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Abstract
Once thought to simply reflect passive cortical idling, recent studies have demonstrated that � oscillations play
a causal role in cognition and perception. However, whether and how cognitive or sensory processes modulate
various components of the � rhythm is poorly understood. Sensory input and resting states were manipulated in
human subjects while electroencephalography (EEG) activity was recorded in three conditions: eyes-open fixating
on a visual stimulus, eyes-open without visual input (darkness), and eyes-closed without visual input (darkness).
We show that � power and peak frequency increase when visual input is reduced compared to the eyes open,
fixating condition. These results suggest that increases in � power reflect a shift from an exteroceptive to
interoceptive state and that increases in peak frequency following restricted visual input (darkness) may reflect
increased sampling of the external environment in order to detect stimuli. They further demonstrate how sensory
information modulates � and the importance of selecting an appropriate resting condition in studies of �.
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Introduction
Neuronal oscillations have provided considerable in-

sights into the dynamics of information processing and

cognition in the brain. Of particular interest in the fields of
attention and perception is the 7- to 13-Hz � oscillation.
Once thought to reflect cortical idling (Adrian and Mat-
thews, 1934), the � rhythm is now known to play an active
role in cognitive processing. Specifically, � is thought to
be a mechanism of functional inhibition, in which � syn-
chronization increases over task-irrelevant areas and de-
creases over task-relevant ones. Such changes may
increase the signal-to-noise ratio in neural processing and
improve performance. Indeed, enhanced visual percep-
tion and detection are associated with reduced � power
(Ergenoglu et al., 2004; Hanslmayr et al., 2007; Romei
et al., 2008; Mathewson et al., 2009) and certain phases of
the � cycle (Mathewson et al., 2009; Jaegle and Ro,
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Significance Statement

� oscillations have long been considered to reflect a stable neural trait, but we demonstrate that � varies
with sensory input. By manipulating both eye state and sensory input, we demonstrate that under resting
state conditions, visual input drives changes in � power and peak frequency. These changes likely allow the
visual system to dynamically switch between interoceptive and exteroceptive states to prioritize detection
of weak and/or infrequent visual stimuli. This work has important implications for studies of resting state
brain dynamics, which have traditionally employed a variety of resting state conditions that may or may not
match task conditions in terms of sensory input.
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2014). The causal role of the � rhythm in subsequent
perception and cognition has been well demonstrated
(Thut et al., 2011; Jaegle and Ro, 2014), but the role of
cognitive and sensory processes in modulation of the �
rhythm is unclear.

Task-related changes in � power may reflect changes in
attentional direction or cognitive state (Worden et al.,
2000). Ray and Cole (1985a,b) demonstrated that � power
increases over parietal electrodes during tasks that in-
duce an interoceptive state (i.e., attention toward internal
cognitive processes) relative to those that induce an ex-
teroceptive state (i.e., attention toward external input).
Similarly, � power increases during mental imagery com-
pared to actual perception (Schupp et al., 1994; Cooper
et al., 2003). However, changes in � power have been
demonstrated in contexts where the role of attention is
less clear, like during eye closure (Berger, 1929). There-
fore, there may be different mechanisms for these power
changes.

Studies have attempted to elucidate whether � power
changes during eye closure are endogenously or exoge-
nously driven. Adrian and Matthews (1934) demonstrated
that while the � rhythm is induced most readily during eye
closure, any uniform visual field can evoke �, suggesting
an attentionally-driven effect. More recently, Boytsova
and Danko (2010) demonstrated that eye closure modu-
lates � power in darkness, and Ben-Simon et al. (2013)
extended these findings to light conditions. Interestingly,
comparing eyes-open conditions indicated that occipital
� power increases in darkness compared to light. While
this suggests that sensory input affects � power over
posterior regions, Ben-Simon et al. (2013) focused the
remainder of their interpretations on the frontal � effect
and concluded that shifts in attentional direction modulate
changes in � power. Therefore, the magnitude of sensory
and state change effects on � power and the role of
attention remain unclear.

The effects of endogenous and exogenous changes on
other attributes of the � rhythm, like peak frequency, are
even less understood. � peak frequency has long been
considered to be a stable trait with high test-retest reli-
ability (Gasser et al., 1985; Salinsky et al., 1991; Kondacs
and Szabó, 1999; Grandy et al., 2013). However, recent
evidence suggests that changes in cognitive (Haegens
et al., 2014) and physical (Hülsdünker et al., 2016) de-
mands cause shifts in � peak frequency.

The role of � peak frequency on subsequent perception
has received considerable interest (Cecere et al., 2015;
Samaha and Postle, 2015; Ro, 2019), and recently, stud-
ies have begun to investigate the opposite question: how
sensory changes influence the � rhythm. However, these
sensory effects are unclear and may be influenced by task
and/or stimulus parameters. For example, some studies
indicate that under task conditions, � peak frequency
increases with increasing luminance of a peripheral stim-
ulus (Cohen, 2014), while others indicate that peak fre-
quency decreases or stays the same (Benedetto et al.,
2018). Conversely, under resting conditions, � power, but
not peak frequency, increases with reduced luminance
(Benedetto et al., 2018). Neither study investigated con-

ditions of complete darkness or examined the effect of
eye closure. Therefore, whether and how sensory input
affects the � rhythm independent of eye closure remains
inconclusive.

To clarify how the � rhythm is modulated, we measured
� power and peak frequency while manipulating eye state
and sensory input. If � is modulated by endogenous
changes, like attentional direction, power and peak fre-
quency differences would be expected between eyes-
open and eyes-closed conditions, regardless of sensory
input. However, if � is modulated by sensory input, power
and peak frequency differences would be expected as
visual input is eliminated, such as when the eyes are
closed or the lights are extinguished. Understanding how
the � rhythm is modulated speaks to a broader question
of what � represents and how � changes facilitate cogni-
tive and sensory functioning.

