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Abstract

Frequency-dependent brightness enhancement, a perceptual illusion in which a flickering light can appear twice as bright
as a constant light, has historically been reported to produce maximum effects at a flicker rate within the alpha (8-12 Hz)
band (Bartley in J Exp Psychol 23(3):313-319, 1938). Our recent examinations of this phenomenon using brightness dis-
crimination between two flickering stimuli, however, have instead revealed the brightest percepts from theta-band (4-7 Hz)
flicker (Bertrand et al. in Sci Rep 8(1):6152, 2018). Two primary questions arise from these seemingly contradictory find-
ings: first, could task differences between these studies have caused recruitment of discrete oscillatory processes? Second,
could the reported theta-band flicker enhancement be the result of an aliased alpha rhythm, sequentially sampling two
stimulus locations, resulting in an~5 Hz half-alpha rhythm? Here, we investigated these questions with two experiments:
one replicating Bartley’s (1938) adjustment paradigm, and one containing both Bartley’s adjustment task and Bertrand’s
(2018) discrimination task, but presenting stimuli only sequentially (rather than concurrently). Examination of a range of
frequencies (2-12 Hz) revealed the greatest brightness enhancement arising from flicker in the delta- and theta-band across
all conditions, regardless of the spatial or temporal configuration of the stimuli. We speculate that these slower rhythms
play an integral role in complex visual operations (e.g., a discrimination decision) where the entrainment of the endogenous
neural rhythm to matched exogenous rhythmic stimulation promotes more efficient processing of visual information and
thus produces perceptual biases as seen in frequency-dependent brightness enhancement.
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Introduction oscillations have been shown to impact a variety of cogni-

tive phenomena (Buzsaki and Draguhn 2004; Busch et al.
Neuronal oscillations reflect spatially and temporally  2009; Cravo et al. 2013). Most relevant to the current study,
structured rhythmic fluctuations in neural excitability that =~ neuronal oscillatory activity has been demonstrated to cycli-
manifest in a broad spectrum of endogenous frequencies  cally modulate a range of visual perceptions, from visual
(Hutcheon and Yarom 2000; Lakatos et al. 2008). These detection (Mathewson et al. 2009; Busch et al. 2009), to
attentional re-weighting between viewed targets (Fiebelkorn
et al. 2013; Macdonald et al. 2014; Crouzet and VanRul-
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when the sensory information arrives with respect to the
alpha band sampling cycle (VanRullen and Koch 2003;
Busch and VanRullen 2010; VanRullen 2016). The perio-
dicity of visual sampling can also be induced by an external
stimulus. That is, oscillations in visual cortex will entrain
to the frequency of a rhythmic visual stimulus, giving more
experimental control over the specific timing of high and
low excitability states (Lakatos et al. 2008; Calderone et al.
2014). As a result, neural entrainment can both enhance and
suppress sensory processing and perceptions (Mathewson
et al. 2012; VanRullen 2016; Spaak et al. 2014; Cravo et al.
2013; Bertrand et al. 2018).

One striking visual illusion thought to be rooted in the
entrainment of neuronal oscillations is the Briicke effect.
First reported by Bartley (1938), participants judged a stimu-
lus flickering in the alpha range to be twice as bright as a
steady one, despite them having the same luminance. In this
study, participants judged brightness via a method of adjust-
ment, changing the luminance of the flickering stimulus
until its perceived brightness matched a steady, static light
whose luminance never changed. While a range of slower
flicker frequencies (1-17 Hz) elicited brightness enhance-
ment, 10 Hz flicker demonstrated the greatest effect (Bartley
1938). In a recent attempt to replicate these findings we used
a brightness discrimination task between pairs of flickering
stimuli. Unlike Bartley, we found brightness enhancement
was most pronounced for flicker within the theta frequency
band (4.44 Hz), even when the counter stimulus flickered at
an alpha-rate (9.23 Hz; Bertrand et al. 2018). In a second
experiment we replicated this finding and also found evi-
dence that neuronal entrainment in theta-band oscillations
over visual cortex were predictive of brightness enhance-
ment (Bertrand et al. 2018).

Exploring the discrepant results between Bartley (1938)
and Bertrand et al.’s (2018) provides the main motivation
for the current study. Is the brightness enhancement of a
flickering stimulus most pronounced in the alpha band
(e.g.~ 10 Hz) or the theta-band (e.g. ~4 Hz)? And, how does
this phenomenon relate to the purported roles of alpha and
theta rhythms in the brain? Indeed, despite alpha oscillations
having long been considered a crucial component in more
sensory driven visual phenomena (Bartley 1938; Nelson
et al. 1963; Buzsaki and Draguhn 2004; VanRullen 2016),
theta oscillations have been implicated in higher-order
visual processing (Klimesch et al. 1996) including work-
ing memory (Lopes da Silva 1992; Klimesch et al. 1996,
1997), recognition (Burgess and Gruzelier 1997), contrast
sensitivity (Cravo et al. 2013), visual search (Buszaki 2006)
and brightness perception of 3D shapes (Han and VanRullen
2017). This suggests that theta is implicated in tasks requir-
ing not just the detection of sensory information, but the
maintenance and interrogation of the details of that informa-
tion. These task demands are often present when participants
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are required to “divide their attention” and sample from, or
monitor, multiple stimuli (Fiebelkorn et al. 2013; Klime-
sch et al. 1998; Holcombe and Chen 2013; Macdonald et al.
2014). In fact, a related theory argues that there is a single,
discrete sampling rhythm in the alpha band, and tasks that
appear to be impacted by theta are actually the result of the
alpha rhythm required to sequentially sample multiple loca-
tions (Macdonald et al. 2014; Crouzet and VanRullen 2017).
In this model, a~5 Hz half-alpha rhythm would result when
alpha’s ~ 10 Hz frequency alternates between two locations
(Macdonald et al. 2014; Crouzet and VanRullen 2017).

