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Abstract

Frontal alpha asymmetry (FAA) is widely examined in EEG research, yet a procedural consensus
on its assessment is lacking. In this study, we tested a latent factorial approach to measure

FAA. We assessed resting-state FAA at broad, low, and high alpha bands (8-13; 8-10.5; 11-13
Hz) using mastoids as reference electrodes and Current Source Density (CSD) transformation
(V=139 non-clinical participants). From mastoid-referenced data, we extracted a frontal alpha
asymmetry factor (FAAf) and a parietal factor (PAAf) subjecting all asymmetry indices to a
varimax-rotated, principal component analysis. We explored split-half reliability and discriminant
validity of the mastoid factors and the mastoid and CSD raw asymmetry indices (F3/4, F7/8,
P3/4, P7/8). Both factor and raw scores reached an excellent split-half reliability (>.99), but only
the FAAf reached the maximum discriminant validity from parietal scores. Next, we explored

the correlations of latent factor and raw FAA scores with symptoms of depression, anxiety, and
personality traits to determine which associations were driven by FAA after variance from parietal
activity was removed. After correcting for false discovery rate, only FAAf at the low alpha band
was negatively associated with depression symptoms (a latent CES-D factor) and significantly
diverged from PAAf’s association with depression symptoms. With respect to personality traits,
only CSD-transformed F7/8 was positively correlated with Conscientiousness and significantly
diverged from the correlations between Conscientiousness and P3/4 and P7/8. Overall, the latent
factor approach shows promise for isolating functionally distinct resting-state EEG signatures,
although further research is needed to examine construct validity.
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1. Introduction

The alpha rhythm, recorded in the 8-13 Hz band of the ongoing electroencephalogram
(EEG; Berger, 1929), is a neural oscillation commonly thought to measure low cortical
activity (Goldman, Stern, Engel & Cohen, 2002; Laufs et al., 2003a, 2003b). Frontal

alpha asymmetry (FAA) is an index of the difference in alpha power between left and

right frontal EEG electrodes, such that increased FAA indicates relatively greater left
frontal cortical activity and is thought to reflect greater approach motivation (Coan &
Allen, 2004; Davidson, 1992, 1994, 1998; Harmon-Jones & Allen, 1997; Harmon-Jones,
Gable & Peterson, 2010; Smith, Reznik, Stewart & Allen, 2017); whereas reduced FAA,
which indicates relatively greater right frontal cortical activity, is thought to reflect

greater avoidance motivation (Davidson, 1992; Sutton & Davidson, 1997). FAA has been
considered to be a trait-like feature (Allen, Coan & Nazarian, 2004) and a potential correlate
of internalizing disorders and personality traits via approach and avoidance motivation.
Specifically, reduced approach motivation (reduced left frontal activity) has been associated
with depression (Harmon-Jones & Gable, 2018; Nusslock et al., 2011; Smith, Cavanagh &
Allen, 2018), and an enhanced avoidance motivation (enhanced right frontal activity) has
been associated with anxiety symptoms (Mathersul, Williams, Hopkinson & Kemp, 2008).

1.1 FAA and internalizing symptoms

FAA has been widely studied in association with internalizing symptoms, particularly
depression (Coan & Allen, 2004). However, findings of two recent meta-analyses
(Thibodeau, Jorgensen & Kim, 2006; Van Der Vinne, Vollebregt, Van Putten & Arns,
2017) and reviews on FAA in depression (Bruder, Steward & McGrath, 2017; Kaiser,
Gnjezda, Knasmdiller & Aichhorn, 2018) are mixed. Some have argued that reduced FAA
is a biomarker for depression (Greco et al., 2021) and a potential vulnerability factor to
first onset of depression (Nusslock et al., 2011; Possel, Fritz & Seemann, 2008; Stewart &
Allen, 2018). Still others have suggested it is manifested by remitted depressed individuals
(Allen & Reznik, 2015; Stewart, Bismark, Towers, Coan, & Allen, 2010) and may predict
the recurrence of depression (Allen, McKnight, Moreno, Demaree, & Delgado, 2009) and
therapeutic response to antidepressant treatment (Arns et al., 2016; Bruder et al., 2008;
Tenke et al., 2011, 2017). In addition, recent research provided the first evidence of FAA
intergenerational transmission among mother-infant dyads, such that FAA between mothers
and their infants is highly associated and a reduced FAA in infants is associated with
maternal depressive symptoms (Hill et al., 2020). However, other researchers have not
found reduced FAA in individuals with lifetime depression (Debener et al., 2000; Reid,
Duke, & Allen, 1998) and some researchers have evidenced its low heritability (Anokhin,
Heath & Myers, 2006). Findings have also been mixed in non-clinical samples. Some
studies have linked reduced FAA to higher depression symptoms (De Raedt, Franck, Fannes
& Verstraeten, 2008; Diego, Field & Hernandez-Reif, 2001), whereas others have found
non-significant effects (Gold, Fachner & Erkkild, 2013; Mathersul et al., 2008). These
inconsistent findings have led researchers in the field to argue that more research is needed
to establish more conclusive evidence of FAA being associated with depression (Jesulola,
Sharpley, Bitsika, Aghew & Wilson, 2015; Olbrich & Arns, 2013).
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The association between FAA and anxiety has been more consistent, with more studies
finding reduced FAA among individuals with anxiety (Kaiser et al., 2018; Thibodeau et al.,
2006). Research on non-clinical samples has also found associations between reduced FAA
and anxiety symptoms (Gold et al 2013; Mathersul et al., 2008; Nitschke, Heller, Palmieri
& Miller, 1999; Adolph & Margraf, 2017). Despite more research supporting the relation
between FAA and anxiety (compared to depression), some studies have not replicated this
effect (Gordon, Palmer & Cooper, 2010; Kentgen et al., 2000).

1.2 FAA and personality

In addition to associations with internalizing symptoms, FAA has also been linked to
personality traits. FAA is considered to be a stable, trait-like feature (Allen et al., 2004;
Jacobs & Snyder, 1996). Indeed, one study found that 60% of the variance in FAA was
attributable to stable traits, such as negative affectivity and approach-avoidance tendencies
(Hagemann, Naumann, Thayer & Bartussek, 2002). Moreover, researchers have observed a
link between Neuroticism and greater FAA variability across time (Minnix & Kline, 2004).
However, studies that have examined Neuroticism and Extraversion in association with FAA
have reported inconclusive results (Kuper, Kéckenmester & Wacker, 2019) and others have
failed to find an association between FAA and Neuroticism-Extraversion (Hagemann et

al., 1999; Schmidtke & Heller 2004), or Neuroticism alone (Pauli, Wiedemann & Nickola,
1999). Additionally, a meta-analysis summarizing these results found a null effect size
between Extraversion and FAA (Wacker, Chavanon, & Stemmler, 2010). The association
between FAA and other Big Five personality traits (i.e., Openness, Agreeableness and
Conscientiousness) have been less explored in research. In one study by Kuper and
colleagues (2019), no correlation was found between FAA and Conscientiousness. In a
separate study, enhanced FAA was related to the anticipation of uncertain stimuli in high-
Openness individuals (Kackenmester, Kroencke & Wacker, 2018). Given the inconsistent
findings described above, it is clear that further research is needed to better understand how
FAA might correspond to other stable traits.

