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Abstract 28 

Background: Adults with late-onset acute acquired concomitant esotropia (AACE) have 29 

chance to develop normal binocular functions including a balanced ocular dominance before 30 

the onset of esotropia. For most patients, strabismus surgery re-establishing the ocular 31 

alignment indeed effectively restore stereopsis and visual acuity to the normal level. However, 32 

it is unclear whether they have already acquired balanced two eyes. 33 

Methods: 11 surgically aligned patients with AACE (24.3 ± 1.5 years; mean ± SE) and 14 34 

adults with normal vision (26.1±1.2 years) participated in our experiments. All patients had 35 

normal binocularity and stereopsis. Using binocular phase combination paradigm, sensory eye 36 

dominance was quantified as the interocular contrast ratio, termed balance point, at which the 37 

contribution of each eye to the perception of cyclopean grating were equal. 38 

Results: Normal controls had a mean balance point value close to unity (0.95±0.01), while 39 

AACE group exhibited evident binocular imbalance (0.76±0.05), which was significantly 40 

different from control group (t (10.45) = -3.485, p = 0.006) . The balance point value didn’t 41 

depend on the interval from AACE onset to strabismus surgery (r = -0.357, p = 0.281) or the 42 

interval from the surgery to examination of sensory eye dominance (r = -0.105, p = 0.759). 43 

Conclusions: Although strabismus surgery effectively straightened AACE patients’ ocular 44 

alignment and even conferred them normal stereopsis, late-onset AACE patients’ two eyes 45 

were still not balanced. These results indicated that binocular imbalance might be a risk factor for 46 

adult AACE. 47 
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Background 51 

Ocular alignment is not only necessary for cosmetic use but also clearly the first step to 52 

provide conditions crucial for re-establishing full binocular function in strabismus. Although there 53 

were several therapies for the treatment of ocular misalignment of strabismus such as refractive 54 

correction(1), eye exercises(2), botulinum toxin therapy(3), surgical alignment(4) and so on, 55 

strabismus surgery is a generally applied treatment especially for large deviation angle(5, 6). The 56 

benefit of surgical alignment to various binocular function have been reported for several types of 57 

strabismus. For example, better fusion was gained in adults with congenital esotropia after the 58 

surgery(7, 8) , which also improved stereoscope of patients suffering intermittent exotropia (9) as 59 

well as those with chronic acquired strabismus (10). 60 

Strabismus surgery could effectively improve the binocularity and stereopsis (7, 11, 12), 61 

especially for patients who have no impediments in their early vision development (8, 13, 14). 62 

However, in recent studies, researchers quantified the sensory eye dominance using a phase 63 

combination paradigm(15) and found that the majority of surgically corrected intermittent 64 

exotropes even with normal stereopsis still exhibited significant interocular imbalance(16) and the 65 

surgical alignment did not present benefit to sensory eye dominance immediately or one year later 66 

after the surgery
 16

. As a category of strabismus, intermittent exotropia was usually presented at 67 

childhood. It should be noted that, although intermittent fusion with proper ocular alignment at the 68 

early life stage might enable the development of normal binocular function, the residual part-time 69 

ocular deviation may still to some degree exert detrimental effect on sensory eye dominance of 70 

intermittent exotropes. 71 

In contrast to intermittent exotropes, acute acquired concomitant esotropia (AACE), which 72 

was characterized by sudden onset of concomitant esotropia in older children and adults (17), was 73 

assumed to have opportunity to develop normal binocularity before the onset of esotropia. 74 

