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When one’s central vision is deprived, a spared part of the peripheral retina acts as a pseudofovea for fixation. The neural mechanisms
underlying this compensatory adjustment remain unclear. Here we report cortical reorganization induced by simulated central vision
loss. Human subjects of both sexes learned to place the target at an eccentric retinal locus outside their blocked visual field for object
tracking. Before and after training, we measured visual crowding—a bottleneck of object identification in peripheral vision, using
psychophysics and fMRI. We found that training led to an axis-specific reduction of crowding. The change of the crowding effect was
reflected in the change of BOLD signal, as a release of cortical suppression in multiple visual areas starting as early as V1. Our findings
suggest that the adult visual system is capable of reshaping its oculomotor control and sensory coding to adapt to impoverished visual
input.
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Introduction
The human fovea typically serves as the locus for fixation because
of its high visual acuity. When the fovea cannot provide detailed
input— either due to retinal lesion or central vision deprivation,
the oculomotor system sometimes adopts one or multiple loca-
tions in the peripheral retina for fixation, termed the preferred
retinal locus (PRL; Cummings et al., 1985; Crossland et al., 2011;
Kwon et al., 2013).

Nevertheless, object identification is impaired in the periph-
ery. Crowding, a breakdown of target identification when sur-
rounding objects are within a critical distance of the target
(Bouma, 1970; Whitney and Levi, 2011), is considered as the
primary limit for peripheral vision. Interestingly, a reorganiza-
tion of the spatial extent of crowding has been reported in people
with acquired central retinal lesion due to macular degeneration.
While radially positioned flankers usually produce a stronger crowd-
ing effect than tangentially positioned flankers (Toet and Levi, 1992),
this radial–tangential anisotropy was largely reduced in macular de-
generation people at their PRL location (Chung, 2013).

To understand how developing a PRL reshapes the underlying
visual processing, we simulated central vision loss in normally
sighted adults with eye tracking. Subjects learned to use a periph-
eral retinal position for object tracking in a cluttered scene. Be-
fore and after training, we tested the spatial extent of crowding
using psychophysics and fMRI. We found a radial-specific reduc-
tion of the crowding effect at the PRL location. The perceptual
changes of crowding were associated with BOLD signal changes
in multiple visual areas, starting as early as V1.
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Significance Statement

By simulating central vision loss in normally sighted adults, we found that oculomotor training not only induces PRL, but also
facilitates form processing in peripheral vision. As subjects learned to place the target at an eccentric retinal locus, “visual
crowding”—the detrimental effect of clutter on peripheral object identification—was reduced. The reduction of the crowding
effect was accompanied by a release of response suppression in the visual cortex. These findings indicate that the adult visual
system is capable of reshaping the peripheral vision to adapt to central vision loss.
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Materials and Methods
Subjects
Twenty-eight healthy subjects (20 female; age
range, 21–33 years old) participated in the ex-
periment. They were naive to the purpose of
the experiment and had never participated in
any long-term training experiment before.
One subject was excluded due to a technique
issue with the eye tracking, and another was
excluded due to excessive head movements in
the scanner (�5 mm in a session). Nine sub-
jects completed the main experiment for PRL
training, nine completed the test-without-
training experiment, and eight subjects com-
pleted the attention training experiment. All
subjects had normal or corrected-to-normal
vision. They had no known neurological or vi-
sual disorders. Informed consent was obtained
in accordance with the procedures and proto-
cols approved by the review committee of the
University of Southern California.

PRL Training
Stimuli and apparatus. All stimuli were high-
contrast 24 bit RGB color images of indoor
scenes and objects. Images of indoor scenes
and objects were selected from an image data-
base (Luo et al., 2012) and from www.
thinkstockphotos.com. The display was a 19-
inch CRT monitor (refresh rate, 85 Hz; resolu-
tion, 1024 � 768). The stimuli were presented
at a viewing distance of 57 cm with a subject’s head stabilized by a chin
and headrest. The displayed scenes subtended visual angles of 39° � 29°.

