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Purrosk. Positional judgments in amblyopia are impaired more at the center of the visual
field than in the periphery. However, the effects of visual field position frequently are
confounded with stimulus separation. The purpose of this experiment was to parse the
effects of stimulus separation and eccentricity on the positional deficit in amblyopia.

MEetHoDS. Subjects adjusted the positions of stimuli of varying separations on isoeccentric
arcs. The task was simultaneous bisection and alignment of broadband, high-contrast,
uncrowded targets with reference to central fixation. Ten strabismic amblyopes and
five normally sighted controls performed the task dichoptically; a subset of amblyopes
performed the task monocularly with the amblyopic eye. Spread (inverse of precision)
and bias were measured at multiple visual field locations comprising two to three sepa-
ration x four eccentricity conditions in each visual field quadrant.

Resurrs. In normal controls, both spread and bias increased with eccentricity, and spread
(but not bias) increased linearly with separation until 7° eccentricity. Strabismic ambly-
opes showed a different profile: spread and bias were higher at small separations at all
eccentricities, such that performance showed a quadratic trend against separation. Thus,
at each eccentricity, the difference in performance between groups was largest at the
smallest separation.

Concrusions. These results are consistent with disruptions in Weber mechanisms of posi-
tional encoding in strabismic amblyopia, and indicate that binocular stimulation by prox-
imal targets produces a loss of spatial precision well beyond the fovea.

Keywords: amblyopia, precision, bias, bisection, alignment, suppression, fusion, diplopia,
eccentricity

n strabismic amblyopia, the ability to judge object posi-

tion is impaired such that perceived position is distorted
or biased away from true position, and positional thresholds
are elevated where normal judgments are highly precise.!~!!
As with other amblyopic visual deficits, the positional deficit
is larger in the foveal region than in the periphery.?:>8:10.12
The difference in performance between the amblyopic and
fellow eye, or between amblyopic and normally sighted
control eyes, typically is greater at the fovea and decreases
at eccentric locations, with some evidence for nasotemporal
asymmetries that depend on strabismus direction and other
factors.®113.14 The gradient of the positional impairment
against eccentricity is consistent, potentially, with anoma-
lous cortical scaling of visual input ¢ but see 15), but does
not rule out anomalies in other mechanisms of positional
encoding. Here, we decouple stimulus eccentricity from
interstimulus separation in a positional adjustment task to
demonstrate a separation-dependent positional impairment
in strabismic amblyopia that is not confined to the foveal
region.

In normal vision, positional thresholds are proportional
to stimulus separation at small separations, and to eccentric-
ity at large separations.'®~'® Thus, Weber’s law for position
holds at separations where performance depends purely
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on the output of first- and second-stage spatial filters, but
at large separations, performance depends on cortical scal-
ing.’~1? To parse the effects of separation from eccentric-
ity, separation is varied for stimuli placed on isoeccentric
arcs.!718 Although this approach has proven useful for char-
acterizing normal positional encoding, it has not frequently
been used to study the amblyopic deficit. Separation-related
foveal deficits in amblyopia have been reported under the
rubric of contour interactions**-?*> or crowding!3?%?> for a
number of visual judgments, typically performed monoc-
ularly. In these studies, resolution, contrast detection, and
other visual judgments are impaired in the amblyopic fovea
by proximal stimuli that either facilitate?>?> or have little
effect on performance of normally sighted observers.
There is some evidence in amblyopia for an exagger-
ated positional deficit at small stimulus separations outside
the fovea®?° Levi et al?® found that sensitivity to two-
dimensional Gaussian positional jitter in arrangements of
Gabor patches was disproportionately poorer at small than
large stimulus separations for strabismic amblyopes (i.e., the
normal Weber relationship was perturbed). In their study,
stimuli comprised either horizontal arrays of equally spaced
patches (string experiments), or patches arranged in a circle
(ring experiments), and subjects reported which of the two
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Ficure 1. Target positions and schematic of task. (A) Fifty-six locations were tested: four eccentricities x three separations in the upper and
lower visual fields, except at 1° where only two separations were tested. The largest separation at each eccentricity was sampled twice. The
center panel shows the three separations tested at 3° eccentricity, in the horizontal and vertical directions (0.8°, 1.8°, 5.9°). (B) Schematic of
task. The target appeared with a response probe positioned on the fixation cross. In the horizontal condition, the response dot was placed
horizontally across the target, equidistant from the vertical meridian. In the vertical condition, the response dot was placed vertically across

the target, equidistant from the horizontal meridian.

