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Abstract
Performance as a function of polar angle at isoeccentric locations across the visual field is known as a performance field (PF) and
is characterized by two asymmetries: the HVA (horizontal-vertical anisotropy) and VMA (vertical meridian asymmetry).
Exogenous (involuntary) spatial attention does not affect the shape of the PF, improving performance similarly across polar
angle. Here we investigated whether endogenous (voluntary) spatial attention, a flexible mechanism, can attenuate these percep-
tual asymmetries. Twenty participants performed an orientation discrimination task while their endogenous attention was either
directed to the target location or distributed across all possible locations. The effects of attention were assessed either using the
same stimulus contrast across locations or equating difficulty across locations using individually titrated contrast thresholds. In
both experiments, endogenous attention similarly improved performance at all locations, maintaining the canonical PF shape.
Thus, despite its voluntary nature, like exogenous attention, endogenous attention cannot alleviate perceptual asymmetries at
isoeccentric locations.

Keywords Endogenous attention . Visual performance fields . Vertical meridian asymmetry . Horizontal-vertical anisotropy .
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Introduction

We deploy attention routinely in our daily life – from the
morning’s alarm waking us up to searching for that stapler
that always seems to be missing. At any given time, the brain
has limited resources for processing an overwhelming amount
of information. Successful deployment of attention allows us
to selectively process relevant information, can help overcome
the inherent processing limitations of our sensory systems,
and can improve visual performance. Spatial attention may
be allocated overtly by moving one’s eyes toward a specific
location, or covertly by attending to a location without
directing one’s gaze toward it. Spatial covert attention

improves performance in many visual detection, discrimina-
tion, and localization tasks (for reviews, see Carrasco, 2011,
2014; Carrasco & Barbot, 2015), and alters appearance in
many visual tasks (for review, see Carrasco & Barbot, 2019).

There are two spatial covert attention systems, the effects of
which on visual perception have been well characterized:
Endogenous attention corresponds to our ability to voluntarily
monitor information at a given location for sustained periods
of time, whereas exogenous attention corresponds to involun-
tary capture to a location where sudden stimulation has oc-
curred. Endogenous attention is sustained and takes about
300 ms to be deployed, whereas exogenous is transient,
peaking at about 100–120 ms and decaying quickly thereafter
(e.g., Müller & Rabbitt, 1989; Liu et al., 2007; for reviews, see
Carrasco, 2011, 2014; Carrasco & Barbot, 2015). These two
covert attention systems are underpinned by distinct but par-
tially overlapping neural networks (e.g., Beck & Kastner,
2009; Corbetta & Shulman, 2002; Dugué et al., 2017, 2020).
Selection history also plays a role in the deployment of spatial
covert attention. For instance, recent experience implicitly
guides attention, as if the brain assumes that the world is stable
and the most relevant features a moment ago are likely to
remain so (e.g., Chun & Nakayama, 2000; White et al.,
2013; Yashar & Lamy, 2010).
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Endogenous and exogenous attention can have similar ef-
fects on both perception and appearance (for reviews, see
Carrasco, 2006, 2011, 2014; Carrasco & Barbot, 2015, 2019).
But, critically, both types of attention also have differential ef-
fects. Whereas exogenous attention is automatic and inflexible,
endogenous attention is more flexible. For instance, the magni-
tude of the endogenous attention effect on perception, in terms
of both discriminability and speed of processing, scales with cue
validity (e.g., Giordano et al., 2009; Kinchla, 1980; Sharp et al.,
2018; Sperling &Melchner, 1978), but that of exogenous atten-
tion does not; its effects on discriminability and speed of pro-
cessing are constant regardless of cue validity (Giordano et al.,
2009). Endogenous attention optimizes performance as a func-
tion of task demands (e.g., Barbot et al., 2012; Barbot &
Carrasco, 2017; Hein et al., 2006; Jigo & Carrasco, 2020;
Sharp et al., 2018; Yeshurun et al., 2008). For instance, endog-
enous attention improves performance by either increasing or
decreasing spatial resolution depending onwhat is beneficial for
the task at hand (Barbot & Carrasco, 2017).

