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Spatial crowding impairs conscious visual perception and
object recognition in clutter. Short presentation times
produce crowding in the normal fovea, in young
participants and in uncorrected presbyopes (‘‘aging
eye’’), measured as reduced visual acuity (VA). On the
other hand, perceptual learning improves near VA in
healthy young adults, in presbyopia, and in amblyopia.
Here we aimed at exploring the effects of perceptual
training on crowded VA in uncorrected presbyopes with
naturally decreased VA, with two specific objectives: (a)
to objectively measure crowded VA, taking advantage of
the natural deterioration of near visual acuity from being
normal or better than normal (i.e., 20/20 or better) in
young participants to naturally decreasing in uncorrected
presbyopes; and (b) to explore whether perceptual
training previously shown to improve visual functions as
complex as reading will affect crowded VA. Visual acuity
was measured under crowded and uncrowded
conditions by having subjects identify letters presented
for short durations ranging from 34 to 116 msec. Training
consisted of detecting brief Gabor stimuli under spatial
and temporal masking conditions, using the GlassesOff
mobile application (GlassesOff, Inc., New York, NY) on
iOS devices from a distance of 40 cm. Before training, a
robust reduction in crowded VA was found in the fovea
of presbyopes. Training resulted in significant
improvement of letter identification under both
crowded and uncrowded VA conditions for all stimulus
durations. After training, the crowded condition

$

threshold reached the level of the uncrowded threshold
measured before training. Thus, training enabled the
subjects to overcome the effect of reduced VA under the
crowded condition. We suggest that more efficient
spatial and temporal processing induced by perceptual
learning allows one to improve crowded VA, including
that found on naturally reduced near VA, and that this
effect may transfer to improve complex visual functions,
such as reading and object recognition.

Introduction
Spatial crowding is the inability to recognize objects
in clutter, which poses fundamental limits on conscious
visual perception and object recognition (for reviews,
see Chung, Levi, & Legge, 2001; Levi, 2008; Levi,
Klein, & Hariharan, 2002; Pelli, Palomares, & Majaj,
2004; Strasburger, Harvey, & Rentschler, 1991; Whitney & Levi, 2011). When presented among other letters,
the reduction in letter recognition is also termed
‘‘ﬂanked acuity’’ (e.g., Song, Levi, & Pelli, 2014). It is
most commonly found in the peripheral vision of
normally sighted people or in the fovea of people with
strabismic amblyopia (Bonneh, Sagi, & Polat, 2007;
Flom, Weymouth, & Kahneman, 1963; Levi, 2008;
Whitney & Levi, 2011). Over many years, the research
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on crowding has shown that it occurs in a wide variety
of tasks, including letter identiﬁcation (Bouma, 1970;
Flom et al., 1963; Toet & Levi, 1992), vernier acuity
(Levi, Klein, & Aitsebaomo, 1985; Westheimer &
Hauske, 1975), orientation discrimination (Andriessen
& Bouma, 1976; Livne & Sagi, 2007, 2010, 2011;
Westheimer, Shimamura, & McKee, 1976), stereoacuity (Butler & Westheimer, 1978), contrast discrimination
(Saarela, Sayim, Westheimer, & Herzog, 2009), the
global effect and grouping (Manassi, Sayim, & Herzog,
2012, 2013; Saarela et al., 2009), and face recognition
(Louie, Bressler, & Whitney, 2007; Martelli, Majaj, &
Pelli, 2005).
Early research on crowding focused on the fovea
(e.g., Flom et al., 1963). However, in the ensuing years,
the vast majority of the studies presented stimuli at the
periphery of the visual ﬁeld, for which the rules
originally deﬁned for foveal crowding did not apply
(for reviews, see Levi, 2008; Pelli et al., 2004; Pelli &
Tillman, 2008; Whitney & Levi, 2011). Recent reviews
of crowding or crowded conditions or ﬂanked acuity
attempted to generalize these ﬁndings into a uniﬁed
model of crowding across eccentricities (Levi, 2008;
Pelli et al., 2004; Whitney & Levi, 2011). In this study,
we focused on foveal crowded VA.

Variability in the foveal crowding reports
Earlier estimates of the extent of foveal crowding
vary from none (Strasburger et al., 1991) up to 0.58
(Chung et al., 2001). Strasburger et al. (1991) used lowcontrast letters and, more importantly, low-contrast
ﬂankers, and reported little or no crowding in the
fovea. The classical study of Flom et al. (1963), which
used letters near the acuity limit, indicated that the
extent of crowding was limited to only a few minutes of
arc and was proportional to the minimum angle of
resolution (MAR) in normal and amblyopic subjects.
They found crowding in the fovea for target-ﬂanker
separations of less than 5 arcmin in the normal fovea,
and to a much greater extent in the amblyopic fovea.
Based on these ﬁndings, they concluded that the extent
to which crowding occurs might be related to the size of
the receptive ﬁeld (and hence, the resolving capacity)
associated with the retinal region used to ﬁxate the
target. On the other hand, in the normal periphery and
in the central visual ﬁeld of amblyopes larger receptive
ﬁelds are engaged, resulting in reduced visual acuity or
increased MAR. This putative shift from small to large
receptive ﬁelds is commonly known as the scale shift
hypothesis (Levi & Waugh, 1994; Levi, Waugh, &
Beard, 1994). Chung et al. (2001) found a much larger
extent of crowding (about 0.58) using bandpass ﬁltered
letters. The results of Levi et al. (2002) suggest that the
extent of spatial interactions in foveal vision should not
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be thought of as having a ﬁxed retinal distance, but
instead, as being proportional to the size of the target.
However, although such scaling of crowding is
currently under debate, the effect itself is measured
using drastically different experimental paradigms in
different studies, posing signiﬁcant limitations on the
overall consolidation of the ﬁndings. Some critically
different experimental approaches that are particularly
relevant for the current study, even when used in the
fovea and using the same task are shown in the
following paragraphs.
First, some studies used static presentations (e.g.,
Flom et al., 1963; Siderov, Waugh, & Bedell, 2013),
whereas others used presentations limited to 500 msec
(e.g., Danilova & Bondarko, 2007) and 250 msec (e.g.,
Levi & Carney, 2011), or brief presentations of 100
msec or shorter (e.g., Lev, Yehezkel, & Polat, 2014;
Strasburger et al., 1991). In our studies we used
incrementally decreasing presentation times in order to
reveal the effects of a crowded presentation in the
fovea, effects that are not evident when longer
presentation times are used and when other parameters
remained unchanged (Lev, Yehezkel et al., 2014).
Moreover, by using shorter presentation times, foveal
crowding was found to a much greater extent.
Second, some studies used large (one-letter) target–
ﬂanker spacing (e.g., Strasburger et al., 1991), whereas
others used small (less than a half letter) spacing (e.g.,
Lev, Yehezkel et al., 2014; Simmers, Gray, McGraw, &
Winn, 1999), resulting in different conclusions about
crowding effects for otherwise similar parameters.
Third, some studies used center-to-center separation
measurements (e.g., Levi et al., 2002; Pelli et al., 2004),
whereas others used edge-to-edge spacing (e.g., Danilova & Bondarko, 2007). Consequently, when reanalyzed using a center-to-center separation, a speciﬁc
target having a smaller interaction zone when using
edge-to-edge spacing (Siderov et al., 2013), appears to
have the largest interaction zone (Coates & Levi, 2014).
Whereas target–ﬂanker critical spacing appears to
decrease for increasing target size based on edge-toedge spacing measurements (e.g., Danilova & Bondarko, 2007), it remains consistent across target sizes with
center-to-center spacing, an effect that has been shown
in other studies (e.g., Levi & Carney, 2011; Pelli et al.,
2004).
Fourth, some studies used stimuli consisting of a
single letter target and ﬂanking bars (e.g., Siderov et al.,
2013), whereas others used letter targets (usually the
letter E) surrounded by similar letters (e.g., Bonneh,
Sagi, & Polat, 2004; Bonneh et al., 2007; Danilova &
Bondarko, 2007; Lev, Yehezkel et al., 2014).
Fifth, there is a controversy regarding the impact of
stimulus contrast. On one hand, as mentioned above,
earlier studies on normal foveal vision suggested that
crowding was limited to small high-contrast stimuli and
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vanished with low-contrast targets (Simmers et al.,
1999; Strasburger et al., 1991). On the other hand, a
recent study using three different contrast levels
concluded that crowding for foveal targets indeed
occurs within a ﬁxed angular zone of a few minutes of
arc, regardless of the size or the contrast of the acuity
target (Siderov et al., 2013). This conclusion seems to
contradict previous studies (Hariharan, Levi, & Klein,
2005; Levi et al., 2002) and a reanalysis of the same
data (Coates & Levi, 2014; see also Siderov, Waugh, &
Bedell, 2014; Strasburger & Malania, 2013). A saturation of these effects for contrasts above 20% was also
reported (Coates, Chin, & Chung, 2013). The impact of
contrast on crowding is especially relevant for better
understanding of the effects of blurring on crowding,
due to the contrast reduction accompanying natural
blurring, such as in presbyopia (Polat, 2009; Polat et
al., 2012) and anisometropic amblyopia (McKee, Levi,
& Movshon, 2003; Polat, Ma-Naim, Belkin, & Sagi,
2004), which can be improved by training on contrast
detection (Polat et al., 2004; Polat et al., 2012).

