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Abstract

Frontal EEG alpha asymmetry provides a promising index of depression risk, yet very little is 

known about the neural sources of alpha asymmetry. To identify these sources, this study 

examined alpha asymmetry using a distributed inverse solution: exact low resolution brain 

electromagnetic tomography (eLORETA). Findings implicated a generator in lateral mid-frontal 

regions that contributed to both surface asymmetry and depression risk. Participants with any 

lifetime history of depressive episodes were characterized by less left-than-right activity in the 

precentral gyrus and midfrontal gyrus. Anhedonia accounted for a significant portion of the 

relationship between alpha asymmetry and lifetime MDD. Results are suggestive of convergence 

between motivational and capability models of asymmetry and replicate results from experimental 

studies in a large resting-state dataset. The capability model of frontal alpha asymmetry is 

contextualized in terms of motor preparedness following emotional mobilization.
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Major depressive disorder (MDD) is a leading cause of disability in the world (Mathers, 

2008), is one of the most prevalent psychological disorders (Kessler et al., 2003), and 

contributes to thousands of deaths by suicide (Nock, Hwang, Sampson, & Kessler, 2010). 

Resting frontal EEG alpha asymmetry is a widely-studied indicator of depression risk and 

emotional style (Thibodeau, Jorgensen, & Kim, 2006), and frontal alpha asymmetry may be 

useful for predicting response to anti-depressant medications (Arns et al., 2016).Yet, the 

frontal cortex is functionally and anatomically heterogenous, and the regions of the frontal 

cortex that give rise to frontal EEG alpha asymmetry and depression risk remain relatively 

unspecified. Uncovering the generators of alpha asymmetry may help predict risk for MDD, 

improve treatment selection, and inform theories of emotion and motivation.

The relationship between brain lateralization and risk for MDD is believed to result from a 

deficit in left frontal functioning and is based on neurological observations that left frontal 

lesions produce depressive episodes (Narushima, Kosier, & Robinson, 2003). Lesion-based 
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study designs have disadvantages, however, especially due to a great deal of systematic and 

unsystematic noise (e.g., damage to fiber tracts, glia, and parenchyma may be complex, 

nonspecific, and/or unidentified). A measure of in vivo brain activity could attenuate some 

experimental noise, and can also be used to examine lateralization hypotheses. Alpha power 

(8Hz to 13Hz; i.e., the dominant rhythm in the human EEG) is an in vivo measure that 

indexes functional cortical inhibition; e.g., alpha-band activity inhibits cell assemblies from 

entraining to visual stimuli (Klimesch, 2012; Mathewson et al., 2011), and is correlated with 

reduced metabolic activity (Oakes et al., 2004). Alpha generators have historically been 

associated with occipital and thalamic regions, but more recently alpha power has also 

demonstrated covariation with metabolic activity in frontal-parietal and default-mode 

networks (Laufs et al., 2003, 2006; Mantini, Perrucci, Del Gratta, Romani, & Corbetta, 

2007; Sheeringa, Petersson, Kleinschmidt, Jensen, & Bastiannsen, 2012). EEG asymmetry 

scores are a measure of relative hemispheric activity and are calculated as the difference in 

left vs. right alpha power, with more left-than-right alpha power taken to indicate relatively 

less left-than-right activity. Less left-than-right activity reliably predicts depression status 

(Blackhart, Minnix, and Kline, 2006; Stewart, Bismark, Towers, Coan, and Allen, 2010; 

Nusslock et al., 2011), but most reports have examined the relative difference between the 

hemispheres and lower asymmetry scores can result from decreased left activity, increased 

right activity, or both. In other words, the left-hemisphere deficit hypothesis of depression is 

often not directly tested. Localizing generators of alpha asymmetry would be a more direct 

test of this hypothesis. Unfortunately, the available literature on alpha asymmetry sources is 

small and inconsistent. Some studies have found greater intracranial left frontal alpha power 

in MDD (less left frontal activity; Lubar, Congedo, and Askew, 2003), some have reported 

less intracranial right frontal alpha power in MDD (more right frontal activity; Saletu, 

Anderer, and Saletu-Zyhlarz, 2010), some have reported less right frontal alpha and more 

left frontal alpha (Arns, et al., 2016), yet others have found no resting-state frontal laterality 

effects in the alpha band related to MDD (Coutin-Churchman and Moreno, 2008; Pizzagalli 

et al., 2002). Inconsistent findings are possibly related to poor spatial sampling of the scalp 

and small sample sizes: montages with few channels (<64) may miss contributions from 

small patches of cortex situated between electrodes (Nunez and Srinivasan, 2006), and small 

sample sizes are prone to irreproducible results (Szucs and Ioannidis, 2016). Although 

researchers have examined alpha-band sources of depression status, no study has 

investigated the sources of scalp-level asymmetry scores (e.g., Allen, Coan, and Nazarian, 

2004), and it remains to be seen what brain regions give rise to conventional scalp-level 

asymmetry metrics. Overall, depression is more frequent in patients with left frontal lobe 

lesions and in non-lesion participants with less relative left frontal activity in some EEG 

studies of intracranial alpha asymmetry (Arns, et al., 2016; Lubar et al., 2003), but no 

studies have yet directly linked depression, intracranial asymmetry, and scalp-level 

asymmetry metrics.

The present study had two primary goals. The first goal was to identify generators of alpha 

asymmetry that contribute to alpha asymmetry scores at the scalp. The second goal was to 

identify alpha generators that contribute jointly to surface alpha asymmetry and MDD. 

Resting state EEG source imaging reports as well as meta-analyses of neuroradiological 

findings have previously found diminished left-lateralized dorsal prefrontal activity in 
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depressed participants (Fitzgerald, Laird, Maller, and Daskalakis, 2008; Hamilton et al., 

2012; Lubar et al., 2003). Dorsal-lateral PFC (dlPFC) also lies underneath frontal channels 

often used to calculate scalp asymmetry metrics (Okamoto et al., 2004). Thus, it was 

hypothesized that left dlPFC would be identified as a source of alpha generators that jointly 

contribute to surface asymmetry metrics and depression risk.

