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Abstract

Metacontrast masking is a powerful illusion to investigate the dynamics of perceptual processing and to control conscious
visual perception. However, the neural mechanisms underlying this fundamental investigative tool are still debated. In the
present study, we examined metacontrast masking across different contrast polarities by employing a contour discrimina-
tion task combined with EEG (Electroencephalography). When the target and mask had the same contrast polarity, a typical
U-shaped metacontrast function was observed. A change in mask polarity (i.e., opposite mask polarity) shifted this masking
function to a monotonic increasing function such that the target visibility was strongly suppressed at stimulus onset asyn-
chronies less than 50 ms. This transition in metacontrast function has been typically interpreted as an increase in intrachannel
inhibition of the sustained activities functionally linked to object visibility and identity. Our EEG analyses revealed an early
(160-300 ms) and a late (300-550 ms) spatiotemporal cluster associated with this effect of polarity. The early cluster was
mainly over occipital and parieto-occipital scalp sites. On the other hand, the later modulations of the evoked activities were
centered over parietal and centro-parietal sites. Since both of these clusters were beyond 160 ms, the EEG results point to
late recurrent inhibitory mechanisms. Although the findings here do not directly preclude other proposed mechanisms for

metacontrast, they highlight the involvement of recurrent intrachannel inhibition in metacontrast masking.
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Introduction

Visual masking as a phenomenon has been known for more
than a century and also has found increasing applications
as a powerful methodological tool in studies of information
processing and conscious perception (Bachmann and Fran-
cis 2013; Breitmeyer and Ogmen 2006). A particular case
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of masking, which probably attracted the attention of most
researchers in the field, is called metacontrast. Metacontrast
masking is a type of backward masking in which the visibil-
ity of a visual target is suppressed by a spatially contiguous
stimulus called the mask. Target visibility is plotted against
various stimulus onset asynchronies (SOAs). The strength
of masking (i.e., the decrease of target visibility) is typically
a U-shaped function of SOA (Bachmann 1994; Breitmeyer
and Ogmen 2000, 2006). The specific morphology of this
function (e.g., the location of dips, the amount of reduction
in target visibility) depends on stimulus variables, the cri-
terion content, and the perceptual task. Therefore, changes
in masking functions have been used to probe the dynamics
of vision, including processing streams, specialized for dif-
ferent visual attributes and the interactions between these
streams at different stages (Breitmeyer et al. 2004, 2006;
Ogmen et al. 2003).

Employing this common approach, previous studies (Bre-
itmeyer 1978a; Breitmeyer et al. 2008; Sherrick et al. 1974)
reported that substantial U-shaped masking functions can
be obtained even when the target and mask have opposite
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contrast polarities. Moreover, the masking strength in these
conditions was overall weaker compared to the same polar-
ity conditions, indicating that metacontrast is also contrast
polarity specific, but such specificity is partial and not
absolute. These behavioral findings provide interesting and
novel implications for visual processing. First, metacontrast
masking across different polarities points to a significant
interaction (i.e., inhibition) between ON and OFF pathways
specialized for processing brightness increments and decre-
ments, respectively (Schiller 1992). Second, they also sug-
gest that this interaction across pathways may have distinct
characteristics than the one elicited by metacontrast within
each (ON or OFF) channel. How cross-polarity metacon-
trast is mediated in the visual system remains unanswered.
In masking studies, the dual-channel, sustained-transient
approach has been shown to have a broad explanatory scope
(Breitmeyer and Ogmen 2000). This approach addresses tim-
ing differences between transient and sustained activities of
M (magnocellular/magno-dominant) and P (parvocellular/
parvo-dominant) channels, respectively. According to mod-
els based on this theory, the transient and sustained activities
of the mask suppress the sustained (visibility) activity of the
target via the feedforward interaction between these channels
and the inhibitions (e.g., lateral and recurrent) within the P
channel. Although both inter- and intra-channel inhibitory
mechanisms contribute to metacontrast masking, the domi-
nant one is inter-channel inhibition. Within the framework
of the dual-channel approach, the cross-polarity metacon-
trast can be illustrated by incorporating ON and OFF path-
way interactions. Schiller (1982) demonstrated the exist-
ence of separate ON and OFF populations within both P
and M channels. A possible mechanism may be inhibitory
coupling from transient (M) onto sustained (P) neurons.
In other words, on-transient (and, similarly, off-transient)
neurons can form inhibitory connections with both on- and
off-sustained neurons. Early neurophysiological recordings
also revealed that complex-cell types in the monkey primary
visual cortex (V1) are sensitive to both luminance incre-
ments and decrements (Hubel and Wiesel 1968; Schiller
et al. 1976). More importantly, a subset of these increment-
and decrement-sensitive complex cells have short-latency
phasic (i.e., transient) activities (Dow 1974). Such neurons
may provide a basis not only for inter-channel inhibition
but also for across polarity interaction to obtain significant
metacontrast. Alternatively, it is also possible that the inter-
action between two polarities may be mainly within the P
pathway (e.g., an inhibition between on-sustained and off-
sustained populations) and hence lead to metacontrast mask-
ing with distinct characteristics. However, these alternatives
and specific neural correlates have not been investigated yet.

Given that visual masking is a dynamic process, often
studied by stimuli of short duration, the neural correlates
of metacontrast have been commonly investigated through
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neuroimaging techniques with a high temporal resolution
like Electroencephalography (EEG). Initial studies focused
on whether metacontrast leads to significant alterations in
the early (< 100 ms) components (e.g., C1 and C2) which
are associated with the early processing over V1 and receive
major contributions from the earliest retinotopic regions of
visual processing (Donchin et al. 1963; Jeffreys and Mus-
selwhite 1986; Schiller and Chorover 1966). Although no
substantial effects of metacontrast on these components were
reported, relatively recent research pointed to significant
changes in relatively late components. Some of these EEG
studies emphasized that the changes around 100 ms after
the target onset (P1 component, a relatively late response
component of V1 cortical response) are important for metac-
ontrast and more generally backward masking (Fahrenfort
et al. 2007; Rieger et al. 2005; Sterkin et al. 2009). There
are also studies highlighting the importance of later com-
ponents. Notably, most of the studies provide evidence that
the modulations between 200 and 300 ms play a critical
role in metacontrast masking [Bridgeman 1988; Koivisto
and Grassini 2016; Railo and Koivisto 2009; see also an
MEG (Magneto-encephalography) study by Van Aalderen-
Smeets et al. (2006)]. Previous studies also indicate signifi-
cant alterations beyond 300 ms such as late positivity (LP).
Since these identified time-ranges have been considered as
not reflecting early sensory processing, EEG research on
metacontrast highlights late inhibitory mechanisms (e.g.,
recurrent inhibitions) rather than early feedforward inhi-
bitions. It should also be noted that the variations across
these studies were high in terms of criterion content and
perceptual task used. The effects of metacontrast on the neu-
ral activities still need to be examined by using low-level
stimulus manipulations, which are critical for the specific
morphology of masking function. Based on previous metac-
ontrast findings (e.g., Breitmeyer et al. 2008), the contrast
polarity can be used as a low-level stimulus manipulation to
address this gap in neurophysiological studies (see below).