In contrast, exogenous cues cannot be ignored even when
they are known to be uninformative and irrelevant (e.g.,
Dugué et al., 2017; Herrmann et al., 2010; Müller &
Rabbitt, 1989; Yantis & Jonides, 1990).Moreover, exogenous
attention automatically increases spatial resolution even when
detrimental for task performance (e.g., Jigo & Carrasco, 2018;
Yeshurun et al., 2008; Yeshurun&Carrasco, 1998). But in the
same texture segmentation task, endogenous attention always
improves perception (Jigo & Carrasco, 2018; Yeshurun et al.,
2008) by flexibly adjusting spatial resolution (Barbot &
Carrasco, 2017). Moreover, a recent study has revealed that
endogenous and exogenous attention distinctly modulate ac-
tivity in visuo-occipital areas; endogenous attention facilitates
both the encoding and the readout of visual information,
whereas exogenous attention only facilitates the encoding of
information (Dugué et al., 2020).

Discriminability and the speed of information processing
across the visual field differ as a function of eccentricity (e.g.,
Carrasco et al., 2003; Carrasco & Frieder, 1997) and polar
angle at isoeccentric locations. The pattern of performance
as a function of polar angle at isoeccentric locations, known
as a performance field (PF), has been observed for fundamen-
tal visual dimensions such as contrast sensitivity (e.g., Abrams
et al., 2012; Baldwin et al., 2012; Cameron et al., 2002;
Carrasco et al., 2001; Himmelberg et al., 2020; Levine &
McAnany, 2005; Mackeben, 1999; Pointer & Hess, 1989;
Regan & Beverley, 1983; Rijsdijk et al., 1980; Robson &
Graham, 1981; Rovamo & Virsu, 1979), contrast appearance
(Fuller et al., 2008), spatial resolution (e.g., Altpeter et al.,
2000; Barbot, Xue, & Carrasco, 2021; Carrasco et al., 2002;
Greenwood et al., 2017; Montaser-Kouhsari & Carrasco,
2009; Nazir, 1992; Talgar & Carrasco, 2002 ), spatial
crowding (Greenwood et al., 2017; Petrov & Meleshkevich,
2011; Wallis & Bex, 2012), temporal information accrual

(Carrasco et al., 2004), crowding (Fortenbaugh et al., 2015;
Greenwood et al., 2017), motion perception (Fuller &
Carrasco, 2009), and visual short-term memory (Montaser-
Kouhsari & Carrasco, 2009).

In a typical PF psychophysical task, stimuli are presented at
isoeccentric locations around the visual field while observers
maintain central fixation (monitored using an eye-tracker).
The method of constant stimuli can be used to estimate psy-
chometric functions at each location. Alternatively, adaptive
methods may be used to estimate observer thresholds; all stim-
uli are then presented at threshold during a discrimination
task. To investigate the effects of attention on PF, performance
is assessed when attention is directed towards a target (valid
trials), away from it (invalid trials), or equally distributed
across all locations (neutral trials). Both task and stimuli are
kept constant across all attention conditions. Figure 1 shows a
schematic representation of the typical PF shape for adults,
when stimuli are placed at isoeccentric locations along the
cardinal meridians.

Performance at the cardinal locations around the visual
field is characterized by two asymmetries: the HVA (horizon-
tal-vertical anisotropy) and VMA (vertical meridian
asymmetry). The HVA reflects better performance along the
horizontal meridian (HM) than the vertical meridian (VM).
The VMA refers to better performance along the lower verti-
cal meridian (LVM) than along the upper vertical meridian
(UVM). Typically, performance at intercardinal locations is
intermediate between the horizontal and the vertical meridian

Fig. 1 Schematic representation of a typical visual performance field.
The center point (intersection of the cardinal lines) represents chance
performance and more eccentric points represent higher performance.
(1) Horizontal-vertical anisotropy (HVA): better performance at
isoeccentric locations along the horizontal (left horizontal meridian
(LHM) and right horizontal meridian (RHM) locations) than vertical (up-
per vertical meridian (UVM) and lower vertical meridian (LVM) loca-
tions) meridian of the visual field, and (2) vertical mridian asymmetry
(VMA), better performance at the location directly below fixation (LVM)
than directly above (UVM)
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(e.g., Cameron et al., 2002; Carrasco et al., 2001) and both
asymmetries decrease gradually as the target location in-
creases from the vertical meridian (Abrams et al., 2012;
Barbot et al., 2020).