Eye movement recording and simulated scotoma. Subjects’ eye move-
ments were monitored with an infrared video-based eye tracker sampled
at 2000 Hz (EyeLink 1000 Tower Mount Monocular Eye Tracker, SR
Research) with a maximum spatial resolution of 0.02°. A gaze-contingent
visual display was used to simulate central visual field loss in normally
sighted subjects. The real-time gaze position was sent to the display com-
puter through a high-speed Ethernet link. The average delay between eye
movement and screen update was �10 ms. Continuous gaze information
was used to draw a scotoma on the display screen at a refresh and update
rate of 85 Hz. Given that a transient mismatch between the gaze and the
scotoma location may occur when a subject either blinks or squints, our
protocol minimized this mismatch by turning the entire display screen
blank (gray) as soon as a blink was detected or the pupil size was de-
creased down to a threshold value (Aguilar and Castet, 2011). The sco-
toma was a circular gray patch (luminance, 18 cd/m 2) with a radius of 5°
(Fig. 1A). A gray cross at 6.5° eccentricity, 30° counterclockwise from the
vertical meridian with respect to the fovea fixation serves as the gaze
marker for the PRL. It was continuously presented to induce a PRL at the
specified location.

Procedure. We simulated a central scotoma in normally sighted sub-
jects to induce a PRL. Each trial started with a calibration and validation
sequence followed by a drift correction. Subjects were instructed to fol-
low a target object as it was randomly repositioned against a cluttered
background (Fig. 1B). The center of the object was uniformly distributed
within the central 31° � 22° region of the display. Each target move was
initiated after the PRL marker fell within the target region for 2 s. After six
repetitions, eight objects appeared simultaneously against the cluttered
background. Subjects reported whether or not the target was present by a
key press. The probability of the target being present was 0.5. A correct
response was followed by a tone. Each block consisted of 40 trials. Sub-
jects completed 40 – 46 blocks over 3– 4 weeks. In a control experiment,
the object-following task was replaced by a luminance change detection
task to deploy subjects’ attention at the PRL location. In each trial, a
target object was presented at 6.5° eccentricity, 30° counterclockwise
from the vertical meridian. The object changed its orientation every 100
ms and randomly dimmed during a 12 s presentation. Subjects were

asked to maintain central fixation while to detect a dimming of the target.
All the stimuli and the simulated central scotoma were the same as those
used in the PRL training experiment. Subjects underwent training for 44
blocks (40 trials per block) over 22 d.

Data analysis. Eye movement data were processed and analyzed using
the same method as described in the study by Kwon et al. (2013). Briefly,
a parsing algorithm (Gitelman, 2002) was applied to the preprocessed
gaze position data to classify saccades and fixations while excluding mi-
crosaccades. For each block and each subject, fixation density maps were
derived from the retinal positions of the target objects during periods of
fixation via kernel density estimation with a bivariate Gaussian kernel
(Botev et al., 2010). The PRL was defined as the peak of the density
distribution. From the density maps, we calculated a bivariate contour
ellipse area (BCEA) that encompassed 68% of positions around the mean
(Castet and Crossland, 2012). In addition to the area of the ellipse, the
variance was depicted by the following three parameters: diameter in the
major axis, diameter in the minor axis, and angle of the major axis (rel-
ative to the radial axis connecting the PRL and the fovea) of the ellipse.
The density maps for the first saccade landing site were obtained in a
similar manner from the retinal position of the target object at the end
point of the first saccade after each target reposition.

Psychophysical measurement of crowding
Stimuli and design. Visual stimuli consisting of three letter “T”s were
presented in the upper left, with the middle letter at 6.5° eccentricity, 30°
counterclockwise from the vertical meridian. Each letter subtended 0.75°
in the visual field and was presented at 100% contrast. Background lu-
minance of the display was 25.7 cd/m 2. Two flankers were positioned in
either the radial or the tangential direction with respect to the fovea (see
Fig. 3A). In a trial, the target and flankers were presented for 150 ms. After
a 500 ms blank interval, four letter “T”s were presented with different
rotating angles. Subjects were asked to identify the target orientation by a
mouse click. A correct response was followed by a tone. The next trial
began 1 s after the response. Four blocks were completed for each target–
flanker configuration in a counterbalanced order. Each block consisted
of 30 trials.