1.3 Moderating variables in FAA

The inconsistency of findings in this area has led researchers to examine the role of potential
moderating variables such as EEG recording period, operationalization of depression, age,
handedness, gender, medication and the clinical homogeneity across samples (e.g., severity
of disease and comorbidity; Kaiser et al., 2018; Nusslock et al., 2018; Thibodeau et al.,
2006). In the present paper we examine three methodological moderators that should be
taken into account in measuring FAA: the electrode site used to detect FAA, the alpha band
recorded, and the reference/transformation method in analyzing FAA.

Electrode site.—This methodological moderator has received relatively little attention

in FAA literature. The majority of research on FAA, internalizing psychopathology, and
personality has used mid-frontal asymmetry (F3/4) or lateral frontal asymmetry (F7/8) as the
most common FAA indices. In two meta-analyses on depression research, the mid-frontal
site was the most commonly used FAA index, which has shown the strongest effect (Jakobi,
2009; Thibodeau et al., 2006). However, this result could be attributed to the fact that a

large number of studies described in the meta-analyses exclusively reported effects at F3/4.

Psychophysiology. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Monni et al.

Page 4

Conversely, some studies have found an association between depression and reduced FAA in
both F3/4 and F7/8 indices (Barnhofer et al., 2007; Chan, Han, Sze, Wong & Cheung, 2013;
Henriques & Davidson 1991; Keune, Bostanov, Hautzinger & Kotchoubey, 2013) or only at
F7/8 (Jacobs & Snyder, 1996). Findings have also varied by site in anxiety research (Kaiser
et al., 2018; Thibodeau et al., 2006). Various studies have found anxiety to be related to
reduced FAA at F3/4 (Mathersul et al., 2008; Nitschke et al., 1999; Petruzzello & Landers,
1994; Wiedemann et al., 1999) and F7/8 (Tomarken & Davidson, 1994) or F7/8 alone (Gold
etal., 2013).

Regarding research on FAA and personality traits, a recent meta-analysis observed that F3/4
is the most commonly used index to assess FAA. In fact, the F3/4 have been observed in

61 studies, whereas F7/8 was used in 25 (Kuper et al., 2019). Moderator analyses indicated
that there was no difference between the F3/4 and F7/8 in terms of their effect sizes on
personality traits (Kuper et al., 2019). Thus, it is still unclear which scalp site should be used
to assess FAA.

Alpha bands.—Evidence suggests that different alpha bandwidths are linked to different
cognitive processes and are functionally independent (Petsche et al., 1997). They also
respond differently to a variety of tasks such as anticipation of emotive stimuli (Onoda

et al., 2007) and cognitive challenge in adults with ADHD at rest (Hale et al., 2009). In
particular, high alpha is associated with memory retrieval whereas low alpha is associated
with attentive processes (Klimesch, Sauseng & Hanslmayr, 2007) and positively correlates
with cognitive abilities (Gianotti et al., 2007). Moreover, individual variations, as gender and
age, might affect alpha total (Segrave et al., 2011) and FAA intergenerational transmission
among mother-infant dyads is stronger for high alpha versus low alpha (Hill et al., 2020). In
light of these findings, some researchers have chosen to investigate not only total, but also
high and low alpha band in order to provide a more sensitive measure of alpha asymmetry
(Jaworska, Blier, Fusee & Knott, 2012; Segrave et al., 2011).

In depression and anxiety studies, the majority of researchers have focused on the broad
alpha band (8-13 Hz). The studies that have explored different alpha bands have reported
mixed results. Some studies observed a reduced FAA on depression only in the high
alpha band (Jaworska et al., 2012), others evidenced a reduced FAA in the low alpha
band in depressed patients with psychomotor retardation (Cantisani et al., 2015) or during
presentation of happy and sad faces stimuli (Koller-Schlaud, Stréhle, Barwolf, Behr &
Rentzsch, 2020). Conversely, other authors reported significant findings at broad alpha
band (Cantisani et al., 2016) and non-significant findings at all three alpha bands (Kaiser,
Doppelmayr & Iglseder, 2018; Segrave et al., 2011). Regarding anxiety studies, low and
broad alpha bands have manifested similar results (Nusslock et al., 2018). None of the
personality traits studies have examined low or high alpha.

Reference/Transformation.—The third FAA moderator that we examine in this work
is reference/transformation. Smith and colleagues (2017) discussed the effects of reference/
transformation on EEG data and highlighted the importance of seeking a relatively inactive
reference in order to record the EEG activity without interference from other scalp sources
(Hagemann, Naumann & Thayer, 2001). From the comparison across different reference
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montages, the Cz appeared to be the least adequate solution (Smith et al., 2017). The
suggested solution to overcome this issue was to employ a spatial filter: the reference-free
Current Source Density (CSD) transformation (Tenke & Kayser, 2012; Kayser & Tenke,
2006). The CSD transformation computes the second spatial derivative of voltage between
nearby electrode sites. This method permits to increase the contribution of local electrode
activity lowering the influence from distal sources. Evidence has supported the CSD
transformation as an effective method to record the frontal activity while reducing the effect
of non-frontal sources (Stewart et al., 2010; Stewart, Coan, Towers & Allen 2014; Velo,
Stewart, Hasler, Towers & Allen, 2012). The authors presented the CSD as the elective
method to study FAA but noted that a 64-channel cap should be employed to guarantee its
effectiveness (Smith et al., 2017).

A recent review on FAA in depression (Kaiser et al., 2018) encouraged researchers to
consider the role of reference montage in their work. Studies using mastoid reference
when measuring FAA reported a reduced FAA in depression (Kemp et al., 2010; Keune
etal., 2013; Liu, Sarapas & Shankman, 2013; Reid et al., 2008) and anxiety (Adolph &
Margraf, 2017; Gold et al., 2013), while others did not find an effect, either for depression
alone (Gold et al., 2013; Jaworska et al., 2012; Quinn, Rennie, Harris & Kemp, 2014),

or for anxiety and depression (Gordon et al., 2010; Kaiser et al., 2016). When comparing
different reference montages, some authors (Stewart et al. 2010; 2014) found that depression
was related to reduced FAA only when FAA was CSD-transformed, and not when other
transformations (Cz, average or linked mastoid) were used. Others studies reporting only
CSD-transformed FAA data showed similar findings in a female sub-sample (Stewart

& Allen, 2018); however, this effect has not always been found (Brzezicka, Kaminski,
Kaminska, Wotynczyk-Gmaj & Sedek, 2017).

