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Integrating information across different senses is a central feature of human perception. Previous research suggests that mul-
tisensory integration is shaped by a context-dependent and largely adaptive interplay between stimulus-driven bottom-up and
top-down endogenous influences. One critical question concerns the extent to which this interplay is sensitive to the amount
of available cognitive resources. In the present study, we investigated the influence of limited cognitive resources on audiovi-
sual integration by measuring high-density electroencephalography (EEG) in healthy participants performing the sound-
induced flash illusion (SIFI) and a verbal n-back task (0-back, low load and 2-back, high load) in a dual-task design. In the
SIFI, the integration of a flash with two rapid beeps can induce the illusory perception of two flashes. We found that high
compared with low load increased illusion susceptibility and modulated neural oscillations underlying illusion-related cross-
modal interactions. Illusion perception under high load was associated with reduced early b power (18–26Hz, ;70ms) in au-
ditory and motor areas, presumably reflecting an early mismatch signal and subsequent top-down influences including
increased frontal h power (7–9Hz, ;120 ms) in mid-anterior cingulate cortex (ACC) and a later b power suppression (13–
22Hz, ;350ms) in prefrontal and auditory cortex. Our study demonstrates that integrative crossmodal interactions underly-
ing the SIFI are sensitive to the amount of available cognitive resources and that multisensory integration engages top-down
h and b oscillations when cognitive resources are scarce.
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Significance Statement

The integration of information across multiple senses, a remarkable ability of our perceptual system, is influenced by multiple
context-related factors, the role of which is highly debated. It is, for instance, poorly understood how available cognitive
resources influence crossmodal interactions during multisensory integration. We addressed this question using the sound-
induced flash illusion (SIFI), a phenomenon in which the integration of two rapid beeps together with a flash induces the illu-
sion of a second flash. Replicating our previous work, we demonstrate that depletion of cognitive resources through a working
memory (WM) task increases the perception of the illusion. With respect to the underlying neural processes, we show that
when available resources are limited, multisensory integration engages top-down u and b oscillations.

Introduction
The ability to integrate information across multiple senses is a
fundamental aspect of our perceptual system. Multisensory

integration is subject to both bottom-up stimulus-driven and
top-down endogenous influences (Talsma et al., 2010).
Moreover, the relative contribution of these influences is highly
adaptive and depends on various stimulus-related and task-
related parameters (Welch and Warren, 1980; van Atteveldt et
al., 2014). An interesting open question is whether working
memory (WM) load affects the equilibrium between bottom-up
and top-down influences during multisensory integration
(Macaluso et al., 2016; Michail and Keil, 2018). To study the
effect of WM load on multisensory integration, as expressed in
multisensory perception and neural oscillations, we used the
sound-induced flash illusion (SIFI) paradigm (Shams et al., 2002;
Keil, 2020). In the SIFI, an audiovisual stimulus comprising one
flash and two rapid beeps can evoke either the perception of one
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(no illusion) or two flashes (illusion). Contrasting brain
responses to audiovisual stimuli that evoke these two perceptual
states allows the investigation of crossmodal interactions under-
lying the SIFI (Keil et al., 2014; Kaiser et al., 2019).

Research suggests that neural oscillations can orchestrate
multisensory processing and that different frequency bands
reflect the involvement of bottom-up and top-down influen-
ces (Keil and Senkowski, 2018). The bottom-up integration of
simple audiovisual stimuli has been linked to g band oscilla-
tions (Senkowski et al., 2005, 2007). Similarly, the perception
of SIFI has been associated with g oscillations in sensory and
higher order association areas (Mishra et al., 2007; Balz et al.,
2016a,b). This suggests that the SIFI relies on bottom-up
crossmodal interactions. In contrast, integration of audiovi-
sual speech stimuli in the McGurk effect (McGurk and
MacDonald, 1976), where an illusory speech phoneme is per-
ceived upon presentation of an auditory phoneme together
with incongruent visual lip movements, relies not only on g
oscillations (Kaiser et al., 2005), but also on top-down cross-
modal interactions mediated by frontal u oscillations (Keil et
al., 2012; Roa Romero et al., 2016; Fernández et al., 2018) and
fronto-central b oscillations (Roa Romero et al., 2015; Kumar
et al., 2016). The reliance of SIFI on bottom-up interactions
renders SIFI an optimal paradigm to examine the impact of
orthogonal manipulations of top-down influences, such as
WM load, on multisensory integration. The central question
therein is whether the perceptual integration of audiovisual
signals in the SIFI and the underlying bottom-up interactions
are sensitive to the depletion of available resources by WM
load.

To address this question, we recorded electroencephalogra-
phy (EEG) in participants performing a dual-task paradigm
comprising the SIFI combined with an orthogonal n-back task,
which was used to manipulate WM load. We expected that
higher WM load would lead to increased SIFI illusion rates
(Michail and Keil, 2018). In addition, we hypothesized that neu-
ral oscillations underlying the SIFI would be affected by the
depletion of cognitive resources under high load. A theoretical
framework proposed that top-down attentional control is needed
when competition between the unimodal constituents of a multi-
sensory stimulus is high (Talsma et al., 2010). For this reason, we
anticipated that increased WM load would reduce the avail-
able resources, thereby increasing the competition between
auditory and visual input in the SIFI task and leading to
recruitment of top-down mechanisms during the SIFI. Based
on the central role of frontal u oscillations in cognitive con-
trol (Cavanagh and Frank, 2014), and the involvement of b
oscillations in mediating top-down influences (Arnal and
Giraud, 2012; Fries, 2015), we hypothesized that WM load
would be associated with modulations in frontal u and b
power during multisensory integration.