Although rare (14, 18) AACE appeared to rise in prevalence in recent years (19) due to excessive 75 

near work of modern people in everyday life, especially smart phone addiction(19). Surgical 76 

alignment is also proposed to be the principal therapy for AACE and has better stereopsis outcome 77 

than congenital or childhood esotropia (14, 20, 21). Thus, it is of great interest whether surgical 78 



alignment could rebalance sensory eye dominance for late-onset AACE. 79 

To test such possibility, we adopted the same paradigm to measure the sensory eye 80 

dominance of a group of surgically aligned adults with AACE who had clinically normal 81 

stereopsis and a group of normal adult controls. The sensory eye dominance was quantified as the 82 

interocular contrast ratio, termed balance point, at which two eyes contributed equally to 83 

cyclopean perception. We found that surgically corrected adults with AACE had significantly 84 

lower balance point comparing with the normal adult controls. Moreover, the balance point of 85 

adults with AACE had no relationship with the duration between onset of esotropia and surgery, 86 

or the interval from surgery to the examination of sensory eye dominance. Our results suggest that 87 

even for strabismus occurring since adulthood, straightening two eyes thorough surgery is yet not 88 

able to restore sensory eye dominance to normal level and binocular imbalance might be a risk 89 

factor for adult AACE. 90 

Methods 91 

Participants 92 

Twenty three surgically aligned patients with AACE presenting to Wenzhou Eye Hospital 93 

were recruited and screened at least 7 days after the strabismus surgery, of which eleven patients 94 

who had ocular alignment successfully corrected and had normal clinical visual acuity and 95 

stereopsis were included in our study. A successful surgical alignment was defined as an esotropia 96 

or exotropia of no more than 10 prism diopters for both near and distance fixation using cover test. 97 

Normal stereopsis was defined as stereo acuity of less than 100 arc sec using clinical stereo tests 98 

(Titmus; Baoshijia, Zhengzhou, China). Patients with a history of other ophthalmic, a history of 99 

systemic or neurological disease, severe head trauma, cranial tumor and repetitive surgery were 100 

excluded. Another fourteen students from Wenzhou Medical Universities without any ocular 101 

abnormality other than refractive errors participated as controls. All treated patients and controls 102 

had normal or corrected to normal visual acuity (no more than 0.09 logMAR) in two eyes and 103 

exhibited normal ability of fusion assessed with the Worth’s 4 lights test. They had emmetropic 104 

eyes (i.e., spherical equivalent refractions under ± 0.75 diopters) or had myopia in both eyes with 105 

interocular spherical difference less than 1.50 diopters. Participants were required to wear their 106 



prescribed optical correction, if needed, for data collections. 107 

Apparatus 108 

Visual stimuli used for measurement of sensory eye dominance were generated by a Mac 109 

computer running Matlab with PsychToolbox 3.0.9 extensions (22, 23) and displayed on a head 110 

mounted goggles (goovis G1, OLED) with 1024*768 pixels resolution and a vertical refresh rate 111 

of 60 Hz. The mean luminance of the OLED goggles was 160 cd/m
2
. Luminance nonlinearities of 112 

the screen were corrected with an inverse gamma lookup table derived from careful calibration 113 

with a photometer, checked or recalibrated before each experiment. 114 

Stimuli 115 

The luminance profiles of the grating presented to the dominant and nondominant eyes as shown 116 

in Fig. 1 can be defined as following:  117 

𝐿𝑢𝑚𝑛𝑜𝑛𝐷𝐸(𝑦) = 𝐿0 [1 − 𝐶0𝑐𝑜𝑠 (2𝜋𝑓𝑦 ± 𝜃2)]                                (1) 

𝐿𝑢𝑚𝐷𝐸(𝑦)   = 𝐿0 [1 − 𝛿𝐶0𝑐𝑜𝑠 (2𝜋𝑓𝑦 ∓ 𝜃2)]                                    (2) 

Where 𝐿0 = 160 𝑐𝑑 𝑚2⁄  is the background luminance, 𝐶0  is the base contrast in the 118 

nondominant eye, 𝑓 is the spatial frequency of the gratings, 𝜃 is the interocular phase difference 119 

and 𝛿 is interocular contrast ratio. In our test, 𝐶0 = 100%; 𝑓 = 0.46 𝑐𝑦𝑐𝑙𝑒/°; 𝜃 = 45° and 120 𝛿 =  [0, 0.2, 0.4, 0.6, 0.8, 1.0 ].  121 