Materials and Methods
This research was approved by the Institutional Review

Board of the City University of New York. All participants
gave written informed consent before participation.

Participants
Eighteen adults were recruited for participation in this

study. Of these, two were excluded from the analyses:
one because she did not complete all three experimental
conditions, and one because he reported seeing some
light during the eyes-open dark (EOD) condition. The
remaining 16 participants (five females, mean age of
28.06 years, 21–40 years old) completed all three condi-
tions.

Electroencephalography (EEG) recording and
analysis

EEG activity was recorded from 18 gold electrodes
using Grass amplifiers (Natus Medical Inc.) at a 1000-Hz
sampling rate with an online bandpass filter of 0.1–100
Hz. Scalp electrodes were placed at the following loca-
tions in the 10-20 system: F3, Fz, F4, C3, Cz, C4, P3, Pz,
P4, O1, Oz, O2. Electrodes were also placed over the right
and left mastoids, above and below the left eye, and
lateral to the outer canthus of the right eye. The ground
electrode was placed on the forehead. EEG activity was
referenced online to the left mastoid and re-referenced
offline to the average of the two mastoids. In each con-
dition, data were recorded continuously for �5.5 min to
allow for high-resolution frequency analyses of the data.

The EEG data were analyzed in R with minimal pre-
processing to avoid distortion of the data. Electrooculo-
graphic (EOG) artifacts originating from blinks and eye
movements were removed from the raw data using ICA
with the infomax ICA algorithm (Bell and Sejnowski, 1995).
The independent components were visually inspected by
the experimenter after the data were coded blind to con-
dition to eliminate any potential biases. EOG components
were identified through inspection of component activity,
scalp maps, and power-frequency spectra. For each sub-
ject and condition, one component representing blink
activity and one component representing horizontal (i.e.,
saccadic) activity was removed. Data were inspected af-
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ter ICA removal to confirm that EOG artifacts were suc-
cessfully removed. A sliding temporal window was used
to epoch the data from each condition into 10-s segments
with 90% overlap, resulting in 322 epochs. This epoching
approach improved the reliability of the spectral estimates
while maintaining high-frequency resolution. For each ep-
och, power spectra were computed using a fast Fourier
transform (FFT) over each 10-s segment and were log
transformed to reduce the 1/f effect. To analyze the over-
all effect of resting state condition on � peak frequency
and power, the FFTs over each epoch for each condition
were averaged. � power was defined as the maximum
peak deflection within the 7- to 13-Hz window; the main
effects of resting state condition and electrode on �
power were replicated when using the mean power
across the � window rather than the maximum peak
inflection. An � peak could be identified for all subjects in
all channels and conditions. Peak alpha frequencies for
each subject in each condition can be seen in Figure 1.
Because we were able to identify a peak within the �
range for all subjects, � peak frequency was defined as
the frequency of the maximum deflection within the 7- to
13-Hz window. This minimized the potential confounding
effects of power differences on frequency extraction with
a center-of-mass analysis.

Procedure
EEG activity was recorded during three within-subjects

resting conditions that varied in visual input and eye state.
In the eyes-open fixation (EOF) condition, participants
were instructed to fixate on the center of a screen flanked
by four black fixation crosses (each subtending 0.2° by
0.2° visual angle for the horizontal and vertical compo-
nents, respectively) on a gray background (luminance �
14.18 cd/m2). In the eyes-open dark (EOD) and eyes-
closed dark (ECD) conditions, all light sources in the room
were eliminated and the participant wore opaque goggles
to further eliminate any light from entering the eyes. In the
EOD condition, participants had their eyes open, whereas
in the ECD condition, participants were instructed to close
their eyes. In both dark conditions, participants were in-
structed to keep their eyes still, as though they were
looking at an invisible fixation point at the center of their
vision. Participants did not undergo dark adaptation be-
fore recording the dark conditions. EOG activity was used
to confirm that participants complied with the instructions
(e.g., blinks occurred during the EOF and EOD conditions
and did not occur during the ECD condition and eye
movements were equally minimized in all three condi-
tions). The order of the conditions was counterbalanced
across participants.

Statistical analysis
Data were analyzed using paired t tests, two-way re-

peated measures (RM) ANOVA, and three-way RM
ANOVA using R. Post hoc analyses for two-way and
three-way RM ANOVA were performed using planned
paired t tests and t tests corrected with false discover rate
(FDR) for multiple comparisons. Significant differences
were accepted at p � 0.05. For a summary of the statis-
tical tests, see Table 1.

Results
Eye movements

Eye movements and blinks were measured and ana-
lyzed before their removal with ICA to ensure that partic-
ipants complied with instructions. Frequent blinking
during the ECD condition, for example, would suggest
that participants had their eyes open, obscuring differ-
ences in � between eyes-open and closed states. Signif-
icant reductions in eye movements in the EOF condition
compared to the ECD and EOD conditions could suggest
that more attentional resources or cognitive control were
employed to maintain fixation in the EOF condition, which
would likely affect � independently of any influences of
sensory input.

To compare rates of blinking across the three condi-
tions, we counted the number of blinks occurring in each
�5.5-min recording session before removal using ICA.
These blink data were submitted to a RM ANOVA with
resting state condition as a within-subjects factor and
subject as a random-effects factor. There was a signifi-
cant difference in the rate of blinking across the three
conditions, F(2,30) � 14.80, p � 0.001, �p

2 � 0.50a. The
significant F test was followed up by planned pairwise
comparisons. Blinking was significantly reduced in the
ECD (mean � 4.19, SD � 5.47) condition compared to the
EOD (mean � 36.26, SD � 38.26; t(15) � 3.36, p � 0.004,
d � 0.84b) and EOF (mean � 70.5, SD � 52.31; t(15) �
5.09, p � 0.001, d � 1.27b) conditions, confirming that
participants complied with the instructions to close their
eyes in the ECD condition. Blinking was also reduced in
the EOD condition compared to the EOF condition, t(15) �
2.54, p � 0.02, d � 0.63b.