Measuring critical spacing. The crowding effect was quantified by crit-
ical spacing, the minimum center-to-center distance between the target
and flankers that avoids crowding. For each subject, the critical spacing

Figure 1. PRL training protocol. A, Simulated central vision loss with a prescribed PRL, illustrated in a visual field map. The
scotoma is a circular gray patch with a radius of 5°. A cross (6.5° eccentricity, 30° counterclockwise from the vertical meridian) marks
the position of the PRL. Both the central scotoma and the cross were visible and gaze contingent during training. B, PRL training
task. Subjects were asked to direct their gaze to place the cross at an object (e.g., an apple) in a cluttered background. Each time a
stable fixation was reached for 2 s, the target jumped to a new location. After six such jumps and stable fixations, subjects reported
whether or not the target was present among multiple objects by a key press. Each block (�25 min) consisted of 40 trials. Subjects
completed 40 – 46 blocks over 3– 4 weeks.
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was measured with a psi-marginal adaptive method (Kontsevich and
Tyler, 1999) at each target–flanker configuration. The threshold, slope,
and lapse rate of a log-Weibull psychometric function were estimated to
maximize the posterior probability by the observer’s response in each
trial. Thresholds were calculated at 63% correct of a normalized log-
Weibull function. The critical spacing, which reflects the distance at
which identification performance started to drop, was determined by the
intersection between slope and a high asymptote. Slope of the psycho-
metric function was determined at the point of inflection at the thresh-
old. The high asymptote was estimated by the weighted average of lapse
rate from the psi-marginal method and finger errors from the target-only
trials. There were four candidate targets, resulting in a 25% probability of
generating a correct response by random guess.

fMRI measurement of crowding
Stimuli and design. Similar to the psychophysical test, the fMRI crowding
effect was measured with two target–flanker configurations (see Fig. 3B).
The stimuli were either three “T”s (target and flankers) or two “T”s
(flankers only). Each letter was displayed at a rotation angle randomly
chosen from 0°, 45°, 90°, and 135° with respect to the configuration axis.
To induce a crowding effect in the scanner, the target–flanker center-to-
center distance was fixed at 1.5°, smaller than the average critical spacing
across subjects. The centroid of the stimuli was at 6.5° eccentricity, 30°
counterclockwise from the vertical meridian. The contrast and size (in
terms of visual angle) of the letters, and the luminance of the background
were identical to the stimuli in the psychophysical tests. The conditions
(2 axis � 2 target presence) were displayed in a counterbalanced order in
eight block-designed runs. Each block consisted of eight trials. During
each trial, the letters were alternating between black and white every 50
ms for two cycles to prevent perceptual fading and to effectively drive the
BOLD response. In each trial, the central fixation changed its color (red,
yellow, green, or blue) every 50 ms. Subjects were asked to detect whether
the last color was the same as either of the first two colors.

fMRI data collection. MRI data were collected using a 3 T Siemens
Prisma scanner with a 32-channel phased-array coil. In the scanner, the
stimuli were back projected via a video projector (refresh rate, 60 Hz;
spatial resolution, 1024 � 768) onto a translucent screen placed inside
the scanner bore. Subjects viewed the stimuli through a mirror located
above their eyes. The viewing distance was 83 cm. BOLD signals were
measured at a resolution of 3 � 3 � 3 mm 3 with a gradient echoplanar
imaging sequence (TE, 35 ms; TR, 1 s; FOV, 192 � 192 mm 2; matrix,
64 � 64; flip angle, 63°; slice thickness, 3 mm; gap, 0 mm; number of
slices, 42; slice orientation, axial). A high-resolution 3D structural dataset
(MPRAGE; 0.8 � 0.8 � 0.8 mm 3 resolution) was also collected.

fMRI data preprocessing. MRI data analyses were performed using
Freesurfer (version 5.3; http://surfer.nmr.mgh.harvard.edu/) and FSL
(version 4.1; FMRIB Software Library; www.fmrib.ox.ac.uk/fsl). The an-
atomical volume was processed using Freesurfer to reconstruct an in-
flated cortical surface for each subject. The functional volumes were
preprocessed using FSL, including motion correction and high-pass tem-
poral filtering. All functional volumes were registered into 3D space us-
ing the subjects’ individual high-resolution anatomical images.

