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Abstract

■ Crowding is a phenomenon in which visual object identi-
fication is impaired by the close proximity of other stimuli.
The neural processes leading to object recognition and its
breakdown as seen in crowding are still debated. To assess
how crowding affects the processing of stimuli in visual cor-
tex, we recorded steady-state visual evoked potentials
(SSVEPs) elicited by flickering target and flanker stimuli while
manipulating the spacing of these stimuli (Experiment 1) as
well as target similarity (Experiment 2). Participants who per-
formed an orientation discrimination task while proportion
correct, along with frequency-tagged SSVEPs elicited by

target and flanker stimuli, were recorded. Decreasing
target–flanker distance reduced both behavioral perfor-
mance and target-elicited SSVEP amplitudes. Estimates of
the critical spacing, a measure of the spatial extent of crowd-
ing, from both behavioral data and SSVEP amplitudes were
similar. In addition, manipulating target similarity affected
both measures in the same way. These findings establish a
clear connection between the suppression of stimulus process-
ing by nearby flankers in visual cortex and crowding, and
demonstrate the usefulness of SSVEPs in studying the cortical
mechanisms of visual crowding. ■

INTRODUCTION

Visual crowding occurs when objects that are easily recog-
nizable in isolation become difficult to identify in clutter
(Strasburger, Rentschler, & Jüttner, 2011; Andriessen &
Bouma, 1976; Bouma, 1970). Because everyday visual
scenes are filled with diverse and complex information,
crowding affects us at all times and poses a fundamental
limit to object recognition (Whitney & Levi, 2011; Levi,
2008). Despite decades of extensive research on crowd-
ing, its underlying neural mechanisms remain unclear.
Gaining a clearer understanding of these mechanisms
would allow for the integration of behavioral and neuro-
physiological perspectives, helping to create a more com-
prehensive view of how visual information is processed
from initial sensory input to final perceptual experience.
The primary manifestation of crowding is spatial inter-

ference: The closer the flanking objects are to the target,
the worse the ability to recognize the target (Toet & Levi,
1992; Bouma, 1970). This spatial interference is typically
measured by critical spacing, the minimum distance
beyond which flankers cease to interfere with target pro-
cessing (Pelli, Palomares, & Majaj, 2004; Toet & Levi, 1992;
Bouma, 1970). Critical spacing varies depending on vari-
ous factors (Soo, Chakravarthi, & Andersen, 2018). One
such factor that is known to reduce the critical spacing is
target–flanker dissimilarity (or “pop-out”), whereby a

target ungroups from flankers via a featural singleton, such
as in shape, polarity, orientation, depth, or color (Yashar,
Chen, & Carrasco, 2015; Kennedy & Whitaker, 2010;
Chakravarthi & Cavanagh, 2007; Põder & Wagemans,
2007; Scolari, Kohnen, Barton, & Awh, 2007; Chung, Levi,
& Legge, 2001; Kooi, Toet, Tripathy, & Levi, 1994; Nazir,
1992; Andriessen & Bouma, 1976). Similarly, critical
spacing is reduced when flankers are previewed, that is,
displayed before target onset (Soo et al., 2018; Scolari
et al., 2007; Watson & Humphreys, 1997), backward-
masked (Wallis & Bex, 2011; Chakravarthi & Cavanagh,
2009), or the target location is precued (Kewan-Khalayly,
Migó, & Yashar, 2022; Kewan-Khalayly & Yashar, 2022;
Albonico, Martelli, Bricolo, Frasson, & Daini, 2018;
Strasburger & Malania, 2013; Yeshurun & Rashal, 2010;
Scolari et al., 2007). The extent of crowding is larger when
flankers have a higher contrast compared with targets
(Soo et al., 2018; Rashal & Yeshurun, 2014) or if targets
are backward-masked (Vickery, Shim, Chakravarthi,
Jiang, & Luedeman, 2009). Critical spacing can also be
decreased with longer display durations or increased
with shorter ones (Soo et al., 2018; Tripathy, Cavanagh,
& Bedell, 2014; Tripathy & Cavanagh, 2002; Kooi et al.,
1994). An important exception to spatial proximity being
central to or determinant of crowding occurs when the
target ungroups from the flankers, alleviating or even
eliminating the crowding effect (Herzog & Sayim, 2022;
Herzog, Sayim, Chicherov, & Manassi, 2015; Manassi,
Sayim, & Herzog, 2012, 2013; Saarela, Westheimer, &
Herzog, 2010; Malania, Herzog, & Westheimer, 2007).
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Such behavioral observations have inspired several the-
ories to account for them (Manassi & Whitney, 2018;
Strasburger et al., 2011; Whitney & Levi, 2011; Levi,
2008). These include proposals such as spatial pooling,
where visual information is integrated over some area
(Greenwood, Bex, & Dakin, 2009; Pelli et al., 2004;
Wilkinson, Wilson, & Ellemberg, 1997); substitution,
where features from distractors or entire distractor objects
are erroneously attributed to the target or mislocalized
(Strasburger & Malania, 2013; Nandy & Tjan, 2007; Levi,
Klein, & Yap, 1987; Levi & Klein, 1986); grouping of nearby
visual elements (Manassi et al., 2012); and limitations
in attentional resources (Intriligator & Cavanagh, 2001).
These theories, although hinting at possible neural pro-
cesses, cannot pinpoint the specific neural mechanisms
responsible for crowding.

