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Encoding of visual information is a necessary requirement for most types of episodic memories. In search for a
neural signature of memory formation, amplitude modulation of neural activity has been repeatedly shown to
correlate with and suggested to be functionally involved in successful memory encoding. We here report a
complementary view on why and how brain activity relates to memory, indicating a functional role of cortico-

ocular interactions for episodic memory formation. Recording simultaneous magnetoencephalography and eye
tracking in 35 human participants, we demonstrate that gaze variability and amplitude modulations of alpha/
beta oscillations (10-20 Hz) in visual cortex covary and predict subsequent memory performance between and
within participants. Amplitude variation during pre-stimulus baseline was associated with gaze direction vari-
ability, echoing the co-variation observed during scene encoding. We conclude that encoding of visual infor-
mation engages unison coupling between oculomotor and visual areas in the service of memory formation.

1. Introduction

Encoding of visual material is a prerequisite for most of our episodic
memories and typically begins with the exploration of the environment.
Relying heavily on vision, humans tend to explore the environment by
eye movements. These typically include, but are not limited to, micro-
and macro saccades as well as fixations jointly contributing to the
overall gaze pattern (Otero-Millan et al., 2008). Evidence suggests a
strong association between gaze patterns and episodic memory forma-
tion (Damiano and Walther, 2019; Fehlmann et al., 2020; Molitor et al.,
2014; Olsen et al., 2016; Kragel and Voss, 2022; Broers et al., 2022).
Visual scenes that were explored with more eye movements are more
likely to be remembered than scenes explored with less eye movements
(Voss et al., 2017). These associations between memory encoding and
gaze are complemented by studies showing that gaze pattern rein-
statement during retrieval supports successful recollection (Johansson
et al., 2022; Wynn et al., 2020, 2019; Brandt and Stark, 1997). Similarly,
gaze patterns are reinstated during visual imagery (Brandt and Stark,
1997; Bochynska and Laeng, 2015; Laeng and Teodorescu, 2002; Gba-
damosi and Zangemeister, 2001) even without the guidance of retinal
input, i.e. during full darkness (Johansson et al., 2006).

Electro- and magnetoencephalographic studies confirm a robust

power modulation of alpha/beta oscillatory activity (appr. range 10-20
Hz) during the encoding of items that is predictive of later memory
performance: alpha/beta power during later remembered items is
reduced as compared to later forgotten items, an observation termed
“subsequent memory effect” (SME (Paller and Wagner, 2002)). In
electro-and magnetoencephalographic examinations, the time-course of
the alpha/beta decrease is usually observed after ~0.5 s and can endure
multiple seconds depending on the duration of stimulus presentation.
The topography and underlying source generators vary across studies,
typically including wider networks of posterior (e.g., (Griffiths et al.,
2021a)) but also frontal areas (see e.g., (Hanslmayr et al., 2011))
Alpha/beta SMEs have been replicated consistently (Vogelsang et al.,
2018; Fellner et al., 2013; Khader et al., 2010; Hanslmayr et al., 2008;
Klimesch et al., 1996; Sederberg et al., 2003), with remarkable speci-
ficity of alpha/beta power decreases during successful memory encod-
ing (Hanslmayr et al., 2012; Griffiths et al., 2019, 2021a; Strunk and
Duarte, 2019; Sander et al., 2020; Griffiths et al., 2021b; Hanslmayr and
Staudigl, 2014). This is of particular relevance as these alpha/beta ef-
fects have been interpreted as the mechanism by which the cortex tracks
and organizes representations of the stimulus input to be fed forward to
downstream memory circuits. According to these ideas, alpha/beta ac-
tivity is functionally involved in successful episodic memory formation
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(Hanslmayr et al., 2012; Parish et al., 2018; Hanslmayr et al., 2016).

Complementing such cognitive interpretations, a recent account of
alpha/beta activity argues for a view closer to the biological imple-
mentation of the association between alpha/beta power modulations
and oculomotor action (Popov et al., 2021a). Recent evidence demon-
strates topographic modulation of alpha power (i.e. power reduction)
associated with consistent eye movements during in a variety of tasks,
including visually guided and microsaccades tasks, visual and auditory
covert spatial attention, spatial working memory and natural speech
comprehension (Staudigl et al., 2017a; Popov et al., 2021b; Printzlau
et al., 2022). The topographic modulation of alpha power (i.e. power
reduction) was associated with consistent eye movements towards the
contralateral visual hemifield (Printzlau et al., 2022; Popov et al., 2022;
Liu et al., 2022a). This evidence portrays a fundamental and
domain-general functional organization linking visual cortical signals to
oculomotor action. We here set out to test the link between eye move-
ments and alpha/beta activity in the context of episodic memory
formation.