Crowding versus contour interaction
Whereas the classical studies applied the term
contour interaction to describe the impaired perception
of letters surrounded by different types of distractors
(e.g., Flom et al., 1963), the term crowding effect was
introduced as early as 1936 (Ehlers, 1936). This
inconsistency in the terminology, which accumulated
over the years, gave rise to a debate about the term
crowding itself. It was suggested earlier that the term
contour interaction be used when the acuity stimulus is
ﬂanked by simple distractors, such as bars, and that the
term crowding be used when more complex surrounds
are used, such as letters (Danilova & Bondarko, 2007;
Siderov et al., 2013). For simplicity, since we use letter
targets ﬂanked by letters, here we will adopt this
approach and will refer to our setup as crowded acuity.
It is also important to clarify that, although many
studies focus on the experimental question of the
critical spacing dependency on acuity (Chung et al.,
2001; Danilova & Bondarko, 2007; Hariharan et al.,
2005; Pelli et al., 2004; Tripathy & Cavanagh, 2002),
here we explored how crowded VA for a ﬁxed spacing
is related to acuity.

Uncorrected presbyopia under crowded
conditions
Presbyopia results from the gradual decrease in
accommodative (focusing) power with age (Koretz,
Kaufman, Neider, & Goeckner, 1989). Uncorrected
presbyopia (sometimes termed ‘‘aging eye’’) results in
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reduced near visual acuity, reduced contrast sensitivity,
and slower processing speed (Holden et al., 2008; Polat,
2009; Polat et al., 2012). It has multiple negative effects
on the quality of vision, mostly on reading. Since
contrast is important for driving neural responses in the
visual cortex, the consequence of blurred input may
result in weaker and slower neuronal responses in the
visual cortex, leading to degraded letter identiﬁcation
and reduced reading abilities (Polat, 2009). In our
recent study, we presented robust evidence for reduced
performance under crowded conditions presented in
the fovea of presbyopic subjects, using letter stimuli
(Lev, Yehezkel et al., 2014). Thus, here we used
uncorrected presbyopia as a model for exploring the
effects of blurring on crowded acuity.

Perceptual learning in vision
Performance on challenging perceptual tasks beneﬁts from practice, and long-term improvements
indicate perceptual learning. This was demonstrated
using a variety of visual tasks and indicates that the
adult visual system can change according to behavioral demands (for a review, see Fahle, 2002; Sagi,
2011; Sasaki, Nanez, & Watanabe, 2010). Perceptual
learning using a paradigm that facilitates collinear
lateral interactions between neurons in the primary
visual cortex improves visual acuity in young normally
sighted adults (Lev, Ludwig et al., 2014) and adults
with amblyopia (Lev, Gilaie-Dotan et al., 2014; Polat,
2008, 2009; Polat et al., 2004). Similar training,
combined with backward masking conditions, resulted
in shorter processing times needed for target detection
in young normally sighted adults, as indicated by a
shorter latency of a speciﬁc neuronal marker (Sterkin,
Yehezkel, & Polat, 2012). A similar training paradigm
also robustly improved near VA in presbyopes, with
no changes in the optics of the eye (Polat et al., 2012).
Moreover, improvements following practice under
crowded conditions were reported earlier in the
periphery of normally sighted people (Bernard,
Arunkumar, & Chung, 2012; Chung, 2007, 2011;
Hussain, Webb, Astle, & McGraw, 2012; Maniglia et
al., 2011), in the fovea of people with amblyopia
(Hussain et al., 2012; Levi & Klein, 1985a; Li, Provost,
& Levi, 2007; for review see Levi & Li, 2009) and,
recently, in the fovea of normally sighted people (Lev,
Ludwig et al., 2014). The speciﬁcity of the training
effects was found to depend on the amount of training
(Huckauf & Nazir, 2007), and the training gains were
generalized to untrained spatial separations after
numerous trials (Chung, Li, & Levi, 2007, 2012; for
review see Levi, 2008). However, to the best of our
knowledge, this is the ﬁrst report on the effects of
perceptual learning in the fovea, in large groups of
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participants at several initial acuity levels. We also
report on generalization of the training gains, indicated by improved performance on letter stimuli
following training on Gabor stimuli.

Rationale and key findings
We hypothesize that the blurred input to the visual
cortex in uncorrected presbyopic observers, which
comprises the lower spatial frequencies, creates a
spatial frequency shift towards the nonoptimal range,
meaning a shift towards larger perceptive ﬁelds (the
basic processing unit, equivalent to the classical
receptive ﬁeld in visual perception); hence, it results in
lower acuity for single targets. This, in turn, results in
crowding at acuity levels that do not result in crowding
in young participants, thus following the prediction of
Flom et al.’s (1963) model. It was also suggested that
ﬂanked targets fall beyond the ‘‘critical’’ spatial
frequency (Hess, Dakin, Kapoor, & Tewﬁk, 2000).
Moreover, the improvements in reading, which is
limited by crowding (Levi, 2008; Pelli et al., 2007),
observed in our recent study (Polat et al., 2012) further
motivated us to predict that a similar training paradigm
will improve crowded acuity when measured directly.
On the other hand, based on this potential mechanism,
we suggest that the naturally induced blurring in
uncorrected presbyopia, taking into account the wide
range of acuity, may serve as a good model for
researching the effects of blurring on crowding, like in
anisometropic amblyopia. This is in agreement with a
recent model of optical blurring for anisometropic
amblyopia (Song et al., 2014). Anisometropic amblyopia was shown earlier to behave like blurred normal
foveal vision, whereas strabismic amblyopia is similar
to peripheral vision (Levi & Klein, 1985b; Polat,
Bonneh, Ma-Naim, Belkin, & Sagi, 2005; Song et al.,
2014) with an additional component of underdeveloped
lateral interactions (Bonneh et al., 2004, 2007).
In people with uncorrected presbyopia, crowding in
the fovea might result either from lower near visual
acuity or from a deterioration in the processing speed
with age (Owsley, 2011, 2013; Polat, 2009; Polat et al.,
2012), or a combination of both options. Here we
aimed at exploring the effects of perceptual training on
crowded acuity in uncorrected presbyopes with naturally decreased VA, with two speciﬁc objectives: (a) to
objectively measure crowded VA, taking advantage of
the natural blurring by creating a continuum of visual
acuity, ranging from normal or better-than-normal
(i.e., 20/20 or better) in young participants, to low in
uncorrected presbyopes, and (b) to explore whether
perceptual training, previously shown to improve
reading, will improve crowded VA. Before training, a
robust crowding effect, measured as the difference in
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VA for large versus small spacing, was found in the
fovea of presbyopes. Training resulted in a signiﬁcant
improvement in both uncrowded and crowded VA for
all stimulus durations, though more markedly for
shorter duration times, along with a substantial
improvement in standard near VA Early Treatment
Diabetic Retinopathy Study (ETDRS) chart measurements. After training, the crowded condition threshold
reached the level of the uncrowded threshold measured
before training. Thus, training enabled the subjects to
overcome the effect of reduced VA under the crowded
condition. Nevertheless, the crowded VA remained
proportional to uncrowded VA after training. We
suggest that more efﬁcient temporal and spatial
processing, induced by perceptual learning, allows one
to compensate for the adverse effects of natural
blurring on crowded acuity. Although improvements
under crowded conditions were reported earlier in the
periphery (Bernard et al., 2012; Chung, 2007, 2011;
Maniglia et al., 2011), this is the ﬁrst report on the
fovea in nonamblyopic eyes, in large groups of
participants, and at several initial acuity levels.

Methods
Participants
A total of 97 subjects participated in this study.
Forty presbyopes aged 49.1 6 0.8 years (mean 6 SE)
were divided into two groups according to their initial
static VA measured with a standard near ETDRS
chart from 40 cm: (a) 21 early presbyopes aged 46.4 6
0.6 years (mean 6 SE), whose near binocular VA was
up to 0.2 logMAR; and (b) 19 advanced presbyopes
aged 52.0 6 1.02 years (mean 6 SE), whose near VA
was 0.21 logMAR and above. In addition, 17 young
participants aged 24.6 6 1.36 years (mean 6 SE) with
normal binocular near VA (0.096 6 0.02) performed
a similar training protocol (see the Training Procedure
section ). Another 28 participants were divided into
three control test–retest groups that performed only
pretest and posttest measurements, on different days
with no training in between (i.e., test and retest control
groups): a group of 19 young controls aged 24.0 6
5.00 years (mean 6 SE) with normal near VA (0.13
6 0.016), and a group of nine presbyopic controls
aged 53.9 6 2.80 years (mean 6 SE), divided into two
subgroups of six with early presbyopia and three with
advanced presbyopia. All participants had normal or
corrected-to-normal distance vision. A group of 12
additional subjects aged 47.08 6 2.36 years (age range
38–62; near VA 0.13 6 0.04) participated in the
control experiment with the reversed order of blocks.
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Apparatus
Stimuli during both the brief VA measurements
(eTest, see below) and during training sessions (see
Training Procedure section) were displayed on mobile
iOS devices having a color monitor (iPhone, iPad, and
iPod). The effective screen resolution was 640 3 640
pixels (5 cm diameter), with a pixel size of 0.078 mm
(Retina Display; Apple, Cupertino, CA) and a refresh
rate of 60 Hz. The mean display luminance was set to
the maximal level (120 cd/m2) in an otherwise dark
environment.