Neurophysiological approaches, including fMRI, EEG,
andmagnetoencephalography, attempt to address the neu-
ral mechanisms directly. Although the spacing of photore-
ceptors in the retina are hardwired and impose a physical
bottleneck on the richness of detail that can be perceived
(Hirsch & Curcio, 1989), the spatial scale of interference
seen in crowding is larger than can be accounted for by this
sensory bottleneck (Chung & Tjan, 2007; Danilova &
Bondarko, 2007; Tripathy & Levi, 1994; Flom, Heath, &
Takahashi, 1963). Crowding likely occurs in multiple areas
along the visual hierarchy (Anderson, Dakin, Schwarzkopf,
Rees, & Greenwood, 2012), from early visual cortical
regions like V1 and V2 (He,Wang, & Fang, 2019; Chen et al.,
2014;Millin, Arman, Chung,&Tjan, 2014) tomid-level areas
like V4 (Kim & Pasupathy, 2024) or lateral occipital cortex
(Chicherov, Plomp, & Herzog, 2014), and possibly even
higher-order regions in inferotemporal cortex ( Jehee,
Roelfsema, Deco, Murre, & Lamme, 2007). The exact
location and nature of interference processes can vary
depending on the specific characteristics of the stimuli and
the spatial context in which they are presented. There are
proposals of fixed interference zones at a cortical level (Pelli,
2008; Pelli & Tillman, 2008); however, this explanation
struggles to account for the large variations in critical spacing
that are observed when multiple factors that modulate
crowding are combined (Soo et al., 2018).

In crowding, the presence of multiple nearby stimuli
imposes a bottleneck on the visual system’s processing
resources. This type of situation is prototypical of condi-
tions that attention is supposed to help resolve by focusing
on the most relevant stimuli. Indeed, neurophysiological
studies of attention have investigated interference
between nearby stimuli and found mutually suppressive
interactions between them in visual cortex using macaque
single unit recordings (Luck, Chelazzi, Hillyard, &Desimone,
1997; Moran & Desimone, 1985), human fMRI (Beck &
Kastner, 2005; Kastner & Ungerleider, 2001; Kastner, De
Weerd, Desimone, & Ungerleider, 1998), and human
EEG (Keitel, Andersen, Quigley, & Müller, 2013; Keitel,
Andersen, & Müller, 2010; Fuchs, Andersen, Gruber, &
Müller, 2008). These findings have been integrated

in the biased competition model (Desimone, 1998;
Desimone & Duncan, 1995) as well as the normalization
(Lee & Maunsell, 2009; Reynolds & Heeger, 2009) and
neural theory of visual attention (Bundesen, Habekost,
& Kyllingsbæk, 2005) models of attention. According to
these models, nearby stimuli compete for neuronal repre-
sentation due to the limited processing capacity of the
visual system. This competition is biased toward one or
another stimulus based on bottom–up (e.g., stimulus
properties such as salience) and top–down factors (e.g.,
selective attention).
Here, we hypothesize that the spatial pooling invoked

to explain crowding (Keshvari & Rosenholtz, 2016;
Freeman, Chakravarthi, & Pelli, 2012; Chung et al.,
2001) may neuronally be implemented through the com-
petitive interactions between nearby stimuli described in
models of attention (Lee & Maunsell, 2009; Reynolds
& Heeger, 2009; Bundesen et al., 2005; Desimone &
Duncan, 1995). Although behavioral results in the crowd-
ing literature are not often discussed in terms of biased
competition models, the latter offer a potential bridge
between such behavioral f indings and the well -
characterized neural mechanisms of attention, thus pro-
viding a framework for understanding spatial interference.
The putative link between models of attention and visual
crowding is supported by previous attempts to connect
crowding to attention (Chakravarthi & Cavanagh, 2007;
Intriligator & Cavanagh, 2001; He, Cavanagh, & Intriligator,
1996) and also by observations that cueing spatial attention
to target locations reduces crowding (Kewan-Khalayly et al.,
2022; Kewan-Khalayly & Yashar, 2022; Albonico et al., 2018;
Strasburger & Malania, 2013; Yeshurun & Rashal, 2010;
Scolari et al., 2007). If this hypothesis is true, suppression
of target processing in visual cortex by flankers should
exhibit similar patterns as behavioral measures of crowd-
ing. Note that suppression of target processing by nearby
flankers is not unique to the biased competitionmodel but
also proposed by some theories of crowding (Chicherov &
Herzog, 2015; Chen et al., 2014). We are not positing that
the observation of target suppression in visual cortex
will exclusively support the biased competition model
of competition (or its extensions) as a framework for
understanding crowding, but that such observations
would provide important links between crowding and
the extensive and well-established neural framework
of biased competition models and thereby present an
avenue for developing a deeper understanding of neural
processes underlying crowding.
To separate cortical processing of concurrently pre-

sented target and flanker stimuli from each other, we
recorded “frequency-tagged” steady-state visual evoked
potentials (SSVEPs). A stimulus flickering at a specific fre-
quency drives a cortical response at the same temporal fre-
quency (Adrian & Matthews, 1934) that can be recorded
noninvasively using EEG. When flickering multiple stimuli
at different frequencies, each of them drives an SSVEP
response at its specific frequency allowing for a concurrent
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and continuous measurement of the visual processing of
all these stimuli. This method has been utilized in many
areas of vision science (reviewed by Norcia, Appelbaum,
Ales, Cottereau, & Rossion, 2015) and has proven particu-
larly powerful in studying visual attention (Adamian &
Andersen, 2024; Andersen, Müller, & Hillyard, 2012;
Morgan, Hansen, & Hillyard, 1996). To date, SSVEPs have
been employed to investigate crowding only once, showing
a crowding-induced suppression of target-elicited SSVEP
amplitudes (Chicherov & Herzog, 2015) by nearby flankers,
which is reduced by target–distracter dissimilarity. However,
this study did notmanipulate the spatial separation between
stimuli and hence could not assess the relationship between
spatial interactions at the behavioral and neural levels.
Other studies have investigated suppression of stimulus
processing fromnearby flanker stimuli using SSVEPs (Keitel
et al., 2010, 2013; Fuchs et al., 2008); however, the behav-
ioral data in these studies cannot readily be related to
crowding and none of these articles attempted to relate
their findings to crowding. Thus, the exact relationship
between suppressive stimulus interactions in visual cortex
and crowding remains unclear.
In two experiments, we investigated how closely the

neural suppression between nearby stimuli reflects the
behavioral effects of crowding. We manipulated target–
flanker distance (Experiments 1 and 2) and similarity
(Experiment 2) while recording frequency-tagged SSVEPs
from flickering target and flanker stimuli and behavioral
target identification performance. If the recorded SSVEPs
capture processes underlying crowding, we would expect
corresponding changes in target-elicited SSVEP ampli-
tudes and target identification performance with changes
in target–flanker distance and similarity.