The HVA and VMA are pervasive; they emerge regardless
of stimulus orientation, display luminance, and whether the
stimuli are presented monocularly or binocularly (Barbot
et al., 2020; Carrasco et al., 2001). PFs shift in line with ego-
centric referents, corresponding to the stimulus retinal location
(Corbett & Carrasco, 2011). PF asymmetries are more pro-
nounced as spatial frequency, eccentricity, or set size increase
(Carrasco et al., 2001; Fuller et al., 2008; Himmelberg et al.,
2020). Although the extent of PF asymmetries varies slightly
across observers, their overall shape remains reliable (e.g.,
Abrams et al., 2012; Cameron et al., 2002; Carrasco et al.,
2001; Himmelberg et al., 2020). These asymmetries are ubiq-
uitous in visual perception and are also preserved in short-
term memory tasks (Montaser-Kouhsari & Carrasco, 2009).
Note that as a result of these asymmetries, we see objects at
different levels of discriminability in daily life, depending on
their position in our visual field.

We have previously investigated whether PF asymmetries
can be altered by attention. We used a variety of visual tasks
for which exogenous attention is known to improve perfor-
mance. We found that there were similar performance im-
provements in discriminability across isoeccentric locations
on acuity (Carrasco et al., 2002), texture segmentation
(Talgar & Carrasco, 2002) and contrast sensitivity tasks
(e.g., Cameron et al., 2002; Carrasco et al., 2001;
Himmelberg et al., 2020) for neurotypical participants, as well
as for those with amblyopia (Roberts et al., 2016) or attention-
deficit hyperactivity disorder (ADHD; Roberts et al., 2018).
Thus, in all instances we have investigated, exogenous atten-
tion improves performance while preserving the PF shape.

Observers are capable of deploying endogenous covert at-
tention across the visual field, including along the vertical
meridian (e.g., Giordano et al., 2009; Ling & Carrasco,
2006); however, it is unknown whether, and how, its alloca-
tion affects visual PFs. Given its more flexible nature and that
it optimizes performance as a function of task demands (e.g.,
Barbot et al., 2012; Barbot & Carrasco, 2017; Hein et al.,
2006; Jigo & Carrasco, 2020; Yeshurun et al., 2008), we hy-
pothesized that endogenous attention may play a compensa-
tory role by differentially affecting performance at
isoeccentric locations to alleviate visual asymmetries around
the visual field. This result would indicate that heterogeneous
performance at different locations is permeable and can be
overcome by top-down attentional effects. Alternatively, en-
dogenous attention may improve performance to a similar
degree across locations even when discriminability is lower
at some locations than others. This result would suggest that
differential performance at various locations around the visual
field is impervious to such top-down attentional factors.

In this study, we investigated how endogenous attention
affects the shape of the PF under two conditions: (1) When
stimulus contrast is the same at all locations, and thus discrim-
inability across isoeccentric locations is heterogeneous, repre-
sentative of real-world conditions (Experiment 1), and (2)
when stimulus contrast at each location is adjusted to equate
discriminability, so that attention can exert its effects relative
to the same baseline level (Experiment 2).

Methods

Participants

The same 20 adults (15 F,M age = 27.3 ± 4.7 years; two left-
handed) participated in both Experiment 1 and Experiment 2,
all of whom possessed normal or corrected-to-normal vision
and were attending college or graduate school. We did a
simulation-based power analysis using data from a study on
the effects of exogenous attention on contrast sensitivity
across the horizontal and vertical meridians (Cameron et al.,
2002). Individual subject data were randomly drawn from
Gaussian variables that were centered on the group-average
contrast threshold for each attention cue type (Neutral, Valid)
and target location (HM, LVM, UVM) and had a width deter-
mined by the SEM for each condition across the group. A two-
way (attention x location) repeated-measures ANOVA was
used to assess statistical significance and effect size was quan-
tified by generalized eta-squared. Given an effect size of 0.35,
a sample size of 20 observers was required to detect a signif-
icant attention x location interaction with 87% power at a 0.01
significance criterion.

Apparatus and setup

Participants were tested in a dimly lit, sound-attenuated room.
Stimuli were programmed on an Apple iMac MC413LL/A
21.5-in. desktop (3.06 GHz Intel Core 2 Duo) using
MATLAB (Mathworks, Natick, MA, USA) in conjunction
with the MGL toolbox (http://gru.stanford.edu/doku.php/
mgl/ overview). Stimuli were presented at a viewing
distance of 57 cm on a 21-in. IBM P260 CRT monitor
(1,280 x 960 pixel resolution, 90-Hz refresh rate), calibrated
and linearized using a Photo Research (Chatworth, CA, USA)
PR-650 SpectraScan Colorimeter. Participants performed the
task using a forehead- and chin-rest to ensure head stabiliza-
tion. Eye movements were monitored using an EyeLink 1000
Desktop Mount eyetracker (SR Research, Ontario, Canada).