Visual acuity and procedures
Visual acuity, using both static chart and brief
presentations combined with crowding, was tested
before (pretest) and after (posttest) the training (see the
Training Procedure section). All near acuity measurements were made without any optical correction for the
near distance. Auditory and visual feedback was
provided after each trial.
Objective measurements of accommodation: Fused cross
cylinder
The fused cross cylinder (FCC) is one of the main
clinical methods for determining the near addition
(Yanoff & Duker, 2014). A cross composed of multiple
horizontal and vertical lines was presented to the
participants at a distance of 40 cm. A Jackson cross
cylinder (JCC), with its minus axis vertical, was placed
in front of the distance correction. The participant was
asked to compare the boldness of the horizontal and
vertical lines of the cross. If no addition was required,
the lines were equally dark. However, if the horizontal
lines were darker, plus power was added binocularly in
0.25 D increments until the lines were equally black or
until the vertical lines became more prominent. This
lens power is the refractive correction needed for
compensating for the accommodation deﬁcit in order
to achieve sharp near vision.
Near ETDRS chart
Standard static near VA was measured with a near
ETDRS chart (Precision Vision, La Salle, IL) from 40
cm, ﬁxed onto a stand to maintain the exact distance.
The ETDRS chart is composed of lines containing ﬁve
letters each with size increments of 0.1 log units and
spacing of one letter. The measurements were performed at a single seating session by the same
experienced, certiﬁed optometrist in the same room
under standardized ﬁxed light conditions using two
variations of the same chart to prevent participants
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from remembering the order of the letters. The
termination rules were based on a forced-choice
paradigm and testing continued until the participant
made a complete line of errors, or read all the letters on
the chart (Kaiser, 2009).
eTest
The paradigm used here is very similar to the one we
used before (Bonneh et al., 2004, 2007; Lev, Ludwig et
al., 2014; Lev, Yehezkel et al., 2014). Visual acuity was
assessed using brief presentations under crowded
conditions using eTest (GlassesOff, Inc., New York,
NY; Lev, Yehezkel et al., 2014), from 40 cm. We
recently showed that eTest measurements are highly
correlated with the measurement of near visual acuity
on an ETDRS chart (Yehezkel, Sterkin, Lev, & Polat,
2013).
The stimuli consisted of 5 3 5 ‘‘tumbling E’’ patterns
(Figure 1a) presented at the ﬁxation location in the
center of the display, for brief durations of 34, 68, and
116, msec (two, four, and seven frames, respectively).
Two different interletter spacing options were used:
First, one-letter edge-to-edge spacing (top panels) was
used. This option was shown in our earlier study to
result in a pattern of results similar to isolated letter
stimulation (hereafter referred to as ‘‘large spacing’’).
Second, 0.4 edge-to-edge letter spacing (bottom panels,
hereafter referred to as ‘‘small spacing’’) was used. In
earlier studies, this option was shown to produce
maximal impairment of the target in both normal and
amblyopic participants (Flom et al., 1963; Simmers et
al., 1999), which produced crowding in our recent study
with stimuli that were the same as those used here (Lev,
Yehezkel et al., 2014). This is also the same spacing as
the one recently shown to constitute a constant factor
of 1.4 between the center-to-center spacing and the
acuity of a single target (Song et al., 2014).
A four-alternative forced-choice paradigm was used
in which the participants were asked to determine
whether the open side of the central letter E faced right,
left, up, or down. Participants responded by pressing
the buttons on a touch screen placed in the corresponding locations (right, left, top, and bottom). The
patterns were black on a gray background. A visible
ﬁxation circle appeared in the center of the screen
before each trial, thus directing attention to the target’s
location in the fovea. It disappeared when the
participants initiated the trial by pressing anywhere on
the touch screen, after which a blank screen (i.e., only
the gray background) appeared for 300 msec, followed
by the stimulus presentation (Figure 1b).
Each block measured the minimal identiﬁcation of
the letter size for a single duration and measured
spacing using an adaptive procedure in which the
pattern size and spacing were modiﬁed, according to
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Figure 1. Stimuli and paradigm. (a) Tumbling E patterns with one-letter spacing (large, upper) and 0.4-letter spacing (small, bottom),
in four representative stimulus sizes, with proportional spacing per letter size. (b) The timeline of a single trial. A fixation circle
(enlarged for presentation) appeared in the center of the screen before each trial and disappeared when the participants initiated the
trial by pressing anywhere on the touch screen, after which a blank screen appeared for 300 msec, followed by the stimulus
presentation.

the performance (chance level of 25%), with the size
increased for each mistake and decreased for two
correct responses in a row. Spacing was always
modiﬁed proportionally to the letter’s size, as in the
examples in Figure 1a. To determine crowding, we used
separate blocks for the single space array and the
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crowded conditions for each presentation time. The
order of the blocks was as follows: 238 msec large
spacing (which served as practice), 116 msec small
spacing, 116 msec large spacing, 68 msec small spacing,
68 msec large spacing, 34 msec small spacing, and 34
msec large spacing. The resulting minimal discrimina-
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ble target size was converted to logMAR units for each
block. The contrast was 29% (Weber contrast). The test
lasted up to 15 min, including breaks that were allowed
at any point.
Training procedure
The paradigm in this study is similar to the one used
in our earlier studies involving young and presbyopic
participants (Lev, Ludwig et al., 2014; Polat et al., 2012;
Sterkin et al., 2012) in terms of behavioral tasks and
temporal parameters. A perceptual learning method for
improving visual functions using the GlassesOff application (GlassesOff, Inc., New York, NY) was adapted
individually for each user by setting the training
parameters according to the user’s performance. Participants were trained on contrast detection and discrimination of Gabor targets under spatial masking,
temporal masking, and spatial crowding conditions,
while spatial and temporal constraints were posed on the
visual processing. The training covered a wide range of
spatial frequencies and orientations that were modiﬁed
in accordance with the improved performance. Participants were instructed to train in a dark room from a
distance of 40 cm with both eyes open. On average,
participants practiced for 42.6 6 3.9 sessions (mean 6
SE) on different days, each lasting 12–15 min, with at
least three sessions per week. Auditory and visual
feedback was provided after each trial.
The stimuli consisted of localized gray-level gratings
(Gabor stimuli) with equal luminance distributions,
standard deviation (SD or r), allowing a minimum of
two cycles, r ¼ k (wavelengths), with spatial frequencies
ranging between 1.33 and 8.00 cycles/8, subtending a
visual angle ranging from 0.188 to 1.008, at four
possible orientations (08, 458, 908, and 1358), which
were modiﬁed in each session in accordance with the
performance in the preceding session. Yes–no and
temporal two-alternative forced choice (2AFC) paradigms were used. Training began with the yes–no
paradigm for detection for several sessions (between
ﬁve and seven), and then proceeded to the 2AFC
paradigm, which was used for the remaining training
sessions. Target detection or discrimination contrast
threshold was determined for each condition, using a
separate staircase for each block. The contrast of the
Gabor was increased for each mistake and decreased
for three correct responses in a row (with steps of 0.1
log units), which was used to estimate the stimulus
strength at the 79% accuracy level. A ﬁxation circle
(subtending a visual angle of 0.78) was presented in the
center of the screen. Participants started each trial by
touching the screen. Each target stimulus presentation
interval duration was between 68 and 116 msec long,
with an 800 msec gap between two intervals in the
2AFC paradigm. The ﬁrst interval was preceded by a
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300 msec blank period with a temporal jitter between 0
and 500 msec and had a uniform distribution. For the
2AFC contrast detection tasks, the target presentation
was equally distributed between the two intervals
across trials.
The experimental conditions were as follows: (a) the
target alone: a single Gabor target with a spatial
frequency; (b) lateral masking: a Gabor target masked
by two high-contrast (60%) collinear Gabor ﬂankers
with a target–ﬂanker distance of 0, 1.5, 2, 3, and 4 k; (c)
crowding: a Gabor patch masked by multiple collinear
or noncollinear iso-oriented ﬂankers, with a target–
ﬂanker distance of 1.5–4 k; and (d) temporal masking:
backward masking applied on the target alone, or
lateral masking, composed of either ﬂankers identical
to those used in the lateral masking condition or those
in the crowding condition, presented with varying time
intervals (interstimulus intervals; ISI) of 68, 83, 116, or
150 msec. The duration of the mask was similar to the
target stimulus presentation duration. Under the
crowding condition, either four collinear ﬂankers
(above, below, on the right, and on the left) or a matrix
of 11 3 11 Gabors surrounded the target. The target–
ﬂanker distance was kept constant throughout the trials
of each staircase but varied between staircases within a
session. Importantly, response facilitation to lowcontrast Gabor targets by collinear Gabor ﬂankers
with target–ﬂanker distances used for training was
demonstrated using single-unit recording in the cat
primary visual cortex (Mizobe, Polat, Pettet, &
Kasamatsu, 2001; Polat, Mizobe, Pettet, Kasamatsu, &
Norcia, 1998) and in monkeys (Kapadia, Ito, Gilbert,
& Westheimer, 1995).
Each session included six blocks that included one
block under the target alone condition, and ﬁve blocks
under one of the previously described four conditions
(contrast sensitivity, lateral masking, crowding, or
temporal masking). The selection of the conditions
used for each session was determined by an automated
algorithm that advanced the conditions, the difﬁculty
level (spatial frequency, orientation, and the initial
target contrast in the staircase), and the ISI according
to the participant’s performance. ISI, the duration that
the target and ﬂanking Gabors were presented, their
orientation, and spatial frequency were modiﬁed
between sessions, one parameter at a time, according to
the performance in the preceding session.
Control eTest with a reversed order of blocks
In order to explicitly verify that the effect of the
presentation duration is stronger than the potentially
confounding effect of fatigue, we performed a control
eTest measurement for 12 new subjects with a reversed
order of blocks. The order of the blocks was as follows:
238 msec large spacing (which served as practice), 34
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msec large spacing, 34 msec small spacing, 68 msec
large spacing, 68 msec small spacing, 116 msec large
spacing, and 116 msec small spacing.
Data analysis
ANOVA was used for assessing the main effects and
the interactions. For comparisons with degrees of
freedom higher than 1, the Huynh-Feldt epsilon
correction was applied (for any ANOVA). Pairwise
comparisons included 12 a priori comparisons using
paired t tests; thus, the threshold p value with an a
priori Bonferroni correction is 0.0042 (0.05/12).

