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Abstract

Amblyopic vision is thought to be limited by abnormal long-range spatial interactions, but their exact mode of action and rela-

tionship to the main amblyopic deficit in visual acuity is largely unknown. We studied this relationship in a group (N = 59) of

anisometropic (N = 21) and strabismic (or combined, N = 38) subjects, using (1) a single and multi-pattern (crowded) computerized

static Tumbling-E test with scaled spacing of two pattern widths (TeVA), in addition to an optotype (ETDRS chart) acuity test (VA)

and (2) contrast detection of Gabor patches with lateral flankers (lateral masking) along the horizontal and vertical axes as well as in

collinear and parallel configurations. By correlating the different measures of visual acuity and contrast suppression, we found that

(1) the VA of the strabismic subjects could be decomposed into two uncorrelated components measured in TeVA: acuity for isolated

patterns and acuity reduction due to flanking patterns. The latter comprised over 60% of the VA magnitude, on the average and

accounted for over 50% of its variance. In contrast, a slight reduction in acuity was found in the anisometropic subjects, and the

acuity for a single pattern could account for 70% of the VA variance. (2) The lateral suppression (contrast threshold elevation)

in a parallel configuration along the horizontal axis was correlated with the VA (R2 = 0.7), as well as with the crowding effect (TeVA

elevation, R2 = 0.5) for the strabismic group. Some correlation with the VA was also found for the collinear configuration in the

anisometropic group, but less suppression and no correlation were found for all the vertical configurations in all the groups. The

results indicate the existence of a specific non-local component of the strabismic deficit, in addition to the local acuity deficit in

all amblyopia types. This deficit might reflect long-range lateral inhibition, or alternatively, an inaccurate and scattered top–down

attentional selection mechanism.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Amblyopia is a developmental disorder of spatial vi-

sion characterized by reduced visual acuity, which can-

not be improved by refractive correction, and is not

due to ocular pathology. In addition to the main symp-

tom of abnormal optotype acuity measured with static

charts, amblyopia is also associated with reduced con-
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trast sensitivity (Bradley & Freeman, 1981; Hess &
Howell, 1977; Levi & Harwerth, 1977), grating and Ver-

nier acuity (Bradley & Freeman, 1981; Levi & Klein,

1982a, 1982b; McKee et al., 2003) and spatial distor-

tions (Bedell & Flom, 1981; Bedell & Flom, 1983; Sirete-

anu, Lagreze, & Constantinescu, 1993). Traditional

explanations are based on degraded quality and fidelity

of stimulus representation by arrays of localized orienta-

tion selective spatial channels (Hess & Field, 1994; Levi,
1991; Levi & Klein, 1986; Morgan, 1991; Wilson, 1991),

with the rest of visual processing that is indifferent to the

eye of origin assumed intact.
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One important deficit in amblyopia, which points to

impairments in non-local mechanisms, is contour-inter-

action or ‘‘crowding’’. It has been known for several

decades that people with amblyopia have better letter

acuity for an isolated letter than when this letter appears

in a line of letters (Stuart & Burian, 1962). The reduction
in acuity is due to an interference effect by the flanking

patterns, termed ‘‘contour interaction’’ and depends

on their distance from the central pattern. In people

with normal vision, the maximal range of interference

was found to be about two letter widths (Flom, 1991).

In their classical study, Flom, Weymouth, and Kahn-

eman (1963) found that the spatial extent of interference

(crowding) was proportional in both amblyopes and
those with normal vision to the acuity for a single pat-

tern. They explained this finding in terms of a ‘‘scale

shift’’ where reduced local acuity in amblyopia results

in utilization of larger receptive fields that integrate

interfering patterns over larger distances. Accordingly,

the extent of crowding (at least for broadband stimuli)

appears to be proportional to the uncrowded acuity

and thus amblyopes are claimed to have normal crowd-
ing relative to their acuity. Supporting evidence was

found for both Vernier acuity (Levi & Klein, 1985)

and letter acuity (Flom et al., 1963; Hess & Jacobs,

1979; Simmers et al., 1999). Until recently, reports of en-

hanced crowding in amblyopia were attributed to the

improper scaling of spacing in conventional charts or

to poor control of fixation (Regan, Giaschi, Kraft, &

Kothe, 1992).
Two recent studies of contour interaction are incon-

sistent with the idea of normal crowding in amblyopia.

One study (Hess, Dakin, Tewfik, & Brown, 2001) found

that in some strabismic amblyopes, the extent of crowd-

ing in the amblyopic eye for broadband stimuli (Landolt

C with flanking bars) is much larger than normal even

when expressed relative to the uncrowded acuity. An-

other study (Levi, Hariharan, & Klein, 2002a) extended
this finding for narrow-band stimuli for a few strabismic

amblyopes. They found that amblyopic crowding ex-

tends over greater distances even when tested with size

and spatial frequency comparable (via scaling) to the

normal fovea. Hence crowding occurs over a large and

relatively fixed distance and is not scale-invariant. They

concluded that the fault therefore is unlikely to be in the

first filtering stage, but rather is due to abnormal second
stage pooling, which extends over a large spatial

distance.