We hypothesize that alpha/beta power modulations link to episodic
memory formation through consistent biases in gaze patterns. Thirty-
five participants performed a memory task while simultaneously
tracking eye movements and monitoring brain activity using magneto-
encephalography (MEG). Gaze bias analyses revealed a robust gaze-
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related SME confirming that higher levels of visual exploration are
associated with better memory performance. Crucially, high subjective
confidence in correctly memorizing an item was predictive of gaze-
related and alpha/beta SME. Moreover, splitting trials according to
high versus low gaze bias revealed the typical alpha/beta SME over
posterior sensors. During the baseline interval prior to scene encoding,
spontaneous fluctuations of alpha/beta power reliably predicted the
gaze direction variability, akin to the one observed during scene
encoding. Exploratory analyses of the covariation between gaze direc-
tion and alpha/beta power confirmed a consistent relationship present
throughout the entire recording and evident between and within
participants.

2. Results

2.1. Memory performance evident in both gaze variability and power
modulation of visual cortex activity

During the study phase, participants viewed visual scenes presented
for 4 s. For each trial and participant, the simultaneously recorded eye
tracking data were extracted and converted into 2D density heat maps
with the x-axis representing the horizontal, y-axis vertical visual ec-
centricity. The density of gaze direction locations is color coded.
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Fig. 1. Coinciding subsequent memory effects (SME) reflected in gaze biases and modulation of visual alpha/beta power: A-Gaze density contrast between later
remembered vs. later forgotten items. The 2D densitymaps were calculated per trial and latency between 0- 4sec following scene presentation during the study phase.
Red color indicates increased biasedtowards the respective visual screen locations for later remembered items and blue color decreased gaze density or gaze direction
away from the respective location. Color code is expressed in units of effect size Cohen’s d obtained after cluster-permutation test (p < 0.025). B- Scalp topography
and time-frequency representation of power (TFR) of the contrast between later remembered vs. later forgotten items during the study phase. Color code indicates
effect size Cohen’s d obtained after cluster-permutation approach at p < 0.025 (sensors belonging to the cluster marked with black dots). The black outline in the TFR
highlights the cluster supporting the rejection of thenull hypothesis of no effect between later remembered and later forgotten items. TFR spectrogram is avergaed
across the sensors marked in the topography. Source reconstruction of the alpha/beta effect is illustrated highlighting the recruitment of early visual, parietal and
ventral cortical areas. Source maps are thresholded using cluster-permutation test (p < 0.025) and expressed in units of effect size Cohen’s d. C- Similar to A but split
according to the particpants confidence as of how certain their response is for an item being “old” or “new”. Gaze bias for high confidence trials (left) versus gaze bias
for low confidence trials (right). D- 2x2 Interaction SME (remembered, forgotten) x Confidence (high, low) illustrating the scalp topography, the TFR and the
corresponding source map expressed in units of effect size Cohen’s d (cluster-permutation test, p < 0.025). E- Contrast in gaze density between trials dominated by
low alpha/beta power minus high alpha/beta power during the prestimulus baseline (-1 to 0 sec) in the study phase. Color code is expressed in units of effect size
Cohen’s d obtained after cluster-permutation test (p< 0.025).Red color indicates increased bias towards the respective visual screen locations for trials dominated by
low alpha/power power as compared to high alpha/beta power. F- Scalp topography of the relative alpha/beta power change between the same trials as in (E)
dominated by low vs. high alpha/beta power. Color code denotes the relative change in %. Statistical contrast and source maps are inapproriate in this case as they
will be highly signficant per construction. This is however not the case for the evaluation of the gaze biases illustrated in E. The power spectrum of the difference
averaged across occipital sensors is provided with shading denoting SEM.
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Subsequently, a statistical contrast using non-parametric testing with
clusters was performed (Maris and Oostenveld, 2007). This analysis
revealed a robust gaze-related SME (Fig. 1A, cluster-permutation test, p
< 0.025; corrected for multiple comparisons across time and fre-
quencies), indicating that, during the study phase, items that will be
later remembered are characterized by a strong gaze bias away from
fixation and towards various locations of the viewed scene. Quantifi-
cation of the different eye movement types such as saccades and fixa-
tions using the EEG-EYE toolbox (Dimigen et al., 2011; Engbert and
Mergenthaler, 2006) yielded similar results (supplemental Fig. S1). For
later remembered items, the average eye events per scene were fixations
(M/STD = 13.8/1.8) and saccades (M/STD = 14.1/1.9) and for
forgotten items fixations (M/STD= 13.2/2.6) and saccades (M/STD =
13.4/2.7). A significant condition difference was confirmed for both,
fixations (t34 = 2.3, CI [0.08 1.23], p = 0.026, Cohen’s d = 0.393) and
saccades (t34 = 2.3, CI[0.08 1.24], p = 0.026, Cohen’s d = 0.391). In the
test phase, participants correctly recognized 72.83% (+/- 2.51 SEM) of
the scenes on average, yielding a p-prime of 2.24 (+/- 0.09 SEM).

