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Functional Burden of Strabismus:

Decreased Binocular Summation and Binocular Inhibition

Stacy L. Pineles, MD, Federico G. Velez, MD, Sherwin J. Isenberg, MD, Zachary Fenoglio,
BA, Eileen Birch, PhD, Steven Nusinowitz, PhD, and Joseph L. Demer, MD, PhD

Jules Stein Eye Institute and Department of Ophthalmology, University of California, Los Angeles
(Pineles, Velez, Isenberg, Fenoglio, Nusinowitz, Demer); Retina Foundation of the Southwest,
Dallas, Texas (Birch); Department of Neurology, University of California, Los Angeles (Demer);
Neuroscience Interdepartmental Program, University of California, Los Angeles (Demer);
Bioengineering Interdepartmental Program, University of California, Los Angeles (Demer).

Abstract

IMPORTANCE—BInocular summation (BiS) is defined as the superiority of visual function for
binocular over monocular viewing. Binocular summation decreases with age and large interocular
differences in visual acuity. To our knowledge, BiS has not heretofore been well studied as a
functional measure of binocularity in strabismus.

OBJECTIVE—To evaluate the effect of strabismus on BiS using a battery of psychophysical
tasks that are clinically relevant and easy to use and to determine whether strabismus is associated
with binocular inhibition in extreme cases.

DESIGN—Case-control study.
SETTING—University-based eye institute.

PARTICIPANTS—Strabismic patients recruited during 2010 to 2012 from a preoperative clinic
and control participants with no history of eye disease other than refractive error.
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INTERVENTION—A battery of psychophysical and electrophysiological tests including Early
Treatment Diabetic Retinopathy Study visual acuity, Sloan low-contrast acuity (LCA) (2.5% and
1.25%), Pelli-Robson contrast sensitivity, and sweep visual evoked potential contrast sensitivity.

MAIN OUTCOME AND MEASURE—BInocular summation was calculated as the ratio
between binocular and better-eye individual scores.

RESULTS—Sixty strabismic and 80 control participants were prospectively examined (age
range, 8-60 years). Mean BiS was significantly lower in the strabismic patients than controls for
LCA (2.5% and 1.25%, P = .005 and <.001, respectively). For 1.25% LCA, strabismic patients
had a mean BiS score less than 1, indicating binocular inhibition (ie, the binocular score was less
than that of the better eye’s monocular score). There was no significant difference in BiS for
contrast thresholds on Early Treatment Diabetic Retinopathy Study visual acuity, Pelli-Robson
contrast sensitivity, or sweep visual evoked potential contrast sensitivity. Regression analysis
revealed a significant worsening of BiS with strabismus for 2.5% (P = .009) and 1.25% (P = .002)
LCA, after accounting for age.

CONCLUSIONS AND RELEVANCE—Strabismic patients demonstrate subnormal BiS and
even binocular inhibition for LCA, suggesting that strabismus impairs visual function more than
previously appreciated. This may explain why strabismic patients who are not diplopic close 1 eye
in visually demanding situations. This finding clarifies the visual deficits impacting quality of life
in strabismic patients and may represent a novel measure by which to evaluate and monitor
function in strabismus.

Strabismus is a common ocular disease, occurring in 2% to 5% of the population. Most
clinicians who treat strabismic patients are aware of multiple inexplicable visual complaints
in this population, including preference to close 1 eye to perform complex visual tasks, or in
visually confusing settings, even when diplopia is absent. Although effective treatments for
strabismus exist, our understanding of the functional binocular visual deficits in strabismus
lags behind our knowledge of treatment. Currently, binocular function is assessed in clinical
settings by evaluating fusion and stereoacuity.? However, some tests of stereoacuity and
fusion have questionable validity because of monocular cues or dissociative testing methods.
All tests of stereoacuity and fusion require a minimum level of visual acuity in each eye to
assess binocular status. In addition, patients with early-onset and/or long-standing
strabismus typically perform poorly on such tests and show little improvement with
treatment, so stereoacuity and fusion are not useful as clinical trial outcomes or in patient
management in these cohorts.

