (exact low-resolution electromagnetic
tomography) [62]. We applied the implementation version 20150415 of eLORETA (available as free
academic software from http://uzh.ch/keyinst/loreta). This method provides a space solution confined
to cortical grey matter (6239 voxels) with a spatial resolution of 5 mm. Neural activity was computed
as the magnitude of current source density (CSD µA/mm2) without assuming a predefined number
of active sources [28,29]. We first calculated cross-spectral matrices from the EEG (4-s windows).
Then, the pseudoinverse solution by eLORETA transformed yielded images of standardized current
density with exact localization [63], albeit with low resolution. As the analysis was performed at 3.5 to
4.5 min intervals, a mean number of 4-sec epochs of about 59 maps were averaged, finally rendering
the CSD maps. EEG source analysis was performed in the frequency domain and the alpha frequency
band was analyzed (7.5–13 Hz) at each voxel. Within resting conditions, cross-spectral matrices of the
EEG epochs were first computed with sLORETA software, requiring the use of an average reference.
sLORETA source analysis was applied to the average cross-spectral matrices for each participant.
In accordance with previous research [28,64], alpha source activities were combined into 10 ROIs,
reported here following Brodmann’s areas (BA) nomenclature: two left (L) and right (R) frontal (BA10L
and BA10R; BA11L and BA11R), middle temporal (BA21L and BA21R), posterior cingulate (BA31L
and BA31R), and precuneus (BA7L and BA7R). Cortical regions were defined by a sphere surrounding

http://uzh.ch/keyinst/loreta
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the centroid of each ROI. A large radius would tend to produce an averaged current vector falling in
all directions (and thus, close to 0), and a small radius would not give the best precision because of
noise effects in the LORETA calculation of spectral current generators, especially when the number of
averaged vectors is small. Thus, we chose a radius of 10 mm for each ROI as a good compromise [65].
The Cartesian coordinates (Montreal Neurological Institute system, MNI) depicting the centroids of
our selected ROIs are listed in Table 1. For each ROI, the mean alpha power was calculated using all
voxels belonging to the same anatomical region. To reduce skew, averaged CSD values for each ROI
were submitted to a natural log transformation. For each left and right hemisphere ROI, an alpha
asymmetry score was calculated by subtracting, for each couple of ROIs, the left CSD measure from the
corresponding right one. Because alpha activity is inversely related to cortical activation [20], higher
CSD scores indicate higher left-sided cortical activity. For each ROI, zero-order correlation coefficients
and regression analyses were computed to evaluate the predictive power of personality traits on alpha
asymmetry scores. The False Discovery Rate (FDR) method was used to correct significance levels.
Following FDR correction, ROIs showing significant correlations between CSD alpha asymmetries and
trait measures (p < 0.05) were identified as electrocortical correlates of each trait.

Table 1. Brodmann regions of interest (ROIs) and corresponding Montreal Neurological Institute
(MNI) coordinates.

Brodmann Areas X (mm) Y (mm) Z (mm) Lobe Structure

BA10L −25 55 5 Left-Frontal Lobe Superior Frontal Gyrus
BA10R 25 55 5 Right-Frontal Lobe
BA11L −20 40 −15 Left-Frontal Lobe Middle Frontal Gyrus
BA11R 20 40 −15 Right-Frontal Lobe
BA21L −65 −50 5 Left-Temporal Lobe Middle Temporal Gyrus
BA21R 65 −50 5 Right-Temporal Lobe
BA31L −10 −54 19 Left-Limbic Lobe Posterior Cingulate
BA31R 10 −54 19 Right-Limbic Lobe
BA7L −20 −65 50 Left-Parietal Lobe

PrecuneusBA7R 20 −65 50 Right-Parietal Lobe

Statistical comparisons of high vs. low trait levels (3.5–4.5 min of resting eyes-open/closed
conditions) of LORETA images were based on statistical non-parametric mapping (SnPM) [66].
This procedure employs the SnPM of the maximum across all voxels for the 10 ROIs, which does not
require a specific statistical distribution, and accounts for multiple comparisons. For this purpose,
a total of 5000 surrogates were generated by application of the SnPM method. Significance testing was
performed by using a log F-ratio statistic (p < 0.05).