Applying a standard (i.e. in accordance with previous work in the
field) subsequent memory analyses on the MEG data confirmed the well
documented alpha/beta SME (Fig. 1B). Encoding of later remembered
material was associated with a stronger alpha/beta decrease over oc-
cipital sensors (cluster-permutation test, p < 0.025; corrected for mul-
tiple comparisons across time and frequencies). The variability of the
SME effect size observed here and enclosed within the black outline of
Fig. 1 B is within the range of — 0.8 to — 0.5 (or.5 to.8 in absolute
values). These effect sizes are comparable to earlier reports estimating
an SME effect size of 0.56 (Griffiths et al., 2019) and 0.6 (Griffiths et al.,
2021a). Scene exploration (i.e., stronger gaze biases away from fixation
for later remembered items) as well as the modulation of visual
alpha/beta power (i.e., stronger decrease for later remembered items)
were informative for the participant’s memory confidence. Items re-
ported with high confidence in being correctly memorized displayed
stronger gaze biases (exploration) during encoding (Fig. 1 C left,
cluster-permutation test, p < 0.025) and alpha/beta SMEs (Fig. 1 D,
cluster-permutation test, p < 0.025), as compared to items with lower
confidence (Fig. 1 C right; see Fig. S6, for a time-resolved version of this
analysis). Source reconstruction of the SME effect using beamforming
indicated the recruitment of a network of visual, parietal and
ventral-temporal cortical areas (Fig. 1B). Largely similar, albeit less
pronounced source networks are indicated for the low vs. high confi-
dence SME (Fig. 1D).

A complementary interpretation of the apparent relationship be-
tween eye movements and the modulation of visual alpha/beta power
might be the subjective saliency of the stimulus material. Salience is
hard to quantify objectively and strongly depends on subjective expe-
rience. Hence, some stimulus material could trigger both, variability in
eye movements and alpha/beta power modulations. It could allow the
conjecture that the apparent correlation between the two is driven by
external stimulus factors. In order to test this alternative, we set out to
explore a potential relationship between gaze variability and power
modulation of ongoing alpha/beta activity using the data of the pre-
stimulus (e.g. baseline) intervals during the study phase, where only a
fixation cross instead of a visual scene was displayed. Participants were
required and were successful in maintenance of central fixation, ranging
within + 5° of horizontal and vertical visual angle (see Fig. S2). We
reasoned that, within participants, one could split the trials into high
and low alpha/beta power (e.g. based on median split) during the pre-
stimulus baseline interval. Subsequently, one could evaluate the distri-
bution of gaze density around the required fixation. If the above
conjecture is true, there should be no difference in the gaze variability
between high and low alpha/beta power conditions, since the stimuli in
the baseline period (that is, the fixation cross) did not vary in saliency.
Conversely, differences in gaze bias would further confirm a co-varying
relationship between the direction of gaze and modulation of visual
alpha/beta power, independent of the task context and stimulus
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properties. The results of this analysis are illustrated in Fig. 1 E and F.
Within participants, trials with less alpha/beta power were also asso-
ciated with a gaze pattern that deviated more from fixation (Fig. 1 E).
Conversely, high alpha/beta power during baseline was associated with
reduction of the degrees of freedom in eye movements, resulting in less
variability of gaze around the targeted (fixation) direction. This result
echoes the observations made during stimulus presentation (e.g. Fig. 1A,
B), both in terms of the direction of the relationship (i.e. alpha/beta
power decrease relates to higher gaze variability) and scalp topography
(Fig. 1F). Hence, the complementary interpretation that the relationship
between alpha/beta SEM and gaze bias is dependent on saliency appears
less likely.

2.2. Gaze variability predicts both modulation of visual cortical activity
and memory performance

Next we asked to what extend the inverse direction of high vs. low
gaze variability will predict alpha/beta SMEs. Within participants we
median split the trials during encoding into high and low gaze vari-
ability within the visual display area of high variability identified in
Fig. 1A (i.e. positive cluster). Trivially, the group difference in gaze
variability is significant per design (Fig. 2A). Importantly however this
should not necessary hold for cortical alpha/beta power and/or memory
performance. We observed that trials dominated with high gaze vari-
ability were also associated with stronger modulation of alpha/beta
power over occipital sensors, akin to the alpha/beta SME topography
observed in Fig. 1B (cluster-permutation test, p < 0.02). Moreover, high
gaze variability during encoding was associated with an increase in the
number of later remembered items as compared to low gaze variability
(Fig. 2C, left). The opposite relationship was observed for forgotten
items (Fig. 2C, right). An alternative illustration of the same result is
depicted in Fig. 2D. The effect size of the memory contrast (# items
remembered vs. forgotten) was dependent upon the gaze exploration
during encoding: high gaze variability is linked to better memory per-
formance as compared to low gaze variability (Fig. 2D). In a supple-
mentary analysis (Fig. S8), we show that gaze variability covaries with
the “memorability” of the stimuli (i.e., some stimuli are consistently
better remembered than others across observers; see, e.g., Bainbridge
etal. (2017) and Bainbridge et al. (2013)), in line with previous findings
indicating that eye movement patterns reliably predict this effect
(Bylinskii et al., 2015).