Present report

This report examined resting state data using 60-channel montages from 306 participants. 

Surface data metrics were calculated using data that were transformed to the surface 

laplacian for improved spatial specificity and mitigation of volume conduction (Stewart et 

al., 2010). Correlations between scalp asymmetry and eLORETA-modeled intracranial 

asymmetry were calculated to reveal putative generators of surface asymmetry. Intracranial 

asymmetry sources were also examined in relation to depression status. Finally, intracranial 

asymmetry voxels that were jointly related to surface asymmetry and MDD status were 

identified. These voxels were used for post-hoc analyses with continuous measures of mood, 

anxiety, and sociodemographic variables (to evaluate generalizability). Compared to other 

investigations, the use of the current source density (CSD) transformation improved the 

spatial specificity of surface asymmetry metrics, and a higher electrode density provided an 

improvement in terms of source estimation performance.

Method

Participants

Beck Depression Inventory scores were collected from undergraduate students in 

introductory psychology courses at the University of Arizona, and from online surveys. 

Participants had scores across the entire range of the BDI, and the sample consisted of 

participants with depression severity ranging from absent to severe (BDI scores were 

averaged across four EEG recording days and ranged 0-45.5, M = 10.9, MDN = 8.63, SD = 

10.4). All participants were strongly right-handed (at least 36 of a possible 39, Chapman and 

Chapman, 1986). Participants were excluded if they had any history of neurological 

impairment, disease, or injury (e.g., loss of consciousness > 10 minutes, epilepsy), history of 

electroconvulsive therapy, were currently using psychotropic medications, met DSM-IV 

criteria for an Axis-I disorder besides depression or dysthymia, or were actively suicidal. 

These data have been published elsewhere (Stewart et al., 2010). The source estimates of 

EEG recordings were never calculated and are presented here for the first time.

All participants were evaluated for DSM-IV Axis-I criteria using the Structured Clinical 

Interview for DSM-IV (SCID) by graduate students trained in the administration of the 

SCID, and supervised by the senior author (J.J.B.A.). Participants meeting DSM-IV criteria 

for any previous lifetime major depressive episode or current major depressive episode made 

up the lifetime MDD group (N = 143, 39 males, 74.85% Caucasian, 17.5% Hispanic). 

Participants never meeting criteria for any Axis-I disorder made up the healthy control group 

(N = 163, 56 males, 68.55% Caucasian, 23% Hispanic). Among the participants in the 

lifetime MDD group, 44% also met criteria for MDD at the first EEG recording session 

(current MDD group; N = 62; 18 males). Participants meeting criteria for current dysthymia, 
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or a lifetime history of dysthymia, but without any history of major depressive episode (no 

history of current or prior depressive episodes were excluded from analysis, N = 7). The 

sample used for analyses included 306 participants, with 95 males. Participant sex was not 

analyzed here as a predictor of the relationship between alpha asymmetry and depression 

status. A previous analysis of this dataset revealed no significant main effects or interaction 

effects between sex, frontal alpha asymmetry, and depression status when using the surface-

laplacian transformation that is also used in this report (Stewart et al., 2010; also see meta-

analyses by Thibodeau et al., 2006; and Wacker, Chavanon, & Stemmler, 2010). Participant 

selection is described in greater detail elsewhere (Stewart et al., 2010).

EEG data collection

Participants were scheduled to visit the laboratory for EEG recordings on four different 

days, scheduled at least 24hrs apart, within a two-week span. On each visit, two separate 

resting EEG recordings were obtained (eight EEG recordings for each participant in total 

over the four days). Data were averaged over the eight recording sessions for the analyses 

reported below, to examine trait-like indicators of function that have been related to risk for 

depression (c.f., Coan, Allen, & Nazarian, 2004).

Each recording session consisted of eight one-minute recordings. On each day’s visit, 

following the first resting EEG recording session and preceding the second, participants 

completed the directed facial action task (see Stewart, Coan, Towers, and Allen, 2011). Only 

the resting-state recordings are analyzed in this report. Each 1-minute session was either an 

eyes open or eyes closed session, and the order of eyes open/eyes closed alternated across 

sessions (OCCOCOOC or COOCOCCO). The current analysis includes four minutes of 

eye-open and four minutes of eyes-closed data resting-state data. EEG data were collected 

using a 64-channel electrode cap and NeuroScan Synamps2 amplifier (Charlotte,NC). 

Electrooculogram (EOG) sensors applied above and below the left eye recorded eye blinks; 

EOG sensors were also applied to the outer canthi of the left and right eyes to record rolling 

eye movements. All electrode impedances were less than or equal to 10KΩ for all recording 

sessions. Online-data were amplified with a gain of 2816, sampled at 1000Hz, and low-pass 

filtered at 200Hz. Signals were recorded using an online reference site immediately posterior 

to Cz. Four channels were not included in analyses: two mastoid channels, and two channels 

at the cranial base, lateral and ventral to the inion.