Binocular summation (BiS), defined as the superiority of binocular over monocular
performance on visual threshold tasks,? is a measure of binocular function that is not well
characterized in strabismic patients. Unlike stereoacuity, BiS is not affected by monocular
cues and can be reasonably assessed in patients with poor vision in 1 eye or who have had
childhood strabismus interfering with the development of fusion potential. For 50 years, BiS
has been well studied in normal participants, and several important details have been
elucidated. First, BiS improves performance on psychophysical tests at low contrast in
normal participants by approximately 40%%° or greater.6=9 In addition, it is known that
advanced agel and interocular differences in visual acuity (VA) both impair BiS.310-12
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When interocular differences in VA are very large, a destructive neural interaction can
occur, known as binocular inhibition, diminishing the participants’ binocular score
compared with that of the better eye. In these cases, participants see better monocularly than
binocularly. Binocular inhibition, or a lack of BiS, may explain some of the previously
inexplicable symptoms described by patients with strabismus.

It is tempting to think that strabismus would impair BiS. Based on previous studies showing
that interocular differences in VA play a key role in determining a subject’s capacity for
BiS, we hypothesized that when a manifest strabismus causes an image to fall extrafoveally
in the deviated eye, this may lead to an induced interocular difference in resolution of a
target for a particular visual task, and therefore decrease BiS, or even produce binocular
inhibition. The purpose of this study was to evaluate the effect of strabismus on BiS using a
battery of psychophysical tasks that are clinically relevant and easy to use and to determine
whether strabismus is associated with binocular inhibition in extreme cases.

This study was approved by the University of California, Los Angeles institutional review
board and conformed to the requirements of the US Health Insurance Portability and
Accountability Act, and informed consent was received from the participants. Strabismic
patients were recruited during 2010 to 2012 from the preoperative clinic of 4 of us (S.L.P.,
J.L.D., F.G.V,, and S.J.l.) during preoperative visits. Exclusion criteria included any history
of amblyopia, age younger than 3 years or older than 80 years, dissociated vertical or
horizontal deviation as the sole form of strabismus, pathologic nystagmus, neurologic
disease, or any structural lesion causing an interocular difference exceeding 0.3 logMAR.
Nonstrabismic control participants were recruited among staff at the Jules Stein Eye
Institute, as well as family members of patients who were seen between 2010 and 2011.
Control participants were included only if they had no history of eye disease other than
refractive error.

All participants underwent a screening examination in which their VA was tested using the
Early Treatment Diabetic Retinopathy Study (ETDRS) protocol with their habitual
refractive correction.13 If visual acuity was worse than 0.20 log-MAR in either eye, a
manifest refraction was performed and the study tests were performed with this refraction.
Next, binocular alignment was measured at distance (5 m) and near (30 cm) using cover/
uncover and alternate prism cover testing. Right eye, left eye, and binocular testing were
performed in an order randomly assigned prior to testing that was consistently maintained
for each subject for the various psychophysical and electrophysiological tests. All testing
was performed by trained technicians experienced in the examination of patients for
research studies, with adherence to detailed standard protocols, including written scripts and
instructions for testing. The following tests were performed (in order of presentation to the
participants).

High-Contrast Visual Acuity

Visual acuity was tested using the ETDRS protocol!3 at 3 m. The score VA was the number
of letters identified correctly, with a maximum score of 70 (Snellen equivalent 20/12.5).
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Low-Contrast Visual Acuity

Sloan acuity was tested (Precision Vision) at low-contrast levels of 2.5%, followed by
1.25%, using the ETDRS protocol at 3 min a dimly lit room. Sloan charts have a similar
format to the ETDRS charts (5 letters per line), with each Sloan chart corresponding to a
different contrast level. The low-contrast acuity (LCA) score is the number of letters
identified correctly, with a maximum score of 70 (14 lines). For participants who were
unable to see any letters (letter score of zero), a score of 1 was substituted for the individual
eye scores such that the BiS fraction could still be created (without having to divide by
zero). A second analysis excluding these patients was also performed to evaluate for bias
induced by this method of score replacement. Pelli-Robson charts (Metropia Ltd) were also
used to test contrast sensitivity at 1 m for each eye individually and binocularly.

