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Overground Walking Decreases
Alpha Activity and Entrains Eye
Movements in Humans
Liyu Cao*, Xinyu Chen and Barbara F. Haendel

Department of Psychology (III), Julius-Maximilians-Universität Würzburg, Würzburg, Germany

Experiments in animal models have shown that running increases neuronal activity

in early visual areas in light as well as in darkness. This suggests that visual

processing is influenced by locomotion independent of visual input. Combining mobile

electroencephalography, motion- and eye-tracking, we investigated the influence of

overground free walking on cortical alpha activity (∼10Hz) and eye movements in healthy

humans. Alpha activity has been considered a valuable marker of inhibition of sensory

processing and shown to negatively correlate with neuronal firing rates. We found that

walking led to a decrease in alpha activity over occipital cortex compared to standing.

This decrease was present during walking in darkness as well as during light. Importantly,

eye movements could not explain the change in alpha activity. Nevertheless, we found

that walking and eye related movements were linked. While the blink rate increased

with increasing walking speed independent of light or darkness, saccade rate was only

significantly linked to walking speed in the light. Pupil size, on the other hand, was larger

during darkness than during light, but only showed a modulation by walking in darkness.

Analyzing the effect of walking with respect to the stride cycle, we further found that blinks

and saccades preferentially occurred during the double support phase of walking. Alpha

power, as shown previously, was lower during the swing phase than during the double

support phase. We however could exclude the possibility that the alpha modulation was

introduced by a walking movement induced change in electrode impedance. Overall, our

work indicates that the human visual system is influenced by the current locomotion state

of the body. This influence affects eye movement pattern as well as neuronal activity in

sensory areas and might form part of an implicit strategy to optimally extract sensory

information during locomotion.

Keywords: mobile EEG, alpha oscillations, blinks, saccades, locomotion, pupil size, walking phase, motor

entrainment

INTRODUCTION

Exciting findings from electrophysiological research in the animal model suggest that an increased
walking speed results in enhanced neural activity in the visual domain. The firing rates of neurons
in the primary visual cortex of mice, a cortical area responsible for processing basic visual input,
are modulated depending on the running speed even in complete darkness (Niell and Stryker,
2010; Keller et al., 2012; Ayaz et al., 2013; Polack et al., 2013; Saleem et al., 2013; Fu et al.,
2014; Lee et al., 2014; Dadarlat and Stryker, 2017; Clancy et al., 2019). For review, please see
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Busse et al. (2017) and Händel and Scholvinck (2017). This
modulation goes beyond the influence of arousal (Vinck et al.,
2015). Similar effects have been reported in invertebrates
(Chiappe et al., 2010; Maimon et al., 2010; Weir et al.,
2014). While there is behavioral and electrophysiological work
indicating that movements and cognitive processes such as
memory, attention and perception are linked in humans
(Mcmorris and Graydon, 2000; Gramann et al., 2010; Schmidt-
Kassow et al., 2013; De Sanctis et al., 2014; De Vos et al., 2014;
Kranczioch et al., 2014; Lin et al., 2014; Wascher et al., 2014;
Bullock et al., 2015, 2017; Labonté-Lemoyne et al., 2015; Conradi
et al., 2016), work showing an influence of locomotion on visual
cortical activity as shown in animals is sparse in humans. In
this respect, two recent studies showed that walking can lead
to increased surround suppression (Benjamin et al., 2018) and
peripheral visual information processing (Cao and Händel, 2019)
in humans. Both studies provided evidence that locomotion can
also lead to a change in visual processing of a stimulus, as has
been shown in animals.

In human non-invasive electrophysiology, one possibility to
look at ongoing activity is the power analysis of sustained
oscillatory activity. Alpha activity, as a marker of inhibitory
activity (Klimesch, 1999; Klimesch et al., 2007; Händel et al.,
2011), has been found to be closely related to the firing rates of
single neurons (Haegens et al., 2011). A reduction in alpha power
during walking could therefore mark an increased activity in
humans comparably to that found in animals. Indeed there have
been previous reports of decreased oscillatory power in the alpha
band (∼10Hz) during movements (e.g., walking) and navigation
(Ehinger et al., 2014; Lin et al., 2014; Scanlon et al., 2017; Cao
and Händel, 2019). Additionally, there are reports of alpha and
beta oscillatory power (mainly over sensorimotor cortex) being
modulated by the phase of walking (see e.g., Gwin et al., 2011;
Wagner et al., 2014; Roeder et al., 2018). A typical finding is
that alpha power is lower during the swing phase compared to
the double support phase of walking. However, it is not clear
if the phase modulation of brain oscillations during walking is
contributed by an electrode impedance change. It is possible that
a specific walking phase (e.g., the heel strike) may lead to a change
of the electrode impedance due to a small turbulence introduced
by the movement.

When participants are allowed to freely move without any
restrictions, as in the current study, it is very important to keep
in mind that movements influence each other. Body movements
have been shown to interact on various scales. For example,
if the head is free to move, an increased saccade rate can
be found (Kowler, 1991). Whereas, if the head is fixed, very
small saccades referred to as microsaccades will increase in
rate and/or amplitude (Collewijn and Kowler, 2008). Walking
and eye-related movements also seem to be tightly linked. A
recent study has shown a delicate coordination between gaze
and gait cycle during natural overground walking (Matthis et al.,
2018). Earlier work additionally suggests a temporal relationship
between foot and eye movements by showing that saccades
during walking are most likely made in the double support
phase just before the toe-off (Hollands and Marple-Horvat,
2001).

In the current study, we ask if the alpha power decrease during
walking is independent of visual input (e.g., in the dark) and
thereby comparable to the animal findings. The walking phase
modulation of alpha power is further investigated by measuring
the electrode impedance during a full stride cycle. Additionally,
the effect of walking and walking phase on eye movements (e.g.,
saccades) is investigated. This is an interesting question by itself
but also contributes to the interpretation of the changed brain
activity during walking as changed eye movements may also lead
to a changed brain activity.

MATERIALS AND METHODS

Participants
Thirty healthy participants (20 females; mean age = 29.2;
SD = 8.0) were recruited from a local participant pool for
the main experiment, and 18 healthy participants (10 females;
mean age = 31.5; SD = 4.7) were recruited for the electrode
impedance measurement during walking. All participants gave
written informed consent prior to the study and received
monetary compensation after the study. The study was approved
by the local ethics committee (Department of Psychology,
University Würzburg) and was conducted in accordance with
the Declaration of Helsinki and the European data protection
law (GDPR).

