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Event-related potential (ERP) studies have provided evidence for an allocation of attentional resources to en-
hance perceptual processing of motivationally salient stimuli. Emotional modulation affects several consecutive
components associated with stages of affective-cognitive processing, beginning as early as 100–200 ms after
stimulus onset. In agreement with the notion that the right parietotemporal region is critically involved during
the perception of arousing affective stimuli, some ERP studies have reported asymmetric emotional ERP effects.
However, it is difficult to separate emotional from non-emotional effects because differences in stimulus content
unrelated to affective salience or task demands may also be associated with lateralized function or promote cog-
nitive processing. Other concerns pertain to the operational definition and statistical independence of ERP com-
ponent measures, their dependence on an EEG reference, and spatial smearing due to volume conduction, all of
which impede the identification of distinct scalp activation patterns associatedwith affective processing. Building
on prior research using a visual half-field paradigmwith highly controlled emotional stimuli (pictures of cosmet-
ic surgery patients showing disordered [negative] or healed [neutral] facial areas before or after treatment), 72-
channel ERPs recorded from 152 individuals (ages 13–68 years; 81 female)were transformed into reference-free
current source density (CSD) waveforms and submitted to temporal principal components analysis (PCA) to
identify their underlying neuronal generator patterns. Using both nonparametric randomization tests and re-
peated measures ANOVA, robust effects of emotional content were found over parietooccipital regions for CSD
factors corresponding to N2 sink (212 ms peak latency), P3 source (385 ms) and a late centroparietal source
(630 ms), all indicative of greater positivity for negative than neutral stimuli. For the N2 sink, emotional effects
were right-lateralized and modulated by hemifield, with larger amplitude and asymmetry for left hemifield
(right hemisphere) presentations. For all three factors,more positive amplitudes at parietooccipital siteswere as-
sociatedwith increased ratings of negative valence and greater arousal. Distributed inverse solutions of the CSD-
PCA-based emotional effects implicated a sequence ofmaximal activations in right occipitotemporal cortex, bilat-
eral posterior cingulate cortex, and bilateral inferior temporal cortex. These findings are consistent with hierar-
chical activations of the ventral visual pathway reflecting subsequent processing stages in response to
motivationally salient stimuli.

© 2016 Elsevier Inc. All rights reserved.
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Introduction

The detection of stimulus significance is a criticalmechanism for sur-
vival, presumably constituted by two basic motivational systems medi-
ating appetitive and defensive behavior (e.g., Bradley, 2009; Lang et al.,
1998a). Thenecessary operations involve interactions between affective
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and cognitive processing systems of the brain (e.g., Pessoa, 2008),which
reach conscious awareness in the hierarchy of information processing
when the products of affective and cognitive computations enter into
working memory (e.g., LeDoux, 1989). Electrophysiological measures
of ongoing brain activity, particularly event-related potentials (ERPs),
are ideally suited to characterize consecutive stages of affective process-
ingwithmillisecond temporal resolution, and ERP researchwith human
populations has made considerable progress in this regard over the last
two decades (e.g., see reviews by Hajcak et al., 2012; Olofsson et al.,
2008). The most consistent finding has been an increased positivity to
alp elicited by lateralized aversive pictures reveal consecutive stages of
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emotional (pleasant or unpleasant) compared to neutral pictures, often
termed the late positive potential (LPP), which emerges around 200–
300 ms after stimulus onset and affects several subcomponents of the
late positive complex, including P3 and slow wave (e.g., Johnston
et al., 1986). A broad topographical LPP maximum is typically observed
overmid-parietal and centro-parietal scalp locations, with its amplitude
closely covarying with the perceived arousal properties of a given stim-
ulus (e.g., Cuthbert et al., 2000; Schupp et al., 2000), suggesting an in-
creased allocation of attentional resources to stimuli that intrinsically
engagemotivational brain circuits (e.g., Bradley, 2009). Valence proper-
ties have less consistently been linked to the LPP; however, pictures of
negative rather than positive affect tend to elicit a greater LPP (“negativ-
ity bias”; e.g., Ito et al., 1998b). As this may be due to their higher intrin-
sic motivational value, a systematic control of arousal and valence
stimulus properties is an essential requirement for an interpretation of
these findings (Olofsson et al., 2008). For example, no negativity bias
is observedwhen unpleasant and pleasant pictures arematched formo-
tivational saliency (Hajcak et al., 2012).

Affective stimulus significance has also been found to modulate ear-
lier ERP components, including P1 (e.g., Pizzagalli et al., 1999; Smith
et al., 2003), N1 (e.g., Keil et al., 2002), P2 (e.g., Delplanque et al.,
2004) and N2 (e.g., Junghöfer et al., 2001). An ERP difference compo-
nent, termed early posterior negativity (EPN; Schupp et al., 2003a,
2003b), revealing more negative-going waveforms for emotional than
neutral stimuli at about 200–300 ms over bilateral occipital-temporal
regions, has attracted considerable research over the last decade
(e.g., Foti et al., 2009; Mavratzakis et al., 2016; Thom et al., 2014;
Wiens et al., 2011). However, findings for these earlier ERP components
that precede the LPP have been less consistent and notably varied with
arousal and valence dimensions (see review by Olofsson et al., 2008),
which may be in no small part attributable to differences in methodol-
ogy, including—but not limited to—study paradigm (e.g., passive view-
ing, stimulus classification, target detection), stimulus characteristics
(e.g., faces, scenes, words), EEG montage (e.g., ranging from selected
midline sites to 129 sites ormore) and reference (e.g., common average,
linked mastoids), ERP component definition and measurement
(e.g., peak amplitude, integrated time windows, temporal/spatial
PCA), signal-to-noise ratio, and sample size. In contrast, emotional LPP
effects, which are omnipresent in space (i.e., broad central-parietal to-
pography) and time (i.e., spanning several hundredmilliseconds or lon-
ger) and withstand habituation (e.g., Codispoti et al., 2007), are
evidently too robust to be substantially affected by any differences in
methodology.

Most affective ERP studies using visual stimuli have taken advantage
of the International Affective Picture System (IAPS; Bradley and Lang,
2007; Lang et al., 2005), which comprises a large and diverse pool of
affect-laden color photographs intended to evoke affective reactions,
along with normative ratings of pleasure and arousal. While this allows
the matching of valence categories for arousal (e.g., by equating the
means of pleasant and unpleasant pictures selected for the experiment),
other stimulus features, such as luminance, contrast, color, composition,
content, complexity or spatial frequency, are often uncontrolled and
constitute a possible confound (e.g., Delplanque et al., 2007; Wiens
et al., 2011). Differences in physical stimulus properties will profoundly
impact on early ERP components (P1, N1), whereas differences in stim-
ulus content (e.g., animate or object) will likely impact on cognitive ERP
components (N2, P3), all of which make it harder to separate genuine
emotional from cognitive ERP effects. The problem is augmented
when the study objectives include hemispheric differences of emotional
processing (Kayser et al., 1997). There is ample clinical and experimen-
tal evidence indicating a differential involvement of the two hemi-
spheres during affective states and affective processing (e.g., for
reviews see Campbell, 1982; Davidson, 1995; Demaree et al., 2005;
Gainotti, 1989; Heller, 1993), and observations for non-humanprimates
suggest that emotional asymmetries may even predate human evolu-
tion (Lindell, 2013). Liotti and Tucker (1995) proposed that hemispheric
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asymmetries in corticolimbic interaction arose from the evolution of
functional differences involving dorsal (spatial) and ventral (object)
processing streams (e.g., Ungerleider and Haxby, 1994), resulting in a
lateralized representation and regulation of both motivational and cog-
nitive domains across multiple levels of the brain hierarchy. Notwith-
standing the intricate relationship between emotional and cognitive
processes, themere co-existence of hemispheric differences that should
be primarily regarded as cognitive functions, most prominently a left-
lateralization of language-related processes and a right hemispheric ad-
vantage for processing visuospatial stimuli, particularly of faces
(e.g., Gainotti, 2015; Springer and Deutsch, 1989), presents a consider-
able challenge for the experimental separation of emotional from non-
emotional lateralized ERP effects.