intervals contained the jittered stimuli. Viewing distance and
patch separation were varied for both configurations, such
that eccentricity varied simultaneously; however, separation
and not eccentricity was identified as the limiting factor
for rings. Four normally sighted observers and seven stra-
bismic amblyopes were tested monocularly in all condi-
tions. Across all manipulations, amblyopes’ thresholds were
elevated at small separations/eccentricities, interpreted as
a type of ‘Weber noise’ in amblyopic positional encoding.
Demanins and Hess® had previously used a three-element
alignment task to point out the role of element separation in
the scale invariance of threshold deficits in strabismic ambly-
opia, but the precise effects of separation were idiosyn-
cratic across subjects and were not examined independent
of eccentricity.

Here, we examined the effects of stimulus separation
on positional precision and accuracy in the extrafoveal
visual field of strabismic amblyopes, using spatially broad-
band, uncrowded, high-contrast stimuli in a dichoptic free
localization task. The task combines spatial interval with
alignment judgments on each trial (Figure 1). We have
used this task previously to show a larger central than
peripheral positional impairment in amblyopia, and to infer
properties of binocular correspondence and cortical spatial
coding across the amblyopic visual field.'>!! The dichop-
tic judgment provides a measure of the positional mismatch
between the eyes and is useful in evaluating interocular
effects on perceived position in habitual (binocular) viewing
conditions (e.g.,””). In our previous work, stimulus eccen-
tricity and separation were coupled, leaving unclear the
effects of separation on the measured positional distortions.
Here, stimulus separation was varied at each of four eccen-
tricities at multiple locations in the visual field to disam-
biguate these effects. As in our previous work, we compared
performance between strabismic amblyopes and normally
sighted subjects and between dichoptic and monocular
viewing conditions for a subset of amblyopes. Unlike the
studies cited earlier showing separation effects on monoc-
ular positional judgments, the approach used here distin-
guishes monocular from interocular effects on positional
encoding.

MATERIALS AND METHODS
Subjects

Ten strabismic amblyopic subjects and five normally sighted
subjects were tested. The strabismic subjects and three
normally sighted subjects were tested at the University of
Nottingham, UK. Two additional normally sighted subjects
were tested at the American University of Beirut, Lebanon.
Three strabismic subjects participated in a subset of the
dichoptic stimulus conditions (i.e., in some separation X
eccentricity x judgment direction combinations and not
others) and three strabismic subjects performed the task
in both dichoptic and monocular (amblyopic eye) viewing
conditions. Table 1 provides clinical details for the strabis-
mic subjects. All subjects were informed of the purpose
and procedure of the study. Strabismic subjects provided
a detailed ophthalmic history and were examined by a
registered optometrist prior to testing. Ocular alignment for
distance and near were measured using the prism cover
test.?®?° LogMAR acuity was measured using the Early Treat-
ment Diabetic Retinopathy Study chart.>® Ocular deviation
ranged from 2 to 18 prism diopters. None of the subjects had
alternating strabismus. All subjects were amblyopic (0.20
logMAR or more difference in acuity between the eyes). Best
optical correction was determined by subjective refraction
for all strabismic subjects.

Apparatus and Stimuli

The experiment was performed on an Apple G5 iMac
computer with a Trinitron Dell P1130 monitor with a screen
width of 40 cm and resolution of 1280 x 1024 pixels
(Nottingham) and on an Intel Skull Canyon NUC computer
with a ViewPixx monitor with a screen width of 57 cm and
resolution of 1920 x 1200 pixels (American University of
Beirut). Mean background luminance was ~41 cdm™2. Both
experiments were performed using PsychoPy.?! The viewing
distance was 114 cm.