EEG preprocessing is described in greater detail in Stewart et al., 2010. Visual marking of 

raw data for non-biological artifact (e.g., amplifier clipping and cap shifts) was completed 

first. These segments were removed, and then an automatic artifact rejection algorithm 

rejected data segments where ocular activity exceeded ±75 microvolts in the vertical ocular 

channel, and rejected segments with large fast deviations in amplitude in any channel (e.g., 

direct current shifts and spikes) that may have eluded human inspection. Each minute of data 

was segmented into 2.048s epochs (Fast-Fourier Transform (FFT) necessitates the use of 

epochs with a length that is a power of 2). A Hamming window was used to attenuate 

artifacts at the edges of epochs resulting from the FFT. Epochs overlapped by 1.5s to 

mitigate the attenuation of spectral power at the edges of an epoch resulting from Hamming 

windowing. Bad channels were linearly interpolated. One copy of the online-referenced data 
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was processed further with eLORETA (eLORETA transforms scalp voltages into a 

reference-free montage). Another copy of the data were transformed using the Current-

Source Density (CSD; a Laplacian transformation of the surface data; see Kayser & Tenke, 

2015), based on the spherical spline approach summarized by Perrin, Pernier, Bertrand, and 

Echallier (1989, 1990) and implemented using code from Cohen (2014; the 

laplacian_perrinX function with default settings).

Spectral power at the scalp was calculated using a Fast-Fourier Transformation (FFT) for the 

artifact-free epochs using the CSD-transformed data. Spectral power was averaged across all 

artifact-free epochs. Then, alpha band power (8-13 Hz) was extracted from the spectrum for 

all electrode sites, and log-transformed (to reduce skew). Log-transformations are a 

conventional approach for reducing skew in alpha asymmetry analyses (see Allen, Coan, & 

Nazarian, 2004). Alpha asymmetry scores were calculated by subtracting log-transformed 

activity at left electrodes from right electrodes (e.g., LN[F4]-LN[F3]).

Three-dimensional current-source density estimates for intracranial alpha-band power were 

computed using the eLORETA toolbox (exact low-resolution electrical tomography analysis; 

Pascual-Marqui, 2007) for each recording session using default settings. eLORETA 

estimates sources by constraining the solution to only gray-matter dense regions (6239 

voxels at 5×5×5 mm) of the brain using an averaged model of the brain. Alpha-band power 

(8-13 Hz) for each voxel was normalized (total current density across all voxels = 1) and 

log-transformed. The eLORETA model brain includes 6239 total voxels, and 2981 left-sided 

voxels. The intracranial asymmetry metric was computed by finding all 2981 left-sided 

voxels and their 2981 right-sided counterpart voxels or the closest-neighbor (i.e., the 

eLORETA brain is asymmetrical); then, the log-transformed difference between the 

homologous voxels (e.g., LN[R-voxel] - LN[L-voxel]) was computed to create an 

intracranial asymmetry score.

The eLORETA brain can also estimate source activity for 84 Brodmann areas. To generalize 

significant voxel-wise outcomes (many other studies have examined only Brodmann areas), 

the results for Brodmann areas that included significant voxel-wise effects are also reported. 

For a Brodmann-level approach, the same technique used for voxel-wise analyses was used, 

but following subtraction of homologous voxels, data were averaged within an eLORETA-

defined Brodmann area.

The relationship of MNI voxels to Brodmann areas is also defined by the eLORETA 

toolbox.

Statistical Analyses

Non-parametric statistics were used for all calculations unless otherwise noted. Medians 

were used for averaging over recording sessions. Median-based Z scores were calculated at 

each voxel using the ranksum function of the Matlab statistics toolbox (i.e., a Wilcoxon rank 

sum test used for statistical significance testing that also produces a robust Z score). Voxel-

level thresholds were set at p < .05. A cluster-mass approach was used for multiple 

comparisons correction (Bullmore et al., 1999, Cohen, 2014). Contiguous voxels (6-way 

connectivity using the bwconncomp Matlab function) that were significant at p < .05 were 
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treated as a cluster. The absolute values for test statistics within a cluster were then summed. 

Surrogate data were created by shuffling condition labels, then surrogate cluster-mass was 

computed, and the process was repeated 500 times to create a null distribution. Observed 

clusters with cluster-mass greater than the 95%ile of surrogate cluster mass were considered 

significant at p < .05. A similar approach was used for continuous measures (e.g., surface 

asymmetry correlations with intracranial asymmetry) that included Spearman correlation 

coefficients at the voxel level for cluster mass computation. Maximum statistics within a 

significant cluster are reported using Montreal Neurological Institute coordinates [X Y Z].

For comparisons involving MDD status, lifetime MDD status comparisons involved the 163 

never-depressed participants compared to the 143 with a lifetime history of MDD (either 

current or past); comparisons for current MDD status compared the 163 never-depressed 

participants to the 62 participants with current MDD.

Results

Alpha power

Figure 1 displays intracranial alpha power estimates, and cooler colors indicate more alpha 

current density. Unsurprisingly, occipital and dorsal-parietal regions were characterized by 

the greatest amounts of alpha current density.

Reliability

Fig. 2 shows intraclass correlations (ICCs) for individual voxelwise power, power averaged 

across a Brodmann area, intracranial asymmetry using homologous voxels, and intracranial 

asymmetry scores using Brodmann areas. ICCs indicate the stability of intracranial source 

estimates across the eight EEG recordings collected in this study (four recording days, two 

recordings each day). These reflect the average measure ICC from a one-way random 

ANOVA model corresponding to Shrout and Fleiss (1979) ICC(1,k). Alpha-band eLORETA 

power was significantly more reliable when using Brodmann areas compared to voxels 

(Wilcoxon signed-rank test Z(6239) = −36.87, p < .01). Similarly, alpha-band eLORETA 

power was significantly more reliable when using homologous Brodmann areas for 

subtraction rather than homologous voxels for subtraction (Wilcoxon signed-rank test 

Z(6239) = −18.12, p < .01).