The only study examining anxiety with CSD transformation demonstrated that elevated
worry is related to enhanced FAA, and that elevated anxiety and reduced worry is related
to reduced FAA (Smith, Zambrano-Vazquez & Allen, 2016). To our knowledge, no studies
have examined CSD-transformed FAA with personality traits.

1.4 Aims of the study

In light of the findings described above, reduced FAA might represent an individual
difference that corresponds not only to internalizing diagnoses (MDD and GAD), but also

to subthreshold symptomatology and personality traits. In fact, Davidson (1998) argued that
frontal alpha asymmetry indicates a diathesis that predisposes individuals toward different
affective styles and may constitute a risk factor for developing clinical psychopathologies,
such as depression and anxiety. Therefore, effectively identifying FAA variations could

be an useful marker for prevention screening or to assess treatment response. However, it
appears there is no procedural consensus for how to quantify FAA. This is problematic
because it increases the risk of choosing whichever electrode sites, alpha band, or reference/
transformation methods yield the strongest effect, which contributes to questionable research
practices such as hypothesizing after results are known (i.e., “HARKIing”). In turn, the
publication of these findings, obtained through differing methods, makes it more difficult for
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researchers to replicate effects (Olbrich & Arns, 2013). We hypothesize that the electrode
site activation is influenced by the reference montage and the alpha band examined.

With the aim of removing shared variance with parietal electrode sites using a factor
analytic approach, we propose a novel method for operationalizing FAA. We believe that
the alpha signal is most accurately captured across the frontal areas rather than isolated

to a single, specific site. Thus, we propose an empirically-derived frontal factor that

could represent a frontal alpha asymmetry score. This can be achieved through principal
component analysis (PCA), a statistical technique employed to reduce the dimensionality
of a dataset, minimizing information loss and at the same time increasing interpretability
(Ringnér, 2008). Several studies have employed a data-driven approach to identify an EEG
factor using EEG alpha power measures, especially for CSD-transformed data through a
principal component analysis, taking into account spatial and frequencies characteristics
(e.g., Barry & De Blasio, 2018; Panier et al., 2020; Tenke & Kayser, 2005). Our purpose is
to apply a similar method to frontal alpha asymmetry data.

We also aimed to compare the reliability of the novel FAA factor with the traditional

alpha asymmetry scores by examining split-half reliability and discriminant validity from
parietal counterparts. Several studies have explored EEG alpha power reliability in terms
of convergent and discriminant validity (Smith et al., 2020) and test-retest reliability (Smit,
Posthuma, Boomsma & De Geus, 2005; Tenke et al., 2017; Tomarken, Davidson, Wheeler,
& Kinney, 1992); however, fewer have explored alpha asymmetry reliability (Hagemann et
al., 2001; Hill et al., 2020; Towers & Allen, 2009).

Therefore, in light of the arguments described above, this study has been developed to
achieve five aims. Aim 1 is to apply a principal component analysis to identify a frontal
alpha asymmetry factor (FAAF) including all 32 electrodes and alpha frequencies (8, 9, 10,
11, 12, 13 Hz) for mastoid-referenced and CSD-transformed data. We hypothesized that a
FAA factor would emerge from the analysis, capturing unique variance that is empirically
separable from signal attributable to nearby parietal regions (i.e., parietal alpha asymmetry
[PAAT] factor). We compared this new approach to the measures that have been traditionally
used to operationalize FAA (mastoid-referenced and CSD-transformed F3/4 and F78 at
broad, low, and high alpha). We hypothesized that using principal components analysis to
derive FAAf would empirically create an index that better isolates frontal activity, allowing
for generalization of findings and encouragement of replication efforts.

Aim 2 is to analyze split-half reliability using the Spearman-Brown prophecy formula

for factor and raw FAA scores across mastoid/CSD and frequency alpha bands and to
evaluate the discriminant validity of frontal scores from parietal scores. We hypothesized
that both factor and raw scores would demonstrate good reliability but that the FAAf would
demonstrate better discriminant validity from parietal scores compared to raw FAA scores.

Aim 3 is to assess the associations among factors and raw FAA scores with internalizing
symptoms. Building upon Aim 1, the current aim fills a present gap in the literature by
comparing commonly used depression and anxiety measures (depression: CES-D, IDAS-II
and DASS-21; anxiety: GAD-7 and DASS-21) in their relation to FAAf and raw data in
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a non-clinical sample. In addition to the latent factor created for frontal asymmetry, we
conducted a factor analysis on item-level response scores to create Depression and Anxiety
symptoms factors. We hypothesized that heightened depression and anxiety symptoms
would be related to reduced FAA.

Moreover, through an exploratory perspective, we aimed to compare both latent factors and
raw indicators at different alpha bandwidths (low alpha 8-10.5 Hz; high alpha 11-13 Hz;
broad alpha 8-13 Hz), to clarify if they differed in terms of their relations to relevant criteria
or if they can be used interchangeably.

Aim 4 is to explore relations between factor and raw FAA indices and FFM personality trait
factors. This is largely an exploratory aim, as there is a relative lack of research assessing
FAA in the context of personality traits. Given its theoretical overlap with depression and
anxiety symptoms, we hypothesized that high Neuroticism would relate to reduced FAA.

Finally, Aim 5 of the current study is to assess similarities and divergences across the
correlational profiles of each FAA signal with internalizing symptoms and personality
measures in order to examine which signals share similar patterns of association with these
theoretically relevant criteria. To achieve this aim, we compared the profile similarity of the
raw F3/4 and F7/8 with P3/4 and P7/8, then the similarity of FAA with PAA factors to assess
whether they diverged in their associations with the measures of interest. This is guided by
an exploratory interest in understanding how much the association with constructs is found
in raw scores, which share a variance with parietal scores, or a frontal factor in which its
shared variance with parietal factor is removed.

In conclusion, our purpose is to provide a valid and reliable FAA measure that can
effectively detect variation in internalizing symptoms and personality and could serve
as an indicator that might identify individuals vulnerable to developing internalizing
psychopathologies.