The fixation mark was a black cross subtending 0.38° of
visual angle, and the target and response stimuli were dots
of uniform luminance subtending 0.28° of visual angle. To
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TasLe 1. Strabismic Subject Clinical Details

ID Age, Sex Eye, Alignment (Prism Diopters) Patching, Operation Refractive Error LogMAR

BM 35F R Micro 2 No, No OD +0.75/—0.50 x 105 0.50

OS —4.00/—-0.50 x 120 0.06

JH 21F RSOT 2 Yes, Yes OD +2.75/—0.50 x 140 0.62

OS +1.75DS —0.06

Jo” 21 M LXOT 12 Yes, No OD —2.50/—0.50 x 30 0.06

OS plano/—3.5 x 160 1.04

P 35 M RSOT 2 Yes, No OD +2.50/—0.50 x 130 0.32

OS plano 0.02

LS 48 F LSOT 18 No, No OD +0.75/—-0.50 x 15 0.02

OS +1.75/—2.00 x 150 1.12

MpP” 24 M LXOT 16 Yes, No OD —1.50DS —0.10

OS +4.00/—1.50 x 180 1.00

PB 67 M LSOT 6 Yes, No OD +6.75/—1.75 x 85 0.08

OS +6.75/—1.75 x 80 0.38

RB" 28 F RXOT 6 No, No OD +3.50/—-5.50 x 10 0.34

OS +0.50DS -0.20

SM" 34 M RSOT 8 Yes, No OD —0.50DS 1.02

OS —0.50/—0.50 x 160 0.00

SS 33 M RSOT 2 Yes, No OD —0.75/-0.75 x 103 0.98

OS —1.25DS —0.10

SOT, esotropia; XOT, exotropia; L vs. R, left or right eye.
.*. Performed the task in dichoptic and monocular conditions.
" Performed a subset of dichoptic conditions.

counteract interocular suppression, the dots flickered at 8
Hz. Target position was calculated assuming a gaze-normal
display (i.e., 1° = 2 cm at 114 cm viewing distance for both
eyes). Target-response separation in the horizontal and verti-
cal directions was varied at each of four eccentricities (1°,
3°,5° 7°) in the four quadrants of the visual field. Two fixed
separations (0.8° and 1.8°) were used at each eccentricity,
and a third, larger separation proportional to eccentricity
was used at 3°, 5° and 7°. This produced 56 target locations
corresponding to the configuration shown in Figure 1, with
stimuli positioned exactly on isoeccentric arcs except at the
second separation (1.8°), where the target was offset slightly
from the arc so as to maintain the same absolute separation
at each eccentricity. The same locations were used for local-
ization in the horizontal and vertical directions (i.e., across
the vertical and horizontal meridians), resulting in the largest
separations being sampled more often than the smaller sepa-
rations. Targets at the two smaller separations in the horizon-
tal direction provided the largest separation for localization
in the vertical direction (see Figure 1, center).

All subjects performed the task dichoptically, with the
display viewed through monochromatic red-green filters
that were matched to the spectral profile of the stimuli such
that the target and response dots were viewed separately
by each eye. Kodak Wratten filters (numbers 58 and 29)
were used. The red filter (no. 29) transmits only wavelengths
above 600 nm, and green filter (no. 58) transmission is
between 470 and 610 nm. The 10 nm overlap between filters
was insufficient to perform the task monocularly, particu-
larly in darkness, where human scotopic luminous efficiency
is low for wavelengths of greater than 600 nm. Additionally,
the background was calibrated to eliminate any crosstalk
between filters. The fixation cross, in black, passed through
both filters, and therefore was seen by both eyes. The stimuli
and screen appeared grey when viewed through the filters,
and the background appeared uniform to each eye in the
region where the other eye was stimulated (i.e, only one
dot and the fixation cross was visible to each eye). Multiple

observers confirmed that the task could not be performed
monocularly.

The fixation cross, in black, was not perceived diplop-
ically because it was not dissociated between the eyes.
(Diplopia is induced in strabismic subjects for stimuli in
the same visual direction that are dissociated between the
eyes.) We confirmed that subjects saw only one cross (i.e.,
the diplopic image of the cross was either suppressed, or in
anomalous correspondence with the fixing eye under these
viewing conditions). None of the subjects reported diplopia
of the fixation cross in dichoptic viewing.

Procedure

All subjects were fitted with best optical correction using
trial lenses. No contact lenses were used. Subjects were then
seated in a darkened room in front of the display, with view-
ing stabilized by a chin rest. Several practice trials were given
before the session began.