METHODS

Participants

We tested 15 participants (10 male, 9 right-handed, mean
age = 25 years, age range: 21–36 years) in Experiment 1
and 19 participants (15 female, 3 left-handed, mean age =
21.9 years, age range: 18–29 years) in Experiment 2. Par-
ticipants gave written informed consent before participa-
tion and received £12 or course credits as compensation
for their time. All participants reported normal or
corrected-to-normal visual acuity and no known visual or
neurological disorders. The experiments were approved
by the University of Aberdeen Psychology ethics commit-
tee (Experiment 1 project number: PEC/3234/2015/6,
Experiment 2 project number: PEC/3522/2016/10).
Two participants were excluded from statistical analyses

because their performance (proportion correct) in the
“No flanker” condition was more than 3 SDs below the
mean (one in Experiment 1, one in Experiment 2). All par-
ticipants had at least 50% of all epochs remaining after EEG
artifact correction in each condition (71.3% ± 14.1% trials
remaining on average in Experiment 1 and 71.4%± 19.7%

in Experiment 2); no participant’s data were excluded due
to excessive EEG artifacts.

The required sample size was computed using the
power calculators provided by Gregory Francis (https://
www1.psych.purdue.edu/~gfranc is /ca lcu la tors
/calculators.html), which are based on equations outlined
in a textbook (Herzog, Francis, & Clarke, 2019). Our
power analysis was based on previous reports of perfor-
mance in two different settings. (1) The effect of target–
flanker distance: Kooi and colleagues (1994) found that
with n = 5, average percent correct for targets presented
at an eccentricity of 10° at various target–flanker distances
was 29.8% at 1.25°, 32.8% at 2.5°, 39.8% at 3.75°, 58.8% at
5°, 70.2% at 6.25°, and 97.6% with no flankers; population
SD = 27.3%. These data recommended a sample size of
three to detect the effect of target–flanker distance with
a power of 95%. (2) The effect of similarity on crowding:
Kooi and colleagues (1994) found that the mean differ-
ence in critical spacing between similar and dissimilar
target–flanker conditions (n = 5) was −3.18 deg, with
an SD of 1.51 deg. This yields a standardized effect size
of 3.17; hence, we would need a sample size of six to
detect the effect of similarity in crowding at a power of
95%. As our study is only the second to investigate crowd-
ing using the SSVEP, we had no good prior effect size esti-
mates for the SSVEP effects. Therefore, we opted to test a
much larger number of participants than the recom-
mended number (n = 3 or 6) to test out hypothesis.

Task and Stimuli

The experiments were created and presented using
MATLAB (MathWorks Inc.) with the Cogent Graphics tool-
box ( John Romaya, Laboratory of Neurobiology, Well-
come Department of Imaging Neuroscience) on a 19-in.
CRT monitor with a resolution of 800 × 600 pixels and a
refresh rate of 120 Hz, viewed from a distance of 60 cm.

Stimuli and Procedure

Stimuli were displayed for 4000 msec, followed by a
1000 msec intertrial interval (Figure 1). Participants were
instructed to fixate a circle presented in the center of the
screen and focus bilaterally on target stimuli (four super-
imposed letter “T”s in four cardinal orientations, 1.4° ×
1.4° visual angle) presented at 9° to the left and right of
fixation. In separate trials, targets were either presented
in isolation or surrounded by four identical flankers
(above, below, left, and right of target) at one of the tested
flanker distances. In Experiment 1, flankers were pre-
sented at seven different center-to-center distance from
targets: 1.7°, 2°, 2.5°, 2.9°, 3.5° 4.3°, or 5.1° of visual angle.
In Experiment 2, flankers were presented at three different
distances: 1.7°, 2.5°, and 5°. In any given trial, all eight
flankers were presented at the same distance from the tar-
gets. To generate SSVEPs, the left target flickered at 10 Hz,
the right target at 12 Hz, and all flankers at 15 Hz with
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synchronous onsets of these stimuli every 500 msec. In
Experiment 1, only flanker distance was varied; however,
in Experiment 2, targets and flankers were presented
either with same or opposite contrast polarity.

Target Events

During some trials, there were brief 500-msec target
events (up to two per trial), where one of the shapes at
target locations changed into a target letter T (1.4° ×
0.5° visual angle) in one of four orientations (up, down,
left, or right) and the other into an I letter (vertical or hor-
izontal; 1.4° × 0.5° visual angle). Simultaneously, all
flankers turned into letter Ts presented at random orien-
tations (0°, 90°, 180°, and 270°). Participants were
instructed to report the orientation of the letter T at tar-
get location by pressing the corresponding arrow key,
while ignoring the flankers and the letter I. Target event
onsets occurred between 1000 and 3500 msec after stim-
ulus display onset, with a minimum of 1500msec between
two target events within a trial. Target events were time-
locked to the 500-msec cycles to ensure synchronous
onsets of all stimuli.

Stimulus Properties

In Experiment 1, all stimuli (targets, flankers, and fixa-
tion circle) had a luminance of 12.47 cd/m2, and the
background was 5.61 cd/m2. In Experiment 2, the white
(positive contrast polarity) stimulus was 11.2 cd/m2 and
the black (negative contrast polarity) stimulus was
0.01 cd/m2. At fixation in the center of the screen was a
red circle, isoluminant to the background (5.61 cd/m2).
The Weber contrast was calculated as follows:

contrast ¼ I − Ib
Ib

(1)

where I is the luminance of the stimulus and Ib is the
background luminance, resulting in a contrast of 1.2 in
Experiment 1 and ±1 in Experiment 2.