Materials and Methods
Participants
Forty participants (mean age 6 SD: 26.66 7.8 years; 19 females) with
normal hearing, normal or corrected-to-normal vision and no history of
neurologic disorders were recruited for the study. Previous studies have
demonstrated a large interindividual variability in the perception of SIFI
(Mishra et al., 2007; Keil et al., 2014; Hirst et al., 2020). Selection criteria
were defined in line with previous research (Michail and Keil, 2018;
Kaiser et al., 2019). Eight participants were excluded from further analy-
ses because they did not perceive the SIFI illusion in at least one of the
different load conditions [illusory percept in ,10% (n=4) or .90%

(n= 4) of all critical A2V1 trials]. Eight additional participants with
,60% correct trials in one of the control conditions (see below, sections
Stimuli and SIFI) were also excluded. Therefore, a subset of 24 partici-
pants (mean age6 SD: 26.66 7.4 years; 13 females) was selected for the
behavioral analysis. Three additional participants with excessive EEG
artefacts (slow wave drifts and muscular artefacts) were excluded during
EEG preprocessing. Therefore, a subset of 21 participants (mean age 6
SD: 25.96 7.3 years; 13 females) was entered into further EEG analyses.
All participants provided written informed consent. The study was con-
ducted in accordance with the 2008 Declaration of Helsinki and
approved by the ethics committee of the Charité–Universitätsmedizin
Berlin (approval number: EA1/207/15).

Stimuli
Stimulus presentation and recording of participants’ responses were
implemented using the Psychophysics toolbox (Brainard, 1997;
RRID:SCR_002881) for MATLAB (The MathWorks). The study was
conducted in a dimly lit, electrically shielded, noise-attenuating
chamber. Visual stimuli were displayed on a 21-inch CRT screen at
a distance of 1.2 m with a 75-Hz refresh rate. Auditory stimuli were
controlled by a USB audio interface (UR22mkII, Steinberg) and
delivered through in-ear headphones (ER30, Etymotic Research).

n-back task
Stimuli for this task were upper case letters, that were presented in white
color on a gray background at the center of the screen. For each block, a
pseudorandom sequence of letters was selected from the set of English
consonants. To avoid the use of phonemes as a strategy, vowels were
excluded. In 0-back trials the target was always the letter X. To ensure
equal task difficulty in all the 2-back sequences, we explicitly manipu-
lated the sequences to exclude the occurrence of lure trials. Lure trials
are potentially confusing because in these trials the presented letter is the
same as the one presented in the previous trial. Thirty-three percent of
0-back and 2-back trials were targets.

SIFI
Six stimulus combinations were presented, consisting of 0, 1, or 2 au-
ditory (A) stimuli combined with either 0, 1, or 2 visual (V) stimuli
(A0V1, A0V2, A1V1, A2V0, A2V1, A2V2). The visual (flash) stimulus
was a white disk subtending a visual angle of 1.6° and was presented
at 4.1° centrally below the fixation cross, for 13.33ms. The auditory
(beep) stimulus was a 78-dB (SPL) 1000-Hz sine wave tone that was
presented for 7ms.

Experimental design
Participants performed a dual task paradigm (Fig. 1A), which combined
a visual verbal n-back task and the SIFI paradigm (Shams et al., 2002;
Keil, 2020). The experiment included 888 trials and was divided in 12
blocks (6 blocks for each load level: 0-back and 2-back). The order of
blocks was randomized across participants. Each block consisted of 74
trials and included 34 critical A2V1 trials [which induce the percept of ei-
ther one (no illusion) or two flashes (illusion)] and 40 control trials, i.e.,
right trials for each of the other five audiovisual combinations. Including
breaks, the duration of the experiment was ;80min. Participants per-
formed 10 practice trials for each load condition before the start of the
experiment. Each trial started with a central fixation cross, which was
presented for 500ms (Fig. 1B). Then, a letter was presented for 500ms,
followed by the display of fixation cross for 1500ms, during which par-
ticipants were asked to indicate, by a button press, if the presented letter
matched the letter X (0-back, low load) or the letter presented two trials
before (2-back, high load). No response was required for non-targets.
Following the 1500 ms response window, a fixation cross was displayed
for a variable duration of 500–800ms, followed by the presentation of
one of the six SIFI stimulus combinations. In combinations including
two auditory or two visual stimuli the stimulus-onset asynchrony (SOA)
was 53.3ms. After the presentation of a stimulus from the SIFI task, the
fixation cross was displayed again and participants had to indicate the
number of perceived flashes by a button press (three buttons: 0, 1, or 2).
Following the button press or after 1500ms (if no button was pressed), a
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new trial started. Participants reported the response for the n-back task
with the right index finger and the number of flashes with the right
thumb using a handheld gamepad (Logitech Gamepad F310, Logitech).

Data analysis
Behavioral data analysis
The n-back performance was assessed in terms of the sensitivity d prime
index (d9) and reaction times (RTs). The d9 takes into account both the
hit rate (i.e., correctly identified targets) and the false alarm rate (i.e.,
wrong responses when non-target letters were presented) and was calcu-
lated using the formula d9 = Zhit rate – Zfalse alarm rate, where Z is the
inverse of the cumulative Gaussian distribution (Haatveit et al., 2010).
Higher d9 values indicate better n-back performance. Regarding the SIFI
task, the RTs as well as the percentage of trials in which participants
reported 0, 1, or 2 perceived flashes were estimated for each audiovisual
stimulus combination. The susceptibility to the SIFI illusion (or “illusion
rate”) was quantified as the percentage of A2V1 trials in which partici-
pants reported two flashes. Paired-samples t tests were used to compare
behavioral parameters between experimental conditions and Bayes fac-
tors (BFs) were estimated as measures of relative evidence (Rouder et al.,
2009). A BF smaller than 0.33 indicates that there is evidence supporting
the null hypothesis (Ho), while a BF . 3 indicates support for the alter-
native hypothesis (H1). Additionally, Spearman’s rank correlation analy-
ses were performed to investigate the relationship between load-
dependent (2-back minus 0-back) changes in n-back performance and
the SIFI illusion rate. Holm–Bonferroni correction (Holm, 1979) was
used when needed to account for multiple testing.

EEG recording and preprocessing
EEG was recorded using a 128-channel passive system (EasyCap) at a
sampling rate of 2500Hz. Two electrodes, at the right lateral canthi and

below the right eye, recorded the horizontal and vertical electro-oculo-
grams. Preprocessing was performed with MNE-Python (Gramfort
et al., 2014; RRID:SCR_005972) and further data analysis with
Fieldtrip (Oostenveld et al., 2011; RRID:SCR_004849) and custom-
made MATLAB scripts (The MathWorks).

