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The Influence of Prestimulus 1/f-Like versus Alpha-Band
Activity on Subjective Awareness of Auditory and Visual
Stimuli
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"Department of Psychology, University of Illinois Urbana-Champaign, Champaign, Illinois 61820 and *Beckman Institute for Advanced Science and
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Alpha rhythmic activity is often suggested to exert an inhibitory influence on information processing. However, relatively lit-
tle is known about how reported alpha-related effects are influenced by a potential confounding element of the neural signal,
power-law scaling. In the current study, we systematically examine the effect of accounting for 1/f activity on the relation
between prestimulus alpha power and human behavior during both auditory and visual detection (N = 27; 19 female, 6 male,
2 nonbinary). The results suggest that, at least in the scalp-recorded EEG signal, the difference in alpha power often reported
before visual hits versus misses is probably best thought of as a combination of narrowband alpha and broadband shifts. That
is, changes in broadband parameters (exponent and offset of 1/f-like activity) also appear to be strong predictors of the subse-
quent awareness of visual stimuli. Neither changes in posterior alpha power nor changes in 1/f-like activity reliably predicted
detection of auditory stimuli. These results appear consistent with suggestions that broadband changes in the scalp-recorded
EEG signal may account for a portion of prior results linking alpha band dynamics to visuospatial attention and behavior, and
suggest that systematic re-examination of existing data may be warranted.
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Fluctuations in alpha band (~8-12 Hz) activity systematically follow the allocation of attention across space and sensory mo-
dality. Increases in alpha amplitude, which often precede failures to report awareness of threshold visual stimuli, are suggested
to exert an inhibitory influence on information processing. However, fluctuations in alpha activity are often confounded with
changes in the broadband 1/f-like pattern of the neural signal. When both factors are considered, we find that changes in broad-
band activity are as effective as narrowband alpha activity as predictors of subsequent visual detection. These results are consist-
ent with emerging understanding of the potential functional importance of broadband changes in the neural signal and may
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have significant consequences for our understanding of alpha rhythmic activity.

J

Introduction

The amplitude of alpha rhythmic activity (~8-12 Hz), a promi-
nent feature of the scalp-recorded EEG signal, fluctuates system-
atically in response to attentional demands. When attention
is allocated spatially, for example, posterior alpha power tends
to decrease contralateral to the attended location relative to

Received Jan. 24, 2023; revised Aug. 1, 2023; accepted Aug. 2, 2023.

Author contributions: E.C., C.Z., and D.M.B. designed research; E.C. and C.Z. performed research; E.C. and
C.Z. analyzed data; and E.C. wrote the paper.

This work was supported by a Beckman Institute for Advanced Science and Technology fellowship to E.C.
and a research award to C.Z. We thank Gabriele Gratton for feedback provided on an earlier version of this
manuscript and Andrew Severs and Dajana Duci for help with data collection.

C. Zimnicki's present address: Department of Psychology, University of Wisconsin-Madison.

The authors declare no competing financial interests.

Correspondence should be addressed to Emily Cunningham at ecnnngh2@illinois.edu.

https://doi.org/10.1523/JNEUR0SCI.0238-23.2023
Copyright © 2023 the authors

ipsilateral to it (Worden et al., 2000; Thut et al.,, 2006, among
many others). In addition to attention-induced shifts in signal dis-
tribution, numerous reports link amplitude of ongoing posterior
alpha activity to behavior, particularly the subjective awareness of
near-threshold stimuli (Ergenoglu et al, 2004; Limbach and
Corballis, 2016; Iemi et al., 2017; Samaha et al., 2017; for a review,
see Samaha et al.,, 2020). When taken together with intracranial
reports linking reduced neuronal firing to increased alpha ampli-
tude (Haegens et al, 2011), the modal view is that patterns of
attentional alpha power increase may reflect functional inhibition
of information processing.

However, interpretation of existing alpha-related phenomena
is complicated by another ubiquitous feature in recordings of
neuronal activity, power-law (1/f) scaling (Miller et al., 2009).
Shifts in this broadband pattern can masquerade as changes in
alpha activity and are easily confounded with alpha amplitude
when activity is reported in the conventional manner. Notably,
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Figure 1.

changes in broadband spectral features have been linked to
changes in excitation-inhibition balance that are also likely to be
associated with attentional shifts and behavioral outcomes (Gao
et al., 2017). For example, broadband slope and offset change
dynamically in response to visual stimulation (Podvalny et al,,
2015; Gyurkovics et al., 2022) and relate to cognitive variables in
ways that may account for variation that would otherwise be
considered alpha related (Ouyang et al., 2020). Systematic exami-
nations of the relation between narrowband alpha activity and
broadband shifts have not been performed until relatively
recently (Podvalny et al., 2015; Donoghue et al., 2020a; Iemi et
al,, 2019; Ouyang et al., 2020; Waschke et al., 2021; Gyurkovics
et al., 2022; Iemi et al., 2022), and the extent to which previ-
ously reported effects should be considered truly (or specifi-
cally) alpha related is unclear.

The data presented here derive from an experiment designed
to examine the relation between posterior alpha power and sub-
jective awareness when attention is directed to auditory relative
to visual information, building on a growing interest in the
extension of alpha-related dynamics across modalities. In brief,
although most examinations of alpha activity involve manipula-
tions of attention within a single modality (usually vision), poste-
rior alpha signals are also predictably modulated by intersensory
demands. For example, when participants are cued to attend to
auditory information, alpha power over parieto-occipital regions
increases relative to cues to attend to vision (Adrian, 1944; Foxe
et al., 1998; Fu et al., 2001; Mazaheri et al., 2014; van Diepen and
Mazaheri, 2017). These posterior alpha increases tend to be
interpreted as effects of visual suppression when attention is
directed to the auditory modality. However, it is not clear if/
when changes in alpha amplitude over visual areas should impact
the processing of attended auditory information. Although sev-
eral suggestive reports link greater parieto-occipital alpha power
to improved responses to auditory information (Makeig and
Inlow, 1993; Bollimunta et al., 2008; Elshafei et al., 2018; see also
Haegens et al., 2012), there are at least as many mixed, negative,
or opposing reports (Bernasconi et al., 2011; Ng et al, 2012;
Mazaheri et al., 2014; Strauf§ et al., 2015; Kayser et al., 2016; van
Diepen and Mazaheri, 2017; Hansen et al., 2019).

As might be expected, these discussions are complicated by
analytic techniques that confound broadband changes in EEG/
MEG signals with narrowband shifts in oscillatory activity
(Donoghue et al., 2020a). The purpose of this work was to sys-
tematically evaluate the relation between prestimulus alpha activ-
ity, 1/f scaling, and behavior in the context of audition and
vision, taking advantage of a dataset in which participants com-
pleted challenging auditory and visual detection tasks in separate
sessions with eyes open.

Target (visual or auditory)
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Illustration of a visual/auditory trial. In the visual case, only the Gabor target was presented. In the auditory case, only the tone was presented.

Materials and Methods

Participants

The relation between prestimulus alpha power and visual detection can
be observed with as few as 8-12 participants (Ergenoglu et al., 2004;
Busch et al., 2009; Mathewson et al., 2009; MEG, Dijk et al., 2008).
Similarly, differences in amplitude of the alpha signal following cues to
attend to auditory relative to visual information are readily observed in
sample sizes of 9-18 (EEG, Foxe et al, 1998; Fu et al, 2001; MEG,
Mazaheri et al., 2014). Available information on the association between
alpha power and auditory detection is comparatively limited, but exist-
ing mixed reports typically come from sample sizes of <15 (Bernasconi
et al, 2011; Ng et al,, 2012; Strauf3 et al, 2015; Kayser et al.,, 2016;
Hansen et al.,, 2019). Given this information, the target sample size was
initially set to 30 (roughly double the power of most existing reports in
this domain).