To summarize, research suggests that the alpha rhythm
establishes a lower-level, faster, sensory sampling rate. By
comparison, the theta-rhythm either sets a slower, higher-
order rate at which sensory information can be maintained
and shared or is simply the result of an alpha rhythm sam-
pling from multiple locations. Under this framework, we
posit that our previous result (Bertrand et al. 2018) could
have shown maximal brightness enhancement for theta-band
flicker because our discrimination task critically involved the
maintenance and manipulation of internal representations of
two target stimuli from two sites (thus requiring theta either
because of the need to interrogate the representations and/or
the need to distribute monitoring across two sites). In com-
parison, Bartley’s adjustment task (1938), which involved
only a single flickering stimulus, and thus only one object
that needed consistent monitoring, was most impacted by
stimuli flickering in the alpha band.

Thus, the two experiments reported here test whether our
recent finding (Bertrand et al. 2018) of maximal brightness
enhancement for stimuli flickering in the theta-band persists
when (1) brightness is reported via adjustment (like Bartley
1938) rather than discrimination, and (2) when all stimuli
appear in isolation at a single spatial location, and judgments
(discrimination on half the trials and adjustment on half the
trials) are made between sequentially presented stimuli. If
brightness enhancement is related to the nature of the task,
then, for Experiment 1, where we replicate Bartley’s adjust-
ment procedure, we would predict that we should replicate
his result of maximal perceived brightness for stimuli flick-
ering in the alpha band. However, if brightness enhancement
is instead due to the presentation of more than one stimulus
at a time, then for Experiment 2, where stimuli only ever
appear one at a time, we would predict alpha enhancement
regardless of whether the task is adjustment or discrimina-
tion. But we also consider that others have reported results
that don’t align with Bartley’s findings: (1) Glad and Mag-
nussen (1972) and Magnussen and Glad (1975) also used
square wave flicker with brightness (and darkness) match-
ing at a 1:1 light-to-dark ratio (LDR), and found that the
“optimal frequency [for brightness enhancement] does not
exceed 6.5 Hz”, and (2) Kohn and Salisbury’s results (1967),
elicited by square-wave 1:2 LDR flicker with a subjective
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brightness matching task, suggest significant brightness
enhancement from flicker as slow as 5 Hz. It is possible that
the greatest brightness enhancement will always occur for
stimuli flickering more slowly than alpha. If this is the case,
it would suggest that an account of theta playing a role in
higher-order cognition is true regardless of whether or not
attention is divided across space.

Experiment 1

The primary objective of Experiment 1 was to test whether
the previously reported discrepancy in the flicker frequency
producing maximum brightness enhancement was due to
task differences. Specifically, the original report (Bartley
1938, max enhancement around 10 Hz) used an adjustment
task and our more recent study (Bertrand et al. 2018, max
enhancement around 4 Hz) used a discrimination task. To
rule out this explanation for our previously reported effects,
here we replicate the adjustment task used by Bartley (1938)
but update it to match other methodological details (e.g., use
of computer monitor) employed in Bertrand et al. (2018).

Materials and methods
Participants

29 naive right-handed participants (18 females; mean age
19+ 1.1 years) with corrected-to-normal vision and no sen-
sitivity to flashing lights participated in the experiment. All
experimental procedures were approved by the University of
Alberta’s Research Ethics Office (Pro00059044). Informed
consent was obtained from all individual participants
included in the study, and each was rewarded with credit
toward their introductory psychology course after study
completion.

Apparatus

A ViewPixx 120-Hz refresh rate monitor and a keyboard
were placed 50 cm (cm) in front of a participant in a dimly
lit room. This study was designed and executed with the
Psychophysics toolbox (Brainard 1997) in MATLAB on a
computer running Windows 7. The stimuli consisted of two
circles 2.3° in diameter, one right and one left of a 0.4°
fixation cross, with 4.6° between the center of the fixation
and the center of each circle (consistent with Bertrand et al.
2018). Constant stimuli were grey, with a luminance pixel
value of 128 to appear as a medium between O (black) and
256 (white) in RGB space. The to-be-adjusted flickering
stimuli appeared at one of three RGB start values: 168,
128, or 88 for high, equivalent, and low luminance condi-
tions, respectively. We converted RGB values to luminance

(cd/m?) using an X-Rite i1Display Pro photometer by pre-
senting each RGB grey value 10 times over two sessions
and taking the average luminance readout produced by the
photometer. Since the transformation from RGB space to
luminance space is non-linear our high, equivalent, and low
start values were not equidistant (high =32.88 cd/m?; equiv-
alent=15.75 cd/m?; Low=5.73 cd/mz). Five flicker frequen-
cies were employed: 2.03 Hz, 4.44 Hz, 7.05 Hz, 9.23 Hz, or
12 Hz. This frequency range was designed to specifically test
frequencies spanning the theta and alpha bands, within the
constraints of a 120 frames per second refresh rate monitor.
Each individual flicker lasted for an identical period of six
frames, independent of frequency, and was generated by the
stimulus changing between its luminance value (dependent
on the trial) and the black background colour. For example,
a 4.44 Hz stimulus would flicker with 6 frames of grey fol-
lowed by 21 frames of black (with ~4 flickers per second),
while a 9.23 Hz stimulus would flicker with 6 frames of
grey followed by 7 frames of black (with~9 flickers per sec-
ond). This flicker was square-wave luminance modulation
(as opposed to sine-wave flicker), chosen to replicate the
luminance stimulation used by Bartley (1938) and Bertrand
et al. (2018). We do note that square-wave flicker has been
reported to result in stronger M/EEG responses at two times
the frequency of entrainment (Kim et al. 2011; Rager and
Singer 1998). However, in our previous electrophysiologi-
cal findings using the same stimuli, the maximum entrain-
ment occurred at the rhythm of the stimulus (4.4 Hz), not
its double (8.8 Hz). Moreover, Kim et al. (2011) suggest
that this doubling effect may exist for only a narrow band of
frequencies, which begins higher (6.25 Hz) than our stimuli
of interest.

