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Abstract

Behavioral and neural responses to visual scenes depicting potential threat or harm constitute core
aspects of human behavior and can illuminate symptoms of internalizing disorders. Decades of
research have shown that negative content undergoes facilitated processing across a distributed
brain network whereby perception is facilitated, and cognitive systems appraise the stimulus

to regulate emotions and plan motor action. However, relatively limited studies have examined

the multispectral dynamics underlying the neural processing of negative emotional images, with
mixed results among existing studies. Herein, we used magnetoencephalography (MEG) to derive
dynamic functional maps of positive and negative image processing in healthy adults. Alpha (from
200 to 700 ms) and beta (from 200 to 550 ms) oscillations were stronger for negative images

in primary and ventral visual regions, as well as parietal and prefrontal cortices (all ps < .005).
Similarly, theta activation was stronger for negative images in ventral temporal cortex (v < .001)
from 0 to 250 ms. Lastly, gamma oscillatory activity was stronger for negative images in the
pre-supplementary motor area (p < .005) from 150 to 500 ms. These results are consistent with the
literature in regard to the critical brain regions involved in emotional processing, but importantly
also delineate the multispectral oscillatory dynamics within these regions that support the swift
synthesis of low-level visual inputs, appraise emotional meaning, and guide appropriate motor
system activation (as necessary) to avoid harm.
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1. Introduction

To help ensure survival, complex organisms must successfully respond to sensory
information conveying potential threat or harm (Konorski, 1967; Schneirla, 1959). In

the laboratory, one method to study responses to threat is to present images that depict
negative information relevant to physical harm and/or survival (e.g., a weapon, a dangerous
animal; Lang et al., 1997b). Nearly a century of research has demonstrated that such
negative images prompt a cascade of physiological reactions (e.g., changes in heart rate,
respiration, pupil dilation; (Bradley and Lang, 2000; Lang and Bradley, 2013; Ohman and
Wiens, 2003)) that aid perception (Campbell et al., 1997; Fanselow, 1994) and support a
disposition toward necessary action (Frijda, 2000; Lang et al., 1990; Ohman et al., 2001).
Conversely, atypically strong responses to negative information (i.e., a negativity bias) are
a transdiagnostic hallmark of anxiety and mood disorders (Lang et al., 2016; McTeague
and Lang, 2012). Thus, characterizing the neurophysiology involved in processing negative
information is critical to understanding not only a core feature of human behavior, but also
symptoms of mental health disorders.

Decades of neuroimaging have shown that responses to negative emotional stimuli involve
widespread brain regions, implicating many aspects of human behavior and psychology.
Multiple meta-analyses and reviews have shown that some of the most consistent brain
responses to emotional pictures occur in the ventral occipitotemporal cortices, extending into
the amygdalae, prefrontal and inferior frontal cortices, the anterior cingulate, and the insula
(Kober et al., 2008; Lindquist et al., 2012; Sabatinelli et al., 2011; Stevens and Hamann,
2012; Wager et al., 2015). Activation of the ventral visual regions reflects the processing

of sensory information along the visual hierarchy (Grill-Spector et al., 2001; lordan et

al., 2015; Kiani et al., 2007), where its emotional meaning is extracted (Sabatinelli and
Frank, 2019; Taylor et al., 2000) and sensory representation enhanced through re-entrant
connections (Keil et al., 2009; Vuilleumier, 2005). Activation within frontal cortices is likely
indicative of cognitive processes (Barrett, 2017; Ochsner and Gross, 2005) which appraise
and elaborate upon (Lang and Bradley, 2010) the negative information to create appropriate
behavioral programs to avoid harm (Adolphs, 2003; Frijda, 2000). Particularly in the context
of negative images, such frontal cortical activity is thought to reflect higher-order processes
of emotion regulation (Buhle et al., 2014; Domes et al., 2010; Ochsner and Gross, 2005),
where individual differences reflect tendencies toward or away from a negativity bias (Petro
etal., 2018, 2021; Urry, 2006). The broad consensus from neuroimaging is that negative
information activates multiple brain networks to facilitate perception and attention, as well
as higher-order processes to assess and plan appropriate action.

Brain activity measured by electroencephalography (EEG) have also been used to study
negative image processing, particularly the neural dynamics which can enable multispectral
(e.g., theta, gamma, etc.) analyses of neural oscillatory activity supporting various features
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of visual perceptual, attention, and higher-order cognitive processes. In this context, stronger
gamma frequency responses have been observed for negative compared to neutral and/or
positive images (Balconi et al., 2009a; Balconi and Lucchiari, 2006; Keil et al., 2001,

2007; Martini et al., 2012; Mdiller et al., 1999; Sato et al., 2011), thought to reflect

efficient, facilitated processing of the biologically relevant negative stimuli. Studies of

theta oscillations in response to negative emotional stimuli are more limited, with the
available evidence suggesting stronger frontal theta responses for negative compared to
neutral (Zhang et al., 2012) and positive images (Balconi et al., 2009a; Knyazev et al.,
2010), although others have found equal responses for negative and positive with both being
stronger than neutral (Balconi et al., 2009b; Knyazev et al., 2009). Thus, while negative
images tend to elicit stronger responses than neutral, the differences between negative and
positive images have been inconsistent across studies.