In three ERP studies (Kayser et al., 1997, 2000, 2001), we have direct-
ly addressed this challenge by employing a set of highly controlled stim-
uli, which largely isolate emotional content (negative valence, high
arousal) from other confounding variables. Affective stimuli were inten-
tionally limited to negative valence as this choice constituted the least
common denominator of competing models of emotional lateralization
(i.e., valence or approach/withdrawal vs. right hemisphere or dominance
hypothesis): a right hemispheric advantage for the perception of nega-
tive versus neutral stimuli. This was further reinforced by the fact that
negative stimuliweremore arousing than their neutral counterparts, be-
cause right parietal regions are presumed to also mediate autonomic
arousal processes (e.g., Heller, 1993). Furthermore, we used a passive
viewing hemifield paradigm with separate stimulus presentations to
the right or left visual field to directly probe lateralized hemispheric ac-
tivity (e.g., McKeever, 1986; Young, 1982). For three different samples of
healthy adults, we found enhanced P3 and slow wave amplitudes for
negative compared to neutral stimuli. Hemispheric asymmetries in emo-
tional processing were restricted to ERP components of the N2–P3 com-
plex, with maximal effects over the right parietotemporal region. The
right temporoparietal junction has been recognized as a key cortical re-
gion for detecting affective stimulus significance andmodulating associ-
ated autonomic arousal (e.g., Caltagirone et al., 1989; Gainotti, 1987;
Heller, 1993; Tranel and Damasio, 1994) and has since been linked to a
brain network involving cortical (anterior insula, anterior cingulate cor-
tex [ACC]) and subcortical (amygdala, striatum) structures for detecting
emotional and reward saliency (Corbetta and Shulman, 2002; Lutz et al.,
2015). Similar right-greater-than-left asymmetries of emotional content
for ERP components preceding LPP have been reported by others
(e.g., Junghöfer et al., 2001; Keil et al., 2001, 2002), but this has not
been a consistent finding or central research objective for the majority
of ERP studies using IAPS pictures (Olofsson et al., 2008).

One crucial feature of our affective ERP studies has been the systemat-
ic use of temporal principal components analysis (PCA) as a comprehen-
sive approach to obtain unbiased, data-driven measures (e.g., Donchin
and Heffley, 1978; Kayser and Tenke, 2003), which allowed an improved
characterization of LPP subcomponents and earlier ERPs related to affec-
tive picture responsivity. Notwithstanding the recognized merits of mul-
tivariate data decomposition approaches for affective ERP research
(e.g., Delplanque et al., 2006; Olofsson et al., 2008; Pourtois et al., 2008),
these techniques donot resolve the interpretational ambiguity of ERP sig-
nals caused by the EEG reference (e.g., Junghöfer et al., 2006a; Kayser and
Tenke, 2010) or their spatial smearing due to volume conduction
(e.g., Tenke and Kayser, 2012). However, these limitations can be conve-
niently overcome by incorporating a surface Laplacian, or current source
density (CSD; e.g., Perrin et al., 1989), transformation of surface potentials
in the data processing pipeline, which renders a unique, reference-free
representation of radial current flow (sinks and sources) underlying the
scalp-recorded EEG (e.g., Carvalhaes and de Barros, 2015; Nunez and
Srinivasan, 2006; Tenke and Kayser, 2012). Compared to ERPs, CSDs
provide higher spatial and temporal resolution (i.e., a more distinct
time course; Burle et al., 2015). Unlike more complex inverse source lo-
calization techniques (e.g., Michel et al., 2004), which are likewise
reference-independent, CSDs do not require any additional assumptions
alp elicited by lateralized aversive pictures reveal consecutive stages of
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about neuronal generator location, orientation or distribution, and the
complementary use of CSD as a tool for affective neuroscience has
been advocated (e.g., Junghöfer et al., 2006a). Contrary towidespread be-
lief, dense electrode arrays (128 sensors or more) are not required as a
necessary prerequisite for CSD methods to be useful (e.g., Kayser and
Tenke, 2006b, 2015b). Moreover, the spatial high-pass properties of the
surface Laplacian transform may be tailored to the research objective
with appropriate parametric adjustments to the CSD algorithm (Kayser
and Tenke, 2015b). Importantly, CSD and PCA techniques can be com-
bined to comprehensively identify, summarize, and measure the direc-
tion, location, intensity, and timing of current generators underlying
scalp-recorded ERPs in an unbiased, data-driven fashion (Kayser and
Tenke, 2006a).

The purpose of the present study was to employ this combined CSD-
PCA approach to 72-channel ERPs recorded during our emotional
hemifield paradigm (Kayser and Tenke, 2015a) in a large sample of
individuals enrolled in a longitudinal study of family risk for major de-
pression (Weissman et al., 2005). In addition to the data-driven compo-
nent identification, we used nonparametric permutation tests of the
entire topography (Maris, 2004; Kayser and Tenke, 2015a) for an unbi-
ased assessment of emotional effects for relevant CSD-PCA factors.
While the primary focus was on an improved characterization of ERP
components sensitive to affective stimulus features (i.e., their time
course and topographies), this report also sets the stage for addressing
whether electrophysiological deficits of emotional processing, as report-
ed for patients with major depression over right temporoparietal re-
gions (e.g., Kayser et al., 2000, 2001; Moratti et al., 2008), are linked to
family risk for depression (e.g., Kayser et al., 2014; Moratti et al.,
2015). Based on our prior ERP findings with this paradigm, we expected
greater scalp current sources for negative compared to neutral stimuli
over posterior (i.e., occipital and inferior parietotemporal) sites emerg-
ing around 200 ms, with a right-greater-than-left prevalence for a
time interval preceding LPP. Furthermore, given the rationale of the vi-
sual half-field technique, which presumes that the contralateral afferent
projections render privileged (direct) access to the lateralized stimulus
presentations (e.g., Springer and Deutsch, 1989), we hypothesized that
emotional effects would be enhanced with stimulus exposure to the
left hemifield (right hemisphere), particularly for earlier components
reflecting processing in extrastriate cortex.

The conceptual validity of the CSD-PCA-based ERP measures
was evaluated by determining the linear associations of the mean
factor amplitudes with mean valence and arousal ratings obtained
from the present sample for these stimuli, hypothesizing that
greater ratings of unpleasantness and/or arousal will be linked to
greater sink or source activations (e.g., Cuthbert et al., 2000;
Schupp et al., 2000).

Finally, we estimated the putative cortical generators underlying
CSD components responsive to affective salience using distributed in-
verse solutions (Pascual-Marqui, 2002). Functional neuroimaging stud-
ies have found greater blood oxygen level dependent (BOLD) signal
intensity to emotionally arousing as compared to low-arousing neutral
IAPS pictures in lateral-occipital, (right) parietal, and inferior-temporal
visual cortex (e.g., Bradley et al., 2003; Junghöfer et al., 2006b; Lang
et al., 1998b). LPP amplitude has been linked to these differential cortex
activations as well as to amygdala, ACC, ventral striatum/nucleus ac-
cumbens and anterior insula activations, and the subcortical activations
also revealed associations with earlier occipitotemporal ERPs, although
less robust compared to the LPP (Sabatinelli et al., 2007, 2013). These
neuroimaging findings are in agreement with minimum norm inverse
solutions of differential ERP effects (Keil et al., 2002). The extracted
CSD-PCA factors were used to quantify consecutive electrophysiological
measures of importance for affective stimulus processing. Combined
with a strict experimental control of physical stimulus properties, and
given the high signal quality resulting from this large sample, we sought
to dissect differential cortex activations reflecting “motivated attention”
(Bradley et al., 2003) and link their hemispheric asymmetries, if
Please cite this article as: Kayser, J., et al., Neuronal generator patterns at sc
motivated attention, NeuroImage (2016), http://dx.doi.org/10.1016/j.neur
observed, to distinct stages of affective processing in this emotional
hemifield paradigm.