Procedure

Each trial began with a white fixation cross centered on a
black background, flanked by a flickering stimulus and a
constant stimulus on either side (left/right), as shown in
Fig. 1a. Participants were instructed to fixate on the fixation
cross and use the up and down arrow keys of the keyboard
to adjust the luminance of the flickering stimulus until its
brightness matched that of the constant. They indicated the
adjustment was complete by pressing the spacebar. Lumi-
nance adjustment steps followed an adaptive staircase pro-
cedure. The steps adjusted by beginning with a step size of
10 RGB. Every change of direction (e.g., up arrow to down
arrow) would reduce the step size by 4 RGB, to a minimum
step size of 2 RGB. A run of 4 presses in the same direction
would increase the step size by 4 RGB to a maximum step
size of 10 RGB. Due to the non-linear relationship between
RGB and luminance, step sizes were not equivalent for every
button press (i.e., a step size of 4 RGB from 88 to 92 RGB
is 0.73 cd/m? but from 168 to 172 RGB itis 2.14 cd/m?). A
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Fig. 1 The order of stimulus presentation for a single trial for each of
Experiment 1 (a) and Experiment 2 (b), with an example sequence
of key press responses. a Experiment 1. Two circle stimuli are pre-
sented for a maximum of 15 s, where the brightness of the flickering
stimulus is matched to the brightness of the constant stimulus using
up and down arrow keys. The final response is marked by a space-
bar key press, and advances to the next trial, with a 500 ms ITL. b
Experiment 2. An initial “1” is presented centrally for 750 +250 ms
followed by a 2000 ms flickering circle stimulus. A trial was either
an adjustment or discrimination task type. On adjustment task trials,

500 ms (ms) inter-trial interval (ITI) of a black screen and
fixation cross separated trials. Participants had 15 s to adjust
(arrow keys) and confirm (spacebar) their perceived equiva-
lent brightness judgment. The ITI would initiate immedi-
ately after a spacebar key press. If an equivalence judgment
was not made within 15 s, the I'TI would begin, and the trial
would be recorded as a non-response.

Each participant completed 480 trials, broken into 16
blocks of 30 trials. A block consisted of the pseudo-random
ordering of 2x 15 conditions, with the 15 conditions cre-
ated by all possible combinations of frequency (2, 4, 7, 9,
or 12 Hz) and start luminance (high, equivalent, or low) for
the flickering stimuli. To most closely replicate Bartley’s
(1938) task, the flickering stimulus remained on the left or
right side of the screen consistently for half the total trials (8
blocks, or 240 trials), switching to the opposite side of the
screen for the second half of the experiment. This resulted
in a between-subject factor of initial adjustment side, either
Left-Adjust-First (LAF) or Right-Adjust-First (RAF), that
coded where the stimulus was presented (side of space) for
the first half of the total trials, and was counterbalanced
across participants (LAF: n=15; RAF: n=14). Finally, we
accounted for the possibility of experiment order effects by
coding an adjustment order factor which indicated in which
half of trials the adjusted stimulus was presented: adjusted
first or adjusted second.

Dependent measures and statistical procedure
Brightness enhancement The difference (in luminance

space) between the grey, constant, comparison stimulus
(15.75 cd/m?) and the final adjusted luminance value of
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following the flickering circle, a constant circle stimulus appears with
the text “How bright is 1?”, and arrow keys are used to adjust the
brightness for up to 10 s until a response is confirmed with a spacebar
key press. On discrimination task trials, following the first flickering
circle, a “2” was presented centrally for 750 +250 ms, followed by a
second flickering circle for 2000 ms. A response screen of “Is 1 or 2
brighter?” followed and allowed 5 s for a response with a left or right
arrow key press for 1 or 2, respectively. Both trial types end with a
700 ms ITI

the flickering stimulus, where a positive difference indi-
cates brightness enhancement (e.g., the final adjusted value
was lower than 15.75 cd/m?, indicating less luminance was
needed for the flickering stimulus to appear equivalently
bright to the constant stimulus).

Time to first key press (sec) Time from stimulus onset to the
first key press (up, down, or spacebar key).

Prior to any statistical analyses, all trials recorded as non-
responses (i.e., no response within the 15 s limit; 0.85% of
total trials) and all reaction times faster than 100 ms (i.e., a
response beyond the abilities of the visual system; 0.22% of
total trials) were removed, resulting in 98.93% usable data.

Statistical procedures were the same for each depend-
ent measure, and started with a four-factor mixed model
ANOVA which was used to test for main effects and inter-
actions between the between-subjects factor initial adjust-
ment side (LAF and RAF) and the within-subject factors
frequency (2, 4, 7, 9, and 12 Hz), start luminance (high,
equivalent, and low), and adjustment order (adjusted first
and adjusted second). For all reported ANOVA results, we
follow the same procedure. All interactions revealed by the
omnibus ANOVA were followed-up with an appropriate
repeated measures (RM) ANOVA that collapsed over any
factors that did not interact. Interactions at the subsequent
levels of analyses continued to be explored (with first separa-
tion into the between subjects groups where significant) until
the simple main effects of each factor were examined at all
levels of the other factors. Significant main effects were then
explored with all pairwise comparisons. All RMANOVA p
values reported include a Greenhouse—Geisser (GG) cor-
rection for violations of sphericity, and each RMANOVA
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result includes a GG epsilon value. Following the valuable
suggestion of an anonymous reviewer we hold the family
wise error rate of any multi-way ANOVA to an alpha of
0.05 using remedy two reported in Cramer et al. (2016). This
requires ordering the p values of all main effects and interac-
tions by significance and applying a sliding adjusted alpha
(starting with [alpha/number of tests] to alpha=0.05), taking
as significant all of those results with p values less than the
adjusted alpha until one result has a p value larger than the
adjusted alpha. For follow-ups to single factor RMANOVAs,
pairwise comparison tests were considered significant if the
Tukey-HSD corrected p value was less than 0.05.

