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Abstract

Purpose—Binocular summation (BiS), defined as the superiority of binocular over monocular 

viewing on visual threshold tasks, is most-often studied in laboratory settings. Few studies have 

evaluated BiS with readily-available clinical tools. Low contrast acuity (LCA) charts are 

increasingly popular in clinical research, yet their utility in detecting BiS has not been evaluated.

Methods—129 normal subjects aged 3–85 years were prospectively enrolled, and underwent 

monocular and binocular testing using 2.5% and 1.25% Sloan LCA charts and Pelli-Robson (PR) 

contrast sensitivity (CS) charts at an academic institution. Subjects also underwent similar testing 

with Early Treatment Diabetic Retinopathy Study (ETDRSVA) charts. BiS was calculated as the 

difference between the better eye and binocular scores.

Results—Monocular and binocular scores decreased with increasing age for all metrics. The 

mean(±SD) BiS scores for 2.5% and 1.25% Sloan LCA were 6±4.5 and 3±5 letters, respectively. 

BiS score was 4.5±7 letters for PR charts and 2±3 letters for ETDRS VA. There was a significant 

effect of age on BiS for the low contrast metrics (p≤0.001 for all), but not for high contrast 

ETDRS VA. Linear regression revealed significant associations between increased interocular 

difference (IOD) in acuity and decreased BiS for all tests, and associations between increasing age 

and decreased BiS for the LCA tests.

Conclusion—Of the clinical tests evaluated, 2.5% and 1.25% Sloan LCA charts most readily 

demonstrated BiS in young normal subjects. BiS declined with increasing age and increased IOD. 

Median values presented in this study may be useful for future clinical studies utilizing LCA.
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Introduction

Binocular summation (BiS) is defined as the superiority of binocular over monocular 

viewing on visual threshold tasks.1 Over the past four decades, BiS has been well-studied in 

laboratory settings, and several important details have been elucidated. BiS is most 

commonly defined as either BiS = Binocular Score / Better Eye Score for a linear 

measurement scale or Binocular Score – Better Eye Score for a log measurement scale. 

Typically, the magnitude of BiS in normal subjects approximates 40% or more on a linear 

scale (≥0.15 on a log scale).2,3,4–7 Early studies revealed that BiS is most evident at lower 

contrast. Advanced age8 and interocular differences (IOD) in visual acuity (VA) are both 

known to reduce or abolish BiS. Subjects with significant IODs in VA, either artificially 

induced by neutral density filters,9 glare,10 or due to pathologic states such as unilateral 

cataract,11 anisometropia12 or amblyopia13 all exhibit decreased or absent BiS.

For large IODs, a destructive neural interaction may occur, which is known as Binocular 

Inhibition: Binocular Score – Better Eye Score < 0. The mechanism of binocular inhibition 

is not well defined, but is likely related to inter-ocular suppressive mechanisms4,14 in area 

V1,15,16 and most commonly occurs in subjects with large IODs in VA.17–19

There are very few studies that evaluated BiS with readily available clinical tools. Most 

laboratory studies, by design, have assessed binocular summation in normal control subjects 

under artificial conditions (e.g. haploscopes or with induced interocular differences in 

acuity) in order to answer basic scientific questions regarding binocular interactions in 

strabismus and amblyopia. Given the relevance of BiS to a wide range of ocular diseases, 

including strabismus, and the possibility that it may provide a useful objective measure of 

binocular visual function,20,21 a readily available clinical test to assess BiS would be 

valuable.

In the present study, we investigated the magnitude of BiS in normal control subjects using 

readily available clinical tests of low contrast acuity (LCA) and contrast sensitivity (CS). 

The aim of this study was to evaluate four different letter charts of varying type with fixed 

and variable contrast levels and spatial frequencies to determine which tests most readily 

reveal BiS in normal subjects. In addition, the role of aging and increased interocular 

differences was also evaluated.

Methods

This study was approved by the University of California, Los Angeles Institutional Review 

Board and conformed to the Declaration of Helsinki and requirements of the United States 

Health Insurance Portability and Accountability act. Subjects were recruited from staff at the 

Jules Stein Eye Institute, as well as family members of patients seen in the pediatric 
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ophthalmology and strabismus clinics between the years of 2010–2011. Subjects with any 

history of eye disease other than refractive error were excluded.