Surrounding the gratings, a high contrast frame (width, 0.11º; length, 2.83º) with four white 122 

diagonal line (width, 0.11º; length, 2.83º) was displayed all over the test to help participants 123 

maintain fusion. 124 

Procedure 125 

The phase combination paradigm used for measuring the eye dominance has been described 126 

previously (24). As illustrated in Fig. 1A, observers were asked to view dichoptically two 127 

horizontal sinusoidal gratings with equal but opposite phase (± 22.5º) and estimate the perceived 128 

phase of the cyclopean grating. This process was repeated for various contrast ratios of dominant 129 



to nondominant eye to evaluate the interocular ratio where two eyes made equal contributions to 130 

binocular combination. The ratio was termed “balance point” which quantified sensory eye 131 

dominance. In our study, the contrast of the grating presented to the nondominant eye was fixed at 132 

100%, and the following interocular contrast ratios were used: 0, 0.2, 0.4, 0.6, 0.8 and 1. 133 

To eliminate any potential bias, two configurations (Fig. 1B) were used for each interocular 134 

contrast ratio: in one configuration, the phase shift is +22.5º for grating to dominant eye and was 135 

-22.5º for grating to nondominant eye; In the other configuration, vice versa. The perceived phase 136 

was defined as half of the difference between perceived phases in these two configurations. Each 137 

configuration was repeated eight times and there were 8 Trials * 2 configurations * 6 interocular 138 

ratios, with 96 trials in total for each participant. All conditions were randomly intermixed. 139 

Participants normally finished the test in 25 to 30 minutes. 140 

Fig. 1C illustrated the trial sequence in our experiment. Each trial began with an alignment 141 

task in which participants adjusted the positions of two monocular images to achieve better 142 

convergence till the images seen by two eyes were successfully combined into one steady 143 

cyclopean image. After the convergence was confirmed by pressing specified key, only 144 

surrounding high contrast frame was presented for 500 milliseconds. This was followed by the 145 

binocular phase combination task. Participants were instructed to indicate the perceived phase of 146 

cyclopean grating by moving a reference line to align it to the center of the dark stripe of the 147 

grating. The line was presented horizontally on both sides of monocular grating, with its initial 148 

vertical position (-9 to 10 pixels, relative to the center of the frame) randomly assigned in each 149 

trial. The line was moved up and down one pixel every step which corresponded to 4-degree phase 150 

angle of the sinusoidal grating. The stimuli were displayed continually till the end of trial. The 151 

next trial started immediately after participants confirmed the position of reference line by 152 

pressing specified key. Before the formal test, participants were allowed to get familiar with the 153 

task in a 5 to 10-minutes practice session. 154 

Data Analysis 155 

The perceived cyclopean phases for each interocular contrast ratio were calculated as the average 156 

of eight repeated measurements and fitted to a modified contrast-gain control model developed by 157 



Huang et. al. (15): 158 

φ = 𝑡𝑎𝑛−1 [1−( 𝛿𝑏𝑝)1+𝛾
1+( 𝛿𝑏𝑝)1+𝛾 ∙ 𝑡𝑎𝑛 (𝜃2)]     (3) 159 

where φ is the perceived phase; 𝛿 is interocular contrast ratio; 𝜃 is interocular phase 160 

difference (In our study, it is 45°); 𝑏𝑝 and 𝛾 are two free parameters, 𝑏𝑝 ( balance point ) 161 

representing for the interocular contrast ratio at which the two eyes contributed equally to the 162 

binocular combination and 𝛾 representing for transducer nonlinearity in the gain control pathway. 163 