Results
Static ETDRS chart measurements for all groups
All acuity measurements and training sessions were
conducted without near optical corrections. Objective
measurements of accommodation obtained through the
use of FCC show no change in prescription before
versus after the training: 1.41 versus 1.41 D (paired t test,
p . 0.05) measured on both groups together, 1.2 versus
1.24 D (paired t test, p . 0.05) for the early presbyopes,
and 1.64 versus 1.60 D (paired t test, p . 0.05) for the
advanced group. Visual acuity was measured before and
after training. A two-factor ANOVA was performed,
with the repeated measures design as follows: group (two
levels, early and advanced presbyopia) and training (two
levels, before and after perceptual learning). Consistent
with our earlier ﬁndings (Polat et al., 2012), there was a
signiﬁcant improvement in the static VA measured using
the ETDRS chart (Figure 2), the main effect of the
group, F(1, 76) ¼ 80.9, p , 0.001, and the main effect of
training, F(1, 76) ¼ 61.5, p , 0.001, paired t tests: p ,
0.001 for both the early and advanced presbyopes. This
is also consistent with the earlier notion of the
magnitude of learning being a constant proportion of
the initial performance, in concert with the Weber-like
law suggested earlier (Astle, Li, Webb, Levi, & McGraw,
2013; Polat, 2008). The improvement in the advanced
presbyopes (0.23 logMAR, or 70%) was signiﬁcantly
higher than in the early presbyopes (0.15 logMAR, or
41%), interaction: group 3 training, F(1, 76) ¼ 3.6, p ¼
0.05. A separate ANOVA was performed with a similar
repeated measures design, which included a test–retest
control group that took the pretest and the posttest with
no perceptual learning in between tests, including both
the early and advanced stages of presbyopia and with a
factor of the paradigm used (two levels: with perceptual
learning and without). As Figure 2 shows, there was no
difference in the measurements between the training and
control group before training. There was, however, a
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Figure 2. Static near VA improvement following training and test
and retest control measurements. Standard near ETDRS
measurements are presented for the early and advanced
presbyopes before and after the training, for the young group
before and after the training, and for the three corresponding
control groups that were tested twice with no training in
between (test and retest, open symbols). Error bars ¼ SE.

signiﬁcant effect of perceptual learning as opposed to a
simple test–retest, which was evident from the signiﬁcant
interaction between training and the paradigm, F(1, 46)
¼ 25.8, p , 0.001. Finally, for the young control group
that was trained using the same protocol, there was a
signiﬁcant effect of training, evident from the signiﬁcant
interaction between training and the paradigm used,
F(1, 34) ¼ 6.8, p ¼ 0.13 (paired t tests, p ¼ 0.016), with no
effect for the test–retest young group (paired t tests: p .
0.05), as we reported earlier (Lev, Ludwig et al., 2014).

Brief VA measurements in training presbyopic
groups
Brief VA was measured using short letter stimuli
presentations (eTest), with two interletter spacings: (a)
one-letter spacing (large), which was shown in our
earlier study to yield a pattern of results similar to
single-letter stimulation (producing no crowding), and
(b) 0.4-letter spacing (small), which was shown to
produce maximal impairment of the target in both
normal and amblyopic participants (Flom et al., 1963;
Simmers et al., 1999), and which produced crowding in
our recent research with stimuli that were the same as
those used here (Lev, Yehezkel et al., 2014). This is also
the spacing that was used recently to show a constant
factor of 1.4 between the center-to-center spacing and
the acuity of a single target (Song et al., 2014). ANOVA
was performed, with the repeated measures designed as
follows: training (two levels: before and after perceptual learning), spacing (two levels: large and small),
duration (three levels: 34, 68, and 116 msec) with a
factor of the group (two levels: early and advanced
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Figure 3. Correlation between brief VA measurements with
large versus small spacing. Measurements by eTest before
(circles) and after (triangles) the training, for the presbyopic
participants (both early and advanced), across all presentation
times, for small versus large spacing.

presbyopia). There were signiﬁcant main effects of
group, F(1, 38) ¼ 8.2, p ¼ 0.007; training, F(1, 38) ¼
60.2, p , 0.001; spacing, F(1, 38) ¼ 142.8, p , 0.001;
and duration, F(2, 76) ¼ 141.2, p , 0.001.
Figure 3 summarizes the eTest measurements before
and after training for the presbyopic participants (both
early and advanced), across all presentation durations,
for the small (x-axis) versus the large (y-axis) spacing,
showing a high and signiﬁcant correlation between the
two measurements, R ¼ 0.93, p , 0.00001, and slope ¼
0.939. This tight dependence between the two conditions of acuity measurements, which remains constant
across a wide acuity range, supports our idea of using
the naturally induced blurring in uncorrected presbyopia as a model for exploring crowding under the
blurring conditions, in addition to a recently proposed
model of artiﬁcial optical blurring for anisometropic
amblyopia (Song et al., 2014). Moreover, uncorrected
presbyopia allows one to explore the effects of
crowding at different acuity levels presumably with no
confounding cortical component.
Figure 4 presents measurements made using brief
presentations (eTest), before and after training, for the
experimental groups and for the ﬁrst and second testing
for the control groups. Before training (dotted lines), as
expected, there was a signiﬁcant decrease in the brief
VA threshold with the shorter stimuli presentations,
both for early (top panels) and advanced (bottom
panels) presbyopes, for both large (left panels) and
small (right) spacing (paired t test, p , 0.001 for all
possible comparisons: 116 vs. 34 msec, 116 vs. 68 msec,
and 68 vs. 34 msec). Moreover, there was a clear, highly
signiﬁcant crowding effect, measured as a signiﬁcant
decrease in VA values for smaller compared with larger
spacing, for all stimulus durations, both for the early
and the advanced presbyopes (paired t test, p , 0.001
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for all presentations): early presbyopes, 0.09, 0.1, and
0.09 logMAR (23%, 27%, and 23%) for 34, 68, and 116
msec, respectively; advanced presbyopes: 0.06, 0.06,
and 0.08 logMAR (16%, 16%, and 21%) for 34, 68, and
116 msec, respectively.
After training (solid lines), there was a signiﬁcant
improvement in brief VA both for early (top panels)
and advanced (bottom panels) presbyopes, for both
one-letter spacing (left panels) and 0.4-letter spacing
(right panels), paired t test, p , 0.001 for all
presentations. In the early presbyopes for the large
spacing, there was an improvement of 0.14, 0.1, and
0.11 logMAR (37%, 27%, and 29%) for 34, 68, and 116
msec, respectively. In the early presbyopes for the small
spacing, there was an improvement of 0.14, 0.12, and
0.1 logMAR (37%, 31%, and 26%) for 34, 68, and 116
msec, respectively. In the advanced presbyopes for the
large spacing there was an improvement of 0.17, 0.09,
and 0.1 logMAR (49%, 24%, and 25%) for 34, 68, and
116 msec, respectively. In the advanced presbyopes for
the small spacing there was an improvement of 0.13,
0.11, and 0.09 logMAR (36%, 28%, and 22%) for 34,
68, and 116 msec, respectively. However, the difference
between the acuity for the large and the small spacing
remained for all stimulus durations, although relative
to the new improved VA, as measured with large
spacing after the training (paired t test, p , 0.001 for all
presentations). In the early presbyopes, the difference
was 0.09, 0.09, and 0.1 logMAR (23%, 23%, and 26%)
for 34, 68, and 116 msec, respectively. In the advanced
presbyopes, the difference was 0.1, 0.05, and 0.08
logMAR (27%, 12%, and 20%) for 34, 68, and 116
msec, respectively. The training effects varied for
different stimulus durations: training 3 duration
interaction, F(2, 76) ¼ 4.4, p ¼ 0.027. However, after
training, a signiﬁcant effect of presentation duration on
brief VA remained, both for the early and advanced
presbyopes, for both small and large spacing (paired t
test, p , 0.001 for all possible comparisons: 116 vs. 34
msec, 116 vs. 68 msec, and 68 vs. 34 msec).
Most importantly, brief VA measured using small
spacing after training became similar to the measurements made using large spacing before training, both in
the early and in the advanced groups, for all stimulus
durations (Figure 5)—a change toward achieving a
lower level of presbyopia (Polat et al., 2012).