Similar effects have been observed for alpha and beta responses, but the extent to which
these effects are unique to negative images is unclear. Stronger alpha and beta oscillations
(i.e., greater decreases from baseline, or desynchronizations) have long been tied to visual
attention function (Klimesch, 2012; Ray and Cole, 1985; Wiesman et al., 2017), and are
thought to reflect active cortical engagement (Pfurtscheller and Klimesch, 1992). Multiple
studies have shown that stronger oscillations for negative compared to neutral images in
alpha (Balconi et al., 2009a; Cui et al., 2013; De Cesarei and Codispoti, 2011; Ferrari et al.,
2015, 2022; Friedl and Keil, 2021; Huster et al., 2009; Messerotti Benvenuti et al., 2019;
Murphy et al., 2020; Panitz et al., 2019; Simons et al., 2003; Sollfrank et al., 2021; Wang
et al., 2021) and beta (Meng et al., 2016; Schubring et al., 2020), suggesting that negative
emotional content engages attention systems in a bottom-up fashion. Some of these studies
have reported similar effects in response to positive and neutral images for alpha (Balconi
et al., 2009a; Cui et al., 2013; De Cesarei and Codispoti, 2011; Ferrari et al., 2015, 2022;
Messerotti Benvenuti et al., 2019; Murphy et al., 2020; Simons et al., 2003; Wang et al.,
2021) and beta (Schubring et al., 2020; Schubring and Schupp, 2019, 2021), while others
have found stronger oscillations for negative compared to positive images (Huster et al.,
2009; Keil et al., 2001; Luther et al., 2023). There are also a collection of studies that have
reported no difference between positive or negative from neutral in alpha (Aftanas et al.,
2001; Arana et al., 2022; Dell’ Acqua et al., 2022; Lee et al., 2017) and beta (Mdller et

al., 1999; Noguchi and Kubo, 2020). These mixed results may be due to inconsistencies

in the arousal levels of different categories of images, different task parameters imposed
during the viewing of the images, and/or different strategies of electrode-level EEG data
analyses (Codispoti et al., 2023; Glntekin and Basar, 2007). Establishing whether alpha/beta
oscillations to emotional images are stronger for negative compared to positive images, and
the precise brain regions contributing to these differences would provide critical advances
in the study of negativity bias in anxiety and mood disorders. The limited studies that have
used magnetoencephalography (MEG) source imaging during emotional stimulus processing
have focused on the gamma-band (Luo et al., 2007, 2009).

The current study aimed to map the spatiotemporal oscillatory dynamics underlying the
processing of negative emotional images. Given our goals of identifying the precise
brain regions involved, we quantified the neurophysiological activity using MEG while
individuals viewed arousal-matched negative and positive images. Negative and positive,
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rather than low-arousing neutral, images were compared to highlight brain responses related
to negative emotional content rather than that related to high versus low arousing content.
The MEG recordings were imaged in the time-frequency domain using a whole-brain
beamformer source reconstruction approach and submitted to a voxel-wise paired-samples
ttest. We hypothesized that negative compared to positive images would elicit stronger
neural oscillations in the alpha and beta bands in frontoparietal attention regions, as well

as stronger theta and gamma oscillations in association cortices that support emotional
processing.

Methods

Participants

We enrolled a relatively homogeneous sample to minimize the impact of cultural differences
on emotional image processing. Specifically, we enrolled a total of 36 right-handed, young
adults (21 females) with a mean age of 27.64 (SD = 4.04; range: 21.35-35.12) who were
generally highly educated for their age (mean education level: 16.61 years). The sample was
5.56 % Black, 2.78 % American Indian/Alaska Native, 13.89 % Asian, 75.00 % Caucasian,
and 2.78 % more than one race. This distribution corresponds to the racial demographics

of the surrounding area. Exclusionary criteria included any medical illness affecting CNS
function (e.g., HIV/AIDS, Lupus, etc.), a current or past diagnosis of any neurological or
psychiatric disorder by a medical professional, history of head trauma, current substance
abuse, and the standard exclusionary criteria related to MEG and MRI acquisition (e.g.,
ferromagnetic implants). The Boys Town National Research Hospital’s Institutional Review
Board reviewed and approved this investigation. Each participant provided written informed
consent following a detailed description of the study.