Data were filtered with a zero-phase bandpass finite impulse
response (FIR) filter between 1 and 100Hz using the window design
method [“firwin” in SciPy (https://docs.scipy.org/doc/); Hanning win-
dow; 1-Hz lower transition bandwidth; 25-Hz upper transition band-
width; 3.3-s filter length]. A band-stop notch FIR filter from 49 to 51Hz
(6.6 s filter length) was applied to remove line noise. In the next analysis
step, data were downsampled to 256Hz and epoched from �1.5 to 1.5 s
relative to the onset of the SIFI-task stimuli. Trials with artefacts (eye
blinks, noise or muscle activity) were removed after visual inspection.
Data were then re-referenced to the average of all channels and subjected
to independent component analysis (ICA) using the extended-infomax
algorithm (Lee et al., 1999). Components representing eye blinks, cardiac
and muscle activity were removed from the data. Next, noisy channels
were rejected after visual inspection on a trial-by-trial basis and interpo-
lated using spherical spline interpolation (Perrin et al., 1989). Finally, tri-
als with signal exceeding 6150mV were excluded. On average, across
participants, 105.1 (SD 78.3) trials and 12.7 (SD 4.2) ICA components
were removed and 11.4 (SD 2.8) channels were interpolated.

Time-frequency analysis of power
In order to analyze oscillatory power, single trial data were first trans-
formed to time-frequency representations (TFRs). A Hanning taper was
applied to an adaptive time window of four cycles for each frequency
from 2 to 40Hz, shifted from �1.5 to 1.5 s, in steps of 10ms.
Poststimulus power was baseline corrected using the average power of
the prestimulus window from �500 to �100ms, relative to the onset of
the SIFI-task stimuli.

Figure 1. Illustration of the dual-task paradigm. A, In the first part of each trial (n-back task) participants had to indicate whether the letter is a target (‘X’ in the 0-back condition and same
letter as the one presented two trials before in the 2-back condition). In the second part of each trial, an audiovisual stimulus of the SIFI task was presented, and participants reported the num-
ber of flashes they perceived. B, Overview of structure and timing of a single trial. In this example, the presentation of an n-back letter was followed by the A2V1 SIFI stimuli. In the critical
A2V1 trials, participants typically perceive one flash (no illusion) or two flashes (illusion).
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Analysis of power before the SIFI-task stimuli
To analyze how WM load influences power before the presentation of
the SIFI-task stimuli (�1.5 to 0 s), TFRs for the 0-back and 2-back con-
ditions were estimated using trials from all audiovisual conditions of the
SIFI task. To minimize the influence of different signal-to-noise ratios
and residual motor responses, the number of 0-back and 2-back trials
was equalized before the estimation of TFRs. For every trial in the
smaller trial set we first selected trials from the larger trial set that
matched this trial in terms of the presence of a response to the n-back
stimulus in the window preceding the SIFI-task stimulus onset (�1.5 to
0 s). One trial from this subset of selected trials was randomly picked
and then removed from the larger trial set before the next trial selection.
This selection process was applied to minimize the potential imbalance
between conditions regarding the number of trials with n-back task
response in the window before SIFI-task stimulus onset.

To assess differences in power between 2-back and 0-back condi-
tions, a nonparametric cluster-based permutation test was conducted
(cluster-forming a=0.05, dependent t test, iterations = 1000; Maris and
Oostenveld, 2007). The test addresses the multiple comparison problem
by clustering samples adjacent in time, frequency, and space. The clus-
ter-based permutation test was applied in the time window from�1.5 to
0 s relative to SIFI-task stimulus onset, on frequencies from 2 to 40Hz.
The observed test statistic was evaluated against the permutation distri-
bution to test the Ho of no difference between conditions (two-tailed
test, a= 0.025).

Next, an adjusted version of the cluster-based permutation test was
used to investigate the relationships between the differences in power
(2-back minus 0-back) and the corresponding change in n-back per-
formance parameters, i.e., sensitivity d9 values and RTs (cluster-forming
a=0.05, Spearman’s rank correlation, iterations = 1000). The correlation
analysis was performed separately for each of the two significant power
differences derived from the analysis of power in the previous step
(Fig. 3). The definition of channels, time intervals and frequency range
for the correlation analysis was guided by the characteristics of each clus-
ter. Therefore, the correlation analysis focused on 4–7Hz and the inter-
val from�1.29 to 0 s for the first cluster (Fig. 3A), and on 20–35Hz and
the interval from�1.47 to 0 s for the second cluster (Fig. 3B). Because of
the wide spatial extent of the clusters, the selection of the channels was
conservative and included only cluster channels with a total number
of significant time-frequency samples at or above the 90th percentile
(z score. 1.645). For each cluster the average power across the selected
frequencies and channels was estimated at each time point of the
cluster-specific interval for both 0-back and 2-back. The cluster-based
permutation test was then applied to assess correlations between the
load-dependent power difference (2-back minus 0-back) and the corre-
sponding change in the behavioral parameters (D n-back d9, D n-back
RT). Time clusters derived from the correlation analysis were consid-
ered significant only if their p values were below the threshold
(two-tailed test, a= 0.025). For exploratory purposes, the relationships
between the load-dependent power difference (2-back minus 0-back)
in significant time clusters and the change in illusion perception in the
critical A2V1 trials (i.e., D illusion rate) was also examined.

Analysis of poststimulus power in the A2V1 trials
The analysis of poststimulus power focused on the critical A2V1 trials
from the SIFI task. The aim was to investigate the effect of WM load on
the processing and perception of the SIFI. To this end, a 2� 2 repeated-
measures ANOVA (Trujillo-Ortiz et al., 2004; https://github.com/juliankeil/
VirtualTools/blob/master/vt_freq_bwANOVA.m) on the poststimulus
power in A2V1 trials was performed with factors Load (low, high) and
Perception (no illusion, illusion). The a criterion was set to p, 0.01. The
analysis included all channels and focused on the time window from 0 to
0.5 s and on frequencies from 2 to 40Hz. To ensure adequate signal-to-
noise ratio in the time-frequency analysis, a minimum number of 30 trials
for each condition was required (Luck, 2005). After excluding trials in
which no response was provided, an average number of 170.9 (SD 27) arti-
fact-free A2V1 trials were available for the 0-back condition and 175.7 (SD
15) trials for the 2-back condition. Hence, a number of 30 trials for each of
the four conditions was achieved only when illusion rate in both 0-back and