Results
Brightness enhancement

In general, brightness enhancement effects were driven
by frequency, where 2 and 4 Hz stimuli were perceived
as being the brightest while 7, 9, and 12 Hz were incre-
mentally perceived as being less bright (see Fig. 2a, b and
Online Resource 1). This was confirmed with a four-factor
mixed model ANOVA which found no significant four-
way interaction (Fg,16=0.94; p=0.45; £¢=0.13), but did
reveal a significant main effect of frequency (F4 ;05 =87.47;
p=2.82e—16; ¢=0.13) and a significant interaction between
initial adjustment side and adjustment order (F{;,7,=13.56;
p=0.001; e=0.13). Pairwise comparisons between all lev-
els of frequency demonstrated that 2 and 4 Hz stimuli were
not judged to be significantly different (p =0.12), but all
other stimuli were seen as different (all p’s <1.0e—8). To
investigate the initial adjustment side by adjustment order
interaction we ran a one-factor RMANOVA comparing
adjustment order for each of the RAF and LAF groups. For
the RAF group there was a significant difference in adjust-
ment order (F; 13y=31.11; p=8.95¢e—-05; e=1) while for
the LAF group there was no such difference (F(; ,4,=0.67;
p=0.43; e=1). This suggests the two-way interaction was
mainly driven by differences between adjustment order for
only one of our two groups (RAF), where stimuli adjusted in
the first half of the experiment were perceived brighter, pos-
sibly indicating some effects of fatigue and/or it’s interaction
with side of space effects. Overall, the predominant effect on
brightness perception is from frequency, which again shows
that slower flickering stimuli are perceived as brighter.

Time to first key press

For a more complete understanding of the relative lumi-
nance results, we used the time to first key press as an indi-
rect index of decision difficulty (Fig. 2¢). In general, par-
ticipants were slower to begin their response when stimuli
were slower in frequency, and also when stimuli were at
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Fig.2 Experiment 1 brightness enhancement and timing results. a,
b Brightness enhancement (in cd/m?, measuring the amount below
our mid-grey level) for each adjusted test frequency, separated by our
between subjects groups, RAF (a) and LAF (b). Within each panel,
results are separated by adjustment order into stimuli adjusted in the
first half of trials (grey) or second half of trials (black). ¢ Time to
first key press results, measured from stimulus onset to the first key
press of an adjustment (arrow) or confirmation (space bar) for flick-
ering stimuli presented at each level of start luminance (high=yel-
low, equivalent= green, low =blue). Error bars in all panels represent
averaged individual standard errors

an equivalent start luminance (i.e., the same luminance as
the constant reference circle simultaneously presented with
the stimulus). A four-factor mixed model ANOVA revealed
a significant three-way interaction between frequency,
start luminance and adjustment order (Fg;6)=4.2045;
p=0.0021; e=0.1887), and no significant four-way inter-
action (Fg,16=1.28; p=0.28; £=0.19). To follow-up,
we compared frequency and start luminance at each level
of adjustment order with a two-factor RMANOVA. For
adjusted first, there was a significant two-way interaction
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between frequency and start luminance (Fg;y4)=8.70;
p=1.06e—05; ¢=0.24), and one-factor follow-up RMANO-
VAs at each level of start luminance found significant main
effects of frequency at low (Fy 11,,=67.50; p=7.07e—-23;
€=0.77), equivalent (F4 1,5)=3.10; p=0.043; £=0.60)
and high levels (F4 1, =8.27; p=3.73e-5; £¢=0.82).
Pairwise comparisons of frequency at each level of start
luminance found no significant differences in key press
time for any frequency pairs for the equivalent start lumi-
nance (all p’s > 0.0649), significantly slower key press times
for both 2 Hz relative to all other faster frequency stimuli (all
p’s <5.54e—8) and 4 Hz relative to all other faster frequency
stimuli (all p’s <9.69e—4) for the low start luminance, and,
for the high start luminance, significantly slower key press
times for 2 Hz relative to all other faster frequency stimuli
(all p’s<0.0070). When testing the adjusted second level,
no significant two-way interaction was found (Fg 5,4)=0.89;
p=0.49; £e=0.34), but there were significant main effects
of start luminance (F(2,56) =75.00; p=1.23e—12; €¢=0.34)
and frequency (F 4 15,=9.88; p=6.05e—6; £=0.34). Fol-
low-up pairwise comparisons for start luminance found
that key press times on equivalent trials were significantly
longer than both low and high trials (both p’s <7.07e-9),
and frequency pairwise comparisons showed results similar
to adjusted first, where effects were driven by significantly
slower key press times for 2 Hz relative to all other faster
frequency stimuli (all p’s <0.0047). Taken together, we see
an effect of frequency, mostly driven by slower time to first
key press responses to 2 Hz stimuli, and an effect of start
luminance, mostly driven by slower time to first key press
responses for equivalent stimuli. We suggest that, for a 2 Hz
stimulus, participants are waiting for more samples of the
stimulus before initiating their adjustment decision. For the
slowing effect related to equivalent start luminance trials, we
suggest this is due to decision difficulty. That is, it is well
known that discrimination decisions between stimuli that
are more similar generally lead to longer reaction times (for
review see Wispinski et al. 2018) and here, the equivalent
start luminance is creating a case of maximal similarity.

Experiment 2

The primary objective of Experiment 2 was to test whether
the number of items simultaneously presented affects flicker-
related brightness enhancement. Specifically, some recent
theories (Macdonald et al. 2014; Crouzet and VanRullen
2017) have argued that we visually sample only a single
spatial location at a rhythm of about 10 Hz. Thus, if bright-
ness enhancement occurs because the onset of a target aligns
with this rhythm, then when only a single target is present,
it should produce maximum enhancement around 10 Hz.
If a second stimulus is presented simultaneously (as in
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Experiment 1), then each individual item is sampled at half
of the overall rate, leading to enhancement when stimuli are
presented at about 5 Hz. Therefore, to rule out this explana-
tion of our previously reported enhancement for 4 Hz stimuli
(Bertrand et al. 2018), in Experiment 2 we have participants
judge the brightness of stimuli, but present only a single
stimulus on the screen at a time.

Materials and methods

Except for the following noted changes, Experiment 2 rep-
licated the methods of Experiment 1.