Another line of evidence, which points to impair-

ments in non-local mechanisms, concerns abnormal spa-

tial integration or long-range interactions between local

mechanisms (Polat, Sagi, & Norcia, 1997). Based on

extensive psychophysical and physiological evidence

for early mechanisms of lateral integration via long-
range connections in the primary visual cortex (Bonneh

& Sagi, 1998; Gilbert, 1998; Polat, Mizobe, Pettet,
Kasamatsu, & Norcia, 1998; Polat & Sagi, 1993), which

normally develop during childhood, Polat et al. (1997)

proposed that the amblyopic deficit may stem, at least

in part, from abnormal development of long-range spa-

tial interactions. First, it was found that amblyopic sub-

jects fail to show facilitation of local contrast detection
in the presence of high-contrast collinear flankers (Polat

et al., 1997). Recently, using a large sample (Polat, Ma-

Naim, Belkin, & Sagi, 2004) showed that in many

amblyopes, local suppression replaces the normal collin-

ear facilitation. A similar suppression was recently

found by others (Levi et al., 2002a), although with large

variability across subjects. Second, it was found that

amblyopes do poorly on contour integration tasks
(Chandna, Pennefather, Kovacs, & Norcia, 2001; Kov-

acs, Polat, Pennefather, Chandna, & Norcia, 2000).

There is some evidence that this deficit is specific for

strabismus (Hess & Demanins, 1998; Hess, McIlhagga,

& Field, 1997). Although these studies do not appear

to deal with mechanisms involved in standard visual

acuity tests, they demonstrate a general fault in spatial

integration associated with amblyopia, emphasizing that
the amblyopic deficit is more than just a visual acuity

loss (McKee, Levi, & Movshon, 2003). Additional evi-

dence for abnormal spatial integration in amblyopia in-

clude the lack of a normal surround effect on perceived

contrast (Ellemberg, Hess, & Arsenault, 2002), the lack

of tilt illusion (Popple & Levi, 2000), as well as physio-

logical evidence of reduced synchronization in strabis-

mus (Roelfsema, Konig, Engel, Sireteanu, & Singer,
1994).

The starting point for the current study was an obser-

vation made during a large group study (about 200 sub-

jects) on training amblyopes to improve their visual

acuity (Polat et al., 2004). In testing these subjects, we

observed that the amount of spatial interference or

crowding varied across subjects, and that this variability

did not seem to relate to their visual acuity for isolated
patterns. An extreme example was a strabismic patient,

who had almost normal acuity for a single optotype

(LogMar 0.05), but very poor acuity for multiple pat-

terns (6/18 or 0.5LogMar). He reported that despite see-

ing sharp edges, multiple patterns would come together

into one pile and could not be separated. Other strabis-

mic subjects appeared similar to this description, but

with varying degrees. This observation led us to study
the possible causes for such extreme effects in more de-

tail. As a first step, our purpose was to explore the pos-

sible relation between crowding and lateral suppression

by remote flankers (Levi et al., 2002a; Polat et al., 1997)

in a large amblyopic sample. This large sample allowed

us to explore the relations between different measures by

means of statistical correlation. Additional goals were

(1) to compare different measures of crowding, both sta-
tic and transient, (2) test the scale-shift hypothesis, i.e. to

what extent is the crowding effect proportional to the
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acuity for a single pattern, (3) study differences across

amblyopic subtypes, and (4) compare lateral contrast

masking and crowding in individuals and groups.
2. Methods

2.1. Subjects

The study population comprised 60 subjects between

17 and 55 years old, who had been diagnosed with uni-

lateral amblyopia secondary to strabismus or anisometr-

opia or both. All subjects were administered two

optotype visual acuity (VA) tests (see next section):
one before and one after a sequence of contrast-masking

experiments. The initial VA data for all the subjects are

summarized in Fig. 1. The subjects were divided into

three groups: anisometropic, strabismic or combined

(strabismic anisometropes) with moderate deficit

(VA < 0.7; strab*) and severe strabismic or combined

(VA > 0.7; strab++). Subjects with unsteady or eccentric

fixation (measurement accuracy of about 0.5�) were ex-
cluded from the study, except for subjects in the strab++

group. This was done in an attempt to minimize the

possible effect of fixation error on the different

measurements in the main Strabismic group. A few
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 Group # of Subjects    VA  (LogMAR)   (Range) 

 All 59   0.49  +/- 0.03  0.16-1.12 

 Aniso 21   0.41 +/- 0.04   0.19 - 0.66

 Strab*        30 (12 pure)   0.44 +/- 0.02   0.16-0.7 

 Strab++ (>6/30, 0.7)     8 (4 pure)   0.9    +/- 0.05  0.71 - 1.12

(b) 

Fig. 1. Subjects� distribution across amblyopia types and visual

acuities. The visual acuities (VA) used to generate the histograms

were measured with a LogMAR (ETDRS) chart before the beginning

of the experiments and thus do not reflect any training effects. Subjects

were divided into three groups: anisometropic, strabismic or combined

(strabismic anisometropes) with a moderate deficit (VA < 0.7LogMar;

strab*) and with a verified stable fixation and severe strabismic or

combined (VA > 0.7LogMar; strab++). (a) VA distribution histogram

for subjects in the three groups. (b) A table with statistical data on the

VA of the different groups.
amblyopic subjects with micro-strabismus (monofixa-

tion) were also included and will be considered here as

strabismic.
2.2. Optotype visual acuity (VA)