Task and Procedure
In the speed condition, participants were standing still
(speed = 0), slow walking (low speed) or normal walking
(normal speed) (i.e., 3 levels; main experiment). Participants
chose their own comfortable walking speed with the constraint
that they should walk slower in the slow walking as compared
to the normal walking. Participants were engaged with normal
overground walking instead of treadmill walking as commonly
seen in previous walking studies (e.g., Lin et al., 2014). Each
speed was conducted in two lighting levels: in the dark or in
the light. Therefore, this is a 2 (lighting condition: light vs.
dark) by 3 (speed condition: standing still, slowing walking, and
normal walking) within-subjects design. Each of the 6 levels
was tested in a 76.5-s session, and the order was randomized.
Given the prominence of alpha activity in EEG data, a 76.5-s
recording session should be more than enough to achieve a fair
assessment of the activity strength. A 1-s tone was delivered
in the beginning and at the end of each session signaling the
session start/end. There was a break of about 2min between each
session. A 3D-printed black plastic blindfold, consisting of a
goggle like structure (fitted around eye tracking glasses, see below
for details) with a front cover, together with an opaque canvas
wrapped around the participant’s head created a maximally
dark environment. Only a few participants reported seeing very
dim, constant beams in the created dark environment. In the
light level, the front cover of the blindfold was removed. The
average field of view measured from two participants in a pilot
study was 110◦ (horizontal) and 50◦ (vertical). Participants were
told to keep their eyes open in all testing sessions. Prior to the
current task, participants had completed another unrelated EEG
study involving a visual detection task as described elsewhere
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(Cao and Händel, 2019). A controlled saccade test and some
questionnaire data were collected after the task. The experiment
was conducted in a large activity hall (about 30 × 50m; wooden
floor) of the university gym. In all sessions in which walking
was required, participants stayed within an area of about 100 m2

in the center of the activity hall. The experimenter was always
present, quietly monitoring the walking path. A warning was
given when participants walked too close to the wall. In total,
nine participants received on average three warnings when
walking in the dark.

For the impedance measurement, another 18 participants
were tested (different cohort from the main experiment). The
task was similar to the normal walking session in the main
experiment (in the light). Each participant was tested for 3min
in two separate testing sessions: one session with the electrode
impedancemeasured throughout the 3-min testing, and the other
without. The testing was conducted in a smaller room (about 5×
6 m).

Data Recording
EEG data were collected using a Smarting mobile EEG system
(mBrainTrain LLC, Serbia), which has 24 recording channels
with a sampling rate of 500Hz. We used 6 channels for EOG
(electrooculogram) recording (for each eye: one below and one
above the eye, one to the outer canthus) and 18 channels for
EEG recording (with one electrode on each earlobe for possible
re-referencing; see Figure 1C for EEG channel distribution). A
common mode sense active electrode placed between Fz and
Cz was used for online reference. The EEG signal amplifier and
data transmitter are integrated into a little box (82 × 51 ×

12mm; 60 grams) which is attached to the back of the EEG
cap. Data transmission is achieved via bluetooth. Motion data
(velocity and acceleration; sampling rate: 120Hz) were collected
using a Perception Neuron system (https://neuronmocap.
com/products/perception_neuron; Noitom Ltd., China). Three-
dimension velocity and three-dimension acceleration data were
collected from three sensors: one attached to each foot ankle
(a few centimeters above the lateral malleolus) and the third
one attached to the participant’s back (at the waist level).
The motion sensors were firmly attached on the top the
participants’ clothes. The pupil size was measured, only in the
main experiment, with mobile eye-tracking glasses (SMI-ETG,
SensoMotoric Instruments GmbH, Germany), with a sampling
rate of 120Hz. The glasses were worn under the blindfold
during the testing. Triggers for recording session start/end were
generated with the software Lab Streaming Layer (https://github.
com/sccn/labstreaminglayer), which was also used for collecting
and synchronizing other streams of data (EEG, motion data and
pupil size data). A Dell laptop (model: Latitude E7440) was used
for running the experimental program. During the experiment,
participants carried the laptop in a rucksack.

Data Analysis
All the data analysis detailed below was completed using the
Fieldtrip toolbox (Oostenveld et al., 2011) and in-house scripts
running on Matlab (The MathWorks Inc., USA).

Alpha Power
For each 76.5-s testing session, the EEG data were re-referenced
to the grand average (excluding EOG channels and the two
earlobe channels, i.e., 16 channels were used for analysis) before
a low-pass filter at 100Hz (a windowed sinc finite-impulse-
response filter with Kaiser windowing was used for all the
filtering processes unless otherwise stated) and a high-pass filter
at 1Hz were applied. The filtered data from six testing sessions
were then combined into one data structure and reduced to
10 dimensions with principal component analysis, which was
followed by an independent component analysis (ICA) using
the “runica” (Infomax) approach (Delorme and Makeig, 2004).
The power spectrum of each ICA component was obtained
using Welch’s method (1 s time window, 50% overlap, 1Hz
resolution). ICA components were selected for further analysis
if an alpha peak was found in the power spectrum and if the
component topography has higher loading on occipital sensors
than other sensor. Specifically, a component was selected if all
the following requirements were met: 1. There were local peaks
from 6 to 14Hz in the component power spectrum; 2. The
width of the local peak, which was defined as the frequency
width between the two adjacent local minimums, should be at
least 4Hz (avoiding noisy transient peaks). If there were more
than one local peak, the local peak with the largest width was
taken (also for step 3); 3. The power at the local peak frequency
should be at least 3 times higher than the mean power between
20 and 50Hz (avoiding components with a broad band high
power); 4. In the ICA topography, the maximum absolute weight
from sensors in the occipital area (O1, O2, and POz) was
larger than the maximum absolute weight from all other sensors.
Four participants were excluded as no components fulfilled the
above requirements. On average, 2.4 components (SD = 0.8)
were obtained from the remaining 26 participants. Each alpha
component was partitioned back into the six testing sessions, and
the average power spectrum of all components was calculated
for each testing session. For alpha topography (Figure 1C), the
selected components were projected back into sensor space and
the alpha power was obtained for each sensor using Welch’s
method with the aforementioned parameters.