Procedure—High-contrast visual acuity (VA) was tested using the ETDRS protocol with 

refractive correction.22 If VA of 0.2 logMAR or better could not be obtained in both eyes 

with manifest refraction, then subjects were excluded. Binocular alignment was assessed 

with distance (10 m) and near fixation (20 cm) using cover/uncover and alternate prism 

cover testing. Subjects were excluded if they manifested any tropia. Each subject was 

randomly assigned an order (amongst the right eye, left eye, and binocular tests) that was 

maintained throughout the study for all psychophysical tests. All testing was performed by 

trained, experienced technicians. For monocular testing, the fellow eye was occluded with 

an opaque adhesive patch in contact with the skin. The following tests were performed n the 

following order:

Low Contrast VA (Low Contrast ETDRS chart and Pelli-Robson CS charts)

Low Contrast ETDRS charts (Precision Vision, La Salle, IL) at 2.5% and 1.25% levels were 

tested using the ETDRS protocol at 3 meters. Low Contrast ETDRS charts have a similar 

format to the high contrast ETDRS charts (5 letters per line) with each chart corresponding 

to a different contrast level. The low contrast VA score is the number of letters identified 

correctly plus 30, with a maximum score of 100 (14 lines). Testing at 2.5% contrast was 

performed prior to testing at 1.25% contrast. Testing of low contrast VA was performed in a 

dimly lit room. Pelli-Robson (Haag Streit, UK) charts were also used to test CS at 1 m using 

the standard protocol and spectacle correction when appropriate. Log CS was identified as 

the lowest contrast triplet for which the subject was able to identify at least 2 of 3 letters, 

with a range from 0.00 to 2.25 in 0.15 log unit steps (normal repeatability is 0.15 log 

units23). In addition, letter count was used to describe Pelli-Robson scores and BiS for Pelli-

Robson.

High Contrast VA

VA was tested using the ETDRS charts (Precision Vision, La Salle, IL) and protocol24 at 3 

meters. The rationale for adding 30 letters to the maximum score of 70 letters on the ETDRS 

chart is so that our values can be used to compare to ETDRS scores that were obtained at 

any testing distance from 1–4 m. For example, in patients with low vision who cannot read 

any letters on the top line of the chart, they may be moved in to 1 meter, and then no letters 

are added to the overall score.

Statistical Analysis—Means, medians, and standard deviations for monocular and 

binocular scores for each of the four visual outcomes were calculated for all patients and for 

patients in each age group. For monocular values, only data from right eyes were used. The 

magnitude of BiS was calculated as the difference between the letter score test result and 

that of the better eye MAR for the letter charts (ETDRS, 2.5% Sloan and 1.25% Sloan). For 

the Pelli-Robson chart, BiS for log CS was calculated as the difference between the 

binocular and better eye scores. For the ETDRS and Sloan LCA charts, a difference ≥ 5 

letters was considered to indicate binocular summation, and a difference ≤− 5 letters was 

considered to indicate binocular inhibition. For compatibility with the other tests, the sign of 
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the difference score obtained from the Pelli-Robson test was reversed; a difference ≥ 3 

letters indicated binocular summation, and a difference ≤− 3 letters indicated binocular 

inhibition.

The different criteria were used for Pelli-Robson because each Pelli-Robson letter accounts 

for 0.05 logCS while each Sloan letter accounts for 0.02 logMAR/ The distributions of BiS 

scores for each psychophysical measurement were examined by using histograms and box 

plots, and assessed using the Shapiro-Wilk test for normality. In addition, mean BiS for each 

psychophysical measurement was compared by age decade using a Kruskal-Wallis test to 

evaluate for differences in BiS. Finally, the influence on BiS of age and interocular 

difference (IOD) in the visual outcome score was explored by using scatter plots with cubic 

smoothing splines, and assessed by fitting linear regression models with the corresponding 

covariates of age and IOD identified. Statistical analysis was carried out using JMP software 

(Cary, NC).

Results

A total of 129 subjects (61% female) were enrolled having the following age distribution: 3–

9 years old (n=10 subjects), 10–19 years old (n=10 subjects), 20–29 years old (n=20 

subjects), 30–39 years old (n=23), 40–49 years old (n=23), 50–59 years old (n=20), 60 years 

or older (n=23). Of the enrolled subjects, 61% were female and 39% were male.