Optotype acuity was measured with a modified Bai-

ley–Lovie (LogMAR) chart such as was used in the early

treatment diabetic retinopathy study (ETDRS). Observ-

ers viewed the chart with their best visual correction at a

distance of 3m. Two tests were administered, one at the

beginning and one at the end of the sequence of masking

experiments.
2.3. Apparatus

Stimuli were displayed on a 1700 color monitor con-

trolled by a dedicated OpenGL-based software running

on a Windows PC. The video format was true color

(RGB), 100Hz refresh rate, with 1024 · 768 pixels reso-
lution occupying a 12� · 9� area. Luminance values were
gamma-corrected. The sitting distance was 1.5m, and all
experiments were administered in the dark. In all exper-

iments involving Gabor signals, the mean luminance

was 40cd/m2.
2.4. Task 1: visual acuity with static tumbling-E patterns

(TeVA)

A LogMar chart equivalent, monitor-based paradigm
was developed using E-patterns presented statically until

there was a response. Stimuli: three rows of five E-pat-

terns each, facing one of four directions, with a 0.1 log

units size difference between the rows ( ). These

stimuli correspond to a subset of the LogMar chart,

with a baseline (TeVA = 0) pattern size corresponding

to baseline (i.e. 6/6 vision) of the LogMar chart. The

central pattern (center of the middle row) was always
the target for identification. The patterns were black

on a white background, with a maximum luminance of

100cd/m2, and the viewing distance was 1.5m. Proce-

dure: on each trial the task was to determine the direc-

tion of the central E (the target) presented until there

was a response. An adaptive procedure in which the pat-

tern size and spacing were modified in 0.1 log unit steps

was used to determine the size for 50% correct (chance
was 25%). Different auditory feedbacks were given for

correct and incorrect responses. Analysis: to determine

crowding, we used separate runs for the target alone

(TeVA single) and crowded (TeVA crowded) conditions.

We then computed the TeVA value as TeVA = average

(single, crowded) and the crowding effect given by TeVA

elevation = crowded––single (difference on a log scale),

i.e. normalizing the crowded condition by the acuity of
a single pattern.
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2.5. Task 2: lateral contrast masking

The lateral masking paradigm was similar to that

studied previously in people with normal vision (Polat

& Sagi, 1993). Stimuli: the stimuli consisted of even sym-

metric Gabor patches (r = k, Gaussian envelope given
by exp(�x2/r2)) as previously used (Polat & Sagi,

1993), with spatial frequencies of 3, 6, and 9cpd, a dura-

tion of 160ms, in four different configurations of Gabor

triplets (central target and two flankers): collinear or

side-by-side arranged along the horizontal or vertical

axes. Sample stimuli used for the different configurations

are presented in the result Figs. 3 and 4 (e.g. 3(e)). Dif-

ferent target-to-flanker distances were tested within ses-
sion: 1–4, 6, and 9 wavelengths, in descending order.

The flankers were presented at high contrast adjusted

to be highly visible for every patient. Procedure: two

images were presented in a 2AFC paradigm, each for

160ms, with an interval of 1s between them. The sub-

jects, seated 1.5m from the screen wearing their best

optical correction with the non-amblyopic eye occluded,

were required to detect the target, which was shown in
only one of the two presentations. A visible fixation cir-

cle indicated the location of the target between presenta-

tions. Subjects activated the presentation of each pair of

images at their own pace. They were informed of a

wrong answer by an auditory feedback after each pair

of presentations. Each block consisted of 50 trials on

the average across which the Gabor configuration was

kept constant. Two blocks without flankers at the begin-
ning and at the end of a session were used to determine

the detection threshold. We used a 3:1 staircase proce-

dure over the target contrast known to converge at

79% correct. Each patient was tested in 2–8 sessions

for each spatial-frequency and configuration, starting

at the low spatial-frequency (3cpd), and if possible

(thresholds within measurable range) switching to high-

er spatial-frequency in the following session. Analysis:
the results for a spatial-frequency of 9cpd were taken

to represent each patient, except for cases in which the

subjects were unable to perform at this high frequency.

In these cases, the next higher spatial-frequency was

used. Suppression was calculated by averaging the

threshold elevation for distances between 3 and 6

wavelengths.
3. Results

3.1. Local and non-local components of visual acuity for

static stimuli

The purpose of the first experiment was to get a reli-

able measure of the local and non-local components
affecting the optotype visual acuity tests. This measure

(TeVA) enabled us to study differences across ambly-
opia types and individual observers and correlate these

differences to lateral interactions, as measured in con-

trast masking. Since this measure was taken some time

in between the two VA tests, we correlated it with the

average of the two optotype VA-tests. The results are

shown in Fig. 2. In (a) we show that the TeVA value (gi-
ven by the average of the single and crowded conditions)

is highly correlated (R2 = 0.77, p < 0.0001) with the

optotype visual acuity (denoted by VA) and thus could

be used as a reliable measure for visual acuity. This re-

sult could be expected since in the LogMar chart the

observers read a row of five patterns, one central with

maximal crowding as in the crowded condition of the

TeVA, two peripheral patterns with little crowding sim-
ilar to a ‘‘single pattern’’ condition of the TeVA, and

two patterns in between. Thus, by defining the TeVA

to be the average of the crowded and single conditions,

we obtained a good approximation of the LogMAR

chart. We noted that the best correlation was obtained

with a simple average (log scale), i.e. equal weights for

the crowded and single conditions. Note also, that in

both the optotype chart and the TeVA test, the vertical
crowding was not as effective as the horizontal crowding

since different rows had different pattern sizes. In Fig.