To compare rates of eye movements across the three
conditions, we counted the number of eye movements
occurring in each �5.5 min session before removal using
ICA. These eye movement data were submitted to a RM
ANOVA with resting state condition as a within-subjects
factor and subject as a random-effects factor. There was
no significant difference in the rate of eye movements
across the three conditions, F(2,30) � 0.38, p � 0.69, �p

2 �
0.02c. This suggests that eye movements were equally
minimized across all three groups and that any differ-
ences in � across the three conditions cannot be ex-
plained by differences in attention or cognitive control
exerted to maintain fixation.

� peak frequency
� peak frequency was measured over the 12 scalp

electrodes in each of the three resting state conditions
(Fig. 2A). Before analysis of peak frequency across resting
state conditions, the data were first investigated for inter-
nal consistency. This was achieved by comparing the
peak � frequency data from the first half of the recording
session to the second half of the recording session to
measure split-half reliability. Peak frequency data were
averaged across electrodes for each subject in each con-
dition and recording half. There was high internal consis-
tency across all three resting state conditions [rEOF(14) �
0.91, rEOD(14) � 0.98, rECD(14) � 0.90; correlation coeffi-
cients are corrected by the Spearman-Brown formula for
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split-half reliability; Stanley, 1971], suggesting that our
measure of peak � frequency was reliable and consistent
across the recording sessions. Following analysis of in-
ternal consistency, the peak frequency data were submit-
ted to an omnibus ANOVA with resting state condition and
electrode site as within-subjects factors and subjects as a
random-effects factor to compare the effects of eye clo-
sure and visual modulation on � peak frequency. There
were significant main effects of resting state condition

(F(2,30) � 10.26, p � 0.001, �p
2 � 0.41d) and electrode site

(F(11,165) � 8.11, p � 0.001, �p
2 � 0.35e) on � peak

frequency. There was no significant interaction between
resting state condition and electrode site (F(22,330) � 1.13,
p � 0.32, �p

2 � 0.07f).
The significant main effects were followed up by

planned paired comparisons. � peak frequency was sig-
nificantly reduced in the EOF condition (mean � 9.46 Hz,
SD � 0.81 Hz) compared to the EOD condition (mean �

Figure 1. Power spectra for each subject in each of the conditions. Each panel represents data from one subject averaged across
electrodes. Points represent the peak frequency for each condition. The grand mean across subjects is shown on the right. Shaded
regions represent the within-subject SE (Cousineau, 2005; Morey, 2008).
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Table 1. Statistical table
Data structure Type of test Power/confidence interval

a Normal distribution Two-way RM ANOVA �p
2 � 0.50

b Normal distribution t test (post hoc test) ECD vs. EOD, mean � �31.44 (�51.38 to �11.50)
ECD vs. EOF, mean � �66.31 (�94.07 to �38.56)
EOD vs. EOF, mean � �34.88 (�64.18 to �5.57)

c Normal distribution Two-way RM ANOVA �p
2 � 0.02

d Normal distribution Three-way RM ANOVA �p
2 � 0.41

e Normal distribution Three-way RM ANOVA �p
2 � 0.35

f Normal distribution Three-way RM ANOVA �p
2 � 0.07

g Normal distribution t test (post hoc test) EOF vs. EOD, mean � �.59 (�1.01 to �.17)
EOF vs. ECD, mean � �.74 (�1.12 to �.37)
EOD vs. ECD, mean � �.16 (�.30 to .12)