Stimuli

Observers were asked to fixate on a black, central cross (0.5°
across) throughout the trial (Fig. 2). Four placeholders – each
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composed of four black dots (0.05° radii) arranged in a circle
0.5° from the edge of an upcoming Gabor patch stimulus (to
prevent masking) – were always presented on the screen to
reduce location uncertainty. The target and three distractor
stimuli were 3.2° wide Gabor patches (contrast-defined sinu-
soidal gratings embedded in a Gaussian envelope, σ = 0.46°)
with a spatial frequency of four cycles per degree (cpd), and
the same mean luminance as the uniform gray background (26
cd/m2). They were centered at 6.4° eccentricity along the car-
dinal meridians. During each trial, the Gabors were indepen-
dently and randomly tilted ± 20° from vertical. To manipulate
endogenous spatial attention, we presented a central precue –
either a single 0.88° line or four 0.28° lines (all 0.14° thick) –
0.38° from the center of the fixation cross, indicating either
one (100% valid, attention condition) or all (neutral, distribut-
ed condition) of the possible target locations. A response cue
(identical to the single valid precue) indicated the target loca-
tion by pointing to one placeholder and eliminated location
uncertainty at response time (Pelli, 1985).

Procedure

Participants underwent three sessions: (1) stimulus contrast
thresholding (eight blocks, 1 h), (2) the heterogeneous discrim-
inability experiment, and (3) the homogeneous discriminabil-
ity experiment (both 12 blocks, ~1.5 h each). The thresholding

session was always conducted first and consisted of a PEST
staircase procedure in which eight interleaved three-down,
one-up staircases (two staircases per location; one starting
from 75% and the other at 25% contrast) estimated a single
contrast threshold value (~80% accuracy overall) for each lo-
cation. Only neutral cues were presented in the thresholding
session, and observers were asked to report the orientation of a
single target without any distractors on each trial.

Experiment sessions consisted of about 12 blocks (Exp. 1:M
= 11.6, SD = 1.35; Exp. 2:M = 12.2, SD = 0.41) of 80 trials each,
for a total of ~960 trials; 480 trials each in the valid and neutral
cue conditions (50–50 distribution; 120 trials for each location in
each attention condition, presented in a random order).

Experiment 1 In the ‘heterogeneous discriminability across
locations’ experiment, Gabors at all locations were presented
at the same contrast, which was the average of the contrast
thresholds independently measured at the four potential target
locations (Fig. 2b). In between blocks, stimulus contrast was
adjusted to maintain ~80% accuracy across all locations and
cueing conditions. This allowed us to assess whether the
magnitude of the endogenous attention effect differs as a
function of unequal discriminability across isoeccentric
cardinal locations for a given contrast. Such compensa-
tory attentional benefits would alter the canonical PF
shape.

Fig. 2 Task sequence. (a) Observers performed a two-alternative forced-
choice (2AFC) orientation discrimination task, contingent upon contrast
sensitivity, while maintaining fixation. The target could appear at any one
of four isoeccentric locations along the cardinals. Participants were either
cued towards a single location (Valid cue) or to all four locations (Neutral
cue). On every trial, four Gabor patches briefly appeared simultaneously
at all stimulus locations. A response cue indicated the target, for which

participants reported the tilt (left or right). Note that Gabor tilt angle, size
of placeholders, fixation point, and response cue have been exaggerated
for clarity. Subpanel: Group average stimulus contrast by locationwas the
same for valid and neutral cue condition trials in each experiment, and are
shown for (b) Experiment 1, same contrast across locations resulting in
different performance across locations, and (c) Experiment 2, different
contrast at different locations to equate performance across locations
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Experiment 2 In the ‘homogeneous discriminability across
locations’ experiment, we equated discriminability across the
visual field by presenting stimuli of different contrasts accord-
ing to the independently measured contrast thresholds of each
location. In between blocks, stimulus contrast was adjusted
separately for each location to maintain 80% accuracy across
cueing conditions (Fig. 2c). This ensured that participants not
only performed well above chance but had similar room for
improvement at all locations.