Design

Participants completed between one and three training
blocks (20 trials each) to familiarize themselves with the
task. In Experiment 1, the main experiment consisted of
576 trials in total (72 trials per condition) divided into eight
blocks of 72 trials. In Experiment 2, the main experiment

Figure 1. The sequence of
events in Experiments 1 and 2.
(A) Each block started with a
1000-msec fixation, followed by
stimulus presentation for
4000 msec. There was a 200-
msec audio feedback within a
1000-msec intertrial interval
between two consecutive trials.
Participants were instructed to
attend to bilateral target
locations, where shapes were
presented either in isolation or
surrounded by four flankers on
each side at different target–
flanker distances. (B) In two
thirds of the trials, there were
one to two target events where a
letter “I” was presented in one of
the target locations and a letter
“T” in the other for 500 msec.
Participants were instructed to
report the orientation of the
target letter “T” (up, down, left,
or right) as quickly and accurately
as possible. Flankers, when
presented, were positioned at
one of seven (Experiment 1) or
three (Experiment 2) center-to-
center distances. In Experiment 2,
targets and flankers were
presented either with the same
or opposite contrast polarity
(same contrast polarity: A and
B; opposite polarity: C). In
Experiment 2, the fixation circle
was red, isoluminant to the
gray background.
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consisted of 756 trials (54 trials per condition), divided
into six blocks of 126 trials. Within each block, the exper-
imental conditions were balanced and repeated nine
times. Target events occurred in two thirds of the trials
andwere randomized to ensure eight events per condition
in each block.

Feedback and Breaks

At the end of each trial, participants received auditory
feedback (high-pitched beep for correct responses, low-
pitched beep for incorrect or missed responses). After
each block, participants were shown their average accu-
racy. They were allowed a self-paced break between
blocks.

EEG Procedure

During the experiment, participants sat in a dark electri-
cally shielded chamber. Participants were instructed to
try to blink as little as possible, maintain central fixation,
and sit still with relaxed muscles. Electrophysiological data
were recorded from 64 scalp electrodes mounted on an
elastic cap and six additional electrodes (HEOG and VEOG
and earlobes) using a BioSemi Active-Two amplifier sys-
tem. Scalp electrodes were positioned according to the
International 10–20 system (Klem, Lüders, Jasper, &
Elger, 1999), with electrodes Common Mode Sense and
Driven Right Leg serving as reference and ground during
the recording (see https://www.biosemi.com/faq/cms&drl
.htm). We used a modified 64-electrode channel layout
that omitted electrode positions F5, F6, C7, and C8 in
exchange for I1, I2, PO09, and PO10 to prioritize coverage
over the occipital lobe. To monitor eye movements and
blinks, EOG was recorded using four electrodes, two of
which were placed above and below the right eye, and
the other two were placed laterally to the left and right
lateral canthi.

Data Analysis

Behavioral Analysis

We analyzed the behavioral responses (key presses to indi-
cate the orientation of the target stimulus) that occurred
between 300 and 1500 msec after the onset of target
events. First, we assessed participants’ ability to detect
the targets, given the novel continuous stimulus presenta-
tion paradigm we implemented here. To do so, we classi-
fied responses as hits (participant responded within the
response window by pressing any of the four arrow keys)
and false alarms (participant pressed one of the four keys
outside the response window). To quantify target detec-
tion performance, we used a modified calculation of
observer sensitivity d0 (Green & Swets, 1966) that yields
an unbiased estimate in fast paced or continuous para-
digms (Bendixen & Andersen, 2013), in which participants

may respond continuously, as opposed tomaking a forced
choice after each stimulus presentation. Under such cir-
cumstances, the denominator of the false alarm rate is
ill-defined, as there either is no discrete number of nontar-
gets or the rate at which nontargets are presented may be
well beyond the response frequency of observers. To deal
with this problem, the false alarm rate ( f ) is computed by
dividing the number of false alarms (F) by the total length
of time in which responses are recorded (TS) divided by
the length of the time-window after each target in which
responses are classified as hits (TR) minus the number of
targets (NT). To address the issue of infinite values in the
cumulative normal distribution when the hit-rate h or the
false-alarm rate f equals 0 or 1, the log-linear correction
recommended by Hautus (1995) was applied (half a
hit/false alarm is added to the observations). The resulting
formula for the false alarm rate f is as follows:

f ¼ F þ 0:5
TS
TR

− NT þ 1
(2)

The sensitivity index d0 was calculated using the following
standard formula:

d0 ¼ Z hð Þ − Z fð Þ (3)

To quantify target identification performance, the mean
proportion of correct responses was calculated for each
condition by dividing the number of correct responses
by the total number of target events.

EEG Preprocessing and Analysis

EEG data were processed using the EEGLAB toolbox
(Delorme & Makeig, 2004) together with custom written
routines in MATLAB. Epochs were extracted from all trials
from 0 to 4000 msec after onset of the flickering stimuli
and detrended (removal ofmean and linear drifts). Epochs
with eye movements or blinks were rejected from further
analysis, and all remaining epochs were subsequently
subjected to an automated procedure for artifact rejection
and correction based on statistical parameters of the data
(Junghöfer, Elbert, Tucker, & Rockstroh, 2000). On aver-
age, 71.3% (Experiment 1) and 71.4% (Experiment 2) of all
epochs remained after artifact correction. All remaining
epochs were averaged separately for each of the eight
flanker distance conditions, and these averages were then
subjected to a scalp current density (λ= 10−5, m = 4, 50
iterations) transformation (Perrin, Pernier, Bertrand, &
Echallier, 1989; Pernier, Perrin, & Bertrand, 1988). Scalp
current density transforms differ from scalp potentials in
that they are reference free, offer a higher spatial resolution,
and better correspond with underlying cortical generators
(Kayser & Tenke, 2005).