Mean monocular and binocular values

The mean and median values, standard deviations and range of values for monocular and 

binocular values are presented in Table 1 for each age group and each visual outcome.

The overall distribution of BiS scores for the entire study population is presented in Figures 

1A–1D. Figure 2 depicts the distribution of BiS for each age group by decade. Kruskal-

Wallis analysis revealed significant differences in BiS with different age groups for 2.5% 

and 1.25% Sloan LCA charts, and for the Pelli-Robson chart (p=0.001, <0.0001, and 0.006 

respectively), but not for high contrast ETDRS VA (p=0.3). In general, scores increased 

over the first three decades of life and then began to decrease at the fifth decade.

The mean(±SD) BiS score for the 2.5% and 1.25% Sloan LCA charts was 6±4.5 and 3±5 

letters, respectively. BiS score was 4.5±7 letters for PR charts and 2±3 letters for ETDRS 

VA. Table 2 depicts the mean and median values for the BiS for each age group. The 

measured BiS was apparently greater for 2.5% LCA and 1.25% LCA than for the high 

contrast ETDRS acuity.

The histograms and box plots revealed that the BiS score was not normally distributed for 

any of the psychophysical tests except for 2.5% LCA (Figures 1A–1D). Shapiro-Wilk p-

value=0.2, 0.006, 0.001 and 0.06, for 2.5% LCA, 1.25% LCA, Pelli-Robson and ETDRS 

VA charts, respectively). The scatter plots with smoothing spline curve suggested that there 

was a linear trend for decreasing BiS score for 2.5% and 1.25% Sloan LCA charts with 

increasing age while there was no apparent correlation between BiS score for Pelli-Robson 

chart and high contrast ETDRS VA with age (Figures 3A–3D). The scatter plots with 
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smoothing spline curve also suggested that BiS score for each psychophysical measure was 

decreased with its increasing IOD value, except for the relationship between BiS score for 

Pelli-Robson chart and IOD for Pelli-Robson chart which could not be reliably evaluated as 

almost all patients had score of 0 for BiS and IOD for Pelli-Robson chart.

Based on the relationships suggested above, a linear regression model was constructed to 

evaluate the influence of age and IOD on binocular summation for the four psychophysical 

tests used in the study. For 2.5% and 1.25% Sloan LCA charts, both age and IOD were 

included in the linear regression models, while only IOD was included for the linear 

regression models for ETDRS VA and Pelli-Robson CS. There was a significant association 

between increased IOD in acuity and decreasing BiS for all four tests except for Pelli-

Robson which showed the association between increased IOD and increasing BiS, 

signifying that as interocular VA difference increases BiS score tends to decrease for visual 

function tests. For increasing age, there was a significant association with decreased BiS 

score for 2.5% LCA (p=0.002) and 1.25% LCA (p<0.0001). Regression coefficients for 

each linear regression model are depicted in Table 3.

The percentage of subjects demonstrating summation (defined as BiS ≥ 5 letters) was 

calculated for each age group and is depicted in Table 4. The overall prevalence of BiS≥ 5 

letters was 51%, 32%, 26%, and 12% for the 2.5% LCA, 1.25% LCA, Pell-Robson 

(BiS≥0.15), and ETDRS charts, respectively. The mean±SD value of BiS for those subjects 

demonstrating BiS was 8.5±3 letters, 9.5±3 letters, 9±4.5 letters, and 7.5±1.5 letters for the 

2.5% LCA, 1.25% LCA, Pelli-Robson, and ETDRS charts, respectively. Overall, there was 

a decrease in prevalence of BiS with increasing age. The percentage of subjects 

demonstrating inhibition (defined as BiS score ≤ −5 letters) is depicted in Table 5.