h Normal distribution t test with FDR correction (post hoc test) P3 vs. F3, mean � .71 (.25 to 1.17)
P3 vs. Fz, mean � .67 (.26 to 1.08)
P3 vs. F4, mean � .63 (.24 to 1.03)
P3 vs. C3, mean � .43 (.11 to .75)
P3 vs. Cz, mean � .54 (.13 to .94)
P3 vs. C4, mean � .63 (.28 to .99)
Pz vs. F3, mean � .76 (.26 to 1.26)
Pz vs. Fz, mean � .72 (.33 to 1.11)
Pz vs. F4, mean � .68 (.29 to 1.07)
Pz vs. C3, mean � .48 (.13 to .83)
Pz vs. Cz, mean � .59 (.20 to .97)
Pz vs. C4, mean � .68 (.30 to 1.07)
P4 vs. F3, mean � .66 (.16 to 1.17)
P4 vs. Fz, mean � .62 (.21 to 1.04)
P4 vs. F4, mean � .59 (.19 to .99)
P4 vs. C3, mean � .39 (�.003 to .78)
P4 vs. Cz, mean � .49 (.05 to .93)
P4 vs. C4, mean � .59 (.27 to .90)
O1 vs. F3, mean � .81 (.34 to 1.29)
O1 vs. Fz, mean � .77 (.30 to 1.23)
O1 vs. F4, mean � .73 (.27 to 1.19)
O1 vs. C3, mean � .53 (.14 to .91)
O1 vs. Cz, mean � .63 (.17 to 1.09)
O1 vs. C4, mean � .73 (.32 to 1.14)
Oz vs. F3, mean � .73 (.28 to 1.17)
Oz vs. Fz, mean � .69 (.24 to 1.13)
Oz vs. F4, mean � .65 (.19 to 1.10)
Oz vs. C3, mean � .45 (.07 to .82)
Oz vs. Cz, mean � .55 (.08 to 1.02)
Oz vs. C4, mean � .65 (.24 to 1.06)
O2 vs. F3, mean � .74 (.25 to 1.24)
O2 vs. Fz, mean � .70 (.24 to 1.16)
O2 vs. F4, mean � .66 (.19 to 1.14)
O2 vs. C3, mean � .46 (.08 to .85)
O2 vs. Cz, mean � .57 (.09 to 1.04)
O2 vs. C4, mean � .66 (.24 to 1.09)
F3 vs. Fz, mean � �.04 (�.29 to .21)
F3 vs. F4, mean � �.08 (�.39 to .23)
F3 vs. C3, mean � �.28 (�.58 to .03)
F3 vs. Cz, mean � �.17 (�.47 to .12)
F3 vs. C4, mean � �.08 (�.52 to .37)
Fz vs. F4, mean � �.04 (�.19 to .11)
Fz vs. C3, mean � �.24 (�.54 to .07)
Fz vs. Cz, mean � �.14 (�.29 to .02)
Fz vs. C4, mean � �.04 (�.41 to .34)
F4 vs. C3, mean � �.20 (�.53 to .13)
F4 vs. Cz, mean � �.10 (�.27 to .07)
F4 vs. C4, mean � 0.00 (�.29 to .29)
C3 vs. Cz, mean � .10 (�.14 to .34)
C3 vs. C4, mean � .20 (�.18 to .58)
Cz vs. C4, mean � .10 (�.29 to .48)
P3 vs. Pz, mean � �.05 (�.17 to 07)
P3 vs. P4, mean � .05 (�.11 to .20)
P3 vs. O1, mean � �.10 (�.24 to .04)
P3 vs. Oz, mean � �.01 (�.18 to .15)
P3 vs. O2, mean � �.03 (�.18 to .12)
Pz vs. P4, mean � .10 (�.07 to .26)
Pz vs. O1, mean � �.05 (�.26 to .17)
Pz vs. Oz mean � .04 (�.21 to .28)
Pz vs. O2, mean � .02 (�.19 to .23)
P4 vs. O1, mean � �.14 (�.37 to .09)
P4 vs. Oz, mean � �.06 (�.28 to .16)
P4 vs. O2, mean � �.08 (�.27 to .11)
O1 vs. Oz, mean � .08 (�.05 to .21)
O1 vs. O2, mean � .06 (�.08 to .21)
Oz vs. O2, mean � �.01 (�.12 to .09)

i Normal distribution Three-way RM ANOVA �p
2 � 0.30

j Normal distribution Three-way RM ANOVA �p
2 � 0.37

k Normal distribution Three-way RM ANOVA �p
2 � 0.10

l Normal distribution t test (post hoc test) EOF vs. EOD, mean � �.02 (�.05 to .00)
EOF vs. ECD, mean � �.03 (�.05 to �.01)
EOD vs. ECD, mean � �.01 (�.02 to .01)

(Continued)
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10.05 Hz, SD � 0.96 Hz; t(15) � 3.07, p � 0.008, d � 0.77g;
all tests are two-tailed with � � 0.05) and the ECD con-
dition (mean � 10.14 Hz, SD � 1.02 Hz; t(15) � 3.72, p �
0.002, d � 0.93g; Fig. 3). There were no significant differ-
ences between the EOD and ECD conditions (t(15) � 0.92,
p � 0.37, d � 0.23g), demonstrating that the restriction of
light produced these changes rather than the eyes being
opened or closed.

As can be seen in Figure 2B, the significant effect of
electrode site is driven by higher peak frequencies over

posterior electrode sites compared to frontal electrode
sites. Peak frequencies over posterior electrodes (P3, Pz,
P4, O1, Oz, and O2) were significantly higher than peak
frequencies over frontal electrodes (F3, Fz, F4, C3, Cz,
and C4; all ts � 2.52, all ps � 0.046, all ds � 0.63h, FDR
corrected for multiple comparisons; with the exception of
the comparisons between C3 and P4 (t(15) � 2.12, p �
0.09, d � 0.53h) and Cz and P4 (t(15) � 2.36, p � 0.06, d
� 0.59h), which were marginally significant). There were
no significant differences in peak frequency across frontal