To quantify SSVEP amplitudes, these trial averages were
subjected to a Fourier transform. The first 500 msec after
the onset of the stimulus display were excluded from this
calculation to allow for the SSVEP to build up. Five electrodes
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with the highest SSVEP amplitudes averaged across all dif-
ferent target–flanker distances (including the no flanker
condition) and participants were selected for each target
flicker frequency (10 and 12 Hz) separately. SSVEP ampli-
tudes were averaged across these five electrodes and sub-
sequently rescaled. This rescaling was performed to
account for differences in overall SSVEP magnitude
between different participants and frequencies (Adamian
& Andersen, 2024). Rescaled amplitudes Npfc were calcu-
lated by dividing amplitudes Apfc by the mean amplitude
across conditions (c) for each participant ( p) and each
frequency ( f ) separately (Andersen, Fuchs, &Müller, 2011):

Npfc ¼ ApfcP
Apc
� � (4)

After rescaling, SSVEP amplitudes were collapsed across
the two frequencies (i.e., targets).

Curve Fitting of Behavioral and EEG Data

To estimate critical spacing in Experiment 1, we fitted a
cumulative Gaussian function to the mean proportion
correct data and target-elicited SSVEP amplitudes as a
function of flanker distance (excluding the no flanker
condition). SSVEP amplitudes were noisier than the pro-
portion correct data, which precluded fitting curves to
individual participant’s SSVEP data. Therefore, curve fits
were performed on the group mean proportion correct
and SSVEP amplitude data. The cumulative Gaussian is
given by the following equation (Strasburger, 2001;
Wichmann & Hill, 2001):

y ¼ cþ λ − cð Þ
2

erfc
−b x − að Þffiffiffi

2
p

� �
(5)

In this equation, y is proportion correct or target-elicited
amplitude, x is the flanker distance, c is the lower asymp-
tote, λ is the upper asymptote, b is the slope of the curve,
a is the midpoint of the curve, and erfc is the complemen-
tary error function. For SSVEP data, the lower asymptote
and the upper asymptote were constrained between half
of theminimum amplitude across all conditions and to the
maximum amplitude across all conditions. For behavioral
data, all parameters were constrained to be nonnegative
(≥0) and the upper asymptote was constrained to a max-
imum of 1. In addition, for both SSVEP and behavioral
data, the midpoint of the curve was constrained between
the minimum and maximum flanker distance (1.7–5.1);
and the slope was constrained between 0 and 10.

The critical spacing xcs is commonly defined as the
distance at which performance reaches 90% of the
asymptote (Scolari et al., 2007):

xcs ¼ aþ norminv 0:9λ−c
λ−c

� �
b

(6)

Here, norminv is the inverse of the normal cumulative
distribution.

To estimate the sampling distribution of the critical
spacings calculated based on proportion correct data
and target-elicited SSVEP amplitudes, we used a resam-
pling approach in which 1000 new samples with the orig-
inal sample size were drawn with replacement from the
original data set. Curve fitting was applied to the mean
of each resample, and the corresponding critical spacing
was then derived. To assess the quality of the fits, the coef-
ficient of determination (r 2) and the adjusted r 2 (r 2adj )
were calculated for both the proportion correct and SSVEP
data. The resulting critical spacing distributions were then
used to calculate the medians and 95% confidence inter-
vals of the critical spacings and of their difference.

Statistical Analysis

Behavioral (d0 and proportion correct) and neural mea-
sures (target-elicited SSVEP amplitudes) were separately
subjected to a one-way repeated-measures ANOVA in
Experiment 1 (eight flanker distances including no flanker
condition) and a two-way repeated-measures ANOVA in
Experiment 2 with factors Flanker Distance (four flanker
distances including no flanker condition) and Target–
Flanker Similarity (similar and dissimilar). In addition, we
computed Bayes Factors to assess the strength of evidence
supporting or rejecting the effects of flanker distance
(Experiment 1 and 2) and target–flanker similarity (Exper-
iment 2). We used t tests to compare the behavioral and
neural measures between successive flanker distances
(Experiments 1 and 2) and flanker contrast conditions using
Bonferroni–Holm correction for multiple comparisons.

RESULTS

Behavioral Data

Crowding leads to a failure of target identification, not
detection (Petrov, Popple, & McKee, 2007; Pelli et al.,
2004; Levi, Hariharan, & Klein, 2002). Unlike typical
forced-choice paradigms commonly employed in psycho-
physical experiments, our two experiments employed a
task in which participants identified target stimuli embed-
ded in continuous stimulation. This allows for errors in
both target detection and identification, and it is therefore
necessary to assess both separately to verify that error
responses actually reflect crowding (i.e., failures to iden-
tify) as opposed to detection errors.
In both experiments, only few false alarms and misses

occurred, yielding very high detection performance as
quantified via d0 (Figures 2A and 3A). In Experiment 1,
detection d0 was independent of flanker distance, F(7,
104) = 0.33, p = .87, η2 = .02%, with the Bayes Factor
providing very strong evidence against an effect of flanker
distance (BF10 = 0.032). In Experiment 2, there was no
effect of Flanker Distance, F(3, 51) = 0.16, p = .92, η2 =
.65%; Similarity, F(1, 17) = 0.01, p = .91, η2 = .004%; or
their interaction, F(3, 51) = 0.44, p = .72, η2 = .65%, on
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detection d0, and the Bayes Factor provided moderate
evidence for the null hypothesis, with BF10 = 0.14 for
flanker distance, BF10 = 0.23 for similarity, and strong
evidence for the null hypothesis BF10 = 0.03 for the full
model including interactions.
In Experiment 1, proportion correct decreased with

decreasing flanker distance from the target, F(7, 104) =
104.22, p < .001, η2 = 88.91% (Figure 2B). Pairwise com-
parisons between neighboring flanker distances revealed
significant decreases between most pairs (1.7° vs. 2°:
t(13) = 4.07, p = .001; 2° vs. 2.5°: t(13) = 8.85, p <
.001; 2.5° vs. 3°: t(13) = 4.22, p = .001; 3° vs. 3.5°: t(13) =
4.37, p< .001; no flanker vs. 5.1°: t(13) = 4.15, p= .001)
as flankers approached the target. RTs for correct
responses exhibited a marked increase with decreasing
target–flanker distance, F(7, 104) = 28.70, p < .001,
η2 = 68.83% (Figure 2C). Pairwise comparisons
between neighboring flanker distances revealed signif-
icant increases at 5.1° spacing versus no flanker: t(13) =
−4.62, p < .001.
In Experiment 2, both flanker distance (three distances