Surface-source correlations

There were widespread correlations between intracranial asymmetry and surface asymmetry 

that were modest, but statistically reliable. For clarity, and to showcase the regions with the 

strongest relationships to scalp-level activity, scaling in Fig. 3 omitted correlations of 

smaller magnitude than ± .3. Surface-source correlations generally varied along a medial-

lateral dimension along with the medial-lateral dimension of scalp electrode placement (max 

rs for F2/F1 r(306) = 0.39 at [−5 −5 30]; for F4/F3 r(306) = 0.53 at [−5 10 25]; for F6/F5 

r(306) = 0.53 [−35 −5 20]; for F8/F7 r(306) = 0.52 at [−40 15 5]).
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Depression and intracranial asymmetry

The relationship between depression and surface alpha asymmetry scores are displayed in 

Fig. 4. As reported elsewhere (Stewart et al., 2010), lifetime MDD participants were 

characterized by less left-than-right frontal activity compared to participants with no MDD 

history. Significant effects were pronounced at frontal (for F2/F1 Z = −1.85, p = .06; F4/F3 

Z = −1.97, p = .05; F6/F5 Z = −2.07, p = .04; F8/F7 Z = −1.83, p = .07 and if averaging 

asymmetry scores over four frontal channels Z = −2.44, p = .01) and central-parietal (for 

CP4/CP3 Z = −2.29, p = .02; CP2/CP1 Z = −2.31, p = .02) electrode locations. Although 

largely consistent with the prior analyses of scalp reported data (Stewart et al., 2010), that 

report used repeated-measures analyses that accounted for within-person variation whereas 

this report averaged over recording sessions for simplicity (see Stewart et al., 2014 for scalp 

asymmetry averaged over sessions) and also used Wilcoxon nonparametric statistics to be 

comparable to the intracranial statistical analyses. Averaging over recording sessions instead 

of statistically modeling within-person variation also accounts for the effect sizes in Table 1 

being smaller than in previous analyses of this dataset (cf. Stewart et al., 2010), and in a 

meta-analysis of the relationship between MDD and frontal alpha asymmetry (Thibodeau et 

al, 2006). Importantly, the focus of the present report was not on precise effect size 

estimation, but rather to localize generators of alpha asymmetry and MDD risk.

Significant contrasts between depressed and healthy participants for intracranial asymmetry 

scores are displayed in Figure 5. Any lifetime history of MDD was related to less left 

lateralized precentral gyrus activity (Z(306) = −3.30, at [−35 −20 45], with reliability ICC 

= .54). The max voxel was close to dlPFC regions that were anticipated a priori based on 

previous reports (e.g., Lubar et al., 2003). This voxel was in Brodmann area 4, and the effect 

for activity averaged over the entirety of BA4 was suggestive of diminished left-lateralized 

activity for lifetime MDD participants (Z(306) = −1.59, p = .11, with reliability ICC = .50); 

a nearby region—BA2—did show a significant effect for depressions status on intracranial 

asymmetry (Z(306) = −2.30, p = .02, with reliability ICC = .53). The significant cluster also 

included more anterior voxels in the left dlPFC (most dorsal-anterior-lateral significant 

voxel: Z(306) = −2.22, at [−45 0 55], with reliability ICC = .46; also see lower panel of Fig. 

5 showing trend-level contrasts between control and lifetime MDD participants uncorrected 

for multiple comparisons). This dorsal-anterior-lateral voxel was in BA6, but activity 

averaged over BA6 was unrelated to depression status (Z(306) = −.50, p = .62, with 

reliability ICC = .45). In short, lifetime MDD was related to less left-than-right activity in 

several motor and premotor brain regions.

There were no statistically significant relationships between current MDD status and 

intracranial asymmetry scores when examining the entire left hemisphere after correcting for 

multiple comparisons (p > .05). There was also no significant relationship between current 

MDD and intracranial alpha asymmetry after averaging across the cluster of voxels 

identified as significant above (e.g., motor and premotor voxels; rank-order correlation 

r(306) = −.10, p = .07).

A continuous measures of depression severity—the BDI—was also examined in relation to 

intracranial asymmetry averaged across significant motor and premotor voxels. BDI scores 

were collected once at each recording session (four times). The BDI scores used for 
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correlation with intracranial alpha asymmetry were the average across these four 

questionnaires. There was a significant relationship between BDI scores and intracranial 

alpha asymmetry in the motor/premotor cluster noted above (Spearman correlation r(306) = 

−.15, p = .01).

A 2×2 repeated-measures ANOVA was conducted using Group (MDD+ & MDD-) as a 

between-subjects factor and Hemisphere (Right & Left) as a within-subjects factor. MDD+ 

participants had a lifetime history of major depression, and MDD- participants had no 

reported history of major depression. Using significant motor and premotor voxels identified 

in the analysis above, we extracted homologous left and right voxels to test for the effect of 

an interaction between hemisphere and depression. Results revealed a significant Group x 

Hemisphere interaction (F(1, 304) = 7.84, p < .01; Greenhouse-Geisser corrected). To 

decompose the significant interaction and reveal hemisphere-specific contributions to 

intracranial asymmetry scores, pairwise analysis of group differences in hemispheric activity 

were examined. For example, an MDD- vs. MDD+ contrast of alpha power in left-

hemisphere motor/premotor regions, and an MDD- vs. MDD+ contrast of alpha power for 

right-hemisphere motor/premotor regions. Pairwise tests revealed that MDD+ participants 

(M = .10, SD = 1.21) were characterized by a non-significant trend towards less left-

hemisphere activity at rest (e.g., more left alpha power; t(304) = 1.65, p = .10, see Figure 6) 

than MDD- participants (M = −.09, SD = .77), there was no difference in right-hemisphere 

activity at rest between groups (p > .10; Figure 6).

Significant effects were observed for intracranial asymmetry scores, and a 

Group*Hemisphere interaction showed less left frontal activity in MDD participants (at 

trend-level); however, single voxel-level alpha power effects were not apparent. These 

results showcase the importance of accounting for nuisance variables (e.g., skull thickness; 

total alpha) by using difference scores or ANOVA models (or residualization, see Allen, 

Coan, & Nazarian, 2004).