2. Method

2.1 Participants

The current study included a total of 139 undergraduate non-clinical participants, 54.7%
women (/7= 76) and 45.3% men (7= 63), ranging in age from 18 to 24 years old (M/=19.2,
SD=1.23). They were not selected on any screening measures. Continental nationality of the
sample was North American (84.3%, n= 117), South American (10.8%, n= 15) and other
(4.9%, n=T7). Participants were 10.8% Hispanic/Latino (n7= 15) and 84.3% not Hispanic/
Latino (n7=117). Across the full sample, 5 participants declined to respond regarding their
age (3.6%) and 7 participants regarding their ethnicity (4.9%). Written informed consent
was obtained from all participants and they were compensated with either course credit or
monetary payment. This research was formally approved by the local Institutional Review
Board. The number of participants varied across analyses. EEG recording and factor analysis
was performed on 139 subjects. Correlations between FAA and relevant external criteria
ranged from 104 to 114 subjects (N = 104 for Depression and Anxiety symptoms factors; N
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=109 for FFMRF Big Five measures; N = 114 for IDAS-Il and DASS measures; N = 104
for CES-D and GAD-7).

2.2 Self-report measures

Center for Epidemiologic Studies Depression Scale (CES-D).—The CES-D
(Radloff, 1977) is a 20-item measure with scores ranging from 0 to 60. Responders are
asked to rate the frequency with which they have experienced 20 symptoms over the past
week (e.g., feelings of helplessness and hopelessness, depressed mood, loss of energy) using
a 4-point Likert scale. A score of 16 or above suggests a high level of depressive symptoms.
The CES-D has demonstrated good reliability and validity across different demographic
groups (Radloff, 1977). In the current sample, the CES-D showed excellent reliability
(Cronbach’s alpha = .91).

Generalized Anxiety Disorder 7-item scale (GAD-7).—The GAD-7 (Spitzer,
Kroenke, Williams, & Lowe, 2006) is a short self-report questionnaire based on DSM-IV-TR
diagnostic criteria that evaluates general anxiety disorder symptoms over the past two weeks
with 7 items in a 4-point Likert scale. Scores on the GAD-7 range from 0 to 21. Cut

points of 5, 10, and 15 might be interpreted as representing mild, moderate, and severe
levels of anxiety on the GAD-7. The GAD-7 has been shown to be valid and reliable in

past research (Spitzer et al., 2006). In the current sample, the GAD-7 demonstrated good
reliability (Cronbach’s alpha = .89).

Inventory of Depression and Anxiety Symptoms (IDAS-II).—The IDAS-11 (Watson
et al., 2012) is a 99-item measure assessing current depression and other psychiatric
symptoms over the past two weeks using a 5-point Likert scale. Cut points of 53, 74, 85
might be interpreted as representing mild, moderate and severe depression (Stasik-O’Brien
etal., 2019). The IDAS-I1I is a reliable self-report measure to detect depressive symptoms
given its good internal consistency, convergent and discriminant validity, and test-retest
reliability (Watson et al., 2012). In the current sample, the IDAS-11 general depression scale
demonstrated good reliability (Cronbach’s alpha = .89).

Depression Anxiety Stress Scales (DASS-21).—The DASS-21 (Lovibond &
Lovibond, 1995) is the short version of the DASS. It is composed of 21 items on a
4-point Likert scale that assess the severity and frequency of depression, anxiety and stress
symptoms in the past week (with seven items assessing each). The DASS-21 has shown
good internal consistency and reliable discrimination between the three scales (Lovibond
& Lovibond, 1995). Cut points of 5-6, 7-10, 11-13 and over 14 might be interpreted as
representing mild, moderate, severe and extremely severe levels of depression. Cut points
of 4-5, 6-7, 8-9 and over 10 might be interpreted as representing mild, moderate, severe
and extremely severe levels of anxiety. In the current sample, the depression and anxiety
subscales exhibited good to excellent reliability (Cronbach’s alpha DASS-21 depression =
.91; Cronbach’s alpha DASS-21 anxiety = .80).

Five-Factor Model Rating Form (FFMRF).—The FFMRF (Mullins-Sweatt, Jamerson,
Samuel, Olson & Widiger, 2006) is a 30-item self-report scale assessing the Big
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Five personality domains: Neuroticism, Extraversion, Openness, Agreeableness, and
Conscientiousness. Participants are asked to rate themselves on each item using a five-point
Likert scale ranging from extremely low (1) to extremely high (5). In the current sample,
reliability ranged from adequate to good (Neuroticism = .78; Extraversion =.79; Openness =
.66; Agreeableness = .71; Conscientiousness = .79).

2.3 Procedure

Upon arrival, participants were seated in a comfortable chair in an isolated room and

the EEG electrodes were applied. Resting state was recorded while participants were
instructed to look at a white fixation cross on a black computer screen and relax, refraining
from moving and closing their eyes. We recorded only the eyes-open condition because
researchers have demonstrated that alpha power does not differ between eyes open or
closed (e.g., Henriques & Davidson, 1990; Henriques & Davidson, 1991; Reid et al.,

1998). Presentation software (Neurobehavioral Systems, Inc., Berkeley, CA) was used to
control the timing of the resting state period, which lasted for two minutes. Some research
has suggested that the measurement of resting frontal alpha asymmetry may require less
recording time than the standard eight minutes (Towers & Allen, 2009). In fact, to approach
an internal consistency reliability of .90, researchers recommend an acceptable epochs

set size N = 75-125 for mastoid-referenced data. Given that our averaged epochs were
approximately 600 for each EEG channel, we have exceeded this minimum criterion (see
Table 1 in Supplemental Materials; Towers & Allen, 2009). During the same lab session,
participants were asked to complete a battery of questionnaires through an online procedure.
The order of EEG and questionnaire completion were counterbalanced across participants.
This study is a part of a more extended study on psychopathological symptoms and EEG
patterns (Ait Oumeziane, Jones & Foti, 2019; Hill, Lane & Foti, 2019). The resting EEG
was always collected first, followed by two reward tasks and one emotional viewing tasks.
The recording session lasted 1.5 hours including the capping process.

2.4 EEG recording

EEG activity was recorded using an actiCAP and the actiCHamp amplifier system (Brain
Products GmbH, Munich, Germany), which uses active electrodes that amplify the signal at
the scalp before transmission through the cable, thereby protecting against interference. The
EEG signal was digitized at 24-bit resolution at a sampling rate of 500 Hz. Recordings were
taken from 32 scalp electrodes based on the International 10-20 electrode system (Fp1, Fz,
F3, F7, FT9, FC5, FC1, C3, T7, TP9, CP5, CP1, Pz, P3, P7, O1, Oz, 02, P4, P8, TP10, CP6,
CP2, Cz, C4, T8, FT10, FC6, FC2, F4, F8, Fp2) and a ground electrode at Fpz. Horizontal
and vertical eye movement were captured with two auxiliary electrodes placed 1 cm above
and below the left eye, forming a bipolar channel to record the electrooculogram. Electrode
impedances were kept below 30 kOhms. Brain Vision Analyzer (Brain Products, Munich,
Germany) was used for offline analysis.