plus no flanker condition) and similarity (similar vs. dis-
similar) were manipulated. Proportion correct decreased

with decreasing flanker distance, F(3, 51) = 86.15, p <
.001, η2 = 48.41 (Figure 3B), and this effect was magnified
in the similar condition (Flanker Distance × Similarity:
F(3, 51) = 64.90, p < .001, η2 = 17.04%; Similarity: F(1,
17) = 148.13, p < .001, η2 = 18.42). RTs for correct
responses (Figure 3C) increased with decreasing flanker
distance, F(3, 51) = 68.40, p < .001, η2 = 50.40%. RTs
were faster in the dissimilar condition, F(1, 17) = 52.74,
p< .001, η2 = 16.74%, and there was a significant Flanker
Distance × Similarity interaction, F(3, 51) = 11.09, p <
.001, η2 = 5.90%, mainly due to the fact that the target–
flanker similarity conditions were identical when there
were no flankers.

Target-elicited SSVEP Amplitudes

The group average SSVEP amplitude spectrum and topo-
graphical maps averaged across all participants and condi-
tions are displayed in Figure 2D and E. A one-way ANOVA
indicated significant differences in target SSVEP amplitudes
across target–flanker distances, F(7, 104) = 15.26, p <
.001, η2 = 53.99%. Notably, there was a very pronounced
drop in SSVEP amplitudes between the no flanker and the

Figure 2. Behavioral and electrophysiological results in Experiment 1. (A) Average d0 across participants as a function of target–flanker distance is
plotted. Error bars represent SEM. (B) Average proportion correct in different target–flanker distances fitted with a Gaussian function. Ninety percent
of the asymptote indicated as the critical spacing. Median (red dotted line) and 95% confidence intervals (gray area) of the critical spacings based on
1000 bootstrapped means. (C) Average RT in correct trials across participants. (D) Grand-average amplitude spectrum obtained by Fourier transform
separately for each condition collapsed across occipital electrodes (P04, P08, P6, CP6, P8, P03, P07, P5, CP5, P7 Oz, POz, O2, Iz, and O1). Amplitudes
peak at stimulation frequencies 10, 12, and 15 Hz; however, these peaks are more pronounced when stimulus-specific electrodes are chosen.
Topographic maps of SSVEP amplitudes for each stimulus at stimulation frequencies averaged across all subjects and conditions (electrode positions
chosen for analysis indicated with circles). (E) Average normalized target-related SSVEP amplitudes from five highest amplitude electrodes for each
frequency separately, fitted identically to the behavioral data with critical spacing (black dotted line). Median (red dotted line) and 95% confidence
intervals (gray area) of the critical spacings based on 1000 bootstrapped means.

Soo et al. 7

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
d
i
r
e
c
t
.
m
i
t
.
e
d
u
/
j
o
c
n
/
a
r
t
i
c
l
e
-
p
d
f
/
3
8
/
1
/
1
/
2
5
3
7
9
7
8
/
j
o
c
n
.
a
.
7
9
.
p
d
f
 
b
y
 
U
N
I
V
E
R
S
I
T
Y
 
O
F
 
A
B
E
R
D
E
E
N
 
u
s
e
r
 
o
n
 
2
9
 
J
u
l
y
 
2
0
2
6



largest flanker distance conditions, t(13) = 5.29, p< .001,
CI [0.40, 0.95].

In Experiment 2, target-elicited SSVEP amplitudes also
decreased with decreasing flanker distance, F(3, 51) =
13.23, p < .001, η2 = 29.26%. SSVEP amplitudes were
lower when the targets were similar to the flankers com-
pared with when they were dissimilar, F(1, 17) = 28.92,
p < .001, η2 = 10.19%. The reduction in target ampli-
tudes as a function of target–flanker distance was
greater in the similar condition compared with the dis-
similar condition (interaction: F(3, 51) = 6.57, p< .001,
η2 = 4.73%).

Critical Spacing

Cumulative Gaussian curve fits to proportion correct and
target-elicited SSVEP amplitudes averaged across partici-
pants produced excellent fits (proportion correct: r2 =
.995, r2adj = 0.99; SSVEPs: r2 = .99, r2adj = 0.98). The resul-
tant estimates of critical spacing were very similar for
proportion correct (2.99°) and target-elicited SSVEP ampli-
tudes (2.73°). We employed a bootstrap approach to
obtain estimates of variability of these estimates and their
difference. As the pattern in SSVEPs was noisier than in the
behavioral data, approximately 5% of the bootstrapped

Figure 3. Behavioral and electrophysiological results in Experiment 2. (A) Average d0 across participants as a function of target–flanker distance is
plotted for each similarity condition; error bars represent SEM. (B) The proportion correct as a function of target–flanker distance. (C) Average RT in
correct trials across participants. (D) Grand-average amplitude spectrum obtained by Fourier transform separately for each condition collapsed across
occipital electrodes (P04, P08, P6, CP6, P8, P03, P07, P5, CP5, P7 Oz, POz, O2, Iz, and O1). Amplitudes peak at simulation frequencies 10, 12, and
15 Hz; however, these peaks are more pronounced when stimulus-specific electrodes are chosen. Topographic maps of SSVEP amplitudes for each
stimulus at stimulation frequencies averaged across all subjects and conditions (electrode positions chosen for analysis indicated with circles). (E)
Average normalized target-related SSVEP amplitudes from five highest amplitude electrodes for each frequency separately. (F) Flanker-elicited SSVEP
amplitudes separately for central-occipital and lateral-occipital electrode positions in different target–flanker distances with SEM. Note that it is not
meaningful to compare flanker-elicited neural responses across target–flanker distances, because they are confounded with flanker locations (i.e.,
eccentricities).
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samples did not yield a valid estimate of critical spacing
and had to be excluded from our estimates of mean and
95% confidence intervals. The resulting estimates for pro-
portion correct (median = 2.98, 95% CI: [2.89, 3.28];
Figure 2B) and SSVEP amplitudes (median = 2.81, 95%
CI: [2.26, 3.95]; Figure 2E) exhibited substantial overlap,
and the distribution of the difference between both
included zero (median= 0.14, 95%CI: [−1.05, 0.96]); that
is, it did not provide evidence for a difference.