In the present study, we focused on understanding the
neural correlates of metacontrast masking across different
polarities. We acquired EEG activity while participants
performed a contour discrimination task on a visual target
under different polarity and SOA conditions. Comparing
the cross-polarity masking effects with those of the same
polarity conditions, we wanted to determine common and
distinct characteristics of cross-polarity metacontrast in the
spatiotemporal (i.e., scalp-site and time-domain) profile of
the neural activity. Although previous behavioral studies
have extensively investigated visual masking under a rich
profile of visual stimulations and criterion contents, there
are still limited neurophysiological recordings. In terms of
neural mechanisms underlying metacontrast, this has led to
a mismatch between the recording studies and the theoretical
work mainly based on behavioral findings. As mentioned
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above, a change in mask polarity is an influential low-level
stimulus manipulation on the final masking function. Using
mask polarity as a critical experimental factor, we also
wanted to identify modulations of ERP components that
parallel changes in the masking functions. Thus, we aimed
to bridge this gap between neurophysiological and theoreti-
cal studies on metacontrast.

Materials and methods
Behavioral pre-study

The masking functions are highly dependent on stimulus
parameters and criterion content used. Using the basic
parameters of the main EEG experiment, we designed a
behavioral pre-study to evaluate masking functions of the
same and opposite polarity conditions within a wide range of
SOA values. Thus, we aimed to identify critical SOA condi-
tions for the EEG experiment. Twenty-four healthy volun-
teers participated in this study. The data of five participants
were excluded from analysis because their performances did
not meet our criterion in the contour discrimination task (see
“Design and procedure”). Thus, the data from 19 observers
(age range 20-32 years) were included in the analysis. All
observers had normal or corrected-to-normal visual acuity,
and none of them had a history of neurological disorders.
Prior to their participation, they were informed about the
experimental procedures and gave informed consent. All
experimental procedures were in accordance with the Dec-
laration of Helsinki (World Medical Association 2013) and
approved by the local ethics committee at Bilkent University.

Apparatus and stimuli

We used MATLAB version 8.5 (The MathWorks, Natick,
MA, USA) with Psychtoolbox 3.0 (Brainard 1997; Kleiner
et al. 2007; Pelli 1997) to control visual stimulation, experi-
mental design, and data acquisition. The stimuli were pre-
sented on a 20-inch CRT screen (1280 x 1024 pixel reso-
lution and 100 Hz refresh rate) at a viewing distance of
approximately 57 cm. The display was gamma-corrected
using a SpectroCAL (Cambridge Research Systems, Roch-
ester, Kent, UK) photometer. A digital oscilloscope (Rigol
DS 10204B, GmbH, Puchheim, Germany) with a photodiode
was used to check and calibrate the timing of visual stimuli.
All the experiments were performed in a silent and dimly
lit room.

A red fixation target was presented at the center of the
screen. To minimize eye movements during fixation, it was
the combination of a bull’s eye and crosshair (Thaler et al.
2013), with 0.6° and 0.2° diameters of outer and inner cir-
cles, respectively. The target and mask were centered 3°

above the fixation on the vertical meridian (Fig. 1). The tar-
get was a disk of 1.5° diameter with a 0.15° wide right or left
contour deletion. The mask ring had 1.55° inner and 2.55°
outer diameters, and it surrounded the target disk. These
parameters led to a target-mask separation of 0.05°. This
target-mask separation was carefully adjusted to prevent any
merging of task and mask and a possible pop-out of contour
deletion at short SOAs. Upon debriefing, all the participants
confirmed that they perceived target and mask as separate
in all SOAs. The background was a uniform gray field with
a fixed luminance of 45 cd/m?. The target was displayed at
a luminance of 80 cd/m? yielding a white stimulation. How-
ever, the mask had a luminance of either 80 cd/m? (white)
or 10 cd/m? (black) to have the same and opposite polarity
conditions, respectively. These luminance values resulted
in equal Weber contrasts for both polarity conditions (Bre-
itmeyer et al. 2008). The target and mask stimuli had the
same duration of 20 ms.

Design and procedure

We employed a (2 X9) repeated-measures design, in which
we varied the mask polarity (white vs. black; equivalently
same vs. opposite polarity) and SOA (0, 10, 20, 40, 60, 80,
120, 160, 200 ms) between target and mask. Our design also
included a target-only (baseline) condition where the target
was presented without a mask (Fig. 1). Each experimental
session had a balanced mixture of these conditions and con-
sisted of 380 trials (19 conditions X 20 trials per condition).
Of the 20 trials per condition, 10 were devoted to each of
the two possible target contours (left vs. right contour dele-
tion). The order of target contours was randomized across
the 20 trials.