In our procedure, we employed the mastoid (TP9/TP10) and the CSD transformation as
a reference montage. After the CSD transformation, which is the recommended reference
scheme (Hagemann et al., 2001; Tenke & Kayser 2012; Velo et al., 2012), the mastoid
reference scheme is preferred as compared to Cz because it has been found to be superior
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in terms of psychometric proprieties (Allen et al., 2004; Reid et al., 1998; Tomarken et
al., 1992). Even though the CSD transformation is recommended for 64 channel-caps
(Smith et al., 2017) and we used a 32 channel-cap, we applied the CSD transformation
because evidence in the literature has found that selecting less flexible splines (m=4) for

a low-density EEG montage can largely retain the topography of an high-density montage
(Kayser & Tenke, 2015). Thus, we applied the CSD transformation with the following
characteristics: Oder of splines: 4; Maximal Degree of Legendre Polynomials: 10; Default
Lambda 1e-5.

2.5 Data reduction and analysis

Electroencephalogram FAA.—The following procedure to calculate FAA was
performed according to published recommendations (Smith et al., 2017). To obtain mastoid-
referenced data we re-referenced data to the mastoid average (TP9/10) and band-pass
filtered from 0.01-100 Hz using Butterworth zero phase filters. Using a regression method,
we corrected the signal offline for electrooculogram (EOG) artifacts (Gratton, Coles, &
Donchin, 1983). We segmented data in 1 s epochs (50% overlap) and individual channels
were rejected trial-wise using a semi-automated procedure, with artifacts automatically
defined as a step of 50 pV, a 200 puV change within 200-ms intervals, or a change <0.5

KV within 100-ms intervals and manually identified visually. We applied the Fast Fourier
Transform (Cooley & Tukey, 1965), with a Hamming window of 100% length and 50%
overlap. Alpha power at each site was log-transformed to approximate a normal distribution
(Williams et al., 2005). To obtain CSD-transformed data we re-referenced data after the
artifact rejection step; thus, we applied CSD transformation, the Fast Fourier Transform, and
averaged epochs. This is an accepted procedure since CSD is reference-free and the result
will be equivalent regardless of the reference montage applied before. Epochs were averaged
(see Table 1 Supplemental Materials for descriptive statistics of number of averaged epochs),
and power density values in the broad alpha (8-13 Hz), the low alpha (8-10.5 Hz) and the
high alpha (11-13 Hz) frequency ranges were extracted for each channel separately. For
principal component analysis, we further extracted separate frequency bands at 8 Hz (7.5-
8.5 Hz), 9 (8.5-9.5 Hz), 10 (9.5-10.5 Hz), 11 (10.5-11.5 Hz), 12 (11.5-12.5 Hz), 13 (12.5-
13.5 Hz). In addition, for each previously described broad, low, high, and separate frequency
bands, we extracted distinct alpha bands for odd and even segments to calculate split-half
reliability analysis. These scores were then used to calculate asymmetry values such that the
left hemisphere value (e.g., F3) was subtracted from the right homologous electrode (e.g.,
F4) (i.e., (In(F4)-In(F3)) for either reference montage. Cortical alpha power is inversely
associated with the cortical activity (Oakes et al., 2004; Scheeringa et al., 2008); thus, lower
FAA (reduced left frontal cortical activity) is indicated by negative values whereas higher
FAA (increased left frontal cortical activity) is indicated by positive values; consequently,
the symmetrical activity across hemispheres is indicated by a zero score (Coan & Allen,
2004).

Factor analysis of FAA, internalizing symptoms and personality traits.—For
single electrode analysis, we focused on mid-frontal (F3/4) and lateral frontal (F7/8)
asymmetry indices, in line with the existing literature (e.g., Allen & Cohen, 2010;
Thibodeau et al., 2006). In order to create factors representing FAAf and PAAT (with the
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goal of removing any shared variance due to parietal activity from the frontal factor),
following Tenke and Kayser’s analysis (2005), we performed a principal component
analysis, Varimax rotation with Kaiser normalization, based on correlation matrix, using
all asymmetry indices (01/2 P3/4 P7/8 TP9/10 CP5/6 CP1/2 C3/4 Fp1/2 F3/4 FT9/10 F7/8
FC5/6 FC1/2 T7/8) and all frequency alpha band (8, 9, 10, 11, 12, 13 Hz), obtaining a
total of 84 scores for mastoid reference data (i.e., 021 8Hz; 021 9Hz etc.). We repeated
this procedure for CSD reference data. We used a correlation-based PCA because alpha
asymmetry scores are not on the same scale (see Table 2 in Supplemental materials for
description) and researchers recommend to use standardized data (correlation) in this case
(Jolliffe & Cadima, 2016).

With respect to internalizing symptoms and personality traits we performed an exploratory
factor analysis with oblimin rotation (Delta parameter = 0) and maximum likelihood
estimation. We conducted three factor analyses: we included all depression items to extract
one depression symptoms factor (CES-D, IDAS-II and DASS-21); all anxiety items to
extract an anxiety symptoms factor (GAD-7 and DASS-21) and the Five-Factor Model
Rating Form to extract the five personality traits. In addition, we calculated the latent factor
of each questionnaire, in order to further explore if they differ in the association with FAAf
and raw scores.

Split-half reliability and discriminant validity.—Following Hill and colleagues’
procedure (2020) we estimated split-half reliability using the Spearman—Brown prophecy
formula (Anastasi & Urbina, 1997) for all data split by even and odd segments. In particular,
we calculated reliability for F3/4 and F7/8 for both mastoid and CSD-transformed data

and FAATf. For the latter, we calculated a frontal factor for all odd segments and a frontal
factor for all even segments, which we then compared using the Spearman-Brown formula.
Reliability estimates were categorized as good or excellent over .80 and .90, respectively
(Cicchetti, 1994). In addition, we explored discriminant validity between frontal and parietal
scores through a correlation matrix. We were interested in comparing the absence of
correlation between FAAF and PAAT (as determined by Varimax rotation) with mastoid

and CSD raw scores to evidence how much the frontal traditional scores discriminate from
parietal influence.