Each trial comprised a fixation cross in the center of the
screen, the target dot positioned randomly at 1 of the 56
locations, and the response dot positioned on the fixation
cross. The subject was instructed to use the mouse to posi-
tion the response dot to a symmetric position across the
target in the opposite hemifield. In the horizontal condition,
they positioned the response across the vertical meridian in
the left or right visual field (i.e., horizontal bisection, verti-
cal alignment). In the vertical condition, they positioned the
response dot across the horizontal meridian in the upper or
lower visual field (i.e., vertical bisection, horizontal align-
ment). Thus, in both conditions, the task involved a dual
bisection and alignment judgment, with the fixation cross
serving as the midpoint. Subjects were instructed to main-
tain fixation throughout the trial. Response time was unlim-
ited and the response was registered by keypress. Each loca-
tion was sampled seven times (i.e., subjects responded seven
times per location) for a total of 420 trials per localization
direction.
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Ficure 2. Representative performance of a normally sighted control subject and a strabismic subject on the positional judgment task, in the
horizontal and vertical conditions. Uncentered and centered data shown for the strabismic subject. Grey symbols: veridical/target locations;
orange crosses: subject’s individual responses for the given target; orange circles: mean response location for that target.

In dichoptic conditions, the target was always green, and
for the strabismic group, always viewed by the fixing eye;
the response dot was always red and viewed by the deviating
eye. Target and response dots were randomized between the
eyes of normal subjects. Three strabismic subjects performed
the task monocularly with the amblyopic eye, with both dots
passing through a single filter, and the entire display viewed
through one eye, with the fellow eye patched.

Figure 2 shows representative performance of a normally
sighted control observer and a strabismic subject in all stimu-
lus conditions for the horizontal and vertical judgment direc-
tions. The veridical locations are shown in grey, and the
subject’s mean response locations for those locations are
shown in orange. Individual responses for each location
are shown as small orange crosses. Thus, each panel is a
map of all target and response locations for the particular
judgment direction for that subject. Control subjects were
highly precise, with variability increasing toward the periph-
ery. Strabismic subjects were much less precise, and showed
a displacement in all responses commensurate with their
strabismus direction (center panel, uncentered responses;
seel! for retinal geometry of this task in strabismus vs.
normal controls). The effect of ocular deviation was removed
for each subject by subtracting the mean x-offset of the
entire set of responses from each response. This produced
a centered map (right panel, Figure 2), better representing
accuracy at each location for each subject. Mean-centering
was performed for all strabismic and control subjects before
the analyses that follow, although normal mean displace-
ment was negligible.

Dependent Measures

For each localization response, x- and y-errors were calcu-
lated as the difference between the coordinates of the objec-

tively accurate response location (i.e., the mirror symmetric
location across the target in the horizontal or vertical direc-
tion, see Figures 1 and 2) and coordinates of the subject’s
response location:

€y

Xerr = Xresponse — Xcorrect

@)

The inverse of precision (i.e., spread), and bias were
calculated over the seven responses per location as:

Yerr = Yresponse — Ycorrect

spread = SJZCerr + Sferr 3
1 — 2 2
bias = V Xverr t Vserr @

Thus, spread, or the inverse of precision, is the root mean
squared variance of response locations along x and y coor-
dinates, in degrees of visual angle. bias is the root mean
squared distance of the average response location from the
target.

The data were analyzed using R 4.1.2,>* using linear
mixed-effects models (packages Ime4 v1.1-27.1 and ImerTest
v3.1-3),3%3% which are appropriate for designs that use a
combination of continuous and categorical variables. This
approach also is well-suited to dealing with unbalanced data,
as in the present case where some subjects participated in
a subset of experimental conditions, and separation was not
fully crossed with eccentricity, that is, the smaller separations
were the same at all eccentricities (0.8° and 1.8°), and the
largest separation was unique at each eccentricity (~6°, 10°,
14°). R? for the models was computed using r.squaredGLMM
from the MuMIn v1.43.17 package, which gives R? for the
fixed effects (marginal R?) and for the entire model includ-
ing random effects (conditional R*).>> The fixed effects in
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the model were group (strabismic vs. normal), eccentricity
(1°-7°), the logarithm of separation (0.8°-14°), task (hori-
zontal vs. vertical), visual field (factor 1: left vs. right; factor
2: upper vs. lower), with eccentricity and separation treated
as continuous variables. Subject was included as a random
effect. The model evaluated all main effects and interactions
involving the fixed factors, analogous to a mixed factorial
(repeated measures) ANOVA.