2.3. Gaze variability and visual cortical activity are continuously coupled

Given the results described above, we next asked whether a co-
fluctuation of gaze bias and alpha/beta power would be restricted to
the memory task or could be a more general pattern. Specifically, we
asked whether alpha/beta power and gaze bias would be correlated over
the whole period of the experiment. The results of this analysis are
summarized in Fig. 3.

First, we computed the time-frequency representation of power
(TFR) for the entire recording per participant (M/SEM = 60.59/
+ 2.01 min) and accounted for the presence of aperiodic activity
(Donoghue et al., 2020a). For illustrative purposes, Fig. 3A illustrates
the first 6 min in the recording of a representative participant. The TFR
depicts the spontaneous power modulation of alpha (predominantly in
10-14 Hz) activity over occipital sensors. In addition, we extracted the
fixation density for the horizontal direction averaged across the vertical
direction (see Fig. S5, for complementary analyses using fixation density
for the vertical direction averaged across the horizontal direction). This
fixation density signal can be visualized as a function of time with the
horizontal viewing direction now illustrated on the y-axis (Fig. 3B). In
both panels (Fig. 3A and B), the power of the signals is range corrected (
[x — min]/[max-min]) to vary between 0 and 1. The time series of
alpha/beta power and fixation density can be extracted and overlaid
(Fig. 3 C) conveying a (descriptive) similarity between the variation in
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alpha/beta power and the variation in fixation maintenance. Using this
approach, we computed Spearman’s rho correlations between both
timeseries for the entire recording session in each participant. In addi-
tion, surrogate data was generated by circularly shifting both time series
(1000 times) and computing the corresponding correlation. This anal-
ysis yielded two distributions of correlations that can be parametrically
compared (Fig. 3D). For each participant we derived two correlation
coefficients. These correlations obtained from the original data were
significantly different from the one generated by the surrogate data
(tsay= 6.8, CI[0.12 0.22], p < 7.4e-08, Cohen’s d= 1.1541). This effect
was confirmed on the individual participant level, with 33 out of 35
participants showing a significant difference (Fig. S3). We also
computed the coherence between the two timeseries to infer the fre-
quency of any phase relationship in the covarion of gaze and occipital
alpha/beta power. (see Fig. S10 for coherence between alpha power and
fixation density in low frequencies peaking at 0.18 Hz).

The hypothesis related to the subsequent memory effects and results
illustrated in Fig. 1 are motivated by previous work. In Fig. 2, we depict
the outcomes from exploratory analyses motivated by the results illus-
trated in Fig. 1. While SME effects are typically based on task-specific
contrasts, i.e. difference between task and pre-stimulus baseline, the
results reported in Fig. 3 reveal a relationship between spontaneous
alpha power fluctuations and spontaneous shifts of gaze. Thus, even
though it might be tempting to conclude on the basis of the results in
Fig. 1 only that the gaze-alpha power relationships are task specific, the
results illustrated in Fig. 3 confirms that this relationship is spontaneous
and task independent yet utilized during episodic memory formation.

3. Discussion

Previous research has shown that gaze patterns as well as amplitude
modulation of neural activity in posterior cortex during encoding of
visual scenes strongly predicts memory performance. However, gaze
patterns and amplitude modulation have thus far been studied in
isolation. Our findings indicate that we might be looking at two sides of

100

high gaze variability

0 50
# items
low gaze variability

100 effect between trials dominated by high vs. low
gaze variability during encoding. C- Rain cloud
plots (Allen et al., 2019) illustrating the distri-
bution of remembered (left) and forgotten
(right) items split by gaze variability (high vs.
low) during encoding. D- The distribution of
high (left) and low (right) gaze variability split
by memory performance (remembered vs.
forgotten).

the same coin: gaze patterns and amplitude modulations covary and
jointly predict memory performance.