Participants

26 naive individuals (12 females; mean age 19.7 + 1.3 years)
participated in the experiment, none of whom had partici-
pated in Experiment 1. One participant’s behavioural data
were excluded from analysis due to a failure to comply with
task instructions, resulting in 25 data sets for analysis.

Apparatus

Stimuli in Experiment 2 were presented sequentially in
the center of the screen such that only one spatial location
needed to be monitored (see Fig. 1b). The frequencies of the
flickering stimuli were limited to O Hz (no flicker), 4.44 Hz
and 9.23 Hz to directly compare results in the baseline,
theta, and alpha frequencies, respectively. 0 Hz (no flicker)
was used as a baseline measure to both remain consistent
with our previous studies (Bertrand et al. 2018) and to also
provide an order effect measure unbiased by flicker effects.
Experiment 2 was comprised of two different tasks. The
adjustment task first presented a flickering stimulus that
varied in frequency (0, 4, or 9 Hz) followed by a constant
stimulus that varied in start luminance (high, equivalent,
or low—same values as Experiment 1) which was to be
adjusted to match the previously seen flickering stimulus.
The discrimination task presented two consecutive flicker-
ing stimuli, each varying in frequency (0, 4, or 9 Hz), and
participants were asked to judge which was perceived as
brighter.

Procedure

Adjustment and discrimination trials were randomly inter-
leaved. Both tasks began with a “1” in the middle of the
screen for 750 +250 ms, followed by a centered flickering
stimulus for 2000 ms (see Fig. 1b). On adjustment trials,
a constant stimulus would follow the flickering stimulus,
appearing with the text prompt “How bright is 1?” (or dark,
see counterbalancing details below). Participants then had
up to 10 s to adjust the luminance of the constant stimulus
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to match its brightness to that of the previously displayed
flickering stimulus, using the up and down arrow keys to
change the luminance and finalizing their response by press-
ing the space bar. On discrimination trials, following the
first flickering stimulus, a “2” would appear in the center
of the screen for 750 + 250 ms. This was then replaced by a
second centered flickering stimulus which was on the screen
for 2000 ms. A final screen then appeared with the text “Is
1 or 2 brighter?” (or darker, see counterbalancing details
below). Participants then had up to 5 s to enter their response
using the left or right arrow key to denote if the first or
second stimulus was brighter, respectively. A 700 ms black
screen ITI followed each trial, independent of task type. Tri-
als would proceed to the ITI screen at the time of the final
response or at the end of the response period (after 10 or 5 s
for adjustment or discrimination, respectively), whichever
occurred first.

Experiment 2 consisted of 252 trials, broken into 14
blocks of 18 trials. Each block contained 18 unique pseudo-
randomized trial conditions, with 9 trial conditions per task
type. Adjustment trials consisted of one repetition of all
pairwise combinations of flicker frequency (0, 4, and 9 Hz)
and constant stimulus start luminance (high, equivalent,
and low). Discrimination trials consisted of one repetition
of all pairwise combinations of flicker frequency for both
the first stimulus and the second stimulus (0, 4, and 9 Hz for
both). Participants were randomly assigned to one of two
experimental groups which informed whether they would
make judgments about the brightness (n=13) or the dark-
ness (n=12) of the circles. We called this between-subject
factor question-framing, and text of adjustment and discrimi-
nation tasks would instead read “How dark is 1?7 and “Is
1 or 2 darker?” if the questions were framed for darkness
judgments.

Dependent measures and statistical procedure
Adjustment task

Brightness enhancement The difference (in luminance
space) between 15.75 cd/m? (the luminance value of the
flickering stimulus) and the final adjusted luminance value
of the constant stimulus, where a positive difference indi-
cates brightness enhancement (e.g., the final adjusted value
was higher than 15.75 cd/m?, indicating more luminance
was needed for the constant stimulus to appear equivalently
bright to the flickering stimulus).

Time to first key press (sec) Time from the constant stimulus
onset to the first key press (up, down, or spacebar key).

The same statistical procedure used to analyze Experi-
ment 1 was applied to Experiment 2 adjustment tri-
als, only substituting a three-factor (frequency X start

luminance X question-framing) mixed-model ANOVA as
the omnibus test for main effects and interactions.

Discrimination task

Choice proportion Proportion of trials where the first stim-
ulus was selected as brighter (or, second stimulus selected
as darker) by left (first) or right (second) arrow key press.

Reaction time (sec) Time from second flickering stimulus
offset to left or right key press.

Data was cleaned in the same fashion as Experiment 1,
with 0.009% of total trials removed for non-responses, and
0.03% of total trials removed for reaction times faster than
100 ms, yielding 99.96% usable data.

The same statistical procedure used to analyze Experi-
ment 1 was applied to Experiment 2 discrimination tri-
als, only substituting a three-factor (1st stimulus fre-
quency X 2nd stimulus frequency X question-framing)
mixed-model ANOVA as the omnibus test for main effects
and interactions. Finally, to test for possible order effects
(e.g., always see the first thing as brighter) we used a ¢ test
of choice proportion against 50% for the three frequencies
on same-frequency trials (e.g., 4 Hz first vs 4 Hz second).

Results
Adjustment task
Brightness enhancement

Like Experiment 1, brightness enhancement results were
primarily driven by frequency, where 4 Hz stimuli appear
significantly brighter than both 0 and 9 Hz stimuli (see
Fig. 3a). This was confirmed with a three-factor ques-
tion-framing X frequency X start luminance mixed model
ANOVA, which revealed a significant two-way interac-
tion between frequency and start luminance (F4 g5, =6.64;
p=4.17e—4; ¢=0.32) and no significant three-way interac-
tion (F4 97y=0.78; p=0.52; £¢=0.32). Examining the sig-
nificant interaction with one-factor RMANOVASs compar-
ing frequency at each level of start luminance, there were
significant main effects of frequency for low (F, 45)=21.07;
p=3.70e=7; £=0.97), equivalent (F ;44 =31.22;
p=3.81e—8; £=0.83) and high (F, 45,=15.27; p=1.72e-5;
e=0.91) levels. Pairwise comparisons of frequency at
each level of start luminance showed that 4 Hz stimuli
were always perceived as significantly brighter than 0 and
9 Hz stimuli (all p’s<4.91e—4), while 0 and 9 Hz were
mostly perceived as being not significantly different (both
p’s>0.097), except for at the equivalent level (p =0.026).
Importantly, a 4 Hz stimulus still appears the brightest even
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a E2 — Adjustment Task: Brightness Enhancement (F(2,48) =3.43; p=0.045; £=0.92) levels. Follow-up pair-
2r [ High wise comparisons found significant differences only for the