Discussion

BiS for visual threshold tasks has interested visual psychophysicists for decades. However, 

BiS has also garnered further interest amongst clinical ophthalmologists as a metric of 

binocular function in various ophthalmic diseases.13,21,25–28 There is great interest into the 

effect that age, interocular difference, and various ophthalmic disorders may have on BiS, or 

susceptibility to binocular inhibition.13,21,25–28 Because BiS is still not a well-understood 

phenomenon, there are several hypotheses as to its basis. A historical explanation for the √2 

approximation for BiS is that the visual system integrates both signal and uncorrelated noise 

from each eye, resulting in an increase in the signal to noise ratio of v2.29 While this 

explanation provided an adequate descriptor for much of the early data on binocular 

summation, it has been discredited as a rigorous model of binocular summation and fails to 

address binocular inhibition. The current models proposed by Ding and Sperling14 and 

Baker and Meese30 are two-stage models in which contrast gain control is applied at 

different stages in the visual pathway, and reciprocal inhibition is also present.

Previous studies evaluating BiS in visually and neurologically normal subjects have shown 

that for many visual tasks, BiS, when calculated as a ratio, often approximates 1.4.1,31 The 

majority of these studies have used laboratory based measures such as forced choice 

protocols for contrast sensitivity and visual evoked potential. If clinical researchers wish to 
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study BiS, it would be useful to have easy-to-use and readily available tests. The current 

study shows that Sloan LCA charts at both 2.5% and 1.25% contrast levels are useful in 

demonstrating BiS in normal controls, and provide a normative range of BiS values. The 

mean BiS letter difference scores in the present study were 6 and 3 letters for the 2.5% and 

1.25% charts, respectively. These log difference scores correspond to linear binocular 

summation ratios of 1.29 and 1.14. This differs from our previous study which had a similar 

mean BiS score for the 2.5% chart (1.3) but not for the 1.25% (1.5).21 The most likely 

explanation for this difference is the inclusion of more elderly patients in the current study’s 

normal population, which likely brings the mean score downwards at the lowest contrast 

level. At the lowest contrast levels, age is a known factor in diminishing BiS and even is 

associated with binocular inhibition.8 Of those patients who did demonstrate BiS,the mean 

score was higher for the 1.25% chart. The Pelli-Robson chart and the high contrast ETDRS 

chart were not as useful in displaying robust BiS even for the youngest age group. Although 

we did not expect subjects to demonstrate BiS for the ETDRS chart given its high contrast, 

we were surprised that the Pelli-Robson contrast threshold chart also failed to demonstrate 

high BiS in normal subjects. One possible explanation for this finding is that in normal 

subjects, the threshold for the Pelli-Robson test approximates the minimum contrast value. 

For this reason, we may be observing a “ceiling effect” that obscures binocular 

enhancement. Others have suggested that the coarse step sizes on the Pelli-Robson chart 

may exceed the smaller effects of BiS.32

The 2.5% and 1.25% LCA charts were particularly useful in demonstrating BiS. Normal 

younger subjects could discriminate higher spatial frequencies during binocular than during 

monocular viewing, so that most subjects had BiS exceeding zero. The mean amount of BiS 

in our population was similar to that of the largest study of BiS using ETDRS VA, the Los 

Angeles Latino Eye Study19, in which the mean BiS was 0.06 (compared to 0.04 logMAR, 

or 2 letters, in our subjects). As expected, our data for lower contrast charts revealed a 

higher BiS than for the high contrast ETDRS chart. The 2.5% LCA chart had the highest 

measured mean BiS of a 6 letter difference. These data suggest that a mean of 6 letters may 

be expected from healthy normal young subjects when utilizing this LCA test to evaluate 

BiS. Interestingly, as age increased, the number of subjects exhibiting BiS at low contrast 

levels decreased, and more binocular inhibition was observed.

It is well known that increasing age is associated with reduced BiS and can be associated 

with binocular inhibition.33 In the current study, diminished BiS occurred at two age cut-off 

points: first at 40 years and then again at 60 years as seen in the Figure 3. Gagnon and Kline 

have proposed the neural noise hypothesis2 may explain the age-related decline in BiS. This 

hypothesis suggests that the summing of both signal and uncorrelated noise between the two 

eyes produces a √2 neural summation-factor for contrast.8 An age-related increase in noise 

might explain this decline in BiS.8 Additional considerations include age-related neuronal 

cell loss34 or increased neural variability.8,35,36 In addition, despite the fact that our study 

participants were considered to have healthy and normal visual systems, we still found that 

they demonstrated small interocular differences in VA. It is likely that these interocular 

differences may have reduced BiS and promoted inhibition in these subjects.
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Although clinical LCA letter charts do not demonstrate BiS as robustly as many laboratory 