Data collection was interrupted because of the COVID-19 pandemic
with data from 15 participants. A portion of this data was analyzed for a
bachelor thesis before in-person research resumed. Given this examina-
tion, and considering time lost to pandemic-related precautions, the ini-
tial sampling protocol was adapted to implement a descriptive approach
with a precision-based stopping rule based on confidence interval width,
such that the minimum number of additional participants was run to
obtain estimates of alpha-related effects with the desired level of preci-
sion. To that end, data collection continued until either the initial target
sample size of 30 was achieved, or the following criteria were met: (1) For
visualpe miss and auditoryp;. miss contrasts, the average width (over the six
parietal/occipital electrode sites) of the 95% bootstrapped confidence
intervals of the difference in average log-transformed power (before
adjustment for aperiodic fits) should be <0.10 log(sz), and (2) for the
contrast ‘Visualyitmiss Versus auditoryhimiss» as well as for hitaydiory-visual
contrasts, the mean width of 95% bootstrapped CIs should be <0.15 log
(1V?) over the same set of electrodes.

These conditions were met after data were obtained from 27 partici-
pants (age 18-27 years; 19 female, 6 male, 2 nonbinary). Four additional
participants completed the study but failed to meet inclusion criteria
(see below, Data analysis). All participants reported normal or cor-
rected-to-normal vision and hearing, along with no history of epilepsy
or psychiatric disorder. Participants were compensated at a rate of $8/h.
All participants gave written informed consent before participation, and
all procedures were approved by the Institutional Review Board at the
University of Illinois Urbana-Champaign.

Experimental design and statistical analysis

Visual targets consisted of Gabor patches that were 3.25° in diameter
with a spatial frequency of 1.54 cycles/degree. Targets were oriented 135°
clockwise from vertical and presented 1.94° above and 2.43° to either the
left or right (with equal probability) of a white fixation dot in the center
of the display. Auditory targets were Hamming-windowed 500 Hz tones
delivered to either the left or right speaker (also with equal probability).
Visual and auditory targets were embedded in a constant background of
visual and auditory white noise (Fig. 1; for visual white noise, grayscale
pixel values were drawn from a uniform distribution ranging from black
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to white). This background was identical across tasks, such that the only
difference between the tasks was the modality of target presentation.

Each trial began with a jittered 3000-4000 ms blank interval followed
by a 200 ms target. Participants responded with a right-hand key press
whenever a target was detected. Responses were considered successful
detection if they occurred within a 2000 ms window following target
onset. Subsequent trials began either immediately following a response
or after 2000 ms if no response was provided. On 20% of trials, no target
was presented. As participants were not provided with any indication of
the beginning or end of a trial and were not required to make target-
absent responses, target-absent trials appeared to them as blank periods
of 5200-6200 ms.

Auditory and visual tasks were completed in separate sessions spaced
at least 24 h and at most 2 weeks apart, with order counterbalanced
across participants. Before each task, participants completed a brief prac-
tice session consisting of low-difficulty targets (high amplitude or high
contrast) with feedback. This session was repeated until participants
achieved at least 80% accuracy. Following the practice period, the dis-
criminability of auditory and visual targets from the white noise back-
ground was adjusted over 60 trials of an adaptive three-down-one-up
staircase targeting a detection rate of 80% (with step size of the change in
contrast/volume decreasing over trials). On visual trials, Gabor patches
were adjusted by changing the greyscale value of each pixel relative to
the background, adjusting the apparent opacity of the stimulus. On audi-
tory trials, the amplitude of targets was adjusted relative to the white
noise background.

Each task was divided into 12 blocks of 52 trials (624 trials per ses-
sion) with self-paced breaks between blocks. In each block, the stimulus
was present for 42 trials and absent for 10 trials. To minimize criterion
shifts throughout the session, the first two trials of each block served as
reference trials (target-present trials in which the contrast/volume of the
stimulus was increased slightly above threshold). For both visual and au-
ditory tasks, participants were instructed to keep their eyes open and fix-
ated on the fixation dot and were monitored for compliance.

Participants were seated in an unshielded room with the lights off,
and viewing distance was constrained with a chin rest to 63 cm. Visual
stimuli were presented using an 18 inch CRT monitor with a refresh rate
of 85Hz and a resolution of 1024 x 768. The experiment was pro-
grammed in Python (version 3.6) using the Psychopy library (version
3.2.4; Peirce et al.,, 2019) on a computer running Ubuntu 16.04 LTS.
Auditory stimuli were presented through Dell model A215 speakers,
which were positioned 41 cm to the left and right of the center of the dis-
play. The auditory white noise background was set at an intensity of
~57dB. On reinitiating the experiment following the pandemic shut-
down, an emergent fault was discovered in the initial speaker setup in
which stimuli presented over the left speaker were slightly louder than
stimuli presented through the right speaker (a difference of ~1dB).
Once the issue was detected, the speakers were replaced. Where relevant,
auditory data are separated into those affected (n = 15) and unaffected
(n = 12) to identify effects attributable to speaker malfunction.

Data acquisition

EEG was recorded from 12 Ag/AgCl electrodes positioned at Fz, T7, C3,
Cz, C4, T8, P3, Pz, P4, O1, Oz, and O2 locations in a standard 10/20
array (EasyCap), using a 16-channel BrainVision V-Amp amplifier and
BrainVision Recorder software (Brain Products). Electrodes were refer-
enced online to FCz with a ground positioned at FPz. Electrodes placed
at left and right mastoids were used for off-line rereferencing. EOG was
recorded from electrodes placed above and below the left eye. All impe-
dances were adjusted to <10 kQ. EEG was digitized at 1kHz with a
500 Hz low-pass anti-aliasing filter.

EEG preprocessing

EEG recordings were preprocessed in Python (version 3.10) using the
MNE-Python library (version 0.24.1; Gramfort et al.,, 2013). Data were
high-pass filtered off-line at 0.1 Hz (Hamming-windowed sinc filter,
order 33,000), rereferenced to the average of left and right mastoid chan-
nels and epoched from —2000 to 1000ms surrounding target onset.
Blink artifacts were corrected using the regression technique described
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by Gratton et al. (1983). Trials containing voltage fluctuations exceeding
150 uV in channels C3, Cz, C4, P3, Pz, P4, O1, Oz, O, in the interval
from —1000 to 0 ms were rejected. An average of 605 auditory trials and
602 visual trials were retained for each participant. Data were left and
right reversed for trials in which stimuli were presented to the left of the
participant to create a contralateral/ipsilateral organization (such that in
plots, electrodes left of center are contralateral to the stimulus location).

For each trial, data were extracted over the 500 ms window immedi-
ately preceding stimulus onset. (In the literature on visual detection, this
is the window over which prestimulus alpha power differences tend to
be most pronounced.) The fast Fourier transform (zero padded to 2048
points, or a frequency resolution of ~0.5Hz) was computed over the
Hamming-windowed data. Resulting power spectral densities (PSDs)
formed the primary units of analysis for the group-average and single-
trial decompositions described below.

Data analysis
Data and code for this experiment can be found at https://osf.io/2u4g9/.