2.2. Experimental paradigm

During the MEG recording, participants sat in a nonmagnetic chair within a magnetically
shielded room. All stimuli were presented using the Psychophysics Toolbox (Kleiner et

al., 2007) and a PROPixx DLP LED projector (VPixx Technologies Inc., Saint-Bruno-de-
Montarville, Canada). The experiment consisted of 220 trials. In each trial, a fixation

cross appeared for a duration of 1000 to 1400 ms and this was replaced by a picture that
was presented centrally for 1800 ms (Fig. 1). Stimuli consisted of 100 pleasant and 100
unpleasant images. Of these 200 images, 44 images were selected from the International
Affective Picture System (IAPS; (Lang et al., 1997a)) and 154 from the Nencki Affective
Picture System (NAPS; (Marchewka et al., 2013)). All stimuli were 560 x 420 pixels in
size. The valence ratings confirmed that positive (M = 6.58, SD = 0.82) images were rated
as more positive than negative (M = 3.86, SD = 0.84) images (#9g = 23.17, p< .001).
Importantly, the arousal rating did not differ (#,gg = —1.45, p > .05) between the positive (M
= 3.49, SD = 1.06) and negative (M = 3.71, SD = 1.12) images. Each of the negative and
positive image groups were comprised of 25 landscapes, 25 animals, 25 common objects,
and 25 people. Lastly, negative and positive images did not differ based on luminance (#gg
=0.32, p>.05) or contrast (#gg = 0.82, p>.05), and did not differ in any spatial frequency
(all ps > 0.05).
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To ensure participants paid attention, 20 oddball images of musical instruments were
presented pseudo-randomly and participants were instructed to respond via button press.
All participants responded to at least 75 % of the oddball stimuli, and all oddball trials were
excluded from subsequent analysis. None of the standard trial images contained musical
instruments. Stimuli were presented in a pseudo-randomized order such that the valence
(positive or negative) nor category (landscape, animal, common objects, or people) were
repeated in more than three consecutive trials.

MEG and MRI data acquisition

All MEG recordings were conducted in a two-layer magnetically-shielded VACOSHIELD
room (Vacuumschmelze, Hanau, Germany). Neuromagnetic responses were sampled
continuously at 1 kHz, with an acquisition bandwidth of 0.1-330 Hz, using a MEGIN Triux
Neo MEG system with 306 magnetic sensors (Helsinki, Finland). During data acquisition,
participants were monitored via real-time audio-visual feeds from inside the shielded room.
Participant-wise MEG data were corrected for head motion and subjected to external noise
reduction using the signal space separation method with a temporal extension (Taulu and
Simola, 2006; Uutela et al., 2001). High-resolution structural images were collected using a
1-mm isotropic MPRAGE sequence [TR = 2.3 s, TE = 2.98 ms, flip angle = 9°, FOV = 256
mm] on a Siemens Prisma 3-T scanner with a 64-channel head coil.

2.4. Structural MRI processing and MEG coregistration

Preceding MEG measurement, five head position indicator (HPI) coils were attached to

the participant’s head and localized, together with three fiducial points and at least 100
scalp surface points, with a 3D digitizer (Fastrak, Polhemus Navigator Sciences, Colchester,
VT, USA). Once in the MEG, electrical currents of unique frequencies (e.g., 322 Hz)

were fed into each of the HPI coils, which induced measurable magnetic fields, allowing
the position of the coils to be actively tracked relative to the MEG sensors throughout

the recording. Since the HPI coil locations were also known in head coordinates, all

MEG measurements could be transformed into a common coordinate system. With this
coordinate system, participant-wise MEG data were coregistered with the participant’s
high-resolution structural T1-weighted MRI data prior to source reconstruction using BESA
MRI (Version 3.0, BESA GmbH, Grafelfing, Germany). Structural MRI data were aligned
parallel to the anterior and posterior commissures and transformed into standardized space.
Following source reconstruction (i.e., imaging), each participant’s MEG functional images
were also transformed into standardized space and spatially resampled to enable statistical
comparisons across participants.

2.5. MEG preprocessing, time-frequency transformation, and sensor-level statistics

Cardiac and ocular artifacts (blinks and eye movements) were removed from the data using
signal-space projection (SSP), which was accounted for during source analysis (Uusitalo and
IlImoniemi, 1997). The continuous magnetic time series was divided into 1800 ms epochs
(-600 to 1200 ms), with stimulus onset defined as 0 ms and the baseline period being
defined as the 500 ms prior to image onset (i.e., =500 to 0 ms). Subsequently, epochs with
remaining artifacts were removed based on a fixed threshold method, supplemented with
visual inspection.
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Briefly, the MEG raw signal amplitude is strongly affected by distance between the brain
and the MEG sensor array, as the magnetic field strength sharply falls off as the distance
from the source current increases. Thus, the average amplitude of cortical activity recorded
by the MEG sensor array will vary as a function of individual head size and position within
the MEG bhore. To account for this source of variance across participants, as well as actual
variance in neural response amplitude, rejection of artifactual trials was determined using
the amplitude and gradient distributions across all trials were determined per participant
based on the individual distribution of signal amplitude and gradient. Trials containing the
highest amplitude and/or gradient values relative to this distribution were rejected based on
participant-specific thresholds. Across all participants, the average amplitude threshold was
1115.69 (SD = 392.44) fT/cm and the average gradient threshold was 212.92 (SD = 112.92)
fT/(cm x ms). Following artifact rejection, an average of 91.92 (SD = 4.33) negative and
93.00 (SD = 5.25) positive condition trials were included in the final analysis. The number
of trials did not statistically differ by condition (p> .05; see Results).