Saccade Detection
Saccade detection was based on the so-called REOG (radial EOG)
component, which is the difference between the mean of all six
EOG channels and the Pz channel. REOG component was band-
pass filtered between 20 and 90Hz using a 6th order Butterworth
filter and then Hilbert transformed to obtain the amplitude
envelop. All data points where the amplitude value deviated from
the mean by 2.5 standard deviations were considered saccade-
related and were grouped into one saccade if they were <20ms
apart. The above saccade detection procedure was performed
separately for each testing session. This method was shown to
be able to detect saccades very reliably when there are no head
movements (Keren et al., 2010). However, applying the same
method to a free walking setting, one needs to keep in mind
that the method actually detects a relative movement between
the eyes and the head. When the eyes maintain fixation head
movements may lead to an increase in the amplitude of REOG
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FIGURE 1 | Alpha decreases during walking. (A) A schematic illustration of the EEG data analysis approach. Preprocessed data were subjected to independent

component analysis and the ICA components with high alpha power from the occipital area were identified automatically. The selected ICA components were then

averaged within each testing session for further comparison. (B) EEG power spectra from alpha ICA components in each condition (left and middle). The magenta line

(Continued)
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FIGURE 1 | on the abscissa marks the frequency bands showing significant differences between speed levels (FDR adjustment for multiple comparison) separately for

the light and dark. One the right, the alpha power in each condition was plotting separately for better visualization. Asterisks indicate p < 0.05. Shading and vertical

lines indicate ±1 standard error. N = 26. (C) The topography of alpha power in each condition. The strongest activation (column 1–3) and the most prominent

difference between standing still and normal walking (column 4) were found in the occipital area.

signal. The vestibulo-ocular reflex would be an example of such
behavior. We want to point out that during our experiment
there was no constraint on head or eye movements. We assume
that most eye movements were part of the normal orienting
movements that combine head and eye movements in addition
to small corrective movements. A classical vestibulo-ocular reflex
as introduced by unexpected head movements or head rotation
during forced fixation did not occur during our experiment.
In Supplementary Figure 1A, the saccadic spike potentials of
detected saccades were shown, which seem quite comparable to
those detected during head fixation.

Blink Detection
Blinks were detected from the vertical EOG component, i.e.,
the amplitude difference between the EOG channels above and
below eyes. The vertical EOG component was high-pass filtered
at 0.2Hz and low-pass filtered at 10Hz. A blink was marked if
the vertical component crossed an individually defined threshold.
The threshold was determined based on the amplitude of EOG
component from individual data through visual inspection (the
testing condition information was not available to the researcher
during inspection) and the same threshold was used for all
testing sessions of the same participant. The mean threshold
across participants was 50.8 µV (SD = 11.8 µV). Blinks with the
ratio between amplitude standard deviation and mean amplitude
smaller than 0.2 were excluded. Adjacent blink points within
100ms were combined into one blink. Results of blink detection
from both eyes were quite similar. Only results from the left eye
were used.

Pupil Size
Raw pupil size (radius) data were quite noisy. For the complete
pupil size data series (i.e., all the six testing sessions including
the break time between sessions), missing data points were first
excluded before a low pass filtering at 0.5Hz was performed.
Data from two participants were excluded as proportions of
missing data points were more than 99%. Themissing data points
were then filled using a linear interpolation method (matlab
“fillmissing” function). The complete pupil size data were then
grouped into each testing session and the average pupil size in
each testing session was calculated (results were very similar
between filled data and the data excluding missing points). For
the remaining 28 participants, the three speed levels in the light
had mean missing points of 6.7% (SD = 9.8%, standing still),
8.6% (SD= 11.2%, slow walking) and 9.2% (SD= 11.7%, normal
walking), and in the dark had a mean of 15.3% (SD = 21.8%,
standing still), 14.2% (SD = 17.4%, slow walking) and 18.8%
(SD = 24.8%, normal walking). A 2 (lighting condition: light
vs. dark) by 3 (speed condition: standing still, slow walking, and
normal walking) within-subjects ANOVA (analysis of variance)
comparing the proportion of missing data points gave only a

significant main effect of lighting (F(1,27) = 11.39, p< 0.001). The
pupil size from the left eye was used (right eye data were similar
to the left eye and produced statistical results not qualitatively
different from the left eye in all related tests).

Analyzing the Relationship Between Alpha
Power and Eye-Related Movements
To analyse the possible relationship between alpha power and
eye-related movements, alpha power in each 1 s epoch was
obtained. The 76.5-s data in each session (i.e., the selected ICA
components) were divided into epochs of 1-s with 0.5 s overlap
between epochs (912 epochs in all testing sessions). The alpha
power in each epoch was obtained using a fast Fourier transform
after applying a Hamming window, which would give the same
result of the mean alpha power in the whole 76.5 s as Welch’s
method did. Within each session, epochs with extreme alpha
power were excluded using the MAD-median rule: let p be
the alpha power in an epoch and P be the alpha power of all
epochs within a testing session. If |p – median(P)| x 0.6745
> 2.24 × MAD-median (the median absolute deviation from
the median), this epoch is an outlier (Wilcox and Rousselet,
2018). The epochs were grouped depending on the number of
saccades/blinks detected or the average pupil size. Epochs with
more than 5 saccades (5.5% of all epochs) or more than 1 blink
(9.2% of all epochs) were excluded. On average, there were 146.77
epochs (SD= 55.89) with 0 saccade, 239.46 epochs (SD= 40.65)
with 1 saccade, 251.77 epochs (SD = 36.46) with 2 saccades,
163.12 epochs (SD = 48.58) with 3 saccades, and 64.73 epochs
(SD = 22.40) with 4 saccades in all testing sessions. There were
472.08 epochs (SD= 172.68) with 0 blink, and 355.77 epochs (SD
= 115.90) with 1 blink. For each participant, the pupil size data
were divided into five groups from lowest pupil size to highest
pupil size with equal number of epochs within each group. Alpha
power was then compared between different groups separately
for saccade rate, blink rate, and pupil size.