We simultaneously recorded MEG and eye movements in a free
viewing memory paradigm. To relate alpha/beta MEG activity as well
gaze variability to successful encoding, we contrasted later remembered
versus later forgotten study phase items. In line with many previous
studies (Vogelsang et al., 2018; Fellner et al., 2013; Khader et al., 2010;
Hanslmayr et al., 2008; Klimesch et al., 1996; Sederberg et al., 2003;
Hanslmayr et al., 2012; Griffiths et al., 2019, 2021a; Strunk and Duarte,
2019; Sander et al., 2020; Griffiths et al., 2021b; Hanslmayr and Stau-
digl, 2014), we find an alpha/beta SME, with greater decreases in
10-20 Hz power for later remembered as compared to later forgotten
items. Importantly, we here demonstrate that gaze covaries with this
well-established effect. During the presentation of later remembered
items, gaze was directed away from the center to a greater extent than
during later forgotten items. This gaze bias indicates that more extensive
visual exploration correlates with a higher probability to remember the
item, a finding in line with previous studies showing that the amount of
saccades on complex visual stimuli predicts whether or not the stimulus
will be remembered (Voss et al., 2017). Just like the alpha/beta SME, the
gaze-related SME also correlated with the reported confidence judge-
ment. Items that were later remembered with high confidence displayed
stronger gaze biases and stronger alpha/beta desynchronization than
those items remembered with lower confidence. Moreover, we find that
splitting the encoding EEG data between high vs. low gaze variability
trials closely emulates the traditional alpha/beta SME, both in frequency
and topography. Trials with high gaze bias display significantly stronger
alpha/beta power decreases than trials with lower gaze bias. Contrasting
subsequent memory performance based on gaze bias confirmed that
higher gaze bias was predictive of successful memory performance.
These results indicate that gaze variability and alpha/beta activity go
hand in hand in service of memory formation, a notion in line with a
previous study linking saccades and the phase of alpha/beta activity
successful remembering (Staudigl et al., 2017b).

Generalizing the covariation of gaze and alpha/beta activity beyond
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Fig. 3. Time course of the covariation of occipital alpha power and gaze direction maintenance. A-Single subject example of TFR averaged over occipital sensors,
corrected for the presense of the aperiodic 1/F component. X-axis denotes time in minutes and y-axis frequency in Hz. The first 6 min of the recording are shown for
illustrative purposes. Color code denotes the range corrected power (x — min)/(max-min) varying between 0 and 1. B- Gaze density in the horizontal dimension
around the fixation location and vertical range of + 3 dva expressed as function of time (x-axis). The middle position of the y-axis denots the fixation location, up
rightward gaze bias and down denotes leftward gaze bias. Color code illustrates the range corrected gaze density varying between 0 and 1. C- Time course of alpha
power (10-14 Hz, red color) and gaze density at the fixation location (blue color) overlaid on top of each other. The x-axis is identical to A and B. D- Normalized
probability histogramms (sum of y-axis equals 1) of the Spearman’s rho correlation coefficient between the time courses of alpha power and gaze density at fixation,
converted in z-values. Red color denotes the distribution of all correlations across all participants estimated on the original time series. Blue color denotes the
distribution of correlations estimated on circularly shifted time series after 1000 permutations. A significant difference was confirmed t(34) = 6.8, CI[0.12 0.22],

P < 7.4e-08 and estimated effect size of Cohen’s d= 1.1541.

memory encoding, we show that gaze covaries with spontaneous fluc-
tuations of alpha/beta during the pre-stimulus baseline. Again, greater
variation in gaze was correlated with larger decreases in alpha/beta
power. Moving even further away from specific, task-related activity, we
show that alpha/beta activity and gaze covary over the course of the
whole experiment. Including an hour of simultaneous eye tracking and
MEG recordings per participant, we show substantial covariation of
alpha power and gaze that is task-independent. Taken together, these
observations support the idea of a fundamental and domain-general link
between visual alpha/beta activity and oculomotor action.

The present results are in line with recent studies indicating a strong
link between eye movements and alpha/beta activity. Biases in gaze
direction are associated with a topographically consistent decrease of
alpha/beta power, independent of the stimulus modality (e.g. vision,
audition) (Popov et al., 2021b), independent of retinal input and present
during full darkness (Popov et al., 2021a). Similar associations between
gaze bias and alpha/beta power modulation have recently been reported
in the context of working memory (Printzlau et al., 2022; Liu et al.,
2022b). Together with the here reported results, these studies make a
strong case that the association between gaze and alpha/beta activity
reflects a fundamental functional organization linking visual cortical
signals to oculomotor action.