tests, they may be useful as convenient measures of binocular function especially in 

strabismus patients who cannot achieve stereopsis. In particular, LCA charts reveal an age-

related decline in BiS that is most evident at the lowest level of contrast. Patients with 

binocular inhibition may have binocular visual complaints that are difficult to describe, 

diagnose and manage. Measurements of low contrast binocular summation and inhibition 

may inform clinicians as to why certain patients prefer to close one eye in visually 

demanding situations despite the lack of diplopia. This information may also be useful in a 

wide range of patient-care scenarios such as strabismus patient surgical management, pre-

operative assessment of patients undergoing cataract or refractive surgery to induce 

monovision, and as a measurement of binocular function in unilateral macular disease.

Acknowledgments

Grant support (SLP): NIH/NEI K23EY021762, Knights Templar Eye Foundation, Oppenheimer Family Foundation

References

1. Blake R, Sloane M, Fox R. Further developments in binocular summation. Percept Psychophys. 
1981; 30(3):266–276. [PubMed: 7322802] 

2. Campbell FW, Green DG. Monocular versus binocular visual acuity. Nature. 1965; 208(5006):191–
192. [PubMed: 5884255] 

3. Legge GE. Binocular contrast summation--I. Detection and discrimination. Vision Res. 1984; 24(4):
373–383. [PubMed: 6740958] 

4. Meese TS, Georgeson MA, Baker DH. Binocular contrast vision at and above threshold. J Vis. 
2006; 6(11):1224–1243. [PubMed: 17209731] 

5. Meese TS, Hess RF. Low spatial frequencies are suppressively masked across spatial scale, 
orientation, field position, and eye of origin. J Vis. 2004; 4(10):843–859. [PubMed: 15595890] 

6. Meese TS, Hess RF. Interocular suppression is gated by interocular feature matching. Vision Res. 
Jan; 2005 45(1):9–15. [PubMed: 15571734] 

7. Rose D, Pardhan S. Selective attention, ideal observer theory and 'early' visual channels. Spat Vis. 
2000; 14(1):77–80. [PubMed: 11334183] 

8. Gagnon RW, Kline DW. Senescent effects on binocular summation for contrast sensitivity and 
spatial interval acuity. Curr Eye Res. Nov; 2003 27(5):315–321. [PubMed: 14562168] 

9. Pardhan S, Gilchrist J, Douthwaite W. The effect of spatial frequency on binocular contrast 
inhibition. Ophthalmic Physiol Opt. Jan; 1989 9(1):46–49. [PubMed: 2594377] 

10. Pardhan S, Gilchrist J. Binocular contrast sensitivity with monocular glare disability. Ophthalmic 
Physiol Opt. Jan; 1990 10(1):37–39. [PubMed: 2330212] 

11. Pardhan S, Gilchrist J. The importance of measuring binocular contrast sensitivity in unilateral 
cataract. Eye (Lond). 1991; 5 ( Pt 1):31–35. [PubMed: 2060667] 

12. Pardhan S, Gilchrist J. The effect of monocular defocus on binocular contrast sensitivity. 
Ophthalmic Physiol Opt. Jan; 1990 10(1):33–36. [PubMed: 2330211] 

13. Pardhan S, Gilchrist J. Binocular contrast summation and inhibition in amblyopia. The influence of 
the interocular difference on binocular contrast sensitivity. Doc Ophthalmol. 1992; 82(3):239–248. 
[PubMed: 1303860] 

14. Ding J, Sperling G. A gain-control theory of binocular combination. Proc Natl Acad Sci U S A. Jan 
24; 2006 103(4):1141–1146. [PubMed: 16410354] 

15. Baker DH, Meese TS, Summers RJ. Psychophysical evidence for two routes to suppression before 
binocular summation of signals in human vision. Neuroscience. 2007; 146(1):435–438. [PubMed: 
17346895] 

Pineles et al. Page 7

Strabismus. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



16. Moradi F, Heeger DJ. Inter-ocular contrast normalization in human visual cortex. J Vis. 2009; 9(3):
131–122.

17. Taylor RH, Misson GP, Moseley MJ. Visual acuity and contrast sensitivity in cataract: summation 
and inhibition of visual performance. Eye (Lond). 1991; 5 ( Pt 6):704–707. [PubMed: 1800170] 