RESULTS

Figure 3 shows the spread and bias of responses across
eccentricity and interstimulus separation for the two groups,
averaged over task and visual field quadrant. For the
normally sighted group, spread but not bias increased
linearly with separation at each eccentricity, and both spread
and bias increased with eccentricity overall. The strabismic
group was less precise and more biased than normal in all
conditions, with both spread and bias larger at the small-
est separation than at the intermediate level, and increas-
ing thereafter. Therefore, performance showed a quadratic
and not linear relationship with separation. Thus, the groups
differed more at the smallest separation than at larger sepa-
rations in most conditions. As expected, the group difference
averaged over separation was largest at 1° compared with
the other eccentricities, that is, there was a disproportionate
central visual field loss, consistent with previous work.

Spread

A linear mixed-effects model of the fixed and random
effects on log spread showed significant main effects
of group, F(1,13.07) = 26.25, p =0.00019; eccentric-
ity, F(1,13.75) =53.51, p < 0.0001; and log separation,
F(1,48.01) = 49.71, p < 0.0001; and significant interactions
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between group and eccentricity, F(1,13.75) =8.23,p =
0.012; group and log separation, F(1,48.01) = 15.20, p =
0.0003; eccentricity and log separation, F(1,1113.56) =
33.04, p < 0.0001; and group, eccentricity and log separa-
tion, F(1, 1113.56) = 7.32, p = 0.0069. No other main effects
or interactions were significant (F < 3.5, p > 0.05). Marginal
R?* and conditional R* were 0.51 and 0.83. The significant
main effects of group, eccentricity and separation confirm
the overall greater precision of the normal group, and that
precision of both groups depended on both stimulus vari-
ables. The significant interaction of group with eccentricity
confirms that the groups differed more in the central visual
field than in the periphery, seen clearly in Figure 2. The
significant interaction of group with separation confirms that
the groups differed more at certain separations, or that the
trend of performance against separation differed between
groups. The group X eccentricity x separation interaction
suggests that the group difference in trend against sepa-
ration was not the same at all eccentricities. Subsequent
analyses showed that the group x separation interaction
was significant at each eccentricity (p < 0.05); therefore,
the linear and quadratic trends of spread against separation
were compared between groups at each eccentricity.

Table 2 gives the linear and quadratic slopes of log spread
against log separation for each group at each eccentricity.
The linear slopes of the normal group were significantly
positive at all eccentricities except at 7°, and the quadratic
slopes were not significantly different from zero throughout.
A different pattern was found for the strabismic group: the
quadratic trend was significant throughout, and the linear
slopes did not differ significantly from zero except at 7°
where there was a negative linear trend. This pattern of
results confirms the observations made earlier. To further
evaluate whether the slopes differed between groups, the
linear and quadratic slopes of log spread against log
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Ficure 3. Spread and bias of strabismic (z = 10) and normally sighted subjects (72 = 5) as a function of stimulus eccentricity and interstimulus
separation, in degrees of visual angle. Monocular data are shown from the amblyopic eye of three subjects (lighter symbols). Performance

is averaged over task. Error bars show standard error of the mean.
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TasLe 2. Linear (L) and Quadratic (Q) Slopes of Spread and Bias
Against Separation for Each Group

10 30 50 70

Spread L Q L Q L Q L Q
Normal 036" — 024" 0.01 0.21° 0.02 0.05 0.04
Strabismic  0.07 — —0.14 0.13" —0.13 0.10° —0.19" 0.09"
Monocular  0.40° — 025 0.04 0.18 0.03 0.29° —0.04
Bias

Normal 026 — —0.12 0.14 —0.10 0.09 —0.32  0.20°
Strabismic ~ 0.01 — —0.98" 0.48" —0.78" 0.33" —0.70° 0.32"
Monocular —0.03 — —0.79" 0.40° —0.59 0.28" —0.74" 0.38

*Slope differs significantly from zero, p < 0.05.

separation were computed for each subject at each eccen-
tricity, and the slopes were compared using independent-
samples ¢ tests. The linear slopes differed significantly
between groups at 3° and 5°; the quadratic slopes did not
differ significantly at any eccentricity. Thus, the effect of
separation on spread differed most clearly between groups
at 3° and 5°.