Exclusion criteria. Participants were excluded from analysis if
they met any of the following criteria: (1) failing to produce at least
20 trials in each auditory/visual hit/miss category after data process-
ing (Simulations based on pilot data suggest reliable estimates of
unadjusted alpha power require at least 20 trials; n = 2 participants
met this condition.), (2) poor data quality, as indexed by rejection of
>25% of trials (No participants met this condition.), or (3) no iden-
tifiable alpha peak in either task for a majority of electrode loca-
tions, with identifiable defined as a peak in the range 6-14Hz
identified through the fitting procedure described below (n = 2 par-
ticipants met this condition).

Spectral parameterization. Single-trial power spectra were averaged
separately for each participant, electrode, task, and behavioral bin (hit/
miss) and fed to an iterative fitting procedure that was used to parame-
terize the aperiodic and periodic components of the spectrum (spec-
param, formerly FOOOF, version 1.0.0; Donoghue et al., 2020a). This
procedure assumes the PSD is composed of an aperiodic broadband
component, here fitted as:

L(F) = b — log(FY),

where F refers to frequency, and b (offset) and y (exponent) are free pa-
rameters, together with a variable number of potential periodic compo-
nents modeled with Gaussians. Additional settings fed to the algorithm
were peak width limits = [0.5, 6]; maximum number of peaks, 6; mini-
mum peak height, 0.05; and peak threshold, 2. Power spectra were para-
meterized over the range 2-50 Hz. The average R* value over all fits was
0.99 (SD = 0.02). Split by task modality, the average R” value for audi-
tory spectra was 0.99 (SD = 0.02), and the average R’ value for visual
spectra was 0.99 (SD = 0.03; the difference in R? between tasks averaged
0.002).

Alpha peak frequency (APF) was defined as the algorithmically iden-
tified peak in the range 6-14 Hz (Bazanova and Vernon, 2014; Haegens
et al,, 2014). Alpha power, before and after adjustment for aperiodic fit,
was extracted as the area under the curve from APF — 2 Hz to APF +
2 Hz. Note that although aperiodic fits were computed in log space,
adjustment was performed in linear space.

One of the purposes of the protocol described by Donoghue et al.,
(2020a) is to accurately parameterize spectra, limiting pitfalls associated
with misinterpreting broadband effects or frequency shifts as shifts in os-
cillatory power. Peak frequencies are discovered every time the fit is per-
formed, meaning that APF could in principle fluctuate for hits or misses
and across channel and task. As identification of peaks using this algo-
rithm is data driven and agnostic to expected frequency, there is also no
guarantee that any given individual will have an identifiable alpha peak.
(In fact, this is to be expected for some subset of participants, given that
~1 in 10 people have a very low-voltage or undetectable scalp-recorded
alpha signal; Bazanova and Vernon, 2014). In addition, in this experi-
mental context, it is expected that an alpha peak may be absent or greatly
reduced in some conditions relative to others (e.g., for visual hits relative
to misses). Participants with no identified a peak in a majority of
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channels were excluded from analyses as outlined in the exclusion criteria
above. However, when there was partial failure to identify alpha peaks
(i.e., peaks were identified by the algorithm in some conditions but not
others.), APF was assigned as the average of the alpha peak frequencies
that were successfully identified for that participant/channel. This assign-
ment was applied only for the purposes of deriving alpha power estimates.

Single-trial alpha power. To estimate single-trial alpha power, a sin-
gle alpha center frequency estimate was identified for each individual/
electrode based on the average of identified alpha peak frequencies over
the set of four modality/behavioral bins. To obtain adjusted power values
and estimates of aperiodic offset/exponent for each trial, PSDs for each
trial/channel were fed to the fitting algorithm in the same manner as
described above. Alpha power was quantified as the average of spectra
from APF — 2 Hz to APF + 2 Hz both before and after adjusting for the
aperiodic fit (in linear space). Aperiodic exponent and offset values were
also saved for subsequent analyses.

As should be expected, single-trial fits were considerably noisier than
fits to the average. The average R’ value across all participants (after sin-
gle-trial R? values were averaged over all tasks and channels within par-
ticipant) was 0.72 (SD = 0.05, range = 0.58—0.80). Split by task modality,
the average R* value for auditory trials was 0.72 (SD = 0.06), and the av-
erage R? value for visual trials was 0.72 (SD = 0.06; i.e., the difference in
fit quality across tasks was minimal, mean gigerence = 0.001.

Statistical analysis. Data were analyzed in R using tidyverse
(Wickham et al., 2019), Ime4 (Bates et al., 2015), sjPlot (https:/CRAN.
R-project.org/package=sjPlot), boot (https://CRAN.R-project.org/
package=boot), ggdist (https://doi.org/10.5281/zenodo.6862765), data.
table (https://CRAN.R-project.org/package=data.table), and patchwork
(https://patchwork.data-imaginist.com/) packages. The analytic approach
focused on description/estimation. Where contrasts across modality/be-
havioral bin are computed, averaged difference scores are provided as
point estimates, together with associated 95% bootstrapped confidence
intervals (computed using the percentile method) and standardized effect
sizes (Cohen’s d,).

In the literature, contrasts across behavioral bins are often comple-
mented by an additional analysis that reflects the hypothesis that alpha
power predicts performance within individuals at the single-trial level.
In most cases, trials are sorted by alpha power from low to high for each
participant and grouped into 5-10 quantiles. Hit rate is then analyzed as
a function of quantile, often by calculating differences between hit rates
associated with the most extreme quantiles in the set. This analysis is
effectively a simplification of a linear mixed-effects logistic regression
approach.

Here, we produce these quantiles (in bins of five) to aid visualization
but conduct mixed-effect logistic regression analyses on single-trial data
of all participants separately for each channel and task modality. The
mixed-effects approach allows for evaluation of the effects of predictors
nested within a hierarchical structure, in this case, the effects of alpha
band and aperiodic predictors on the log odds of a hit nested within the
individual. Before model fitting, predictors were standardized within
individual/task/channel to place them on similar scales and to aid inter-
pretation of fixed effects in the final models (such that fixed effects can
be interpreted in relation to a unit SD change in offset, exponent, or
alpha power). Model fitting and interrogation were performed using the
Ime4 and sjPlot packages in R.

Model fits were evaluated by examining the extent to which a model
including a fixed effect (and random slope, where indicated) for a given
predictor provided a better fit relative to a null model including a ran-
dom intercept for individual, with fit quality indexed by the Akaike in-
formation criterion (AIC; Akaike, 1974). Note that AIC values for a
given set of models are meaningful only in a relative sense, with prefer-
ence given to models with lower AIC estimates (i.e., of two models, the
model with the lower AIC value is the model that minimizes information
loss relative to an unknown ground truth for which both models are
designed to account). In evaluating AIC values, there is no hard rule
regarding a minimum difference of interest, but cautious guidelines sug-
gest that at AAIC values of <2, evidence favoring one or the other model
is equivocal, and that at AAIC values of >10, the model with the greater
AIC value is comparatively implausible (Burnham et al., 2011).
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Fit values were supplemented with reports of the fixed-effect esti-
mates associated with adjusted and unadjusted power, offset, and expo-
nent as well as 95% confidence intervals surrounding the fixed effects.