On each trial, a condition was pseudo-randomly selected
and presented according to the timelines in Fig. 1. A trial
started with the presentation of fixation, and after a variable
pre-stimulus interval (1000 + A ms, with 0 <A <150), the
target and mask sequence (TM+ or TM—) was shown. A
maximum response time of 1000 ms following the mask off-
set was given to observers, and then the fixation disappeared.
For the target-only condition, the maximum response time
was based on the target offset. Observers were asked to fixate
during a trial and to indicate, by pressing one of two keys,
which of the two targets was presented before the fixation
disappears (i.e., contour discrimination task). In case of no
response within the given period, the trial was repeated later
in the session. As in the pre-stimulus interval, a variable
inter-trial interval (1000 + A ms, with 0 <A <150). The con-
tour discrimination task was employed based on the previous
findings indicating that this perceptual task reflects changes
in target visibility due to both paracontrast and metacon-
trast (Breitmeyer 1978a; Breitmeyer et al. 2006; Kafaligoniil
et al. 2009). In particular, Breitmeyer et al. (2006) used both
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Fig. 1 Schematic representation of stimuli and timeline. Each condi-
tion is represented in separate rows. The target was a disk with either
left or right contour deletion. The mask annulus surrounded the target
disk, and it was presented at different stimulus onset asynchronies.

brightness matching (i.e., direct assessment of target visibil-
ity) and contour discrimination tasks in the same experimen-
tal design. They directly compared the masking functions
across these tasks under different M/T contrast ratios (i.e.,
direct manipulation of stimulation visibility). In terms of
the overall morphology of metacontrast masking functions,
the contour discrimination task was in line with the bright-
ness matching task and revealed/captured changes in target
visibility well.

@ Springer

Both stimuli were displayed 3° above the red fixation. All conditions
were used in the EEG study. Only the target-mask (TM+, TM—) and
target-only (T) conditions were included in the behavioral pre-study
(rows 2, 5, 6)

Each observer completed a single experimental session.
Prior to this experimental session, all possible target-mask
configurations were shown to instruct the task and to provide
examples of visual stimulation. The participants were also
informed about the limited time window to respond, and
the importance of fixation was emphasized. They were also
screened according to the performance in the target-only
condition, and a participant having performance below 75%
threshold level was excluded from further data analysis.
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Behavioral data analysis

We first calculated the average performance values of all
conditions. For each observer, the average performance
value of the target-only was subtracted from those at each
SOA and mask polarity condition. This subtraction proce-
dure allowed us to eliminate potential confounding factors
and to observe the main masking effect in the contour dis-
crimination task. We performed a two-way repeated-meas-
ures ANOVA with polarity and SOA as factors on these
difference (A) performance values.

EEG study
Design and procedure

Based on the performance values in the pre-study, we identi-
fied three critical SOA values (10, 50, and200 ms; see also
“Results™), Fig. 2. Accordingly, we only used these SOA
values (2 polarity X 3 SOA conditions) for the main EEG
experiment. In our ERP analyses, we used an additive model
to detect nonlinear neural response interactions and to reveal
modulations of these nonlinear components by experimen-
tal factors (see ERP analyses). Therefore, the design also
included mask-only (M+ or M—) and no-stimulus (NS)
conditions. The timeline and event markers in these condi-
tions were the same as those in the target-only (T) condition,
but the stimulation was different (Fig. 1). To avoid poten-
tial confounding factors in our analyses, the observers were
instructed not to respond and passively fixate when there was
no target during a trial (i.e., M or NS trials). Each condition
was repeated 60 times per session. Accordingly, there were
600 trials (10 conditions X 60 trials per condition) in each
experimental session. During an experimental session, the
target (i.e., T, TM+, TM—) and non-target trials (i.e., M+,
M-, NS) were presented in two separate blocks of trials. The
order of these blocks and the conditions in each block were
randomized. Each observer completed one experimental ses-
sion. With the exception of these changes, all other stimulus
parameters and experimental procedures were the same as
those used in behavioral pre-study. We invited all 19 observ-
ers of behavioral pre-study to the main EEG experiment, and
14 of them returned and took part in EEG recordings. We
did not apply for any additional screening.

EEG recording and preprocessing

We used the same testing room and behavioral set-up for the
EEG study. EEG recording and preprocessing steps were
also similar to those described previously (Akyuz et al. 2020;
Kaya and Kafaligonul 2019). EEG activity was recorded via
a 64-channel system (Brain Products, GmbH, Gilching, Ger-
many). In this system, the scalp electrodes (Ag/AgCl passive

electrodes) were mounted on an elastic cap (BrainCap MR,
Brain Products, GmbH), and their arrangement was accord-
ing to the extended 10/20 system. An additional electrode
was placed on the back of the subjects for electrocardiogram
(ECG) recording. Two of the scalp electrodes were used as
the reference (FCz) and ground (AFz). Electrode imped-
ances were kept below 10 kQ by applying a conductive
paste (ABRALYT 2000, FMS, Herrsching—Breitbrunn, Ger-
many) with syringe and g-tips. EEG signals were acquired
at a 1-kHz sampling rate, and band-pass-filtered between
0.016 and 250 Hz. BrainVision Recorder Software (Brain
Products, GmbH) was used to store neural signals, stimulus
markers, and observer responses.

Preprocessing of EEG data was carried out offline with
the Brainstorm toolbox (Tadel et al. 2011). First, the large
and unused segments (e.g., session breaks) were removed,
and the data was down-sampled to 500 Hz. The power spec-
trum was also monitored to identify any significantly noisy
channel. Afterward, the data were offline re-referenced
to a common average, and a second order IIR notch filter
with zero-phase lag was applied for power-line contamina-
tions at 50 Hz. A linear phase FIR band-pass filter was also
applied at 0.5 and 70 Hz cut-off frequencies. Eye blinks
and heartbeats were detected using frontal channels and the
ECG recordings, respectively. To remove common artifacts
(e.g., eye blinks and residual heartbeat components), the
signal-space projection (SSP) method was used (Uusitalo
and Ilmoniemi 1997). Components were screened for the
correlation with typical characteristics of common artifacts
in their spatial topography and time series. In the end, the
data were divided into epochs regarding trials and stimulus
onset events centered at zero within a (— 600, 1200) ms win-
dow. Trials were screened manually for undetected artifacts,
and those which included blinks concurrent with stimulus
presentations were also rejected. On average, 95.05% of the
trials (SD =0.04%) were preserved.