The order of the two experiments was counterbalanced
across participants. Throughout all sessions, if participants
made an eye movement ≥ 1° from the fixation cross at any
time between trial initiation and stimulus offset, the trial
would be aborted and the text “Please fixate” would appear
at the center of the screen. These trials were rerun at the end of
the respective block.

Task and trial sequence

In both experiments, participants performed a two-alternative
forced-choice (2AFC) orientation discrimination task binocu-
larly while their endogenous spatial attention was manipulated
via presentation of either a single (100% valid, 50% of all
trials) or distributed central precue (50% of all trials; Fig.
2a). After fixating for 256 ms, the precue was presented for
400 ms, after which there was a brief blank interstimulus in-
terval (ISI) of 67 ms. The 467 ms stimulus-onset asynchrony
(SOA) between precue onset and stimulus ensured that ob-
servers had ample time to voluntarily deploy their endogenous
attention to the cued location (e.g., Liu et al., 2007). After the
blank interval, the target and three distractor Gabor patches
appeared simultaneously inside the placeholders for 123 ms.
There was a brief 45-ms ISI between display offset and the
response cue, which remained on the screen for 667 ms. A
mid-frequency auditory tone indicated the beginning of the 5-
s response window, in which observers had to report the target
tilt (clockwise (CW) or counterclockwise (CCW) relative to
vertical) using one of two keyboard presses (1 for CCW, 2 for
CW) with their right hand. On every trial, observers were
encouraged to respond as accurately as possible. Observer
response terminated the response window, after which there
was a mandatory 1-s intertrial interval. Auditory feedback was
provided at the end of each trial (low-frequency tone: incor-
rect; high-frequency tone: correct) and visual feedback indi-
cating observers’ accuracy and number of fixation breaks was
presented onscreen at the end of each block.

Results

We conducted ANOVAs on sensitivity (d’), our main depen-
dent variable, and median reaction times (RTs) for correct

trials as our secondary variable, to ensure no speed-accuracy
tradeoffs.

d' was calculated as the z-score of the proportion of hits
(target was CW, observer reported CW) minus the z-score of
the proportion of false alarms (target was CCW, observer
reported CW) (e.g., Jigo & Carrasco, 2020). To avoid infinite
values when computing d’, we adjusted all d’ values using the
conservative log-linear rule, according to which 0.5 was
added to the number of hits and false alarms before computing
d’ (Hautus,1995). To confirm that any nonsignificant results
were not simply due to a lack of statistical power to find
differences between groups, we transformed the sum of
squared errors obtained from our ANOVAs to arrive at pBIC
scores, which represent the posterior probabilities generated
by Bayesian Information Criterion estimates of the Bayes fac-
tor (Masson, 2011). pBIC scores reflect the strength of evi-
dence in favor of the null (H0) – a nonsignificant main or
interaction effect – or alternative (H1) – a significant main or
interaction effect – hypotheses given a dataset D. pBIC values
between .50–.75, .75–.95, .95–.99, and > .99 are considered
weak, positive, strong, and very strong evidence, respectively
(Masson, 2011).

All participants showed a significant overall cueing effect
regardless of location. We found no significant main or inter-
action effects of sex in our data. We also conducted secondary
analyses in which the data were weighted by an individual’s
contribution to the overall dataset (i.e., total number of com-
pleted experimental blocks) and found no difference in the
results. Note that whenever Mauchly’s test indicated that the
assumption of sphericity had been violated, degrees of free-
dom were adjusted using the Greenhouse-Geisser correction.

Experiment 1: Heterogeneous discriminability
across locations

When stimuli at all locations had the same contrast (M contrast
= 3%, 95% CI [2.6%, 3.6%]; Fig. 2b), observers exhibited
canonical performance fields on both valid and neutral trials
(Fig. 3a). Participants showed pronounced and consistent
HVA, i.e., higher performance accuracy along the HM than
the VM (Fig. 3b), and VMA, i.e., higher accuracy at the LVM
than the UVM (Fig. 3c). All observers showed an HVA in
both neutral and valid conditions, and most showed a VMA in
both conditions (except for three observers in the neutral and
one in the valid condition). There were individual differences
in the extent of both asymmetries for both neutral and valid
conditions, as illustrated in the scatterplots. Notably, there
were significant correlations for all participants’ performance
along the HM, the UVM, and the LVM between the neutral
and attention conditions (r = 0.633, p < .005; Fig. 4). This
correlation provides converging evidence that the attention
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effect was similar across locations, regardless of individual
differences in the extent of performance field asymmetries.