All the model-fitting programs were implemented in Matlab (Mathworks, Inc., Natick, MA, USA) 164 

using the nonlinear least squares method to minimized ∑(𝜑𝑡ℎ𝑒𝑜𝑟𝑦 − 𝜑𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑)2
. The 165 

goodness-of-fit was evaluated by: 166 

𝑟2 = 1 − ∑(𝜑𝑡ℎ𝑒𝑜𝑟𝑦−𝜑𝑜𝑏𝑒𝑟𝑠𝑒𝑣𝑒𝑑)2∑[𝜑𝑜𝑏𝑒𝑟𝑠𝑒𝑣𝑒𝑑−𝑚𝑒𝑎𝑛(𝜑𝑜𝑏𝑒𝑟𝑠𝑒𝑣𝑒𝑑)]2     (4) 167 

Independent-sample t test was used to test whether there was significant difference in balance 168 

point between surgically corrected AACE group and normal control group. Correlation analysis 169 

were also conducted to identify factors relating to AACE patients’ postoperative balance point. All 170 

statistical computations were done in SPSS 13.0 (SPSS, Inc., Chicago, IL, USA).  171 

Results 172 

In total, 11 surgically aligned AACE patients (6 male; age, mean ± SE, 24.3 ± 1.5 years) which 173 

exhibited clinically normal stereopsis (stereo acuity was within 100 arc sec) and 14 normal adults 174 

(9 male; 26.1±1.2 years) were included in our study. These two groups were matched in sex (χ2
 175 

(1)= 0.244, p = 0.622) and age (t(23) = -0.931, p=0.429). The clinical details of each patients in 176 

our study were provided in Table 1. Note that myopia is present for all patients except P8 and P10 177 

who had emmetropic eyes (less than ±0.75 diopters). The refraction error on average was equal to 178 

a spherical equivalent of -3.47 diopters (range, -6.75 to 0.25 diopters; OD) and -3.41 diopters 179 

(range, –6.5 to 0.25 diopters; OS). All patients included was on average 22.7 years old (range, 14 180 

to 30 years) when the esotropia manifested. Before surgery, the mean initial angle of esotropia was 181 

33.6 prism diopters (range, 10 to 55 prism diopters) at near and 30.5 prism diopters (range, 10 to 182 



50 prism diopters) at distance. Furthermore, 4 of 11 patients have equal near and distance 183 

esotropia. In the remaining 7 cases, the differences were within 5 prism diopters. The 184 

characteristics of most patients in our study met the diagnostic criteria of Bielschowsky type 185 

AACE defined by previous investigators (13, 19, 25), which was described as occurrence in 186 

adolescents and adults, varying degree of myopia and nearly equal angle of deviation at far and 187 

near distance (14, 20). 188 

The perceived phase of cyclopean image versus interocular contrast ratio (PvR) functions for 189 

each surgically corrected patients with AACE and their average were shown in separate panels in 190 

Fig. 2. The shapes of all PvR functions were consistent with those documented in the literature: 191 

the phase depended strongly on the interocular contrast ratio and decreased monotonously from 192 

positive 22.5 degree to minus 22.5 degree with the ratio increasing. All data fitted contrast gain 193 

control model well with the average goodness of fit equal to 0.945±0.021 (mean ± SE) for treated 194 

patients and 0.968 ± 0.007 for normal controls. The average PvR function for fourteen normal 195 

controls was also shown in each panel and fitted to the contrast gain control model. The 196 

predictions of the best fitting model are plotted as smooth curves for both groups. The arrow 197 

marked the position of the balance point. Obviously, except for P2, P6 and P10, all other patients 198 

had arrows that were shifted leftward comparing with the average result of normal controls. The 199 

balance point for the average of patients with AACE was quite lower than that for the average of 200 

normal controls. 201 

The average balance point for post-surgery patients with AACE and normal controls were 202 

shown in Fig. 3. Normal controls had an average balance point close to one (0.95 ± 0.01), 203 