2(b) we compared the crowding effect (TeVA elevation,

see Methods) of the anisometropic subjects to that of the

strabismic subjects. The anisometropic group had a very

slight TeVA-elevation effect (0.05 log units). The sub-

jects with strabismus showed twofold more crowding

(�0.3 log units difference, highly significant). This effect
was not limited to severe strabismics, since a large effect

was found for the moderate strabismics in isolation (Fig.

2(b)). This shows that for moderate strabismics, the

TeVA elevation (crowding effect) was equivalent to over

60% of the VA deficit on the average (0.28 compared to

0.44). Moreover, three subjects with mono-fixation (mi-

cro-strabismus) had an average TeVA elevation of 0.33,

as high as the average for the entire strabismic group.
For the rest of the TeVA analysis, we will deal only with

the main strabismic group (VA < 0.7), which does not

include subjects with unsteady or eccentric fixation.

Our next step was to try to isolate local and non-local

components of the VA. In Fig. 2(c)–(f), the two main

factors that affect VA, namely acuity for an isolated pat-

tern and crowding, are examined separately for the

anisometropic and moderate strabismic groups. First,
we investigated whether the TeVA-single can account

for VA. The answer is given in Fig. 2(c). A high correla-

tion (R2 = 0.75, p < 0.0001) is shown between the TeVA-

single and the optotype visual acuity (VA) in the

anisometropic group, whereas the strabismic group

shows poor correlation (R2 = 0.1), reflecting a high

crowding effect. The answer is therefore YES for the

anisometropic group and NO for the strabismic group.
If the acuity for a single pattern does not account for

the VA of the strabismic subjects, can the TeVA
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Fig. 2. Results for visual acuity with static Tumbling-E patterns (TeVA). Acuities for a single pattern without distracters (TeVA single, ) and for a

central pattern with surrounding distracters scaled in size and spacing (TeVA crowded, ) were measured for each observer at a mid point along

the sequence of contrast-masking experiments. The TeVA values are expressed in LogMAR equivalent units with the value 0 denoting 6/6 vision. The

crowding effect (TeVA elevation) was computed as the difference between the crowded and single acuities, and the average of the crowded and single

acuities (TeVA) as a measure of VA. The corresponding optotype VA was taken as the average of VA measured before and after the sequence of

contrast-masking experiments (unlike Fig. 4). (a) Correlation between the TeVA (average) and the corresponding optotype VA for all observers. The

TeVA average provides a good approximation to the optotype VA (R2 = 0.77). (b) The TeVA elevation (crowding effect) across amblyopic subtypes.

The main ‘‘moderate’’ strabismic (and combined) group (VA < 0.7LogMar) is separated from the whole strabismic group, although the difference in

TeVA elevation is small. Note that the anisometropic group had very little crowding, whereas the distracters had a dramatic effect (factor 2) on the

VA of the strabismic subjects. In (c)–(f), the two main factors that affect VA, namely local acuity and crowding are examined separately for the

anisometropic and moderate strabismic groups. (c) Correlation between TeVA single and optotype VA; high for the anisometropic group

(R2 = 0.75), poor for the strabismic group, reflecting a high crowding effect. (d) Correlation between TeVA elevation and optotype VA; significant for

the strabismic group (R2 = 0.56, p < 0.0001), poor for the anisometropic group, due to their very small crowding effect. (e) Correlation between TeVA

crowded and TeVA single; very high (R2 = 0.9) for the anisometropic group as expected from their very low TeVA elevation effect. No correlation

was found for the strabismic group, suggesting an independent component. (e) Correlation between TeVA-elevation and TeVA-single; these two

components of the visual acuity appear largely independent.

Y.S. Bonneh et al. / Vision Research 44 (2004) 3099–3110 3103



3104 Y.S. Bonneh et al. / Vision Research 44 (2004) 3099–3110
elevation account for it? The answer is given in Fig. 2(d).

For the strabismic group, a significant correlation was

found between the TeVA elevation and VA (R2 = 0.56,

p < 0.0001), but a poor correlation for the anisome-

tropic group, due to their very small crowding effect.

Note that in our TeVA stimuli the spacing was scaled
according to the size of the pattern. If the crowding

effect is proportional to the local VA, then the TeVA-

elevation should be constant across observers with

different acuities. This appears to be the case for the

anisometropic group (Fig. 2(d)), but is clearly not the

case for a large part of the strabismic group.

In summary, using static E-shapes with scaled spac-

ing we identified and isolated two components that
determine visual acuity in amblyopia: the local acuity

for isolated patterns and spatial interaction (crowding).