2.5. Isolated Effective Coherence (iCOH)

Effective connectivity data were computed by means of iCOH (implemented in the eLORETA
program package) across all oscillatory frequencies from 0.5 to 45. Multivariate autoregressive (MVAR)
models, on which the iCOH method relies, were fitted to consecutive 4-s EEG epochs. Outputs were
averaged to obtain a single effective connectivity response per subject varying from 3.5 to 4.5 min
intervals and subsequently, averaged across subjects to yield the final group result. The software
LORETA can compute automatically all necessary parameters for the calculus of iCOH (the optimal
autoregressive order p = 6 was assumed in our case) and provides an iCOH spectrum as output to a
given set of EEG data input. Details on the mathematical derivation of the iCOH method are given
by Pascual-Marqui and colleagues [55]. The iCOH scores are normalized and hence, independent of
the strength of the underlying generators. The computation of iCOH and interpretation of findings
requires first the use of a source localization method [55]. Since cortical activity does not project radially
onto the scalp, iCOH and other connectivity measures should not be interpreted as representing cortical
connections [67–69]. The frequency representation of iCOH allows us to deduce which frequency
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oscillations are involved in the information transfer between a given number of brain regions [55]. Under
the assumption of a linear autoregressive model, iCOH correctly assesses direct causal connections
transmitting oscillatory information between nodes. The simple variable-by-variable t-statistic was used
as a statistical measure of “distance” between the two personality groups. Correction of significance for
multiple testing was applied by using SnPM in the eLORETA t-test package. Surrogate permutations
(5000 in our case) are created rendering a histogram that provides the statistical threshold [55].

3. Results

Split-half correlations between alpha asymmetry scores for each region of interest were: frontopolar
(r = 0.65), frontal (r = 0.69), frontocentral (0.50), inferior frontal (r = 0.67), central (r = 0.54), centroparietal
(r = 0.56), and parietal (r = 0.51).

FDR-corrected correlations among RST-PQ personality traits and state anxiety are shown in
Table 2. BAS–TOT was positively correlated with all subscales of the BAS (see Table 2). As expected,
BAS–GDP was positively correlated with BAS–RI, and BAS–RI with BAS–RR. Finally, BAS–I was
significantly correlated with BAS–RR alone.

Table 2. Pearson correlation coefficients for personality (RST-PQ, n = 136, 75 females). Behavioral
Approach System (BAS): goal-driven persistence (BAS–GDP), reward interest (BAS–RI), reward
reactivity (BAS–RR), and impulsivity (BAS–I); Behavioral Inhibition System (BIS), Fight–Flight–Freeze
System (FFFS), and state anxiety (STAI-Y1).

BAS–TOT BAS–GDP BAS–RI BAS–RR BAS–I BIS FFFS STAI-Y1

BAS–TOT 1
BAS–GDP 0.518 ‡ 1
BAS–RI 0.665 ‡ 0.330 • 1
BAS–RR 0.774 ‡ 0.350 ‡ 0.319 ‡ 1
BAS–I 0.587 ‡ −0.083 0.191 0.338 ‡ 1

BIS 0.195 −0.019 −0.047 0.272 • 0.179 1
FFFS 0.148 0.057 −0.135 0.275 • 0.054 0.438 ‡ 1

STAI-Y1 −0.011 −0.057 0.003 −0.064 0.032 0.044 0.02801 1
Mean 89.7 21.4 19.8 29.5 18.9 55.8 25.0 38.3

SD 11.6 3.8 4.1 4.5 4.4 12.1 6.0 6.1
Range 61–130 12–28 10–28 19–39 3–32 29–87 13–38 25–52

• p < 0.01; ‡ p < 0.001. False Discovery Rate (FDR) correction.

3.1. Alpha-Asymmetry Correlates of BAS and its Facets

Partial correlations, controlling for state anxiety and gender, performed between alpha asymmetry
scores of each recording site of interest and BAS factor did not reveal any significant association for
frontocentral, inferior frontal, central, centroparietal, and parietal sites (all p > 0.10, FDR correction;
see upper-half quadrant of Table 3). However, BAS–GDP was positively associated with frontal alpha
asymmetry and, additionally, BAS–RI with frontopolar alpha asymmetry, indicating a relative frontal
left hemisphere asymmetry in higher BAS–GDP/RI scorers.