Aurtifact-free epochs were then transformed into the time-frequency domain using complex
demodulation (Kovach and Gander, 2016), with a resolution of 2 Hz and 25 ms between 4
and 100 Hz. Following time-frequency transformation, spectral power estimates per sensor
were averaged across trials to generate plots of mean spectral density per sensor. These
sensor-level data were then normalized using the baseline power within each frequency bin,
which was calculated as the mean power for that 2.0 Hz bin during the =500 to 0 ms
baseline period. The significant time-frequency windows used for source imaging were then
determined by statistical analysis of the sensor-level spectrograms across the entire array of
204 gradiometers, which was conducted in BESA Statistics (Version 2.1T, BESA GmbH,
Gréfelfing, Germany). Briefly, each pixel per spectrogram was initially evaluated using

a mass univariate approach based on the general linear model, followed by cluster-based
permutation testing to address the problem of multiple comparisons (Ernst, 2004; Maris
and Oostenveld, 2007). This two-stage procedure was utilized to minimize false positive
results while maintaining sensitivity, with the first stage consisting of paired-sample #tests
against baseline on each pixel per spectrogram and thresholding the output spectrograms of
tvalues at p < .05 to define time-frequency bins containing potentially significant oscillatory
responses. In stage two, the time-frequency bins that survived thresholding (at p < .05) were
clustered with temporally and/or spectrally neighboring bins that also survived, and cluster
values were derived by summing all #values within each cluster. Nonparametric permutation
testing was then used to derive a distribution of cluster values and the significance level

of the cluster(s) were tested directly using this permuted distribution, which was the result
of 10,000 permutations. Based on this cluster-based permutation analysis, only the time-
frequency windows that contained significant oscillatory deviations from baseline at the p
<.001, corrected, threshold across all participants were subjected to source imaging (i.e.,
beamforming).

2.6. MEG source imaging

Cortical regions were imaged through a time-frequency-resolved extension of the linearly
constrained minimum variance (LCMV) beamformer (Dalal et al., 2006; Gross et al.,
2001; Van Veen et al., 1997), with a single shell volume conductor and regularization
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based on singular value decomposition (SVD) at 0.0001 %. The images were derived

from the cross spectral densities of all combinations of MEG gradiometers averaged over
the time-frequency range of interest, and the solution of the forward problem for each
location on a grid specified by input voxel space (4 x 4 x 4 mm voxels). In principle, the
beamformer operator generates a spatial filter for each grid point that passes signals without
attenuation from a given neural region, while suppressing activity in all other brain areas.
The filter properties arise from the forward solution (i.e., lead field matrix) for each location
on a volumetric grid specified by input voxel space, and from the MEG cross spectral
density matrix. Basically, for each voxel, a set of beamformer weights is determined, which
amounts to each MEG sensor being allocated a sensitivity weighting for activity in that
particular voxel. Following convention, the source power in these images was normalized
per participant using a pre-stimulus period (i.e., baseline) of equal duration and bandwidth
(Hillebrand et al., 2005). Such images are typically referred to as pseudo-#maps, with units
(pseudo- 4 that reflect noise-normalized power differences (i.e., active vs. passive) per voxel.
MEG pre-processing and imaging used the Brain Electrical Source Analysis (version 7.1)
software. Individual participant-level maps were examined to reject images containing clear
artifacts (e.g., striping or “ribboning”) or extreme values across the brain. This procedure
was conducted separately for each time-frequency window, and those containing significant
artifacts were excluded from further analysis.

2.7. Whole-brain statistics

To identify differences in neural oscillatory power as a function of image valence, the
whole-brain voxel-wise maps per oscillatory response were projected through a gray matter
mask and examined using paired-samples £tests (two-tailed), computed in MATLAB. To
account for multiple comparisons, a cluster forming threshold of p < .005 and cluster-extent
threshold of > 10 (i.e., > 640 mm?3) were used, based on Gaussian random fields theory
(Poline et al., 1995; Worsley et al., 1996).

3. Results

Participants performed well on the oddball task, with a mean accuracy rate of 95 % (SD
=7.27 %; range = 75-100 %) and mean reaction time of 765 ms (SD = 114 ms; range =
559-1122 ms). Following artifact rejection and exclusion of incorrect trials, each participant
had an average of 91.92 (SD = 4.33) and 93.00 (SD = 5.25) trials in the negative and
positive conditions, respectively, for beamforming. The number of retained trials did not
differ between conditions (#5 = 1.61, p > .05).