In anisometropia, crowding is small and scales with un-

crowded acuity. In strabismic (or combined) amblyopia,

the crowding effect appears to be independent of the lo-

cal acuity, and to account for the majority of the VA

loss (relative to normal) as well as its variance. Our next

step is to relate these results to measures obtained from
contrast-masking experiments.

3.2. Lateral contrast masking, suppression and facilitation

The results for the lateral contrast-masking experi-

ments are shown in Fig. 3. The subjects were tested

for a spatial-frequency lower or equal to 9cpd, accord-

ing to their individual ability to perform the task, which
was determined by their contrast sensitivity and lateral

suppression. The average spatial-frequency differed be-

tween groups: 6.1 ± 0.3cpd for the anisometropic group,

7.3cpd ± 0.3 for the moderate strabismic group, and

2.3 ± 0.2 for the strab++ group. The relation between

spatial-frequency, contrast sensitivity, and suppression

in amblyopia was systematically studied in another pa-

per (Polat, Bonneh, Ma-Naim, Belkin, & Sagi, submit-
ted). Here we only verified that the difference in

spatial-frequency could not explain the non-local crowd-

ing effect. For that issue, we correlated TeVA elevation

and the spatial frequency of each individual in each con-

figuration. We found no significant correlation (highest

R2 = 0.04) for any of the amblyopia groups (anisome-

tropic, moderate strabismics, and all strabismics) and

therefore concluded that the difference in spatial-fre-
quency could not explain the difference in crowding or

lateral suppression between groups. In Fig. 3(a) and

(b), representative individual lateral-masking curves

are plotted for the anisometropic and strabismic sub-

jects, respectively. In (c) and (d), group averages are

shown for two configurations: collinear and side-by-

side. Strabismic subjects were found to have high sup-

pression at short distances, with suppression persisting
up to 6 wavelengths distance. Anisometropic amblyo-

pes, in comparison had little suppression at two wave-
lengths in the side-by-side configuration and a small

facilitation at longer distances. However, both patient

groups were very different from normative data ob-

tained in previous studies (Polat & Sagi, 1993; Polat

et al., 2004; Woods et al., 2002), which showed signifi-

cant facilitation at 2, 3, and 4 wavelengths (around 0.2
log units facilitation). A separate curve is plotted for

the severe strabismic subjects (strab++), who had a very

high level of suppression for both the side-by-side and

collinear configurations. In order to compare the level

of suppression between conditions, as well as to corre-

late it with VA measures, we computed a single integra-

tive measure of suppression, which is the average of

threshold elevation (log units) for 3, 4, and 6 wave-
lengths of flanker-to-target distance. Group averages

of this measure are plotted in Fig. 3(e) for the different

configurations and patient groups: anisometropic, stra-

bismic-all (all strabismic and combined subjects) and

strabismic-moderate (without the strab++ group). The

strabismic groups showed suppression across all config-

urations. Interestingly, more suppression was observed

along the horizontal axis. The anisometropic group
showed a slight facilitation in all configurations, but this

effect was still far from normal.

The results so far indicate that there might be a rela-

tion between contrast masking and spatial interactions

(crowding), as measured by TeVA elevation, since in

both cases, suppression was much more prominent in

the strabismic group. In order to test this relation, we

computed a set of correlations (linear regressions) across
observers between the suppression measured in each con-

figuration and different measures of visual acuity. The re-

sults are shown in Fig. 4, with scatter plots for different

configurations (Fig. 4(a)–(d)) and a summary graph for

all correlations (4(e)). The scatter plots are plotted for

the strabismic (all subjects) and anisometropic subjects

superimposed, and show the relation between the sup-

pression in a given configuration and the VA test
(ETDRS chart) administered at the beginning of the se-

quence of masking experiments. Insignificant or very low

correlation was found for all of the vertical configura-

tions (4(c), (d) and summary in 4(e)). In contrast, a high

correlation (R2 = 0.7, p < 0.0001) was found for the stra-

bismic group in the horizontal side-by-side configuration

(4(a)), with significant correlation (R2 = 0.46, p < 0.0001)

even when only the moderate strabismic subjects
(VA < 0.7LogMar) were considered (see Fig. 4(e)). A

significant correlation was also found for both the stra-

bismic and anisometropic groups for the horizontal col-

linear configuration along the horizontal axis, although

the correlation for the strabismic subjects was largely in-

duced by the strab++ group (no significant correlation

for the moderate strabismic subjects). Finally, we noted

a significant correlation between the suppression meas-
ure and the TeVA-elevation for the side-by-side configu-

ration of the strabismic group (R2 = 0.42, p < 0.0004).



Fig. 3. Results for the lateral contrast-masking experiments. (a) and (b) Examples for contrast-masking curves measured in a side-by-side

configuration along the horizontal axis for five anisometropic (a) and five strabismic (b) observers at a spatial-frequency of 9cpd (or lower, for those

who could not reach 9cpd). All curves are normalized to the detection threshold without flankers. Group averages are shown for the side-by-side (c)

and collinear (d) configurations. Note that the strabismic group had higher suppression (threshold elevation) for all flanker distances than the

anisometropic group and that this effect was especially high for the strab++ (severe strabismics VA > 0.7LogMar) group. The level of suppression

(threshold elevation) for the different configurations and amblyopia types is summarized in (e).
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These results suggest that for the strabismic subjects, the

main deficit in VA, which is a non-local ‘‘crowding’’

effect measured by TeVA-elevation, is related to long-

range inhibition. Indeed, we found a very similar correla-
tion for the strabismic group when suppression at only 6

wavelengths was considered. In contrast, the correlation

of the anisometropic group in the collinear condition

could be due to short-range pooling or a pedestal effect.