Correlations between CSD alpha asymmetry data of each ROI and BAS factors, after partial-out of
the effect of participant’s gender and state anxiety, yielded significant positive associations of BAS–TOT,
BAS–GDP, BAS–RI, and BAS–RR in the superior frontal gyrus (BA10). An exception was BAS–I,
which was not found significantly correlated with frontal CSD alpha asymmetry at BA10 (see lower
quadrant of Table 3). Interestingly, BAS–TOT, BAS–RR, and BAS–I were all significantly and positively
correlated with CSD alpha asymmetry in the middle temporal gyrus (BA21, the bottom of Table 3).
All these significant relationships were paralleled by separate bivariate regressions, showing that
higher BAS trait and subtrait scorers significantly predicted greater relative left hemisphere asymmetry
in the frontal and temporal regions. These positive associations of BAS–TOT and BAS subscales and
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CSD alpha asymmetries did not substantially change after controlling for gender and state anxiety.
Regressions are reported in Table 4.

Table 3. Partial correlations (controlling for state anxiety and gender) of personality traits during rest
conditions with: (1) EEG alpha asymmetry at frontopolar (Fp1, Fp2), frontal (F3, F4), frontocentral
(FC3, FC4), inferior frontal sites (F7, F8), central sites (C3, C4), centroparietal (CP3, CP4), and parietal
sites (P3, P4); (2) CSD-alpha asymmetry at Brodmann areas BA10, BA11, BA7, BA31, and BA21 (n = 136,
75 females).

EEG Alpha BAS–TOT BAS–GDP BAS–RI BAS–RR BAS–I BIS FFFS

Alpha Asymmetry (Average Reference)
Frontopolar 0.254 * 0.088 0.278 • 0.082 0.179 −0.002 −0.152

Frontal 0.241 * 0.472 ‡ 0.164 0.176 −0.121 0.063 −0.033
Frontocentral −0.023 0.007 −0.008 −0.034 −0.092 0.082 −0.089

Inferior
Frontal 0.005 −0.094 −0.014 0.033 0.048 0.113 −0.031

Central −0.010 0.147 −0.041 −0.027 −0.151 −0.013 −0.080
Centroparietal −0.023 0.042 −0.059 −0.011 −0.124 −0.005 −0.030

Parietal −0.045 −0.073 −0.002 −0.152 −0.004 0.011 −0.033
CSD Alpha Asymmetry

BA10 0.479‡ 0.471 ‡ 0.336 ‡ 0.330 • 0.175 0.107 0.189
BA11 0.035 0.028 −0.040 0.009 0.111 −0.019 0.006
BA7 0.125 0.075 0.155 0.045 0.099 −0.069 −0.051
BA31 0.088 0.128 0.043 0.122 0.004 −0.045 0.017
BA21 0.309 • 0.072 0.099 0.296 • 0.301 • 0.189 −0.112

* p < 0.05; • p < 0.01; ‡ p < 0.001. False Discovery Rate (FDR) correction.

Table 4. Top-half quadrant: Bivariate regression analyses between frontopolar (Fp1, Fp2), frontal
(F3, F4), EEG-alpha asymmetry, and BAS scales of the RST-PQ. Bottom-half quadrant: Bivariate
regression analyses between CSD-alpha asymmetry in the superior frontopolar gyrus (BA10), middle
temporal gyrus alpha asymmetry, and BAS scales of the RST-PQ. Probabilities are corrected using the
False Discovery Rate (FDR) method.

Variable Adjusted
R2

Parameter
Estimate (B)

Standard
Error T p(FDR)

Standardized
Estimate (β) 95% Confidence Limits

EEG Alpha Asymmetry
Frontopolar
BAS–TOT 0.047 0.017 0.006 2.77 0.028 0.233 0.005 0.030
BAS–GDP 0.003 0.016 0.020 0.81 0.691 0.070 −0.023 0.055
BAS–RI 0.078 0.062 0.018 3.51 0.006 0.291 0.027 0.098
BAS–RR 0.006 0.006 0.017 0.38 0.907 0.033 −0.026 0.039
BAS–I 0.023 0.034 0.017 2.03 0.153 0.173 0.001 0.068

Frontal
BAS–TOT 0.048 0.009 0.003 2.79 0.028 0.234 0.003 0.016
BAS–GDP 0.209 0.057 0.009 6.05 0.001 0.463 0.038 0.076
BAS–RI 0.023 0.020 0.010 2.04 0.153 0.174 0.001 0.040
BAS–RR 0.016 0.016 0.009 1.78 0.232 0.152 −0.002 0.033
BAS–I 0.007 −0.013 0.009 −1.42 0.393 −0.122 −0.031 0.005