ERP analyses

To compute event-related potential (ERP) for each condition
of a participant, the preprocessed signals from each elec-
trode location were averaged across trials and then baseline-
corrected by using the mean of 100 ms pre-stimulus period.
To further smooth the ERPs, a low pass filter (a linear
phase FIR filter with 40 Hz cut-off frequency) was applied.
In metacontrast masking, the participants perform a visual
task on the target and passively observe the mask. That is
to say, the target and mask act as primary task-relevant and
secondary task-irrelevant stimulation, respectively. Such
experimental design implies that the mask (i.e., second-
ary stimulation) interferes and interacts with the sensory
processing primarily driven by the target. Moreover, most
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of the masking theories emphasize nonlinear interactions
between the representations of the target and the mask by
taking into account the temporal properties of these visual
stimuli (Francis 2000). Therefore, as in previous studies
(e.g., Del Cul et al. 2007; Fahrenfort et al. 2007), we used
derived waveforms for further analyses. We mainly aimed
at isolating nonlinear neural interactions and revealing the
modulations of these nonlinear components by polarity
and SOA. In this respect, we compared the ERPs elicited
by target-mask sequence (TM+, TM—) with the synthetic
summation of target-only (T) and corresponding mask-only
(M+, M—) ERPs. Since the observers passively fixated dur-
ing mask-only trials, we avoided specific confounding fac-
tors due to summation (e.g., having two motor responses in
the summed ERPs). Similar to previous research using onset
timing as a critical experimental factor (e.g., Cecere et al.
2017), we shifted the mask-only waveforms in time to match
the three distinct SOAs used for the corresponding TM con-
ditions. We also applied an additional correction to limit the
contribution of confounding factors in the summed ERPs,
which could be mistaken for genuine interaction when these
ERPs were compared with those of corresponding TM trials.
Any pre-stimulus anticipatory slow potential (e.g., contin-
gent negative variation, Walter et al. 1964) might continue
after the stimulus onset on all trials. Similarly, the summed
ERPs would contain two slow potentials, and it would be
inappropriate to compare these ERPs with those of TM tri-
als. To balance such pre-stimulus common activity, we also
subtracted the activities of NS trials from synthetic summa-
tion [TM vs. (T+M — NS)].

These synthetic ERPs were subtracted from the corre-
sponding TM conditions to quantify nonlinear interactions.
Accordingly, the difference [TM — (T+M — NS)] wave-
forms for each polarity and SOA condition were computed.
For each SOA condition, we performed running paired
samples ¢ tests (same vs. opposite polarity) on these differ-
ence waveforms to determine the spatiotemporal profile of
significant modulations by contrast polarity. To overcome
multiple comparisons across time points and electrode loca-
tions at the cluster-level, we used the cluster-based permuta-
tion test integrated into Brainstorm and Fieldtrip toolboxes
(Maris and Oostenveld 2007). Briefly, we selected a priori
time-ranges as 50-300 ms and 300-550 ms for early and late
activities reported by previous studies (Bridgeman 1988;
Fahrenfort et al. 2007; Railo and Koivisto 2009). Within
each time-range, spatially- and temporally-adjacent sig-
nificant (¢ =0.05) samples (electrode location, time point)
were clustered. The cluster-level statistics were obtained by
summing ¢ values within a spatiotemporal cluster. To gen-
erate the null distribution of the cluster-level statistics, the
procedure was repeated using Monte Carlo simulations with
10,000 random permutations of the original data. In the end,
the observed (i.e., empirical) cluster-level statistics were

@ Springer

compared to the generated null-distribution. The observed
statistics were considered to be significant when it fell in
the highest or the lowest 2.5th percentile of the generated
null-distribution.

Based on the outcome of the cluster-based permutation
test, we identified spatiotemporal clusters associated with
the significant effects of contrast polarity for each SOA
condition. We further determined electrode locations (i.e.,
exemplar sites) to display evoked brain activity time-courses
for illustrative purposes. The electrodes, which were part of
a significant spatiotemporal cluster when it was at its largest
spatial extent (in terms of the number of electrodes), were
selected as exemplar sites. For the time windows in which
the identified spatiotemporal clusters were mainly located,
we computed the mean difference [TM — (T+M — NS)]
waveforms over these electrodes. We carried out correla-
tion analyses between these mean difference potentials and
behavioral performance values. The correlation between
the measures across different 6 conditions (2 polarities X 3
SOAs) was evaluated via linear regression fits having inter-
cept and slope as coefficients.

Results
Behavioral pre-study
Figure 2 shows the difference (A) performance values for

each polarity condition as a function of SOA. For the same
polarity condition, we obtained a typical U-shaped (type B)

—3— Same
10 —&— Opposite

A Performance (%)

35 L . . . .

0 50 100 150 200
SOA (ms)

Fig.2 Masking magnitude as a function of SOA for same and oppo-
site polarities (n=19). Masking magnitude is given in terms of A
performance values, the change of performance on a masked target
relative to that obtained with an unmasked target-only condition
(dashed line). Error bars correspond to standard error (= SEM) across
observers
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function, with performance values (i.e., target visibilities)
dropping to a minimum at intermediate SOAs around 50 ms.
For short SOAs (0 and 10 ms) of this polarity condition,
one observes even an enhancement rather than a suppres-
sion of performance. A change in mask polarity led to major
changes in the masking function. We found a substantial
amount of metacontrast for the opposite polarity condition,
but the performance values as a function of SOA pointed
out a monotonically increasing (type A) function. The tar-
get visibility was minimum at short SOA values (0-20 ms
range) and increased monotonically as the SOA between
target and mask increased. To assess these modulations in
performance values and hence target visibilities, we per-
formed a two-way repeated-measures ANOVA with SOA
and polarity (same vs. opposite) as factors. The main effects
of SOA (Fyg 144=10.76, p<0.001, 11[% = 0.374), and polarity
(Fy,13=86.52, p<0.001, 11[2, = 0.828) were significant. More-
over, the two-way interaction between SOA and polarity was
also significant (Fg144=27.25, p<0.001, '713 =0.602), con-
firming the differential effects of polarity on the morphology
of masking function.