Brief VA measurements in control test–retest
presbyopic groups
A separate ANOVA was performed with the same
repeated measures design, which included a test–retest
presbyopic control group that performed the pretest
and the posttest with no perceptual learning in between
tests, including both the early and advanced stages of
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Figure 4. Improvement in brief VA under crowded conditions following training. Measurements by eTest using large one-letter spacing
(left panels) and small 0.4-letter spacing (right panels) were measured before (dotted lines) and after (solid lines) training, for early
(top panels) and advanced (bottom panels) presbyopes, and for the first (dotted lines) and second (solid lines) testing for the agematched control groups. The measurements for the young control groups, either measured before (dotted lines) and after (solid lines)
training or for the first (dotted lines) and second (solid lines) testing are shown in the right panels. Error bars ¼ SE.

presbyopia (Figure 4), with a factor of paradigm (two
levels: with perceptual learning and without). There
was a signiﬁcant effect of perceptual learning as
opposed to the simple test–retest, F(1, 46) ¼ 12.9, p ¼
0.001. Here there were also signiﬁcant main effects of
training, F(1, 46) ¼ 10.7, p ¼ 0.002; spacing, F(1, 46) ¼
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105.4, p , 0.001; and duration, F(1, 46) ¼ 105.6, p ,
0.001. In both control groups, there was a clear, highly
signiﬁcant crowding effect for all stimulus durations
(paired t test, p , 0.001 for all presentations): early
presbyopes: 0.12, 0.11, and 0.12 logMAR (32%, 28%,
and 32%) for 34, 68, and 116 msec, respectively;
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Figure 5. Training effects in the presbyopic groups. The threshold acuity before and after training, for the two spacing options are
presented for (a) early presbyopic and (b) advanced presbyopic groups. The data of the presbyopic groups only are replotted from
Figure 4 to emphasize the main training effect that brief VA measured using small spacing after training became similar to the
measurements made using large spacing before training, both in the early and in the advanced groups, for all stimulus durations.
Error bars ¼ SE.

advanced presbyopes: 0.07, 0.08, and 0.08 logMAR
(18%, 19%, or 19%) for 34, 68, and 116 msec,
respectively. However, there were no signiﬁcant
changes in the brief VA after retesting in either of the
groups, under any condition ( p . 0.05), consistent with
our previous training studies (Lev, Ludwig et al., 2014;
Sterkin et al., 2014).

Brief VA measurements in training and control
test–retesting of young groups
Finally, a separate ANOVA was performed with a
similar repeated measures design that included a group
of young participants who were trained using the same
protocol, along with a test–retest young control group
that performed the pretest and the posttest with no
perceptual learning in between, with a factor of the
paradigm (two levels: with perceptual learning and
without). Figure 4 shows that there was no difference in
the initial measurements between the trained and the
control groups. However, there was a signiﬁcant effect
of perceptual learning as opposed to the simple test–
retest, F(1, 33) ¼ 16.6, p , 0.001. Here as well,
signiﬁcant main effects of training, F(1, 33) ¼ 8.5, p ¼
0.006, and duration, F(1, 33) ¼ 37.5, p , 0.001, were
evident. After training, there was a signiﬁcant improvement in the brief VA for each stimulus duration
(paired t test, p , 0.001 for all presentations), with no
signiﬁcant changes in the control group (paired t test, p
. 0.05 for all presentations). In contrast with the two
presbyopic groups, however, both before and after
training there were signiﬁcant differences in the brief
VA between the shortest and the longest durations
(paired t test, p , 0.001 when comparing 116 vs. 34
msec), with no signiﬁcant differences in the brief VA
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between consecutive stimulus durations (either for the
34 vs. 68 msec or the 68 vs. 116 msec comparisons, p .
0.05). This indicates that presbyopes are more sensitive
to limitations in the presentation duration compared
with the young participants, in concert with the critical
duration measurements that we reported earlier (Polat,
2009; Polat, Sterkin, & Yehezkel, 2007).
The measurements using the large spacing in young
participants were performed in our recent study of
foveal crowding (Lev, Yehezkel et al., 2014) in a
different group of 18 young participants aged 25.4 6
0.77 years (mean 6 SE). The results show a robust
crowding effect of 0.16 logMAR (approximately 41%)
for the small spacing, compared with the large spacing,
for all presentation durations. However, because brief
VA is below 6/6 for all durations, indicating a ‘‘ﬂoor’’
effect of the large spacing measurements, the large
spacing conditions were omitted in the current study
because they were redundant (the part of the study with
young participants was performed at a later stage).

Control brief VA measurements with a reversed
order of blocks
Although we have previous experience with a mixed
block order design (e.g., Lev, Yehezkel et al., 2014),
which results in an effect of presentation duration
similar to the ﬁndings reported here, in order to
explicitly verify that the effect of presentation duration
is stronger than the potentially confounding effect of
fatigue, we performed an experiment using 12 new
subjects with a reversed order of blocks (Figure 6).
ANOVA was performed, with the repeated measures
designed as follows: spacing (two levels: large and
small) and duration (three levels: 34, 68, and 116 msec).
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Figure 6. Control brief VA measurements with the reversed
order of blocks. The threshold acuity before and after training,
for the two spacing options are presented for 12 new subjects
with a wide age and acuity range (age range 38–62 years, near
VA 0.13 6 0.04) who performed the eTest with a reversed order
of blocks. Error bars ¼ SE.

There was a signiﬁcant effect of spacing, F(1, 11) ¼
23.2, p ¼ 0.001, and duration, F(2, 11) ¼ 61.4, p , 0.001,
with no signiﬁcant interaction. These results indicate
that, despite the wide age and acuity range of the
participants in this experiment (age range 38–62 years,
near VA 0.13 6 0.04), the main effect of presentation
duration is not affected by the order of the blocks. The
magnitude of the crowding effect is also unaffected by
the order of the blocks. According to these results, we
concluded that no signiﬁcant fatigue confounded our
experiments.

Discussion
Our aim was to explore how perceptual training
affects crowded VA in the fovea under the conditions
of different levels of blurring. To that end, brief VA
was measured using very short presentations of
crowded letter stimuli in people with different levels of
natural blurring associated with uncorrected presbyopia—a potentially good model of blurred central vision,
as in anisometropic amblyopia (Song et al., 2014).
Our results show that the crowding effect exists in
the fovea. Improvements induced by perceptual learning regarding the detection of Gabor stimuli are
transferred to the identiﬁcation of crowded letters more
pronouncedly for shorter presentation durations, along
with a substantial improvement in the standard near
VA measurements. In fact, crowded VA after training
became similar to the uncrowded VA before training.
We suggest that more efﬁcient temporal and spatial
processing following perceptual learning results in
faster processing speed and in higher contrast sensi-
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tivity (Polat, 2009). These low-level changes compensate for the adverse effects of natural blurring on
crowded acuity and the bottleneck it creates on the
visual processing. Speciﬁcally, as suggested earlier,
since crowding creates a bottleneck for the cortical
processing during reading (Levi, 2008) and thus limits it
(Pelli et al., 2007), we suggest that the resulting
improvements provide the grounds for improving
complex higher-level visual functions, such as reading
and, possibly, object recognition in general. Contrasting amblyopia, in which the input is normal whereas
the neural processing is deﬁcient, this study was
conducted under the assumption that in uncorrected
presbyopia the processing is relatively normal, whereas
the retinal input is blurred.
The observed pattern of results allowed us to
propose that uncorrected presbyopia, with an acuity
range that becomes very wide with brief presentations,
may serve as a good model for exploring the effects of
blurring on crowding, in addition to a recently
proposed model of artiﬁcial optical blurring for
anisometropic amblyopia (Song et al., 2014). Moreover, foveal crowded acuity in participants with
uncorrected presbyopia is affected to a greater extent:
up to 0.588 for 34 msec at the acuity threshold, but
0.218 in young people for the same presentation
duration in the current study, consistent with our
earlier measurements (Lev, Yehezkel et al., 2014),
indicating a much larger angular zone in which
detection is susceptible to interference from other
stimuli. Importantly, there was no change in the
objective measurements of the required optical correction through the use of FCC, supporting our earlier
ﬁndings of no changes in optics accompanying
improved visual functions in presbyopes trained using a
similar paradigm, such as depth of focus, accommodation, and pupil diameter, measured for both near and
far viewing distances (Polat et al., 2012). Nevertheless,
because many parameters may interact with the effects
of blurring at a given spacing, both external (such as
lighting conditions and contrast), and internal (such as
pupil size, contrast sensitivity, and age), there is a need
for systematic exploration in future studies.