Results

Data collection proceeded until stopping criteria were met, result-
ing in a sample size of 27 (Average 95% Clyifterence Widths for stop-
ping-criteria contrasts were: visualyi;miss = 0.06, auditoryp miss =
0.07, difference between visualyj; s and auditoryy miss = 0.09, and
hit,ug.miss = 0.15). An additional four participants were recruited but
failed to meet inclusion criteria. (Two participants were
excluded for having fewer than 20 trials in at least one auditory/
visual hit/miss bin, and two participants were excluded for hav-
ing no detectable alpha peak over more than half of the elec-
trode sites; in one case, no alpha peak was identified for any
combination of channel/task/behavior, and in the other case, an
alpha peak was identified in only two channels, and in those
channels, only for auditory hits).

Behavior

Detection tended to be better for auditory relative to visual tar-
gets, with hit rates in the auditory task averaging 0.74 (SD =
0.20) and hit rates in the visual task averaging 0.57 [SD = 0.12;
meangigerence = 0.17, 95% Claigrerence (0.07, 0.25)]. False alarms
were rare, with rates averaging 0.03 (SD = 0.09) in the visual task
and 0.05 (SD = 0.05) in the auditory task. The effect of the
speaker fault was apparent in the auditory data, such that partici-
pants experiencing the fault (n = 15) had higher hit rates for left-
presented (mean = 0.89, SD = 0.20) than right-presented trials
[mean = 0.60, SD = 0.27; mean;_z = 0.30, 95% CI;_ (0.17,
0.42)]. After the issue was corrected, hit rates were approximately
equivalent across target positions [left, mean = 0.74, SD = 0.26;
right, mean = 0.73, SD = 0.21; mean; z = 0.02, 95% CI
(—0.06, 0.10)]. Given this discrepancy, all analyses involving au-
ditory data were queried to determine whether there was evidence
of an effect of speaker fault on the outcome (see above, Materials
and Methods). Cases in which the conclusions drawn regarding
an effect would differ before or after speaker replacement are dis-
cussed directly where relevant.

Aperiodic fits

Aperiodic fits and the effects of adjustment are illustrated in
Figure 2 for a representative electrode. Offset and exponent esti-
mates were evaluated independently (Fig. 3). As a reminder,
greater offset values indicate a broadband translation (a higher
projected intercept in log-log space), whereas greater exponent
values translate to a steeper negative slope in the log-log power
spectrum. Note that although offset and exponent are both pre-
sented here, these two parameters are often strongly correlated
(just as slope and intercept both shift when a line is rotated around
a point). Observing effects along both dimensions does not neces-
sarily indicate independent variation in both components.

With respect to offset, visual misses were consistently associ-
ated with larger offsets than visual hits, with effects becoming
quite pronounced over posterior electrodes (d, values ranging
from 0.79 to 1.37; Figs. 2D, 3B, right); otherwise, differences as a
function of modality and behavior were small and inconsistent.
Differences in exponent followed a similar pattern; differences
were minimal for most comparisons, apart from the visualp; mjss
contrast where they became quite pronounced toward the poste-
rior (Figs. 2E, 3D). Over the occipital row, visual misses were
consistently associated with larger exponent values than visual
hits, with d, values ranging from 0.56 to 1.00.
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Figure 2.

Aperiodic and alpha band components of the spectrum illustrated for a representative electrode (0z). A, Power spectra and associated aperiodic fits. B, Spectra after subtraction of

aperiodic component. €, Spectra and aperiodic fits in log—log space, separated by task for ease of visualization (straight lines indicate aperiodic fits). D-G, Offset, exponent, unadjusted alpha
power, and adjusted alpha power at electrode Oz. Gray lines connect values from the same individual. Inset plots indicate differences between hits and misses. Visual (green) misses were con-
sistently associated with larger alpha power, offset, and exponent than visual hits. The same comparisons for the auditory task (purple) did not yield consistent results. 0z was selected for this
visualization (and that of Fig. 6) based on the data from Figures 3 and 4 and to facilitate comparison with visual data from previously published work. The auditory data do not appear substan-
tially different when viewed from more central electrode locations (e.g., (z), but the limited coverage of frontocentral sites here precludes strong statements about activity at locations typically

associated with auditory processing.

Alpha power before and after adjustment for the aperiodic
component of the spectrum

Before analyses of alpha power, the position and spread of alpha-
band activity (in terms of alpha bandwidth and center frequency)
were examined to ensure there were no differences across condi-
tions (Donoghue et al., 2020a). Across channel, task, and behav-
ioral bin (hit/miss), estimated alpha bandwidths were relatively
consistent, averaging 3.67 Hz, with minor and unsystematic dif-
ferences between auditory/visual and hit/miss conditions ranging
in magnitude from 0.002 to 0.36 Hz. Differences in alpha peak
frequency as a function of modality/behavior were similarly minor,
with average differences across hit/miss and auditory/visual condi-
tions ranging from 0.0002 to 0.51 Hz (mean,,.,; = 10.02Hz).
Note that these analyses were carried out for the 24 participants
with identifiable alpha peaks across all channels/bins. Among
included participants, there were three participants for whom alpha
peaks were not identified for some combinations of task/bin within
a channel. For one participant, alpha peaks were not identified

during the visual task over the three occipital electrode sites. For
the second participant, no alpha peak was identified over parietal
electrode sites during auditory hits and over occipital sites for a
combination of visual misses and auditory hits/misses. In the third
case, alpha peaks were not identified for a combination of cen-
tral/occipital auditory hits/misses. In these participants, for alpha
power estimation only (see above, Materials and Methods), alpha
peak frequency for the missing conditions was assigned as the av-
erage peak frequency over the remaining bins for that electrode
(e.g., if a participant had no identified alpha peak for auditory
misses at channel Pz, alpha peak frequency would be assigned as
the average of frequency estimates for visual hits, visual misses,
and auditory hits at Pz).

To assess the extent to which changes in the aperiodic com-
ponent of the signal had an impact on measurement of alpha
power, power in the alpha band was computed both before
and after fitting and removing the aperiodic component of
the spectrum.
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Figure 3. A, Difference in offset before auditory versus visual hits (right) and misses (left) across nine electrode sites, arranged from anterior to posterior. Each point and the number above

it indicate the mean difference across participants. Error bars and the interval estimate below indicate 95% bootstrapped Cls around the mean difference. Cohen’s d, effect size estimates are
reported to the left/right of center for each electrode, with position reflecting the direction of the effect. Associated distributions of differences and topographic representations of mean differ-
ences are also plotted for each condition. B, Difference in offset before auditory (left) and visual (right) hits and misses. C, Difference in exponent before auditory versus visual hits (right) and
misses (left). D, Difference in exponent before auditory (left) and visual (right) hits versus misses.