CSD Alpha Asymmetry
BA10
BAS–TOT 0.226 0.038 0.006 6.36 0.001 0.482 0.026 0.050
BAS–GDP 0.217 0.113 0.018 6.19 0.001 0.471 0.077 0.149
BAS–RI 0.093 0.072 0.019 3.85 0.002 0.315 0.035 0.108
BAS–RR 0.110 0.069 0.016 4.21 0.001 0.342 0.037 0.102
BAS–I 0.025 0.038 0.018 2.10 0.152 0.179 0.002 0.073

BA21
BAS–TOT 0.088 0.031 0.008 3.74 <0.0001 0.307 0.014 0.047
BAS–GDP 0.003 0.021 0.026 0.80 0.691 0.069 −0.031 0.073
BAS–RI 0.003 0.029 0.025 1.16 0.534 0.100 −0.020 0.077
BAS–RR 0.075 0.073 0.021 3.46 0.006 0.286 0.031 0.115
BAS–I 0.084 0.080 0.022 3.65 <0.0001 0.301 0.037 0.123
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To exclude the threat of multicollinearity, we examined multicollinearity through the Variance
Inflation Factor (VIF) and tolerance in multiple regressions, using as predictors BAS–TOT, BAS–GDP,
BAS–RI, BAS–RR, and BAS–I and as criterion, CSD alpha asymmetry at the BA10 region. These results
indicated a lack of multicollinearity for all BAS facets (tolerance values ranged from 0.205 to 0.346;
VIF values ranged from 2.886 to 4.880), since no tolerance values fell below 0.1 and no VIF value was
above 10. However, for BAS–TOT, we found an expected threat of multicollinearity, this trait being the
sum of all BAS facets (Tolerance = 0.051, VIF = 19.445).

3.2. Functional Source Localization Differences Between High and Low BAS Individuals

The LORETA t-test tool revealed significant differences in CSD alpha between high and low BAS
facets. The one-tiled log F-ratio thresholds for significance ranged from −2.15 to t = −2.56 at p < 0.05.
High BAS–TOT scorers, as well as high BAS–GDP, BAS–RI, and BAS–RR scorers, had significantly
lower CSD in the alpha frequency band on the left frontal lobe than low BAS trait scorers. All these
differences met one-tiled thresholds of significance (see Figure 1) and indicated a relative inhibition of
the frontal left hemisphere (BA10) in lower BAS individuals. Differences between high and low BAS–I
scorers did not meet the significance criterion.

3.3. BAS Differences on iCOH of Significant ROIs

The calculus of iCOH values was performed across the four ROIs that provided a significant
association with BAS traits that had CSD alpha asymmetry scores, i.e., BA10L, BA10R, BA21L,
and BA21R.