18. Tarita-Nistor L, Gonzalez EG, Markowitz SN, Steinbach MJ. Binocular function in patients with 
age-related macular degeneration: a review. Can J Ophthalmol. Jun; 2006 41(3):327–332. 
[PubMed: 16767188] 

19. Azen SP, Varma R, Preston-Martin S, Ying-Lai M, Globe D, Hahn S. Binocular visual acuity 
summation and inhibition in an ocular epidemiological study: the Los Angeles Latino Eye Study. 
Invest Ophthalmol Vis Sci. Jun; 2002 43(6):1742–1748. [PubMed: 12036974] 

20. Ito M, Shimizu K, Amano R, Handa T. Assessment of visual performance in pseudophakic 
monovision. J Cataract Refract Surg. 2009; 35:710–714. [PubMed: 19304093] 

21. Pineles SL, Velez FG, Isenberg SJ, et al. Functional burden of strabismus: decreased binocular 
summation and binocular inhibition. JAMA Ophthalmology. Nov 1; 2013 131(11):1413–1419. 
[PubMed: 24052160] 

22. Group ETDRS. Early treatment diabetic retionpathy study design and baseline characteristics. 
ETDRS Report Number 7. Ophthalmology. 1991; 98:741–756. [PubMed: 2062510] 

23. Elliott DB, Sanderson K, Conkey A. The reliability of the Pelli-Robson contrast sensitivity chart. 
Ophthalmic Physiol Opt. Jan; 1990 10(1):21–24. [PubMed: 2330208] 

24. Group ETDRS. Early treatment diabetic retinopathy study design and baseline characteristics: 
Report Number 7. Ophthalmology. 1991; 98:741–756. [PubMed: 2062510] 

25. Ahn SJ, Yang HK, Hwang JM. Binocular visual acuity in intermittent exotropia: role of 
accommodative convergence. Am J Ophthalmol. 2012; 154:981–986. [PubMed: 22959882] 

26. Baker DH, Meese TS, Mansouri B, Hess RF. Binocular summation of contrast remains intact in 
strabismic amblyopia. Invest Ophthalmol Vis Sci. 2007; 48(11):5332–5338. [PubMed: 17962490] 

27. Pardhan S. Binocular performance in patients with unilateral cataract using the Regan test: 
binocular summation and inhibition with low-contrast charts. Eye (Lond). 1993; 7 ( Pt 1):59–62. 
[PubMed: 8325425] 

28. Pineles SL, Birch EE, Talman LS, et al. One eye or two: a comparison of binocular and monocular 
low-contrast acuity testing in multiple sclerosis. American journal of ophthalmology. Jul; 2011 
152(1):133–140. [PubMed: 21570055] 

29. Green, DM.; Swets, JA. Signal detection theory and psychophysics. New York: Kreiger; 1966. 

30. Baker DH, Meese TS. Binocular contrast interactions: dichoptic masking is not a single process. 
Vision Res. Nov; 2007 47(24):3096–3107. [PubMed: 17904610] 

31. Blake R, Wilson H. Binocular vision. Vision Res. Apr 13; 2011 51(7):754–770. [PubMed: 
20951722] 

32. Pardhan S, Elliott DB. Clinical measurements of binocular summation and inhibition in patients 
with cataract. Clin Vision Sci. 1991; 6(5):355–359.

33. Pardhan S. A comparison of binocular summation in young and older patients. Curr Eye Res. Mar; 
1996 15(3):315–319. [PubMed: 8654112] 

34. Weale, R. Senile ocular changes, cell death, and vision. In: Sekuler, RD.; Kline, DW.; Dismukes, 
K., editors. Aging and Human Visual Function. New York: Alan R. Liss; 1982. p. 161-171.

35. Elliott DB, Whitaker D, Thompson P. Use of displacement thresholds hyperacuity to isolate the 
neural component of senile vision loss. App Optics. 1989; 28:1914–1918.

36. Whitaker D, Elliott D, MacVeigh D. Variations in hyperacuity performance with age. Ophthal 
Physiol Opt. 1992; 12:29–32.