Flanker-elicited SSVEP Amplitudes

An analysis of flanker-elicited SSVEP amplitudes across
flanker distances would not yield unambiguously inter-
pretable results in either experiment, as such comparisons
would confound flanker position and distance to the tar-
get. Therefore, we exclusively compared flanker-elicited
SSVEP amplitudes between the similar and dissimilar con-
ditions in Experiment 2 for each flanker distance sepa-
rately. Consistent with previous SSVEP experiments in
which large symmetric stimuli were presented, the topog-
raphy of flanker-elicited SSVEP amplitudes exhibited cen-
tral and lateral peaks (Figure 3D), which most likely reflect
activity in early (V1–V3) and later (MT, LOC) visual areas
(Andersen, Müller, & Martinovic, 2012). Accordingly,
flanker-elicited SSVEP amplitudes were analyzed for both
clusters separately. At central electrodes, flanker-elicited
SSVEP amplitudes did not differ between the similar and
dissimilar conditions (1.7°: t(17) = −2.05, p = .06; 2.5°:
t(17) = 0.84, p = .40; 5°: t(17) = 0.41, p = .68). At
lateral-occipital electrodes, flanker-elicited SSVEP ampli-
tudes were larger in the dissimilar condition than in the
similar condition at the closest flanker distance (1.7°:
t(17) = −3.78, p = .001), but there was no effect at the
furthest flanker distance (2.5°: t(17) = −1.31, p = .21;
5°: t(17) = 1.10, p = .28).

DISCUSSION

In two experiments, we examined the hypothesis that sup-
pressive interactions in visual processing of nearby stimuli
might reflect a neural mechanism behind the breakdown
of object recognition in visual crowding. We examined tar-
get identification performance and cortical processing of
targets and flankers as a function of the distance (Experi-
ments 1 and 2) and similarity (Experiment 2) between
them. Both target identification as well as target-elicited
SSVEP amplitudes are reduced as the distance between
targets and flankers reduces (Experiments 1 and 2). How-
ever, this reduction does not occur when targets and
flankers are dissimilar (Experiment 2). Correspondingly,
dissimilar flankers elicited higher amplitudes at lateral-
occipital electrodes at closer spacings than similar
flankers, underlining the mutually suppressive interac-
tions between target and flanker stimuli. Interestingly,
the critical spacing estimates for proportion correct and
target-elicited SSVEPs yield similar results. Taken together,

these findings suggest that behavioral measures of crowd-
ing and the target-elicited SSVEPs here may reflect the
same phenomenon. The study thus connects crowding
to mutual interference between target and flanker pro-
cessing in visual cortex and highlights the utility of SSVEPs
as a tool to examining the cortical processing of multiple
objects in the visual field over different spatial scales.

The similar critical spacing estimates for proportion cor-
rect and target-elicited SSVEPs reinforce the idea that both
behavioral and electrophysiological measures capture the
same underlying neural process. This finding suggests that
SSVEPs could serve as a neural index for assessing the
impact of crowding on object recognition in visual cortex
and aligns with earlier studies showing that crowding
involves spatial suppression in visual cortex (Millin et al.,
2014; Anderson et al., 2012; Fang & He, 2008).

Target-elicited SSVEP amplitudes exhibited a marked
suppression relative to the no-flanker condition even
when flankers were placed at the furthest spacing. This
pattern was especially pronounced in Experiment 1 and
occurred despite SSVEP amplitudes seemingly reaching
an asymptote at smaller spacings (Figure 2E). A similar pat-
tern was observed for behavioral data (proportion correct
responses; Figure 2B). Neither result was predicted, and in
the following, we offer a speculative interpretation of
these two effects.

The dramatic drop in target-elicited SSVEP amplitudes
when flankers were present reflects flanker interference
with target processing at large distances beyond the criti-
cal spacing. The existence of such long-range flanker inter-
ference is consistent with our previous study (Soo et al.,
2018), which found large variations of the critical spacing
ranging from 18% to 86% of the target eccentricity across
different stimulus conditions.We speculate that such long-
range interference from flankers on visual target process-
ing is inherently present but only starts to manifest as
behavioral errors in target identification once it reaches
a certain strength at the critical spacing. The critical spac-
ing is a function of multiple properties such as display
duration (Soo et al., 2018; Tripathy et al., 2014; Tripathy
& Cavanagh, 2002; Kooi et al., 1994), flanker and target
contrast (Soo et al., 2018; Rashal & Yeshurun, 2014), back-
ward masking (Vickery et al., 2009), pop-out (Kennedy &
Whitaker, 2010; Põder & Wagemans, 2007; Scolari et al.,
2007; Chung et al., 2001; Kooi et al., 1994; Nazir, 1992;
Andriessen & Bouma, 1976), and flanker preview (Soo
et al., 2018; Scolari et al., 2007; Watson & Humphreys,
1997), and our findings suggest that manipulations of
these factors should modulate suppressive interactions
in SSVEP amplitudes accordingly.