Table 1. Continued
Data structure Type of test Power/confidence interval

m Normal distribution t test with FDR correction (post hoc test) Pz vs. F3, mean � .04 (.02 to .06)
Pz vs. Fz, mean � .04 (.02 to .06)
Pz vs. F4, mean � .04 (.03 to .06)
Pz vs. C3, mean � .04 (.03 to .06)
Pz vs. Cz, mean � .03 (.02 to .04)
Pz vs. C4, mean � .04 (.03 to .05)
Pz vs. P3, mean � .03 (.02 to .04)
Pz vs. P4, mean � .01 (.01 to .02)
Pz vs. O1, mean � .02 (.01 to .04)
Pz vs. Oz, mean � .02 (.01 to .04)
Pz vs. O2, mean � .01 (.00 to .03)
P4 vs. F3, mean � .03 (.01 to .05)
P4 vs. Fz, mean � .03 (.01 to .05)
P4 vs. F4, mean � .03 (.01 to .05)
P4 vs. C3, mean � .03 (.02 to .05)
P4 vs. Cz, mean � .02 (.00 to .03)
P4 vs. C4, mean � .03 (.02 to .04)
P4 vs. O1, mean � .01 (�.01 to .03)
P4 vs. Oz, mean � .01 (.00 to .03)
P4 vs. O2, mean � .00 (�.01 to .02)
O2 vs. F3, mean � .03 (.01 to .04)
O2 vs. Fz, mean � .01 (.00 to .03)
O2 vs. F4, mean � .03 (.01 to .04)
O2 vs. C3, mean � .03 (.01 to .05)
O2 vs. Cz, mean � .01 (.00 to .03)
O2 vs. C4, mean � .03 (.01 to .04)
O2 vs. P3, mean � .01 (.00 to .03)
O2 vs. O1, mean � .01 (.00 to .02)
O2 vs. Oz, mean � .01 (.00 to .02)
F3 vs. Fz, mean � .00 (.00 to .00)
F3 vs. F4, mean � .00 (.00 to .01)
F3 vs. C3, mean � .01 (�.01 to .02)
F3 vs. Cz, mean � �.01 (�.02 to .00)
F3 vs. C4, mean � .00 (�.01 to .01)
F3 vs. P3, mean � �.01 (�.03 to .00)
F3 vs. O1, mean � �.02 (�.04 to .00)
F3 vs. Oz, mean � �.01 (�.03 to .00)
Fz vs. F4, mean � .00 (.00 to .01)
Fz vs. C3, mean � .01 (�.01 to .02)
Fz vs. Cz, mean � �.01 (�.02 to .00)
Fz vs. C4, mean � .00 (�.01 to .01)
Fz vs. P3, mean � �.01 (�.03 to .00)
Fz vs. O1, mean � �.02 (�.04 to .02)
Fz vs. Oz, mean � �.01 (�.03 to .00)
F4 vs. C3, mean � .00 (�.01 to .02)
F4 vs. Cz, mean � �.01 (�.02 to .00)
F4 vs. C4, mean � .00 (�.01 to .01)
F4 vs. P3, mean � �.01 (�.03 to .00)
F4 vs. O1, mean � �.02 (�.04 to .00)
F4 vs. Oz, mean � �.02 (�.03 to .00)
C3 vs. Cz, mean � �.02 (�.02 to �.01)
C3 vs. C4, mean � .00 (�.01 to .00)
C3 vs. P3, mean � �.02 (�.03 to �.01)
C3 vs. O1, mean � �.02 (�.04 to �.01)
C3 vs. Oz, mean � �.02 (�.04 to .00)
Cz vs. C4, mean � .01 (.00 to .02)
Cz vs. P3, mean � .00 (�.01 to .01)
Cz vs. O1, mean � �.01 (�.02 to .01)
Cz vs. Oz, mean � .00 (�.02 to .01)
C4 vs. P3, mean � �.01 (�.02 to .00)
C4 vs. O1, mean � �.02 (�.04 to .00)
C4 vs. Oz, mean � �.02 (�.03 to .00)
P3 vs. O1, mean � �.01 (�.02 to .01)
P3 vs. Oz, mean � .00 (�.02 to .01)
O1 vs. Oz, mean � .00 (.00 to .01)

n Normal distribution t test (post hoc test) Changes in sensory input over occipital electrodes versus
all other electrodes, x� � 0.03 (0.01 to 0.04)

Table summarizes the distribution, statistical test, and power or confidence interval for each statistical test in the present study. Identifiers refer to superscript
identifiers in the main text.
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electrodes (all ts � 1.93, all ps � 0.13, all ds � 0.48h, FDR
corrected for multiple comparisons) or across posterior
electrodes (all ts � 1.46, all ps � 0.27, all ds � 0.36h, FDR
corrected for multiple comparisons).

� power
� power at the � peak frequency was measured over

the 12 scalp electrodes in each of the three resting state
conditions. Within each subject, power values were nor-
malized by dividing individual power values for each elec-
trode by the mean power across all electrodes and
conditions. The spatial distribution of � power across
resting state conditions is shown in Figure 4A. Before
analysis of � power across resting state conditions, the
data were first investigated for internal consistency. This
was achieved by comparing the � power data from the
first half of the recording session to the second half of the
recording session to measure split-half reliability. Power
data were averaged across electrodes for each subject in
each condition and recording half. There was high internal

consistency across all three resting state conditions
[rEOF(14) � 0.97, rEOD(14) � 0.95, rECD(14) � 0.96; corre-
lation coefficients are corrected by the Spearman-Brown
formula for split-half reliability; Stanley, 1971], suggesting
that our measure of � power was reliable and consistent
across the recording sessions. Following analysis of in-
ternal consistency, normalized power values were submit-
ted to an omnibus ANOVA with resting state condition and
electrode as within-subjects factors and subjects as a
random-effects factor. There were significant main effects
of resting state condition (F(2,30) � 6.51, p � 0.004, �p

2 �
0.30i) and electrode site (F(11,165) � 8.82, p � 0.001, �p

2 �
0.37j) on normalized � power. There was also a significant
interaction between resting state condition and electrode
site (F(22,330) � 1.84, p � 0.01, �p

2 � 0.10k).
The significant main effects and interactions were fol-

lowed up by planned paired comparisons. � power was
significantly reduced in the EOF condition (mean � 0.98,
SD � 0.03) compared to the EOD (mean � 1.01, SD �
0.03; t(15) � 2.32, p � 0.03, d � 0.58l) and ECD conditions

Figure 2. Distribution of � peak frequency across the scalp. A, � peak frequency in each resting state condition. B, � peak frequency
averaged across resting state conditions.

Figure 3. Mean � peak frequency across resting state conditions. Colored points and lines indicate data from individual subjects. The
bold black line represents the mean averaged across subjects; ��p � 0.01.
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(mean � 1.01, SD � 0.02; t(15) � 3.38, p � 0.004, d �
0.85l; Fig. 5). There was no significant difference between
EOD and ECD conditions (t(15) � 0.75, p � 0.47, d �
0.19l), suggesting that changes in � power, like frequency,
were modulated by sensory input, not eye closure.