Before aperiodic correction

Before adjusting for the aperiodic (1/f-like) component of the
spectrum, and consistent with existing reports (Foxe et al., 1998;
Fu et al,, 2001; Mazaheri et al., 2014; van Diepen and Mazaheri,
2017), posterior alpha activity tended to be amplified when
attending to auditory relative to visual information (Fig. 4A),
even though auditory and visual data were recorded in separate

sessions on separate days. This is broadly consistent with the
notion that these relative changes in amplitude emerge automati-
cally when attention is directed toward or away from vision,
even when there is no expectation of transient extramodal com-
petition (i.e., in the context of a static visual display). The magni-
tude of the difference was more pronounced for hits than misses
(with d, values ranging from 0.54 to 0.62 for hits and 0.39 to 0.5



Cunningham etal. @ Prestimulus 1/f versus Alpha-Band Activity and Awareness

A

J. Neurosci., September 13, 2023 - 43(37):6447-6459 - 6453

Auditory | | Visual
078 -0.52
C3/Contra 1 ® d; =022 d;=019 &
[-0.39, 2.17] [-1.53,0.57]
1,03 -1.49
Cz @ d, =022 d,=033 o
[-0.55,2.79] [-3.26,0.07)
003 -0.52
C4/lpsi 4 ® d;=0.01 d;=018 e
[-1.35, 1.58] [-1.41,00.67]
1.81 -0.05
P3/Contra 4 e+ d,=0.35 d,=001 +e
[0.03,3.77) [-1.29,1.62)
a6 -1.05
Pz 1 @4 d,=0.11 d,=025 e+
[1.22,2.79] [-2.45,0.75]
129 -0.22
P4/Ipsi ;=015 e 4,=007 e
[-4.76,1.34] [-13,1.03]
-1.76 -1.37
O1/Contra 1 d;=031 ref ;=053 e
[-4.02,0.2] [-2.34, -0.46]
-0.46 -1.24
Oz 1 d,=017 @ d, =071 @
[-1.54,0.49] [-1.91,-0.59]
-1.46 -1.86
O2/lpsi 1 d,=0.25 re4 4,=076 e
[-4,0037) [-2.74, -0.96]
T T T T T T T
-40 -20 0 20 -10 0 10

Hit - Miss Difference (uV?)

Alpha power (unadjusted)

Alpha power (adjusted)

Miss Hit |
0.02 1.32
C3/Contra 1 * ;=0 @ d,=027
[-2.33,2.21] ( [-0.53, 3.25]
029 281
Cz 4 +o4 d,=0.03 e~ d;=024
[-3.32, 4.15] [-1.5,7.71)
042 097
C4/|p5i E @ d,;=0.08 i d; =017
[-1.42, 2.45) [-1.24, 3.19]
247 4.32
P3/Contra 1 te+  d,=03 e+ d, =056
[-0.4,5.98] [1.75, 7.44)
2.06 371
Pz 4 e~ d;=017 e~ d; =031
1-2.66, 6.92] 1-0.49,8.72]
4.96 3.89
P4/|ps| - ro— d,=041 o+ d,=052
[0.92, 9.84] (1.38,7]
5.12 473
O1/Contra 4 e~ d,=045 e+ d,=0.58
[15,9.74] 2.12,7.86]
2.73 3.5
Oz 1 +e+  d,=0.39 @4 d, =054
[0.05, 5.74] [1.24, 6.4]
4.05 4.45
02/|ps|- re+  d, =05 e+ d;=0.62
[1.37,7.19] [2.18,7.28]
T T y T T T T T
-20 0 20 40 -20 0 20 40
. . . 2
Auditory - Visual Difference (uV?)
Miss [ Hit |
0.1 0.94
C3/Contra 1 1#:d; = 0.02 ® d,=02
[-2.21, 2.29] ( I [-0.89, 2.89]
034 201
Cz 1 +9-d; =004 e~ d,=0.18 A
[-3.18, 4.06] [-2.11,656]
047 038 l
C4/|psi E 9 d; = 0.09 94 d;=0.07
[-1.37, 2.51] [-1.76, 2.65)
3.51 3.9
P3/Contra 1 te+ d;=03 & d,=051
[-0.47, 6.07) [1.31,7.02]
2.41 3.57
Pz 4 e d, =021 —e— d, =032
[-1.87,7.09] [-041,8.4]
5.11 3.52
P4/lpsi 4 ~e—id, =042 e~ d,=0.46
[0.99, 10.09] [0.95, 6.73]
5.16 4.24
O1/Contra 1 o—id, =0.43 +o—~ d, =05
[1.46, 9.99] [1.54,7.51]
3.1 8.06
Oz 1 r@1d, =042 o~ d,=0.46
[0.37, 6.11] [0.75, 5.84]
4.26 4.15
O2/|ps|- -4 d,; =05 +o-+ d, =0.55
[1.34,7.53) [1.75,7.18]
-20 0 20 40 -20 0 20 40
; . . 2
Auditory - Visual Difference (uVv-)
Figure 4.

D

Auditory | | Visual
071 -0.13
C3/Contra 1 ® d,=02 d,=0.05 e
[-0.42, 2.09] [-1.13,0.91]
081 -086
Cz @1 ;=017 ;=024 e}
[-0.8, 2.57] [-2.21,0.45)
-01 -0.01
C4/lpsi 4 d;=0.03 @ &=0 ‘e
[-1.36, 1.26] -0.84, 1.12]
1.57 017
P3/Contra 1 1@+ d,=0.31 o d,=004
[-0.16, 3.53] [-1.03, 1.86]
0156 -0.6
Pz 4 10+ d; =0.12 d,=0.15 e
(111, 2.5) [-1.92,1.11]
-1.43 015
P4/lpsi d, =017 —ex & d,=005
[-4.9,1.1] [-0.94,1.34]
1.9 097 4
O1/Contra 1 ;=034 e 4,=038 e
[-4.16, -0.01] (1.9, 0.08]
-0.84 -08 Y
Oz 4 d; =034 @ d, =055 @ =
[-1.85,0.01] [-1.32,0.21]
-1.61 -1.5
O2/IpsiA d;=0.29 ref 4,=07 e _3
[-4.04, 0.13] [-2.3,-0.76]
r T T T —r T T
-40 -20 0 20-10 0 10

Hit - Miss Difference (uV?)

A, Difference in unadjusted alpha power before auditory versus visual hits (right) and misses (left) across nine electrode sites, arranged from anterior to posterior. Each point and

the number above it indicate the mean difference across participants. Error bars and the interval estimate below indicate 95% bootstrapped Cls around the mean difference. Cohen’s d, effect
size estimates are reported to the left/right of center for each electrode, with position reflecting the direction of the effect. Associated distributions of differences and topographic representa-
tions of mean differences are also plotted for each condition. B, Difference in unadjusted alpha power before auditory (left) and visual (right) hits and misses. C, Difference in alpha power after
adjustment before auditory versus visual hits (right) and misses (left). D, Difference in adjusted alpha power before auditory (left) and visual (right) hits versus misses.

for misses over occipital electrode sites), consistent with the
appearance in Figure 2A that averaged spectra for visual
misses tend to occupy an intermediate position between au-
ditory hits/misses and visual hits. With respect to the speaker
fault, the posterior amplification of the alpha signal during

auditory relative to visual attention appeared more pro-
nounced in those who did not experience the fault (d, =
0.66-0.82 for hit,uditory-visual OVer the posterior row, com-
pared with hit,uditory-visual @z values of 0.43-0.53 for those
experiencing the speaker fault).
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Although posterior alpha power tended to increase when
attention was directed to auditory information, this increase did
not have an obvious effect on performance. Contrasts of unad-
justed power preceding hits versus misses indicate little associa-
tion between power and performance in this sample, consistent
with the negative/null reports from the auditory literature (e.g.,
Ng et al.,, 2012; Fig. 4B, left). Over posterior electrodes, at the
same locations at which the difference between auditory and vis-
ual hits was maximal, effect sizes for the difference between audi-
tory hits and misses ranged from 0.17 (Oz) to 0.31 (O1/Contra;
note that these effects were exaggerated by the presence of an in-
fluential outlier). That is, there was no indication in this sample
that the change in posterior alpha amplitude associated with
attending to auditory relative to visual information bore a rela-
tion to auditory detection in the absence of concurrent or
expected visual input.