= Eg\‘l’v“’a[e"t equivalent level, where first adjustment responses to 0 Hz

Brightness Enhancement
(cd/m2)
o

o i' .

iR

-4 A 2 2
b ) E2 — Adjustment Task: Time to First Key Press
O High
[ Equivalent
B Low
16 F
= I
E /,,___]
[
12 s + - 3
I
0-8 L L L

0 4 9

Stimulus Frequency (Hz)

Fig.3 Experiment 2 adjustment task brightness enhancement and
timing results. a Brightness enhancement (in cd/m?, measuring the
amount above our mid-grey level) results for each flicker frequency
for an adjusted, constant stimulus that started at a high (yellow),
equivalent (green) or low (blue) start luminance. b Time to first key
press results, measured from stimulus onset to the first key press of
an adjustment (arrow) or confirmation (space bar) for constant stimuli
presented at each level of start luminance. Error bars in both panels
represent averaged individual standard errors

when stimuli appear sequentially as opposed to simultane-
ously. This brightness enhancement from a 4 Hz stimulus
persisted across subject group and start luminance, and was
most pronounced at the equivalent start luminance level,
which drove the initial 2-way interaction.

Time to first key press

Like Experiment 1, we find a pattern suggesting that per-
ceptually similar stimuli lead to longer initial key press
responses. This was confirmed via a three-factor mixed
model ANOVA of question-framing X frequency X start
luminance which found a significant two-way interaction
between frequency and start luminance (F4 g,y =10.27;
p=1.39e-5; £=0.53), and no significant three-way inter-
action (F4.9,y=0.0075; p=0.97; £=0.54). Subsequent
1-factor RMANOVAs comparing frequency at each level
of start luminance found a main effect of frequency only for
equivalent (F, 45,=14.11; p=2.24e-5; £=0.95) and high
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were significantly slower than first adjustment responses to
both 4 Hz and 9 Hz (both p’s <0.0022; see Fig. 3b). Taken
together, when any stimulus starts at the low luminance
level, the initial response is fast since it is clear of the need
to adjust upward. When the stimulus starts at the equivalent
luminance level, it causes a significant slowing of initial
responses, especially for 0 Hz stimuli. We take this as evi-
dence that the decision is difficult for the 0 Hz equivalent
stimuli, but comparatively easy for the 4 and 9 Hz equivalent
stimuli. This suggests that the perceived brightness of these
flickering stimuli is brighter, so an upward adjustment is
easier to initiate. Finally, when the stimulus starts at the
high luminance level, while no pairwise comparisons are
significant, it is interesting to note that the slowest response
is to 4 Hz stimuli, suggesting it is perceptually closer to this
start value than the 0 and 9 Hz stimuli.

Discrimination task
Choice proportion

We found 4 Hz stimuli were consistently perceived as being
the brightest (see Fig. 4) based on the proportion of time
participants selected them as being the brighter of two
sequentially presented stimuli. The three-factor question-
framing X first stimulus frequency X second stimulus fre-
quency mixed model ANOVA for the discrimination task
revealed a significant main effect of both first stimulus fre-
quency (F(z’%) =31.48; p=2.81e—8; £=0.52) and second
stimulus frequency (F, 46, =60.89; p=1.69¢—13; £=0.52).
The three-way interaction was not significant (¥4 g5)=0.69;
p=0.57; e=0.52) nor were any of the two-way interactions.
For both the first and second stimulus frequency effects, we
conducted pairwise comparisons across the frequency lev-
els and found for the first stimulus frequency all pairs were
significantly different (all p’s <0.0091) and for the second
stimulus frequency all pairs were significantly different (all
p’s <2.45e—4). Thus, across all levels and factors, it appears
that 4 Hz stimuli, whether presented first or second, gener-
ate the greatest brightness percepts, followed by 9 Hz, and
then O Hz.

A 1 test was also used to compare choice proportion on
trials of same-frequency stimuli (i.e., 4 Hz vs 4 Hz) to a
guess rate of 50% to determine if any order effects existed.
Both 4 Hz and 0 Hz paired same-frequency conditions
were found to be significantly different than 50% (4 Hz:
togy=—3.27, p=0.0032; 0 Hz: 14,=2.63; p=0.010), with
4 Hz stimuli shown second and 0 Hz stimuli shown first
being more likely to be selected as brighter. We interpret
these order effects as indicative first, that the novelty of the
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Fig.4 Experiment 2 discrimination task choice proportion results. a
Proportion choosing the first stimulus frequency as brighter over the
second stimulus frequency. White denotes 50% choice proportion, red
represents a greater choice proportion of the first stimulus frequency,
and blue represents a greater choice proportion of the second stimu-
lus frequency. b Choice proportion of choosing the test-frequency (on
x-axis) over all frequencies, separated by the order of which the test-
frequency appeared (first = grey, second =black). Error bars represent
the average of individual standard errors

first of two non-flickering stimuli means its brightness is
enhanced and second, that the inducement of brightness
enhancement by a flickering stimulus is even stronger with
consecutive presentations. This latter conclusion is consist-
ent with our previous work (Bertrand et al. 2018) in that the
brain’s entrainment to a flickering stimulus increases as the
duration of the stimulus increases.

Reaction time

The 3-factor question-framing X first stimulus fre-
quency X second stimulus frequency mixed model ANOVA

for the discrimination task reaction time revealed no signifi-
cant three-way interaction (F o5)=0.54; p=0.67; £¢=0.58)
nor any significant two-way interactions or main effects.