2-back was approximately between 17.5% and 82.5%. From the 21 par-
ticipants included in the analysis of power before the SIFI-task stimuli,
six participants with an insufficient number of illusion trials (mean
illusion rate 6 SD: 12.16 2.3% in 0-back and 9.96 5.6% in 2-back)
and three participants with an insufficient number of no-illusion trials
(mean illusion rate 6 SD: 786 2.3% in 0-back and 88.36 2.5% in 2-
back) were excluded. Consequently, a subset of 12 participants was
included in the further analysis (mean age6 SD: 26.86 8.3 years; eight
females). Moreover, to minimize the influence of different signal-to-
noise ratios the number of trials in the four conditions was equalized
before TFR calculation. This was done by selecting from the conditions
with more trials a reduced set of trials matching as close as possible in
RT the trials of the condition with the least trials.

A two-step correction approach was used to address the multiple
comparison problem. In the first step, the effects were classified as sig-
nificant only if at least two neighboring channels showed the same
effect (Picton et al., 2000; Maris and Oostenveld, 2007). Then the
FieldTrip clustering algorithm (Oostenveld et al., 2011; https://github.
com/fieldtrip/fieldtrip/blob/master/private/findcluster.m) was applied
on the three-dimensional binary matrix that identified the samples
meeting the a criterion of p, 0.01 (marked as 1; the rest were marked
as 0), to create clusters based on temporal, spectral and spatial adja-
cency. As a second correction step, we used the 3dClustSim algorithm
(AFNI, version 17.3.07; Cox, 1996; RRID:SCR_005927) to simulate
10,000 matrices of random values between 0 and 1, with the same
dimensions as our data. In these simulations, 3dClustSim estimated the
cluster size of connected values below 0.01. Across the simulations, the
probability to obtain a three-dimensional cluster of a given size in ran-
dom data is estimated. Accordingly, we considered clusters significant if
they comprised more than 131.7 elements below the a criterion
(p, 0.01) of the 126� 39 � 51 (channels � frequency bins � time
points) matrix. To further analyze main effects and interactions, the
analysis was complemented by post hoc paired-samples t tests using the
Holm–Bonferroni correction (Holm, 1979) to account for multiple
comparisons.

Source analysis
The source space analysis was conducted to further investigate the
effects obtained from the sensor level analysis. For each participant, the
individual T1-weighted MRI (3T Magnetom TIM Trio, Siemens, AG)
was co-registered with the individually digitized EEG electrode posi-
tions (FastTrak Polhemus) to a common coordinate system (Montreal
Neurologic Institute; MNI). This was done by using the digitized head-
shape information and the fiducial locations (nasion, left and right pre-
auricular points). The co-registered MRI image was then segmented
using the SPM12 algorithm (FieldTrip) and a realistic three-shell
(brain, skull, skin) boundary element volume conductor model (BEM)
was constructed (Oostendorp and van Oosterom, 1989). Then, the
template MNI brain was non-linearly warped onto each participant’s
anatomic data to obtain a three-dimensional source model (volumetric
grid) with a resolution of 10 mm, which was used for the further analy-
sis. To estimate the current density distribution, the eLoreta algorithm
(Pascual-Marqui, 2007) was used with a l regularization parameter set
to 1%. The cross-spectral density (CSD) matrix was calculated using
the fast Fourier transform (FFT) method for the condition-pooled data
in the time interval and the center frequency of each effect, as obtained
from the scalp level analysis. Spectral smoothing was defined to fit the fre-
quency of interest (e.g., for the u prestimulus effect, a center frequency
66 2Hz smoothing was used resulting in a 4-8 Hz range; Fig. 3A). If short
time intervals required extensive smoothing beyond the frequencies of in-
terest, smoothing was defined to the minimum needed for the CSD esti-
mation. The current density estimate for each poststimulus effect was
normalized to the source estimate for the baseline window (�0.5 to�0.1 s),
and the corresponding frequency range using log(Poststimulus/Baseline).
The log-ratio was used as a form of normalization to correct for possible
noise or “center of head” bias, i.e., the fact that source activity is often over-
estimated in the center of the brain. Thus, using the log-ratio increases the
sensitivity of the analysis.
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To assess differences in prestimulus source power between 2-back
versus 0-back conditions, a one-tailed cluster-based permutation test
was used (cluster-forming a= 0.05, dependent t test, iterations = 1000,
final a= 0.05). As described above, the source analysis aimed to further
explore the findings of the sensor level analysis. Therefore, the direction
of the one-tailed tests was determined by the sensor level results. For
each of the poststimulus interaction effects a similar cluster analysis was
performed to assess whether source activity related to illusion perception
(Dillusion-noillusion), supposedly reflecting strong integration, differed
between 0-back and 2-back. In line with previous studies (Keil et al.,
2014; Balz et al., 2016b), we assume that the difference in neural activity
between illusion versus no-illusion trials reveals correlates of integration
between the crossmodal signals. The difference Dillusion-noillusion was esti-
mated using log(Illusion/Noillusion).

Results
Behavior
n-back
Behavioral analysis of the n-back task performance (Fig. 2A)
revealed that the sensitivity d9 values in 2-back trials were signifi-
cantly lower compared with 0-back trials (mean 6 SD:
3.326 0.64 vs 4.726 0.15; t(23) = �10.4, BF= 30,419,046.9,
p, 0.001). Furthermore, RTs in 2-back trials were significantly
slower compared with 0-back trials (mean6 SD: 902.36 130ms
vs 663.86 105ms; t(23) = 9.9, BF= 11,852,368.2, p, 0.001).
Hence, higher WM load was associated with worse n-back
performance.