Crowding in the fovea under blurring conditions
Our results indicate that crowding effects exist in the
fovea of presbyopes at all stages and in young
participants, in agreement with our recent results (Lev,
Ludwig et al., 2014; Lev, Yehezkel et al., 2014). It has
been shown earlier that the range of crowding is wider
for shorter presentation times (Chung & Mansﬁeld,
2009; Tripathy & Cavanagh, 2002; Tripathy, Cavanagh, & Bedell, 2014), although Song et al. (2014)
found only weak effects of duration. We showed that
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the presentation time signiﬁcantly affects crowded
acuity, in agreement with our recent results (Lev,
Ludwig et al., 2014; Lev, Yehezkel et al., 2014). To
induce crowded VA, we have used spacing equal to that
recently shown to constitute a constant factor of 1.4
between center-to-center spacing and the acuity of a
single target (Song et al., 2014). Indeed, we found a
signiﬁcant crowding effect with this spacing, across a
wide range of acuity levels. Note, however, that Song et
al. (2014) deﬁne this separation as a minimal spacing
that nearly eliminates the effect of the ﬂankers, whereas
others (e.g., Siderov et al., 2013) found maximal
crowding at about one stroke width with high contrast.
Moreover, the stimuli we used (5 3 5 tumbling E
patterns) are more challenging than most typical
crowding stimuli, and are closest to the S target in
Flom et al. (1963). Finally, the contrast of the stimuli
used in the current study is considerably lower than the
100% contrast usually used in crowding research, which
may have affected the amount of crowding. However,
there are studies showing either no effects (Siderov et
al., 2013) or only limited effects of contrast (Song et al.,
2014) or a saturation of these effects for contrasts
above 20% (Coates et al., 2013). We therefore believe
that the use of short presentation times and contrast
that is substantially lower than 100% may have affected
the observed crowding effect in the fovea.
Most interestingly, every group improves according
to its baseline value, with the magnitude of learning
serving as a constant proportion of the initial
performance, in concert with the Weber-like law
suggested earlier (Astle et al., 2013; Polat, 2008).
Improvement in crowding was reported earlier in the
periphery (Bernard et al., 2012; Chung, 2007, 2011;
Maniglia et al., 2011); however, this is the ﬁrst time that
improvement under crowded conditions was found in
large groups of participants, at several initial acuity
levels, in the fovea.

Contrast sensitivity and processing speed
It was shown earlier that training on low-contrast
stimuli improved contrast sensitivity (Polat, 2009; Polat
et al., 2004; Zhou et al., 2006). However, the
differential effect of presentation duration indicates
that the improvement is not only due to improved
sensitivity. On one hand, increasing sensitivity may
increase neural processing speed (McDonnell, Lee,
Spritzer, Lindblad, & Hays, 2003). On the other hand,
it is also possible that the training regimen, involving
both very short presentations and backward masking,
increases the processing speed directly. Support for this
comes from earlier reports of training on backward
masking, resulting in a reduction of 20 msec in the
relevant event-related potentials (ERP) latency in the
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human visual cortex (Sterkin et al., 2012) and in
shortened reaction times (Polat, 2009). Thus, taken
together, training may improve both the sensitivity and
processing speed (Lev, Ludwig et al., 2014; Polat et al.,
2012) of the presbyopic visual system, either directly or
as a secondary effect, in order to compensate for the
blurred input.

Deblurring
It is known that presbyopes have lower contrast
sensitivity (Polat, 2009; Polat et al., 2004). Watson and
Ahumada (2011) concluded that blur detection and
discrimination are instances of contrast detection, so it
is not unreasonable to assume that, when we improve
contrast detection through perceptual learning (Lev,
Ludwig et al., 2014; Polat et al., 2004; Polat, Ma-Naim,
& Spierer, 2009; Polat et al., 2012; Sterkin et al., 2012),
we also improve the ability to detect and discriminate
between blurred images. Our results show the remarkable ability of the brain to increase the efﬁciency of
neural processing in order to perform deblurring of
highly blurred images in order to retrieve the information. This could be achieved by increasing the
sensitivity or gain of neurons by a factor that enables
image processing at very low signal-to-noise levels with
efﬁciency similar to processing at normal signal-tonoise levels. Support for this possibility was found in
the improved contrast discrimination and sensitivity of
presbyopes so that, following training, they approach
the level of the young group (Polat et al., 2012). Here,
the same increase in sensitivity, eventually resulting in
improved acuity, is applicable as a possible mechanism
for transferring the training effects to identify crowded
letters. Importantly, an earlier study showed that the
effect of crowding disappears when an artiﬁcial blur is
applied (Simmers et al., 1999). This result may be due
to (a) a different mechanism of processing an artiﬁcial
versus a natural blur, (b) changes resulting in a
different point spread function, or (c) a different
adaptation time constant. It is still under debate,
however, how the contrast reduction accompanying
blurring can be accommodated (Watson & Ahumada,
2011), how crowding is affected by decreased contrast,
and whether deblurring is related to a change in the
perceived contrast. It is widely acknowledged that at or
near the resolution threshold, a decrease in size,
contrast, luminance, or viewing time usually alters the
function of the visual system, which results in impaired
resolution. Therefore, it is possible that the physical
contrast of the letters used in the current study (which
is considerably above the detection threshold though
still lower than 100%, which is usually used in crowding
research), may have affected the amount of crowding.
We also noted a considerable difference in the
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magnitude of the resulting improvement in crowded
acuity between groups. Across presentation durations,
it is about 40% for the young participants, compatible
with the reported ratio; however, it is nearly 20% for
the early presbyopic group and even lower (although
not signiﬁcantly) for the advanced presbyopic group.
This therefore suggests that natural blurring can
account for these differences.

Uncertainty
As in any perceptual learning study, one can also
raise the possibility that the effects of training may be
accounted for by a reduction of uncertainty. However,
we have supporting evidence from our previous studies
and the current study, both showing that improved
uncertainty alone cannot account for the improvements: (a) there was no improvement in the test–retest
control groups, despite the fact that the training groups
performed the eTest only before and after training,
resulting in the same degree of familiarity with the task;
(b) there were improvements in tasks that do not
include preceding ﬁxation, such as in static visual acuity
measured using a standard ETDRS chart, shown both
here and in our earlier study (Polat et al., 2012), and in
the MNREAD chart (Subramanian & Pardhan, 2006),
also shown in our earlier study (Polat et al., 2012); (c)
there was no improvement following training on
‘‘irrelevant’’ tasks (i.e., noncollinear ﬂankers), shown in
control participants in our earlier amblyopia study with
a similar training protocol (Polat et al., 2004).

Summary
In summary, our ﬁndings suggest that more efﬁcient
temporal and spatial processing following perceptual
learning allows one to compensate for the adverse
effects of natural blurring on crowded acuity in the
fovea. We also suggest that the naturally induced
blurring in uncorrected presbyopia with a wide range of
acuity may serve as a good model for researching the
effects of blurring on crowding. Moreover, the effects
in the young participants suggest that perceptual
learning may lead to improved vision despite the best
measurable chart acuity observed using standard
measurements. Consistent with a recent study (Lev &
Polat, 2014) showing a high correlation between spatial
and temporal masking and crowding, our current
results show that the beneﬁts of training under the
conditions of spatiotemporal masking of Gabor targets
are generalized into an improved crowded acuity.
Finally, the observed improvements provide the
grounds for improving complex visual functions, such
as reading and, possibly, object recognition in general.

Downloaded from jov.arvojournals.org on 06/17/2019

14

Keywords: crowding, crowded conditions, visual acuity, presbyopia, reading, perceptual learning

Acknowledgments
This study was performed using the technology
provided by GlassesOff, Inc.
Commercial relationships: I, C, and E; GlassesOff, Inc.
Corresponding author: Uri Polat.
Email: urip@post.tau.ac.il.
Address: Goldschleger Eye Research Institute, the
Sackler Faculty of Medicine, Tel-Aviv University, TelHashomer, Israel.

References
Andriessen, J. J., & Bouma, H. (1976). Eccentric vision:
Adverse interactions between line segments. Vision
Research, 16, 71–78.
Astle, A. T., Li, R. W., Webb, B. S., Levi, D. M., &
McGraw, P. V. (2013). A Weber-like law for
perceptual learning. Scientific Reports, 3, 1158, doi:
10.1038/srep01158.
Bernard, J. B., Arunkumar, A., & Chung, S. T. (2012).
Can reading-specific training stimuli improve the
effect of perceptual learning on peripheral reading
speed? Vision Research, 66, 17–25, doi:10.1016/j.
visres.2012.06.012.
Bonneh, Y. S., Sagi, D., & Polat, U. (2004). Local and
non-local deficits in amblyopia: Acuity and spatial
interactions. Vision Research, 44(27), 3099–3110.
Bonneh, Y. S., Sagi, D., & Polat, U. (2007). Spatial and
temporal crowding in amblyopia. Vision Research,
47, 1950–1962.
Bouma, H. (1970). Interaction effects in parafoveal
letter recognition. Nature, 226(241), 177–178.
Butler, T. W., & Westheimer, G. (1978). Interference
with stereoscopic acuity: Spatial, temporal, and
disparity tuning. Vision Research, 18, 1387–1392.
Chung, S. T. (2007). Learning to identify crowded
letters: does it improve reading speed? Vision
Research, 47, 3150–3159, doi:10.1016/j.visres.2007.
08.017.
Chung, S. T. (2011). Improving reading speed for
people with central vision loss through perceptual
learning. Investigative Ophthalmology & Visual
Science, 52, 1164–1170, http://www.iovs.org/
content/52/2/1164, doi:10.1167/iovs.10-6034.
[PubMed] [Article]