Defining regions of interest. Retinotopic visual areas (V1, V2, V3, V3A,
V4, and VO-1/2) were defined by a phase-encoded method (Engel et al.,
1994, 1997; Sereno et al., 1995), in which subjects viewed a rotating
wedge and an expanding ring that created traveling waves of neural ac-
tivity in visual cortex. Independent block-design runs were repeated four
times to localize regions of interest (ROIs) in V1–V4, VO-1/2, and intra-
parietal sulcus (IPS). The average number of voxels and the SEMs across
subjects were 45 � 4 in V1, 56 � 7 in V2, 52 � 10 in V3, 73 � 10 in V3A,
64 � 17 in V4, 28 � 9 in VO-1/2, and 42 � 6 in IPS. In each block, a target
letter with four flankers in both the radial and tangential configurations
were presented simultaneously. Each run consisted of eight 16 s blocks
alternating between stimuli presented at the PRL location and its mirror-
symmetric location across the vertical meridian. A general linear model
(GLM) with a double-gamma hemodynamic response function was used
to identify the ROIs. The ROIs were defined as the voxels that responded
stronger to stimuli in the contralateral visual field than in the ipsilateral
visual field ( p � 0.005).

Data analysis. BOLD responses (� values) were estimated with a GLM
in each run and averaged across runs for each ROI and each condition.
To isolate the crowding-related response and to distinguish the learning
effect from general practice effects or common sources of variance (e.g.,
day-to-day measurement variation, stimulus repetition), we defined the
crowding index by subtracting the � value in the flanker-only condition
from that in the target-plus-flanker condition [crowding index � � (tar-
get-plus-flanker) � � (flanker-only)] and further contrasting the indices
between pretest (Pre) and post-test (Post) [‚crowding index � crowd-
ing index (Post) � crowding index (Pre)].

Experimental design and statistical analyses
To evaluate the PRL training effect, the variance of fixation/saccade-
landing position was compared between the first and the last training
blocks using paired-sample t test. To evaluate changes in the crowding
effect, the critical spacing was compared between pretests and post-tests
using paired-sample t test. In fMRI measurement, the crowding index in
each ROI was submitted to repeated-measures ANOVA, with configura-
tion (radial/tangential) and test ( pre/post) as two within-subject factors.
A post hoc one-sample t test was further conducted on ‚Crowding index
to assess whether the change in the crowding effect was significantly
different from zero. The p values were FDR (false discovery rate) cor-
rected for multiple comparisons.

Results
PRL training
Subjects’ central visual field was occluded by a gray patch using a
gaze-contingent display (Fig. 1A). During training, subjects
learned to use a prescribed PRL to fixate at a randomly positioned
object in a cluttered scene. Each trial ended with a search task to
encourage visual processing of the target during object tracking
(Fig. 1B). The average search performance was maintained at
�82% correct after the third training block. To evaluate the PRL
development, eye position data during object tracking were de-
picted in the following two types of probability density maps: (1)
a fixation map, which shows the probability distribution of the
retinal position of the target during the fixation period; and (2) a
first-saccade landing map, which shows the probability distribu-
tion of the retinal position of the target at the completion of the
first saccade following each target movement (Fig. 2).

For each type of map, the variance of the retinal position of the
target was plotted as a function of training day. Over the training
course, the variance decreased, as subjects gradually learned to
place the target at the PRL location (Fig. 3E,F). For the fixation
map, compared with the first block, the deviation at the end of the
training was reduced by 90.1 � 4.3% and 81.0 � 7.8%, respec-
tively, along the major and the minor axis (both t(8) � 8.50, p �
0.001; Fig. 3A,C). For the first-saccade landing map, the devia-
tion at the end of the training was reduced by 68.9 � 11.5% and
69.7 � 10.8%, respectively, along the major and the minor axis
(both t(8) � 6.08, p � 0.001; Fig. 3B,D).

Crowding measurement: psychophysics
Before and after training, we tested subjects’ ability to identify
objects in clutter by measuring the effect of crowding. Subjects
were asked to report the orientation of a target letter in the middle
of two flanking letters (Fig. 4A). The effect of crowding was de-
fined as critical spacing: the minimum distance between the
target and flankers that yields reliable target identification perfor-
mance. Crowding was measured at the PRL location at two con-
figurations along the radial and the tangential axes (Fig. 4B). We
compared the behavioral effect of crowding before and after
training (Fig. 4C).

We found that the critical spacing was reduced along the ra-
dial axis (Fig. 4D; t(8) � 2.44, p � 0.04), but not along the tan-
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gential axis (t(8) � 0.38, p � 0.71). To explore the relationship
between the PRL training and the observed changes in the crowd-
ing effect, we calculated the correlation coefficient between the
improvement in the eye movement control and the change in
crowding effect across subjects (Fig. 4E). We found a significant
correlation between the reduction in the deviation of the first-
saccade landing site along the major axis and the reduction of
crowding effect in the radial configuration (r � 0.68, p � 0.045).