Fig. 4. The relation between lateral contrast masking and visual acuity for different masking configurations and amblyopia subtypes (anisometropic

and strabismic-all groups). The visual acuity (VA) corresponds to a LogMAR optotype acuity test administered at the beginning of the sequence of

masking experiments (unlike Fig. 2). (a)–(d) correlation plots between threshold elevation and VA for the four different configurations. Regression

lines and R2 values are shown for all cases of significant correlation. All correlation values (R2) are summarized in (e) with significant correlations

marked with (*), including a breakdown of the correlation effect into a local component (TeVA-single denoted by TeVA-1) and the non-local

component (TeVA elevation). Note the high correlation (R2 = 0.7) for the strabismic group in the horizontal side-by-side configuration, with

significant correlation (R2 = 0.46, p < 0.0001) even when only the moderate strabismics (VA < 0.7LogMar) are considered. Note also the significant

correlation for both the strabismic and anisometropic groups for the horizontal collinear configuration, although the correlation for the strabismics

was largely induced by the strab++ group. Finally, note that suppression along the vertical axis is poorly correlated with any measure of VA.
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4. Discussion

We found evidence for two largely independent com-

ponents of the amblyopic deficit in visual acuity: (1) a lo-

cal one, corresponding to the acuity for a small isolated

pattern and (2) a non-local one corresponding to long-
range surround interference or crowding found only in

strabismic amblyopes. This non-local effect was equal

in magnitude to over 60% of the VA deficit and ac-

counted for over 50% of its variance in the strabismic

group. The local and non-local deficits were similarly

found in two very different paradigms: static pattern
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identification similar to an optotype chart and transient

contrast detection with lateral flankers.

Our results are comparable to two recent studies of

spatial interactions in amblyopia (Hess et al., 2001; Levi

et al., 2002a). Contrary to previous studies that found

normal crowding relative to the local acuity (Flom
et al., 1963; Levi et al., 1985), these two studies found

several strabismic subjects whose crowding effect was

not proportional to the local acuity deficit. Levi, 1991,

2002a, 2002b concluded that crowding in amblyopia is

not scale-invariant and therefore cannot be explained

by the local deficit. Since in our TeVA stimuli the spacing

was scaled with the size of the pattern, the ‘‘scale shift’’

hypothesis predicts a constant TeVA-elevation across
observers with different acuities. This appears to be the

case for the anisometropic group (Fig. 2(d)), but is

clearly not the case for a large part of the strabismic

group. Our results are thus consistent with the rejection

of the scale-shift hypothesis, and extend it in two ways:

First, they indicate an independent non-local compo-

nent, with varied magnitude, possibly due to the variabil-

ity in developmental conditions. Second, they clearly
distinguish between strabismic and anisometropic

amblyopes in relation to this independent non-local com-

ponent––only strabismic subjects have it. Thus, we claim

that long-range surround interference not proportional

to the local VA in strabismic amblyopia is a significant

component of the amblyopic deficit with a general capac-

ity that affects various visual tasks similarly.

4.1. Could the results be explained by eccentric or

unsteady fixation?

Eccentric fixation of a few degrees could increase the

surround interference or crowding by shifting a central

target into the periphery. In normal peripheral vision,

the extent of crowding is larger than at fixation (Levi,

Hariharan, & Klein, 2002b, 2002c), and therefore one
could attribute enhanced crowding in strabismic subjects

to poor control of fixation (Regan et al., 1992). In our

study, we specifically tried to avoid eccentric or unsteady

fixation in the main strabismic group, by separating the

subjects with very low acuity (VA > 0.7LogMar) into a

special group (strab++); otherwise we rejected all sub-

jects with eccentric or unsteady fixation (measurement

accuracy of about 0.5�). In this way we can base our anal-
ysis and conclusions on the main strabismic group, where

subjects did not have any measurable fixation problems.

Although we cannot rule out some effect of small fixation

errors on the spatial interactions that we measured, they

seem unlikely to explain our results. Many of our strabis-

mic subjects had an interference range that extended over

1.0� and such a range is larger than the maximal range of
0.5� expected for 1.0� eccentricity in normal vision (Pelli,
Palomares, & Majaj, in press). Another issue, which

could possibly affect our results, is defective selection,
i.e. when the subjects who presumably can identify every

pattern report the wrong one (Regan et al., 1992). This

explanation may only apply to the static charts or TeVA,

and does not apply to our contrast detection experiments

with brief presentations. For example, a possible deficit in

directing the gaze to the central pattern in a line does not
apply to experiments in which fixation is directed to an

isolated fixation-point before each trial. Since our results

show a significant correlation between suppression in

contrast masking and static pattern crowding (TeVA),

we can conclude that a failure to direct the gaze to the

target pattern is unlikely to account for our results.