3.1. Sensor-level neural responses

Statistical analysis of the sensor-level spectrograms using our two-stage nonparametric
permutation testing approach (see Section 2.6) revealed clusters of sustained power
decreases relative to baseline in the alpha (10-16 Hz) range from 200 to 700 ms and in the
beta (20-26 Hz) band from 200 to 550 ms (o < .001, corrected; Fig. 2). These time windows
were imaged using baselines of equal bandwidth and duration (alpha: —=500 to 0 ms; beta:
-500 to —150 ms), which is essential to ensure amplitudes in the beamformer images are
not biased by differing numbers of datapoints (Singh et al., 2002). In addition, there were
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increases in power from baseline in the theta (4-8 Hz) band from 50 to 300 ms and in the
gamma (62-92 Hz) range from 150 to 500 ms following stimulus onset (p < .001, corrected;
Fig. 2). These two time-windows were imaged using baselines of =500 to —250 ms and —500
to —150 ms, respectively. Following imaging, each oscillatory response was grand-averaged
across all participants and conditions to visualize the brain regions generating the strongest
responses. Rejection of artifactual images resulted in the removal of four participants for
theta, three for alpha, two for beta, and two for gamma.

Functional mapping of oscillatory responses

The oscillatory maps for negative and positive conditions were submitted to voxel-wise
paired samples ttests (two-tailed; see Section 2.8). These tests revealed significantly
stronger responses for negative compared to positive conditions in the theta, alpha, beta, and
gamma frequency bands. In contrast, no regions exhibited significantly stronger oscillatory
responses during positive compared to negative images. The MNI coordinates and cluster
sizes are listed in Table 1.

In the alpha- and beta-bands, stronger oscillations (i.e., decreases from baseline, or
desynchronizations) were observed for negative compared to positive images across seven
and six clusters, respectively. Alpha oscillations were stronger during negative image
processing in the left temporoparietal junction (TPJ; &, = -4.79, p< .001, Cohen’s d =
0.83), the right inferior occipital gyrus (&, = —3.97, p<.001, Cohen’s d = 0.69), the right
superior frontal gyrus (#, = —3.90, p<.001, Cohen’s d = 0.68), the left middle occipital
gyrus (& = —3.53, p<.005, Cohen’s d = 0.61), the right superior parietal lobule (%5 =
-3.50, p<.005, Cohen’s d = 0.61), left cerebellum (%, = -3.48, p< .005, Cohen’s d =
0.61), and the right middle occipital gyrus (3, = —3.41, p<.005, Cohen’s d = 0.59; Fig.
3). Beta oscillations were stronger during negative images in the left inferior frontal gyrus
(extending into the middle frontal gyrus and the superior insula; 3 = -5.31, p < .001,
Cohen’s d = 0.91), in the left inferior temporal cortex (%3 = —4.63, p<.001, Cohen’s d =
0.79), the right inferior parietal cortex (3 = —4.46, p<.001, Cohen’s d = 0.76), a posterior
portion of the left cerebellum (%3 = —3.84, p< .001, Cohen’s d = 0.66), an anterior portion
of the left cerebellum (%3 = —-3.39, p < .005, Cohen’s d = 0.58), and the right middle
cingulate gyrus (3 = —3.18, p<.005, Cohen’s d = 0.55).

In the theta-band, neural oscillations were stronger for negative (1 = 4.27, p < .001,
Cohen’s d = 0.75; Fig. 4) images in one cluster that included the left parahippocampal
gyrus and inferior temporal lobe. Gamma activity was also stronger for negative compared
to positive images in four clusters, including the right intraparietal sulcus (%3 = 3.66, p<
.001, Cohen’s d = 0.63), right posterior hippocampus (%3 = 3.58, p < .005, Cohen’s d =
0.61), right supplemental motor area (%3 = 3.42, p< .005, Cohen’s d = 0.59) and the right
posterior cingulate cortex (3 = 3.39, p<.005, Cohen’s d = 0.59; Fig. 4). Lastly, no brain
regions showed stronger neural oscillations in any band during positive relative negative
image processing.
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4. Discussion

We identified stronger neural oscillations for negative compared to positive images in an
early theta (50 to 300 ms) window and more extended gamma (150 to 500 ms) window, and
temporally overlapping periods with stronger (i.e., more negative) alpha (200 to 700 ms) and
beta (200 to 550 ms) oscillations. The location of these effects are consistent with multiple
meta-analyses (Kober et al., 2008; Lindquist et al., 2012; Sabatinelli et al., 2011), where
emotional picture processing involves both low- and high-level visual processing within
primary occipital, ventral visual, and parietal cortices, as well as higher-order cognitive
regions which appraise the emotional content and plan subsequent action. In sum, the results
indicate that negative images more strongly engage widespread brain regions reflecting
heightened perceptual processing and preparation for mobilization.