To test whether the changes in the crowding effect resulted
from a potential change of attention, another eight subjects un-
derwent training over a comparable length of time. The training
did not involve any oculomotor task. Instead, subjects were asked

to deploy covert attention to a target at the PRL location. After
training, the critical spacing was reduced by 1.12 � 0.21° along
the radial axis and 1.08 � 0.25° along the tangential axis. The
reduction was significant along both axes (both t(7) � 4.00, p �
0.005), different from the radial-specific reduction induced by
PRL training. These results suggest that an attention account is
unlikely to explain the change in the crowding effect after PRL
induction training.

We also tested the influence on the crowding effect from the
test–retest familiarity. Nine naive subjects underwent the behav-
ioral crowding tests without any training. The critical spacing did
not differ between pretests and post-tests in both the radial and

Figure 2. Fixation map and first-saccade landing map over the PRL training course. A, Fixation map showing the probability distribution of the retinal position of the target during fixation. B,
First-saccade landing map showing the probability distribution of the retinal position of the target at the completion of the first saccade following each target movement. Red dot indicates the
location of peak density. Gray patch indicates the area of the central scotoma. Maps demonstrate averaged results across subjects and specified training days.

Figure 3. PRL training results. A, Fixation map showing the probability distribution of the retinal position of the target during fixation. B, First-saccade landing map showing the probability
distribution of the retinal position of the target at the completion of the first saccade following each target movement. Red dot indicates the location of peak density. Gray patch indicates the area
of the central scotoma. C, Deviation of fixation position in the first and last training block. D, Deviation of first-saccade landing position in the first and last training block. The deviation was computed
from a BCEA that encompasses 68% of positions around the mean. Left column, Diameter along the major axis of the ellipse; right column, diameter along the minor axis of the ellipse. The black dot
depicts single-subject data. The red square and bars depict the mean � SEM across subjects. E, Learning curve for the fixation map. F, Learning curve for the first-saccade landing map. Variance of
the retinal position of the target, defined as the BCEA area, is plotted as a function of training day. The shaded area denotes �1 SEM across subjects.
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the tangential configurations (both t(8) � 0.78, p � 0.46). These
results suggest that PRL training is needed to induce the reduc-
tion in the crowding effect.

Crowding measurement: fMRI
Only subjects from the PRL training group participated in the
fMRI experiment. Using fMRI, we probed the neural substrates
underlying the behavioral changes of crowding in areas V1–V4,
VO-1/2, and IPS (Fig. 5A). For each stimulus configuration,
crowding-related signals were assessed by contrasting BOLD signals
between target-plus-flanker and flanker-only conditions (Fig. 5B). A
repeated-measures ANOVA with configuration (radial/tangential)
and test (Pre/Post) as two factors revealed a significant interaction
effect in V1 (F(1,8) � 7.16, p � 0.034), V2 (F(1,8) � 6.43, p � 0.035),
V3 (F(1,8) � 9.70, p � 0.026), V3A (F(1,8) � 20.62, p � 0.014), V4
(F(1,8) � 7.68, p � 0.034), VO-1/2 (F(1,8) � 9.59, p � 0.026), and IPS
(F(1,8) � 9.73, p � 0.026). The p values were FDR corrected.

We quantified the training-induced change by contrasting the
crowding index between pretest and post-test (Fig. 5C). A posi-
tive value indicates a weaker crowding effect after training, while
a negative value indicates a stronger crowding effect after train-
ing. Across these visual areas, training led to a radial-specific
reduction of the crowding effect. A significant reduction of the
crowding effect was observed in all of the ROIs in the radial
configuration (all t(8) � 3.26, p � 0.014, FDR corrected), but not
in the tangential configuration (all t(8) � 1.12, p � 0.30, FDR
corrected). We calculated correlation coefficients between the
reduction in the behavioral crowding effect and the change in
fMRI crowding index in the radial condition. A significant cor-
relation was observed in VO-1/2 (r � 0.71, p � 0.032, uncor-

rected). No significant correlation was observed in other ROIs
(all r � 0.39, p � 0.29, uncorrected).