Sweep Visual Evoked Potential

Sweep visual evoked potential (VEP) was tested using the PowerDiva (digital infant vision
assessment) sweep VEP system in a dark room.14 The stimuli were phase-reversal sinewave
gratings presented on a 17.5 x 29 x 38-cm high-resolution video monitor 1 m away at 50.3
cd/m? mean luminance. The active electrode was positioned on the midline of the scalp 1 cm
above the inion, referenced to an ear clip on the right ear and a ground on the left ear.
Stimuli consisted of a horizontal square-wave grating (fixed spatial frequency of 1 cycle/
degree)with a contrast range swept from 2%to 90% at 7.2-Hz fixed temporal frequency.
Contrast thresholds were measured by sweeping 10 contrast levels over a 10-second trial
with log steps. Log steps were used because contrast response functions are monotonically
increasing functions associated linearly with increasing log contrast over a range of near-
threshold contrasts. At least 5 sweeps were obtained, and sweeps with a signal to noise ratio
more than 3:1 were averaged to calculate contrast threshold.15

Statistical Analysis

The demographic features of control and strabismic participants were compared using the t
test for continuous variables and 42 test for categorical variables. For letter charts (ETDRS
and Sloan 2.5% and 1.25%), BiS was calculated by dividing the better-eye score into the
binocular score (binocular/better-eye score). For contrast threshold tasks (Pelli-Robson and
sweep VEP), the contrast threshold was converted to contrast sensitivity (1/contrast
threshold), and then BiS was calculated by dividing the better-eye contrast sensitivity score
into the binocular score. As a conservative correction for test variability, a BiS score
exceeding 1.1 was required to demonstrate BiS. A value of 1.1 would indicate a 5-letter
binocular improvement over that of the better eye. Similarly, binocular inhibition was
considered to exist when the BiS score was 0.9 or less, to indicate a 5-letter or more
decrement in vision with binocular vision compared with the better eye alone. The mean BiS
score for strabismic participants was compared with that of control participants using a t test.
The percentages of patients in each group demonstrating BiS and binocular inhibition were
compared using the Fisher exact test. Linear regression analysis was then performed to
evaluate the effect of age, a known covariate for BiS, and the presence or absence of
strabismus. Finally, additional covariates such as age of strabismus onset (based on clinical
history), age at surgery, and angle of deviation were evaluated using linear regression.
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Results

Demographic Features

Sixty strabismic and 80 control participants were enrolled. The mean (SD) age of the control
participants was 34 (15) years (range, 2.5-66 years; median, 32 years) and 39 (26) years
(range, 2.2-80 years; median, 34 years) for the strabismic participants (P = .14).
Demographicand VA information are summarized in Table 1. Thirty-nine percent of control
participants and 55% of strabismic participants were male (P = .08). Subtypes of strabismus
included early-onset esotropia with onset before age 1.5 years (n = 8), childhood esotropia
with onset between ages 1.5 and 8 years (n = 5), esotropia acquired after 8 years of age (n =
11), intermittent exotropia (n = 11), consecutive exotropia after surgery for infantile
esotropia (n = 7), acquired exotropia with onset after age 1.5 years (n = 2), presumed
congenital superior oblique palsy (n = 6), acquired hypertropia after age 1.5 years (n = 7),
and mixed acquired horizontal and vertical strabismus with horizontal and vertical
components each larger than 10 prism diopters in central distance gaze (n = 3).

Binocular Summation

Mean BiS is summarized in Table 2 for all groups. There was a significant decrement in BiS
in strabismic participants for the 2.5% (P = .005) and 1.25% (P < .001) low-contrast Sloan
charts. There was no significant difference between groups for high-contrast ETDRS VA
and contrast threshold tasks (Pelli-Robson chart and sweep VEP contrast sensitivity). For the
lowest contrast level (1.25%), strabismic patients overall demonstrated binocular inhibition
with a mean BiS of 0.9. Therefore, overall, this group showed a detrimental effect of
binocularity compared with monocular viewing with thebetter eye. In contrast, the control
participants on average had a 50% improvement(ratio = 1.5)during binocularviewing
compared with better-eye monocular viewing. This analysis was repeated with censoring of
participants in whom zero letters were seen and who had a substitution of a letter score of
“1” for their individual eye scores on the 2.5% or 1.25% LCA charts (n = 5). These results
were similar (eTable in the Supplement) to those with substituted values.