In contrast, when attending to visual information, unadjusted
alpha power preceding hits was consistently reduced relative to
alpha power preceding misses, in accord with the broader litera-
ture (Fig. 4B, right). The most pronounced and consistent differ-
ences emerged over posterior electrodes, with effect sizes ranging
from d, = 0.53 to 0.76 over the posterior row.

After aperiodic correction

After aperiodic correction, differences in alpha power between
auditory and visual tasks were slightly reduced overall and simi-
lar in magnitude for hit,udiory-visual 20d MiSSauditory-visual CONtrasts
(d, values of 0.46-0.55 for hits and 0.42-0.50 for misses over the
posterior row; Fig. 4A). This reduction seems primarily due to
the effect of adjustment on visual hits.

The effects of adjustment on hit/miss contrasts were more
pronounced (Fig. 4D). In the visual domain, the effect of adjust-
ment was generally to reduce the difference between hits and
misses, although differences in adjusted power between hits and
misses did still tend, on average, to skew negative toward the pos-
terior row (d, values ranging from 0.38-0.70, compared with
0.53-0.76 before adjustment; Fig. 4B, D). At central and parietal
electrode locations, effects that might previously have appeared
ambiguous (in the d, = 0.15-0.35 range) were generally reduced
to near zero. Over the posterior, adjustment resulted in smaller
effect sizes over contralateral (reduced from d, = 0.53 to 0.38)
and central (reduced from d, = 0.71 to 0.55) electrode sites, and
a relatively sustained effect over the ipsilateral location (reduced
from d, = 0.76 to 0.70). These results are compatible with the
suggestion that some of the robust alpha effects reported in the
literature (i.e., with respect to visual detection) may be better
thought of as combination of alpha and broadband spectral shifts.

In the auditory domain, differences after adjustment were, if
anything, slightly amplified occipitally relative to the unadjusted
alpha difference and in the same direction as visualy;e_piss cON-
trasts (i.e., lower power for auditory hits relative to misses; d, val-
ues ranging from 0.29 to 0.34 over the posterior row; note
however that the confidence intervals around these differences
still generally include zero; Fig. 4D).

Overall, the posterior changes in offset/exponent associated
with visual detection appear as large and consistent across partic-
ipants as changes in unadjusted alpha power (or larger) and
likely to account for a portion of the visual hit/miss effect in the
unadjusted data. That is, the established difference in alpha
power that is often reported before visual hits and misses is prob-
ably best thought of as a combination of narrowband alpha
and broadband shifts in signal amplitude. More broadly, differ-
ences in the parameter estimates associated with the aperiodic

Cunningham et al. @ Prestimulus 1/f versus Alpha-Band Activity and Awareness

component of the prestimulus signal appear to differentiate vis-
ual hits from all other categories (auditory hits/misses and visual
misses) for which the spectra over posterior electrodes were oth-
erwise quite similar. The topography of the aperiodic effects sug-
gests an occipital (visual) locus, and the direction of the effects
(flatter slope and reduced offset for visual hits) is consistent with
the observations of Gao et al. (2017) that spectral shifts toward
flatter slopes and reduced power at lower frequencies tend to
indicate a shift toward relative excitation. That is, visual hits may
still be preceded by a relative increase in local excitation, but that
excitation seems to manifest here both as a change in the aperi-
odic component of the spectrum and a change in alpha power.

Algorithmic performance with simulated spectra

Although Donoghue et al.,, (2020a) have done extensive testing
and validation of the spectral parameterization procedure used
in this article, in light of the results above, it may be useful to
demonstrate the validity of the procedure for the current situa-
tion. To that end, the following simulations were conducted.

First, the degree to which the algorithm accurately recovers
power, exponent, and offset was evaluated in synthetic spectra
spanning the range of values observed in our data (Fig. 2C-F).
Each spectrum was generated as the sum in linear space of an
aperiodic component (see above, Spectral parameterization, for
the formula), a single Gaussian component (alpha), and a small
amount of white noise (i.e., noise present to an equal extent at all
frequencies). Five simulated offset values were selected to span
the range from 0 to 1.75, five exponent values were selected to
span the range from 0.75 to 2.0, and five peak alpha power values
were selected to span the range from 0.05 to 14. Spectra were
generated for all 125 combinations of offset, exponent, and peak
alpha power, assuming an alpha peak frequency of 10.25Hz and
a bandwidth of 3.59 Hz (based on the estimated average alpha
bandwidth at electrode Oz for participants in this study). The
simulated frequency range was 2-50 Hz, with a resolution of
0.5Hz and a white noise level of 0.005. These spectra were
decomposed identically to the data reported above, and the dif-
ferences between resulting parameter estimates and original val-
ues (error) are presented in Figure 5A.

The correspondence between simulated and estimated values
was very nearly 1-1 (see also Donoghue et al., 2020a). Generally,
the algorithm tended to slightly underestimate power (M., =
—0.04, SD = 0.07) and slightly overestimate offset (M,,,, = 0.04,
SD = 0.06) and exponent (M,,,, = 0.02, SD = 0.04). These
errors were not systematically related to changes in offset, expo-
nent, or alpha power.

Given the tendency of the algorithm to produce a bias that
could have an impact on the results reported above, we also eval-
uated how the algorithm performed in synthetic situations for
which true alpha band effects of varying magnitudes were pres-
ent. Spectra were simulated as follows: Four effect sizes (Cohen’s
d,) were selected spanning a range from 0.35 to 1.0 (0.35, 0.5,
0.85, and 1.0). For each effect size, hit and miss spectra were gen-
erated for 27 synthetic participants over a frequency range of 2—
50 Hz, with a frequency resolution of 0.5 and a minimal white
noise level of 0.005 (mimicking the data presented in Figs. 2 and
4). Unless otherwise specified, the values described below were
based on means and SDs recorded at electrode Oz (Fig. 2).

Aperiodic values were simulated assuming no difference
between hits/misses. Exponent values for each participant and
hit/miss bin were drawn from a normal distribution with a mean
of 1.25 and an SD of 0.34. Offset values were drawn from a nor-
mal distribution with a mean of 1.10 and an SD of 0.38.
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A, Plots of error (estimated minus simulated) in measurement of power (left), offset (middle), and exponent (right) for 125 simulated spectra spanning the range of values

recorded in the human data. Each plot contains a vertical reference line at zero and a dashed line indicating mean error. B, Difference between actual (simulated) and estimated effect size
(Cohen’s d,) for various sizes of oscillatory alpha-band effect. Each plot is constructed from 5000 simulated samples. Each plot contains a solid vertical reference line at zero and a dashed line
indicating mean error. C, D, Difference between simulated effect size (d, = 0) and measured effect size for offset (€) and exponent (D) in the same data in which oscillatory effects were simu-

lated. Solid reference lines are plotted at zero, and dashed lines indicate average error in d,.

Alpha power values were simulated for hits and misses
assuming the selected effect size. First, initial peak power values
were generated for each pseudoparticipant by drawing from a
normal distribution with a mean of 2.2 and an SD of 2.65. In
addition, 27 mean differences in alpha power were drawn from a
normal distribution with a mean derived from the selected effect
size and an SD of 0.48 (M = d. * sd ). Hit and miss distribu-
tions were created by taking each participant’s initial power level
and subtracting (for hits) or adding (for misses) half of each par-
ticipant’s mean difference value. Alpha peak frequency was set at
10.25 Hz, and bandwidth was set at 3.59 Hz.