Theta activity immediately following stimulus onset (50 to 300 ms) was stronger for
negative compared to positive images within the inferior temporal cortex, consistent with
findings indicating that theta is typically strongest for negative images (Aftanas et al., 2002;
Balconi et al., 2009b, 2009a) or facial expressions (Balconi and Lucchiari, 2006; Knyazev
etal., 2009, 2010; Zhang et al., 2012). Similar theta effects point to its role in guiding
visual attention (Meehan et al., 2021; Wiesman et al., 2017, 2018; Wiesman and Wilson,
2019). While theta activity is related to numerous aspects of cognition (Cavanagh and Frank,
2014), the relatively early timing suggests this effect reflects visual processing. In fact, the
timing of this effect is also consistent with ERP results (Hinojosa et al., 2015; Schindler and
Bublatzky, 2020) which have been used as evidence that rapid visual processes prioritize
the emotional information. Along these lines, theta differences within the ventral visual
pathway and inferior temporal cortex are broadly consistent with studies of emotional
picture processing (Sabatinelli et al., 2011; Sabatinelli and Frank, 2019) and these regions
are known to be critically involved in high-tier visual processing (Kiani et al., 2007). Taken
together, these theta differences likely reflect the rapid and efficient visual processing of
motivationally relevant information conveyed by the negative arousing pictures.

Stronger alpha and beta oscillations (i.e., decreases relative to baseline, or
desynchronizations) for negative relative to positive images were observed in multiple visual
and attention regions. Such alpha and beta oscillations have long been associated with active
cortical engagement (Pfurtscheller and Klimesch, 1992), often during states of top-down
visual attention (Klimesch, 2012; Petro et al., 2019; Petro and Keil, 2015; Wiesman et al.,
2017) and/or during active working memory (Hanslmayr et al., 2012; Heinrichs-Graham and
Wilson, 2015; Pavlov and Kotchoubey, 2022; Proskovec et al., 2016, 2019; Springer et al.,
2023). While negative images have consistently been linked to stronger alpha/beta responses
(Balconi et al., 2009a; Cui et al., 2013; De Cesarei and Codispoti, 2011; Ferrari et al., 2015,
2022; Friedl and Keil, 2021; Huster et al., 2009; Messerotti Benvenuti et al., 2019; Murphy
et al., 2020; Panitz et al., 2019; Schubring et al., 2020; Sollfrank et al., 2021; Wang et al.,
2021), mixed results have been observed in regards to positive images (Balconi et al., 2009a;
Cui et al., 2013; De Cesarei and Codispoti, 2011; Ferrari et al., 2015, 2022; Huster et al.,
2009; Keil et al., 2001; Messerotti Benvenuti et al., 2019; Murphy et al., 2020; Schubring

et al., 2020; Schubring and Schupp, 2019, 2021; Wang et al., 2021; see Codispoti et al.,
2023; Guntekin and Basar, 2007 for reviews). These inconsistencies may reflect analytical
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differences or perhaps differential mixing of sources due to volume conduction, as the vast
majority of studies in this area have not utilized source imaging. The current results indicate
that negative compared to positive images elicit stronger alpha/beta oscillations, at least
within frontal and parietal cortices. Moreover, these results suggest that negative images
engage neural regions integral to facilitating attention and memory processes more strongly.

Along these lines, these alpha and beta effects were predominantly located across several
canonical attention and higher-order cognitive regions. Alpha and beta responses were
stronger in ventral occipital and temporal cortices, where low-level visual information is
synthesized into coherent percepts (Grill-Spector et al., 2001; lordan et al., 2015; Kiani et
al., 2007) capable of conveying emotional meaning (Sabatinelli and Frank, 2019; Taylor et
al., 2000). Alpha and beta responses were also stronger in nearby inferior parietal regions,
known to be critical to top-down visual attention (Arif et al., 2022; Corbetta and Shulman,
2002; Liu et al., 2016). Alpha oscillations were also stronger for negative pictures in the
TPJ, which is implicated in domain-general cognitive function (Igelstrém and Graziano,
2017) and global scene perception (Rennig et al., 2024). Moreover, this region plays a key
role in guiding attention toward emotional information (Inuggi et al., 2014; Kastner et al.,
2017; Kim et al., 2018) and determining its emotional relevance (Patel et al., 2019; Schurz
et al., 2014). Alpha was also stronger for negative images in primary visual cortex. Thus,
our alpha and beta results are consistent with prior works, suggesting emotional processing
engages high-tier visual, attention, and higher-order cognitive processes (Kober et al., 2008),
but also the involvement of low-level sensory cortex in emotion processing (Bradley et al.,
2003; Li and Keil, 2023).