What is notable in comparing the same vs. opposite
contrast polarity conditions is that the two masking func-
tions are essentially similar for SOA values around 50 ms
and higher, whereas the opposite mask polarity shifts the
performance downward for shorter SOA values generating
a type A as opposed to type B masking function. Similar
effects were observed when mask energy increased (Breit-
meyer and Ogmen 2006) and we will revisit this observation
when we interpret our results. To examine these modulations
of metacontrast in the spatiotemporal profile of the corti-
cal activity, we determined three critical SOA values to be
employed in the EEG recordings. When the SOA value was
around 10 ms, the target was visible and greatly suppressed
in the same and opposite polarity conditions, respectively.
This suggests a major change in the amount of masking due
to polarity at 10 ms SOA. On the other hand, for SOA values
around 50 ms, there was inhibition in both conditions and
the amount of inhibition was almost the same. The target
became visible (i.e., no masking) at 200 ms SOA value in
both polarity conditions. Therefore, these SOA values (10,
50, 200 ms) were used in the main EEG experiment.

EEG study
Behavioral results

The trials excluded during the EEG preprocessing stage
were not used for the analysis of behavioral data here
(Fig. 3). As in pre-study, the ANOVA test revealed sig-
nificant main effects of SOA (F,,,=38.17, p<0.001, npz =
0.746) and polarity (F; ;3=111.9, p<0.001, 11[% = 0.896).
More importantly, the interaction between these factors

10f —J— Same
—&— Opposite

A Performance (%)

10 50 200
SOA (ms)

Fig.3 Behavioral results of the main EEG experiment (n=14).
A performance values for different polarity and SOA conditions.
The target-only (T) condition corresponds to the baseline zero level
(dashed line). Error bars correspond to standard error (+ SEM) across
observers

was also significant (F,,4="77.78, p <0.001, > = 0.857).
Follow-up pairwise comparisons showed that the target
visibility between the two polarity conditions was signifi-
cantly different only at 10 ms SOA (Bonferroni corrected
p <0.001). These behavioral results confirm that the main
characteristics of metacontrast masking functions were pre-
served during the EEG recordings.

ERP results

For each SOA condition, we performed cluster-based permu-
tation tests to compare difference waveforms [TM — (T+M
— NS)] across polarity conditions. These tests revealed only
spatiotemporal clusters associated with the significant main
effect of polarity (same vs. opposite) when the SOA was
10 ms. In the early ERP component range (160-300 ms),
differences between the two polarity conditions (cluster-level
tam=— 1224, p=0.014) were mainly clustered over occipi-
tal and parieto-occipital scalp sites (Fig. 4a). Within this
time-range, the averaged difference potentials for the same
polarity condition were more negative compared to those
of opposite polarity. The cluster-permutation test revealed
additional modulations within the range of late potentials
(300-550 ms, cluster-level ¢y, =8149, p=0.0002). The
same and opposite polarity conditions led to positive and
negative mean (difference) potentials, respectively. The spa-
tiotemporal cluster associated with the significant polarity
effect was mainly over parietal sites and spread over cen-
tral and parieto-occipital electrodes (Fig. 4b). Moreover,
we applied a cluster-based permutation test to the evoked
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Same

Opposite

Same

Opposite

Fig.4 Voltage topographical maps of the grand averaged waveforms
within the identified time windows for 10 ms of SOA. a Early cluster
time-range (160-300 ms). b Late cluster time-range (300-550 ms).
The voltage topographical map of each polarity condition is shown
in separate rows. The averaged activities of TM, corresponding syn-
thetic (T+M — NS) waveform, and the difference between them are
displayed on the maps in separate columns. The result of the cluster-

activities to the mask-only (white/same: M+, black/oppo-
site: M—) conditions. A comparison of evoked activities to
white mask with those to the black mask did not reveal any
significant cluster associated with the polarity effect. Lack
of any significant modulations at the cluster-level statistics
indicated that the observed effects of polarity on the differ-
ence waveforms are not driven by just changes in mask-only
conditions and highlight the importance of neural activities
driven by both target and mask stimulation (i.e., TM) and
their interactions.

@ Springer

Difference

Same .- Opposite ..

3.6 pv

based permutation test comparing the difference waveform of two
polarity conditions (sameg;; vS. oppositey;) is indicated in the last
column. The electrodes (i.e., exemplar sites), which were part of the
significant spatiotemporal cluster when it was at its largest spatial
extent (in terms of the number of electrodes), are marked by yellow-
filled circles on the last topographical map

As exemplar sites, we identified the electrodes of a signif-
icant cluster when it was at its largest spatial extent. We used
these electrodes to illustrate the nature of polarity effects
on the ERPs. In the early cluster time-range (160-300 ms),
there was a robust evoked activity in TM conditions of all
SOA conditions (Fig. 5a). This negative component peaked
around 200 ms. A similar activity profile was present in the
target-only and mask-only conditions (Fig. 5c). However, the
duration of negative component was shorter for the target-
only condition. Moreover, the amplitudes of all components
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SOA=50ms

SOA =200 ms
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0 100 200 300 400 500 ms

Fig.5 Averaged activities and derived waveforms from the exemplar
scalp sites (n=14). The exemplar sites for the early cluster (160—
300 ms) consisted of all the electrodes highlighted in Fig. 4a. The
activities for each SOA condition are shown in separate columns. In
each plot, the activities of the same and opposite polarity conditions
are displayed with red and blue curves, respectively. The 0 ms on the
time axis represent the target-onset and corresponding event marker
in target-absent trials (i.e., M+, M— and NS). The identified time
window based on the cluster-based permutation test is highlighted by
a gray rectangle. a The grand-averaged ERPs for TM and the corre-

were smaller for the mask-only conditions. Figure 5b indi-
cates the derived difference waveforms [i.e., TM — (T+M
— NS) reflecting the nonlinear interaction between the target
and mask] for all polarity and SOA conditions. At 10 ms
SOA condition, the difference between the two polarity
conditions (Samedifference Vvs. OppOSitedifference) was large’ and
the same polarity condition (same g, cn.e) had more nega-
tive potentials. As the SOA was increased, the difference
between the two polarity conditions became smaller. We
averaged these derived waveforms within the identified time-
range to further understand the polarity and SOA depend-
ency (Fig. 5d). Compared to the difference performance val-
ues, the sign of the difference between the two polarities was
in the opposite direction at 10 ms SOA value such that the
same polarity led to larger difference potentials (Figs. 3 vs.
5d). Similarly, the morphology of masking functions (i.e.,
SOA dependency) based on these derived waveforms was
different for each polarity condition. In contrast to behav-
ioral performance values, the same and opposite polarity