The present findings are also in line with previous studies showing a
functionally relevant coordination of eye movements and brain activity.
Eye movements affect the neural activity in- and outside visual areas
(Staudigl et al., 2017b; Brunet et al., 2015; McFarland et al., 2015; Ito
et al., 2011; Rajkai et al., 2008; Barczak et al., 2019; Leszczynski et al.,
2021; Hamamé et al., 2014; Purpura et al., 2003), as well as in brain
areas crucial for episodic memory formation: neural activity in the

primate hippocampus is sensitive to eye movements (Andrillon et al.,
2015; Mao et al., 2021; Katz et al., 2022; Wagner et al., 2022; Liu et al.,
2017). In particular, the phase of hippocampal low-frequency activity
has been shown to be aligned to saccadic eye movements (Hoffman
et al., 2013; Doucet et al., 2020), and the amount of alignment was
found to be functionally relevant (Jutras et al., 2013; Staudigl et al.,
2022). Such phase alignment could be a general motif in the nervous
system to facilitate the organization of neural ensembles (Voloh and
Womelsdorf, 2016). The exact temporal coordination of neural activity
and eye movements could be brought about by efference copies (Som-
mer and Wurtz, 2002). These copies of motor commands branch off
corticofugal projections and could, in principle, be distributed across
many brain areas. If they are capable of inducing phase alignment,
efference copies could trigger the alignment of neural activity across a
broad range of areas and, thereby, facilitate neural processing and
communication (Buzsaki, 2010; Fries, 2015; Schneider et al., 2021).
We here demonstrate a link between eye movements and alpha/beta
activity during the free viewing of visual scenes in the study phase of a
memory paradigm. Alpha/beta SMEs during memory encoding are
indeed a common finding, yet to what extent the present linkage be-
tween alpha/beta SME and gaze variability generalize across stimulus
material such as faces and words (Fellner et al., 2019) vs. visual scenes
requires further examination. Moreover, one could argue that the pre-
sent findings are limited to free viewing encoding conditions, as the
majority of the studies investigating SMEs ask their research participants
to maintain fixation. Hence, the observation of alpha/beta variation
with gaze variability might be somewhat coincidental. We hypothesize
that the present findings will generalize to such conditions as well. This
prediction is based on the present observation that the alpha/beta-gaze
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relationship was, albeit weaker, also evident when the eyes do not move
feely (e.g. maintain fixation during the baseline period, Fig. 1E,F). As
fixation is not a stationary event but a process involving the control of
miniature eye movements such as micro saccades (Martinez-Conde
et al.,, 2013), a testable prediction is that independent of task in-
structions (fixation, free view), alpha/beta SME modulation should be
also associated with gaze-related SME. An empirical question that can be
examined in future studies.

So, does cortico-ocular coupling serve episodic memory encoding, as
the title of this paper suggests? The answer depends on how you specify
the question. Cortico-ocular coupling serves memory, because it is uti-
lized during exploration of later remembered scenes more so than when
exploring later forgotten material. However, cortico-ocular coupling is
neither specific nor restricted to the memory task at hand but appears to
be a more general phenomenon that might be utilized upon task
demands.

In conclusion, we demonstrate that alpha/beta activity (10-20 Hz)
in visual cortex and eye movements covary and jointly predict subse-
quent memory. Going beyond memory-related brain activity, we show
that this covariation is task-independent and preserved over the course
of hours. The present results thus support a complementary view on the
role of alpha/beta activity, emphasizing its fundamental interrelation
with oculomotor behavior.

4. Materials and methods

Part of the present dataset has been previously analyzed and docu-
mented elsewhere (Staudigl et al., 2017b).

4.1. Ethic statement

Study enrollment followed the approval of the local ethics commit-
tee- commission for human related research CMO-2014/288 region
Arnhem/Nijmegen, the Netherlands. Prior to participation all volunteers
were given written informed consent in accordance with the Declaration
of Helsinki.

4.2. Participants

A total of 48 participants were recruited. Thirty-five were included in
the present study. Thirteen participants were excluded due to: not
completing the study (N = 7), excessive artifacts (N = 3) and technical
difficulties during acquisition (N = 3). The included participants sample
(24 female, age range 18-30, mean age 23.1 y) reported no history of
neurological and/or psychiatric diagnosis and had normal or corrected
to normal vision.

4.3. Task design and procedure

Visual scenes were presented to the participants projected onto a
back-projection screen position in front of the participants inside a
magnetically shielding room (MSR). The back-projection screen had the
size of 39 x 46 cm corresponding to a visual angle of vertical 27° x 32°
horizontal dva (degrees of visual angle). Three sets of visual scenes (100
scenes each) were used. Two sets were displayed during the study
(encoding) and the test phase. The scenes in the third set served as lures
and were presented exclusively during the test phase. Set assignment to
study and test phase was counterbalanced across participants. A training
session preceded the actual memory task to ensure participants famil-
iarity with the task procedures. Nine additional scenes not used in the
main experiment were shown during the training session. All partici-
pants were made aware about the memory test prior to data acquisition.

During the study phase, visual scenes (indoor and outdoor images)
were displayed for 4 s with the constrained that no more than 4 scenes
from the same category could appear consecutively. Participants were
instructed to report via button press whether or not the current scene
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displayed was an indoor or outdoor image. The response was given
during the display of a fixation cross with a variable duration between 1
and 2 s presented after each scene. During scene viewing, participants
were not required to maintain fixation but were allowed to freely
explore the scenes.