Alpha and beta oscillations were also observed in frontal cortices implicated in emotion
regulation. For example, alpha responses were stronger for arousing images in the

superior frontal cortex, a region frequently implicated in cognitive reappraisal of emotional
information (Kober et al., 2008; Lindquist et al., 2012) and the generation of emotional
imagery (Diekhof et al., 2011) that is necessary for successful emotion regulation (Buhle
etal., 2014; Domes et al., 2010; Petro et al., 2018). The same effect was present for

beta in the inferior frontal cortex extending into the insula, regions also observed during
emotion regulation (Grecucci et al., 2013; Jabbi and Keysers, 2008; Petro et al., 2018).
Notably, the insula is also thought to be involved in changes in physiological states during
emotional arousal (Kober et al., 2008; Zaki et al., 2012). Together, the patterns of stronger
alpha and beta oscillations during negative images involved brain regions that underlie the
appraisal of emotional information and are thought to be central to emotion regulation. It
should be noted, however, participants freely viewed the images in this study and were not
given explicit instructions to appraise the images or regulate emotional responses. Thus,
caution is warranted and future work should directly test this interpretation by implementing
paradigms that require appraisal of images and/or emotion regulation.

We also observed stronger gamma oscillations during negative compared to positive images
in multiple brain regions, including the pre-SMA.. Stronger gamma activation has been
observed for emotional relative to neutral images (Keil et al., 2001, 2007; Martini et al.,
2012; Miller et al., 1999) and for negative compared to neutral and/or positive facial
expressions (Balconi and Bortolotti, 2013; Luo et al., 2007, 2009; Sato et al., 2011). In
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fact, a recent finding from our laboratory found stronger gamma for negative compared

to neutral and positive facial expressions within the same pre-SMA region (Petro et al.,
2025). More broadly, this pre-SMA region has been implicated in emotional processing in
general (Kober et al., 2008; V. I. Miiller et al., 2018; Sabatinelli et al., 2011). Increased
pre-SMA gamma has been observed immediately preceding target-directed motor movement
(Gaetz et al., 2013; Gunduz et al., 2016). Thus, the current findings are consistent with
observed changes in motor action preparation circuitry during emotional picture processing
(Borgomaneri et al., 2015; Bradley et al., 2001; Coombes et al., 2005; Pitcher et al.,

2008), and more broadly the long-held notion that motor system activation is a fundamental
component of emotion processing (Frijda, 2000; Lang and Bradley, 2010). In addition,
gamma oscillatory activity was stronger during negative compared to positive images in the
posterior hippocampus, which is strongly tied to many aspects of memory (Squire et al.,
2001), in particular the high-tier visual processing involved in memory retrieval (Fanselow
and Dong, 2010; Grady, 2020). This effect was present also in the intraparietal and posterior
cingulate cortices, which serve similar functions related to visual attention (Arif et al., 2022;
Proskovec et al., 2018), imagery (Leech and Sharp, 2014), and cognition (Foster et al.,
2022). These effects in the gamma band thus reflect multiple processes extending from
sensory information processing to memory and recognition to motor action planning based
on output assessments.

Before closing, it is important to acknowledge limitations of this study. First, no neutral
images were used. Instead, only arousal-matched pleasant and unpleasant images were used
to focus on the effect of negative images, given that negativity bias is a transdiagnostic
feature of anxiety and mood disorders. Future work should test if these results extend to
comparisons with low-arousing neutral images. One possibility is that erotic images, often
included in studies of positive image processing, would likely produce similar levels of
alpha and beta responses (Schubring and Schupp, 2021). Erotic images were not included
in the current study given our long-term goal of extending this task to adolescents and

the ethical considerations that come into play with younger populations. Along these lines,
future studies should test if these findings extend to younger and older populations given
the known protracted developmental course of affective and complex visual processing
(Dilks et al., 2022; Herba et al., 2006). Moreover, individual differences related to mental
health symptoms, particularly internalizing symptoms, as well as those with diagnosed
mental illness, should also be examined given that changes in emotion image processing
are known to occur (Gentili et al., 2016; MacNamara et al., 2017; Marwick and Hall,

2008; Pei et al., 2023). Next, participants were all young adults and highly educated,

with a fairly homogenous demographic profile to limit individual variability of arousal
responses to the images (Roberts and Levenson, 2006). This homogeneity does however
limit the generalizability of our findings. Further, we relied on self-report questionnaires

to determine that our enrollees did not have current or past diagnoses of psychiatric or
neurological conditions, and future studies should consider implementing psychiatric and
cognitive assessments as part of the enroliment process. Lastly, MEG inherently has reduced
sensitivity to deeper sources (Hillebrand and Barnes, 2002) such as the amygdala. Thus, it
is possible that amygdala activity may not have been detected in the current study. However,
we note that many studies have shown that MEG systems like that used in the current
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study are sensitive enough to detect neural activity in the hippocampal area, amygdala, and
neighboring regions (Badura-Brack et al., 2017; Badura-Brack, McDermott, Becker, et al.,
2018; Badura-Brack, McDermott, Heinrichs-Graham, et al., 2018; Lew et al., 2021; Meehan
et al., 2021; Ott et al., 2021; Petro et al., 2022; Picci et al., 2023; Rempe et al., 2025), and
the current results showed stronger hippocampal gamma for negative compared to positive
images, which agrees with past work as reviewed above. Nonetheless, future work in this
area should consider multimodal approaches to ensure full sensitivity to deeper sources.