Walking Phase and Related Analyses
The walking phase information was estimated from the velocity
data (see also Figure 3A for an illustration). Three-dimension
velocity data were transformed to one-dimension speed data
using the following formula:

speed = sqrt((velocity_x)∧2+ (velocity_y)∧2+ (velocity_z)∧2),

where velocity_x, velocity_y, and velocity_z indicate the velocity
data in three orthogonal dimensions. For each testing session,
the speed time series from both ankles were added up and
the combined speed time series was low-pass filtered at 2Hz
(walking speed data from one participant was missing due to
technical error). Local minimum speed points were identified
from the combined speed time series as the start point of a
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stride cycle (note that the start point of a stride cycle was also
the end point of the stride cycle before). The stride cycle, as
obtained here, did not distinguish between left foot stride and
right foot stride. In all related analysis, stride cycles (steps)
with a particularly long duration (i.e., the duration between
two consecutive local minimum speed points) were excluded
using the MAD-median rule. The local maximum speed point
between two local minimum speed points was also identified for
plotting the average speed profile of stride cycles (Figure 3B).
The average duration of stride cycles was 1.13 s (SD = 0.35 s)
during slow walking in light, 0.62 s (SD = 0.08 s) during normal
walking in light, 1.14 s (SD= 0.32 s) during slow walking in dark,
and 0.66 s (SD = 0.10 s) during normal walking in dark. The
average number of stride cycles was 68.4 (SD= 17.5) during slow
walking in light, 120.6 (SD = 17.3) during normal walking in
light, 65.5 (SD = 14.9) during slow walking in dark, and 108.4
(SD = 11.9) during normal walking in dark. For the analysis of
possible modulatory effects from walking phase, the time period
between two local minimum speed points (i.e., one stride cycle)
was divided into 9 smaller equally spaced time periods, i.e., nine
walking phases. Since the walking phase was defined based on
the continuous walking speed data, we refer to a phase as low
speed phase when the walking speed reaches a local minimum
(i.e., in both ends of a stride cycle) and a phase as high speed
phase when the walking speed is high (i.e., in the middle of
a stride cycle). The low speed phase may correspond to the
canonically defined double support phase when both feet are
touching the ground. The high speed phase (especially phase
5 in the middle) would correspond to the canonically defined
swing phase with one foot in the air. The average alpha power,
saccade rate, blink rate, and the average pupil size were computed
for each walking phase. The alpha power evolution over time
was also calculated for each testing session. This is necessary
for the analysis of the relationship between alpha power and
walking phase. Each alpha ICA component was band-pass filtered
(Hamming window) between 8 and 12Hz. A Hilbert transform
was applied to the filtered data so that a power envelope can
be obtained for each component before averaging. Note that the
alpha power obtained in this way was much larger in amplitude
as compared to the alpha power obtained using Welch’s method.
Steps that with extreme alpha power were excluded using the
aforementioned MAD-median rule.

Electrode Impedance
The continuous impedance data can be calculated from the signal
power at 125Hz for each electrode with the Smarting mobile
EEG system when the impedance measurement was switched
on. The power at 125Hz was obtained for each sampling point
using a 200ms window after applying a Hamming tapper. The
error in the measured impedance is about 1.5 kohm, so the
impedance may appear slightly below 0 when the connection
between the scalp and the electrode is very good. The impedance
from four electrodes showing very strong alpha activities (“O1,”
“O2,” “P7,” “P8”) were averaged, and sorted into different walking
phases before being compared (similar to the analysis of the
relationship between walking phase and alpha power). Data from
two participants were not included due to technical error during
the recording, leaving 16 participants in the final results.

Statistical Analyses
Within-subjects ANOVA, e.g., a 2 (lighting condition: light
vs. dark) by 3 (speed condition: standing still, slow walking,
and normal walking) within-subjects ANOVA comparing alpha
power, and (two-tailed) paired t test were carried out for various
comparisons detailed in the results section. Throughout the
manuscript, all statistical comparisons were non-parametric,
which was implemented through the randomization test
(parametric statistics gave similar results in each of test reported
in the whole manuscript). In the randomization test, the variables
were randomly exchanged between conditions within each
participant to obtain the distribution of the statistical variable
(F value in ANOVA, mean difference between conditions in
t test) under the null hypothesis, i.e., there are differences
between conditions. The statistical variable obtained from the
original data (no randomization) was then compared to the null
distribution to derive a p value. The within-subjects ANOVA
algorithmwas implemented by Gladwin (Gladwin, 2020), and the
paired t test was implemented by ourselves. Statistical results are
reported as significant when the p value is smaller than 0.05, and
corrections for multiple comparisons were mentioned in the text
whenever they were performed.

RESULTS

Walking State Modulates Alpha Power,
Eye-Related Movements, and Pupil Size
The average walking speed as detected by a motion sensor
attached to the back was 0.53 m/s (SD = 0.18) during slow
walking in light, 1.12 m/s (SD = 0.17) during normal walking
in light, 0.50 m/s (SD = 0.17) during slow walking in dark,
and 0.96 m/s (SD = 0.16) during normal walking in dark. A
2 (lighting condition: light vs. dark) by 2 (speed condition:
slow vs. normal walking) within-subjects ANOVA indicated that
participants walked significantly faster during normal walking
than during slow walking [F(1,28) = 243.34, p < 0.001], and in
light than in dark [F(1,28) = 29.86, p < 0.001]. A significant
interaction was also found [F(1,28) = 16.48, p< 0.001], which was
due to the fact that there was no significant difference in speed
during slow walking between light and dark [t(28) = 1.65, p =

0.11], but normal walking was significantly faster in light than in
dark [t(28) = 5.47, p < 0.001].

ICA components with strong alpha activity (8–12Hz) were
extracted (Figure 1A). Unsurprisingly, alpha activities from the
extracted ICA components were very strong (Figure 1B). A one-
way within-subjects ANOVA was first carried out to compare
the power spectra between speed levels for each frequency
between 2 and 50Hz, separately for the light and the dark
lighting levles (multiple comparisons were adjusted with false
discovery rate, FDR) (Yekutieli and Benjamini, 1999). Significant
differences in the alpha band were found in both lighting levels.
We then specifically compared alpha power using a 2 (lighting
condition: light vs. dark) by 3 (speed condition: standing still,
slow walking, and normal walking) within-subjects ANOVA.
The results showed significant main effects of lighting [F(1, 25)
= 16.84, p < 0.001] and speed [F(2, 50) = 11.49, p < 0.001].
A significant interaction was also found [F(2, 50) = 5.70, p <
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0.001]. Alpha power was lower in the light (mean = 94.08; SD
= 78.20) compared to the dark (mean = 315.05; SD = 309.42).
In the light, alpha power was lower in both slow walking [mean
= 81.07; SD = 67.18; t(25) = −2.44, p = 0.01] and normal
walking [mean = 80.92; SD = 62.66; t(25) = −2.67, p = 0.003]
compared to standing still (mean = 120.26; SD = 119.59), with
no significant difference being found between slow walking and
normal walking [t(25) = 0.03, p = 0.99]. A similar pattern was
found in the dark, with alpha power being lower in both slow
walking [mean = 288.55; SD = 297.80; t(25) = −4.03, p < 0.001]
and normal walking [mean= 246.94; SD= 225.05; t(25) =−3.13,
p < 0.001] compared to standing still (mean = 409.67; SD =