In addition, behavioral data in both of our experiments
may have been affected by response competition between
targets and flankers, as these had the same shapes but with
randomly varied orientations. Response competition is
commonly observed in conflict tasks such as the Simon
(Simon, 1969), Stroop (Stroop, 1935), and Eriksen flanker
(Eriksen & Eriksen, 1974) tasks. Such response selection
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conflicts have been shown tomodulate crowding (Reuther
& Chakravarthi, 2020). Three specific factors in our exper-
iments may have enhanced this response competition and
led to error responses independent of target–flanker spac-
ing (see Figure 2B: the asymptote is clearly below 1): First,
the bilateral display with targets randomly occurring on
the left or right side prevented participants from focusing
attention strongly on the target location; second, we
employed an inner flanker, which was at least as recogniz-
able as the target itself due to its lower eccentricity
(Papadaki, Chakravarthi, & Andersen, 2024); third, the
continuous nature of the task may have induced partici-
pants to respond faster and commit errors. Although
crowding was most likely absent at the furthest spacings
and the no flanker condition, response competition would
only be fully abolished in the no flanker condition leading
to above asymptote performance. Response competition
would however not have affected SSVEP amplitudes in our
paradigm, as these were mainly driven by the nontarget
placeholders and reflect visual stimulus processing rather
than response selection.

Target detection performance was very high and unaf-
fected by manipulations of target–flanker distance or
flanker similarity in both of our experiments. This is in
accordance with previous studies that have shown that
crowding compromises target identification but not target
detection (Petrov et al., 2007; Pelli et al., 2004; Levi et al.,
2002). Hence, despite target stimuli being embedded in a
continuous display and task in our paradigm, behavioral
responses reflect a valid measure of crowding.

The alleviation of the interference caused by flankers
when they are dissimilar to the target is in accordance with
the well-established observation of the effect of similarity
on crowding (Soo et al., 2018; Põder & Wagemans, 2007;
Scolari et al., 2007; Chung et al., 2001; Andriessen &
Bouma, 1976). We found that the neural signature of
target–flanker interference in such situations closely
matches the behavioral effect, with a reduction in
flanker-induced interference at close distances when
target–flanker polarity is dissimilar. This dissimilarity
advantage effect has been previously explained by
feature-specific filtering or interference (Pelli & Tillman,
2008; Pelli et al., 2004; Kooi et al., 1994), or grouping
(Herzog et al., 2015; Manassi et al., 2012).

Our findings can be interpreted in the context of the
biased competition model of attention (Desimone, 1998;
Desimone & Duncan, 1995). The reduction of target pro-
cessing in the presence flankers, even when the latter are
presented at the furthest distance where they are
expected to be beyond the critical spacing of crowding,
is in line with the proposition that processing resources
are spread across the entire visual field for multiple simul-
taneously presented stimuli (Treue, 2003). Our evidence
supports that all objects in the visual field compete for
neuronal processing resources (Rolls & Tovee, 1995), pos-
sibly due to limitations in available resources (Martin,
1986). This competition for processing resources is

influenced by bottom–up mechanisms (here, distance
and similarity between targets and flankers). When target
and flankers are similar, their overlapping neural represen-
tations lead to stronger competition, which is reflected in a
reduction of target-elicited SSVEP amplitudes. Similarly,
Beck and Kastner (2007) found that competition for neu-
ronal resources, as quantified by suppression in V4, was
reduced when stimuli were dissimilar in color and orienta-
tion. Participants in our two experiments were instructed
to allocate voluntary attention to the target locations, but
we did not manipulate top–down attentional allocation
between conditions. Therefore, our findings are only
informative with respect to bottom–up competitive stim-
ulus interactions and investigating the effects of direct
manipulations of attentional allocation on target-elicited
SSVEPs in crowding remains an important task for future
studies. Such future work will also be able to test the
attentional hypothesis of crowding, according to which
crowding is caused by coarse spatial resolution of atten-
tion (Fang & He, 2008; Intriligator & Cavanagh, 2001; He
et al., 1996) or unfocused spatial attention (Strasburger,
2005; Strasburger, Harvey, & Rentschler, 1991).
In Experiment 1, we found comparable estimates of crit-

ical spacing derived from behavioral performance (target
orientation proportion correct) and those derived from
neural measures (target-elicited SSVEPs). As SSVEPs
mainly reflect visual processing in V1 (Norcia et al.,
2015), our findings suggest that at least part of crowding-
related interference occurs in early visual areas. Previous
literature suggests that there are two separate hierarchical
processes leading to object recognition: object individua-
tion and identification (Xu, 2009; Intriligator & Cavanagh,
2001). On the basis of this hierarchical separation, critical
spacing estimated from the target-elicited SSVEP
amplitudes in our data could depict the bottleneck of
object individuation (Chakravarthi & Herbert, 2019;
Intriligator & Cavanagh, 2001). Once objects are indi-
viduated during early visual processing, object recogni-
tion takes place at a later stage, which might be further
affected by interference.
Although SSVEPs mainly reflect visual processing in

early cortical areas, it is not clear whether and by how
much SSVEPs are affected by later cortical areas (Norcia
et al., 2015). In line with an early cortical locus of crowding,
previous studies have also shown suppression in V1 (Chen
et al., 2014; Millin et al., 2014; Blake, Tadin, Sobel, Raissian,
& Chong, 2006). However, the suppression of the target-
elicited SSVEP amplitudes that we observed does not nec-
essarily originate from early visual cortex. In our paradigm,
the targets and flankers were displayed for 4 sec, within
which there were up to two 500-msec target events.
Because stimuli were presented continuously, recurrent
processing is likely to have taken place. Thus, activity or
interference in later visual areas (with larger receptive
fields) could have been fed back to early visual cortex
(Andersen & Müller, 2010). This is consistent with previ-
ous reports in crowding in terms of behavior (Manassi &
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Whitney, 2018; Soo et al., 2018), neuroimaging (Freeman,
Donner, & Heeger, 2011), and modeling (Francis, Manassi,
& Herzog, 2017). Therefore, although SSVEP amplitudes
recorded in our experiments predominantly reflect activ-
ity in early visual areas, our findings are consistent with the
proposal that crowding occurs at multiple levels of the
visual hierarchy (Manassi & Whitney, 2018; Soo et al.,
2018; Ronconi, Bertoni, & Marotti, 2016; Whitney & Levi,
2011).
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