Material and methods

Participants

The sample consisted of 152 participants (71 male) between 13 and
68 years of age (median = 36.5; mean ± SD = 35.7 ± 14.4), most of
which (n = 130) had previously been included in a report focusing on
hemifield-dependent N1pc and corresponding theta and delta oscilla-
tions during this paradigm (Kayser and Tenke, 2015a). Participants
were Caucasian and working or middle class individuals who were en-
rolled in a multi-generation, 30-year longitudinal study of families at
high and low risk for major depression (Weissman et al., 1997, 2005,
2006). For the purpose of this report, family risk status will not be con-
sidered further and these findings will be reported elsewhere. As
indicated by the laterality quotient of the Edinburgh handedness inven-
tory (Oldfield, 1971), most participants (n = 136) were right-handed
(median = 85.5; mean ± SD = 85.1 ± 17.9), with the remaining 11%
of the sample (n = 16) being left-handed (median = −60.0;
mean ± SD = −57.8 ± 31.4), which closely approximates the preva-
lence of left-handedness in the general population (Peters, 1995). The
sample was recruited from an urban setting of the greater New Haven
area (Connecticut, US). EEG testing was performed at the Psychophysi-
ology Laboratory at New York State Psychiatric Institute (NYSPI). All
procedures were approved by the institutional review boards at Yale
University and at Columbia University/NYSPI. All participants gavewrit-
ten informed consent (≥18 years) or provided written assent
(b18 years; written informed consent from parents).

Stimuli and procedure

Stimuli were obtained from a textbook of plastic surgery and
consisted of 16 closely matched pairs of pictures depicting facial areas
of patients with dermatological diseases before (negative) and after
(neutral) surgical treatment (Kayser et al., 1997, 2000). As a conse-
quence, neutral stimuli differed from negative stimuli only in the emo-
tionally relevant feature but were virtually identical in all other aspects
(i.e., their physical stimulus properties) for any given picture pair. The
validity of the emotional construct manipulation via these stimuli was
further supported by self-report ratings of pleasantness and skin con-
ductance responses obtained during prior studies, which had revealed
the intended, robust distinction between negative and neutral stimuli
(Kayser, 1995). This unique stimulus set therefore avoids the potential
confounds of non-emotional stimulus characteristics, including content,
complexity, or spatial frequency, which have been shown to impact on
ERP components (EPN, LPP) indexing affective processing (Delplanque
et al., 2007; Wiens et al., 2011).

Using a 20-in. liquid-crystal display (LCD) monitor (resolution
1280 × 1024 pixels) placed in a light-dimmed, sound-attenuated IAC
(Industrial Acoustics Company) booth, stimuli were presented on a
light gray background as digitized images (resolution 182 × 137 pixels,
256 colors) to the left or right hemifield. With a chin rest attached to a
desk, participants were positioned with their eyes at a constant 57 cm
distance to the surface of the screen. Stimulus presentation subtended
visual angles of 7.2° horizontally, with the outer borders at ±1.7° and
±8.9° from fixation in each visual field, and 5.4° vertically, centered
along the fixation horizon marked by a black cross (20 × 20 pixels) in
the middle of the screen. Stimulus exposure time was 250 ms. Rapid
and predictable stimulus onsets and offsets were coordinated by
STIM2 software (NeuroScan, 2003b), as confirmed by direct measure-
ments of a photo resistor attached to the surface of the screen.

Using a pseudo-randomized sequence of four blocks consisting of 32
trials (128 trials total), each stimulus was presented once per block to
the left or right visual field. Within every four consecutive trials, each
alp elicited by lateralized aversive pictures reveal consecutive stages of
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Fig. 1.Mean (±SEM) self-assessment manikin (SAM; Bradley and Lang, 1994) ratings of valence and arousal (n= 147) for 16 negative/neutral stimuli pairs. Stimulus ratings effectively
varied linearly along a pseudo dimension ranging from neither-unpleasant-nor-pleasant and not arousing to unpleasant and moderately arousing.
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combination of hemifield (left, right) and emotional content (negative,
neutral) occurred exactly once, using stimuli from different stimulus
pairs and random Latin squares of rank 4. Each participant received a dif-
ferent sequence. Because the affective feature of a particular stimuluswas
not necessarily in the center of the picture, stimuli were mirrored in
blocks 3 and 4 (see Bryson et al., 1991). Stimuli were presented with var-
iable intertrial intervals (8–13 s). Trials were separated by the temporary
disappearance of the fixation cross. Participants were instructed and
trained to attend to the stimuluspresentationswhilemaintainingfixation,
but allowed to relax between trials. No manual response was required.

At the beginning of the emotional hemifield paradigm, horizontal
eye movements (saccades) were individually calibrated by prompting
participants to alternate their eye focus between the monitor center
and the mid-locations for the left and right hemifield presentations.

At the end of the emotional hemifield paradigm, valence and arousal
ratings were obtained from most participants (n = 147) for 3-s foveal
presentations of these stimuli using a computerized version of the
self-assessment manikin (SAM; Bradley and Lang, 1994). Participants
indicated on 9-point Likert scales the perceived hedonic value (unpleas-
ant to pleasant) and arousal level (low to high) of each stimulus using a
separate, pseudo-randomized sequence of the 64 unique stimuli
(i.e., the 16 original stimulus pairs and their mirror counterparts).
1 The CSD toolbox provides aMatlab implementation of these algorithms,which is free-
ly available for download at http://psychophysiology.cpmc.columbia.edu/Software/
CSDtoolbox.

2 The Matlab code (see appendix of Kayser and Tenke, 2003) that emulates BMDP-4M
algorithms (Dixon, 1992) for this purpose is available for download at http://
psychophysiology.cpmc.columbia.edu/erpPCA.html.
Data acquisition, recording, and artifact procedures

Continuous EEGs were acquired at 1024 samples/s using a 24-bit
BioSemi system (BioSemi, Inc., 2001) with a 72-channel 10/10 system
scalp montage (Jurcak et al., 2007; Pivik et al., 1993) including the
nose (see Fig. 1 of Kayser and Tenke, 2015a). All offline data processing
and artifact procedures for this study have been detailed by Kayser and
Tenke (2015a), including removal of volume-conducted blink artifacts
via spatial singular value decomposition (NeuroScan, 2003a), screening
for electrolyte bridges (Alschuler et al., 2014; Tenke and Kayser, 2001),
and identification and interpolation of residual EEG artifacts on a
channel-by-channel and trial-by-trial basis (Kayser and Tenke, 2006c).
Trials in which horizontal eye movements exceeded 2° from baseline
Please cite this article as: Kayser, J., et al., Neuronal generator patterns at sc
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before stimulus onset during stimulus exposure were rejected to pre-
serve the integrity of the visual half-field paradigm. Data of a missing
trial within a trial quadruplet (i.e., all four trials of a particular nega-
tive/neutral stimulus pair during blocks 1 and 2 or blocks 3 and
4) were estimated via linear interpolation if the other three trials were
valid (see Kayser and Tenke, 2015a). This procedure resulted in an
equal number of trials to compute ERP averages for each of the four con-
ditions (hemifield × emotional content), yielding means (±SD) of
29.7 ± 3.3 (range 14 to 32, median = 31) trials per condition. ERP
waveforms were low-pass filtered at 12.5 Hz (−24 dB/octave).
Current source density (CSD) and principal components analysis (PCA)

Using a spherical spline surface Laplacian (Perrin et al., 1989), ERP
waveforms were transformed into CSD estimates (μV/cm2 units;
10 cm head radius; 50 iterations; spline flexibility parameter m = 4;
smoothing constant λ = 2.5 × 10−5; Kayser and Tenke, 2006a, 2006b,
2015b).1 In deviation from our previous studies, which employed a de-
fault smoothing constant (λ=10−5), an optimized regularization con-
stant was estimated from the observed ERPs for the time interval of
interest (200–700 ms), following the proposal by Carvalhaes and de
Barros (2015).