Pineles et al. Page 8

Strabismus. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1. Histogram and outlier box plot depicting the distribution of binocular summation (BiS) 
for each psychophysical test. A
2.5% Sloan low contrast visual B. 1.25% Sloan low contrast visual acuity C. Pelli-Robson 

BiS contrast D. High contrast ETDRS visual acuity

LCA: low contrast acuity, ETDRS VA: Early treatment diabetic retinopathy study visual 

acuity
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Figure 2. Box-and-whisker plots depicting the effect of age on binocular summation (BiS). Blue 
line connecting the means for each
Black circles represent data for individual subjects. A. 2.5% Sloan low contrast visual 

acuity BiS declined significantly with age (p=0.001, Kruskal-Wallis). B. 1.25% Sloan low 

contrast visual acuity BiS declined significantly with age (p<0.0001, Kruskal-Wallis). C. 

Pelli-Robson BiS contrast sensitivity declined significantly with age (p=0.006, Kruskal-

Wallis) D. High contrast ETDRS visual acuity BiS did not exhibit significant variation with 

age (p=0.3, Kruskal-Wallis).

LCA: low contrast acuity, ETDRS VA: Early treatment diabetic retinopathy study visual 

acuity
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Figure 3. Scatterplots with smoothing spline curve
A. 2.5% Sloan low contrast acuity binocular summation vs age (right) and interocular 

difference (left). Both plots suggest a linear trend for a decrease in binocular summation 

with increasing age and interocular difference. B. 1.25% Sloan low contrast acuity binocular 

summation vs age (right) and interocular difference (left). Both plots suggest a linear trend 

for a decrease in binocular summation with increasing age and interocular difference. C. 
Pelli Robson contrast sensitivity binocular summation vs age (right) and interocular 

difference (left). There is no apparent correlation between binocular summation score and 

age or interocular difference (multiple overlapping points displayed as one circle). D. 

ETDRS high contrast acuity binocular summation vs age (right) and interocular difference 

(left). There is no apparent correlation between binocular summation score and age. There is 

a linear trend towards decreasing binocular summation score with increasing interocular 

difference. LCA: low contrast acuity, ETDRS VA: Early treatment diabetic retinopathy study 

visual acuity, IOD: interocular difference in visual acuity
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Table 1

Monocular and binocular visual function (mean ± SD, median, range)*

Age (years) 2.5% LCA (letters) 1.25% LCA (letters) Pelli-Robson (letters) ETDRS VA (letters)