SIFI
Replicating the finding of our recent behavioral study (Michail
and Keil, 2018) in an independent sample (n=24), the SIFI illu-
sion rate was significantly increased in 2-back compared with
0-back trials (mean6 SD: 39.56 28.4% vs 35.86 23.2%, respec-
tively; one-tailed paired-samples t test, t(23) = 2.1, BF= 1.3,
p=0.025; Fig. 2B). However, the average RTs to A2V1 trials
did not significantly differ between 2-back and 0-back trials
(mean 6 SD: 7876 90 vs 7816 93ms, respectively; t(23) = 0.6,
BF= 0.2, p=0.65). Further analysis of the RTs and the percentage
of trials with correct responses in the five control conditions
(A0V1, A0V2, A1V1, A2V0, A2V2) revealed no significant dif-
ferences between 2-back and 0-back conditions (all com-
parisons p. 0.05). Thus, WM load specifically affected the
SIFI illusion rate, but not the accuracy and RTs in the con-
trol conditions.

Correlation between SIFI illusion rate and n-back performance
In the next step, Spearman’s rank correlation analyses were con-
ducted to investigate whether WM load-dependent changes
(2-back minus 0-back) in illusion rates were related to the n-
back performance across participants. Load-dependent increase
in illusion rates correlated negatively with the n-back d9 reduc-
tion (r = –0.49, p= 0.047, BF= 2.99; Fig. 2C) but not with the n-
back RT slowing (r = �0.14, p= 0.729, BF= 0.20; Fig. 2C).
Hence, participants with higher load-dependent increase in the
SIFI illusion rate were less accurate in the n-back task (2-back vs
0-back condition).

Neural oscillations
WM load increases u power and decreases b power before SIFI-
task stimuli
The first aim of the analysis was to characterize the effect of WM
load on the power in the interval before the presentation of the
SIFI-task stimuli. The cluster-based permutation test, performed
in the window from �1.5 to 0 s relative to stimulus onset,

revealed significant power differences in the u and b frequency
bands between 2-back and 0-back conditions.

First, power in a frequency range reflecting mainly the u
band (2–9Hz) was stronger for 2-back compared with the 0-
back condition in the interval from �1.29 to 0 s (nonparametric
permutation test, p=0.0034). This cluster comprised primarily
frontal but also occipital channels (Fig. 3A, left panel). Source
analysis of the effect revealed significantly higher u (4–7Hz) ac-
tivity for 2-back compared with the 0-back condition in bilateral
prefrontal cortex (PFC) and anterior cingulate cortex (ACC;
one-tailed nonparametric permutation test, p= 0.034; Fig. 3A,
right panel). Second, the 2-back compared with the 0-back con-
dition was associated with lower power in a broad-band fre-
quency range from 6 to 40Hz, with the strongest effect in the b

Figure 2. Behavioral results of the n-back task and the critical A2V1 trials of the SIFI
task. A, Participants showed higher sensitivity d9 (left panel) and shorter RTs (right
panel) in 0-back compared with 2-back trials. B, SIFI illusion rates were higher in the
2-back compared with the 0-back condition (left panel), whereas RTs did not signifi-
cantly differ between conditions (right panel). Horizontal lines denote the mean and
vertical the SEM. C, Correlation between load-dependent (2-back minus 0-back)
changes in SIFI illusion rates and the corresponding changes in n-back d9 values (left
panel) and n-back RTs (right panel). Increased SIFI illusion perception correlated with
decreased d9 values in the n-back task (i.e., worse n-back accuracy). Black lines repre-
sent the best-fitting linear regression and shaded areas the 95% confidence interval;
pp, 0.05, pppp, 0.001.
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frequency range (;20–35Hz; nonparametric permutation test,
p=0.002; Fig. 3B, left panel). This cluster comprised fronto-cen-
tral channels and was observed in the interval from �1.47 to 0 s.
Source analysis of this effect revealed significantly lower b power
for the 2-back compared with the 0-back condition in a wide-
spread central brain region, including bilateral motor areas
and medial cingulate cortex (one-tailed nonparametric per-
mutation test, p = 0.002; Fig. 3B, right panel). b power dif-
ference (2-back minus 0-back) at scalp level, averaged across
frequencies and channels, was then estimated for each time
point of the cluster. Next, a cluster-based permutation anal-
ysis was used to test whether the b power difference (2-back
minus 0-back) correlated at any time point with the load-de-
pendent (2-back minus 0-back) changes in n-back perform-
ance. Interestingly, the difference in b power correlated
significantly with n-back RT differences in two prestimulus
intervals (nonparametric permutation test, p, 0.025), but not
with sensitivity d9 differences (Fig. 3B, middle panel). Load-
dependent u power difference did not correlate with changes
in n-back RT or sensitivity d9 (Fig. 3A, middle panel). Hence,
a stronger load-dependent reduction of b power before the
SIFI-task stimuli was related to longer n-back reactions times
(2-back minus 0-back). The exploratory analysis of relation-
ships between the average load-dependent power difference
in these two intervals and the change in illusion perception
in the critical A2V1 trials from the SIFI task did not reveal
any significant effects (all ps. 0.08). Taken together, our
analyses revealed that increased WM load is manifested in
increased u power in bilateral PFC and performance-

relevant modulation in b power in bilateral motor areas and
medial cingulate cortex.

Poststimulus u and b power reflect the interaction between
memory load and illusion perception
Poststimulus power was analyzed with a focus on how illusion
perception, as well as the different load levels are reflected in the
oscillatory power following the presentation of the critical A2V1

stimuli. To this end, a 2� 2 repeated-measured ANOVA with fac-
tors Load (low, high) and Perception (no illusion, illusion) was
conducted for the oscillatory power of A2V1 trials, in the window
from 0 to 0.5 s relative to stimulus onset. The significant main
effects and interactions are represented in clusters obtained from
the three-dimensional (time-frequency-channel) ANOVA results
(for details, see Materials and Methods). For all reported post hoc t
tests, the relative power change for each condition is provided as
mean6 SD.

The ANOVA revealed a main effect of Load, represented
in five channel-time-frequency clusters of oscillatory power.
Figure 4A–E illustrates the spectral, temporal, and spatial extent
of the effects and the post hoc paired-samples t tests comparing the
average power of each cluster between 0-back and 2-back. g (28–
40Hz) power over central-parietal channels, in the interval from
400 to 450ms, as well as upper u (7–8Hz) power over right tem-
poral channels, in the interval from 410 to 500ms, were signifi-
cantly higher in 2-back than in 0-back conditions (Fig. 4A,B,
respectively). In contrast, low u power (4–5Hz) was significantly
stronger in 0-back compared with 2-back throughout almost the
entire poststimulus interval over frontal and occipital areas (Fig.