As previously detailed (Kayser and Tenke, 2006a), PCA was used to
determine the common sources of variance in the CSD waveforms.
Data consisted of the samples during the ERP epoch (time interval
−200 to 1500 ms: 1537 variables) for 152 participants, 4 conditions,
and 72 electrode sites (43,776 observations). After baseline correction
(100 ms prestimulus), data were submitted to a temporal PCA derived
from the covariance matrix, followed by unrestricted Varimax rotation
of the covariance loadings (Kayser and Tenke, 2003, 2005).2 In a
alp elicited by lateralized aversive pictures reveal consecutive stages of
oimage.2016.05.059
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temporal PCA, the factor loadings reflect the strength of activation over
time, whereas amplitude and sign of the factor scores reflect the weight
and polarity of a given factor for each observation (Kayser and Tenke,
2003). The goal was to derive unbiased, data-driven, and reference-
free component measures in the time domain that effectively character-
ize differences in emotional content. By virtue of the reference-
independent surface Laplacian transform that counters the problem of
signal distortion due to volume conduction (for reviews, see Carvalhaes
and de Barros, 2015; Kayser and Tenke, 2015b; Tenke and Kayser,
2012), the temporal CSD factors are associatedwith factor scores that di-
rectly reflect neuronal generator patterns at scalp. Importantly, and in
sharp contrast to reference-dependent surface potentials (e.g., Kayser
and Tenke, 2010, 2015b), temporal CSD-PCA factors are unambiguous
with regard to signal polarity and location, providing not only an en-
hanced topographical representation but also a better temporal resolu-
tion than their ERP counterparts (Burle et al., 2015; Kayser and Tenke,
2006a). Finally, the CSD transformation itself resolves spatial redundancy
due to volume conduction (Tenke and Kayser, 2012), a problem that has
previously been addressed by employing spatial data decomposition via
PCA or independent components analysis (ICA; e.g., Foti et al., 2009;
Pourtois et al., 2008; Sato et al., 2001).
4 While the transformation toREST as opposed to any other reference scheme (nose, av-
erage, etc.) is not a critical step because the inverse solution itself is reference-free
(e.g., Michel et al., 2004), ERPs obtained from an EEG montage of low or medium density
are less biased by the reference choice when transformed to REST (Kayser and Tenke,
2010, 2015a; Yao et al., 2007), which is a helpful attribute when comparing CSD and
ERP waveforms.

5 We also tested related inverse algorithms as implemented in Brainstorm (depth-
Statistical analysis

CSD-PCA factors were considered for further analysis if a factor ex-
plained a sizable amount of variance (N1%) and factor loadings peaked
during the typical 200–700 ms time interval of the N2/P3 complex,
thereby aligning with previously identified ERP components for this
emotional hemifield paradigm (Kayser et al., 1997, 2000). The experi-
mental effects of primary interest (i.e., emotional content differences
in topography) were evaluated by unbiased permutation tests, which
do not depend on any auxiliary assumption required for parametric F
statistics (Huo et al., 2014; Maris, 2004).3

Randomization tests that revealed robust emotional content effects
were followed-up by repeated measures ANOVAs with emotional con-
tent (negative, neutral) and visual field (left, right) as within-subjects
factors. The selection of recording sites included in these ANOVAs was
guided by the permutation tests, selecting homologous subsets over
both hemispheres where emotional content effects were most robust,
thereby adding site and hemisphere as within-subjects factors to the de-
sign. However, because recording sites were selected on the premise
that they collectively represent radial current flow at scalp reflecting
differences of emotional content for a given CSD component, site effects
were not further considered in these analyses.

For analyses of the stimulus ratings, the SAM scores for valence and
arousal were submitted to separate repeated measures ANOVAs with
emotional content (negative, neutral), stimulus orientation (original,
mirror), and pair (16) as within-subjects factors.

Gender (male, female)was included but only considered as a control
factor for all ANOVA F statistics.When appropriate, Greenhouse–Geisser
epsilon (ε) correction was used to compensate for violations of spheric-
ity (e.g., Keselman, 1998). Sources of interactions andmain effects were
explored with simple effects (BMDP-4V; Dixon, 1992). A conventional
significance level (p b 0.05)was applied for all statistical analyses. Effect
sizes are reported as partial eta squared (η2).
3 Following our previous implementations of this analytical approach in different ERP
contexts (Kayser et al., 2007, 2010, 2013, Kayser and Tenke, 2015a), nonparametric refer-
ence distributions were estimated separately for each factor from the observed data by
computing the maximum randomization distribution (10,000 repetitions) of the univari-
ate (channel-specific) T2 statistic for paired samples (see Eq. 2 inKayser et al., 2007) jointly
for all channels in the EEG montage after randomly multiplying the observed negative/
neutral topographic difference for each participant by +1 or −1.
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Distributed inverse solutions of CSD factors

Standardized low-resolution brain electromagnetic tomography
(sLORETA; Pascual-Marqui, 2002), a highly popular distributed inverse
algorithm, was employed to obtain an estimate of the putative cortical
generators underlying the observed emotional content effects. Because
CSDmeasures, which already represent estimates of radial current flow
at scalp, cannot be directly employed for inverse solutions, the CSD-PCA
factors were first back-projected into surface potential space using the
reference electrode standardization technique (REST) as an estimate
of the “infinite” reference (Yao, 2001).4 This was accomplished by
rescaling the CSD covariance loadings to unit, multiplying the resulting
correlation loadings with the variance of each REST variable (i.e., the
standard deviation of the ERP time points), and calculating grand
mean REST factor scores for negative and neutral stimuli. The difference
(negative-minus-neutral) and mean (overall amplitude) were submit-
ted to Brainstorm software (version 3.2; Tadel et al., 2011) to compute
unconstrained sLORETA solutions with a boundary element method
(BEM) cortex model (OpenMEEG; Gramfort et al., 2010). Given that
the PCA factors already reflected optimized CSD component summaries,
Brainstorm sLORETA model parameters were restricted to a diagonal
noise covariance matrix with an EEG regularization value of 0.1. Solu-
tions were visualized with Brainstorm's default anatomy derived from
an average Montreal Neurological Institute brain template (Collins
et al., 1998; Holmes et al., 1998).5

Correspondence between CSD factors and ratings of valence and arousal

As an empirical proof of construct validity, we tested whether the
item variance of the electrophysiological and behavioral measures co-
varied in linewith expectations. If the CSD-PCA components reliably re-
flect the emotional content construct, as operationalized by the 16
negative-neutral stimulus pairs, greater valence and arousal ratings
should correspond to greater factor scores. To this end, across-subjects
CSDs were computed for each of the 128 trials (32 stimuli × 2
orientations × 2 hemifields). Because of the rejection of trials due to ar-
tifacts, a different number of subjects contributed to each across-
subjects CSD (134 ≤ n ≤ 146); however, due to the specific artifact pro-
cedures explained above, each subject either contributed all or none of
the trials belonging to any given stimulus pair. Factor scores were com-
puted from the across-subjects CSDs by employing the original CSD-PCA
factor loadings (Kayser and Tenke, 2003) and then pooled across visual
field and stimulus orientation, yielding grand mean factor score topog-
raphies for 16 negative and 16 neutral stimuli. Finally, a single summary
measurewas computed for a given CSD-PCA factor by pooling across the
sites included in the corresponding repeated measures ANOVA.