Discussion

In two experiments, we tested whether the brightness
enhancement observed for flickering stimuli (the Brucke
effect) was more prominent for flicker rates in the alpha
(~9 Hz) or theta (~4 Hz) band, when the task was to adjust
the flickering stimuli (Experiment 1, Fig. 1a, like Bartley
1938) or when only a single stimulus appeared on the screen
at a time (Experiment 2, Fig. 1b). These two experiments in
turn tested possible reasons why our previous report (Ber-
trand et al. 2018) of maximal brightness enhancement for
stimuli flickering at a theta-band frequency differed from
the classical report of maximal brightness enhancement for
stimuli flickering at an alpha band frequency (Bartley 1938).
This discrepancy could have arisen because of differing task
demands between a discrimination (Bertrand) and adjust-
ment (Bartley) task or (and not mutually exclusive) could
have arisen due to an aliased alpha rhythm whose effective
sampling rate is halved when monitoring two spatial loca-
tions. Thus, in Experiment 1 we replicated Bartley’s task as
closely as possible (within the design constraints of modern
digital displays), and had participants adjust the luminance
of a flickering stimulus (2, 4, 7, 9, or 12 Hz) such that it
matched in brightness to a simultaneously presented con-
stant stimulus (Fig. 1a). Even though we tried to replicate
Bartley’s methods we again failed to replicate his result.
That is, rather than uncover a maximal brightness percept for
alpha range flickering stimuli, we instead found that 2 and
4 Hz stimuli were perceived as brightest and generally not
different from each other (Fig. 2a). This was accompanied
by 7, 9 and 12 Hz stimuli being perceived as incrementally
less bright, indicating a decrease in brightness enhance-
ment effects as the frequency of flicker increases. While our
results diverge from Bartley’s, they do align with others who
also found maximal brightness enhancement at slower fre-
quencies (Glad and Magnussen 1972; Magnussen and Glad
1975; Kohn and Salisbury 1967). As an indirect measure
of decision difficulty, the time taken for the first key press
response (either the first luminance adjustment up or down,
or a confirmation press of matched brightness) was recorded
(Fig. 2¢). We found that slower initial responses were elic-
ited by: (1) the slowest frequency (2 Hz) flicker, indicating
perhaps the need to delay for more samples of information,
and (2) stimuli equiluminant to the reference circle (equiva-
lent start luminance), indicating a more difficult discrimi-
nation decision. These results complement our 2018 find-
ings, but now also suggest that this brightness enhancement
effect exists for theta and slower frequency flicker, including
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our 2 Hz stimuli, which falls into the range of delta oscilla-
tions—a point we return to later in the discussion.

In Experiment 2, we presented stimuli one at a time
(Fig. 1b) to test whether the requirement to monitor two
spatial locations at once had produced the maximal theta-
band flicker brightness enhancement in our previous study
(Bertrand et al. 2018) and in Experiment 1. Even when only
one flickering stimulus was on the screen at a time, we again
found that 4 Hz stimuli were subject to the greatest bright-
ness enhancement. This was true whether perceived bright-
ness was reported via adjustment (half the trials; Fig. 3a) or
discrimination (half the trials; Fig. 4a, b). The timing results
for Experiment 2 help reveal which decisions participants
found hardest to make (Fig. 3b). During the adjustment task,
constant, 0 Hz stimuli took the longest to react to initially,
suggesting that the perceptual similarity of a 0 Hz stimulus
to an equiluminant second stimulus (i.e., identical stimulus)
prompted a more difficult initial decision. Together, Experi-
ment 1 and 2 results further corroborate Bertrand et al.’s
notion that alpha-rate flicker is not responsible for enhanced
brightness perception as Bartley suggested (1938). Instead,
these two experiments definitively show that brightness
enhancement occurs maximally for stimuli flickering slower
than alpha, in the theta or delta band (Figs. 2, 3, 4), even
when the brightness is reported via an adjustment task and
even under conditions when only a single stimulus is being
monitored at a time.

This suggests that slow waves in the brain (4 Hz and less),
which we have shown are entrained by external stimuli (Ber-
trand et al. 2018), serve a unique role in brightness enhance-
ment. This conclusion differs from theories that speculate
the nature of the task (Bartley 1938), or the need to divide
attention across space (Macdonald et al. 2014; Crouzet and
VanRullen 2017), are responsible for stimulus rhythms that
induce illusory percepts. We therefore spend the remainder
of the discussion situating our results in other theoretical
and empirical frameworks which have speculated a special
role for delta and theta oscillations in visual information
processing.

The first domain in which we see the relevance of
slower-than-alpha oscillations in visual processing is
when a task demands knowledge not about the presence
of a stimulus (like a detection task), but instead about a
feature of the stimulus (like a discrimination task). For
example, when Cravo et al. (2013) presented a target in a
regular, rhythmic stream of noise (i.e., inducing entrain-
ment), the accuracy of participants’ discrimination of the
orientation of the target (tilted 45° counterclockwise or
clockwise) could be predicted by the phase of slow neural
oscillations (~ 1-4 Hz) in visual cortex. Similarly, with a
rhythmic stream of events (~ 3 Hz stimulus rate), Lakatos
et al. (2008) found response gain modulations related to
the phase of prestimulus delta oscillations. Dugué et al.

@ Springer

(2015) also show evidence for theta oscillations acting as
a facilitator of visual processing in tasks more complicated
than simple detection. In a visual search task, the success
of the search, or the efficiency of target selection, could
be predicted by the prestimulus phase of ~6 Hz neural
oscillations (Dugué et al. 2015). Critically, the predictive
power of ~6 Hz oscillations disappeared for easy, pop-
out visual search tasks, suggesting again that these slower
rhythms might be required for more complex tasks, where
the qualities, and not the mere presence, of the stimuli
need to be interrogated. Finally, Harris et al. (2017) also
found evidence to support the theory of theta oscillations
in “feature-based signal enhancement” as a feed-forward
mechanism to bias subsequent processing. Together, these
studies demonstrate results similar to those we report here
and previously (Bertrand et al. 2018), where the visual
processing of the quality of the information, like its iden-
tity, its specific brightness or its orientation, is closely
linked with slower-frequency neural oscillations.