A two-way repeated-measures ANOVA of sensitivity - as
measured by d’ - revealed significant main effects of location
(F(3,57) = 106.555, p < .001, d = .849) and attention (F(1,19)
= 28.763, p < .001, d = .602) but no significant interaction
(F(2.172, 41.275) = 2.759, p = .071, d = .127; Fig. 3d). The
Bayes factor analysis of the interaction between attention and
location provided strong evidence in favor of the null

hypothesis with an odds of 23.061 to 1: pBIC(H0|D) = .958
and pBIC(H1|D) = .042. This pattern indicates that attention
improved performance at all locations to a similar extent.

Our task instructions and trial-by-trial feedback encour-
aged observers to be as accurate, rather than as fast, as possi-
ble. Nonetheless, a secondary two-way repeated-measures
ANOVA of RTs (Fig. 3e) was conducted to rule out possible
speed-accuracy trade-offs. There were significant main effects
of location (F(1.572, 29.859) = 16.46, p < .001, d = .464),
attention (F(1,19) = 5.751, p = .027, d = .232), and a signifi-
cant interaction (F(3,57) = 9.044, p < .001, d = .322). This
pattern reflected faster RTs for valid trials than neutral trials
and suggests that at the locations of least discriminability
(along the vertical meridian), observers took longer to respond
to the neutral cue and that the valid cueing helped diminish
this speed difference. However, this interaction is inconclu-
sive as RT was a secondary variable, merely monitored to rule
out any possible speed-accuracy tradeoffs; at these overall
levels of accuracy (by design, around 80% accuracy), RT
differences are not readily interpretable (e.g., Pachella, 1974).

Experiment 2: Homogeneous discriminability
across locations

In Experiment 2, we equated stimulus discriminability by
adjusting stimulus contrast, thereby ensuring that attention
had equal opportunity to alter performance at all isoeccentric

Fig. 3 Performance in Experiment 1. Green - valid cue condition trials,
blue - neutral cue condition trials. (a) Average d’ for each location (polar
plot of performance field). (b) Scatterplot of individual d’ values of the
horizontal-vertical anisotropy (HVA) (average d’ at horizontal meridian
(HM) vs. average d’ at vertical meridian (VM)). (c) Scatterplot of indi-
vidual d’ values of the vertical meridian asymmetry (VMA) (average d’ at

lower vertical meridian (LVM) vs. average d’ at upper vertical meridian
(UVM)). (d) Group average d’ (bar plots overall and by location). (e)
Group average median reaction times (bar plots overall and by location).
Error bars are ±1 SEM. n.s. = not significant; * p < .05; ** p < .01; *** p
<.001

Fig. 4 Correlations between conditions across locations in Experiment 1.
Correlations between participants’ performance in the neutral and
attention conditions across locations – horizontal meridian (HM; red
dots), lower vertical meridian (LVM; yellow dots) and upper vertical
meridian (UVM; orange dots)
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locations (Fig. 2c). Critically, this manipulation further en-
sured that all locations were reliably above chance and below
ceiling. Our contrast manipulation was successful; perfor-
mance was equated across all locations in the neutral condi-
tion, and attention similarly boosted performance across the
visual field (Fig. 5a). The HVA (Fig. 5b) or VMA (Fig. 5c)
were no longer significant for either the neutral or the valid
attention condition. Most participants showed no HVA effect
(individual data points fell along the diagonal), and there were
some individual differences in the extent the VMA (individual
data points fell along, above, and below the diagonal).

A two-way repeated-measures ANOVA of d’ verified that
there was a significant main effect of attention (F(1,19) =
111.554, p < .001, d = .854), but neither a significant effect
of location (F(1.571, 29.845) = 1.98, p = .163, d = .094), nor a
significant interaction (F(3,57) = 2.547, p = .065, d = .118; Fig.
5d). The Bayes factor analysis of the main effect of location
provided positive evidence in favor of the null hypothesis with
an odds of 3.906 to 1: pBIC(H0|D) = .796 and pBIC(H1|D) = .204.
It also provided strong evidence for the null hypothesis regard-
ing the interaction between attention and location with an odds
of 25.425 to 1: pBIC(H0|D) = .962 and pBIC(H1|D) = .038.