Spectra were generated by taking the sum in linear space of
Gaussian (alpha band), aperiodic, and white noise components.
Spectra were then decomposed and alpha power, offset, and
exponent were computed identically to the manner described for
the data above. The effect size of the difference in alpha power
for hits versus misses was computed both for the simulated
(ground truth) values and their derived estimates. Simulated and
estimated d, values were subtracted to obtain estimates of error
in measurement.

Simulations were repeated 5000 times with different random
draws for each of the four effect sizes to create the distributions

of error in effect size estimation presented in Figure 5B. As can
be seen in the figure, across a range of effect sizes, the average
error in estimation was negligible (~0.001 or less; i.e., if the true
alpha power-related effect size was d, = 0.75, the measured effect
size would be, on average, d, = 0.749). The algorithm recovers
true oscillatory effects quite well when present, and the differen-
ces between unadjusted (e.g., d, = 0.71 for electrode Oz) and
adjusted (d, = 0.55) alpha-power-related effects observed in the
visual data in this article are beyond what could reasonably be
attributed to bias in the algorithm.

In addition, the algorithm was not prone to inflating effect
sizes associated with offset or exponent. In these simulations, the
maximum absolute error in effect size (where the ground truth
was a d, of 0.00 for both offset and exponent) across all 20,000 simu-
lations was 0.032 for offset and 0.015 for exponent (Fig. 5C, D).

Single-trial analyses

To supplement the analyses above, spectra for single trials
were also examined. For visualization, we present the signal
decomposed in the conventional manner in which alpha
power quantiles are generated from the unadjusted spectra,
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Figure 6. A, Hit rates (centered for each individual/task) as a function of alpha power quantile for electrode Oz. Error bars indicate 95% bootstrapped Cls around the mean. B, Fixed effects
estimates for unadjusted alpha power split by task (Aud./Vis.) for channel Oz. Fixed effects are reported in terms of the relation between predictor and odds ratio. Odds ratios greater than or
less than one indicate a negative or positive relation, respectively, between power and odds of a hit. Odds ratios of one are equivocal. Points and beta values indicate fixed effects. Error bars
and interval estimates indicate 95% Cls surrounding fixed effects. Change in AIC is reported relative to the null model. Negative A AIC values indicate improvements in fit. C, Averaged PSDs
associated with the alpha quantiles plotted in 4 in log—log space for ease of viewing. Ribbons indicate 95% bootstrapped Cls. D—F, The same plots as in A-C but with quantiles split by offset

estimate. G-I, The same plots as in A-C but with quantiles split by exponent.

and hit rates are plotted as a function of quantile (for a repre-
sentative electrode; Fig. 6A). Given the association between
offset/exponent and visual hits/misses in the averaged data,
we also present quantile splits based on single-trial estimates
of offset and exponent (Fig. 6C, E).

To provide a trial-level estimate of the relation between alpha
band and aperiodic components of the signal and behavior, we
decomposed single-trial spectra to obtain estimates of unadjusted
alpha power, offset, and exponent, and used these as predictors
of hit likelihood in mixed-effects logistic regression analyses

(with separate models for auditory and visual data). First, for
each combination of electrode and task modality, null (baseline)
models were generated with a random intercept term to account
for participant-level variation in overall performance. Models
containing offset, exponent, and unadjusted alpha power as pre-
dictors were compared against these null models to evaluate the
extent to which each variable separately improved model fit. For
all predictors, including random slopes (i.e., allowing slope to
vary by individual) improved model fit across most channels
beyond that produced by including the fixed effect alone,
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particularly for the auditory task. Random slopes were therefore
incorporated into all models described here.

As expected, increased posterior alpha power was associated
with a marked decline in visual, but not auditory, hit rate. In the
visual task, compared with a null model containing only the ran-
dom effect of participant, a model containing a fixed effect and
random slope for unadjusted alpha power resulted in better fits
over the posterior row (e.g., AAIC of —35.56 at electrode Oz; Fig.
6B). The fixed effect of unadjusted alpha power on the odds of a
hit was B, = 0.89, 95% CI [0.85, 0.93]. That is, an increase of
one SD in posterior prestimulus alpha power was associated
with, approximately, a 10% reduction in the odds of a hit. For
the auditory task, adding unadjusted alpha power to the model
had little effect on fit over posterior electrode sites [indicating lit-
tle association between unadjusted alpha power and perform-
ance; 8o, = 0.96,95% CI (0.92, 1.01), A e = 2.13].

Increases in aperiodic offset and exponent were similarly
associated with a marked decline in hit rates in the visual data.
(Note that in the auditory data, the apparent negative relation
between offset/exponent and hit rate is largely the result of a sin-
gle outlying participant, also visible in Fig. 2D,E.) Models con-
taining fixed effects and random slopes for offset performed
substantially better than null models over posterior electrodes in
the visual task (e.g., AAIC of —26.89 at electrode Oz), as did
models containing fixed effects and random slopes for exponent
(AAIC of —13.69 at electrode Oz). The fixed effects of offset and
exponent were similar in magnitude to the effect of unadjusted
alpha power [offset, 8o, = 0.91, 95% CI (0.87, 0.94); exponent,
Bo. = 0.93, 95% CI (0.89, 0.96)]. In the auditory task, models
containing offset and/or exponent as a predictor resulted in sub-
stantial improvements in fit across all electrodes, with fixed
effects generally in the same direction as in vision. However,
interval estimates surrounding auditory fixed effects indicated
substantial variability compared with their visual counterparts
(Fig. 6E, H).

We also examined the spectra associated with each quantile
(Fig. 6C, F, I; Iemi et al., 2019). When data were split by alpha
power (Fig. 6C), spectra showed not only the expected « grada-
tion but also a broadband shift associated with that gradation,
present during both audition and vision, consistent with prior
reports (Iemi et al., 2019). Similarly, when data were split by off-
set/exponent (Fig. 6F, I), spectra showed not only a broadband
gradation/rotation, but also a gradation in unadjusted alpha
power. Within-participant and across modalities, the association
between unadjusted alpha power and offset was small but uni-
formly positive (average pspearman = 0.19, SD = 0.07 at electrode
Oz). The association between alpha power and exponent was
similarly small, and positive for all but one participant in each
modality (average pspearman = 0.11, SD = 0.07 at electrode Oz;
in addition, and unsurprisingly, there was a strong positive asso-
ciation between exponent and offset, average pspearman = 0.95,
SD = 0.01 at electrode Oz). After aperiodic adjustment, associa-
tions between single-trial alpha power and offset/exponent esti-
mates were reduced to near zero (average pspearman = 0.05 and
0.02 for offset and exponent, respectively, at electrode Oz).

These results largely corroborate the observations already dis-
cussed (see above, Results). The association between prestimulus
alpha power and visual detection appears to be paralleled, and
perhaps partially accounted for, by shifts in the aperiodic compo-
nent of the signal. In addition, although increased power in the
alpha band was associated with changes in offset and exponent
across both audition and vision, there was no indication of a
consistent association between parietal/occipital changes in any
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of these components and performance when participants were
engaged in auditory detection.

Discussion

The initial purpose of this experiment was to integrate obser-
vations regarding alpha power dynamics from intersensory
contexts with similar observations from the auditory/visual
detection literature, with the goal of developing a better
understanding of the conditions under which patterns of
parieto-occipital alpha amplification/suppression relate to
detection or awareness of threshold stimuli. What we have
found is that these dynamics are best described not merely as
alpha-related but rather as a combination of narrowband
alpha and broadband aperiodic shifts.