Figure 3. WM load-dependent modulation of power before the SIFI task. The cluster analysis revealed two clusters of power difference between 2-back and 0-back conditions.
A, Frontal u (4–7 Hz) power, localized in PFC and ACC, was significantly stronger in the 2-back compared with the 0-back condition. This effect was not related to performance
changes in the n-back task. B, Fronto-central b (20–35 Hz) power, localized in bilateral motor and medial cingulate cortex, was lower in 2-back compared with the 0-back con-
dition. b power decrease was related to load-dependent (2-back minus 0-back) RT slowing in the n-back task. Left panels, TFRs of load-dependent power difference (in t val-
ues), averaged across channels with the highest contribution to the cluster and masked based on the temporal and spectral extent of the cluster. Higher values indicate stronger
power for the 2-back compared with the 0-back condition. The color scale refers only to unmasked t values. The topographic maps show the spatial distribution of the difference
in the cluster’s time-frequency window. Channels with high contribution to the cluster (i.e., with a total number of significant time-frequency samples at or above the mean) are
highlighted with dots. Middle panels, Time course of the correlation between the load-dependent power difference in the cluster and the corresponding changes in n-back per-
formance parameters, sensitivity D d9 (pink) and D RT (green). Horizontal lines at the bottom indicate correlation time clusters with p, 0.1 and bold letters p, 0.025. Right
panels, Source contrast (in t values) between 2-back and 0-back for the clusters obtained from the scalp level analysis.

1510 • J. Neurosci., February 17, 2021 • 41(7):1505–1515 Michail et al. · Memory Load Alters Integration-Related Signatures



4C–E). There was also a main effect of Perception in the early occi-
pital a band power (7–13Hz, 0–60ms; Fig. 4F). Post hoc analysis
showed that poststimulus a power increase was significantly
higher in illusion than no-illusion trials.

More importantly, the ANOVA revealed three clusters of
Load � Perception interactions (Fig. 5). Source reconstruction

was performed for each cluster to assess, at source level, whether
activity related to the illusion perception (i.e., Dillusion-noillusion,
hereafter referred to as illusion-dependent activity) differed
between 2-back and 0-back. The first interaction cluster was
observed in early b power (18–26Hz, 0–90ms) and comprised
central-left channels (Fig. 5A). Post hoc analysis demonstrated an
inverse pattern of early b power modulation between 2-back
and 0-back condition (all t tests: p, 0.05). In the 0-back condi-
tion, b power increase was stronger when participants perceived
the illusion (86 12%) compared with when they did not per-
ceive the illusion (�126 9%; t(11) = 4.4, BF = 36.9, p = 0.004).
On the contrary, in the 2-back condition, a stronger b power
decrease was observed when participants perceived the illu-
sion (�86 12%) compared with when they did not perceive
the illusion (0.66 16%; t(11) = �2.4, BF = 2.2, p = 0.035).
Moreover, the relative power change differed between 0-back
and 2-back conditions when participants perceived the illu-
sion (0-back: 86 12% vs 2-back: �86 12%; t(11) = �3.6,
BF = 11.9, p = 0.013) and also when they did not perceive the
illusion (0-back: �126 9% vs 2-back: 0.66 16%; t(11) = 2.8,
BF = 3.8, p = 0.035). Source analysis revealed that early illu-
sion-dependent (illusion minus no-illusion) b activity is
higher in 0-back compared with 2-back condition in brain
regions including the left motor region [primary motor cor-
tex (M1), supplementary motor area (SMA), and premotor
cortex (PMC)] and areas of the temporal cortex [middle tem-
poral gyrus (MTG) and superior temporal gyrus (STG); one-
tailed nonparametric permutation test, p = 0.021]. Because of
the large interval between the b effect (;70ms) and the av-
erage RT in A2V1 trials (;800ms), and the fact that RTs in
these trials were not different between 0-back and 2-back, we
consider it unlikely that the early b effect relates to differen-
ces in motor preparation.

The second interaction cluster was observed in the u
range (7–9 Hz) over frontal regions in the interval from 30 to
200ms (Fig. 5B). Post hoc analyses demonstrated condition-
specific differences between illusion and no-illusion percep-
tion. In the 0-back condition, there were no differences in u
power between illusion and no-illusion perception (t(11) =
�1.5, BF = 0.7, p = 0.198). On the contrary, in the 2-back con-
dition, a stronger u power increase was observed when par-
ticipants perceived the illusion (346 40%) compared with
when they did not perceive the illusion (136 35%; t(11) = 3.1,
BF = 6.3, p = 0.028). Moreover, the relative power change did
not differ between 0-back and 2-back conditions when par-
ticipants perceived the illusion (t(11) = 1.8, BF = 1, p = 0.198),
but was different when they did not perceive the illusion (0-
back: 336 44% vs 2-back: 136 35%; t(11) = �4, BF = 22.7,
p = 0.008). Source analysis revealed that illusion-dependent
u activity was stronger in 2-back compared with 0-back in
middle cingulate cortex (MCC) and ACC (one-tailed non-
parametric permutation test, p = 0.039).

The third interaction cluster involved frontal b power
(13–22 Hz) in the window from 250 to 380ms poststimulus
(Fig. 5C). Post hoc analyses demonstrated condition-specific
differences between illusion and no-illusion perception. In
the 0-back condition, there were no differences in b power
between illusion and no-illusion perception (t(11) = 1.5,
BF = 0.7, p = 0.275). On the contrary, in the 2-back condition,
a stronger b power suppression was observed when partici-
pants perceived the illusion (�296 22%) compared with
when they did not perceive the illusion (�166 23%; t(11) =
�3.1, BF = 5.5, p = 0.043). The relative power change neither

Figure 4. Main effect of WM load and perception on poststimulus power. The main effect
of Load (low, high) was represented in five clusters of oscillatory power (A–E), and the main
effect of Perception (no illusion, illusion) in one cluster (F). Left panel, TFR of each cluster (in
F values), averaged over channels contributing to the cluster. Middle panel, Topographic
map showing the spatial distribution and the contributing channels (dots). Right panel, Post
hoc comparisons of the average power of the cluster between the two conditions. Horizontal
lines denote the mean and vertical the SEM.
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differed between 0-back and 2-back conditions when partici-
pants perceived the illusion (t(11) = �1.7, BF = 0.9, p = 0.275),
nor when they did not perceive the illusion (t(11) = 1.8,
BF = 1.1, p = 0.275). Source analysis revealed that late illu-
sion-dependent b activity was lower for 2-back compared
with 0-back in right frontal areas (PFC, ACC) and bilateral
temporal areas (left posterior STG, right MTG and STG,
one-tailed nonparametric permutation test, p, 0.05).