Again, RTs (secondarymeasures) were faster for valid than
neutral trials (Fig. 5e), but a two-way repeated-measures
ANOVA of RTs revealed no significant main effects or any
interaction (all F < 1 or p > 0.1), confirming that there were no
differential effects of attention as a function of location and no
speed-accuracy tradeoffs.

Discussion

The goal of this study was to investigate whether endogenous
attention differentially improves performance at isoeccentric
locations to compensate for performance asymmetries and
alter the shape of visual PFs. In Experiment 1, all stimuli were
presented at isoeccentric locations around the visual field
using the same contrast level. Although there were some in-
dividual differences in the extent of the HVA and VMA and
the attention effect, all observers showed the HVA and almost
all observers showed the VMA. Importantly, for all partici-
pants, performance at each location was highly correlated be-
tween the neutral and valid conditions, revealing consistent
individual differences as well as similar attention effects
across locations, regardless of individual differences in base-
line performance.

The conditions in Experiment 1 (heterogeneous discrimi-
nability across locations), which reflect typical viewing con-
ditions and have ecological validity given that stimuli proper-
ties are constant regardless of where they appear, enabled us to
assess how endogenous attention interacts with the canonical
PF shape. We found marked PF, consistent with the fact that
PF are particularly pronounced in the presence of distractors
(Carrasco et al., 2001). When the target appeared along the
VM, stimuli along the HM were highly visible and likely
acted as strong “distractors,” swamping out sensitivity to stim-
uli of similar contrast along the less discriminable vertical
meridian. In contrast, when the target appeared along the

Fig. 5 Performance in Experiment 2. Green - valid cue condition trials,
blue - neutral cue condition trials. (a) Average d’ for each location (polar
plot of performance field). (b) Scatterplot of individual d’ values of the
horizontal-vertical anisotropy (HVA) (average d’ at horizontal meridian
(HM) vs. average d’ at vertical meridian (VM)). (c) Scatterplot of indi-
vidual d’ values of the vertical meridian asymmetry (VMA) (average d’ at

lower vertical meridian (LVM) vs. average d’ at upper vertical meridian
(UVM)). (d) Group average d’ (bar plots overall and by location).(e)
Group average median reaction times (data points overall and by loca-
tion). Error bars are ±1 SEM. n.s. = not significant; * p < .05; ** p <.01;
*** p < .001
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horizontal meridian, the less visible stimuli along the vertical
meridian acted as weak distractors and had a diminished effect
on performance.

In Experiment 1 we presented stimuli at all locations at the
same contrast level; consequently, their discriminability dif-
fered as a function of their location. Hence, we likely assessed
performance at different parts of the contrast response func-
tion (CRF), because CRFs have a lower threshold and a
shallower slope for stimuli at the HM than at the VM, and
the highest threshold and steepest slope for stimuli at the upper
VM (Cameron et al., 2002). Given that the largest expected
endogenous attention effects occur within the dynamic range
of the CRF (Herrmann et al., 2010; Jigo & Carrasco, 2020;
Pestilli et al., 2009), the magnitude of the attention effect
could have been compressed by testing too close to the lower
or upper asymptotes. Had the contrast level we used been
within the dynamic range at the HM, we could have
underestimated the possible attention benefit at the VM, espe-
cially the UVM, as they would have been close to the lower
asymptote. Alternatively, had the contrast level we used been
within the dynamic range at the VM, we could have
underestimated the possible attention benefit at the HM loca-
tions, as they would have been close to the upper asymptote.

Thus, in Experiment 2, we equated discriminability across
locations to be within the dynamic range, comfortably above
chance but below a performance ceiling. To do so, we varied
stimulus contrast while keeping all other stimulus parameters
– size, spatial frequency, orientation and eccentricity – identi-
cal to those of Experiment 1. By design, performance was
similar across all locations, as each stimulus was presented
at the unique ~80% contrast threshold for that location. Even
then, endogenous attention had a similar effect on perfor-
mance across all locations. Although there were some individ-
ual differences in the extent of the HVA and VMA and the
attention effect, at the group level the patterns were clear. This
uniform performance boost across locations provides further
evidence that endogenous attention enhances visual percep-
tion similarly along the HM and VM, but cannot overcome the
inherent asymmetries in sensory processing at isoeccentric
locations around the visual field.