There is also evidence for delta and theta oscillations
playing an important role in sharing, or broadcasting, visual
information across the brain, thus playing an important role
in tasks requiring high-level visual processing. For example,
when a rapid stream of oriented Gabor patches was pre-
sented, with the task of determining the average tilt, Wyart
et al. (2012) found that the accumulated evidence fluctu-
ated with the phase of slow oscillations (1-3 Hz) in pari-
etal regions. This evidence accumulation was subsequently
integrated by higher-frequency oscillations in motor cortex
in preparation for response (Wyart et al. 2012). Han and
VanRullen (2016, 2017) also interpret their brightness dis-
crimination results as a function of top—down integration
of theta oscillations (~5 Hz), where visual stimuli with 3D
line images were perceived as brighter than random-line ver-
sions. They suggest that the 3D line image extracted from
higher-order brain areas promotes predictive feedback, with
visual information cascading back to the visual cortex. They
suggest that the phase of frontal theta and faster occipital
oscillations are indicative of the effectiveness of this feed-
back (Han and VanRullen 2017). We have also predicted
this information sharing to be a central role of theta oscil-
lations (Bertrand et al. 2018) when trying to understand the
brightness enhancement afforded by theta-rate flicker. This
would further fit with an already-accepted role of theta for
memory processes (Klimesch 1999; Wang 2010; Buzsaki
2006), including, in specific, theta phase synchronization
between sensory areas predicting the formation of multi-
sensory memories (Wang et al. 2018), and theta power
predicting both the encoding (Klimesch et al. 1996) and
remembering (Klimesch et al. 1997) of new information.
Perhaps these slower rhythms are thus relevant in our task as
they are needed to retrieve stored information from different
areas (i.e., the last stimulus on the screen) to integrate and
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compare to new information (i.e., the current stimulus on the
screen) from a sensory area.

It is important to note that the suggestion of slow rhythms
as critical for visual processing is not meant to discount the
role of alpha oscillations to the visual system. Rather, we
propose that alpha performs a complementary, but sepa-
rate task. We characterize the alpha rhythm as a sensory
sampling rhythm, critical for determining the presence of
a visual stimulus. Therefore, presenting a visual target at
the precise timing of the alpha rhythm (either endogenous
or entrained) can facilitate or inhibit its detection (e.g.,
Mathewson et al. 2009; Busch et al. 2009). We also see this
sensory sampling effect in work from Sokoliuk and VanRul-
len (2013) where illusory flicker (~9 Hz) of a wheel stimulus
was induced by power fluctuations at the individual alpha
frequency, exposing a pulsed inhibition sensory sampling
effect. However, in more complex tasks, where specific
information about the identity or quality of a visual stimulus
is required, and where this information needs to be shared
amongst areas of the brain beyond the visual cortex, slower
rhythms, like delta and theta, play a primary role in visual
processing. Thus, when we deliver visual information at the
precise timing of the slower rhythm (either endogenous or
entrained) involved in its higher-order processing and trans-
fer, the quality of the information can be best interrogated
and is preferentially processed, resulting in phenomena like
brightness enhancement (e.g., the current study, Bertrand
et al. 2018; Han and VanRullen 2017), increased orienta-
tion sensitivity (Cravo et al. 2013), or superior target search
(Dugué et al. 2015). Further, it appears that while alpha and
theta rhythms may serve distinct roles in the visual system,
they are likely connected and show a level of reciprocation.
For example, increasing the demands of a task to make it
more complex elicits both a decrease (or desynchronization)
in alpha power and an increase (or synchronization) of theta
power (Klimesch et al. 1996, 1997). However, we acknowl-
edge further work is required to properly disentangle these
two rhythms, as it is possible that the square-wave flicker
employed in this experiment could induce entrainment at
double the frequency of stimulation (Kim et al. 2011). This
would suggest that, at least for 4 Hz flicker (though, not for
the behaviourally similar 2 Hz flicker result), there might
be entrainment of the alpha rhythm and a need to consider
an alternative explanation given its implications on visual
perception (Spaak et al. 2014; Gulbinaite et al. 2017).

We therefore situate these findings in an emerging theo-
retical framework arguing first for the vital role oscillations
play in establishing and regulating functional networks in
the brain (Buschman and Kastner 2015), and second, for
the specific roles rhythms in the classic delta-theta range
(Fiebelkorn and Kastner 2018) play as compared to those in
the alpha range (VanRullen 2016). In all of these accounts,
slower rhythms, centered around 4 Hz but extending from

as slow as 1 Hz to as high as 7 Hz, have been implicated in
so-called “attentional sampling” (VanRullen 2016) or, the
vacillation between a state of engagement and a state of dis-
engagement with a stimulus (Buschman and Kastner 2015;
Fiebelkorn and Kastner 2018). These slow rhythms then
cascade throughout the brain—carrying information from
sensory areas to high-order areas, and back, likely transmit-
ting the information by coupling (in phase and/or amplitude)
with local, faster, rhythms in each specific brain area. Under
this framework, there is room to explain how you can get
both sensory sampling effects, as in the wagon wheel illu-
sion that appears to flicker at an alpha rhythm which is also
reflected in alpha EEG (Sokoliuk and VanRullen 2013), and
“attention” sampling effects (Landau and Fries 2012; Harris
et al. 2018) as in studies showing that exploratory eye move-
ments are more probable at specific phases of slow neural
oscillations (Hogendoorn 2016; Wutz et al. 2016). Given
that our task requires participants to sample, retain and com-
pare two stimuli (either across space, Experiment 1 or time,
Experiment 2) we believe slower rhythms are playing a more
dominant role in the observed brightness enhancement. That
is, the slow-flickering stimuli are first entraining precisely
the slow rhythms required for the successful broadcasting of
information, and then aligning with these entrained rhythms,
resulting in an enhanced percept of brightness.
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