Asymmetry and depression overlap

The overlap of intra-cranial asymmetry voxels related to depression with surface asymmetry 

sources is displayed in Figure 7. The diminished activity observed for participants with a 

lifetime history of depression in the precentral gyrus cluster noted above overlapped with 

surface asymmetry generators for the channels F4/F3 and F6/F5. Most studies have used 

F4/F3 and F6/F5 in their analyses, and these results also support the use of those channels to 

detect frontal lobe activity associated with depression at the scalp. The most anterior voxels 

related to depression were the voxels also related to surface asymmetry scores at F4/F3 and 

F6/F5 (Fig. 7).

Post-hoc regression analyses for anhedonia

Because the results were suggestive of a precentral gyrus generator of frontal alpha 

asymmetry and depression risk, and because the precentral gyrus has been associated with 

intention to action (see Discussion), a post-hoc hypothesis was that anhedonia could account 

for the relationship between intracranial asymmetry in the precentral gyrus and lifetime 

MDD.
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Anhedonia is conceptualized as a reduced sensitivity to behavioral reinforcers and reduced 

drive towards pleasurable stimuli, and has been noted previously as a core feature of MDD. 

The heterogeneity of DSM symptoms of MDD poses challenges for linking such a diverse 

phenotype to specific neural systems in the brain, but anhedonia is a more homogeneous and 

biologically plausible construct insofar as it represents neural sensitivity to certain classes of 

stimuli (Pizzagalli et al., 2005a). It may be the case that the relationship between precentral 

gyrus asymmetry and lifetime MDD is largely accounted for by a more homogeneous 

construct such as anhedonia.

Intracranial asymmetry in voxels that were related to lifetime MDD and frontal alpha 

asymmetry at F6/F5 (dark blue voxels in Fig. 7) were first averaged together to create the 

outcome variable. Anhedonia was operationalized as the average score across four days 

using the average of four BDI items related to anhedonia (Pizzagalli, Jahn, and O’Shea, 

2005b): loss of pleasure (item 4), loss of interest (item 12), loss of energy (item 15), and loss 

of interest in sex (item 21). Scores could range from 0 to 3, with an obtained range of 0 to 3 

(M = .47, MDN = .25; SD = .54). The correlation between BDI-anhedonia and lifetime 

MDD history was r(306) = .56 (Spearman rank-order correlation).

Table 1 shows the full regression results for the regression analyses of lifetime MDD and 

anhedonia. Regression models (Type III sums-of-squares) included either lifetime MDD as a 

predictor, anhedonia as a predictor, or lifetime MDD and anhedonia as a predictor (but not 

the MDD x anhedonia interaction term). After accounting for variance associated with 

anhedonia (i.e., the R2 from bivariate regression), lifetime MDD added no significant 

incremental variance (no significant change in R2) to the prediction of intracranial 

asymmetry scores (F(2, 302) = 1.36, p > .05), suggesting that anhedonia accounts for a 

substantial portion of the variance between lifetime MDD and intracranial asymmetry. 

Statistical significance of incremental variance (i.e., ΔR2) was calculated according to Cohen 

and Cohen (1983, p. 145).

The same analysis was done for the anhedonia item from the SCID that participants 

completed once upon study intake. Scores on the SCID anhedonia question were binary 

(e.g., participants could either endorse or not endorse anhedonia symptoms; M = .24, MDN 
= 0, SD = .43), and results were similar to the results reported above (F(2, 302) = 2.41, p > .

05) for the (in)significance of incremental variance after adding lifetime MDD status as an 

additional predictor variable.

By comparison, lifetime MDD was incrementally predictive of intracranial alpha asymmetry 

scores after accounting for self-reported irritability (BDI item 11; F(2, 302) = 3.39, p < .05). 

Lifetime MDD was also incrementally predictive of intracranial alpha asymmetry after 

accounting for changes in appetite (BDI item 18; F(2, 302) = 4.25, p < .05). Overall, these 

two results suggest that the variance accounted for by anhedonia was somewhat specific to 

alpha asymmetry scores and not solely due to shared variance between BDI scores and 

lifetime MDD.
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Altogether, the results indicate that anhedonia may be an important psychobiological 

dimension that substantially contributes to the relationship between alpha asymmetry at-rest 

and DSM-based diagnoses (e.g., multidimensional constructs).

Post-hoc regression analyses for anxiety

Depression and anxiety are frequently comorbid, and anxiety may moderate the relationship 

between mood and alpha asymmetry in some participants (Heller, Etienne, & Miller, 1995; 

Mathersul et al., 2008; Smith, Zambrano-Vazquez, & Allen, 2016).

Participants in the study completed the Penn-State Worry Questionnaire (PSWQ; Meyer, 

Miller, Metzger, & Borkovec, 1990) four times, once at each recording session. PSWQ 

scores were averaged across the four sessions (M = 49.43, SD = 13.81, range=16 – 78.33, 

rank-order correlation with lifetime MDD r(304) = .40). Participants in the study also 

completed the Spielberger State-Trait Anxiety Inventory Trait-scale (TAI; Spielberger, 1968) 

four times, and trait-anxiety scores (TAI) scores were averaged across sessions (M = 43.73, 

SD = 12.63, range=20 – 76.5, rank-order correlation with lifetime MDD r(305) = .55). Both 

PSWQ and TAI scores were averaged across sessions to create stable indices of trait-like 

anxiety.

There were no significant bivariate relationships between anxiety and intracranial alpha 

asymmetry scores after correcting for multiple comparisons in the analyses of the entire 

brain (p > .05). We next examined the effect of anxiety in a simultaneous regression with 

lifetime MDD using voxels identified as significant from the MDD analyses of the entire 

brain (e.g., voxels in Fig. 7). Table 2 shows the results of the simultaneous regressions for 

PSWQ and TAI. There were no significant main effects for either the PSWQ or TAI on alpha 

asymmetry scores, nor were there any significant anxiety X lifetime MDD interactions for 

alpha asymmetry scores in motor/premotor voxels.