Statistical comparisons of connections across the four selected ROIs yielded significant differences
(t-test) for only the BAS–I traits. iCOH spectra in the resting condition at each ROI of Hi versus
Lo BAS–I are illustrated, respectively, with blue and red curves in Figure 2a. For any pair of ROIs,
the y-axis represents the iCOH values indicating connectivity strength (effect size) as a function of
oscillatory frequency. The oscillatory frequency ranges from 0.5 up to 43 Hz (Nyquist frequency of
64 Hz). Plots are arranged as a square matrix of the order 4, wherein columns represent “ROI senders”,
while rows are “ROI receivers” of information flow (i.e., every single ROI acted as sender and the
remaining ROIs as receivers. The correspondence of each ROI position in the square matrix is the same
for rows and columns. Information flow among the four ROIs was almost symmetrical, although a
prominent role of BA10R and BA21R as senders was also observed for alpha at 11 Hz and beta at 21 Hz.
In Figure 2a, dashes below the curves indicate significant differences (p < 0.05) between Hi versus
Lo BAS–I (blue dashes A > B). Interestingly, it is important to note that Hi BAS–I individuals had a
relatively enhanced connectivity compared to Lo BAS–I participants. These personality differences were
observed at each ROI and for both alpha and beta oscillation frequencies (Figure 2a). Interesting also,
in Hi and Lo BAS–I groups, we observed that in terms of alpha connectivity, BA10L was disconnected
from BA21L, and BA10L can receive from BA21R, but cannot send to it. Additionally, in terms of beta
activity, a disconnection between BA10L and BA10R was common to both BAS–I groups. In Figure 2b
is displayed a synthesis of statistically significant connectivity differences between BAS–I groups,
red arrows correspond to relatively enhanced connectivity in Hi BAS–I group. The intensity of the
effect is graphically represented by the thickness of the lines and arrows. As reported in Figure 2b,
we had an increased alpha and beta connectivity in Hi BAS–I compared to Lo BAS–I individuals,
indicating opposite control mechanisms in these individuals. It is also important to note that at an
alpha frequency in Hi BAS–I, the main senders to the other regions were BA10R and BA21R, although
the former was slightly stronger in sending than the latter to the latter, but not vice versa. At beta
frequency, both BA10R and BA21R regions were the sender and receiver of each other in the Hi
BAS–I group.
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Figure 1. Left panels: Alpha band (7.5–13 Hz) current density images in high (Hi) vs. low (Lo) BAS 
trait (BAS–TOT) and subtrait scorers (BAS–GDP, BAS–RI, BAS–RR, and BAS–I; left panels), showing 
more pronounced alpha activity in the left hemisphere in Lo BAS scorers. Right panels: Statistical 
comparisons of current density images (one-tiled t-test) of Hi vs. Lo BAS scorers, showing a relative 
lower alpha current density in the left superior frontal gyrus (BA10) in Hi compared to Lo BAS trait 
scorers, with the exception of the difference between Hi and Lo BAS–I scorers that did not meet the 
significance level. 
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Figure 1. Left panels: Alpha band (7.5–13 Hz) current density images in high (Hi) vs. low (Lo) BAS
trait (BAS–TOT) and subtrait scorers (BAS–GDP, BAS–RI, BAS–RR, and BAS–I; left panels), showing
more pronounced alpha activity in the left hemisphere in Lo BAS scorers. Right panels: Statistical
comparisons of current density images (one-tiled t-test) of Hi vs. Lo BAS scorers, showing a relative
lower alpha current density in the left superior frontal gyrus (BA10) in Hi compared to Lo BAS trait
scorers, with the exception of the difference between Hi and Lo BAS–I scorers that did not meet the
significance level.
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of frequency for any pair of the four ROIs. Plots arranged as a square matrix of order 4; columns 
represent “senders” and rows are “receivers” of information flow. For the abbreviations of the ROIs, 
see Table 1. iCOH in Lo BAS–I (red curves) and in Hi BAS–I scorers (blue curves). Frequency range 
from 0.5 to 45 Hz (0.5-Hz resolution). Blue dashes below the curves indicate significant higher iCOH 
differences between Hi and Lo BAS–I scorers for alpha at 11 Hz and beta at 21 Hz. (b) Synthesis of 
statistically significant connectivity differences (iCOH) of alpha and beta oscillatory information flow 
of Hi minus Lo BAS–I during resting state. Red arrows correspond to relatively enhanced connectivity 
in the Hi BAS–I group. The intensity of the effect is graphically represented by the thickness of the 
lines and arrows. All displayed arrows are at least significant at p < 0.05, with correction for multiple 
testing by means of non-parametric randomization of the exceedance proportion test. 
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We calculated split-half correlations of resting state EEG alpha asymmetry scores of scalp sites 
of interest. In agreement with Cicchetti and Sparrow guidelines [61], we found a good test–retest 
reliability for frontopolar, frontal, and inferior frontal, while for the frontocentral, central, 
centroparietal, and parietal scalp sites, we obtained fair reliability. Considering that these data were 
obtained across an average time of 6.9 min recording split, we can conclude that our reliability 
findings at the frontal leads are acceptable and in line with current research [70,71]. 

Figure 2. (a) Effective connectivity assessed with the isolated effective coherence (iCOH) measure in Hi
vs. Lo BAS–I during rest. iCOH values representing connectivity strength (effect size) as a function of
frequency for any pair of the four ROIs. Plots arranged as a square matrix of order 4; columns represent
“senders” and rows are “receivers” of information flow. For the abbreviations of the ROIs, see Table 1.
iCOH in Lo BAS–I (red curves) and in Hi BAS–I scorers (blue curves). Frequency range from 0.5 to
45 Hz (0.5-Hz resolution). Blue dashes below the curves indicate significant higher iCOH differences
between Hi and Lo BAS–I scorers for alpha at 11 Hz and beta at 21 Hz. (b) Synthesis of statistically
significant connectivity differences (iCOH) of alpha and beta oscillatory information flow of Hi minus
Lo BAS–I during resting state. Red arrows correspond to relatively enhanced connectivity in the Hi
BAS–I group. The intensity of the effect is graphically represented by the thickness of the lines and
arrows. All displayed arrows are at least significant at p < 0.05, with correction for multiple testing by
means of non-parametric randomization of the exceedance proportion test.