432.69), and not significantly different between slow walking
and normal walking [t(25) = 1.36, p = 0.20]. The interaction
effect indicates that the effect of alpha decrease during walking in
the dark [within-subjects one-way ANOVA comparing between
speed levels: F(2, 50) = 9.45, p < 0.001] was stronger than in
the light [within-subjects one-way ANOVA comparing between
speed levels: F(2,50) = 6.08, p = 0.004]. The topography of
alpha power in each condition showed a strong activation in the
occipital area (sensors O1 and O2), suggesting a visual origin of
the alpha oscillations considered here (Figure 1C). The strongest
alpha power difference between standing still and normal walking
(still – normal walking) was also found in occipital sensors.

The same 2 (lighting condition: light vs. dark) by 3 (speed
condition: standing still, slow walking, and normal walking)
within-subjects ANOVA was then performed to compare
saccade rate, blink rate and pupil size. For saccade rate (see
Supplementary Figure 1A for the saccadic spike potential for
detected saccades), both main effects of lighting [F(1, 29) = 11.23,
p= 0.001] and speed [F(2, 58) = 40.18, p< 0.001] were significant,
including a significant interaction effect [F(2, 58) = 17.13, p <

0.001] (Figure 2A). Post-hoc analysis for the interaction effect
showed that saccade rate increased with speed in the light (slow
walking vs. standing still: {t(29) = 7.11, p< 0.001; normal walking
vs. slow walking: [t(29) = 3.58, p <0.001]} but not in the dark
(all comparisons between speed level pairs gave p values larger
than 0.05). For blink rate, only the main effect of walking was
significant [F(2,58) = 31.52, p < 0.001], indicating that blink rate
increased with speed {slow walking vs. standing still: [t(29) = 3.75,
p < 0.001]; normal walking vs. slow walking: [t(29) = 7.42, p <

0.001]} (Figure 2B). For pupil size, the main effect of lighting
[F(1, 27) = 228.50, p < 0.001] and the interaction effect [F(2, 54)
= 3.51, p = 0.04] were significant (Figure 2C). Post-hoc analysis
for the interaction effect indicates that, in the dark, pupil size
increased from standing still to slow walking [t(27) = 2.40, p =

0.02] and to normal walking [t(27) = 2.22, p = 0.03], with no
difference being found between normal and slow walking [t(27)
= 0.42, p = 0.69]. Whereas, in the light, no differences could be
found between any speed level pairs (all p values were >0.27).

No General Link Between Alpha Power and
Eye-Related Movements
Since walking modulates both alpha power and eye movements,
it is important to ask if alpha power and eye-related movements
are related in the current dataset. To test this, the 76.5-s data in

each testing session were divided into epochs of 1-s with 0.5 s
overlap between epochs. For each epoch, alpha power, numbers
of saccades and blinks, and the average pupil size were obtained.
Alpha power was not modulated by the number of saccades
[F(4, 100) = 0.97, p = 0.44] or blinks [F(1, 25) = 0.001, p = 0.98]
for data collapsed over all testing sessions (Figures 2D,E). Pupil
size data were sorted into five groups from smallest pupil size
to largest pupil size. Again, alpha power was not found to be
different between groups [F(4, 92) = 0.72, p= 0.68; Figure 2F].

Walking Phase Modulates Alpha Power
The walking phase was obtained based on the speed information
from both ankles. Speeds from both ankles were added up and
the local minimum speed point was detected as the start and
the end point of a stride cycle (Figures 3A,B). Each stride cycle
was then divided into nine equally long successive time periods,
equivalent to nine walking phases, with the first and the last phase
(low speed phase) roughly corresponding to the double support
phase and the middle phase (high speed phase) corresponding
to the swing phase. The average alpha power within each phase
was computed. Anymodulatory effect fromwalking phase should
lead to different strength of alpha power in different phases,
which was tested with a 2 (lighting condition: light vs. dark) by 2
(walking speed condition: slow vs. normal walking) by 9 (walking
phase) within-subjects ANOVA.

Significant main effects were found for lighting [F(1, 24) =

13.87, p < 0.001] and walking phase [F(8, 192) = 6.68, p = 0.004].
The effect of lighting showed that alpha power was higher in the
dark than in the light, which has been shown in the previous
section. The effect of walking phase indicated that alpha power
was lower in the low speed phase as compared to the high speed
phase during a stride cycle (Figure 3C). No other effects from the
three-way ANOVA were significant.

Walking Phase Does Not Modulate
Electrode Impedance
The electrode impedance was measured during normal walking
with an additional 16 participants to test the possibility that
the alpha power modulation by the walking phase, as reported
in the last section, is due to an impedance change resulting
from walking movements. However, the average impedance
of four occipital sensors was not modulated by the walking
phase [F(8, 120) = 0.71, p = 0.80; Figure 4]. Importantly, a
significant alpha power modulation by the walking phase could
still be detected from the 4 sensors [F(8, 120) = 4.72, p = 0.01;
Supplementary Figure 2].

Walking Phase Modulates Eye Movements
For saccade rate, significant main effects from the ANOVA were
found for lighting [F(1, 28) = 27.37, p < 0.001], walking speed
[F(1, 28) = 7.72, p = 0.01], and walking phase [F(8, 224) = 2.39, p
= 0.02] (Figure 5A). The effects of lighting and walking conform
to previous results showing that saccade rates increase from dark
to light, and from slow walking to normal walking. The effect of
walking phase indicated that the saccade rate was different across
walking phases. Furthermore, a significant interaction effect was
found between walking speed and walking phase [F(8, 224) =
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FIGURE 2 | Eye-related movements, pupil size and alpha power. Saccade rate (A; N = 30), blink rate (B; N = 30) and pupil size (C; N = 28) depicted separately for

each condition. Asterisks indicate p < 0.05. Black lines in (B) indicate comparisons in both light and dark. Alpha power was not modulated by the number of

saccades (D; N = 26), blinks (E; N = 26), or the average pupil size (F; N = 24). In (F), the pupil size increased from group 1 to group 5. Vertical lines indicate ±1

standard error. SW, slow walking; NW, normal walking.