Post-hoc tests for effects of Race, Ethnicity, and SES

To assess the generalizability of these results, the effects of Race, Ethnicity (Hispanic vs. 

Non-Hispanic), and SES were evaluated as potential main effects and moderators of the 

relationship between MDD and alpha asymmetry scores. Race and Ethnicity were assessed 

via self-report, and SES was assessed using the Hollingshead Four-Factor Index of 

Socioeconomic Status (Hollingshead, 1975). Race was operationalized as a dichotomous 

Caucasian vs. Non-Caucasian variable. Individual races were not examined because of small 

cell sizes and poor statistical power. There was no significant main effect of Race (β = .19, 

SE = .17, t = 1.12, p > .05) or significant MDD*Race interaction effect (β = −.08, SE = .26, 

t = −0.31, p > .05) on alpha asymmetry scores in a simultaneous regression model including 

the factors MDD, Race, and the MDD*Race interaction term. Using a similar regression 

model for Ethnicity (Hispanic vs. Non-Hispanic), there were also no significant main effects 

of Ethnicity (β = −.10, SE = .20, t = −0.50, p > .05), nor was there a statistically reliable 

Ethnicity*MDD interaction (β = .42, SE = .30, t = 1.38, p > .05). There were also no 

significant main effects (β = .03, SE = .08, t = 0.42, p > .05) or interactions (β = .04, SE = .

12, t = 0.34, p > .05) for SES. Altogether, the results suggest that the relationship between 
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lifetime MDD and alpha asymmetry is broadly generalizable across participants from 

different backgrounds.

Discussion

Alpha asymmetry and depression history were conjointly related to left dlPFC activity. The 

results are in line with previous results, and extend previous findings by linking intracranial 

sources of alpha and depression risk with scalp-level metrics that are frequently reported in 

the literature. Identified sources are supportive of an embodiment perspective of motivation.

Present observations are consistent with several previous EEG source imaging reports, and 

are suggestive that left hemisphere differences in frontal intracranial alpha power (Fig. 6) 

may give rise to scalp-recorded asymmetry scores that have been linked to depression status. 

Lubar and others (2003) found less left-than-right activity in precentral and postcentral gyrus 

(similar to Fig. 1) and is the only resting-state study that examined the relationship between 

intracranial asymmetry scores and depression. Another report showed greater widespread 

right-frontal alpha power (i.e., decreases in right-frontal activity), but the authors did not 

specifically report an intracranial asymmetry score (Saletu, et al., 2010). Findings from a 

recent large-scale study showed a trend for less left frontal activity and more right frontal 

activity, but results did not meet statistical criteria after correcting for multiple comparisons, 

and researchers did not evaluate an intracranial asymmetry score (Arns et al., 2016). Another 

two reports reported null effects for depression and voxelwise alpha power (Coutin-

Churchman and Moreno, 2008; Pizzagalli et al., 2002). Statistically null effects in some of 

these studies may have resulted from a multiple comparisons correction—single threshold 

Tmax—that can be especially conservative (Holmes, Blair, Watson, and Ford, 1996; Nichols 

and Holmes, 2002). Right-Left difference scores attenuate the effect of nuisance variables 

(e.g., skull thickness, overall alpha power) on alpha-based metrics, as do ANOVA models 

that include laterality as a factor, and the present study demonstrates the importance of this 

approach (also see Allen, Coan, & Nazarian, 2004): voxelwise alpha power was unrelated to 

MDD risk, but right-left difference scores and the Group*Hemisphere interaction revealed 

significant contributions of the left hemisphere in terms of MDD risk. The significant 

Group*Hemisphere interaction in Fig. 6 is in line with neurological/neuropsychological 

hypotheses that suggest left frontal damage is an antecedent to depression. More recently the 

left-dlPFC has been posited as a network hub that is important for cortical organization and 

is disrupted in MDD (Kaiser, Andrews-Hanna, Wager, and Pizzagalli 2015). In sum, the 

present findings converge with most previous reports, null findings from other studies may 

have been due to less-than-ideal multiple comparisons corrections or nuisance variables, and 

depression risk may be especially related to left hypoactivity.

Brain activity in regions conjointly related to surface asymmetry and depression, primarily 

in the precentral gyrus, may facilitate mobilization of the body for approach-motivated 

behaviors. There are important links between motor activity and frontal EEG alpha 

asymmetry: reports have suggested that pre-goal states (Harmon-Jones, Gable, and Price, 

2011), approach-motivation body postures (Price and Harmon-Jones, 2010), approach-

motivation facial expressions (Coan and Allen, 2003; Price, Hortensius, and Harmon-Jones, 

2013; Stewart, Coan, Towers, & Allen, 2011), and contralateral hand contractions (Harmon-
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Jones, 2006) enhance left lateralized frontal brain function. Moreover, the EEG sources 

observed here are similar to sources noted in experimental studies (not resting-state studies) 

that have linked left dorsolateral activity with approach motivation (Berkman and 

Lieberman, 2010) and depression (Pizzagalli, et al., 2005; Spielberger et al., 2011), 

suggesting some degree of similarity between resting-state and experimentally-induced 

measures of emotion (see Allen and Cohen, 2014 for an example of how state-like 

fluctuations can contribute to a measure of a trait-like tendency). Price and others (2012) 

suggested that motivational approach states are embodied, that sensory-motor 

representations are coactivated with emotional states, and that emotional embodiment 

facilitates movement towards objects of desire and away from undesirable objects. 