As can be seen in Figure 4B, the significant effect of
electrode site is largely driven by higher power over the
posterior electrodes, in particular, Pz, P4, and O2, com-
pared to other electrodes. � power was significantly
higher in electrode Pz compared to all other electrodes
except for O2 (all ts � 3.04, all ps � 0.027, all ds � 0.76m,
FDR corrected for multiple comparisons). Additionally,
power over P4 and O2 was significantly higher than over
most of the frontal electrodes (F3, Fz, F4, C3, and C4;
power over O2 was also significantly higher than elec-
trode Oz and power over P4 was also significantly higher
than electrode P3, all ts � 2.73, all ps � 0.04, all ds �
0.68m, FDR corrected for multiple comparisons). Power
over several of the frontal electrodes was also significantly

reduced relative to some of the other electrodes (power
over F4 was significantly reduced compared to Cz (t(df) �
2.73, p � 0.04, d � 0.68m, FDR corrected for multiple
comparisons), power over C3 was significantly reduced
compared to Cz, P3, O1, and Oz (all ts � 2.76, all ps �
0.04, all ds � 0.69m, FDR corrected for multiple compar-
isons), and power over C4 was significantly reduced com-
pared to Cz (t(df) � 2.65, p � 0.04, d � 0.66m, FDR
corrected for multiple comparisons).

To clarify the interaction between condition and elec-
trode on � power, we examined how power changed
across resting state conditions over each electrode.
These changes are summarized in Table 2. As can be
seen, restriction of visual input (EOD and ECD conditions
compared to EOF condition) more strongly affects �
power over occipital electrodes than over other elec-
trodes. To confirm this, we tested differences in � power
in light and dark conditions over occipital electrodes com-
pared to the remaining electrodes. First, power in the dark

Figure 4. Distribution of normalized � power across the scalp. Power is plotted as percentage change from the mean across all resting
state conditions, electrodes, and subjects to better illustrate the differences in power occurring across different resting state
conditions. Power values that deviate strongly from the grand mean will be non-zero in the averaged data. A, Normalized � power
in each resting state condition. B, Normalized � power averaged across resting state conditions.

Figure 5. Mean normalized � power across resting state conditions. Colored points and lines indicate data from individual subjects;
the same colors represent the same subjects as Figure 3. The bold black line represents the mean averaged across subjects; �p �
0.05, ��p � 0.01.
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conditions (EOD and ECD) were averaged per electrode
per subject, as we found no power differences between
these conditions. We subtracted the � power in the light
condition (EOF) from the average dark condition per elec-
trode per subject to get a difference score that repre-
sented changes in power as a result of light restriction.
Then, for each subject, we averaged the occipital elec-
trodes separately from the remaining electrodes. Changes
in sensory input had a significantly greater effect on �
power over occipital electrodes compared to the other
electrodes, t(15) � 2.87, p � 0.01, d � 0.72n.

The preceding analyses on the ICA-cleaned data and
on data that had not been cleaned with ICA to remove eye
movement and blink artifacts produced the same power
and peak frequency results. Furthermore, data in the ECD
condition were also analyzed after epochs with blinks
artifacts were removed, which yielded the same power
and frequency results. Together, these results suggest
that eye movements and blinks did not significantly con-
taminate our data and that our ICA cleaning procedure did
not distort or bias the results.

Discussion
We measured � peak frequency and power over three

different resting state conditions that varied in visual input
and found that visual input modulates both � peak fre-
quency and power. Both peak frequency and power in-
creased in the � band when visual input was restricted.
This indicates that even under resting state conditions, �
peak frequency and power are variable and highly depen-
dent on visual input. Furthermore, we demonstrate that �
peak frequency and power are significantly reduced in the
presence of light, but that there are no differences be-
tween dark conditions with eyes open or closed. Thus,
light input, not eye closure, modulates � peak frequency
and power.

Interestingly, the finding that sensory input, not eye
state, drives changes in the � rhythm is somewhat at odds
with other results reported in the literature. For example,
in a combined fMRI and EEG study by Ben-Simon et al.
(2013), eye state and electrode location, but not light
input, were found to have a significant effect on � ampli-
tude. Similarly, a resting state fMRI study by Jao et al.
(2013) demonstrated that eye closure, not light input,
significantly modulates the strength of functional connec-

tivity within the default mode network, BOLD signal
variance, and fractional amplitude of low frequency fluc-
tuation within sensory cortical areas, the thalamus, and
insula. The authors of both studies conclude that the brain
adopts distinctive configurations when the eyes are open
versus closed that are independent of sensory input and
may reflect endogenous changes between interoceptive
and exteroceptive states.

Although the influences of eye state and light input on
resting state dynamics were investigated in both of these
studies, the methodology employed in the present study
differed from that employed by Ben-Simon et al. (2013)
and Jao et al. (2013) in a critical way. In the present study,
we used one light condition, in which eyes were open, and
two dark conditions, in which eyes were open and closed.
However, both the Ben-Simon et al. (2013) and Jao et al.
(2013) studies employed two light (eyes open and eyes
closed) and two dark (eyes open and eyes closed) con-
ditions. While the goal of this manipulation was to fully
disentangle the effects of eye closure and light input on
subsequent brain dynamics, it introduces a confound:
closure of the eyelids likely changes rather than eliminates
the amount of illumination reaching the eyes in the light
condition. This effect will vary from individual to individual
based on eyelid skin thickness and pigmentation. There-
fore, when averaging across the eyes open and eyes
closed conditions for each lighting condition, the light
condition with eyes closed likely included some visual
input, which was dependent on sample characteristics,
such as skin thickness and tone.