Pearson product-moment correlationswere used to evaluate associ-
ations between these stimulus-specific grand mean factor scores and
the grand mean valence and arousal ratings for all stimuli (n = 32),
weightedminimum L2 norm estimation; Hämäläinen and Ilmoniemi, 1994; dynamic sta-
tistical parametric mapping; Dale et al., 2000), compared solutions for other constraints of
source orientation (normal to cortex, relaxed [‘loose’] normal to cortex), used different
head models (i.e., three-layer sphere, Berg and Scherg, 1994; OpenMEEG BEM volume;
Gramfort et al., 2010) and verified that the Brainstorm sLORETA solution matched the
one obtained with of the original sLORETA-KEY software (version 2011–08-04; http://
www.uzh.ch/keyinst/loretaOldy.htm). Although these comparisons yielded the overall
impression that solutions were by-and-large fairly comparable, subtle differences were
nevertheless observed and parameter choices did impact on the results. However, the cho-
sen unconstrained sLORETA solution with a realistic BEM cortex model was found to be
most compatible with the CSDmeasures, which we had stipulated as a necessary require-
ment for interpreting any non-unique inverse solution (Tenke and Kayser, 2012).

alp elicited by lateralized aversive pictures reveal consecutive stages of
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separately for negative and neutral stimuli (n=16), and for the respec-
tive negative-minus-neutral difference. Because of the directed, a priori
predictions regarding these relationships, one-tailed significance tests
were applied.
Results

Stimulus ratings

Fig. 1 (left panel) shows the mean valence and arousal SAM scores
for the 16 stimulus pairs, indicating excellent construct validity. Overall,
negative compared to neutral stimuli were rated as more unpleasant
(mean ± SD, 2.58 ± 1.40 vs. 4.63 ± 1.52, F[1, 145] = 877.3, p b 0.0001)
and more arousing (4.32 ± 2.36 vs. 2.03 ± 1.61, F[1, 145] = 420.8,
p b 0.0001), suggesting that negative stimuli were perceived as moder-
ately unpleasant andmoderately arousingwhereas neutral stimuli were
seen as neither pleasant or unpleasant and not arousing. Prominent dif-
ferences were also found across the 16 stimulus pairs, yielding robust
main effects (for valence, F[15, 2175] = 130.9, p b 0.0001, ε = 0.5519;
for arousal, F[15, 2175] = 124.3, p b 0.0001, ε = 0.4713) and interaction
effects with emotional content (for valence, F[15, 2175] = 50.9,
p b 0.0001, ε = 0.8012; for arousal, F[15, 2175] = 61.4, p b 0.0001, ε =
0.6907); however, while these effects reveal that the degree of the emo-
tional construct varied between the 16 stimulus pairs, the direction of
this manipulation remained stable across pairs for both ratings. Stimu-
lus orientation did not affect these findings (all F ≤ 1.33, all p ≥ 0.25).
For this limited stimulus set, valence and arousal ratings did not vary in-
dependently along these two dimensions of affective space but instead
spread linearly across a pseudo dimension ranging from neither-
unpleasant-nor-pleasant and not arousing to unpleasant andmoderate-
ly arousing (Fig. 1, right panel).
Fig. 2. Grand mean (N = 152) current source density (CSD) [μV/cm2] waveforms (−200
to 1300 ms, 100 ms pre-stimulus baseline) comparing negative and neutral stimuli
(pooled across hemifield) at all 72 scalp sites. Distinct CSD components are labeled in
italics at selected sites.
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Electrophysiological data

Fig. 2 shows the grandmean CSDwaveforms for negative and neutral
stimuli, with enlargements of selectedmedial and lateral parietooccipital
sites shown in Fig. 3 (see Supplementary Figs. S1 and S2 for the corre-
sponding ERP waveforms using the reference electrode standardization
technique [REST; Yao, 2001] as an estimate of the “infinite” reference).
CSDs were characterized by a prominent N1 sink (120 ms peak latency
at POz), followed by a P2 source (200 ms at Oz) paired with an N2 sink
(212 ms at TP10), a P3 source (305 ms at PO8, 450 ms at POz) paired
with a central sink (370 ms at Cz), and an extended lateral posterior
sink paired with a centroparietal source (beyond 600 ms). Differences
of emotional content emerged from about 150ms on forward, revealing
more positive-going CSDs for negative than neutral stimuli at posterior
sites. Notably, there was no evidence at lateral posterior sites for an
EPN-like component (i.e., more negative-going waveforms for negative
compared to neutral stimuli between 200 and 300 ms) in CSDs or
ERPs, even when transformed to an average reference.

CSDs were also characterized by prominent visual field effects over
posterior regions (see Supplementary Figs. S3 and S4), revealing early
components (N1 sink, P2 source) exclusively over the contralateral
hemisphere (see Kayser and Tenke, 2015a, for a detailed analysis), and
a sustained contralateral negativity beyond 400 ms, which has previ-
ously been described as an attention-related, hemifield-dependent neg-
ativity (HDN; Schweinberger and Sommer, 1991; Schweinberger et al.,
1994). As the HDN is superimposed on other ERPs components, largely
symmetric and has already been discussed in context of this emotional
hemifield paradigm (Kayser et al., 1997), this report will focus on the
emotional content effects.

Fig. 4 shows the first seven factor loadings (combined 89.1% ex-
plained variance after rotation, each factor N1%) of the temporal PCA so-
lution (a total of 103 factors were extracted and rotated) and the
corresponding factor score topographies of three high-variance factors
(N3%) peaking between 200 and 700 ms. Apart from a distinct medial
parietooccipital N1 sink (labeled 124, 2.3% explained variance; 124 ms
peak latency of factor loading; contralateral maxima at PO3 or PO4, de-
pendent on visual field; cf. Kayser and Tenke, 2015a) and a sustained,
long-lasting slow wave (1287, 52.0%) peaking near the end of the re-
cording epoch that incorporated variance associated with the
hemifield-dependent negativity aswell as unsystematic variance associ-
atedwith the autocorrelation of EEG time series data (Kayser and Tenke,
2003), we identified the following factors: (1) a lateral temporoparietal
N2 sink paired with a mid-parietooccipital P2 source (212, 5.7%); (2) a
mid-parietal P3 source paired with a mid-central sink (385, 21.2%);
and (3) a centroparietal (CP) source paired with an inferior-lateral
parietooccipital sink (630, 4.9%). Two additional factors reflected sink/
source activation patterns during the transitions from N1 sink to N2
sink (166, 1.3%) and from N2 sink to P3 source (285, 1.7%).

Fig. 5 shows the mean factor score topographies of factors 212 (N2
sink), 385 (P3 source) and 630 (CP source) for negative andneutral stim-
uli, as well as the respective difference topographies and their nonpara-
metric evaluation via randomization tests (see Supplementary Fig. S5 for
all seven CSD-PCA factors shown in Fig. 4). Despite distinct differences in
overall topography, the emotional content net effect (i.e., negative-
minus-neutral) revealed larger posterior sources over parietooccipital
regions for negative than neutral stimuli for each of these three consec-
utive PCA factors. Nevertheless, robustness, extent and asymmetry of
these emotional content effects differed. For N2 sink, negative-greater-
than-neutral sources were restricted to lateral-inferior parietooccipital
sites (PO9/10, PO7/8, P7/8), which were markedly larger over the right
than left hemisphere. These enhancements of sources were accompa-
nied by a relativemid-parietal sink (POz, Pz), suggesting a dipolar gener-
ator involving secondary visual (prestriate) cortex and cuneus. For P3
source, negative-greater-than-neutral sources were rather symmetric
and also included adjacent medial parietooccipital sites (PO3/4, P5/6,
O1/2). These sources were paired with mid- and medial centroparietal
alp elicited by lateralized aversive pictures reveal consecutive stages of
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Fig. 3. Enlargements (−100 to 1000ms; cf. Fig. 2) of selected current source density (CSD) [μV/cm2] waveforms at left and right parietooccipital sites. Distinct CSD components are labeled
in italics at selected sites.
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sinks (CP3, CP1, CPz, C3/4, C1/2, Cz, C6, FC4, FC6), suggesting
bihemispheric generators with more anterior orientation. For CP source,
negative-greater-than-neutral sources were less robust than those
observed for N2 sink and P3 source, and further expanded the
parietooccipital regions to also include centro- and temporoparietal
sites over the right hemisphere (CP6, TP8, TP10). These broader emo-
tional content source effects were paired with distant sinks at Nose
and FT10.