Moreover, a fixation deficit should have affected all con-

figurations along the same axis in the same way, but we
found a significant difference between the collinear and

parallel configurations (Figs. 3 and 4). More evidence

against a fixation-deficit explanation comes from three

of our subjects who were defined as mono-fixation or mi-

cro-strabismic. Despite a very steady and close to normal

fixation, even with both eyes open, all three subjects

had quite good acuity for a single pattern (TeVA-1 of

0.11 ± 0.04), and a large crowding effect (TeVA-elevation
of 0.33 ± 0.025). Nevertheless, it should be emphasized

that a general problem in selecting or isolating a local pat-

tern from its surroundings, including the difficulty of

directing the eyes to the right place may indeed be a com-

mon deficit in strabismic amblyopia and may express it-

self in different paradigms. Finally, we note the

significant evidence against ‘‘unsteady fixation’’ explana-

tions of degraded sensitivity and acuity (Bedell & Loshin,
1991; Bradley & Freeman, 1985; Higgins, Daugman, &

Mansfield, 1982; Westheimer & McKee, 1975) and the

several recent studies of spatial interactions in amblyopia

that could possibly be affected by unsteady fixation (e.g.

(Ellemberg et al., 2002; Levi et al., 2002a).

4.2. Crowding versus ‘‘ordinary masking’’

Previous studies suggest a distinction between ‘‘ordi-

nary masking’’ (e.g. contrast masking) in which the sig-

nal is suppressed and crowding in which it remains

visible but mixed with its neighbors (Levi et al., 2002c;

Pelli et al., in press). The claims of our strabismic sub-

jects that the patterns were visible but somehow mixed

with the neighboring patterns seem to correlate well with

the latter. However, contrary to the idea that crowding
is not related to ordinary masking, we found that

anisometropic amblyopes had little crowding as well as

little lateral suppression in contrast masking, whereas

strabismic amblyopes had high crowding as well as high

suppression (Fig. 3(e)). Moreover, for the strabismic

observers, suppression in ‘‘ordinary masking’’ of a spe-

cific configuration (side-by-side horizontally) was signif-

icantly correlated (R2 = 0.7, Fig. 4(a)) with the VA
as well as, but to a lesser degree, with the crowding

effect itself (TeVA elevation, R2 = 0.4, Fig. 4(e)). In
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comparison, Levi et al. (2002a) found a small range of

contrast threshold elevation with collinear flankers and

a large range of E-pattern identification threshold eleva-

tion, both similar in range to our data (Figs. 4(a) and

2(d) respectively). However, since we found a significant

correlation between the two, we do not share the view
that these effects are unrelated. Instead we consider

two explanations for the relation between contrast

threshold elevation and pattern crowding.

4.3. Long-range inhibition or excessive long-range

integration

One possibility is that the signal is suppressed by its
surroundings via long-range inhibition and that this inhi-

bition affects both contrast detection and pattern identi-

fication. Long-range surround inhibition in V1 that

affects perception is well-documented (see (Zenger-Lan-

dolt & Heeger, 2003) for a recent fMRI evidence).

Whether the long-range connections are long enough

to account for surround interference in amblyopia is con-

troversial (Levi et al., 2002a). Our data show lateral sup-
pression at distances of up to 1� (0.7� at 9cpd masking, 1�
in TeVA), which might be mediated by long-range prop-

agating suppression (Bair, Cavanaugh, & Movshon,

2003). Accordingly, abnormal long-range connections

with reduced excitation relative to enhanced inhibition

might account for the deficit we found in anisometropic

subjects, and perhaps for part of the deficit found in stra-

bismic (or combined) subjects. Note that for the anisom-
etropic subjects, we found a significant correlation

between VA and suppression in the collinear configura-

tion along the horizontal axis (R2 = 0.5, Figs. 4(b),

4(e)), where they lack proper facilitation in a way related

to their loss of visual acuity. An alternative explanation

is that threshold elevation, especially in the side-by-side

horizontal configuration reflects over-integration or

long-range pooling in a second-stage, in which the dis-
tant flankers serve as high contrast pedestals. A some-

what different explanation is suggested by the finding

of spatial distortions in observation of gratings, with less

distortion for horizontal orientation as compared to ver-

tical orientation (Barrett, Pacey, Bradley, Thibos, &

Morrill, 2003). Accordingly, our finding of increased

crowding along the horizontal axis (side by side vertical

patches) may correspond to large phase distortions that
result in out-of-phase overlap and contrast threshold ele-

vation. However, this will also predict a deficit in perceiv-

ing isolated patterns whose identification requires

accurate phase information, which would be inconsistent

with our data.