Next, a correlation analysis was performed to investigate the
relationships between the three clusters of power changes that were
associated with illusion perception in the 2-back condition. The
analysis revealed that participants with higher illusion-dependent
(illusion minus no-illusion) decrease in early b power also showed
higher suppression of late frontal b power (Spearman’s rank corre-
lation, r = 0.78, p = 0.014, BF = 16.9). However, the analysis
revealed no significant correlation between the illusion-de-
pendent early b and u power modulations (Spearman’s rank
correlation, r = 0.19, p = 0.56, BF = 0.3), and between the

frontal u and late frontal b power modulations (Spearman’s
rank correlation, r = 0.41, p = 0.37, BF = 0.5).

To explore whether power differences in the baseline window
might have affected the results of the poststimulus power analy-
sis, an additional analysis was performed without baseline cor-
rection. For this exploratory analysis a less conservative
significance threshold of p=0.025 was used. The ANOVA for
non-baseline-corrected poststimulus data revealed three clusters
of interaction effects that were virtually identical in their tempo-
ral, spectral and spatial profile with the interaction effects found
for baseline-corrected data (Fig. 5). For this reason, we consider
it unlikely that differences in baseline power between WM-load
conditions account for the observed interaction effects on post-
stimulus power.

Taken together, the interaction between Load and Perception
indicates a distinction between high and low WM load with
regard to the oscillatory responses characterizing the perception
of the SIFI illusion. Under low load, the perception of the illusion

Figure 5. Interaction between WM load and perception in the SIFI. Three clusters of interactions between Load (low, high) and Perception (no illusion, illusion) were observed. A, The first
interaction cluster was found in b power (18–26 Hz; 0–90ms) over central-left channels. Source analysis identified a corresponding illusion-dependent activity difference in the left motor and
auditory cortex. B, The second interaction was observed in frontal u power (7–9 Hz; 30–200 ms). Source analysis identified higher illusion-dependent u activity in 2-back compared with 0-
back, in MCC and ACC. C, The third interaction was found in frontal b power (13–22 Hz; 250–380 ms). Source analysis revealed significant differences between 2-back and 0-back conditions
in the right PFC, ACC, and bilateral temporal areas. Left panels, TFRs of significant interactions (in F values), averaged across channels contributing to that particular cluster and masked based
on the temporal and spectral extent of the cluster, as well as a topography plot showing the spatial distribution and the contributing channels (dots). The color scale refers only to unmasked F
values. Middle panels, Post hoc paired-samples t tests comparing the average power change of the cluster between the four conditions. Horizontal lines denote the mean and vertical the SEM.
Right panels, Source contrast (in t values) for power modulation differences associated with illusion perception (Dillusion-noillusion) between 2-back and 0-back, in the cluster’s time-frequency
window; pp, 0.05, ppp, 0.01.
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was associated with an early left fronto-central b power increase.
On the contrary, under high load, the perception of the illusion
was characterized by an early left fronto-central b power
decrease, followed by a frontal u power increase around 120ms
and a frontal b power decrease around 350ms. Notably, the
early and the late b power decrease showed a strong positive
correlation across participants.

Discussion
In this study, we examined the influence of WM load on percep-
tion-related neural oscillations in the SIFI illusion. We found
that high compared with low WM load was associated with
higher susceptibility to the illusion. Moreover, we observed a
modulation of poststimulus power underlying multisensory inte-
gration in SIFI, as revealed by the interaction between load and
illusion perception at multiple processing stages. Specifically,
illusion perception under high compared with low memory load
was associated with the engagement of top-down u and b
power. This suggests that crossmodal interactions in the SIFI are
sensitive to a load-dependent manipulation of the available cog-
nitive resources.

Replicating our recent work (Michail and Keil, 2018), we
found a higher susceptibility to the SIFI under high WM load.
Also, across participants, the changes in illusion susceptibility
correlated positively with the amount of cognitive resources used
by the n-back task. This finding demonstrates that audiovisual
integration in the SIFI is sensitive to the amount of available cog-
nitive resources.

Next, we analyzed the power of neural oscillations before the
SIFI task to establish that the orthogonal n-back task was effi-
cient in producing power modulations previously associated
with WM processes. In agreement with the well-documented
role of frontal u activity in WM (Gevins et al., 1997; Jensen and
Tesche, 2002) we found a load-dependent increase in frontal u
power. Moreover, we observed a load-dependent suppression of
b power in bilateral motor areas, which is in line with previous
reports of frontal b suppression in WM tasks (Brookes et al.,
2011; Heinrichs-Graham and Wilson, 2015; Kornblith et al.,
2016) and possibly reflects endogenous content rehearsal during
WMmaintenance (Spitzer and Haegens, 2017). The bilateral dis-
tribution of the effect, which was stronger over the right motor
cortex, ipsilateral to the response hand, the persistence of the
effect up to the SIFI onset and the long interval between the n-
back task response and the onset of the SIFI stimulus (at least
1600ms) argue against attributing this effect to response-related
differences in motor activity. Interestingly, the b suppression
correlated with the RT slowing in the n-back task, suggesting
that b power modulation might reflect the amount of individual
cognitive effort (Tallon-Baudry et al., 2004).