The current study found stronger theta, alpha, beta, and gamma oscillations during negative
compared to positive image processing across widespread brain regions, whose function
ranges from low-level visual processing in primary visual cortex, to image formation and
visual attention in extended visuocortical and parietal regions, to higher-order cognitive
processes in frontal cortices that likely underlie emotion regulation. This cortical hierarchy
of negative image processing is consistent with models proposed in prior works (Du et

al., 2023; Vuilleumier and Pourtois, 2007). Broadly, in the context of prior literature on

the function of these frequency bands, the stronger responses toward negative compared

to positive images in visuocortical alpha likely reflect the engagement of attention, while
that in parietal and pre-SMA cortical gamma reflect the integration of visual information
which may inform future motor action. These results are consistent with the notion that
the processing of negative images is a multifaceted process involving the identification

of emotionally relevant sensory information in ventral visual and temporal regions, the
facilitation of attention toward emotional content, and the higher-order cognitive processes
necessary to successfully appraise the negative, potentially threatening information and
initiate strategic behavioral programs (Adolphs, 2003). This investigation highlights the
utility of multispectral dynamic imaging in the context of multistage emotional processing,
which may illuminate the neural bases of emotional dysregulation in mental health
disorders.
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Fig. 1.
Emotional Image Processing Task. Following a fixation period that randomly varied from

1000 to 1400 ms and served as the baseline, emotional images were presented centrally for
1800 ms. The pictures on standard trials (top) were comprised of 100 unpleasant and 100
pleasant images of animals, landscapes, common objects and people, taken from the IAPS
and NAPS stimuli sets. To gauge attention, 20 oddball trials containing a musical instrument
(bottom) were presented and participants were asked to respond via button press. Oddball
trials were excluded from analysis. Stimuli shown in this figure are for illustrative purposes
only and not included in the task.
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Fig. 2.

Se%sor- and source-level oscillatory responses. (Left) Time-frequency spectrograms showing
the grand-average oscillatory responses across all trials and participants from three
representative MEG sensors. Time (ms) is shown on the x-axis and frequency (Hz) on

the y-axis, with the color scale bar illustrating the change in oscillatory power relative to

the baseline period. Strong increases in gamma (top; 1923) and theta (bottom; 2112) were
observed, in addition to alpha and beta decreases (middle; 2512) from baseline. (Right) 3D
renditions illustrating the grand-averaged images across all participants and both conditions
(pseudo-t; see color bar) for each oscillatory response (i.e., time-frequency window).
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Fig. 3.
Differences in oscillatory activity between positive and negative images for the (A) theta and

(B) gamma responses. In each panel, the brain images have been thresholded at p < .005,
corrected, and illustrate cortical regions exhibiting significantly stronger responses during
the negative compared to the positive images. In the data plots, dots represent the oscillatory
power for each participant, with the negative condition shown in red connected to the
positive condition shown in blue. The box plots show the mean, first and third quartiles, and
the whiskers indicate the minima and maxima. Distribution plots illustrate the probability
density.
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Fig. 4.
Differences in oscillatory activity between positive and negative images for the (A) alpha

and (B) beta responses. In each panel, the brain images have been thresholded at p < .005,
corrected, and illustrate cortical regions exhibiting significantly stronger oscillations (i.e.,
more negative relative to baseline) during the negative compared to the positive images.

In the data plots, dots represent the oscillatory power per participant, with the negative
condition shown in red connected to the positive condition shown in blue. The box plots
show the mean, first and third quartiles, and the whiskers indicate the minima and maxima.
Distribution plots illustrate the probability density.
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Table 1
Significant negative > positive activations.
Region MNI
X y z K

Theta

L Parahippocampal Gyrus -40 -10 -25 111
Alpha

L Temporoparietal Junction -38 -62 24 149

R Inferior Occipital Gyrus 29 -86 -27 35

R Superior Frontal Gyrus 18 20 49 63

L Middle Occipital Gyrus -30 -88 15 14

R Superior Parietal Lobule 37 -68 49 10

L Cerebellum =27 -75 -40 16

R Middle Occipital Gyrus 22 -99 -4 10
Beta

L Inferior Frontal Gyrus -48 -20 16 127

L Inferior Frontal Gyrus -57 -59 -13 240

R Inferior Parietal Cortex 25 -81 40 68

L Cerebellum (posterior) -15 -79 -49 16

L Cerebellum (anterior) -53 -45 -43 16

R Middle Cingulate Gyrus 6 -17 35 10
Gamma

R Intraparietal Sulcus 22 -43 44 10

R Hippocampus (posterior) 22 -33 20 38

R Supplemental Motor Area 14 -1 68 12

R Posterior Cingulate Cortex 10 -43 39 15
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