Discussion
Our study provides the following psychophysical and neuro-
imaging findings: (1) training with simulated central vision
loss induced a PRL in normally sighted adults; (2) PRL train-
ing reduced crowding along the radial direction; and (3) train-
ing reduced crowding-related suppression in the fMRI BOLD
response across visual areas V1–V4, VO-1/2, and IPS. These
perceptual and neural changes suggest that developing a PRL
reshapes the oculomotor control and sensory coding in pe-
ripheral vision.

One or several PRLs often develop in people with central vi-
sion loss over a long-term period (Cummings et al., 1985; Cross-
land et al., 2005), but the nature and dynamics of this adjustment
remain unclear. By inducing a PRL in normally sighted adults, we
avoided several confounds in clinical studies (e.g., the variability
in the size, inhomogeneity, and the continuous degenerative
progress). To ensure that the premeasurements and postmea-
surements were comparable, all PRLs were induced at a fixed
location. The PRL was set at 1.5° away from the border of the
simulated central scotoma, as patients tend to develop their PRL
close to the impaired retinal area (Fletcher and Schuchard, 1997).
The observed improvements in the fixation stability and the sac-
cadic precision were consistent with the oculomotor adaptability
previously reported in monkeys with bilateral foveal retinal le-
sions (Heinen and Skavenski, 1992). A notable difference, how-
ever, is that the scotoma in the current study was not able to
induce a perceptual filling-in effect (Ramachandran and Greg-

Figure 4. Protocols and behavioral results of crowding measurements. A, Stimuli and task in the behavioral test. Subjects were asked to report the orientation of a target “T” in the middle of two
flankers in a four-alternative forced-choice (4-AFC) trial in an adaptive staircase measurement. B, Stimuli configuration in the fMRI measurement of crowding. Flankers were displayed in radial or
tangential configuration. C, Crowding zone plotted in the visual field map based on the critical spacing measured in Pre and Post tests. D, Changes in the critical spacing along the radial and tangential
axes. E, Interindividual correlation between the change in first-saccade landing deviation along the major axis and the change in the critical spacing along the radial axis. Error bars denote �1 SEM
across subjects. Asterisks indicate significance: *p � 0.05.
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ory, 1991; Zur and Ullman, 2003), which is often experienced by
patients, possibly due to its visible boundary. Kwon et al. (2013)
tested the transfer effect of PRL induction in an invisible scotoma
condition by matching the color and the luminance of the sco-
toma to the background. Kwon et al. (2013) found that the PRL
induction effect can be generalized independent of the scotoma
visibility.

Importantly, we found that the development of a PRL affects
the spatial extent of crowding. A link between the oculomotor
control and form processing in peripheral vision has been sug-
gested in previous psychophysical studies. By measuring the size
of the crowding zone and the saccade-landing zone, Greenwood
et al. (2017) demonstrated that the saccadic precision and crowd-
ing covary across the visual fields. Harrison et al. (2013) showed
that eye movement preparation effectively reduces the critical
spacing of the crowding zone. Consistently, we observed a corre-
lation between the change in the saccadic precision and the
change in the crowding effect. The reduction in the variance of
the first-saccade landing site correlated with the reduction of
critical spacing along the radial direction across subjects. These
findings indicate that despite the general dissociation between the
perception and saccadic eye movement (Tavassoli and Ringach,
2010; Lisi and Cavanagh, 2015), saccadic eye movement may
influence the perceptual process over time.

A possible mechanism underlying the relationship between
saccades and crowding has been described by Nandy and Tjan
(2012). Their model proposes that when saccades bring an object
of interest into the fovea, the visual image moves along the radial
direction across the retina. This provides distorted visual input,
leading to inappropriate contextual interactions. The model pre-
dicts that, when saccades are redirected to a PRL, less retinal
motion occurs along the radial direction with respect to the fovea.
Over the course of training, the visual system adapts to a new set
of image statistics that contains less overintegration of informa-
tion along the radial axis. Consequently, the features of flankers
positioned radial to the target with respect to the fovea become

less bound with the target, leading to a reduction of the crowding
effect along the radial direction. In addition to the empirical find-
ings from the present study, a reduction in the anisotropy of the
crowding zone has been observed in macular degeneration pa-
tients with long-term central vision loss at their established PRL
(Chung, 2013). The model also predicts reorganization of the
crowding zones at other spatial locations according to the new
visual reference locus. Our ongoing work aims to further test
these predictions.