We then examined whether WM load affected the oscillatory
signatures of illusion perception in the SIFI. Our analysis of post-
stimulus power in A2V1 trials revealed an interaction between
WM load and illusion perception, comprising three distinct
effects. The first effect was observed in left frontal b power at
;70ms, involving left motor areas (PMC and SMA) and the left
auditory cortex. Illusion perception in low load was associated
with increased early b power, whereas illusion perception in
high load was associated with reduced b power. While tradition-
ally being associated with voluntary movement processes, b
oscillations in motor cortex have been also implicated in sensory
conflict processing (Huang et al., 2014), consistent with evidence
on the role of b oscillations in prediction error processing

(Arnal et al., 2011; Arnal and Giraud, 2012). A motor-auditory
cortex communication is consistent with the extensive anatomic
and functional bidirectional connections between these areas
(Zatorre et al., 2007; Rauschecker and Scott, 2009; Nelson et al.,
2013; Cheung et al., 2016; Zhang et al., 2016). Therefore, we
argue that the observed b power modulation in auditory and
motor cortex might correspond to an audiovisual mismatch sig-
nal following early crossmodal interactions. Accordingly, the
suppression of b power under high load possibly reflects an
early mismatch signal. The scarcity of available cognitive
resources under high load might prevent the early resolution
of the audiovisual perceptual conflict. This notion is consistent
with evidence of early b power suppression at left fronto-cen-
tral channels during early mismatch evaluation of incongruent
audiovisual speech stimuli in the McGurk effect (Roa Romero
et al., 2015). On the contrary, the enhancement of b power
under low load might reflect a signal of perceived audiovisual
congruence, a match signal, as a result of strong early crossmo-
dal interactions facilitated by the abundance of cognitive
resources. Therefore, our data suggest that the availability of
cognitive resources and stimulus congruence play a critical role
in defining the nature of early multisensory integration, per-
haps through their joint effect on early crossmodal interactions.
This notion is consistent with studies demonstrating that the
direction of crossmodal interactions, i.e., enhancement or
depression, is influenced by attentional resources allocation
(Talsma et al., 2007) and stimulus congruence (Calvert et al.,
2000). Hence, the load-dependent effect on early b power
presumably reflects the modulation of early crossmodal mis-
match processing in the SIFI. Future studies are needed to
establish whether the assumed alternate representation of
both “mismatch” and “match” by b power modulations in
an auditory-motor network is a novel phenomenon (Theves
et al., 2020).

Following the early interaction effect in b oscillations, we
observed that illusion perception under high load was associ-
ated with frontal u power increase around 120ms poststimulus,
localized in the mid-ACC. Interestingly, no such increase was
found in the low load condition. Based on evidence of frontal
midline u activity during conflict detection (Hanslmayr et al.,
2008; Nigbur et al., 2012; Töllner et al., 2017), exploration
uncertainty (Cavanagh et al., 2012), and prediction error proc-
essing (Cavanagh et al., 2010), frontal midline u activity has
been proposed as a mechanism underlying the process of cogni-
tive control (Cavanagh and Frank, 2014). A similar role of fron-
tal u activity in multisensory settings is supported by studies
demonstrating frontal u power modulations in multisensory
divided attention (Keller et al., 2017), after spatially incongru-
ent audiovisual stimulation (Cohen and Donner, 2013) and
during integration of incongruent audiovisual speech stimuli in
the McGurk effect (Keil et al., 2012; Roa Romero et al., 2016;
Fernández et al., 2018). Therefore, the midfrontal u increase
during integration of audiovisual SIFI stimuli under high
load might correspond to a signal for enhanced need for top-
down control in the face of increased perceptual conflict or
uncertainty.

In addition to the top-down u increase, illusion perception
under high load was associated with a subsequent frontal b
power decrease around 350ms. Again, no such effect was
observed in the low load condition. The localization of this b
power effect in the right PFC and ACC and bilateral temporal
cortices is suggestive of a top-down frontal modulation of late
integrative sensory processing in multisensory processing areas.
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There is growing consensus with regard to the role of b oscilla-
tions in conveying top-down influences from higher order to low
order sensory areas (Buschman and Miller, 2007; Arnal and
Giraud, 2012; Bastos et al., 2015; Fries, 2015; Richter et al., 2017).
Moreover, STG is a critical brain area for multisensory integra-
tion (Calvert et al., 2000; Beauchamp et al., 2004; Balz et al.,
2016a). In accordance with these studies, the observed b power
suppression during integration under high load might reflect late
top-down integration processing in the multisensory association
cortex. This proposal is consistent with evidence of frontal areas
modulating sensory processing in superior temporal cortex
(Sohoglu et al., 2012; Wild et al., 2012). In line with this proposal,
integration of audiovisual speech stimuli in the McGurk effect
was associated with late frontal b power decrease (Roa Romero
et al., 2015). Taken together, the late b power decrease under
high load might correspond to enhanced top-down processing of
late crossmodal interactions in the SIFI.

In summary, our study reveals that audiovisual integration
under high load is associated with early b power suppression,
presumably reflecting audiovisual mismatch detection. This is
followed by increased top-down frontal u power signaling the
need for increased control, and a subsequent frontal b decrease,
presumably reflecting top-down modulation of late integrative
processing. Notably, load affected illusion-related oscillations
primarily in association areas in temporal cortex, but not in
visual cortex. This suggests that the depletion of cognitive
resources influences primarily higher-order multisensory
processes but does not necessarily influence processing in
primary visual areas. Our results are consistent with the
proposal that the engagement of top-down processing is
required when conflict or competition between the unisen-
sory components of a multisensory stimulus for resources is
high (Talsma et al., 2010). The present findings suggest that
neural oscillations underlying integrative crossmodal inter-
actions at multiple processing stages dynamically adapt to chang-
ing cognitive demands and available resources. Interestingly,
audiovisual integration of incongruent speech stimuli in the
McGurk effect was associated with analogous neural responses,
namely an early and late b power decrease (Roa Romero et al.,
2015) and frontal u power increase (Roa Romero et al., 2016;
Fernández et al., 2018). These remarkable similarities between the
SIFI-task under high load and the McGurk effect suggest that u
and b power might reflect general integration mechanisms that
are recruited when the integration of conflicting audiovisual stim-
uli requires more processing resources, either because of stimulus
complexity (speech vs non-speech) or because of an orthogonal
WM load manipulation. Given the behavioral evidence on the
effect of perceptual load on the McGurk effect (Alsius et al., 2005,
2007), future studies should investigate to what extent u and b
power are recruited in the McGurk effect under high cognitive
load.
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