In the present study, we did not measure the � rhythm
under light, eyes closed conditions, but we were none-
theless able to interpret the effect of eye closure on the �
rhythm by comparing the EOD and ECD conditions, as
well as the effect of sensory input by comparing the eyes
open light to both the EOD and ECD conditions. However,
future studies that carefully control for both illumination
(sensory input) and eye state may help to further elucidate
the effects of these factors on resting state brain dynam-
ics.

Also, unlike these previous studies, our results dem-
onstrate for the first time that visual input modulates �
peak frequency under resting conditions, and that
these changes in � peak frequency directly mirror power
changes. While � peak frequency is typically considered
to be a stable trait variable (Gasser et al., 1985; Salinsky
et al., 1991; Kondacs and Szabó, 1999; Grandy et al.,
2013), more recent work has demonstrated that peak
frequency also functions as a state variable, with fluctua-
tions in peak frequency potentially reflecting changes in
cognitive and/or physical engagement (Haegens et al.,
2014; Gutmann et al., 2015). While a few other studies
have begun to investigate the effects of visual input on �
peak frequency, the results heretofore are largely mixed.
For example, Cohen (2014) noted that � peak frequency
increased with increasing luminance of a contralateral
stimulus during an infrequent time-coordinated stimulus
localization task. However, a study by Benedetto et al.
(2018) found the opposite effect under task conditions:
when the luminance of a covertly attended disk was

Table 2. Percent changes in power across resting state con-
ditions

Electrode EOD-EOF ECD-EOF ECD-EOD
F3 2.62% 3.65% 1.05%
Fz 2.30% 3.28% 1.00%
F4 2.78% 3.49% 0.72%
C3 2.28% 2.95% 0.69%
Cz 1.98% 2.79% 0.83%
C4 2.43% 3.19% 0.78%
P3 2.77% 3.25% 0.50%
Pz 3.20% 3.57% 0.39%
P4 2.88% 3.26% 0.39%
O1 4.96% 5.58% 0.66%
Oz 4.15% 4.56% 0.43%
O2 5.17% 5.07% �0.10%
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altered, phase-locked � peak frequency increased in low
ambient luminance conditions, whereas spontaneous �
was unaffected. Furthermore, ambient luminance was
found to have no effect on spontaneous � frequency
under resting conditions. The differences in results be-
tween these two studies and the present one may be due
to several factors. Differences in the task between the
Cohen (2014) and Benedetto et al. (2018) studies, espe-
cially task difficulty and task-relevance of the luminance-
changing stimulus, may account for the different effects of
luminance on � frequency. Furthermore, only the lumi-
nance of a relatively small square stimulus was manipu-
lated in the Cohen (2014) study, whereas ambient
luminance was also manipulated in the Benedetto et al.
(2018) study, as in the present study. While ambient lu-
minance was manipulated in both the present study and
in the Benedetto et al. (2018) study, Benedetto et al.
recorded EEG in mesopic luminance following dark ad-
aptation, whereas the present study did not require any
period of dark adaptation and compared mesopic and
scotopic conditions; the restricted luminance range used
by Benedetto et al., may therefore have masked the dif-
ferences observed in the present study. Nevertheless, a
more thorough examination of the interplay between task
demands, stimulus characteristics, and luminance is
needed to clarify the effects of visual input on � peak
frequency.

What do these newfound shifts in peak frequency and
power with changes in sensory input represent? Haegens
et al. (2014) demonstrated that individual � peak fre-
quency increases with increasing task demands while �
power decreases. The authors interpret this shift in fre-
quency as reflecting either a reduction in the window of
suppression, which may be beneficial with an increasingly
difficult task, or activation of different neuronal popula-
tions with changing task demands. Here we demonstrate
increases in both peak frequency and in power with
changes in sensory input, although the “task” is un-
changed across conditions. A similar underlying mecha-
nism may account for increases in � peak frequency
under both conditions of reduced visual input and in-
creased task demands. In the Haegens et al. (2014) study,
� peak frequency increased during 0-back and 2-back
tasks relative to resting, baseline, and passive viewing
conditions, suggesting that when a task is made more
difficult, reducing the window of suppression may be
beneficial to improving performance. Similarly, when vi-
sual input is extinguished, as in the present study, reduc-
ing the window of suppression allows the visual system to
sample the external environment more frequently to de-
tect visual stimuli. An alternative explanation is that when
visual input is reduced, the brain shifts from an extero-
ceptive state to interoceptive state, which may be accom-
panied by activation of a different population of neurons
whose activity may oscillate at a higher peak frequency.

Support for this latter explanation comes from the rest-
ing state fMRI literature. Recently, there has been a grow-
ing interest in the neural processing that occurs when we
“do nothing,” the so-called resting state. Eyes open and
eyes closed states under varying degrees of visual stim-

ulation have been interchangeably employed as resting
conditions. Drawing from the EEG literature, however,
there has been recent interest in whether these different
resting conditions are actually equivalent, or if they pro-
duce distinct patterns of activity in the brain. Initially,
studies determined through visual inspection that the de-
fault mode network was stable across different resting
conditions (Greicius et al., 2003; Fox et al., 2005; Frans-
son, 2005). When compared statistically, however, stud-
ies have demonstrated that eyes open and eyes closed
resting states produce different patterns of activity and
connectivity in the brain. While there is some variability in
the findings (possibly due to differences in data collection
and processing), studies have generally demonstrated
that BOLD activity is reduced under eyes open resting
state conditions compared to eyes closed conditions
(McAvoy et al., 2008; Bianciardi et al., 2009; Zou et al.,
2009; Jao et al., 2013). Some studies have also reported
decreases in functional connectivity under eyes open
conditions relative to eyes closed conditions (Bianciardi
et al., 2009; Zou et al., 2009; Xu et al., 2014; however, see
Yan et al., 2009). Few studies have attempted to disen-
tangle the effects of sensory stimulation from eye state on
resting state activity, but one study by Jao et al. (2013)
averaged across eyes open and eyes closed light condi-
tions, which produce different illumination levels, imped-
ing the interpretation of the effect of sensory input on
subsequent activity as described above.