indicating that a balanced contribution from each eye occurred when the image contrast in each 204 

eye was approximately equal. However, the post-surgery patients with AACE exhibited significant 205 

imbalance with an average balance point of 0.76 ± 0.05, which meant that balanced contribution 206 

from each eye occurred only when the signal strength in the dominant eye was on average 32% 207 

stronger than that of the other eye. A two-tailed independent samples t-test was conducted to 208 

compare the balance points between these two groups. The analysis showed that post-surgery 209 

patients with AACE had significantly lower balance point than normal controls (t (10.45) = -3.485, 210 



p = 0.006). 211 

The relationship between the balance point and two potential clinical features was shown in 212 

Fig. 4. The Pearson correlation analysis unraveled that the balance point were statistically 213 

independent of the interval from AACE onset to the surgery (r = -0.357, p = 0.281; Fig. 4A) and 214 

the interval from the surgery to the examination of sensory eye dominance (r = -0.105, p = 0.759; 215 

Fig. 4B). The Pearson correlation only describe the linear relationship between two variables. We 216 

also conducted spearman correlation analysis to test whether the balance point monotonously 217 

depended on these two features. No significance dependence was observed with both P>0.2. 218 

Discussion 219 

Here we conducted a cross-sectional cohort study to examine whether adults with AACE had 220 

balanced sensory eye dominance since the eyes have already been straightened through strabismus 221 

surgery. We quantified the sensory eye dominance by the effective contrast ratio of images 222 

presented dichoptically to two eyes, at which each eye made equal contribution to the binocular 223 

percept in a binocular phase combination task. Our results showed that post-operative patients 224 

with AACE yet have unbalanced eyes even when they had successfully corrected ocular alignment 225 

and clinically normal stereoscope. 226 

Surgical alignment commonly benefits various binocular functions for several type of 227 

strabismus (7-10). Recent studies(16, 26) showed that, after strabismus surgery, patients with 228 

intermittent exotropia although exhibiting visual acuity and even normal stereo still have 229 

imbalanced sensory eye dominance. It should be noted that binocular imbalance might be due to 230 

residual part-time ocular deviation of juvenile patients with intermittent exotropia. In contrary to 231 

congenital intermittent exotropia, AACE is an esotropia which occurred suddenly in adolescents 232 

and adults (25, 27). Apparently, binocular vision had developed normally before the onset of 233 

esotropia (13). Thus, the postoperative imbalance of eye dominance observed here unlikely 234 

originated from abnormal early visual experience. It has been demonstrated that adults with 235 

anisometropia tend to have unequal eye dominance(28). Indeed, the participants in our 236 

experiments almost all have myopia, a typical feature of Bielshcowsky type AACE, but none has 237 

anisometropia. Fawcett(29) proposed a critical window for misalignment in adults beyond which 238 



recovery of binocular function is not possible. It seems that the long-term esotropia without 239 

surgical correction might make the interocular imbalance incurable. However, our results showed 240 

that the balance points did not depend on the interval from onset of AACE to strabismus surgery. 241 

This is consistent with previous studies which found that the duration of misalignment did not 242 

predict failure to recover stereo acuity (8, 10). In addition, several work (10, 30) also suggested 243 

that the recovery of binocularity may take several months to occur. Nevertheless, we found that 244 

the balance point was independent of the interval from surgery to the measurement of sensory eye 245 

dominance. Specifically, the patient whose sensory eye dominance was examined even two years 246 

after surgery still had a balance point of 0.63. Previous study(26) on intermittent exotropes gave 247 

the same results, in which the author examined the sensory eye dominance first 0.5 months after 248 

surgery and then 5 months after surgery and found no difference of binocular balance measured at 249 

different time.  250 

The phase combination task have been applied in identifying the abnormality of sensory eye 251 

dominance in amblyopia(24), anisometropia(28) and strabismus(31). On assessing eye preference 252 

in binocular view, the traditional measurement e.g. the hole-in-the-card test (32) and the 253 