What seems surprising in our results is that even though
endogenous attention is flexible (e.g., Barbot et al., 2012;
Barbot & Carrasco, 2017; Giordano et al., 2009; Kinchla,
1980; Sperling & Melchner, 1978; Yeshurun et al., 2008),
we found that it boosted performance across isoeccentric lo-
cations around the visual field to the same extent and thus
preserved the canonical PF shape. This uniform boost in per-
formance is similar to that shown by exogenous attention
(Cameron et al., 2002; Carrasco et al., 2001, 2002; Roberts
et al., 2016, 2018), notwithstanding the differential effects of
exogenous and endogenous attention on performance (e.g.,
Barbot et al., 2012; Barbot & Carrasco, 2017; Jigo &
Carrasco, 2018; Yeshurun et al., 2008; Yeshurun & Levy,

2003). Thus, we find that these visual asymmetries are not
only a ubiquitous characteristic of visual processing, but also
remarkably resilient, in that they are difficult to be overcome
and compensated for low performance at disadvantaged
locations.

How generalizable are the present findings? We think that
the effect of endogenous attention at isoeccentric locations
around the visual field would also be similar had the target
appeared by itself. Endogenous attention improves perfor-
mance when a target is presented alone or amidst distractors
(Giordano et al., 2009), and exogenous attention does not alter
the PF shape regardless of whether a target appears by itself or
in the presence of distractors (e.g., Cameron et al., 2002;
Carrasco et al., 2001; Roberts et al., 2016, 2018).
Furthermore, we think that the effect of endogenous attention
would also be similar across isoeccentric locations if the spa-
tial frequency or the eccentricity at which the stimuli appeared
had been different. This is because endogenous attention af-
fects discriminability in a similar fashion across eccentricity,
i.e., it improves sensitivity for the peak spatial frequency at
each eccentricity and its lower and higher neighboring fre-
quencies (Jigo & Carrasco, 2020).

The resilient nature of PFs and its imperviousness to atten-
tional effects may be related to the anatomical correlates of the
HVA and VMA that exist along the visual pathway. For in-
stance, cone density is highest along the horizontal meridian,
and is also higher in the superior than the inferior portions of
the retina, corresponding to the lower and upper visual field
(Curcio et al., 1987; Curcio et al., 1990). The distribution of
ganglion cells in the retina follow the same pattern, but with an
even greater superior-inferior asymmetry (Curcio & Allen,
1990; Perry & Cowey, 1985). A recent model, however, has
shown that even though optical factors and the photoreceptor
array in the retina (Kupers et al., 2019) as well as midget
retinal ganglion cells (Kupers et al., 2019) correlate with dif-
ferences in performance at isoeccentric locations around the
visual field, they only account for a small fraction of observed
behavioral asymmetries. Early stages of visual processing
(e.g., V1) magnify these differences (Benson et al., 2020;
Liu, Heeger, & Carrasco, 2006) to account for a larger degree
of these perceptual asymmetries.

Characterizing how visual performance varies across the
visual field informs our understanding of visual perception
and helps constrain models of visual perception and attention.
The individual differences observed in this study, as well as in
previous studies regarding the topology of spatial vision (e.g.,
Abrams et al., 2012; Cameron et al., 2002; Greenwood et al.,
2017; Himmelberg et al., 2020), will be useful for relating
behavior to biological differences in cortical representation
and model development.

It is critical that we now know that the effects of covert
attention cannot help to overcome these differences, as this
finding has implications regarding neural correlates (e.g.,
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Benson et al., 2020; Liu et al., 2006) and computational
models (e.g., Kupers et al., 2019, 2020) of performance fields,
in particular, and of visual perception, in general. Our results
also have significant implications for human factors and ergo-
nomic applications. For instance, the resilience of these per-
ceptual asymmetries at isoeccentric locations around the visu-
al field should be known and taken into consideration when
optimizing displays for radiologists, drivers, pilots, and air
traffic controllers.

To conclude, our data show that endogenous attention pro-
vides a uniform boost in performance at isoeccentric locations
around the visual field under conditions of both unequal and
equal discriminability. This effect parallels the effect shown
by exogenous attention. These results are somewhat surpris-
ing, given that endogenous spatial attention has been shown to
be more flexible than exogenous attention in many perceptual
tasks. Our findings demonstrate that the visual and neural
circuitry underlying PF asymmetries impose such pronounced
limitations on visual processing that theymay be very unlikely
to be overcome.
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