2–9 OU: 66±8 OU: 49±17 OU: 42±0 OU: 84±7

Median: 70 Median: 49 Median: 42 Median: 54

Range: 47–81 Range: 30–70 Range: 42–42 Range: 74–100

OD: 61±6 OD: 43±13 OD: 40±5 OD: 80±8

Median: 61 Median: 43 Median: 42 Median: 79

Range: 47–74 Range: 30–58 Range: 36–42 Range: 72–95

10–19 OU: 73±5 OU: 65±6 OU: 42±0 OU: 89±4

Median: 71 Median: 67 Median: 42 Median: 90

Range: 65–80 Range: 55–72 Range: 42–42 Range: 83–93

OD: 61±8 OD: 54±7 OD: 1.89±5 OD: 88±4

Median: 59 Median:54 Median: 42 Median: 87

Range: 53–73 Range: 42–67 Range: 36–42 Range: 83–94

20–29 OU: 73±7 OU: 61±7 OU: 42±5 OU: 92±6

Median: 74 Median: 62 Median: 42 Median: 92

Range: 50–84 Range:40–70 Range: 42–2.25 Range: 74–100

OD: 62±6 OD: 56±6 OD: 41.5±5 OD: 88±6

Median: 63 Median: 59 Median: 42 Median: 89

Range: 48–72 Range: 39–62 Range: 36–42 Range: 72–99

30–39 OU: 74±5 OU: 64±6 OU: 42±5 OU: 94±4

Median: 75 Median: 64 Median: 42 Median: 94

Range: 62–81 Range: 52–79 Range: 42–2.25 Range: 86–100

OD: 63±7 OD: 58±6 OD: 41.5±5 OD: 91±5

Median: 65 Median: 60 Median: 42 Median: 93

Range: 39–74 Range: 43–70 Range: 36–42 Range: 79–100

40–49 OU: 69±8 OU: 60±8 OU: 42±0 OU: 89±7

Median: 70 Median: 63 Median: 42 Median: 89

Range: 54–78 Range: 45–74 Range: 42–42 Range: 74–98

OD: 62±8 OD: 58±7 OD: 42.5±9 OD: 85±7

Median: 65 Median: 60 Median: 42 Median: 86

Range: 45–74 Range: 43–68 Range: 36–42 Range: 70–96

50–59 OU: 65±9 OU: 57±8 OU: 42±0 OU: 89±5

Median: 67 Median: 59 Median: 42 Median: 89

Range: 39–75 Range: 38–69 Range: 42–42 Range: 80–97

OD: 59±7 OD: 55±7 OD: 40±7 OD: 85±5

Median: 60 Median: 56 Median: 42 Median: 87

Range: 40–70 Range: 39–64 Range: 36–42 Range: 78–92
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Age (years) 2.5% LCA (letters) 1.25% LCA (letters) Pelli-Robson (letters) ETDRS VA (letters)

>60 OU 59±10 OU: 48±11 OU: 40±7 OU: 85±6

Median: 63 Median: 44 Median: 42 Median: 87

Range: 35–76 Range: 30–65 Range: 33–42 Range: 73–94

OD: 49±10 OD: 47±11 OD: 37±7 OD: 80±6

Median: 50 Median: 48 Median: 36 Median: 80

Range: 30–74 Range: 30–64 Range: 33–42 Range: 58–94

ETDRS VA: Early treatment diabetic retinopathy study visual acuity, LCA: Low contrast acuity; OU: binocular, OD: right eye

*
Values based on ETDRS letter score plus 30 letters
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Table 2

Binocular summation by age decade (mean ± SD, median, range)

Age (yrs) 2.5% LCA (letters) 1.25% LCA (letters) Pelli-Robson (letters) ETDRS VA (letters)

2–9 4.5±4.5 5±5 5±5 1.5±2.5

Median 2 Median 3 Median 0 Median 0

Range 0 to 10 Range 0 to 15 Range 0 to 9 Range -1 to +6

10- 19 10±5 10±±5 5±5 -0.25±3.5

Median 10 Median 7.5 Median 0 Median -0.5

Range 1 to 16 Range 0 to 18 Range 0 to 9 Range -5 to 7

20- 29 5±±4 5±4.5 2.5±5 2.5±2.5

Median 5 Median 5 Median 0 Median 3

Range -2 to 15 Range -3 to 15 Range 0 to 9 Range -5 to 7

30- 39 5±4 6±5 4.2±5 1.5±2.5

Median 7 Median 7 Median 0 Median 2

Range 1 to 15 Range -2 to 15 Range 0 to 9 Range -4 to 6

40- 49 5±3.5 1.5±5 0±7 1.5±3

Median 5 Median 2 Median 0 Median 1

Range -4 to 12 Range -7 to 10 Range -23 to 9 Range -5 to 7

50- 59 4±3.5 2±4 5±7 2.5±3.5

Median 4 Median 1 Median 0 Median 3

Range -6 to 10 Range -2 to 16 Range 0 to 15 Range -4 to 10

>60 3±4 -0.5±4 7±7 1.5±3.5

Median 2 Median 0 Median 7 Median 2

Range -9 to 10 Range -1.0 to 5 Range 0 to13 Range -4 to 12

ETDRS VA: Early treatment diabetic retinopathy study visual acuity, LCA: Low contrast acuity; CS: contrast sensitivity
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Table 3

Linear Regression Models for Binocular Summation, and Covariates of Age and Interocular Difference

2.5% LCA Regression Coefficient±SE P-value

Age (years) −0.001±0.0004 0.002

Interocular difference 2.5% LCA (letters) −0.005±0.002 0.003

R2 0.18

1.25% LCA Regression Coefficient±SE P-value

Age (years) −0.002±0.0005 <0.0001

Interocular difference 1.25% LCA (letters) −0.004±0.001 0.001

R2 0.27

Pelli-Robson Regression Coefficient±SE P-value

Interocular difference in contrast threshold 0.49±0.13 0.0004

R2 0.099

ETDRS VA Regression Coefficient±SE P-value

Interocular difference ETDRS VA (letters) −0.005±0.001 0.0008

R2 0.089

ETDRS VA: Early Treatment Diabetic Retinopathy Study Visual Acuity, LCA: low contrast acuity; SE=Standard error
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