Different resting states have also been demonstrated to
activate different systems within the brain, with eyes-open
conditions producing activation in oculomotor and atten-
tional systems and eyes closed conditions producing ac-
tivation in sensory systems (Marx et al., 2003, 2004).
These findings collectively suggest that eyes-open and
eyes-closed resting states are two different states of cog-
nition; eye closure induces an interoceptive state, char-
acterized by imagination, planning, and multisensory
activity, while eye opening induces an exteroceptive state
characterized by attention, readiness, and oculomotor
activity. The differences we see in � power and frequency
in the present study may similarly reflect a state change
from exteroception to interoception as visual input is re-
stricted.

Interestingly, results from a recent study suggest that
even within a single resting state condition, the brain does
not remain tonically active in a single state of brain func-
tion (Fransson, 2005). Rather, there are low frequency
(0.012–0.1 Hz) fluctuations in the BOLD signal that are
synchronized across brain regions. Fransson (2005) dem-
onstrated that these signal fluctuations were associated
with changes in functional connectivity, such that the
fluctuations in the BOLD signal represented the alternat-
ing activation of two distinct networks. This relationship
between spontaneous low frequency BOLD fluctuations
and functional connectivity was found in both eyes open
and eyes closed resting states (although the two condi-
tions were not compared statistically). Fransson specu-
lated that during rest, the interoceptive state, which is
characterized by inner thought and self-reflective thinking,
is periodically interrupted as the brain shifts to an extero-
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ceptive state, which is characterized by increased readi-
ness and attention to changes in the internal and external
environment. These results are interesting in light of other
studies that have suggested that eyes closed resting
states activate networks consistent with an interoceptive
state, while eyes open resting state activate networks
consistent with an exteroceptive state. Together, these
results might suggest that at rest, the brain shifts from an
interoceptive to exteroceptive state routinely, with signal
intensity and/or functional connectivity being stronger in
the interoceptive network when the eyes are closed, and
vice versa. However, additional research that statistically
compares eyes open and eyes closed resting states,
along with resting states that differ in sensory input, dur-
ing these spontaneous low frequency fluctuations will be
necessary to better understand these dynamic changes in
brain state at rest.

Although the fluctuations measured in the BOLD signal
during rest are much slower than the � rhythm, there are
nevertheless similarities between these resting state fMRI
studies and the present study. We find that � power and
peak frequency increase as visual input is restricted. It has
been well demonstrated that perception and detection of
external events is prioritized at certain phases of the �
cycle. Therefore, the � rhythm itself may reflect brief
fluctuations between interoceptive and exteroceptive
states. Under restricted visual input, the power of this
rhythm becomes higher but the frequency of these fluc-
tuations increases, allowing the brain to sample the ex-
ternal environment more frequently for adaptive behavior.
Additional research using combined EEG and fMRI may
help to clarify the relationship between interoceptive and
exteroceptive states, the � rhythm, and low frequency
BOLD fluctuations.

Analyses on the rates of blinking and eye movements
across resting state conditions were conducted to deter-
mine compliance with task instructions (i.e., subjects
closed their eyes during the ECD condition and main-
tained fixation in all three conditions). We found no differ-
ences in the rate of eye movements across the three
resting state conditions, indicating that eye movements
were equally minimized in all three conditions. This sug-
gests that the differences found here between light and
dark conditions cannot be explained by differences in
attention or cognitive control exerted to maintain fixation
in the EOF condition, and instead reflect the sensory
differences across conditions. We did observe differences
in the rate of blinking across conditions. As would be
expected, blinking was significantly reduced in the ECD
condition compared to both the EOD and EOF conditions,
indicating that participants complied with instructions to
close their eyes. Interestingly, blinking was also signifi-
cantly reduced in the EOD condition compared to the EOF
condition. Rates of blinking slow with increased task de-
mands and mental engagement, presumably to minimize
the risk of missing task-relevant information during eye
closure (Drew, 1951; Baumstimler and Parrot, 1971; Stern
and Skelly, 1984; Oh et al., 2012). While task demands
were not high during these resting state conditions, the
reduced rate of blinking in the EOD condition compared to

the EOF condition may again reflect a tendency of the
visual system to prioritize detection of weak visual input
under impoverished visual conditions, consistent with the
increase in � peak frequency shown here under condi-
tions of reduced luminance. Alternatively, the higher rates
of blinking in the EOF condition compared to the EOD
condition may have been a result of the light eliminating
goggles used in the EOD condition, which may have
produced differences in eye dryness between the two
conditions.

Intraindividual shifts in � peak frequency have been
noted with changes in cognitive engagement (Haegens
et al., 2014), physical task demands (Hülsdünker et al.,
2016), and hormone levels (Brötzner et al., 2014). Our
results add to this literature and suggest that even
changes in sensory input may cause shifts in � peak
frequency. We demonstrate across three different resting
conditions that visual input modulates both � peak fre-
quency and power. As visual input is reduced, both �
peak frequency and power increase. These results have
important implications for future studies of the � rhythm.
Given the impact of visual input on � peak frequency and
power, care should be taken when choosing a resting
comparison condition. Visual input in the resting condition
should match the task condition as closely as possible, as
manipulating the visual input may bias frequency and
power in a way that precludes interpretation of task ef-
fects.
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