4. Discussion

We calculated split-half correlations of resting state EEG alpha asymmetry scores of scalp sites
of interest. In agreement with Cicchetti and Sparrow guidelines [61], we found a good test–retest
reliability for frontopolar, frontal, and inferior frontal, while for the frontocentral, central, centroparietal,
and parietal scalp sites, we obtained fair reliability. Considering that these data were obtained across



Symmetry 2020, 12, 1794 12 of 20

an average time of 6.9 min recording split, we can conclude that our reliability findings at the frontal
leads are acceptable and in line with current research [70,71].

Alpha asymmetry, calculated at conventional frontopolar scalp sites (Fp1, Fp2), showed that higher
BAS–TOT and BAS–RI were both associated with high left hemisphere activation (upper-half quadrant
in Table 3). This relation was also significant for both BAS–TOT and to a larger extent for BAS–GDP
with alpha asymmetry calculated at the frontal leads (F3, F4). However, we failed to find significant
relations for alpha asymmetry measures with BIS and FFFS traits. Thus, these findings indicate that
using the classic interhemispheric alpha power asymmetry index, the expected association between
frontal left hemisphere activation and the BAS trait was confirmed for only BAS–GDP and BAS–RI,
conceptualized as reward sensitivity components [7], while this relationship was not confirmed for BAS
components reflecting reward reactivity (BAS–RR) and impulsivity (BAS–I). Additionally, we failed to
find the expected association of frontal right hemisphere activation with BIS and FFFS traits [13,32]. It is
important to note that we obtained the present findings after controlling for state anxiety and gender,
whose potential influence on hemispheric potentially has been previously proved [13,38,72,73]. Finally,
these significant personalities versus asymmetry associations parallel previous findings reported in
classic studies [30,74–76].

Using the CSD measure of alpha asymmetry, as derived from CSD mean values within the alpha
band, we found that the relative left hemisphere alpha asymmetry at the superior frontal gyrus (BA10L)
was positively associated with higher BAS and its subtraits of BAS–GDP, BAS–RI, and BAS–RR, but not
BAS–I (Tables 3 and 4 and the left column in Figure 1). In addition, a relatively high left hemisphere
alpha asymmetry in the middle temporal gyrus (BA21L) was significantly associated with higher
BAS–TOT, BAS–RR, and BAS–I scores. However, it is important to underline that our CSD findings of
positive relations between greater relative left alpha asymmetry at the superior frontal gyrus (BA10)
and BAS reward-sensitive and reactive traits stem from the relatively higher left frontal alpha-band
activity (i.e., lower left cortical activity) in Lo BAS reward-sensitive individuals compared to low BAS
ones, making a relative left hemisphere asymmetry in Hi BAS scorers, although we did not observe
direct differences between hemispheres in these participants (see comparisons across all voxels in
Figure 1). However, in terms of frontal left hemisphere asymmetry in higher BAS scorers, current
source localization findings represent a validation of our previous results [28] and the original findings
reported in classic studies [58,74–76]. Indeed, the present results also parallel original LORETA findings
linking the activity in the medial frontal gyrus with the individual’s susceptibility to respond with
approach-related tendencies [54]. Reviews of functional magnetic resonance imaging (fMRI) studies
have outlined a leading role of the orbital frontal cortex (BA10) in encoding the subjective values
of different types of rewards and controlling both individual differences in reward-driven reactivity
and reward learning [77–81]. The orbital frontal cortex receives signals directly from the olfactory,
visual, taste, and somatosensory areas [82,83] and strictly interacts with the amygdala and ventral
striatum, which contribute to reward and affective processing [84,85]. This frontal region is believed to
be involved in the storage of rewards’ values and affective processing of reward [79]. Enhanced left
orbital frontal cortex activity seems to be implicated in guiding choice behavior in consonance with the
estimated reward value of those choices [82,86], along with playing a role in the inhibition of impulsive
behavior, implying that this region may integrate representations of positive and negative outcomes.
Increased resting-state correlations between regions of basal ganglia, associated with “wanting” [87]
and the activity of the superior frontal cortex indicate that this region plays a role in suppressing
impulsive behavior through the increased communication with working memory regions, responsible
for assessing desirable outcomes as does the middle temporal cortex [79,80,88].