Associations between FAA and relevant external criteria.—Next, we examined
zero-order correlations between depression symptoms, anxiety symptoms, and personality
traits factors with the FAAf, PAAf, and raw frontal and parietal scores (F3/4, F7/8, P3/4,
P7/8) at broad, low, and high alpha band for mastoid and CSD reference. Correlational
profile similarities were analyzed with respect to the FAAf and PAAT factors and the raw
indices. Profile similarities (which are calculated as double-entry intraclass correlations)
refer to the degree of consistency that two empirical constructs show with one another
based on their scores across an array of independent measures (Furr, 2010). The goal in
using this method was to determine whether the FAAf factor and the raw FAA indicators
showed a similar pattern of association with theoretically relevant criteria, and to compare
frontal asymmetry correlation profiles with parietal asymmetry correlation profiles to
evaluate whether the latent factor approach led to more discriminant patterns in correlations
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compared to its raw indicator counterpart. Profile similarities range from zero to one, with
values closer to one indicating a high degree of similarity.

Because there is no current recommended cut-off value in terms of statistically significant
profile similarities, we supplemented these analyses with Steiger’s (1980) test of dependent
/s to determine whether there were statistically significant differences between the factors
and raw FAA indices in terms of their correlations with internalizing symptoms and
personality traits. Given the large number of comparisons being examined in the present
study and the potential for being under-powered given our sample size, false discovery rate
analyses using a Bonferroni-type approach described by Benjamini and Hochberg (1995)
with a g-value of .05 were conducted for the correlations and tests of dependent ss to
decrease the likelihood of reporting statistical significance that may have been the result of
multiple comparisons.

3. Results

Latent alpha asymmetry factors.

First, we examined the descriptive statistics of all channel*frequencies in order to exclude
channel(s) with missing data. We retained all channels with no missing data, excluding
from the PCA TP9/10 and FC1/2 (see Table 2 in Supplemental Materials for descriptive
statistics). We confirmed the assumptions required for PCA (Watkins, 2021): we observed
an adequate linearity, sampling adequacy with Kayser-Meyer-Olkin and Bartlett’s test
and we found no significant outliers with Mahalanobis distance. Next, we conducted a
PCA, varimax-rotated correlation matrix with unrestricted factor extraction. This resulted
in a 13-factor extraction, with a high dispersion of scores across different factors, which
were composed by different channels across all frequencies (see Table 3 in Supplemental
Materials). Therefore, we decided to restrict factor extraction at two components in the PCA
analysis. We hypothesized to identify a frontal and a parietal factor.

Factor loadings for mastoid-referenced data are presented in Table 4 in Supplemental
Materials. The PCA resulted in the hypothesized factors, with FAA indices (F7/8, F3/4,
FC5/6 and FC1/2) loading onto frontal alpha asymmetry factor (which we named the FAA
factor — FAAS; average factor loadings .646) and the PAA indices (02/1, P3/4; P7/8, CP5/6,
CP1/2, T7/8) loading onto the parietal alpha asymmetry factor (which we named the PAA
factor — PAAT; average factor loading .667). C3/4 similarly loaded on the frontal and
parietal factors, whereas FT 9/10 did not load on any factor. No difference emerged between
different frequency alpha bands. Although they were not statistically different, previous
research has suggested that frequency alpha bands are functionally independent (Petsche,
Kaplan, Von Stein & Filz, 1997) and that FAA’s relations to depression symptoms may
differ by alpha band (Cantisani et al., 2015; Jaworska et al., 2012). Therefore, we calculated
factors at low alpha band (8-10 Hz) and high alpha band (11-13 Hz) to further explore if
differences would emerge in their relations to external criteria (see Table 4 in Supplemental
Materials).
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Split-half reliability and discriminant validity.

Results from the Spearman-Brown prophecy formula are presented in Table 1. All factors
showed a similar pattern of distribution and reached an adequate measure of Kayser-Meyer-
Olkin and Bartlett’s testl. All scores reached an excellent reliability (>.90). Zero-order
correlations between frontal and parietal factors and raw data are presented in Tables 2

and 3. As frontal and parietal factors have been extracted with varimax rotation, their
correlation is zero. For CSD-transformed raw scores, F3/4 and F7/8 demonstrated similar
discriminant validity from parietal scores. One exception was in the low alpha band, in
which F4/3 demonstrated a significantly smaller correlation with P3/4 compared with P7/8.
For CSD-transformed scores the average correlation between F3/4 and parietal scores was
r=.140; the average correlation between F7/8 and parietal scores was r=.214. Across
mastoid data, F7/8 demonstrated more discriminant validity from P3/4 and P7/8 compared
to F3/4. Specifically, for mastoid-referenced scores, the average correlation between F3/4
and parietal scores was r=.383; the average correlation between F7/8 and parietal scores
was 7= .187. One exception was for P3/4 in low alpha band, which demonstrated a smaller
correlation with F7/8 compared to F3/4, but not statistically significantly so.

Latent depression symptoms, anxiety symptoms and Big Five personality trait factors.

Similarly to the procedures for alpha asymmetry factors, we first tested the assumptions
that should be met before performing a factor analysis. No outliers tested with Mahalanobis
distance were found for internalizing symptoms and personality traits, the assumption of
linearity was confirmed, and the questionnaire data were normally distributed (Kline, 2005),
with the exception of IDAS-I1 13 and 52 which exceeded Kline’s range and were excluded
from the factor analysis (see Tables 5, 6, 7 in Supplemental Materials for descriptive
statistics). Factor loadings for depression, anxiety and Big Five personality trait items

are presented in Tables 8, 9, 10 in Supplemental Materials. For depression and anxiety
symptoms measures, we also calculated specific factors for each questionnaire.

FAA correlations and profile similarities with internalizing symptoms and personality

traits.

In the present sample, 26.8% of participants met suggested thresholds for clinically
significant depression and 30.9% for clinically significant anxiety, respectively 2.9% and
9.5% of participants indicated experiencing “severe” levels of depression and anxiety
symptoms (see Table 11 in Supplemental Materials for descriptive statistics of internalizing
symptoms).

Correlations between the factors and raw asymmetry scores in association with theoretically
relevant constructs are presented in Table 4. Given the relatively small sample size, false
discovery rate corrections (Benjamini & Hochberg, 1995) were applied for all correlations
with criterion measures within each alpha band to obtain more conservative results. After
examining correlations with depression symptoms factor, anxiety symptoms factor and five

1Broad factor: Odd - KMO 0.764. Bartlett’s test 20455.62** (2556); Even - KMO 0.762; Bartlett’s test 20414.98**(2556). Low
factor: Odd - KMO 0.787. Bartlett’s test 10824.21** (903); Even: KMO 0.787; Bartlett’s test 10866.10** (903). High factor: Odd -
KMO 0.735. Bartlett’s test 8576.37** (630); Even: KMO 0.748; Bartlett’s test 8679.98** (630).
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personality traits factors, we further explored correlations with single depression or anxiety
symptoms questionnaires.