For comparison, the percentage of participants with BiS (BiS score >1.1) and binocular
inhibition (BIS score <0.9) were compared (Table 3). The percentage of patients
demonstrating BiS for the 2.5% LCA and 1.25% LCA charts was significantly higher in
control than in strabismic participants (P < .001 and P < .001, respectively), while the
percentage of patients demonstrating binocular inhibition for the 2.5% and 1.25% LCA
contrast thresholds was significantly higher in strabismic participants (P < .001 for both).
For the 2.5% and 1.25% L CA tests, the percentage of participants not demonstrating any
summation or inhibition (BiS ratio between 0.9-1.1) was 25% and 25% for the control
participants and 59% and 65% for the strabismic participants for the 2.5% and 1.25% LCA
charts, respectively. Of these participants, the majority of the control participants (58% and
53%) had BiS ratios greater than 1 while the majority of the strabismic participants (52%
and 80%) had BIS ratios less than 1 for the 2.5% and 1.25% LCA charts, respectively.
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Multiple Linear Regression Model

Given the known decrement in BiS with increasing age, a multiple linear regression model
of BiS scores was developed incorporating as covariates age and strabismus vs control
status. Scatterplots of BiS ratio vs age are presented in the Figure for both the strabismic and
control groups. P values for the regression coefficient for the strabismus vs control variable
were statistically significant for the 2.5% LCA chart (P =.007), 1.25% LCA chart (P <.
001), and Pelli-Robson contrast sensitivity (P = .02) but not for ETDRS VA or sweep VEP
contrast sensitivities; this suggests that strabismus is highly associated with decreased BiS
even after correcting for age for Sloan LCA letter charts but not for high-contrast ETDRS
charts and sweep VEP contrast thresholds. In addition, other covariates were examined by
linear regression to evaluate potential associations with diminished BiS, including age at
onset, age at surgery, presence of diplopia, and angle of deviation. No additional significant
associations were found; however, the study was not sufficiently powered to rule out these
possible associations.

Discussion

Strabismic patients often have visual complaints that are difficult to characterize, but
frequently, these patients prefer to close 1 eye to achieve their best vision. Although the
presence of diplopia can explain diminished binocular vision in many cases, it is not always
perceived and is seldom the sole explanation for visual deficits. Our data suggest that
strabismic patients often have decreased BiS and even binocular inhibition for very low-
contrast tasks.

Currently, clinicians use tests of stereoacuity and fusion to diagnose and monitor binocular
visual deficits in strabismus. The present results demonstrate that other functional binocular
deficits existing in this patient group. Furthermore, some standard tests of stereopsis and
fusion are less useful in this population because they are subject to monocular cues or use
dissociative measures that might affect their validity. In addition, tests of stereoacuity and
fusion require a minimum level of vision in both eyes and often require a baseline level of
ocular alignment during the formative period of childhood development during which
stereopsis is acquired.18 Therefore, in long-standing cases of strabismus, such as adult-onset
consecutive deviations, other functional measures of binocularity may be necessary to
provide insight into the functionality of binocular vision and for use in following up
functional binocular vision over time, as well as for assessing the impact of ocular
realignment surgery on binocular function. Many cases of adult strabismus without diplopia
are thought only to impact the psychosocial aspects of the subject’s life; however, in this
study, we found that there are uncharacterized changes in binocularity that can be
demonstrated by BiS measurements in participants with strabismus.