Bias

Bias was analyzed using the same procedure as for
spread. A mixed-effects model evaluating the effects of
group, eccentricity, log separation, and the other stimu-
lus variables on log bias found significant main effects
of group, F(1, 13.33) = 26.54, p = 0.00017; and eccentricity,
F(1,15.21) = 29.42, p < 0.0001; and significant interactions
between group and log separation, F(1,69.71) = 9.10, p =
0.0035, eccentricity and log separation F(1,1115.47) =
10.99, p = 0.0009 and group, eccentricity and log separa-
tion F(1,1115.47) = 4.67, p = 0.03. In addition, there were
significant main effects of visual field, upper vs. lower;
F(1,1108.85) = 11.42, p = 0.0007; and significant interac-
tions between group and visual field, F(1,1108.85) =
4.69, p = 0.03, eccentricity and visual field F(1,1108.84) =
9.10, p = 0.002, group and task F(1,1113.68) =5.61,p =
0.018; and group, eccentricity and visual field left vs. right;
F(1,1108.84) = 4.68, p = 0.03. The visual field and task
effects were not of central interest, and did not interact
simultaneously with separation and group, and are not
considered further. Marginal R? and conditional R* for the
model were 0.46 and 0.63.

The group X eccentricity X separation interaction was
decomposed as before by examining the group x separation
interaction at each eccentricity separately, and by compar-
ing the linear and quadratic slopes between groups. The
two-way interaction was significant at 3° and 5° (p < 0.05),
but not at 1° and 7°, suggesting that separation affected the
groups differently at 3° and 5°, but not at 1° and 7°. The
linear and quadratic slopes of log bias against log separa-
tion are shown in Table 2. At 1°, bias was constant across
separation for both groups. At the remaining eccentricities,
the normal group’s bias did not vary with separation except
at 7°, where there was a significant quadratic trend, whereas
for the strabismic group there were significant negative
linear- and positive quadratic trends throughout. The linear
and quadratic slopes of log bias against log separation were
computed for each subject at each eccentricity, and the
slopes were compared between groups using independent-
samples ¢ tests. The linear slopes differed significantly

IOVS | April 2022 | Vol.63 | No.4 | Article 15 | 6

between groups at 3° and 5°, but not at 1° and 7°.
Quadratic slopes did not differ between groups at any eccen-
tricity. Thus, the effect of separation on bias differed most
clearly between groups at 3° and 5°.

Monocular Condition

Figure 3 shows monocular performance (amblyopic eye) of
a subset of three strabismic subjects who performed the task
in both viewing conditions. Monocular performance was
worse than normal at all eccentricities and separations, and
this group difference was larger at 1° than at other eccentric-
ities consistent with the dichoptic results. However, spread
increased linearly with separation, such that performance
resembled a scaled version of the normal group. In contrast,
bias showed the same quadratic trend observed in dichoptic
viewing, with the differences against the normal group more
pronounced at small separations.

The above observations were confirmed using an identi-
cal set of analyses as that used above, but with the monoc-
ular condition compared against the dichoptic condition for
the strabismic group only (V.= 3 monocular vs. 10 dichop-
tic). Table 2 shows the linear and quadratic slopes for the
monocular group. Spread follows the pattern of the normal
group, whereas bias follows the pattern of the strabismic
group. Thus, in monocular viewing, the positional deficit at
small separations was reflected only in bias and not preci-
sion of responses.

Supplementary Figure S1 and Supplementary Table S1
show dichoptic performance of the three strabismic subjects
who did the task in both viewing conditions (i.e., exclud-
ing subjects who performed the task in the dichoptic condi-
tion only; normal and monocular data are the same as in
Figure 3). Performance of this subset of subjects did not
differ from that of the full sample, confirming that individual
differences did not produce the difference between viewing
conditions.