A short distracter session was required after each study phase. This
session consisted of solving simple mathematical problems (appr.
1 min), a simple saccade task during which participants had to saccade
to various locations on the screen (5 min), eyes open and eyes closed
data acquisition (appr. 1 min each). The purpose of this distracter ses-
sion was to prevent participants from covert rehearsing.

The test phase followed thereafter. The three sets of images (200 old
items from the study phase intermixed with 100 new items) were
randomly presented for viewing duration of 4 s. The randomization had
the constrained that no more than 4 images of the same type (old/new)
could be shown consecutively. Following each image presentation, a 6-
point response scale was displayed. Participants were required to indi-
cate whether the just presented image was “old” or “new” with the scale
ranging from “very sure old”(1) to “very sure new”(6). The 6-point scale
remained on the visual display until the participants response was given
followed by a fixation cross of variable duration ranging between 0.75
and 1.25 s. Aremembered item is defined by a correct response (old; 1, 2
or 3) that was provided in the test phase when an old item was pre-
sented; a later forgotten item is defined by an incorrect response (new; 1,
2 or 3) that was provided in the test phase when an old item was
presented.

4.4. Data acquisition

Whole head magnetoencephalography (MEG) was acquired with a
275-axial gradiometer system (VSM MedTech/CTF MEG, Coquitlam,
Canada) within the MSR. During data acquisition, the sampling fre-
quency was set to 1200 Hz using a low-pass antialiasing filter at a cutoff
frequency of 300 Hz. Ocular artifacts were monitored by horizontal and
vertical electrooculogram using Ag/AgCl electrodes and a bipolar
montage. Head movements were tracked continuously using 3 coils
placed in the vicinity of the nasion and the left and right ear canals (Stolk
etal., 2013). An Eyelink 1000 (SR Research) system was used to monitor
horizontal and vertical eye movements of the left eye. Prior to data
acquisition, eye tracker calibration was performed which involved the
collection of gaze fixation samples from pre-defined positions (9 dots on
a 3 x3 grid) on the visual display. Raw eye tracking data was mapped to
these pre-defined screen coordinates followed by a validation procedure
to ensure sufficient correspondence between the position of the current
gaze fixations and the one obtained during the preceding calibration.
The calibration was accepted if the difference was < 1° dva.

4.5. Data preprocessing and analysis

4.5.1. MEG data

Offline data analyses was performed with the open source software
for neuroelectric- and neuromagnetic data analysis (FieldTrip (Oos-
tenveld et al., 2011)). The continuous data was segmented around the
events of interest (scene onsets) into epochs of 8 Section (3 s baseline
prior to event onset). Following a finite impulse response band-pass
filter (1-40 Hz) the epochs were re-segmented to exclude potential fil-
ter artifacts resulting in time range of — 2.5-4.5 s around the event
onset. Oculo-muscular and cardiac artifacts were identified and
removed from further analysis by means of independent component
analysis (ICA; see Fig. S9, for a supplementary analysis without applying
ICA to the data). These procedures were applied to all data epochs
extracted during the study (encoding) and test (retrieval) phase. Sub-
sequently, for each epoch, time-frequency estimates of power were
computed using a sliding window of 0.5 s and a Hanning taper resulting
in a frequency resolution of appr. 2 Hz. The window slid every 50 ms
within the range of — 2-4 s around the event onset. Power estimates
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were averaged across epochs for each condition separately, e.g. encod-
ing (remembered/forgotten), retrieval (remembered/forgotten). Base-
line correction using the time window of — 1 to — 0.25 (encoding) and
— 0.75 to — 0.25 (retrieval) was applied transforming the raw power
estimates into dB change from pre-stimulus baseline. The number of
trials used in the present analysis were Niemembered = 145.15/30
(M/STD) and Niorgotten = 54.77/30 (M/STD).

We followed a similar approach to split the epochs into high versus
low pre-stimulus alpha power during scene encoding. Specifically, a Fast
Fourier transform was applied to the data prior to stimulus onset (—1 to
0 s), including all occipital sensors (see Fig. S4). A Hanning taper was
used, resulting in appr. 1 Hz frequency resolution. The mean power
within the alpha/beta frequency range (10-20 Hz) was extracted and
averaged over all occipital sensors. Subsequently, trials with high and
low alpha power were separated by means of median split. Using this
subset of high and low alpha power trials, the power estimates were re-
grouped and averaged over trials. Finally, the difference between the
condition’s alpha power low minus alpha power high was computed.