4.4. The effect of amblyopia subtype

Our results show a marked difference between pure

anisometropia and strabismic (or combined) amblyopia
in terms of a non-local crowding effect. Previous studies

found that strabismic subjects unlike anisometropic sub-

jects have a disproportional deficit in optotype and Ver-

nier acuities, as compared to grating acuity (Levi &

Klein, 1982a, 1982b; Levi, Klein, & Yap, 1987; McKee

et al., 2003). Interestingly, all of these studies used mul-
tiple pattern stimuli to test Vernier acuity, and thus could

reflect the non-local crowding component, rather than

positional distortions of local representations. In a recent

paper, McKee et al. (2003) found evidence for a different

sub-division of amblyopia, according to the loss of bino-

cularity. We do not know at this point if binocularity is

related to the level of surround interference in our sub-

jects, but we plan to check this in the future. We noted
that our finding of the correlation between suppression

and crowding in the strabismic group, mainly in the

side-by-side configuration along the horizontal axis

(Fig. 4) may suggest suppression due to a failure of a

stereo matching process that operates along the horizon-

tal axis and relates preferentially to vertical edges. On the

other hand, it could also be explained by the fact that the

TeVA and the optotype ETDRS stimuli are less crowded
along the vertical axis (pattern size changes between

rows). In comparison to the difference between sub-types

discussed above, primate models of amblyopia found no

fundamental difference between strabismus and aniso-

metropia (Kiorpes, Kiper, O�Keefe, Cavanaugh, &

Movshon, 1998), although their measures correspond

to the local response properties in V1.

4.5. A deficient spatial selection: low-level pooling or

undeveloped attentional mechanisms

An alternative explanation to the long-range suppres-

sion hypothesis is a deficiency in spatial selection (Regan

et al., 1992). We will discuss here three different explana-

tions for this deficiency. The first explanation suggests

that crowding in amblyopia is due to a coarse and
long-range second-stage pooling mechanism that follows

the first-stage of feature extraction (Levi et al., 2002a).

This is a simple and neutral notion that is consistent with

studies of crowding in the normal periphery (Chung,

Levi, & Legge, 2001) and reflects the observation that lo-

cal features are detected, but cannot be isolated for iden-

tification. A critical test for this hypothesis is whether the

amblyopic crowding could be removed by tagging the
target, in a way that does not affect the local features

and thus the second-stage pooling. We have recently

used a different color for the target (Polat, Bonneh, &

Sagi, 2003) and found that this reduced the crowding ef-

fect by half, providing some evidence against the coarse

second-stage pooling hypothesis as well as against the

long-range inhibition explanation.

A second explanation for a possible deficiency in spa-
tial selection is based on the finding of a relatively ‘‘flat’’

or uniform fovea in strabismic amblyopia (Sireteanu &
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Fronius, 1981) and on speculation about the nature of

spatial selection mechanisms. We suggest that spatial

selection needs certain ‘‘discriminating tags’’ in order

to isolate one location from its surroundings. In the nor-

mal fovea the center of fixation differs from more

peripheral locations in sensitivity, resolution, and acu-
ity. However, in strabismic amblyopia, acuity across

the horizontal meridian was found to be relatively flat

or uniform as compared to normal or to anisometropic

amblyopia (Sireteanu & Fronius, 1981). Note that the

crowding in normal periphery could be caused by the

same lack of a significant gradient that can provide

proper tagging for spatial selection. The developmental

cause for this ‘‘flat fovea’’ will be discussed below.
The third explanation concerns deficient or undevel-

oped top–down attention mechanisms. Several studies

have recently interpreted peripheral crowding in terms

of ‘‘attentional resolution’’, to be dissociated from ‘‘vis-

ual resolution’’. Whereas visual resolution refers to the

ability to resolve local features in isolation, the ‘‘atten-

tional resolution’’ refers to the ability to isolate these fea-

tures. It was shown that in the normal peripheral vision,
the attentional resolution is lower than the visual resolu-

tion (Intriligator & Cavanagh, 2001). Several other

authors have explained peripheral crowding in terms of

limited attentional resolution in the periphery (He, Cav-

anagh, & Intriligator, 1996; Leat, Li, & Epp, 1999; Stras-

burger, Harvey, & Rentschler, 1991; Tripathy &

Cavanagh, 2002), which may apply to foveal crowding

in amblyopia. Hess (2002) suggested that a deficient
top–down attentional mechanism results in poor encod-

ing of position, which he assumes to be the main deficit in

strabismic amblyopia. Accordingly, the positional deficit

involves top–down effects from high-level mechanisms,

such as the prefrontal cortex. One difficulty with this type

of explanation is the assumption of eye-specificity of the

top–down connections, given that one cannot normally

detect the eye-of-origin of the stimulus (Wolfe & Franzel,
1988). However, it should be noted that at least in some

cases, the perceived position depends on a monocular

signal combined with an extra-retinal eye-position signal

(Ramachandran, Cobb, & Levi, 1994), showing that a

perceived position involves high-level mechanisms that

are not blind to the eye-of-origin.

Finally, we can speculate about the developmental

origin of the strabismic deficit. In strabismus, there is a
continuous mismatch during development between the

center of the retina and the center of gaze, which is where

attention is usually focused. Accordingly, a position of

high density of visual information is constantly matched

with a low-resolution part of the retina and vise versa.

This results in a ‘‘flat fovea’’ and a scattered attentional

mechanism, which is predicted to range between the real

center of gaze and the actual center of the retina during
development, producing a ‘‘crowding zone’’. The specif-

icity of the deficit to the horizontal axis could be ex-
plained in terms of a higher rate of horizontal squint.

The smaller effect found for a collinear configuration

could be explained by the statistics of natural images––

a horizontal contour will stimulate both the center of

gaze and the deviant part of the retina.
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