Worth-4-dot test (33) was convenient in clinical practice but only able to provide qualitative 254 

outcome of test. Thus the method we adopted here to some extent could detect binocular deficit 255 

that would be ignored in traditional crude test. Similar to binocularity and stereopsis, the binocular 256 

balance as reflected in the phase combination task has a cortical basis (34-37). It has been 257 

demonstrated that distinct binocular processes sharing a similar interocular contrast-gain control 258 

stage may have separate pathways (15, 38). Thus, it is possible that patients have deficits at 259 

different sites within the binocular pathway and this might explain inconsistencies in the surgery 260 

outcome of distinct binocular functions. In addition to phase combination, the asymmetry in other 261 

binocular visual function such as binocular orientation combination(39) , dichoptic motion 262 

coherence perception(40), dichoptic orientation coherence perception(41) and binocular rivalry(42) 263 

can also be determined quantitatively based on the paradigm used in phase combination task. 264 

Although results of these measurement were mostly consistent, there were still some difference 265 

possibly due to distinct cortical mechanism involved (43). It is of great value to investigate 266 



whether ocular dominance in term of different binocular function would give the same result in 267 

future experiments.  268 

Kushner et.al have demonstrated that the development of binocularity after surgery appears to 269 

be related to the stability of the postoperative ocular alignment. Kohli et.al (44) also pointed out 270 

that the development of binocularity and stereopsis is associated with the final postoperative 271 

alignment. Here we observed that the eye dominance after restoring ocular alignment was still 272 

abnormal. This indicate that binocular imbalance might be a risk factor for adult patients with 273 

AACE. Further research is needed to clarify whether postoperative imbalanced eye dominance 274 

induce the problem of ocular alignment in long term. 275 

Conclusions 276 

Post-operative patients with AACE yet have unbalanced eyes even when they had 277 

successfully corrected ocular alignment and clinically normal stereoscope. These results suggested 278 

that binocular imbalance observed here might be a risk factor for adult AACE. 279 

Abbreviations 280 

AACE: Acute acquired concomitant esotropia 281 

SE: Standard error 282 

Declarations 283 

Ethics approval and consent to participate 284 

This study was approved by ethics committee of Wenzhou Medical University and adhered to 285 

the tenets of the Declaration of Helsinki. A written informed consent was obtained from each 286 

participants after the nature and possible consequence of the study were explained. For 287 

participants under 16 years old, written informed consent would obtained from their parent or 288 

guardian. 289 

Consent for publication 290 

Not applicable. 291 

Availability of data and materials 292 



Data is obtained with the permission of the corresponding author. 293 

Competing interests 294 

The authors declare that they have no conflict of interest. 295 

Funding 296 

This research was supported by the Natural Science Foundation of Zhejiang Province Grants 297 

LQ18C090002 to ZY and LY19C090004 to BC. The funders had an important role in data 298 

collection and analysis. 299 

Authors' contributions 300 

 Z.Y. and X.Y. conceived the project and designed the experiments. Z.Y., H.Y., B.C., and J.Z. 301 

performed the experiments and analyzed the data. Z.Y. , H.Y. and X.Y. wrote the paper. All authors 302 

had read and approved the manuscript. 303 

Acknowledgements 304 

 Not applicable. 305 

 306 

References 307 

1. Kushner BJ, Kowal L. Diplopia after refractive surgery: occurrence and prevention. Archives of 308 

ophthalmology. 2003;121(3):315-21. 309 

2. Aziz S, Cleary M, Stewart HK, Weir CR. Are orthoptic exercises an effective treatment for 310 

convergence and fusion deficiencies? Strabismus. 2006;14(4):183. 311 

3. Scott AB. Botulinum toxin injection of eye muscles to correct strabismus. Trans Am Ophthalmol 312 

Soc. 1981;74:734. 313 

4. Mills MD, Coats DK, Donahue SP, Wheeler DT, Ophthalmology AAO. Strabismus surgery for adults: 314 

a report by the American Academy of Ophthalmology. Ophthalmology. 2004;111(6):1255-62. 315 