With respect to the auditory data, posterior alpha power
exhibited the typical increase during auditory relative to visual
attention, although this effect was slightly reduced following ape-
riodic adjustment. This attention-related effect was not paralleled
by any consistent effects associated with auditory detection (ei-
ther preadjustment or postadjustment), a set of results largely
consistent with existing unimodal auditory reports (Ng et al,
2012; van Diepen and Mazaheri, 2017); although systematic
manipulation of experimental context may be necessary to rec-
oncile this with some elements of the auditory literature). There
were no consistent links between aperiodic components of the
signal and auditory attention or detection, but this result should
be taken in the context of the posterior bias of the electrode
array.

The visual results are more striking. The examination of vis-
ual detection was initially intended to provide a baseline for com-
parison with the auditory data, as well as a manipulation check
to ensure that we were able to reproduce an alpha-behavior rela-
tion that has been reported and interrogated at length by others
(Ergenoglu et al., 2004; van Dijk et al., 2008; Romei et al., 2008;
Busch et al., 2009; Mathewson et al., 2009; Busch and VanRullen,
2010; Boncompte et al, 2016; Limbach and Corballis, 2016;
Benwell et al., 2017; Iemi et al., 2017; Samaha et al., 2017, 2020).
What we have found is that the relation between prestimulus
alpha power and visual hit rate is, at least in these data, at least
partially attributable to shifts in the broadband component of the
signal. When the data are parceled into aperiodic and periodic
components, the size of narrowband alpha-related effects is gen-
erally reduced and paralleled by sizeable changes in aperiodic off-
set and exponent.

These observations are consistent with a number of previ-
ous reports that suggest that links between oscillatory power
and behavior may be exaggerated by virtue of being con-
founded with shifts in the aperiodic signal (Iemi et al., 2019;
Donoghue et al., 2020a,b; Ouyang et al., 2020; Waschke et al.,
2021). For example, Iemi et al. (2019) describe the impact of
prestimulus broadband activity on measurement of alpha-
band oscillatory activity and, in the context of examining the
relation between oscillatory power and amplitude of subse-
quent event-related responses, were the first to identify and
describe the extent to which broadband spectral shifts con-
taminate the standard quantile-split approach that is often
used to relate alpha power to behavior (an observation that is
reproduced here). Ouyang et al. (2020) illustrate that when
appropriately separated, the aperiodic component of the sig-
nal, but not alpha power, predicts cognitive processing speed
(a relation that would have been attributed to alpha-band ac-
tivity using conventional methods of decomposition).
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Perhaps the most relevant recent report is that of
Waschke et al. (2021), who demonstrate that the spectral
exponent can change systematically in response to atten-
tional modulation. Specifically, they observe a flattening of
spectral exponent (thought to indicate a shift toward rela-
tive excitation) over occipital regions when attention is
directed to visual versus auditory information. (And vice versa,
when attention is directed toward auditory over visual informa-
tion, a relative flattening is observed at frontocentral sites.)
Although here our coverage of frontocentral regions is too lim-
ited to reproduce these results in full, our observation of flat-
tened posterior spectra during visual relative to auditory
attention is consistent with their results. (Podvalny et al. 2015
provides a related example of spectral flattening in visual cortex
related to visual stimulation.)

Our observation of flatter posterior spectra associated with
visual hits is also broadly consistent with another piece of evi-
dence provided by Waschke et al. (2021). In brief, the hypothesis
has been put forward that changes 1/f-like activity in the EEG
power spectrum reflect changes in excitation-inhibition balance,
with observable shifts in slope/offset resulting from differences
in the relative speeds of activity at faster excitatory and slower in-
hibitory synapses (Gao et al., 2017). Increases in relatively slower
inhibitory activity, for example, may result in larger offsets and
steeper negative slopes due to relative increases in power at lower
frequencies. Waschke et al. (2021) probed this hypothesis
by examining the response of the human spectral exponent to an-
esthesia and found, among other observations, increases in steep-
ness linked to inhibitory propofol administration (and reductions
in steepness linked to ketamine administration). In our results,
over occipital regions, flatter slopes and broad reductions in low-
frequency power were consistently linked to visual hits. The direc-
tion of these effects is consistent with the notion that flatter slopes
(reduced exponent) and reductions in power broadly at lower fre-
quencies (reduced offset) signal shifts in excitation-inhibition bal-
ance toward relative excitation.

The implications of these results are at least twofold. On
the one hand, as mentioned, if these data are representative
of the broader literature, existing estimates of alpha-behav-
ior relationships are likely exaggerated. The extent of this
exaggeration remains to be seen, given substantial inter-
study variation in protocol, and reanalysis of existing data-
sets might be required to develop converging estimates of
the relative strength of aperiodic/periodic effects. On the other
hand, the relation between aperiodic offset/exponent and visual
awareness appears relatively strong and consistent across individu-
als. It may be that aperiodic effects, which are currently underchar-
acterized, provide an as or more useful indicator of fluctuations in
attentional state in scalp-level recordings than adjusted or unad-
justed alpha power dynamics.

Here, we should note a minor dissociation in our data
between effects linked to modality-specific attention and
those linked to visual detection. In both cases, adjusting for
the aperiodic component of the signal reduced the size of
alpha-power-related effects. However, only in the case of
visual performance was there a substantial corresponding
effect related to aperiodic offset/exponent. (The relation
between aperiodic offset and attention to modality was not
null, but it was also not close to the effect size observed in
relation to visual hits/misses.) It could be that more sub-
stantial changes in the aperiodic component of the signal would
be observed across modalities in within-session comparisons
(Waschke et al, 2021). In fact, assuming broadband shifts
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largely reflect changes in excitation-inhibition balance, given
that anticipatory increases in baseline firing rates are one of the
most well-known effects of attention on neural activity (Luck et
al., 1997) and that attention to a sensory modality is typically
accompanied by patterns of enhanced/reduced activity in
regions of primary and association cortex linked to attended/
unattended modalities (Kawashima et al., 1995; Johnson and
Zatorre, 2005, 2006; Langner et al., 2011), it would not be sur-
prising to see these changes reflected in the scalp-level broad-
band signal.

The intent of this work is not to claim that there is no rela-
tion between alpha circuit activity and subjective awareness
of threshold visual information, but merely that at least in
the scalp-recorded signal, the effect size may be smaller than
it has initially appeared, and that changes in parameters asso-
ciated with the aperiodic component of the signal may be as
or more consistently linked to performance than changes in
alpha power per se. Taken together with a recent report sug-
gesting that an association between narrowband alpha ampli-
tude and both poststimulus excitation and behavior can be
observed at the intracranial level even after adjusting for ape-
riodic 1/f-like activity (Iemi et al., 2022), this may indicate
that although periodic effects persist in the brain, they are
simply more difficult to record at the scalp level than the lit-
erature would lead one to expect.

Across the relatively extensive alpha literature, systematic
reports separating aperiodic and periodic variation in the
signal are still quite limited, such that gauging the relative
contributions of these two dimensions of variation is some-
thing of a challenge. Given that the data here were collected
with a limited electrode array in the context of largely explor-
atory analyses, these observations are certainly preliminary.
It will take additional experimentation and/or independent
reanalysis of existing data to confirm, contradict, or narrow
our expectations regarding the relations between attention, alpha-
band activity, and broadband spectral shifts. It is our hope that
this work will encourage the re-examination of a rich body of data
that already exists, with the aim of obtaining a more precise under-
standing of if/when scalp-recorded alpha signals are truly modu-
lated in relation to attention/perception and when the alpha signal
is better thought of as a carrier for broadband effects.
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