2.76, p = 0.02]. Post-hoc analysis indicated that the saccade
rate was modulated by walking phase during normal walking
[F(8, 224) = 3.40, p = 0.004; one-way within-subjects ANOVA],
but not during slow walking F(8, 224) = 0.97, p = 0.45; one-way
within-subjects ANOVA. During normal walking, the saccade
rate appeared to be lower during the high speed phase than
during the low speed phase. No other effects from the three-way
ANOVA were significant.

For blink rate, a similar walking phase modulation effect was
observed. Significant main effects from the ANOVA were found
for walking speed [F(1, 28) = 37.38, p < 0.001] and walking
phase [F(8, 224) = 2.68, p = 0.02] (Figure 5B). The effect of
walking speed showed that the blink rate increased with walking
speed, as already showed in the previous analysis. The effect of
walking phase indicated that the blink rate was different across
walking phases. A significant interaction effect was also found
between walking speed and walking phase [F(8, 224) = 3.52, p
= 0.01]. Similar to the pattern showed by the saccade rate,
post-hoc analysis indicated that the blink rate was modulated
by walking phase during normal walking [F(8, 224) = 3.71, p =

0.004; one-way within-subjects ANOVA], but not during slow
walking [F(8, 224) = 1.81, p = 0.09; one-way within-subjects

ANOVA]. During normal walking, the blink rate appeared to
be lower during the high speed phase than during the low
speed phase. No other effects from the three-way ANOVA
were significant.

For pupil size, only a main effect of light was significant
[F(1, 26) = 200.32, p < 0.001] from the ANOVA, which indicated
that the pupil size was smaller in the light than in the dark.
See Supplementary Figure 3 for the pattern of pupil size across
walking phases.

DISCUSSION

With the study at hand, we show that natural walking leads to
lower occipital alpha power as well as an increased saccade and
blink rate and a larger pupil size. The modulation of alpha power
and blink rate by walking was observed when participants were
walking in light as well as in dark, suggesting that the visual
input during walking is not the driving factor.Walking phase was
further found to modulate alpha power, and blink and saccade
rate in both light and dark. We discuss these findings below
in detail.

Frontiers in Human Neuroscience | www.frontiersin.org 8 December 2020 | Volume 14 | Article 561755

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Cao et al. Walking, Alpha, and Eye Movements

FIGURE 3 | Walking phase modulates alpha power. (A) Illustration of stride cycle extraction. The walking speed from both ankles (left) were added up, and the

combined raw walking speed time series data were filtered (right). The local minimum point and the local maximum point in the filtered data could then be found using

the phase information. The local minimum point was used as the start/end point of a stride cycle. A subset of speed data during normal walking in the dark from one

(Continued)
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FIGURE 3 | participant was used for the illustration. (B) The extracted stride cycles from all participants (N = 29) in each condition. The walking speed of each stride

cycle was aligned to the local maximum point (as shown in A), which is time point 0 on the x-axis, for calculating the average speed profile (blue line). The distribution

of the duration between the local minimum point and the local maximum point is shown with histograms, with scales shown on the right of each plot. (C) Alpha power

in different walking phases. Each stride cycle (from a local minimum to the next local minimum) was divided into nine equal time windows. The low speed phase and

high speed phase may roughly correspond to the canonically defined double support phase and swing phase, respectively. A clear modulation of alpha power by

walking phase can be found. Shading indicates ±1 standard error. N = 25.

FIGURE 4 | Walking phase does not modulate electrode impedance. The

solid line shows the average impedance of all 16 participants, and the dashed

line shows individual data (shading indicates ±1 standard error of

measurements across all stride cycles). Note that negative impedance was

due to the measurement error and indicated very good connection between

the scalp and the electrode.

Alpha Power Decrease Due to Walking
(Walking State Modulation)
In both light and dark, alpha power considerably decreased
during walking. Previous studies have reported such a
modulation of alpha power by walking (Gwin et al., 2011;
Ehinger et al., 2014; Lin et al., 2014; Scanlon et al., 2017; Cao
and Händel, 2019). However, our results add important insights
to this finding that help us to understand this prominent alpha
modulation due to walking.

First, our results clearly indicated that alpha reduction during
walking can be observed with a focus over occipital sensors, most
likely reflecting a change of neural activity in the visual cortex.
Previous studies on the alpha (ormu)modulation during walking
focused on sensorimotor processing (Gwin et al., 2011; Severens
et al., 2012; Lin et al., 2014; García-Cossio et al., 2015; Storzer
et al., 2016; Scanlon et al., 2017). The current study provided a
strong support for the existence of a similar modulation effect
of walking on visual cortical activity in humans to the effect
as demonstrated through single cell recordings in animals. A
reduction in alpha activity during walking in humans, which
would imply a disinhibition of cortical activity, is consistent with

the finding of increased firing rates in the visual cortex of mice
during locomotion (e.g., Saleem et al., 2013). Please find below
a discussion on the validity of our alpha results with respect to
localization. Second, we showed that the modulation of alpha
power due to walking is independent of the visual input. In
the dark, participants reported absolute darkness except a few
participants, who reported a very faint and vague sensation of
light, which entered through the connecting area between the
shutter and the eye tracker. Third, our finding demonstrated such
an effect in a task-free natural walking setting. This indicates
that the necessity to focus on a specific task is not relevant to
the alpha power modulation by walking. Fourth, we showed
that saccades, blinks, and pupil size could not explain the alpha
power modulation by walking. It should be noted that the data
analysis in this part (Figures 2D–F) was not tailored for a proper
investigation of the relationship between alpha power and eye
movements/pupil size. Therefore, a lack of relationship does not
necessarily mean no relationship (e.g., see alpha lateralization
in the process of making a saccade; Belyusar et al., 2013).
Rather, the results only indicate that the observed alpha power
decrease during walking cannot be explained by changes in eye
movements or pupil size during walking. Fifth, evaluating the
change in signal to noise ratio, we saw an overall power increase
in high and low frequencies during walking as compared to
standing (Figure 1B; significant differences were indicated by
the magenta line). However, the alpha modulation consisted
of a decrease in the frequency limited alpha band. This is a
clear indication, that the alpha change is not introduced by a
walking induced change in noise. By additionally excluding order
effects through an order randomization of all testing sessions, our
finding therefore suggests a specific link between alpha power
and walking.