The parametric evaluations of these effects by means of repeated
measures ANOVA, which included hemisphere and hemifield as
independent variables, are summarized in Table 1. Given the significant
nonparametric findings, N2 sink was probed for three homologous
lateral-inferior parietooccipital locations (PO9/10, PO7/8, P7/8),
whereas the analyses for P3 source and CP source included six
parietooccipital pairs (PO9/10, PO7/8, P7/8, PO3/4, P5/6, O1/2). These
sites aremarked as black dots in Fig. 5, with themeans for the emotional
content × hemisphere interactions plotted in adjacent line charts. These
Please cite this article as: Kayser, J., et al., Neuronal generator patterns at sc
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parametric analyses fully corroborated the nonparametric statistics,
showing robust emotional content main effects for all three factors,
and a highly significant emotional content × hemisphere interaction
for N2 sink. Simple main effects of emotional content for N2 sink were
substantially stronger at the right (F[1150] = 61.0, p b 0.0001, η2 =
0.2890) than left (F[1150] = 11.4, p = 0.001, η2 = 0.0704) hemisphere,
but were equally robust over both hemispheres for P3 source or CP
source (all F[1150] N 33.2, all p b 0.0001, 0.1813 ≤ η2 ≤ 0.2022).

For N2 sink, this two-way interaction was further qualified by a sig-
nificant emotional content × hemisphere × visual field interaction,
which is simplified in Fig. 5 (top row, last column) by showing the
means of the emotional content net effect. For stimuli presented to
the left hemifield (LVF), this negative-greater-than-neutral difference
was substantially larger over the right than left hemisphere (F[1150] =
22.1, p b 0.0001, η2 = 0.1282), whereas the right hemifield (RVF)
yielded no significant hemisphere differences (F b 1.0). Moreover, the
contra- versus ipsilateral stimulation yielded a greater emotional
alp elicited by lateralized aversive pictures reveal consecutive stages of
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Fig. 4. Factor loadings of thefirst seven temporal PCA (tPCA) factors (N1%explainedvariance) extracted fromCSDwaveforms (N=152) and grandmean factor score topographies of high-
variance factors (N3%) peaking between 200 and 700 ms. Factor labels reflect the peak latency [ms] of the factor loadings relative to stimulus onset.
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content effect for the right hemisphere (LVF N RVF; F[1150] = 12.3, p =
0.0006, η2 = 0.0760) compared to the left hemisphere (RVF N LVF;
F[1150] = 4.04, p b 0.05, η2 = 0.0262). A similar, however, weaker
Fig. 5. Statistical evaluation of topographic emotional content effects for PCA factors corresp
randomization tests for paired samples (N = 152; 10,000 repetitions). Shown are the mean f
emotional content net effect (negative-minus-neutral), and squared univariate (channel-s
corresponding randomization distribution (maximum of all 72-channel squared univariate pa
underlying difference topographies, the sign of the difference at each site was applied to the r
were optimized for score ranges across neutral and negative stimuli; however, the same s
max(T2) topographies to allow for better comparison of statistical effects across data trans
interpolations (m = 2; λ = 0) derived from the mean factors scores or T2 statistics available f
parietooccipital regions (sites marked as black dots) for negative (circles) and neutral (square
(triangles) at each hemisphere. Significant simple effects are marked as: (*) p b 0.10; * p b 0.05
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emotional content × hemisphere × visual field interaction was also
found for P3 source due to a robust contralateral enhancement of the
emotional content effect for the right hemisphere (LVF N RVF;
onding to N2 sink (212), P3 source (385) and a centroparietal (CP) source (630) using
actor score topographies for neutral and negative stimuli (pooled across visual field), the
pecific) paired samples T statistics thresholded at the 95th quantile (p = 0.05) of the
ired samples T statistics). To facilitate comparisons of the max(T2) topographies with the
espective T2 value, which is otherwise always positive. For each factor, symmetric scales
ymmetric scale range was used across factors for the difference topographies and the
formations. All topographies are two-dimensional representations of spherical spline
or each recording site. Line charts depict the mean (±SEM) factor score amplitudes over
s) stimuli at each hemisphere and of the emotional content net effect for each hemifield
; *** p b 0.001; **** p b 0.0001.
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Table 1
Summary of ANOVA F ratios performed on CSD-PCA factors at selected sites.

A Repeated measures designs involving lateral regions over each hemisphere

Variable 212
N2 sink

385
P3 source

630
CP source

(PO9/10, PO7/8, P7/8) (PO9/10, PO7/8, P7/8, PO3/4, P5/6, O1/2)

F p η2 F p η2 F p η2

E 46.9 b0.0001 0.2381 48.1 b0.0001 0.2429 49.0 b0.0001 0.2463
E × H 6.89 0.01 0.0439
E × V 10.9 0.001 0.0675
E × H × V 20.4 b0.0001 0.1196 3.37 0.07 0.0220
H 12.1 0.0007 0.0747 3.91 0.05 0.0254
H × V 294.1 b0.0001 0.6623 255.1 b0.0001 0.6297 33.5 b0.0001 0.1824
V 14.5 0.0002 0.0882

Note. E: emotional content (neutral, negative); H: hemisphere (left, right); V: visual field (left, right). Only F ratios with p b 0.10 are reported. For all effects, df= 1, 150. Effect sizes are
partial eta squared (η2).
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F[1150]=12.0, p=0.0007, η2=0.0738), whichwas not seen but instead
reversed for the left hemisphere (RVF b LVF; F[1150] = 2.94, p = 0.09,
η2 = 0.0192). This left-greater-than-right hemifield emotional content
effect for P3 source resulted in a marginally significant emotional
content × visual field interaction (Table 1).

As expected, all PCA factors, although to a different degree, revealed
strong visual field × hemisphere effects, due to contralateral hemifield
stimulation yielding amplitude enhancements for early components
and superimposing a hemifield-dependent negativity on late compo-
nents (see Supplementary Figs. S3 and S4). Finally, overall N2 sink
was greater for right than left hemifield stimulations (mean ± SD,
−0.52± 1.31 vs.−0.35± 1.26), overall P3 source tended to be greater
over the right than left hemisphere (0.71 ± 1.15 vs. 0.50 ± 0.96), and
the parietooccipital sink that accompanied the overall CP source was
greater over the right than left hemisphere (−0.39 ± 0.84 vs.
−0.28 ± 0.81; Fig. 4, bottom row). However, these main effects and
hemisphere × hemifield interactions, which are not dependent on emo-
tional content, are of secondary interest given that sites were deemed
optimal for probing emotional content effects but not for measuring
overall amplitudes.
Distributed inverse solutions

Fig. 6 shows the unconstrained sLORETA solutions of the emotional
content net effects (negative-minus-neutral) for factors 212 (N2 sink),
385 (P3 source), and 630 (CP source). Static animations of sLORETA so-
lutions for these emotional content effects and for overall factor ampli-
tudes in comparison to the corresponding CSD topographies, as well as
for the sLORETA time course of the emotional content effect, are sup-
plied as Supplementary Material (see Animations A1–A3)6

These distributed inverse solutions were in close agreement with
the differences of emotional content seen for the scalp CSD measures
(Fig. 5, columns 3 and 4) and added further clarification regarding
their putative generators. N2 sink was linked to asymmetrical sources
involving striate and prestriate cortex in the occipital lobe, with a max-
imum activation in the right middle temporal gyrus (occipitotemporal
area, Brodmannarea [BA] 37). For P3 source, symmetric inverses involv-
ing the medial parietal lobe revealed a maximum activation in the pos-
terior cingulate cortex (dorsal posterior cingulate area, BA 31). CP
source was resolved to bilateral generators within the temporal lobe,
with a maximum activations in uncus and the inferior temporal area
(BA20). Notably, while the emotional content effects roughly paralleled
the posterior-to-anterior activation sequence of the components'
6 Interactive animations in Adobe shockwave format can be obtained at URL http://
psychophysiology.cpmc.columbia.edu/ehf2015.html.
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overall amplitudes via occipital, parietal, and temporal cortex, the spe-
cific activations differed nonetheless (see Supplementary Material, An-
imations A1 and A2). Furthermore, the time course of the emotional
content effects revealed distinct distributed inverse maxima at approx-
imately 200ms, 375ms, and 650ms, thereby lending further support to
the validity of these three PCA factors as manifestations of consecutive
stages of emotional processing (see SupplementaryMaterial, Animation
A3).