L " s s s L L " s
300 400 500 ms 0 100 200 300 400 500 ms

—&— Same,,,
—&— Opposite,,,,

Averaged Difference (V)
T

10 50 200
SOA (ms)

sponding synthetic ERPs (T+M — NS) are time-locked to the onset
of the target. b The difference waveforms [TM — (T+M — NS)] for
each polarity condition. The final differences between the two polar-
ity conditions (samegy;; — oppositey;;) are also shown by gray curves.
¢ The grand-averaged ERPs for target-only (T), mask-only (M+,
M-), and no stimulus (NS) conditions. d The averaged difference
[TM — (T+M — NS)] waveforms within the identified time-range are
displayed as a function of SOA. The open (red) and filled (blue) cir-
cles correspond to the same and opposite polarity conditions, respec-
tively. Error bars represent standard error (+ SEM) across observers

conditions led to type A and type B (U-shaped) functions,
respectively.

Using the same approach and exemplar sites in Fig. 4b,
we computed the averaged activities for different condi-
tions (Fig. 6). In the late cluster time-range (300-550 ms),
a positive component (late potentials, LP) were dominant
in almost all stimulation configurations (Fig. 6a, c). For
SOA of 10 ms, the positive components elicited by tar-
get-mask (TM) stimulation were higher and lower than
the corresponding synthetic ERPs (T +M — NS) of the
same and opposite polarity conditions, respectively. This
led to positive and negative difference waveforms in this
time-range for the same and opposite polarities (Fig. 6b).
As the SOA was increased, the positive activities of both
target-mask (TM+, TM—) stimulation were lower than the
corresponding synthetic ERPs, and hence (almost identi-
cal) negative difference waveforms were observed for both
polarity conditions (Same gorence VS- OPPOSIte gifrerence)- LNE
mean difference potentials in the 300-550 ms range are
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Fig.6 Averaged activities and derived waveforms from the exemplar
scalp sites (n=14). The exemplar sites for the later cluster (300—
550 ms) consisted of all the electrodes highlighted in Fig. 4b. The

also displayed as a function of SOA in Fig. 6d. Compared
to the early cluster range, the difference between the polar-
ity conditions of 10 ms SOA became larger. Moreover, the
morphologies of masking functions (i.e., SOA depend-
ency) were similar to those revealed by behavioral per-
formance values (Figs. 3 vs. 6d). The same and opposite
polarity conditions led to type B (U-shaped) and type A
functions, respectively.

To better understand and evaluate the relationship
between difference potentials and performance values,
we additionally performed linear regression fits for both
early (Fig. 5d) and late cluster (Fig. 6d) time-range. For
the early cluster, the analyses did not reveal a significant
correlation between these measures (RZMIj =-— 0.190,
p=0.677; Fig. 7, left plot). On the other hand, there was
a robust correlation between the difference potentials of
the late cluster and the difference (A) performance values
(Rzadj =0.773, p=0.013; Fig. 7, right plot). As the mean
potential values increased, the delta performance values
increased from negative to positive values. The outcome
of these analyses suggests a strong relationship between
the modulations of the late positivity and the magnitude
and direction of the masking effect.
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identified time window is highlighted by a gray rectangle. Other con-
ventions are the same as those in Fig. 5

Discussion

Using a metacontrast paradigm combined with EEG
recording, we investigated the neural correlates of visual
masking across different contrast polarities. We employed
a contour discrimination task under the same and oppo-
site target-mask polarity conditions. Behavioral results
indicated significant differences between the two polarity
conditions for SOA values shorter than 50 ms. In this SOA
range, the target visibility was strongly suppressed in the
opposite polarity condition compared to the target-only
and same polarity conditions. Our ERP analyses revealed
an early (160-300 ms) and a late (300-550 ms) spati-
otemporal cluster associated with the significant effect of
polarity. The early cluster was mainly over occipital and
parieto-occipital scalp sites. On the other hand, the late
modulations of the evoked activities were centered over
parietal and centro-parietal sites. With the perspective and
framework provided by previous research on masking, we
discuss the specific implications of these findings in the
following sub-sections.
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Early Cluster (160-300 ms)
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Averaged Difference (V)

35 -30 25 -20 -15 -10 -5 0 5 10
A Performance (%)

Fig.7 Averaged difference activities in the early (left plot) and late
cluster (right plot) time-range with the A performance values for each
condition (2 polarities X3 SOAs). In each plot, the open and filled
symbols display the same and opposite polarity conditions, respec-

Metacontrast masking across different polarities

In agreement with previous research (Breitmeyer 1978a;
Breitmeyer et al. 2008), we found significant effects of polar-
ity on metacontrast masking. Although previous behavio-
ral studies revealed an overall decrease in the amount of
masking when the target and mask had the opposite contrast
polarity, they reported U-shaped (type B) masking functions
in all the conditions. The contrast polarity did not alter the
overall morphology of the masking function in these studies.
On the other hand, our findings here indicate that a change in
mask polarity can also lead to major changes in the general
morphology of the masking function. We found a typical
type B metacontrast function in the same polarity condition,
whereas a monotonic type A function was present for the
opposite polarity. It is unlikely that these changes are due
to the differences in criterion contents since we adapted the
contour discrimination task of Breitmeyer (1978a). In a first-
order luminance-defined stimulation like here, a transition
from type B to type A masking function is mostly observed
when the mask-to-target (M/T) energy ratio is increased
(Breitmeyer 1978b; Growney and Weisstein 1972; Stewart
and Purcell 1974). For small M/T ratio values (i.e.,< 1), type
B (U-shaped) metacontrast functions are typically obtained.
As the mask duration or contrast is increased to have a big-
ger M/T ratio, the strength of masking increases at short
SOA values. This transition finally results in strong metac-
ontrast at 0 ms SOA and a monotonically increasing type
A function. Furthermore, as mask energy is increased, the
transition from type B to type A masking function follows a
very similar pattern to the transition we have observed here.
For example, Breitmeyer (1978b) kept the target duration at

Late Cluster (300-550 ms)

3% -3 25 -20 -5 -0 -5 0 5 10
A Performance (%)

tively. Vertical and horizontal error bars correspond to the variance
across observers (== SEM). The black solid line indicates the best lin-
ear fit and dotted lines denote the 95% confidence intervals on the lin-
ear fit

16 ms and studied metacontrast functions by manipulating
mask energy via mask durations ranging from 1 to 32 ms.
Increasing the duration/energy of the mask produced gradu-
ally stronger masking effects as expected. For mask energies
close to target energies (mask durations of 8, 16, and 32 ms),
typical type B masking functions with maximum suppres-
sion around 60 ms SOA were observed. Increasing the
mask energy caused the masking function to change from
type B to type A. More importantly, this change occurred
in such a way that masking functions remained identical
for SOAs longer than 60 ms, but increased masking occur-
ring for SOAs shorter than 60 ms. Similar modulations were
obtained through additional comprehensive experiments
(Breitmeyer and Ogmen 2006; see Fig. 2.7).