5. Kushner BJ. The efficacy of strabismus surgery in adults: a review for primary care physicians. 316 

Postgraduate Medical Journal. 2011;87(1026):269-73. 317 

6. Kushner BJ. The benefits, risks, and efficacy of strabismus surgery in adults. Optometry and vision 318 

science. 2014;91(5):e102-9. 319 

7. Morris RJ, Scott WE, Dickey CF. Fusion after surgical alignment of longstanding strabismus in 320 

adults. Ophthalmology. 1993;100(1):135-8. 321 

8. Kushner BJ, Morton GV. Postoperative binocularity in adults with longstanding strabismus. 322 

Ophthalmology. 1992;99(3):316-9. 323 

9. Yildirim C, Mutlu FM, Chen Y, Altinsoy HI. Assessment of central and peripheral fusion and near 324 

and distance stereoacuity in intermittent exotropic patients before and after strabismus surgery. 325 

American journal of ophthalmology. 1999;128(2):222-30. 326 

10. Lal G, Holmes JM. Postoperative stereoacuity following realignment for chronic acquired 327 

strabismus in adults. Journal of American Association for Pediatric Ophthalmology & Strabismus. 328 

2002;6(4):233-7. 329 

11. Dickmann A, Aliberti S, Rebecchi MT, Aprile I, Salerni A, Petroni S, et al. Improved sensory status 330 

and quality-of-life measures in adult patients after strabismus surgery. Journal of American 331 

Association for Pediatric Ophthalmology & Strabismus. 2013;17(1):25-8. 332 

12. Mets MB, Beauchamp CHaldi BA. Binocularity following surgical correction of strabismus in 333 



adults. Transactions of the American Ophthalmological Society. 2003;101(5):201. 334 

13. Spierer A. Acute concomitant esotropia of adulthood. Ophthalmology. 2003;110(5):1053-6. 335 

14. Legmann SA, Borchert M. Etiology and prognosis of acute, late-onset esotropia. Ophthalmology. 336 

1997;104(8):1348-52. 337 

15. Huang CB, Zhou J, Zhou Y, Lu ZL. Contrast and phase combination in binocular vision. PloS one. 338 

2010;5(12):e15075. 339 

16. Feng L, Zhou J, Chen L, Hess RF. Sensory eye balance in surgically corrected intermittent 340 

exotropes with normal stereopsis. Scientific reports. 2015;5:13075. 341 

17. Clark AC, Nelson LB, Simon JW, Wagner R, Rubin SE. Acute acquired comitant esotropia. British 342 

Journal of Ophthalmology. 1985;17(8):777-8. 343 

18. Mohney BG. Common Forms of Childhood Strabismus in an Incidence Cohort. American journal 344 

of ophthalmology. 2007;144(3):465-7. 345 

19. Seok LH, Woo PS, Hwan H. Acute acquired comitant esotropia related to excessive Smartphone 346 

use. BMC ophthalmology. 2016;16(1):1-7. 347 

20. Ohtsuki H, Hasebe S, Kobashi R, Okano M, Furuse T. Critical period for restoration of normal 348 

stereoacuity in acute-onset comitant esotropia. American journal of ophthalmology. 349 