Correlations between CSD components and stimulus ratings

Scatterplots between grand mean CSD-PCA factor scores and grand
mean SAM ratings scores across the 16 negative-neutral stimulus
pairs are shown in Fig. 7, with correlation statistics summarized in
Table 2. Although to a different degree, all correlations were in the pre-
dicted direction (i.e., negative correlations for valence and positive cor-
relations for arousal), indicating that more positive CSD amplitudes at
parietooccipital sites were associatedwith increased ratings of negative
valence and greater arousal. Importantly, the separate correlations for
negative and neutral stimuli, as well as for their respective differences
within each stimulus pair, were comparable in size to the overall corre-
lations including all stimuli, indicating that these effects reflected
within- rather than between-category variance of valence and arousal.
On a less important note, correlations were fairly parallel in size for va-
lence and arousal ratings, confirming that these two dimensions were
not independently varied with this stimulus set, as intended.

Discussion

The present emotional hemifield paradigm tried to isolate bottom-up
processes of “motivated attention” (Bradley et al., 2003) by relying on the
intrinsic motivational salience of negative versus neutral stimuli and the
hemisphere receiving privileged access to process this information,with-
out interference of cognitive tasks requirements (top-down processes).
The CSD findings replicate and extend our prior ERP findings using this
paradigm (Kayser et al., 1997, 2000) in several important aspects. First,
beginning around 150 ms after stimulus onset, moderately arousing af-
fective pictures of negative valence generated more positive-going
CSD/ERP waveforms over lateral posterior regions when compared to
neutral control stimuli closely matched in physical characteristics. This
greater positivity was superimposed on the overall CSD/ERP component
structure and corresponded to enhanced inferior-lateral parietooccipital
sources (i.e., greater radial currentflow towards the scalp). However, this
extended relative positivity was clearly not a unitary phenomenon orig-
inating from occipitotemporal and parietal cortex (Keil et al., 2002) nor a
composite of extrastriate occipital, inferior-temporal andmedial-parietal
cortex (Sabatinelli et al., 2007). Instead, it can be best characterized as a
series of distinct, consecutive activations of brain regions along the
alp elicited by lateralized aversive pictures reveal consecutive stages of
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Fig. 6. Distributed inverse solutions (sLORETA; Pascual-Marqui, 2002; Tadel et al., 2011) of emotional content net effects (negative-minus-neutral) for CSD-PCA factors corresponding to
N2 sink (212), P3 source (385), and a centroparietal (CP) source (630). The scale range reflects the overall maximum [(pA/m)½] separately for each factor as indicated.

Fig. 7. Pairwise scatterplots between grandmean PCA factor scores derived from across-subjects CSDwaveforms (134 ≤ n ≤ 146) and grandmean SAM ratings scores (n=147) for each of
the 32 stimuli (16 negative-neutral pairs). Factor scoreswere pooled across 6 (N2 sink) or 12 (P3 source, CP source) parietooccipital sites included in the corresponding repeatedmeasures
ANOVAs (see sites marked in Fig. 5). Separate correlations are shown for valence (left) and arousal (right) for the overall scores, with additional regression lines for negative and neutral
stimuli, and their respective emotional content net effects (negative-minus-neutral for each stimulus pair). All associations reveal that more positive CSD amplitudeswere linked to more
unpleasant and more arousing SAM ratings (see Fig. 1).
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Table 2
Associations between grand mean CSD-PCA factor scores and grand mean SAM ratings scores for 16 negative-neutral stimulus pairs.

PCA factor

SAM ratings 212
N2 sink

385
P3 source

630
CP source

(PO9/10, PO7/8, P7/8) (PO9/10, PO7/8, P7/8, PO3/4, P5/6, O1/2)

r p r p r p

Valence Negativea −0.6772 0.0020 −0.5765 0.0097 −0.6214 0.0051
Neutrala −0.6177 0.0054 −0.2513 −0.6458 0.0034
Allb −0.5859 0.0002 −0.7085 b0.0001 −0.8365 b0.0001
Negative − neutrala −0.5160 0.0204 −0.1826 −0.5574 0.0124

Arousal Negativea 0.6793 0.0019 0.5943 0.0076 0.6478 0.0033
Neutrala 0.5357 0.0162 0.3031 0.6539 0.0030
Allb 0.5695 0.0003 0.7371 b0.0001 0.8364 b0.0001
Negative − Neutrala 0.3433 0.0965 0.4815 0.0295 0.4433 0.0428

Note. SAM: Self-assessment manikin (Bradley and Lang, 1994). Reported are Pearson product-moment correlation coefficients r with corresponding one-tailed significance levels (only
p b 0.10; df = n − 2). an = 16; bn = 32.
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ventral visual pathway involving occipitotemporal, posterior cingulate
and inferior temporal cortex. This is consistent with engagement of
asymmetric corticolimbic networks during emotional processing (Liotti
and Tucker, 1995), involvingmultiple processing stageswith interactions
from early visual areas to prefrontal regions (Pessoa, 2008). Increased
connectivity between posterior cingulate cortex and ventromedial pre-
frontal cortex has been hypothesized to play amajor role in emotion per-
ception, emotion regulation, self-awareness, and default mode network
activity (Gusnard et al., 2001; Li et al., 2014; Lutz et al., 2015; Tang
et al., 2015).

Second, the particular role of the right temporoparietal region for
detecting affective stimulus significance was confined to an early ERP/
CSD component (N2) that preceded subcomponents of the late positive
complex (P3, LPP), presumably originating from asymmetric generator
sources in extrastriate cortex (as estimated by sLORETA; Pascual-
Marqui, 2002). Moreover, these asymmetries in affective responsive-
ness effectively resulted from left hemifield (right hemisphere) presen-
tations, whereas right visual field (left hemisphere) presentations
yielded no hemisphere asymmetries in emotional processing. This con-
stitutes a new finding for this emotional hemifield paradigm. Both the
considerable statistical power and increased signal-to-noise ratio
afforded by the large sample in the present studymay have contributed
to the emergence of this effectwhen compared to our prior ERP findings
in smaller samples (Kayser et al., 1997), and using a surface Laplacian
transform is by farmore likely to uncover effects obscured in surface po-
tential measures due to volume conduction (Kayser and Tenke, 2015a).
These hemifield-dependent enhancements of early emotional ERPs ef-
fects further underscore the importance of the right temporoparietal
and occipitotemporal cortex for automatically detecting stimulus sa-
lience (Junghöfer et al., 2006b; Keil et al., 2002; Lang et al., 1998b).
These effects, which emerge prior to controlled (conscious) stimulus
processing, have been regarded as neurophysiological correlates of en-
hanced attention to motivationally significant stimuli, which is enabled
by re-entrant subcortical feedback of anterior brain regions to visual
cortex (e.g., Keil et al., 2009, 2012; Moratti et al., 2011; Sabatinelli
et al., 2007, 2013). Similar hemifield modulations of emotional effects
carried over to P3 source, however, tended to reverse for CP source,
but these two later CSD components did not show hemisphere
asymmetries in emotional processing.