Parallel to the shrinkage of the crowding zone, we observed
a specific reduction in the crowding effect in the visual cortex.
To overcome the difficulty in separating the signals from
closely spaced targets and flankers, we defined the crowding-
related response by contrasting the BOLD responses between
the target-plus-flanker and flanker-only conditions (Chen et
al., 2014; Kwon et al., 2014; Millin et al., 2014). Our crowding
index reflects a combination of signal increase from the pres-
ence of a target and signal decrease from the suppressive in-
teraction between the target and the flankers. When the
crowding-related suppression was reduced, the signal increase
evoked by the target became dominant. As a result, the sign of
the crowding index flipped from negative to positive in the
radial condition after training.

Changes in crowding-related cortical suppression were ob-
served with attention directed away from the stimuli. It has been
shown that attention modulates crowding-related cortical sup-
pression at a very early stage of visual processing (Chen et al.,
2014), and that attention alters the neural representation of the
crowded feature along the visual hierarchy (Chen et al., 2018). To
minimize the influence of attention on the BOLD signals evoked
by the peripheral stimuli, we asked subjects to perform a rapid
color detection task at the central fixation during the scan. Such a
protocol has been used to reflect a bottom-up stimulus-driven
component of crowding, which starts as early as V1 (Kwon et al.,
2014; Millin et al., 2014). In addition to V1, previous neurophys-
iological and brain-imaging studies have suggested that crowding

Figure 5. fMRI results of crowding measurements. A, fMRI crowding effect before and after PRL training: Crowding index � �(target-plus-flanker) � �(flanker-only). B, Change of fMRI
crowding effect: ‚Crowding index � Crowding index(Post) � Crowding index(Pre). C, Interindividual correlation between the changes in behavioral and fMRI measurements of crowding.
‚Behavioral crowding effect, Reduction in the critical spacing along the radial axis;‚fMRI crowding effect, increase in crowding index in radial condition in VO-1/2. Error bars denote�1 SEM across
subjects. Asterisks indicate significance: *p � 0.05, **p � 0.01, FDR corrected.
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could also take place in V2 (Fang and He, 2008), V3 (Bi et al.,
2009), and V4 or higher-level visual areas (Motter, 2006; Liu et
al., 2009; Anderson et al., 2012). Consistent with the idea that
crowding originates in the early visual cortex, with its perceptual
consequence influenced by later visual area (Anderson et al.,
2012; Chen et al., 2018), we observed a radial-specific reduction
across the visual areas and a significant correlation between
changes in the behavioral and fMRI crowding effect in VO-1/2.

The observed anisotropic change in the crowding effect might
reflect a rewiring in the lateral connections in the visual cortex. It
is known that the cortex reorganizes its effective local connec-
tions and responses following peripheral or central alterations of
inputs (Buonomano and Merzenich, 1998). While reorganiza-
tion in the cortical response, manifested as topological remap-
ping, has been examined in many fMRI studies (Masuda et al.,
2008; Dilks et al., 2009; Liu et al., 2010; Baseler et al., 2011),
reorganization in the local connections, manifested as changes in
the interaction between adjacent stimuli, has been little studied.
The current study tested this connection-based reorganization
hypothesis inspired by the saccade-confounded image statistic
model proposed by Nandy and Tjan (2012). As the PRL becomes
a pseudofovea, connections that bind features from the clutter
surrounding the target could be reshaped. Consistent with this
hypothesis, we observed changes in the crowding-related cortical
suppression and the critical spacing of the crowding zone. This
form of reorganization alleviates the fundamental limit of pe-
ripheral vision to compensate for central vision loss.

Training improves performance for many visual tasks, a
phenomenon referred to as visual perceptual learning (Fahle
and Poggio, 2002; Watanabe and Sasaki, 2015). It should be
noted that our training protocol is different from typical per-
ceptual learning studies. Previous psychophysical studies have
shown that training enhances the ability to identify or detect
the target in the midst of flankers (Sun et al., 2010; Hussain et
al., 2012; Mayhew et al., 2012; Zhu et al., 2016; Maniglia et al.,
2018). In these studies, the same task was used in both the
training and test phases, and the learning effect was often
specific to features of the trained stimulus. In the present
study, subjects were trained to track objects in cluttered back-
grounds, while being tested in an orientation identification
task with letter stimuli. Our findings shed light on developing
effective rehabilitation protocols that transfer training-
induced improvement to everyday tasks.
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