4.5.2. Source analysis

Source reconstruction was performed using frequency domain
spatial filtering algorithm (Gross et al., 2001). Using the cross-spectral
density matrix constructed for a frequency of interest (e.g. alpha/beta
14 Hz + 4 Hz) the algorithm computes a spatial filter specific for a given
brain location (i.e. voxel, 1 cm?®). These filters were computed using all
data during the pre and post stimulus intervals (e.g. common filter
approach). Individual head models were computed using structural MR
images aligned to the coordinated system of the MEG device. The details
of the MR acquisition and alignment procedure are detailed in (Staudigl
et al., 2017b).

4.5.3. Gaze data

The raw eye tracking data was converted from voltage to pixel co-
ordinates following the procedures described here https://www.fieldt
riptoolbox.org/getting_started/eyelink/#what-are-the-units-of-the-
eye-tracker-data. Gaze density was expressed as the 2D heat map ac-
cording to the procedures described here (https://stackoverflow.
com/questions/46996206/matlab-creating-a-heatmap-to-visualize
-density-of-2d-point-data). Briefly, the scatter plot of all x and y posi-
tions was converted into an image array (using imagesc.m in MATLAB)
after a 2-D convolution (conv2.m) with a Gaussian filter matrix G. For the
given range of x and y coordinates denoted as xG and yG and width
parameter sigma (in the present case set to 2.5), G = exp[—xGZ/
2 *sigmaz) - yGZ/(Z *sigmaz)]. After 2D conversion the eye tracking
data was converted to a structure that can be read by FieldTrip akin to
the one for time-frequency data. Subsequently, all approaches available
for statistical treatment of time-frequency data could be applied to the
gaze density data. An example illustrating the 2D heat map procedure is
provided in Fig. S7.

4.5.4. Relationships between MEG and gaze data

In order to examine the relationship between the continuous MEG
recording and the gaze variation as presented in Fig. 2 the following
procedures were utilized. First, the continuous data from occipital sen-
sors was segmented into trials of 2 s length. Following Fourier analysis
as described above, the 1/f aperiodic component was removed from
each trial using the specparam routines (Donoghue et al., 2020b)
allowing the parametrization and visualization of periodic components
(e.g. alpha activity) in the continuous data. Subsequently, these trials
were concatenated yielding a time-frequency representation of power
(e.g. Fig. 2 A). Next, for each trial, the corresponding gaze data was
computed as described above, averaged along the vertical direction and
concatenated, yielding a time by horizontal position spectrogram with
color coded density of horizontal gaze direction (e.g. Fig. 2B). For each
participant, the time course of occipital alpha power was extracted by
averaging the spectral estimates across the dominant frequency band
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width (e.g. 10-14 Hz) across all occipital sensors. The reason for taking
10-14 Hz rather than alpha/beta activity is that in spontaneous re-
cordings the dominant rhythm is alpha, whereas alpha/beta decreases
are scored as function of baseline or some contrast that in this case we do
not have. Instead we took the spontaneous signal exhibiting strongest
power mostly in the 10-14 Hz range. Similarly, the time course of gaze
density averaged around fixation at 0 dva ( £ 0.5 horizontal dva) was
extracted. These time courses were correlated using a bootstrapping
resampling procedure with 1000 iterations yielding a distribution of
correlations between the two time courses (e.g. Fig. 2D). Surrogate data
was generated by circularly shifting the time series 1000 times, where at
each iteration, the length of the time shift was randomly chosen ranging
between 1 s and the total duration of the recording. This procedure
resulted in a surrogate distribution of correlations (e.g. Fig. 2D), against
which the distribution of correlations obtained from the original data
was compared. All correlation coefficients were transformed into
z-scores (e.g. z=1og((1 +r) / (1- r))/2) prior to further statistical
evaluation. Finally, the coherence between the MEG and gaze time series
was computed. Given a sampling frequency of 0.5 Hz determined by the
length of the trials used to derived these time courses (see above), the
MEG and gaze data was first re-segmented into epochs of 200 s length. A
multi-taper approach (Mitra and Pesaran, 1999) was used to estimate
power and cross-spectral density for each trial padded with zeros at the
begin and the end of each trial (500 s in total). Three tapers were used
covering the frequency range from O to Nyquist frequency (0.25 Hz).
The phase in the cross-spectra represents the phase difference between
the oscillatory signals of the MEG and gaze time series, with consistent
phase difference resulting in larger coherence values. Surrogate data
was generated by permuting the trial order of the MEG and gaze data
with respect to each other and computing coherence. This approach was
repeated 1000 times and the resulting coherence values were averaged
resulting in the surrogate coherence result presented in Fig. 2E.

4.5.5. Statistics

Statistical control followed the cluster-based permutation framework
(Maris and Oostenveld, 2007). This approach utilizes clustering across
sensors, time points, and frequency (wherever appropriate). Multiple
comparisons problem was addressed by using 1000 permutations and a
two-tailed alpha threshold of 0.05 (p < 0.025). Correlations were eval-
uated by utilizing Spearman’s correlation coefficient Rho.
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