Journal of Vision (2015) 15(6):12, 1–18

Yehezkel, Sterkin, Lev, & Polat

Chung, S. T., Levi, D. M., & Legge, G. E. (2001).
Spatial-frequency and contrast properties of
crowding. Vision Research, 41, 1833–1850.
Chung, S. T., Li, R. W., & Levi, D. M. (2007).
Crowding between first- and second-order letter
stimuli in normal foveal and peripheral vision.
Journal of Vision, 7(2):10, 1–13, http://www.
journalofvision.org/content/7/2/10, doi:10.1167/7.
2.10. [PubMed] [Article]
Chung, S. T., Li, R. W., & Levi, D. M. (2012).
Learning to identify near-acuity letters, either with
or without flankers, results in improved letter size
and spacing limits in adults with amblyopia. PLoS
One, 7(4), e35829, doi:10.1371/journal.pone.
0035829.
Chung, S. T., & Mansfield, J. S. (2009). Contrast
polarity differences reduce crowding but do not
benefit reading performance in peripheral vision.
Vision Research, 49, 2782–2789, doi:10.1016/j.
visres.2009.08.013.
Coates, D. R., Chin, J. M., & Chung, S. T. (2013).
Factors affecting crowded acuity: Eccentricity and
contrast. Optometry & Vision Science, 90, 628–638,
doi:10.1097/OPX.0b013e31829908a4.
Coates, D. R., & Levi, D. M. (2014). Contour
interaction in foveal vision: A response to Siderov,
Waugh, and Bedell (2013). Vision Research, 96,
140–144, doi:10.1016/j.visres.2013.10.016.
Danilova, M. V., & Bondarko, V. M. (2007). Foveal
contour interactions and crowding effects at the
resolution limit of the visual system. Journal of
Vision, 7(2):25, 1–18, http://www.journalofvision.
org/content/7/2/25, doi:10.1167/7.2.25. [PubMed]
[Article]
Ehlers, H. (1936). The movements of the eyes during
reading. Acta Ophthalmologica, 14, 56–63.
Fahle, M. (2002). Perceptual learning: Gain without
pain? Nature Neuroscience, 5, 923–924.
Flom, M. C., Weymouth, F. W., & Kahneman, D.
(1963). Visual resolution and contour interaction.
Journal of the Optical Society of America, 53, 1026–
1032.
Hariharan, S., Levi, D. M., & Klein, S. A. (2005).
‘‘Crowding’’ in normal and amblyopic vision
assessed with Gaussian and Gabor C’s. Vision
Research, 45, 617–633, doi:10.1016/j.visres.2004.09.
035.
Hess, R. F., Dakin, S. C., Kapoor, N., & Tewfik, M.
(2000). Contour interaction in fovea and periphery.
Journal of the Optical Society of America A: Optics,
Image Science, and Vision, 17, 1516–1524.
Holden, B. A., Fricke, T. R., Ho, S. M., Wong, R.,

Downloaded from jov.arvojournals.org on 06/17/2019

15

Schlenther, G., Cronje, S., & Frick, K. D. (2008).
Global vision impairment due to uncorrected
presbyopia. Archives of Ophthalmology, 126(12),
1731–1739, doi:10.1001/archopht.126.12.1731.
Huckauf, A., & Nazir, T. A. (2007). How odgcrnwi
becomes crowding: stimulus-specific learning reduces crowding. Journal of Vision, 7(2):18, 1–12,
http://www.journalofvision.org/content/7/2/18,
doi:10.1167/7.2.18. [PubMed] [Article]
Hussain, Z., Webb, B. S., Astle, A. T., & McGraw, P.
V. (2012). Perceptual learning reduces crowding in
amblyopia and in the normal periphery. Journal of
Neuroscience, 32, 474–480. doi:10.1523/
JNEUROSCI.3845-11.2012.
Kaiser, P. K. (2009). Prospective evaluation of visual
acuity assessment: A comparison of Snellen versus
ETDRS charts in clinical practice (An AOS
Thesis). Transactions of the American Ophthalmological Society, 107, 311–324.
Kapadia, M. K., Ito, M., Gilbert, C. D., & Westheimer,
G. (1995). Improvement in visual sensitivity by
changes in local context: Parallel studies in human
observers and in V1 of alert monkeys. Neuron, 15,
843–856. doi:0896-6273(95)90175-2 [pii].
Koretz, J. F., Kaufman, P. L., Neider, M. W., &
Goeckner, P. A. (1989). Accommodation and
presbyopia in the human eye—Aging of the
anterior segment. Vision Research, 29, 1685–1692.
Lev, M., Gilaie-Dotan, S., Gotthilf-Nezri, D., Yehezkel, O., Brooks, J. L., Perry, A., & Polat, U. (2014).
Training-induced recovery of low-level vision followed by mid-level perceptual improvements in
developmental object and face agnosia. Developmental Science, 18, 50–64. doi:10.1111/desc.12178.
Lev, M., Ludwig, K., Gilaie-Dotan, S., Voss, S.,
Sterzer, P., Hesselmann, G., & Polat, U. (2014).
Training improves visual processing speed and
generalizes to untrained functions. Scientific Reports, 4, 7251. doi:10.1038/srep07251.
Lev, M., & Polat, U. (2014). Space and time in masking
and crowding. Manuscript submitted for publication.
Lev, M., Yehezkel, O., & Polat, U. (2014). Uncovering
foveal crowding? Scientific Reports, 4, 4067. doi:10.
1038/srep04067.
Levi, D. M. (2008). Crowding—An essential bottleneck
for object recognition: A mini-review. Vision
Research, 48, 635–654. doi:10.1016/j.visres.2007.12.
009.
Levi, D. M., & Carney, T. (2011). The effect of flankers
on three tasks in central, peripheral, and amblyopic
vision. Journal of Vision, 11(1):10, 1–23, http://

Journal of Vision (2015) 15(6):12, 1–18

Yehezkel, Sterkin, Lev, & Polat

www.journalofvision.org/content/11/1/10, doi:10.
1167/11.1.10. [PubMed] [Article]
Levi, D. M., & Klein, S. A. (1985a). Vernier acuity,
crowding and amblyopia. Vision Research, 25, 979–
991.
Levi, D. M., & Klein, S. A. (1985b). Vernier acuity,
crowding and amblyopia. Vision Research, 25, 979–
991. doi:0042-6989(85)90208-1 [pii].
Levi, D. M., Klein, S. A., & Aitsebaomo, A. P. (1985).
Vernier acuity, crowding and cortical magnification. Vision Research, 25, 963–977. doi:00426989(85)90207-X [pii].
Levi, D. M., Klein, S. A., & Hariharan, S. (2002).
Suppressive and facilitatory spatial interactions in
foveal vision: Foveal crowding is simple contrast
masking. Journal of Vision, 2(2):2, 140–166, http://
www.journalofvision.org/content/2/2/2, doi:10.
1167/2.2.2. [PubMed] [Article]
Levi, D. M., & Li, R. W. (2009). Perceptual learning as
a potential treatment for amblyopia: A minireview. Vision Research, 49, 2535–2549. doi:10.
1016/j.visres.2009.02.010.
Levi, D. M., & Waugh, S. J. (1994). Spatial scale shifts
in peripheral vernier acuity. Vision Research, 34,
2215–2238. doi:0042-6989(94)90104-X [pii].
Levi, D. M., Waugh, S. J., & Beard, B. L. (1994).
Spatial scale shifts in amblyopia. Vision Research,
34, 3315–3333. doi:0042-6989(94)90067-1 [pii]
Li, R. W., Provost, A., & Levi, D. M. (2007). Extended
perceptual learning results in substantial recovery
of positional acuity and visual acuity in juvenile
amblyopia. Investigative Ophthalmology & Visual
Science, 48(11), 5046–5051, http://www.iovs.org/
content/48/11/5046, doi:10.1167/iovs.07-0324.
[PubMed] [Article]
Livne, T., & Sagi, D. (2007). Configuration influence
on crowding. Journal of Vision, 7(2):4, 1–12, http://
www.journalofvision.org/content/7/2/4, doi:10.
1167/7.2.4. [PubMed] [Article]
Livne, T., & Sagi, D. (2010). How do flankers’ relations
affect crowding? Journal of Vision, 10(3):1, 1–14,
http://www.journalofvision.org/content/10/3/1,
doi:10.1167/10.3.1. [PubMed] [Article]
Livne, T., & Sagi, D. (2011). Multiple levels of
orientation anisotropy in crowding with Gabor
flankers. Journal of Vision, 11(13):18, 1–10, http://
www.journalofvision.org/content/11/13/18, doi:10.
1167/11.13.18. [PubMed] [Article]
Louie, E. G., Bressler, D. W., & Whitney, D. (2007).
Holistic crowding: Selective interference between
configural representations of faces in crowded
scenes. Journal of Vision, 7(2):24, 1–11, http://www.