Binocular summation can be attributed either to (1) “probability summation,” which
assumes complete independence of the 2 eyes and predicts enhancement of binocular over
monocular vision due to the statistical consideration that a binocular observer has 2
opportunities to detect weak signals, or (2) “neural summation,” the result of binocularly
enhanced performance that exceeds what would be expected from probability summation
alone. Neural BiS for various electrophysiological and psychophysical tasks has been shown
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to arise from interactions most likely in cortical layer VI and is most easily demonstrated at
low contrast.1’ Previous studies have shown that in normal patients, BiS often approximates
V2 or greater, corresponding to a 40% improvement.1” Our data confirm these studies in that
the mean (SD) BiS ratios for control participants were 1.3 (0.4) and 1.5 (1.0) for the 2.5%
and 1.25% LCA charts, respectively. Interestingly, control participants did not exhibit BiS
for the contrast threshold tasks (Pelli-Robson chart and the sweep VEP contrast sensitivity),
with mean (SD) BiS values of 0.96 (0.07) and 1.03 (0.49). These tests may be less sensitive
clinical measures of BiS than the 2.5% and 1.25% LCA charts. It is not surprising that
control participants did not exhibit mean BiS more than 1.0 for the ETDRS charts since it is
well known that BiS is more enhanced for lower-contrast tests. Interestingly, there were a
few control participants (n = 9) who demonstrated binocular inhibition for the 1.25% LCA
test. We believe this may be in part due to test-retest variability or patient fatigue. In
addition, age or undiagnosed interocular difference for LCA may have contributed to the
finding of binocular inhibition in these participants. Despite this, we still found a strongly
significant difference between the control and strabismic participants. Similarly, we might
have expected more than 64% of the control participants to exhibit BiS for the 1.25% LCA
test. One potential explanation for this finding is our stringent definition of summation to be
a BiS ratio greater than 1.1 instead of 1.0. If we used the definition of 1.0, then we
wouldhavefoundthat 71 patients (89%) would havehad summation. Therefore, this finding
can largely be explained by a small subgroupof patients who displayed summation but did
not meet our criteria. There is also the potential that some of our control participants were
not visually “normal.” Our screening criteria consisted of VA, refraction, and ocular motility
examinations. Therefore, the possibility of participants with subtle abnormalities in contrast
sensitivity may have been inadvertently included.

There is strong published evidence that advanced agel? and large interocular VA differences
both have detrimental effects on BiS. In addition, studies of the role of retinal
correspondence have shown that stimulation of noncorresponding points outside of the
fusional range decreases neural summation.18-21 In cases that exceed the tolerated range of
interocular VA differences, binocular inhibition occurs (BiS<1.0). The mechanism of
binocular inhibition is not well defined but is likely related to interocular suppressive
mechanisms in layer V122:23 and most commonly occurs in participants with large
interocular differences in VA. Based on the foregoing studies, we hypothesized that if a
manifest strabismus exists, the degraded image that falls outside of the fovea of the deviated
eye may lead to an induced difference in resolution of a particular target and therefore cause
a decrease in BiS, or even binocular inhibition on clinical testing. Our data support this
notion in that the mean BiS for the 1.25% LCA chart was 0.9 for strabismic participants, and
only 21% of the strabismic participants demonstrated BiS for this measure, compared with
64% of control participants (P < .001).

Binocular summation has been studied in amblyopic participants in several conflicting
reports. Early studies argued that amblyopic participants showed decreased BiS, or even
binocular inhibition, when compared with normal controls.242° The degree of BiS loss (and
binocular inhibition) appears to be directly related to interocular difference in VA.26
However, more recent studies have demonstrated that although BiS for contrast sensitivity is
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decreased in amblyopic participants, it can be improved by normalizing the interocular
difference with neutral density filters,2’ revealing that individuals with amblyopia likely
retain the neural mechanisms for BiS but are at a disadvantage secondary to interocular
differences in VA. We chose to exclude amblyopic participants from our study for this
reason.

Binocular summation has been less well studied in non-amblyopic strabismic populations
than in purely amblyopic populations; the few existing reports evaluated mainly participants
with infantile-onset strabismus. Most published studies used fewer than 20 participants28-36
and reported BiS using flash or pattern visual evoked response, often in participants younger
than 5 years. Results of these previous studies are conflicting, probably secondary to small
sample sizes, differing experimental conditions, and the variability in strabismus subtypes
being compared. However, the majority found that BiS may be decreased in some forms of
strabismus, including largeangle esotropia,2%:39:32.35 decompensated exotropia,3? and
simulated vertical strabismus in normal participants.28:36 Most of these studies used only
visual evoked responses as their primary outcome and did not evaluate clinically accessible
outcomes, such as letter chart LCA.

In the current study, the decrement in BiS due to strabismus was most significant on the
Sloan 2.5% and 1.25% letter charts, which are readily available for clinical use. The finding
of decreased BiS (and a mean binocular inhibition for the 1.25% letter chart) continued to be
highly significant even after accounting for the known covariate of age, as well as other
predicted covariates such as the angle or type of strabismus.