Three constructs of interests emerged in correlation with FAA measures: depression
symptoms, Neuroticism and Conscientiousness. The general latent depression symptoms
factor was negatively associated with FAAT at low alpha band. Depression symptoms
measured with the latent CES-D factor were negatively associated with FAAF at broad

and low alpha band. Both associations were statistically significant after correcting for false
discovery rate. Additionally, FAAf low alpha band had a significantly different correlation
with the CES-D than its parietal counterpart. Neuroticism was negatively correlated

with F7/8 at low alpha band, but this association was not significantly different from
Neuroticism’s correlations with P3/4 and P7/8. Conscientiousness was positively correlated
with F7/8 mastoid and CSD at broad and low alpha bands, as well as with FAAf at low
alpha band; however, only F7/8 CSD-transformed FAA at low alpha band demonstrated a
significantly different correlation with Conscientiousness from parietal (P3/4, P7/8) scores.
In sum, considering only correlations surviving FDR correction and significantly diverging
from parietal counterparts, only FAAF at low alpha band negatively correlated with the
CES-D Depression symptoms factor and significantly diverged from PAAT in its relation to
CES-D Depression. With respect to personality traits, only CSD-transformed F7/8 correlated
with Conscientiousness and significantly diverged from P3/4 and P7/8 in terms of its relation
to Conscientiousness.

4. Discussion

Guided by the purpose of identifying a reliable FAA index that included FAA measured at
multiple electrode sites while also eliminating variance from parietal activity, we examined
a novel way to measure frontal alpha asymmetry through a principal component analysis to
derive a FAA factor index that removes shared variance with parietal regions. The FAAf,
demonstrating less overlap with parietal noise, could serve as an useful indicator of FAA,
given that it is extracted with varimax rotation, which does not include any shared variance
from the parietal neural signal.

Split-half reliability and discriminant validity.

Mastoid-referenced alpha asymmetry raw scores demonstrated excellent split-half reliability,
confirming previous findings (Hill et al., 2020; Towers & Allen, 2009). Additionally, our
findings demonstrated excellent split-half reliability of the FAAf and the CSD-transformed
F7/8 and F3/4 scores, indicating that the FAAf demonstrated comparable reliability to FAA
measures currently utilized in the field.

Further, we analyzed the discriminant validity of FAA factor and raw alpha asymmetry
frontal scores with respect to parietal counterparts. Given that the FAAT was empirically
derived to isolate frontal asymmetry signal from parietal activity, this measure provides
significant discriminant validity in comparison to traditional measures. Discriminant validity
was further supported given the statistically significantly different effect sizes between
frontal and parietal factors with respect to CES-D depression. Our findings indicated that
the second-best approach to discriminate from parietal scores are the CSD-transformed raw
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electrode scores, confirming the CSD transformation as an effective method for increasing
the contribution of local electrode activity while reducing influence from distal sources
(Hagemann et al., 2001; Tenke & Kayser 2012; Velo et al., 2012). Mastoid raw scores,

on the other hand, demonstrated more overlap with the frontal and parietal counterparts as
evidenced by their correlations with each other and lack of differences in their correlational
profiles with relevant criteria. This comparison indicates that the mastoid-referenced frontal
factor (FAAf) and CSD-transformed raw electrodes scores are less likely to be influenced by
distal generators.

FAA correlations and profile similarities with internalizing symptoms and personality

traits.

As third and fourth aims, we explored the association between depression and anxiety
symptoms and the five factor personality traits across FAA factor and raw scores.
Three constructs emerged in correlation with FAA scores: Depression with the FAAF,
Conscientiousness across FAA scores, and Neuroticism with the F7/8 raw score at low
alpha band.

In line with literature on non-clinical populations (De Raedt et al., 2008; Diego et al.,
2001), we found a reduced FAA among participants with higher levels of depression
symptoms (CES-D). This is also consistent with meta-analytic findings demonstrating an
effect between FAA and both clinical and non-clinical depression (Jakobi, 2009), as well

as longitudinal findings that FAA predicted depression symptoms among healthy subjects
(Nusslock et al., 2011; Pdssel et al, 2008; Stewart & Allen, 2018). However, we found this
effect only with the FAAf, whereas the cited authors observed this correlation using FAA
raw indices. Given the higher correlation between CES-D with FAAf compared with raw
FAA scores, it appears that the effect was mostly driven by variance that is unique to frontal
activity. Additionally, the relation between the depression factor and FAA appears to mostly
have been driven by CES-D depression.

Although the CES-D is used less frequently than other measures for assessing clinical
depression (for example, in comparison with the BDI-II), previous work has found that both
CES-D and BDI-II evidence satisfactory levels of specificity and sensitivity in detecting
depressive symptoms in a college-age sample (Shean & Baldwin, 2008). In addition, the
CES-D was developed specifically for use in general populations (rather than clinical
populations; Radloff, 1977) which may be why it was particularly sensitive to depressive
symptoms in our non-clinical sample compared to other measures. Moreover, comparing to
IDASS-II and DASS21, it may be possible that the CES-D demonstrated the strongest effect
in our sample due to its response format, which might be more effective than other measures
in detecting depressive symptoms. In fact, it requests participants to respond using a more
concrete Likert scale compared to the more subjective rating scale of the other measures
(i.e., asking a participant how often they felt/behaved a certain way over the past week on a
1-7 day scale versus “Not at all” to “Extremely” on the IDASS-I11 or “Did not apply to me
at all” to “Applied to me very much” on the DASS21). Our findings suggest that FAA could
be considered a marker of non-clinical depression symptoms. Notably, this effect was found
only for the FAAf.
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With respect to personality traits, we observed a reduced FAA in high trait Neuroticism
participants, in accordance with previous findings (Kuper et al., 2019). However, this

result was only found at F7/8 raw score low alpha band. Findings on Neuroticism seems
less robust and confirming this, a recent systematic review did not support the validity

of resting asymmetry as a marker for approach-avoidance personality traits and parallel
measure such as Neuroticism (Mecchio & De Pascalis, 2020). More interesting are results on
Conscientiousness, we reported an enhanced FAA in high Conscientiousness participants
across different FAA indices. To our knowledge, this is the first study to report this
association for CSD-transformed data. Notably, our findings contradict prior research
findings suggesting no correlation between raw FAA and Conscientiousness (Kuper et al.,
2019). This is particularly interesting given that Conscientiousness was the most consistent
significant effect found in relation to FAA across both transformations of F7/8 and the
FAATf. The contrast with previous findings could potentially be explained by the different
operationalizations and measures of Conscientiousness used between the two studies (Kuper
et al., 2019) and warrant further research to replicate these findings.