It is important to recognize that emotional ERP effects for the early
N2 sink factor with its 212 ms peak latency did reveal opposite effects
(i.e., more positive-going ERPs for negative than neutral) than reported
for the EPN, which is typically assessed between 200 and 300 ms
(Olofsson et al., 2008). This discrepancymay be closely related to differ-
ences in stimuli (i.e., most EPN studies employed IAPS pictures), given
that the present stimulus setwas highly controlled for physical stimulus
characteristics and EPN has been found to vary with differences in
Please cite this article as: Kayser, J., et al., Neuronal generator patterns at sc
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stimulus content andmay be particularly responsive to pleasant stimuli
involving people (Schupp et al., 2004; Weinberg and Hajcak, 2010).
However, we should note that a low-variance factor peaking at
285 ms (Fig. 4) that was not considered further in this report because
it lacked robust emotional effects did reveal small emotional effects con-
sistent with EPN activity (see Supplementary Fig. S5, row 4).

Third, the robust associations between all three CSD factors (N2 sink,
P3 source, CP source) and ratings of both valence and arousal, which
were observed for the individual negative/neutral stimulus pairs using
group means, provide strong support for the assertion that relative in-
creases in radial current flow towards the scalp (sources or positivities)
reflect facilitation (of motivated attention) across successive, but over-
lapping, stages of affective processing. While the present experimental
design, with a near perfect covariation of unpleasantness and arousal
for these stimuli, prevents a dissociation of the relative contribution of
valence and arousal characteristics, prior researchhas convincingly dem-
onstrated that arousal rather than valence is the critical dimension for
the observed amplitude enhancements (e.g., Cuthbert et al., 2000;
Schupp et al., 2000; see review by Olofsson et al., 2008). Moreover, in-
creased electrodermal activity (EDA) parallels electrocortical activation
to emotional pictures (e.g., Keil et al., 2008), as also observed in this emo-
tional hemifield paradigm (Kayser, 2008), which is consistent with pha-
sic EDA being an autonomic index of emotional response intensity
(Boucsein, 1995).

Fourth, the presentmethodological approach of combining reference-
free CSD transform and temporal PCA to render component summary
measures (Kayser and Tenke, 2006a, 2006b), followed by nonparametric
permutation tests to assess topographic differences (Kayser et al., 2007),
provides a powerful and effective strategy for uncovering emotional ERP
effects in a comprehensive, data-driven fashion. The combined use of CSD
components and a distributed inverse algorithm (Pascual-Marqui, 2002;
Tadel et al., 2011) represents another step forward in determining the
neural generators underlying emotional ERPs and their corresponding
scalp current flow. Although all three CSD factors were characterized by
prominent emotion-related radial current sources over medial-lateral
parietooccipital regions, which corresponded to increased ERP positivity
at these sites with an optimized EEG reference (REST; Yao, 2001), these
sensor-level findings did not necessarily translate into activations of neu-
ronal tissue located below these scalp sites, which is a common miscon-
ception when interpreting surface potential or even surface Laplacian
results (e.g., Junghöfer et al., 2006a; Kayser and Tenke, 2015b; Tenke
and Kayser, 2012). Instead, and in close correspondence to the complete
CSD topographies (Fig. 5) revealing associated sinks over mid-
parietooccipital (N2 sink), medial centroparietal (P3 source) or inferior
anterior-lateral sites (CP source), the distributed inverses revealed
maximum source activations at cortex regions approximately located
midway along a dipole bridging source and sink maxima observed at
alp elicited by lateralized aversive pictures reveal consecutive stages of
oimage.2016.05.059
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scalp. The present approach is likely to provide more reliable inverse so-
lution estimates as they are based on an optimized ERP topography that
is (1) known to account for systematic variance and (2) derived from
reference-independent scalp activation patterns, thereby counteracting
some of the known limitations of EEG source imaging (e.g., Michel
et al., 2004) and alleviating concerns regarding uncritically use of these
techniques (Tenke and Kayser, 2012).

Fifth, although the current large samplewas diverse in the sense that
participants were recruited from a multi-generational study of family
risk for depression (Weissman et al., 2005), the present findings are in
close agreement with those of our prior studies with healthy adults.
Therefore, the negative arousal-related emotional ERP effects, which in-
clude an early right-greater-than-left asymmetry over occipitotemporal
regions that is modulated by hemifield, may be rather universal. How-
ever, we and others have found marked reductions of emotional ERP
modulations in clinically depressed patients suggesting hypofunction
of right temporoparietal regions (e.g., Foti et al., 2010; Kayser et al.,
2000, 2001;Moratti et al., 2008), and recent electrophysiologic evidence
indicates that blunted responses to emotionally arousing stimuli in
major depression may serve as a possible biomarker of treatment suc-
cess (Domschke et al., 2015; Zwanzger et al., 2016). Moreover, similar
electrophysiological deficits may even be present in individuals at
high family risk for depression (Moratti et al., 2015), as found with a
preliminary analysis for a subsample of this cohort (Kayser et al.,
2014). Based on the present findings, a subsequent report will system-
atically explore the impact of family risk status and personal history of
depression and anxiety on these electrophysiological correlates of
responsivity to motivationally salient stimuli.

Limitations of this study originate directly from its advantages. First,
restricting the stimuli along a single dimension ranging from “not
arousing/neutral” to “arousing/negative” does not inform about how
appetitive stimuli are processed (Olofsson et al., 2008); however, this
stimulus set may isolate aversion or defense as one of the two basicmo-
tivational systems (Lang et al., 1998a), and the evaluative space for af-
fective stimuli may be better characterized by a reorientation of
valence and arousal dimensions into those representing different de-
grees of negativity or positivity (Ito et al., 1998a). Second, the passive
viewing paradigm did not provide overt performance measures that
could be used to validate the theoretical interpretation of the ERP mea-
sures and attention to the stimuli (Olofsson et al., 2008). However,
employing a visual half-field paradigm serves as an affirmation of at-
tending to stimulus presentation because it renders a contralateral
N1pc, which represents a robust early ERP measure of perception and
attention (Kayser and Tenke, 2015a; Verleger et al., 2012). In addition,
the reported relationship between CSD-PCA factor scores and arousal
and valence ratings derived from the present sample discount these ob-
jections. More importantly, additional task requirements are likely to
engage participants in cognitive operations thatmay distract fromaffec-
tive processing (e.g., Rozenkrants et al., 2008), down-regulate emotion-
al responses (e.g., Hajcak et al., 2012), or otherwise confound an
automatic detection of stimulus salience, all of whichmay adversely af-
fect hemispheric asymmetries of emotional processing (Kayser et al.,
1997). At the same time, overall affective modulation of ERPs has been
found to be remarkably robust to various procedural manipulations
(e.g., Codispoti et al., 2007, 2012; De Cesarei and Codispoti, 2006,
2008), including foveal versus peripheral (lateralized) stimulus presen-
tations (De Cesarei et al., 2009), suggesting that task-related (top-
down) and stimulus-related (bottom-up) effects of motivated attention
to stimulus salience are essentially additive (e.g., Hajcak et al., 2012).

Conclusions

Moderately arousing, unpleasant pictures in comparison to closely
matched neutral stimuli evoked a distinct sequence of scalp current
sources, beginningwith a right-lateralized activation of occipitotemporal
cortex that overlapped N2 and peaked at around 200 ms, followed by a
Please cite this article as: Kayser, J., et al., Neuronal generator patterns at sc
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bilateral parietal source with a maximum in posterior cingulate cortex
that overlapped P3 and peaked around 400 ms, and a bilateral anterior
source with a maximum in inferior temporal cortex that overlapped a
late centroparietal source and peaked around 600 ms. Early ERP effects
of emotional arousal were modulated by hemifield, yielding largest ef-
fects (amplitude and asymmetry) for presentations to the left visual
field (right hemisphere). These findings are consistent with hierarchical
activations of the ventral visual pathway reflecting subsequent process-
ing stages in response to motivationally salient stimuli. As these data
were obtained from a large cohort of individuals differing in family risk
status for depression, they should provide an excellent opportunity to
characterize specific biomarkers of depression risk hypothesized to re-
flect hypofunction of right temporoparietal cortex.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neuroimage.2016.05.059.
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