The dual-channel approach successfully explains the shift
from a type B to a monotonic type A function. Compared to
P cells, the response of M cells saturates at lower stimula-
tion levels (Kaplan and Shapley 1986). Therefore, increasing
mask energy (i.e., M/T energy ratio) to higher values mainly
favors sustained parvocellular activity and the intra-channel
inhibition, which is dependent on this activity. The intra-
channel inhibition becomes relatively dominant at short SOA
values when the M/T energy ratio becomes higher. That is
to say, the monotonic type A function is associated with the
stronger sustained signals elicited by the mask and the inter-
ference of this activity with that of the target. Based on this
explanation, one can hypothesize that the type A function in
the opposite polarity condition is mainly due to an increase
in the intra-channel inhibition at short SOA values. Since
we used the same M/T energy ratio for the same and oppo-
site polarity conditions, such an increase in inhibition may
be due to distinct characteristics of cross-polarity (ON vs.
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OFF) interaction between the sustained activities. Compared
to sustained inhibition within the ON pathway of the same
polarity condition, the opposite polarity condition may elicit
sustained inhibition across ON and OFF pathways, which
has distinct temporal dynamics and strength. Previous stud-
ies on other aspects of vision also highlight the dominance
of OFF activity in the primary visual cortex and distinct
temporal dynamics of across pathway mechanisms (e.g.,
Jansen et al. 2019; Komban et al. 2014; Oluk et al. 2016).
Besides changes in the morphology of masking functions,
different mask polarities led to suppression and enhance-
ment in target visibility at short SOAs (i.e., SOAs <20 ms).
Interestingly, the same mask polarity increased the target
visibility in this SOA range. An important question to ask is
whether the facilitatory mechanisms proposed to take place
in short and/or negative (i.e., paracontrast) SOAs have a role
in this enhancement (Bachmann 1988, 1994; Kafaligoniil
et al. 2009; Wutz et al. 2018). Future research, including
systematic manipulations of polarity, M/T energy ratio (e.g.,
changes in duration or contrast), and criterion content, will
be informative to have a better understanding of across and
within pathway interactions in the temporal domain.

Event-related potentials: masking

Our results revealed ERP modulations beyond 160 ms under
different metacontrast conditions. The earliest modulation
over the visual cortex (occipital and parieto-occipital scalp
sites) was within the 160-300 ms time-range. Therefore,
these ERP findings highlight the recurrent/reentrant nature
of metacontrast rather than the fast feedforward sweep
(Bridgeman 1988; Haynes et al. 2005; Kafaligonul et al.
2015; Lamme and Roelfsema 2000; Railo and Koivisto
2009). According to the aforementioned studies above, a
shift from type B to type A masking function in behavioral
performance has been interpreted as an increase in sustained
inhibition at short SOA values. Given also that we identi-
fied the clusters and ERP modulations through comparing
polarity conditions at SOA of 10 ms, these ERP modulations
can be specifically interpreted as an indication of changes
in recurrent inhibition (rather than changes in early lateral
inhibition) within the sustained P channel (Breitmeyer
et al. 2006; Ogmen et al. 2003). It should be also noted
that the modulations of both early and late clusters were
not restricted to 10 ms SOA value. Notably, the modula-
tions in the late positivity (300-550 ms) reflected the overall
morphology of masking functions. The changes in the mean
difference waveforms as a function of SOA were in line with
the masking functions based on performance values. It has
been proposed that inter-channel inhibition between M and
P pathways become dominant around 50 ms SOA (Breit-
meyer and Ogmen 2000). Although there was no difference
between the two polarity conditions, the averaged values of
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both clusters deviated from baseline zero level, suggesting
a significant nonlinear interaction at this SOA.

Backward masking and metacontrast paradigms have
been commonly employed in visual awareness studies since
systematic manipulations in SOA lead to aware and una-
ware (i.e., unmasked and masked) conditions (e.g., Railo
and Koivisto 2009). The difference between the evoked
activities of these conditions (unmasked — masked) typi-
cally peaks around 200-250 ms over occipital and posterior
temporal sites. This difference waveform correlates with the
appearance of a stimulus in visual awareness, and it has been
named visual awareness negativity (VAN, see Koivisto and
Revonsuo 2010 for a review). VAN has also been associated
with recurrent processing between occipital and temporal
sites. This negativity is typically followed by a later positiv-
ity (LP) beyond 300 ms in the difference waveforms over
parietal sites. LP has been suggested to reflect the conscious
processing of the seen stimulus. In terms of spatiotemporal
profile on the neural activity (e.g., time-range, scalp sites),
the early negative and late positive clusters in the current
study are strikingly similar to VAN and LP, respectively
(see also Koivisto and Revonsuo 2010; for typical VAN and
LP characteristics). Similarly, our ERP findings are also in
line with those described by Del Cul et al. (2007). In their
backward masking paradigm, a target number was masked
with four surrounding and non-overlapping letters. Com-
pared to the target duration (16 ms), the mask duration was
much higher (200 ms) to have a high M/T energy ratio. As
expected from previous metacontrast findings, they got a
monotonic type A masking function of behavioral perfor-
mance. Similar to our observations here, the ERP analyses
pointed out separate and distinct stages in target-mask inter-
actions by revealing early (140-270 ms) and late (> 270 ms)
modulations. In the early time-range, the results indicated a
progressive build-up of a nonlinear activation as a function
of SOA over posterior occipito-temporal and parietal sites,
suggesting a dynamic nonlinear amplification as the neural
correlate of masking strength. On the other hand, the late
nonlinear modulations were associated with more distributed
fronto-parietal-temporal activation. In addition to being sig-
moidally dependent on SOA, they were also correlated with
the subjective visibility reports (i.e., target seen/not-seen tri-
als). Building from these findings, they suggested that the
early interactions represent subliminal recurrent processing
over occipital-temporal sites whereas the later ones corre-
spond to the neural correlate of conscious reports.