The present significant associations of frontal left hemisphere asymmetry with the “wanting”
components of the behavioral approach are also in line with previous fMRI reports linking the activity
in the orbitofrontal cortex with the reward monitoring value of the ongoing cognitive processes [89,90]
and with cognitive empathy [91]. It is important to outline that reward-sensitive traits reflect
the individual propensity for reward interest (BAS–RI) and goal planning and -driven persistence
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(BAS–GDP), which characterize the “anticipatory pleasure” (or “hope”) in the early stages of approach
behavior. The reward reactivity (BAS–RR) trait represents an individual’s tendency to experience
the hedonic aspect of reward (i.e., “pleasure”), which provides the emotional positive reinforcement
for BAS behavior, while impulsivity expresses an individual’s tendency for rapid action sufficient to
“capture” the desired object [7,14]. Moreover, our current correlation findings of higher resting left,
rather than right, hemisphere activation at the middle temporal gyrus (BA21) in higher BAS–RR and
BAS–I participants are novel, although they could be considered an extension of previously reported
findings [23]. Previous research has highlighted the role of the orbital frontal cortex together with the
medial temporal lobe in decision making for choices that draw on memory [79,80]; however, this also
extends to intertemporal choices in cases in which future thinking counterbalances the tendency to
choose prompt rewards in healthy individuals [88,92]. Meanwhile, patients with medial temporal
lobe lesions have impaired episodic future thinking ([93–96], but see [97]) and prevalently, patients
with left medial temporal lobe lesions will fail to show a change in temporal discounting [98]. Other
fMRI research has highlighted the left middle temporal gyrus, together with the OFC, as sensitive to
the valence component of reward, social cognition [99], and deductive reasoning, mainly when the
construction of a mental model is necessary to understand the beliefs and intentions of others [100].
In sum, this reviewed research adds to a growing body of evidence that future thinking processes are
subserved by the medial temporal lobe and have an adaptive value for humans.

Based on the observations reported above, we think that our findings linking relative left
hemisphere alpha asymmetry in the middle temporal gyrus in high BAS–RR and BAS–I individuals
may indicate that in reward-reactive individuals, the relatively higher left, rather than right, hemisphere
alpha asymmetry in the medial temporal lobe is necessary to facilitate the amplification of “pleasure”,
which provides positive reinforcement for BAS behavior. In humans, reward reactivity is often
anticipatory (“hope”), although it also relates to the achievement of local goals, signaling that the
temporospatial distance to the final biological goal is reducing. This view suggests the importance
of future thinking processes, subserved by the middle temporal gyrus, and their adaptive value for
humans. In addition, rush impulsive individuals, interested in a rapid reaction, seem subserved by a
relative left hemisphere alpha asymmetry in the middle temporal gyrus that facilitates fast reactions.

We determined the functional connectivity between cortical brain areas of interest, since this
measure can provide us with more direct information regarding the statistical dependencies between
the neuronal activity of different brain regions and how these dependences can differ between high
versus low levels of the personality traits of interest. This was done through the calculus of the
LORETA tool of iCOH across our previously selected four ROIs (BA10L, BA10R, BA21L, and BA21R).
This made us reveal personality differences in the degree and directionality of information flow in
terms of spectral characteristics of frequency oscillations between ROIs. The BAS–I subtrait was the
only one showing significant differences in information flow between ROIs. We found that high
impulsive scorers had higher effective connectivity than low ones for both the 11 Hz alpha frequency
and 21 Hz beta frequency (Figure 2a). In terms of alpha connectivity, we note that for Hi BAS–I,
the main senders were BA10R and BA21R, although the BA10R was sending to BA21R and not vice
versa. For these participants, clear relative alpha frequency decoupling in the left hemisphere between
frontal and temporal ROIs (i.e., between BA10L and BA21L) was noteworthy (Figure 2b). We think
that this alpha decoupling together with a reduced relative inhibitory control of BA10L in the middle
temporal regions may be a characteristic of these impulsive individuals.

In terms of beta frequency, the high impulsive scorers showed that within each hemisphere,
the frontal region was a sender to and receiver from the middle temporal region (Figure 2a,b). In addition,
it is important to underline that for beta frequency, but not for alpha frequency, we found a clear
decoupling between the left and right superior frontal regions in these individuals. For beta frequency,
it was the left medial temporal lobe (BA21L) and, to a less extent the right one (BA21R), that directly
influenced the activity of the left and right superior frontal lobe (BA10L/R; Figure 2b). Thus, both medial
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temporal lobe regions appeared as major cortical relay stations for beta synchronization in the superior
frontal regions.