DISCUSSION

Interocular positional judgments were less precise- and
more biased than normal at small stimulus separations than
at larger separations in the extrafoveal visual field of strabis-
mic subjects. For normally sighted subjects, spread increased
linearly with separation, and bias was generally unaffected
by separation at all eccentricities. In contrast, for strabis-
mic subjects, spread was roughly equal at the smallest and
intermediate separations, and bias was largest at the smallest
separation at all eccentricities. Thus, the largest group differ-
ences in spread and bias were at the smallest separations at
all eccentricities. These results indicate a separation-specific
disruption of positional encoding in strabismic amblyopia, in
addition to the well-known eccentricity-dependent impair-
ment also shown here. Thus, the amblyopic deficit is larger
in the central visual field than in the periphery, and it is exag-
gerated at small stimulus separations at multiple visual field
locations. This result is consistent with, but distinct from, a
previous report of abnormally high Weber fractions at small
separations for amblyopes in a monocular jitter detection
task. Those results were interpreted as a type of Weber noise
produced by anomalous spatial sampling.?® The effect at
small separations shown here in dichoptic conditions likely
arises from additional factors, such as binocular interference
from competing ocular inputs outside fixation.
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Ficure 4. Scatterplots of the relationship between spread and bias at each eccentricity and separation. Eccentricities shown in separate
panels, separation shown by different symbols. Each symbol represents one subject (black, normally sighted subjects; red, strabismic).

The positional deficit was measured here by the spread
(standard deviation) and bias (mean displacement) of
response locations in a free localization judgment. The sepa-
ration effect was evident in both measures dichoptically,
and only in bias monocularly. Thus, spread must reflect a
purely binocular disruption, but separation effects on thresh-
old (analogous to spread) have been shown by others in
monocular conditions.®?° To what extent do spread and bias
reflect a common spatial amblyopic impairment? Demanins
and Hess® examined this issue by measuring the correlations
between threshold and bias (slope and offset of psychome-
tric functions) in a monocular alignment task. They found
the two measures uncorrelated with each other and with
the amblyopic contrast deficit. The variability across their
subjects and absence of normal bias data precluded a clear
interpretation of their findings. Here, we find a different
result: spread and bias were strongly correlated in strabis-
mic subjects, and the separation effect was associated with
strabismus angle.

Figure 4 shows mean spread against bias for each subject
in all stimulus conditions (dichoptic viewing). Spread was

significantly correlated with bias for the strabismic group at
all eccentricities and separations (r > 0.75, p < 0.05), except
at the largest separations at 5° and 7° (r < 0.6, p > 0.05). A
similar relationship was not evident for the normal group,
which was comprised of fewer subjects. Furthermore, the
separation-specific effect, calculated as the mean difference
in spread and bias between the smallest and intermediate
separations outside 1° eccentricity (where only two sepa-
rations were used), was associated with strabismus angle
(Figure 5; spread: r = 0.73, p = 0.015; bias: r = 0.63, p =
0.048). Mean spread and bias across all separations in the
visual field were not significantly correlated either with stra-
bismus angle or with logMAR acuity of the amblyopic eye;
r < 0.51, p > 0.1. Therefore, spread and bias, particularly at
small separations, appear to reflect a common spatial impair-
ment in strabismus that is associated with the amount of
ocular misalignment. This outcome is consistent with an
association shown previously between strabismus angle and
the pattern of spatial biases in a similar localization task.'!
Strabismus angle appears to be a more useful predictor of
the dichoptic positional deficit than either acuity or contrast
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Ficure 5. Relationship between the separation effect (difference in spread and bias between the smallest and intermediate separations)
and strabismus angle. Each symbol represents a single subject. Dashed line shows least-squares fit of separation effect to strabismus angle.

sensitivity, but this remains to be shown for monocular posi-
tional judgments.