Through reanalyses of data by Jeffrey and Musselwhite
(1986), Bridgeman (1988) demonstrated U-shaped depend-
ency (type B) of averaged EEG activities around 250 ms,
suggesting that the components in this range reflecting
the perceptual effects of metacontrast. Using a more com-
prehensive design including both mask and pseudo-mask
conditions, Van Aalderen-Smeets et al. (2006) further
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investigated metacontrast with MEG. As opposed to the
U-shaped dependency in the mask conditions, the behav-
ioral performance values in the pseudomask conditions
were nearly perfect and almost constant across different
SOA values. The averaged potentials around 250 ms had a
U-shaped dependency on SOA for both mask and pseudo-
mask conditions (see also Railo and Koivisto 2009). On the
other hand, the activities around 340 ms indicated a clear
distinction between mask and pseudomask conditions and
mainly overlapped with the behavioral performance values.
Our findings here extend these observations by showing that
the masking functions derived from the early component
significantly deviated from those of behavioral performance
values. As opposed to the masking functions derived from
performance values, we even observed type A and type B
(U-shaped) functions for the same and opposite polarity
conditions (Fig. 5d). On the other hand, the averaged activi-
ties of the late positivity were significantly correlated with
the changes in behavioral performance values and reflected
overall metacontrast masking effects. Within the context of
metacontrast masking, these results together with previous
research highlight the importance of LP in reflecting per-
ceptual changes. Of note, there has been an ongoing debate
whether the early VAN or late LP reflects the neural cor-
relates of consciousness and awareness (see Forster et al.
2020 for a recent review). Some of the previous awareness
and consciousness studies provide supporting evidence
that LP does not reflect conscious perception but just the
behavioral report of participants (e.g., Pitts et al. 2014). In
these studies, either spatially overlapping masks or other
experimental paradigms (e.g., inattentional blindness as in
Pitts et al. 2014) have been mainly used. To generate aware
and unaware conditions, these designs typically included a
distinct SOA condition. Therefore, they do not provide a
framework to evaluate the morphology of masking func-
tions across different ERP components. Further systematic
investigations will be helpful to have a better characteriza-
tion of the identified ERP components within the context of
visual masking.

Event-related potentials: ON and OFF pathway
interactions

Besides invasive neurophysiological recordings in the pri-
mary visual cortex, previous research also focused on under-
standing whether distinct characteristics of ON and OFF
pathways can be identified at the population level via EEG
(e.g., Zemon et al. 1988; Zemon and Gordon 2006). Separate
luminance increment and decrement stimulation have been
designed to reveal these characteristics and the contributions
of ON and OFF pathways to the human cortical responses. In
general, the findings indicate that the luminance decrements
elicit higher amplitude VEPs (visual evoked potentials) over

occipital scalp sites, suggesting OFF pathway dominance
in the visual cortex. Using sawtooth stimulation with a low
temporal frequency, Norcia et al. (2020) have recently pro-
vided a detailed timeline of such dominance. Compared to
increments, the evoked potentials within the 100-200 ms
range (i.e., negative component peaks around 150 ms) were
larger in amplitude and shorter in latency for luminance
decrements. Prior studies have also combined the sawtooth
temporal stimulation profile with an adaptation design. For
instance, Roveri et al. (1997) examined adaptation-induced
changes in the VEPs to a test stimulus, which is either a
luminance increment (ON) or decrement (OFF). Similarly,
the adaptation conditions also included two polarity con-
ditions (i.e., 2 adapters X 2 test conditions). The results
revealed selective aftereffects on the 100-200 ms time-range
(N1-P1 component range), which provides some supporting
evidence for separate processing of increments and decre-
ments. More importantly, the cross polarity adaptation con-
ditions, which are suggested to engage cortical interactions
between ON and OFF pathways, indicated distinct changes
in the neural activity up to 300 ms. In the present study,
a comparison of evoked activities to the white and black
masks did not reveal any cluster associated with the effect
of contrast polarity. However, when this stimulation was
combined with a 10 ms preceding white target, the changes
became differential and led to an early and late cluster asso-
ciated with the effect of polarity. Notably, the time-range of
early cluster overlaps the modulations in the cross-polarity
adaptations of Roveri et al. (1997). Together with previous
research, our findings highlight the importance of early clus-
ter time-range to understand the nature of ON-OFF path-
way interactions at the population level in the visual cortex.
Based on our interpretation of masking functions and ERP
components above, the modulations in this time-range may
reflect inhibitory mechanisms across polarities within the
P channel (e.g., inhibition between on-sustained and off-
sustained populations). Further investigation of this critical
time-range via metacontrast may shed light on the nature of
cross-polarity interactions in the summed cortical activity.

Conclusions

In conclusion, our study points to robust effects of contrast
polarity on metacontrast in both behavioral performance and
ERP components. The behavioral findings provide evidence
for the first time that a change in contrast polarity can even
shift masking function from a type B (U-shaped) to a type
A monotonic increasing function. This finding suggests that
stronger responses elicited by the OFF-pathway, compared to
the ON-pathway, increase intrachannel sustained inhibition
in a way similar to the case when mask energy is increased in
the same-polarity metacontrast. Our ERP analyses revealed
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two spatiotemporal clusters beyond 160 ms associated with
the effect of polarity. In terms of spatiotemporal profiles,
these identified clusters with a low-level stimulus manipula-
tion (i.e., contrast polarity) were strikingly similar to those
previously described by other masking studies with different
designs. Although these behavioral and ERP findings do not
rule out other proposed mechanisms for metacontrast (i.e.,
interchannel inhibition), they highlight that the late recur-
rent inhibitions within the sustained P channel also play an
important role in metacontrast masking.
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