In addition to describing a novel method by which to assess and potentially track binocular
function in strabismic patients, we have also shown that BiS is most readily demonstrated
using Sloan LCA letter charts. Both the 2.5% and 1.25% contrast levels were highly useful
in differentiating strabismic from control participants. This finding has been similarly
described in a large cohort of patients with multiple sclerosis.1? In addition, when BiS was
calculated as a ratio between the binocular score and the better-eye score, the control subject
mean was close to the estimated 1.414 (or V2) that has been commonly reported for BiS in
other laboratory psychophysical measures.

The results of our study should be understood within the context of the study’s limitations.
First, sweep VEP measurements were performed at only 1 spatial frequency and at 1
temporal frequency. Since BiS for VEP contrast sensitivity is dependent on spatial and
temporal frequency,3” it is possible that different results might have been possible at
different spatial or temporal frequencies. This study included a wide range of ages and
strabismus subtypes. Multiple types of patients were included to evaluate the overarching
hypothesis that BiS is diminished by strabismus. However, we were unable to look at
specific strabismus subgroups. We are currently recruiting larger subgroups of specific
strabismus types so that we may address this question. In addition, we are following up these
patients longitudinally to evaluate the impact that strabismus surgery has on BiS. Although
the study was designed to include similar patient groups based on visual acuity and age,
there was a clinically small (<0.1 logMAR) but statistically significant difference in high-
contrast visual acuity and interocular difference between the strabismic and control groups.
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Finally, there were a few patients (n = 5) who were unable to provide a measurable response
for the lowest-contrast 1.25% L CA task; these patients were assigned to a default value of 1
so that the BiS ratio score could be computed. However, our secondary analysis excluding
these patients revealed strikingly similar results, thereby diminishing concern related to
induced bias from these 5 participants.

Despite its limitations, to our knowledge, this study represents the largest cohort of
strabismic patients and control participants tested with clinically available tests to evaluate
BiS. Binocular summation is an easily measured parameter representing a difference in
binocular visual function between strabismic patients and normal participants that may
represent a parameter that can be followed up over time to monitor for changes in binocular
function and postoperative changes after strabismus surgery. Our data from strabismic
participants showing subnormal BiS and possible binocular inhibition suggest that
strabismus impairs binocular vision more than previously appreciated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure. Scatterplot Representations for Linear Regression Models of Binocular Summation (BiS)
Accounting for Age and Strabismic vs Control Status

R values are depicted for each visual outcome. Strabismic vs control status was the only
statistically significant variable for 2.5% Sloan low-contrast acuity (LCA) (P =.007), 1.25%
Sloan LCA (P < .001), and Pelli-Robson contrast sensitivity (P = 0.02). Neither age nor
strabismus vs control status were significantly associated with increased BiS for high-
contrast Early Treatment Diabetic Retinopathy Study visual acuity chart (ETDRS VA) or

sweep visual evoked potential (VEP) contrast sensitivity.
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Table 3

Percentage of Participants With Binocular Summation and Binocular InhibitionaP

% of Participants
With Binocular  With Binocular
Summation Inhibition
(BiS >1.1) (BiS <0.9)

ETDRS letters

Strabismic participants 7 5

Control participants 10 0

P value .80 .10
2.5% Sloan letters

Strabismic participants 25 16

Control participants 75 0

P value <.001 <.001
1.25% Sloan letters

Strabismic participants 21 44

Control participants 64 11

P value <.001 <.001
Pelli-Robson CS

Strabismic participants 9 3

Control participants 0 12

P value .10 .10
Sweep VEP CS

Strabismic participants 32 49

Control participants 36 46

P value .70 .90

Abbreviations: BiS, binocular summation score; CS, contrast sensitivity; ETDRS, Early Treatment Diabetic Retinopathy Study; VEP, visual
evoked potential.

a_. . - .

Binocular summation score calculated as a ratio between the binocular letter score and the better-eye letter score for the ETDRS and 2.5% and
1.25% Sloan letter charts. For the Pelli-Robson CS and sweep VEP CS tests, the BiS was calculated as a ratio between the better-eye CS score and
the binocular CS score.

b . .
P values calculated by 2-tailed Fisher exact test.
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