The positive correlation between FAA and Conscientiousness could be of interest because
literature is mainly focused on exploring reduced FAA, its related constructs, and how it
could be considered a risk factor for psychopathology (Nusslock et al., 2011; Pdssel et al.,
2008; Stewart & Allen, 2018). Conversely, these findings suggest that more effort should

be made to explore increased FAA and its related constructs to explore whether it could
constitute a potential protective factor. The existing literature has provided some evidence

to support this hypothesis. For example, it is well-known that an increased FAA correlates
with approach motivation (Coan & Allen, 2004; Davidson, 1992, 1994, 1998; Harmon-Jones
& Allen, 1997; Harmon-Jones et al., 2010; Smith et al., 2017). This is consistent with the
findings from the current study given previous findings that Conscientiousness is positively
correlated with approach motivation (Briki, 2018) and negatively correlates with avoidance
motivation (Mitchell et al., 2007). In addition, Conscientiousness has been found to be
associated with good psychological health during the lifespan (Bogg & Roberts, 2013;
Friedman & Kern, 2014). Thus, we encourage researchers to explore if Conscientiousness,
and an increased FAA, might play the role of a protective factor against psychopathological
symptoms. In general, further research on the latent FAAf index is needed to determine if
these effects replicate in other samples and if this could be a more consistently applied index
of FAA in the literature.

As a final aim, we examined if correlations between the FAA, internalizing symptoms,

and basic personality traits are specifically found in frontal areas, or if effects emerge

with frontal scores that absorb activity from multiple distributed neural systems. Profile
similarities were calculated to determine whether the FAAT bore less similar correlations to
internalizing symptoms and personality traits when compared to its parietal counterpart than
raw FAA indices. We found that the associations between FAAT low alpha with the CES-D
Depression factor and CSD-transformed F7/8 low alpha with Conscientiousness showed a
significantly different effect size from their parietal counterparts. Other associations did not
significantly differ from parietal correlations.
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Across effect sizes in the present study, correlations at the low alpha band were stronger
with depression symptoms, anxiety symptoms, and personality traits. Although the principal
components analysis did not identify differences between alpha bands, these differential
effects support previous recommendations for resting EEG research that alpha band should
be included in the FAA research protocol (Kaiser et al., 2018). We recommend that
researchers analyze and report effect sizes at low and high alpha, in addition to broad alpha,
to provide context and transparency to their findings and to prevent “cherry-picking” alpha
bands to choose the strongest effect size. This is particularly salient given research that has
found significant differences in effects at different alpha bands of FAA indices (Cantisani et
al., 2015; Jaworska et al., 2012).

Finally, it is noteworthy to mention that none of the effect sizes obtained in this study

(even those attaining statistical significance) were large; however, this is common in cross-
method correlational research. In addition, these effect sizes are consistent with previous
meta-analytic effect size estimates between FAA and trait Neuroticism (Kuper et al., 2019),
depression, and anxiety (Thibodeau et al., 2006).

Limitations and Future Directions

Although the sample size of the present study is relatively large compared with other EEG
studies, it is still not highly powered enough to adequately detect small effects. Thus, more
research with larger samples is needed to further explore these questions. It is important to
note, however, that this sample size nonetheless allowed us to examine a novel assessment
of frontal alpha asymmetry. Additionally, for all correlations between our criterion measures
and asymmetry measures (both raw scores and factors), false discovery rate correction was
used to minimize the potential for reporting significant findings that were the result of
multiple comparisons.

As the field stands now, there is no recommended protocol for how to operationalize FAA
with regard to electrode sites and frequency range. For this reason, studies have reported
effects associated with a large range of different sites and alpha bands. We would argue

that a better step would be to create an empirically-derived FAA factor using the methods
described in this paper, to parse out any shared variance that may be coming from other
brain regions and to use signal from multiple electrode sites rather than relying on a single
electrode. As the construct validity analyses indicate, the FAA factor is highly similar to the
raw scores that researchers currently use in terms of its relations to relevant criteria, but it
also has the additional advantage to isolate frontal activity from signal in the parietal region.
If using raw indicators, our findings indicate that researchers should use CSD transformation
to obtain the most spatially distinct score.

In order to further examine FAAf, we also invite researchers to calculate and compare
factors across different reference montages (i.e., as Cz, linked mastoids, linked ears, nose,
average ears etc.). Although we hypothesize that FAAf would be equally sensitive in
detecting FAA variation regardless of reference methodology because the calculation of
a factor would clean the reference effect, this is an empirical question. We encourage
researchers to attempt to replicate these findings across different datasets to continue to
explore the utility of the FAAf in frontal asymmetry research.
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In conclusion, the FAA factor (FAAF) is a promising method to measure alpha asymmetry
given findings supporting its reliability, discriminant validity from a PCA-derived parietal
factor, and construct validity in terms of its relations with internalizing symptoms and
relevant personality traits. The FAAF provides researchers with the ability to examine
correlations with constructs of interest in a way that maximizes the contribution of frontal,
rather than parietal, activity. It may also be a valuable and sensitive index to detect potential
health and risk factors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Mastoid referenced data CSD transformed data
Frontal AA Factor l [ External AA Factor ]

D~

| Parietal AA Factor |

@ =average factor loading across frequencies >.700
O =average factor loading across frequencies >.600

Figure 1.
Topography of alpha asymmetry factor scores depicted separately for mastoids-referenced

and CSD-transformed data

Note. FAAF = frontal alpha asymmetry factor; PAAF = parietal alpha asymmetry factor;
CAATf = central alpha asymmetry factor; EAAf = external alpha asymmetry factor. Dashed
line indicates separation of factors; channels colored with dark grey showed an average
factor loading across frequencies >.700 (e.g., alpha asymmetry score of F7/8 at 8, 9, 10,
11, 12, 13 Hz on FAA); channels colored with light grey showed an average factor loading
across frequencies >.600; channels Fp1/2 and Tp9/10 were excluded from the PCA.
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CES-D

CES-D

Conscientiousness

Figure 2.

Association between FAAS and FAAT low with CES-D and F7/8 csd low with

Conscientiousness

Note. FAAT = frontal alpha asymmetry factor 8-13 Hz; FAAT low= frontal alpha asymmetry
factor 8-10 Hz; F7/8 csd low =frontal alpha asymmetry score at F7/8 c¢sd 8-10 Hz; CES-D =

depression score.
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Table 1.

Spearman brown coefficient for factor and raw frontal alpha asymmetry scores
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Broad data Low alpha High alpha

FAAf .990 .982 .989
F3/4 .994 .991 .981
F7/8 .998 .996 .994
F3/4 csd .998 .996 .994
F7/8 csd .999 .997 .996
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