The positional deficit at small separations could be
mistaken for crowding, but the present task and stimulus
properties were outside the typical domain of crowding,
which is a failure of recognition or identification of station-
ary cluttered targets. The stimuli were unflanked flickering
dots that required no identity judgment, and were perceived
as distinct from each other, unlike the jumbled percept that
is typical in crowding. Indeed, the stimulus conditions here
are equivalent to uncrowded configurations where crowding
has been investigated using positional judgments.® Further-
more, the data do not follow the expected pattern for crowd-
ing: Performance of amblyopes at the smallest separation
was slightly better at 1° than at the outer eccentricities (unex-
pected if abnormally higher central than peripheral crowd-
ing constrained amblyopic perfomance), and was roughly
constant at the smallest separation from 3° to 7° (incon-
sistent with an increase in crowding for stimuli of fixed
separation across eccentricity). The normal group also did
not show a crowding-like pattern, with performance best at
small separations at all eccentricities. The results also are
unlikely to have been produced by peripheral character-
istics of amblyopia (e.g., fixational instability, aniseikonia),
which should produce uniform decrements in performance,
and not stimulus- and visual field position-specific effects.
For fixational instability to have produced the effect shown
here, such instability would have to be disproportionately
larger for small than large separations. Furthermore, varia-
tion in fixational stability has been shown not to affect the
accuracy of spatial and retinotopic mapping methods that
require steady fixation (e.g., %, see 1° for further discus-
sion ruling out fixational instability as a contributing factor
on this task).

The separation deficit may be better accounted for by
monocular or interocular suppressive interactions,?*** or by
spatial deficits arising from receptive field properties. Inter—
ocular suppression, which has been measured using similar
dichoptic matching methods throughout the visual field in
strabismus (up to 20°),%1-% is strongest near the so-called

zero measure point, that is, the location on the deviating
retina corresponding with the fovea of the fixing eye, where
diplopia and confusion are likely to be most acute.*>%
The dissociative presentation of spatially proximal, high-
contrast targets in the periphery mimics stimulus conditions
at the zero measure point, and may have unmasked suppres-
sive mechanisms that otherwise are weaker,>% includ-
ing disparity-specific mechanisms that normally support
fusion but are disrupted here (e.g., fusional suppression,
see “7%) These ideas could be tested by examining the
regional covariation in the depth of interocular suppression
and separation-specific positional distortions such as those
shown here.

Interocular suppression cannot account for the separa-
tion effects on bias in monocular viewing, which likely
reflect anomalies in spatial sampling or other receptive
field properties. A positional deficit at small separations
independent of eccentricity could be accounted for both
by uniformly reduced sampling density throughout the
visual field,* and an enlargement of receptive fields serving
the finest grain of spatial analysis at each eccentricity.®>
Indeed, Clavagnier et al’®> have shown an enlargement of
population receptive fields up to 5° eccentricity in strabismic
amblyopes, alongside no change in cortical magnification.
Receptive field enlargement in their study was uncorrelated
with visual acuity, but may correlate with subtler behavioural
measures of the amblyopic deficit. Future work examining
the scale dependence of the separation deficit may help to
clarify this point.

The amblyopic positional deficit has been characterized
using a number of tasks and methods, most frequently 2AFC
spatial interval and alignment judgments of monocularly-
viewed spatially narrowband targets. It would be worth
evaluating whether the effects observed here are borne
out in conventional threshold measures, with other target
configurations (e.g., alignment within a visual field quadrant,
rather than across the vertical or horizontal meridian), and
with other spatiotemporal properties that rule out potential
masking from interocular temporal delays.’*>? The normal
spread data in Figure 4 show clear effects of eccentricity and
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separation but do not fit the exact profile predicted by Levi
et al'® and others.'”>'® Levi et al'7 predicted thresholds of
approximately 0.03 to 0.05 x separation for elements sepa-
rated by less than half their eccentricity, and 0.01 to 0.03 x
eccentricity for larger separations. With some scaling, this
prediction fits the normal data at the intermediate and large
separations, but not at the smallest separation (spread is
higher than predicted; fits not shown). This divergence is not
surprising, given the considerable differences between our
task and theirs. The group difference at small separations
shown here may indeed be larger in threshold conditions.

CONCLUSION

Two positional encoding mechanisms are impaired in stra-
bismus. The first is an eccentricity-dependent mechanism
that underlies the larger foveal disruption of positional
judgments. The second, a separation-dependent mechanism
associated with greater disruption at small stimulus separa-
tions, shows that binocular interference from incompatible
visual input extends beyond the foveal region.
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