Moreover, Harmon-Jones and coworkers have shown across several studies that motor 

actions cue approach motivation as indexed by more left-than-right frontal brain activity, 

increased self-reported approach-oriented affect, and increased approach-oriented behavioral 

responding (Allen & Harmon-Jones, 2001; Coan, Allen, & Harmon-Jones, 2001; Harmon-

Jones, 2006; Harmon-Jones, Gable, & Price, 2011; Price & Harmon-Jones, 2011; although 

generators of these motor-approach relationships had not been examined). Hajcak and 

colleagues showed that peripheral motor responses induced via magnetic brain stimulation 

can be potentiated by motivationally-salient images (Hajcak et al., 2007). Event-related 

potentials (ERPs) that index intention to make motor responses also have generators in 

primary motor and premotor cortex (Cheyne, Bakhtazad, & Gaetz, 2006), and are modulated 

by depression (Novak, Novak, Lyman, & Foti, 2016).

Anhedonia has been noted as a core feature of depression and is characterized by a deficit in 

motivation to seek out rewards (Pizzagalli et al., 2005) and lack of interest in activities once 

considered pleasurable. Pizzagalli and colleagues (2005) reported that less left-than-right 

intracranial activity in the MFG and precentral gyrus predicted healthy participants’ 

behavioral sensitivity to reward, in line with the interpretation of effects here. In fact, a post-

hoc analysis in this report demonstrated that lifetime MDD status did not add significant 

incremental variance to the prediction of precentral gyrus activity after accounting for 

anhedonia; thus, anhedonia symptoms may be characterized by a deficit in motor circuitry 

important for behaviorally mobilizing individuals to respond, perhaps especially to 

approach-relevant stimuli. Because many voxels were in motor regions, it is notable that the 

participants in this study were strongly right-handed, and some researchers have shown that 

handedness modulates the relationship between asymmetry scores and approach-related 

emotion self-reports (Brookshire & Casasanto, 2012; Harmon-Jones, 2006). The results here 

suggest that anhedonia and MDD are related to less left frontal activity, and initiation of 

motor movements often cues contralateral disinhibition concurrent with ipsilateral inhibition 

(Oberman, Pineda, and Ramachandran, 2007; Pfurtscheller, 2006; Pfurtscheller and Neuper, 

1997). For example, less left and greater right activity in MDD participants may be related to 

diminished approach motivation pursuit (Spielberg, Heller, and Miller, 2013). These findings 

are consistent with a capability model of asymmetry (e.g., Stewart et al., 2014), especially in 

terms of a diminished capability to mount a behavioral response to motivationally salient 

cues (Allen, Harmon-Jones, and Cavender, 2001; Pizzagalli, Sherwood, Henriques, and 

Davidson, 2005). Altogether, the present results link results from resting-state EEG 
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recordings with results from experimental studies that have emphasized the importance of 

embodied approach motivational states for depression risk.

Strengths of the present study were the large sample size and the use of a large recording 

montage with improved spatial sampling (nearly every report to date has used fewer than 30 

channels), and the use of the current-source-density transform to enhance spatial specificity 

of surface recorded asymmetry. Statistical analyses were robust and balanced type I and type 

II error rates (Bullmore et al., 1999; Holmes and Nichols, 2002). The study is also directly 

comparable to previous reports from this well-characterized dataset (Allen and Cohen, 2014; 

Bismark et al., 2010; Stewart et al., 2010, 2011, 2014; Towers and Allen, 2009). The sample 

was limited to predominantly young individuals and early-onset depression, and thus is not 

likely to address factors that might precipitate late-onset depression (c.f. Kendler, Fiske, 

Gardner, & Gatz, 2009). The sample was medically healthy and results are probably not 

contaminated by medical illnesses which could confound results. The present sample is less 

representative of depression often observed in the clinic because participants with significant 

comorbidities were excluded (participants with alcoholism or significant anxiety). On the 

one hand, the sample probably accentuates neurophysiological features that may be specific 

to depression rather than psychological distress in general. On the other hand, the results 

may not generalize to depression typically observed in the clinic; for example, comorbidity 

in MDD can be more than 50% (Kessler et al., 2003). By comparison, the relationship 

between anhedonia and alpha asymmetry should be present irrespective of comorbidity. 

Reliability of voxel-based power was generally good or excellent, and reliability of 

intracranial asymmetry scores was generally fair and on par with reliability previously 

observed for surface asymmetry metrics (Allen et al., 2004; Hagemann, Naumann, Thayer, 

and Bartussek, 2002). Although internal consistency of alpha asymmetry scores is excellent 

(Towers & Allen, 2009), researchers interested in isolating trait-specific variance of frontal 

alpha asymmetry scores are encouraged to use repeated recordings in future intracranial 

asymmetry reports (Stewart et al., 2014; Hagemann et al., 2002). Finally, although the 

source estimation procedure used has demonstrated adequate performance empirically and 

the results are largely consistent with previous literature using other methods, eLORETA 

nonetheless represents only one approach for source estimation. Future studies will examine 

fluctuations in network connectivity as a function of resting-state alpha asymmetry.

Conclusion

The present findings recapitulate observations that less left frontal brain activity may be 

related to risk for Major Depressive Disorder, and extends previous findings to show that 

plausible sources of surface asymmetry that relate to depression history derive from 

intracranial asymmetry in dorsal-lateral frontal regions. Diminished motivational 

mobilization of motor scripts in premotor regions and precentral gyrus may be relevant for 

depression. Left frontal hypoactivity predicts lifetime history of depression. The results link 

resting-state recordings at the scalp to brain regions relevant to emotion and behavior, 

specifically anhedonia and neural systems that may facilitate mobilization of the body for 

approach-motivated behaviors. Previous reports of null effects may have been due to 

statistical corrections for multiple comparisons that were overly stringent, the impact of 

nuisance variables on uncorrected alpha power measures (e.g., asymmetry scores can 
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mitigate nuisance effects of overall alpha power), or imperfect reliability of intracranial 

asymmetry measures. Results provide a basis for conceptualizing asymmetry in terms of 

preparation for and instantiation of action tendencies, and fit well with some existing models 

of asymmetry (Harmon-Jones, 2006; Price et al., 2012) and risk for MDD (Pizzagalli et al., 