What could be the functional reason for such a decrease in
alpha power during walking compared to standing still? Previous
studies have identified a sensorimotor mu/beta suppression
during walking as compared to standing (Wagner et al., 2012,
2014). The modulated alpha activity during walking, as shown in
the current study, was specifically picked up from the visual brain
area (Figure 1C). In general, alpha activity, found in sensory
areas, is often associated with attentional processes. Attending
to a particular location or time point has been shown to lower
the occipital alpha power which was further correlated with the
improvement of visual perception (Van Dijk et al., 2008). Alpha
power over visual cortex further reliably indicates the spatial
focus of covert visual attention showing an increase in power
for the unattended input (Worden et al., 2000; Fu et al., 2001;
Yamagishi et al., 2003; Sauseng et al., 2005; Kelly et al., 2006; Thut
et al., 2006). The preferred interpretation of alpha power picked
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FIGURE 5 | Walking phase modulates saccade and blink rate. (A) The saccade rate was lower in the high speed phase as compared to the low speed phase, which

was only found in normal walking. (B) A similar modulation during normal walking was found with the blink rate, i.e., participants showed less blinks in the swing

phase of walking. Shading indicates ±1 standard error. N = 29.
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up over sensory areas is therefore inhibition of sensory input
processing (Klimesch, 1999; Klimesch et al., 2007; Händel et al.,
2011). A functional interpretation of the observed decrease in
alpha power during walking could therefore be linked to a change
in the attentional state while walking. A recent study presented
behavioral and neurophysiological evidence that walking shifts
preferred visual processing toward the peripheral visual field
(Cao and Händel, 2019). An overall reduction in alpha power
during walking compared to standing still could therefore depict
the reduced inhibition of the peripheral input.

Interestingly, alpha power decrease could be associated with
an increase in neuronal activity investigating somatosensory
areas in the monkey (Haegens et al., 2011). Interpreting our
walking induced alpha power decrease in the light of the likely
associated increase of neuronal activity, we believe that our
findings are very well in line with recent animal work showing
that activity in early visual cortex is increased by walking speed in
complete darkness (Keller et al., 2012; Saleem et al., 2013; Erisken
et al., 2014; Dipoppa et al., 2018). The significantly reduced alpha
power in the light compared to the dark was further consistent
with the idea that the alpha power analyzed in the current work
indexed the neural processing of visual input (see also Cram
et al., 1977; Ben-Simon et al., 2013). Taken together, these exciting
findings point to a general, species-unspecific modulation of
perceptual mechanisms due to movement.

Walking State Modulates Eye-Related
Movements and Pupil Size
In addition to changes in neuronal oscillatory power, walking
had differential effects on eye related movements depending
on the lighting level. The saccade rate increased with speed
in the light but not in the dark. This is consistent with the
idea of feedforward control of walking with visual information
(Hollands and Marple-Horvat, 2001; Matthis et al., 2017). The
increased saccade rate during walking in the light coincides
with the increased processing demand of fast changing visual
information to assist walking. No such processing demands of
new visual information are required in the dark as no information
is available. This might explain why the saccade rate did not
increase when participants walked in the dark. Interestingly, the
blink rate was also increased with speed. Visually demanding
tasks, like a search task, are usually associated with a significantly
decreased blink rate (Bauer et al., 1985; Cho et al., 2000). The
finding, that the blink rate is equally affected by walking during
darkness and light, further indicates that the modulation of
blinking due to walking is independent of the visual input. We
therefore assume that the increase in blink rate might be of the
same nature as the link between blinking and speaking (Von
Cramon and Schuri, 1980; Cruz et al., 2011) or blinking and
button pressing (Van Dam and Van Ee, 2005; Cong et al., 2010)
and rather based on a motor related interaction.

Pupil size increased while walking compared to standing in
the dark, conforming to previous reports in mice (Erisken et al.,
2014; Vinck et al., 2015). In the light, pupil size was expected
to be modulated similarly (Benjamin et al., 2018), but for our
data it showed no difference between speed levels in light. We

suspect that a modulation could have been masked by changing
luminance in the light. The testing room was non-uniformly lit
(one side of the room was a bit brighter) which led to a change in
luminance due to walking within this room. This would lead to an
increase in variance of the measured pupil size, thereby masking
moderate changes due to speed (Supplementary Figure 1B).
Future studies on the pupil size during free walking should take
the lighting condition into account. In the dark, the influence of
luminance was absent.

Walking Phase Related Modulation of
Alpha Power
A walking phase related modulation in alpha power was found.
Previous studies have shown a walking phase dependent power
modulation in theta, alpha, beta, and gamma bands in a wide
brain network including, posterior parietal, sensorimotor, and
premotor areas (Gwin et al., 2011; Chéron et al., 2012; Severens
et al., 2012; Seeber et al., 2014, 2015; Bradford et al., 2016;
Artoni et al., 2017; Oliveira et al., 2017). The observation of
walking phase dependent alpha power modulation in the current
study is consistent with those reports. However, we note that the
walking phase modulation of alpha power should be interpreted
cautiously, as the level of artifacts in the EEG signal may
be different in different walking phases. There are competing
accounts with regards to the level of artifacts in the EEG signal
during walking (Castermans et al., 2014; Nathan and Contreras-
Vidal, 2015; Snyder et al., 2015), but it is feasible that the double
support phase may have more artifacts as the heel-strike (foot
landing on the ground) is in this phase (e.g., see an example
of EEG noise assessment during walking from Bradford et al.,
2016). Our findings give further evidence that the observed alpha
power modulation is unlikely due to artifacts since the electrode
impedance did not change over the stride cycle (Figure 4).
In fact, the difference in impedance between different walking
phases was so small (<100 ohm) that it cannot lead to any
difference in the amplitude of measured signal (Ferree et al.,
2001).