Downloaded from jov.arvojournals.org on 06/17/2019

16

journalofvision.org/content/7/2/24, doi:10.1167/7.
2.24. [PubMed] [Article]
Manassi, M., Sayim, B., & Herzog, M. H. (2012).
Grouping, pooling, and when bigger is better in
visual crowding. Journal of Vision, 12(10):13, 1–14,
http://www.journalofvision.org/content/12/10/13,
doi:10.1167/12.10.13. [PubMed] [Article]
Manassi, M., Sayim, B., & Herzog, M. H. (2013).
When crowding of crowding leads to uncrowding.
Journal of Vision, 13(13):10, 1–10, http://www.
journalofvision.org/content/13/13/10, doi:10.1167/
13.13.10. [PubMed] [Article]
Maniglia, M., Pavan, A., Cuturi, L. F., Campana, G.,
Sato, G., & Casco, C. (2011). Reducing crowding
by weakening inhibitory lateral interactions in the
periphery with perceptual learning. PLoS One,
6(10), e25568. doi:10.1371/journal.pone.0025568.
Martelli, M., Majaj, N. J., & Pelli, D. G. (2005). Are
faces processed like words? A diagnostic test for
recognition by parts. Journal of Vision, 5(1):6, 58–
70, http://www.journalofvision.org/content/5/1/6,
doi:10.1167/5.1.6. [PubMed] [Article]
McDonnell, P. J., Lee, P., Spritzer, K., Lindblad, A. S.,
& Hays, R. D. (2003). Associations of presbyopia
with vision-targeted health-related quality of life.
Archives of Ophthalmology, 121, 1577–1581. doi:10.
1001/archopht.121.11.1577.
McKee, S. P., Levi, D. M., & Movshon, J. A. (2003).
The pattern of visual deficits in amblyopia. Journal
of Vision, 3(5):5, 380–405, http://www.
journalofvision.org/content/3/5/5, doi:10.1167/3.5.
5. [PubMed] [Article]
Mizobe, K., Polat, U., Pettet, M. W., & Kasamatsu, T.
(2001). Facilitation and suppression of single
striate-cell activity by spatially discrete pattern
stimuli presented beyond the receptive field. Visual
Neuroscience, 18(3), 377–391. doi:
S0952523801183045 [pii].
Owsley, C. (2011). Aging and vision. Vision Research,
51, 1610–1622. doi:10.1016/j.visres.2010.10.020.
Owsley, C. (2013). Visual processing speed. Vision
Research, 90, 52–56. doi:10.1016/j.visres.2012.11.
014.
Pelli, D. G., Palomares, M., & Majaj, N. J. (2004).
Crowding is unlike ordinary masking: Distinguishing feature integration from detection. Journal
of Vision, 4(12):12, 1136–1169, http://www.
journalofvision.org/content/4/12/12, doi:10.1167/4.
12.12. [PubMed] [Article]
Pelli, D. G., & Tillman, K. A. (2008). The uncrowded
window of object recognition. Nature Neuroscience,
11, 1129–1135.

Journal of Vision (2015) 15(6):12, 1–18

Yehezkel, Sterkin, Lev, & Polat

Pelli, D. G., Tillman, K. A., Freeman, J., Su, M.,
Berger, T. D., & Majaj, N. J. (2007). Crowding and
eccentricity determine reading rate. Journal of
Vision, 7(2):20, 1–36, http://www.journalofvision.
org/content/7/2/20, doi:10.1167/7.2.20. [PubMed]
[Article]
Polat, U. (2008). Restoration of underdeveloped
cortical functions: Evidence from treatment of
adult amblyopia. Restorative Neurology and Neuroscience, 26(4–5), 413–424.
Polat, U. (2009). Making perceptual learning practical
to improve visual functions. Vision Research, 49,
2566–2573. doi:10.1016/j.visres.2009.06.005.
Polat, U., Bonneh, Y., Ma-Naim, T., Belkin, M., &
Sagi, D. (2005). Spatial interactions in amblyopia:
Effects of stimulus parameters and amblyopia type.
Vision Research, 45, 1471–1479. doi:10.1016/j.
visres.2004.12.014.
Polat, U., Ma-Naim, T., Belkin, M., & Sagi, D. (2004).
Improving vision in adult amblyopia by perceptual
learning. Proceedings of the National Academy of
Sciences, USA, 101, 6692–6697.
Polat, U., Ma-Naim, T., & Spierer, A. (2009).
Treatment of children with amblyopia by perceptual learning. Vision Research, 49, 2599–2603. doi
10.1016/j.visres.2009.07.008.
Polat, U., Mizobe, K., Pettet, M. W., Kasamatsu, T., &
Norcia, A. M. (1998). Collinear stimuli regulate
visual responses depending on cell’s contrast
threshold. Nature, 391, 580–584. doi:10.1038/
35372.
Polat, U., Schor, C., Tong, J. L., Zomet, A., Lev, M.,
Yehezkel, O., & Levi, D. M. (2012). Training the
brain to overcome the effect of aging on the human
eye. Science Reports, 2, 278. doi:10.1038/srep00278.
Polat, U., Sterkin, A., & Yehezkel, O. (2007). Spatiotemporal low-level neural networks account for
visual masking. Advances in Cognitive Psychology,
3(1–2), 153–165.
Saarela, T. P., Sayim, B., Westheimer, G., & Herzog,
M. H. (2009). Global stimulus configuration
modulates crowding. Journal of Vision, 9(2):5, 1–11,
http://www.journalofvision.org/content/9/2/5, doi:
10.1167/9.2.5. [PubMed] [Article]
Sagi, D. (2011). Perceptual learning in Vision Research.
Vision Research, 51, 1552–1566. doi:10.1016/j.
visres.2010.10.019.
Sasaki, Y., Nanez, J. E., & Watanabe, T. (2010).
Advances in visual perceptual learning and plasticity. Nature Reviews Neuroscience, 11(1), 53–60.
doi:10.1038/nrn2737.
Siderov, J., Waugh, S. J., & Bedell, H. E. (2013). Foveal

Downloaded from jov.arvojournals.org on 06/17/2019

17

contour interaction for low contrast acuity targets.
Vision Research, 77, 10–13. doi:10.1016/j.visres.
2012.11.008.
Siderov, J., Waugh, S. J., & Bedell, H. E. (2014). Foveal
contour interaction on the edge: Response to
‘‘Letter-to-the-Editor’’ by Drs. Coates and Levi.
Vision Research, 96, 145–148. doi:10.1016/j.visres.
2013.12.012 S0042-6989(13)00304-0 [pii].
Simmers, A. J., Gray, L. S., McGraw, P. V., & Winn,
B. (1999). Contour interaction for high and low
contrast optotypes in normal and amblyopic
observers. Ophthalmic and Physiologic Optics, 19,
253–260.
Song, S., Levi, D. M., & Pelli, D. G. (2014). A double
dissociation of the acuity and crowding limits to
letter identification, and the promise of improved
visual screening. Journal of Vision, 14(5):3, 1–37,
http://www.journalofvision.org/content/14/5/3,
doi:10.1167/14.5.3. [PubMed] [Article]
Sterkin, A., Yehezkel, O., Lev, M., Doron, R., Fried,
M., Levy, Y., & Polat, U. (2014). Perceptual
learning improves near vision in pilots with eye
aging. Journal of Vision, 14(10): 1173, http://www.
journalofvision.org/content/14/10/1173, doi:10.
1167/14.10.1173. [Abstract]
Sterkin, A., Yehezkel, O., & Polat, U. (2012). Learning
to be fast: Gain accuracy with speed. Vision
Research, 61, 115–124, doi:10.1016/j.visres.2011.09.
015.
Strasburger, H., Harvey, L. O., Jr., & Rentschler, I.
(1991). Contrast thresholds for identification of
numeric characters in direct and eccentric view.
Perception & Psychophysics, 49, 495–508.
Strasburger, H., & Malania, M. (2013). Source
confusion is a major cause of crowding. Journal of
Vision, 13(1):24, 1–20, http://www.journalofvision.
org/content/13/1/24, doi:10.1167/13.1.24.
[PubMed] [Article]
Subramanian, A., & Pardhan, S. (2006). The repeatability of MNREAD acuity charts and variability
at different test distances. Optometry & Vision
Science, 83, 572–576.
Toet, A., & Levi, D. M. (1992). The two-dimensional
shape of spatial interaction zones in the parafovea.
Vision Research, 32, 1349–1357.
Tripathy, S. P., & Cavanagh, P. (2002). The extent of
crowding in peripheral vision does not scale with
target size. Vision Research, 42, 2357–2369. doi:
S0042698902001979 [pii].
Tripathy, S. P., Cavanagh, P., & Bedell, H. E. (2014).
Large crowding zones in peripheral vision for
briefly presented stimuli. Journal of Vision, 14(6):

Journal of Vision (2015) 15(6):12, 1–18

Yehezkel, Sterkin, Lev, & Polat

11, 1–11, http://www.journalofvision.org/content/
14/6/11, doi:10.1167/14.6.11. [PubMed] [Article]
Watson, A. B., & Ahumada, A. J. (2011). Blur clarified:
A review and synthesis of blur discrimination.
Journal of Vision, 11(5):10, 1–23, http://www.
journalofvision.org/content/11/5/10, doi:10.1167/
11.5.10. [PubMed] [Article]
Westheimer, G., & Hauske, G. (1975). Temporal and
spatial interference with vernier acuity. Vision
Research, 15, 1137–1141.
Westheimer, G., Shimamura, K., & McKee, S. P.
(1976). Interference with line-orientation sensitivity. Journal of the Optical Society of America, 66,
332–338.
Whitney, D., & Levi, D. M. (2011). Visual crowding: A
fundamental limit on conscious perception and

Downloaded from jov.arvojournals.org on 06/17/2019

18

object recognition. Trends in Cognitive Sciences, 15,
160–168. doi:10.1016/j.tics.2011.02.005.
Yanoff, M., & Duker, J. S. (2014). Optics and
refraction. In M. Yanoff & J. S. Duker (Eds.),
Ophthalmology. (4th ed., pp. 46–51). Edinburgh:
Mosby Elsevier.
Yehezkel, O., Sterkin, A., Lev, M., & Polat, U. (2013).
Digital precise remote near visual acuity evaluation
using mobile devices. Investigative Ophthalmology
& Visual Science, 54, 582.
Zhou, Y., Huang, C., Xu, P., Tao, L., Qiu, Z., Li, X., &
Lu, Z. L. (2006). Perceptual learning improves
contrast sensitivity and visual acuity in adults with
anisometropic amblyopia. Vision Research, 46,
739–750.