2005).
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Figure 1. eLORETA estimated normalized alpha current density across the brain
Intracranial eLORETA alpha (8Hz-13Hz) current density across the brain. Current density 

was normalized (current density for a voxel divided by the summed current density across 

all voxels) and then log-transformed. Cooler colors (i.e., blue) indicate more alpha power 

and less activity. Hotter colors (orange and yellow) indicate less alpha power and more 

activity. Parietal-occipital regions showed the greatest alpha power. Anterior medial regions 

were characterized by less alpha power and more activity at rest.
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Figure 2. Intraclass correlation coefficients for four different metrics of intracranial activity
Intraclass correlation coefficients (ICCs) for various intracranial metrics. ICCs indicate the 

stability of intracranial source estimates across the eight EEG recordings collected in this 

study (four recording days, two recordings each day). Excellent reliability is colored green 

and includes coefficients greater than .75. Good reliability is colored blue and includes 

coefficients greater than .6 and less than .75. Fair reliability is colored pink or blue and 

includes coefficients greater than .4 and less than .6. Poor reliability is colored red and 

includes coefficients less than .4. Regions of dorsal-lateral, dorsal-medial, and polar PFC 

showed the lowest reliability, and these regions may be prone to state-like fluctuations in 

activity given their roles in on-demand executive functioning, working memory, and cortical 

organization. Top panel: ICCs for voxelwise eLORETA power estimates. Second from top 

panel: ICCs for eLORETA power estimates after averaging across 84 Brodmann areas. 

Second from bottom panel: ICCs for voxelwise intracranial asymmetry metric (LN[Right 

Voxel] – LN[Left Voxel]). White medial areas did not have asymmetry scores because of the 

asymmetrical eLORETA brain, nor was reliability computed. Bottom panel: ICCs for 

intracranial asymmetry metric for 84 Brodmann areas. Only the left hemisphere is displayed/

colored for asymmetry scores (bottom two rows: left sagittal view and left medial view) 

because there is only one value for each pair of homologous left and right voxels. Bottom-

right top panel: Histogram showing probability of ICC values for voxelwise eLORETA 

estimates and for eLORETA estimates after averaging within a Brodmann area. Bottom-right 

lower panel: Histogram showing probability of ICC values for voxelwise intracranial 

asymmetry scores and for average intracranial asymmetry scores within a Brodmann area.
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Figure 3. Correlations between alpha asymmetry recorded at the scalp and intracranial alpha 
asymmetry for four electrode locations
Correlations between surface asymmetry scores and intracranial asymmetry scores. Positive 

correlations (red voxels) indicate regions where more relative left activity at the surface was 

associated with more relative left intracranial activity. Only the left hemisphere is displayed/

colored because these were asymmetry scores; thus, there is only one value for each pair of 

homologous left and right voxels. First column: left sagittal view. Second column: left 

medial view. Third column: bilateral ventral view (right hemisphere is displayed, but only 

left hemisphere is displaying correlation coefficients). Fourth column: left sagittal view with 

translucent scalp overlaid to show electrode positions relative to sources. Only correlations 

(r) greater than ± .3 are displayed.
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Figure 4. Alpha asymmetry scores for MDD- and MDD+ participants at the surface
Top panel: Surface asymmetry scores for participants with no history of MDD and 

participants with a lifetime history of MDD, and the difference (Z scores) in surface 

asymmetry scores between MDD- and MDD+ participants. Bottom panel: same data as 

displayed in top panel, with channel locations additionally displayed. Only the left 

hemisphere is displayed because these were asymmetry scores, and thus there is only one 

value for each pair of homologous left and right electrodes.
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Figure 5. Contrast between MDD participants and healthy controls for intracranial alpha 
asymmetry scores
Intracranial asymmetry scores for MDD groups and healthy controls. Blue voxels indicate 

regions where MDD groups had smaller intracranial asymmetry scores (less relative left 

activity) than healthy controls. Participants with any lifetime MDD history (past or present) 

were characterized by less relative left mid-frontal activity compared to healthy controls. 

Top panel displays relationship between intracranial asymmetry after multiple comparisons 

correction, and bottom panel displays relationship between intracranial asymmetry with no 

multiple comparisons correction. Only the left hemisphere is displayed because these were 

asymmetry scores, and thus there is only one value for each pair of homologous left and 
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right voxels. Top and left panels show left sagittal view. Bottom-right panel shows left 

medial view.
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Figure 6. Group*Hemisphere interaction for alpha power at motor and premotor voxels
Note. Interaction between group (e.g., MDD history) and hemisphere for voxels identified as 

significant from intracranial asymmetry analyses (left and right hemisphere voxels used for 

interaction are shown in black in upper right panel). Participants with any history of 

depression (blue line) were characterized by more alpha power in left hemisphere motor and 

premotor voxels than control participants (red line). There was no difference in alpha power 

for right-hemisphere voxels. Upper right inset shows voxels used for analysis. Results 

indicate that MDD risk may be characterized by less left frontal activity. Bars indicate 

standard errors of the mean.
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Figure 7. Overlap between voxels associated with scalp-level asymmetry scores and voxels 
associated with lifetime MDD
Intracranial asymmetry scores for MDD groups and healthy controls presented along with 

regions identified as predictive of surface asymmetry. Light blue voxels indicate regions 

where MDD groups had smaller intracranial asymmetry scores (less relative left activity) 

than healthy controls. Red voxels indicate regions that correlated (r greater than ±.3) with 

surface asymmetry scores. Dark blue voxels were related to both surface asymmetry and 

lifetime depression history. Only the left hemisphere is displayed because these were 

intracranial asymmetry scores, and thus there is only one value for each pair of homologous 

left and right voxels.
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