Walking Phase Modulates Eye Movements
The result of walking phase dependent eye movements
corroborates such a non-visual link for blinks and it additionally
suggests that also saccades are not exclusively influenced by visual
input. For saccades, a preference for the double support phase
(just before the toe-off) has been reported previously while visual
input was present (Hollands andMarple-Horvat, 2001).We show
that besides the saccade rate, the blink rate was also modulated by
the walking phase and that both rates increased during the double
support phase compared to the swing phase. It is important to
note that the walking related artifact cannot explain the pattern
of saccade rate as modulated by the walking phase (saccades
were detected based on the spectral power between 20 and
90Hz from the REOG component). A 2 (lighting condition:
light vs. dark) by 2 (walking speed condition: slow vs. normal
walking) by 9 (walking phase) within-subjects ANOVA testing
the amplitude of the saccadic spike potential did not give a
significant effect of walking phase [F(8, 224) = 0.87, p = 0.53]
(Supplementary Figure 1C).
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Considering the rhythmic nature of human bipedal walking,
there could be a critical phase during which the execution
of saccadic eye-movements is least disturbing for information
acquisition. Due to saccadic inhibition, information processing
is greatly reduced during the time of a saccade (Matin, 1974).
During a blink, visual input is shut down due to eye lid closure
as well as due to blink suppression (Volkmann et al., 1980).
Since the double support phase, which includes heel-strikes, is
also the moment when the visual system is most unstable due to
the whole-body vibration imposed by heel-strikes, information
acquisition might be suboptimal during this time point. Thus,
a good strategy might be to make a blink/saccade during this
double support phase so that it can be avoided in the swing
phase when the visual system is relatively stable. Interestingly, the
coupling between walking phase and preferred saccade as well
as blink occurrence was also present in the dark. This makes
the phase modulation effect specifically intriguing. Saccades
and blinks do not have any effect on visual information in
the dark. Nevertheless, they were still modulated by walking
phase similarly to and even possibly slightly stronger than in
the light. One possible explanation is that the preference of
saccade occurrence during walking phase, once introduced by
visual feedback, is now hard-coded and independent of vision.
Therefore, it might be the case that the walking phase modulation
effect on saccades and blinks is controlled by a low-level neural
circuit and much easier to be observed in the dark compared to
light, in which case the visual input from the environment may
have an additional influence on saccades and blinks.

The reason why the phase modulation effects for eye related
movements in normal walking but not in slow walking is not
clear. One possibility might be that deliberate walking (i.e., slow
walking) requires more cognitive control, which might weaken a
low-level link between walking phase and eye-movements. The
other possibility might be that the power of the current study
is too low to detect such a walking phase modulation during
slow walking. A stride cycle during slow walking (∼1.1 s) took
about two times longer than a stride cycle during normal walking
(∼0.6 s). Therefore, the number of steps cycles available for
analysis was much lower during slow walking as compared to
normal walking in a 76.5-s testing window. Although we tend to
assume that 70 steps cycles should be enough to capture a walking
phase modulation effect during slow walking (if there is one),
further studies should explicitly test this possibility by extending
the testing time.

Limitations of the Current Study
Mobile EEG during unrestricted free walking always poses
extra challenges due to its deviation from controlled stationary
lab routines. We discuss these problems throughout the
manuscript but want to shortly summarize and partly extend our
considerations concerning artifacts and experimental limitations.
In short, our main finding regarding the alpha power reduction
due to walking was a frequency-band limited effect clearly
excluding the problem of changed signal to noise ratio due to
walking. Additionally, we controlled for eye movements, which
are different between walking and standing still and pose a source
of artifacts. We further measured impedance changes during

walking with no indication that impedance changes could explain
our findings.

Another challenge for mobile EEG is the reduced number
of sensors. Our number of 24 sensors, including 6 sensors
for EOG, certainly does not permit a further analysis in
source space. Nevertheless, as investigated in detail in a study
by Lau et al. (2012), the number of sensors necessary for
recording predominant electro-cortical sources is not large.
Indeed, particularly for occipital or temporal activity, their results
suggest that the pattern do not exhibit large changes by reducing
the sensor number from 125 to 25 [see Figure 4 (Lau et al.,
2012)]. Therefore, staying in sensor space, ICA as applied in
the current study is able to mark hotspots of activation, and
the low number of sensors does not introduce a distortion but
only results in a reduced spatial resolution. In our approach, we
further picked those sources with a dominance over occipital
area for further analysis. Importantly, it could have been feasible
that even though we picked a focus over occipital sites, the
difference between speed levels was introduced by changes with
an only marginally overlapping spatial distribution. However,
our Figure 1C (still – normal walking) clearly suggests that for
the chosen components also the difference between speed levels
was maximal at the power maximum. If the difference between
speed levels was introduced by other sites, the difference should
show a different distribution. Therefore, while the used number
of sensor was suboptimal, our analysis and results nevertheless
can demonstrate a change in power happening over occipital
sites. Related to this, natural overground walking is inevitably
associated with various sources of sensory input including
auditory feedback, which might pose another possibility in
explaining the alpha modulation during walking. In the current
study, all participants walked on an indoor wooden floor with
their own comfortable flat shoes. The auditory feedback from
stepping was therefore weak but nevertheless clearly noticeable.
However, an auditory explanation of the alpha modulation is
highly unlikely for the following three reasons: 1. Auditory
feedback from self actions typically show attenuated responses,
which should lead to an even weaker neural response to auditory
feedback during walking (Schneider et al., 2018); 2. We used
ICA to restrict our analysis on alpha activities showing a
distribution in the occipital area; 3. Auditory alpha is more
difficult to detect than the visual alpha (Weisz et al., 2011).
It is therefore unlikely that auditory alpha spilled majorly into
occipital alpha sources.

The walking phase was estimated from the combined walking
speed data collected from both ankles. While the low speed
phase and high speed phase of a stride cycle can be obtained
accurately, the exact moment of heel-strikes and toe-offs cannot
be determined. Furthermore, the left foot stride and the right foot
stride were not distinguished in the current study. Despite these
differences from a canonical gait phase analysis (see e.g., Gwin
et al., 2011), our results are consistent with previous findings with
regards to the walking phase modulation of alpha power (Gwin
et al., 2011; Chéron et al., 2012; Severens et al., 2012; Seeber et al.,
2014, 2015; Bradford et al., 2016; Artoni et al., 2017; Oliveira et al.,
2017). Therefore, the current results are very likely replicable with
a canonical gait phase analysis.
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CONCLUSION

Our work indicates that the basis of visual perception, including
neuronal processes and eye related movements, is influenced
not only by the current demands of the visual input but
also by the current movement state of the body. The above
mentioned interactions between eye and other body movements
as well as the modulation of neuronal activity due to body
movements suggest a large-scale process to optimize perception
during natural behavior. These findings highlight the importance
of investigating perceptual processes in natural settings and
considering body movements and their interactions when
analyzing perception.
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