How can we explain the current resting-state findings of high alpha and beta connectivity among
ROIs in higher impulsivity scorers? One possible explanation could come from a different emerging
reconceptualization of impulsivity [101] within the context of a dual-mode supervisory system [102]
rather than as a personality construct in itself. Such theory conceptualizes a sub-ordered system
that responds quickly to eventful associative cues and a supervisory system that plans and responds
deliberately to rewarding stimuli. The low serotonergic function appears to enhance the influence of the
lower order system. This often yields pathological impulsive reactivity [103]. According to this view,
impulsive responses may be expressions of the more reactive, fast processing mode of the sub-ordered
system, and impulsivity may derive from a reduced control of the supervisory control system.

Under this view, in the present study, we observed a high connection for beta activity (21 Hz) in
Hi BAS–I individuals between the left superior frontal gyrus and middle temporal gyrus (which was
not compensated by enhanced inhibitory alpha connectivity between these regions, see Figure 2b),
which may reflect reduced control by the supervisory system. That is, in high impulsivity individuals,
there exist operating brain compensation mechanisms involving the cooperation of frontal and temporal
cortical regions, since these individuals need additional cognitive resources to facilitate a fast reaction
without planning (rush impulsivity), and thus, bypass decision making processes for choices that draw
directly from memory. This explanation is in line with the view that in highly impulsive individuals,
the frontal regions responsible for the cognitive control of behavior are subject to a strong influence of
reward signals from striatal regions, which bypass frontopolar control [89]. This explanation is also in
line with earlier studies’ findings showing abnormal reward-related processing in healthy individuals,
such as expectation of reward [104] and ventral striatal deficits that may be linked to impulsivity [105],
sensation seeking and heightened reward sensitivity all associated with antisocial behavior [106],
and high impulsive [107] or impulsive/antisocial traits [108,109]. Additionally, inpatient psychopathic
criminals have been found to be characterized by enhanced communication between reward-related
striatal regions and frontal brain regions [110]. Recently, Angelides and colleagues [111], measuring
resting-state fMRI connectivity and BIS/BAS trait scores of the Carver and White questionnaire [12],
reported a significant correlation for BAS fun-seeking with resting-state connectivity between the
middle orbital frontal cortex and putamen. These findings suggest that spontaneous synchrony
between reward-processing regions may reflect specific aspects of impulsivity.

5. Conclusions

This work demonstrates a significant relationship between left hemisphere alpha asymmetry at
the superior frontal gyrus (BA10) and reward-sensitive BAS subtraits, which is in line with previous
findings [17,28,30,58], although source localization of this relationship revealed its origin as reduced
activity in the left frontal pole in low BAS scorers. In addition, the results demonstrate novel associations
for both BAS reward reactivity and impulsivity with left hemisphere alpha asymmetry at the medial
temporal gyrus (BA21).

The current study failed to find any significant relation for right hemisphere alpha asymmetry
with BIS and/or FFFS, a finding that is not in line with prior reports [30,75,112] but parallels other
findings [28,76]. An effective connectivity analysis between a pair of frontal and medial temporal regions
has outlined enhanced relative connectivity at a 21 Hz beta frequency in high impulsive individuals
between these cortical regions, with a clear decoupling between the left and right frontal regions.
We observed that the left medial temporal lobe (BA21L) and, to a lesser extent, the right one (BA21R),
directly influenced the activity of the left and right superior frontal lobe (BA10L/R). Thus, both medial
temporal lobe regions appeared as major cortical relay stations for beta synchronization in the superior
frontal regions. Finally, in impulsive individuals, we also observed a relative alpha frequency (11 Hz)
decoupling between frontal and temporal regions that may account for impulsive behavior. The present
results are in line with a growing body of evidence that neurophysiological markers of personality traits
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reflect underlying mechanisms of basis systems regulating human behavior [113,114]. Such markers
can help understand vulnerability to mental illness and treatment development.

It is important to note at least three limitations that may have bounded our findings. First,
for resting EEG recordings, we used a period of about 4.5 min for eyes open and 4.5 min eyes closed,
obtained in a single session. This did not avoid the unwanted state-like fluctuations in EEG asymmetry,
the reduction of which requires the collection of data on at least three separate occasions [51]. Second,
our effective connectivity analysis was performed using only two selected pairs of regions. While
this reduction, on the one hand, has facilitated the understanding of the results, on the other hand,
it has prevented the finding of a larger set of functional connectivities significantly associated with
personality. Third, given that recent research has outlined that the problem in research on emotional
lateralization and oscillatory asymmetries might be due to the lack of ecological validity [115], it would
be highly interesting to see more EEG studies using active approach/avoidance behavior to validate
these resting-state findings during actual behavior.
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