1994;118(4):502-8. 350 

21. Lyons CJ, Tiffin PA, Oystreck D. Acute acquired comitant esotropia: a prospective study. Eye. 351 

1999;13 ( Pt 5)(5):617-20. 352 

22. Brainard DH. The Psychophysics Toolbox. Spat Vis. 1997;10(4):433-6. 353 

23. Pelli DG. The VideoToolbox software for visual psychophysics: transforming numbers into movies. 354 

Spatial Vision. 1997;10(4):437. 355 

24. Huang CB, Zhou J, Lu ZL, Feng L, Zhou Y. Binocular combination in anisometropic amblyopia. 356 

Journal of vision. 2009;9(3):17 1-6. 357 

25. Hoyt CS, Good WV. Acute onset concomitant esotropia: when is it a sign of serious neurological 358 

disease? The British journal of ophthalmology. 1995;79(5):498-501. 359 

26. Zhou J, Wang Y, Feng L, Wang J, Hess RF. Straightening the Eyes Doesn't Rebalance the Brain. 360 

Frontiers in Human Neuroscience. 2017;11:453. 361 

27. Burian HM, Miller JE. Comitant convergent strabismus with acute onset. American journal of 362 

ophthalmology. 1958;45(4):55-64. 363 

28. Zhou J, Feng L, Lin H, Hess RF. On the Maintenance of Normal Ocular Dominance and a Possible 364 

Mechanism Underlying Refractive Adaptation. Investigative ophthalmology & visual science. 365 

2016;57(13):5181. 366 

29. Fawcett SL, Birch EE. Interobserver test-retest reliability of the Randot preschool stereoacuity test. 367 

Journal of American Association for Pediatric Ophthalmology & Strabismus 2000;4(6):354. 368 

30. Sturm V, Menke MN, Knecht PB, Schöffler C. Long-term follow-up of children with acute acquired 369 

concomitant esotropia. Journal of American Association for Pediatric Ophthalmology & Strabismus. 370 

2011;15(4):317-20. 371 

31. Kwon MY, Lu ZL, Miller A, Kazlas M, Hunter DG, Bex PJ. Assessing Binocular Interaction in 372 

Amblyopia and Its Clinical Feasibility. PloS one. 2014;9(6):e100156. 373 

32. Dane A, Dane S. Correlations among handedness, eyedness, monocular shifts from binocular 374 

focal point, and nonverbal intelligence in university mathematics students. Percept Mot Skills. 375 

2004;99(2):519-24. 376 

33. Mustonen J, Rovamo J, Näsänen R. The effects of grating area and spatial frequency on contrast 377 

sensitivity as a function of light level. Vision research. 1993;33(15):2065. 378 

34. Rd SE, Chino YM, Ni J, Rd RW, Crawford ML. Binocular spatial phase tuning characteristics of 379 

neurons in the macaque striate cortex. Journal of neurophysiology. 1997;78(1):351-65. 380 

35. Ding J, Sperling G. A gain-control theory of binocular combination. Proceedings of the National 381 

Academy of Sciences of the United States of America. 2006;103(4):1141-6. 382 

36. Blake R, Wilson H. Binocular vision. Vision research. 2011;51(7):754-70. 383 

37. Bishop PO, Pettigrew JD. Neural mechanisms of binocular vision. Vision research. 384 

1986;26(9):1587-600. 385 

38. Hou F, Huang CB, Liang J, Zhou Y, Lu ZL. Contrast gain-control in stereo depth and cyclopean 386 

contrast perception. Journal of vision. 2013;13(8). 387 

39. Yehezkel O, Ding J, Sterkin A, Polat U, Levi DM. Binocular combination of stimulus orientation. 388 

Royal Society Open Science. 2016;3(11):160534. 389 

40. Mansouri B, Thompson B, Hess RF. Measurement of suprathreshold binocular interactions in 390 



amblyopia. Vision research. 2008;48(28):2775-84. 391 

41. Zhou J, Huang PC, Hess RF. Interocular suppression in amblyopia for global orientation processing. 392 

Journal of vision. 2013;13(5):19. 393 

42. Ooi TL, He ZJ. Sensory eye dominance. Optometry. 2001;72(3):168-78. 394 

43. Bai JY, Dong X, He S, Bao M. Monocular Deprivation of Fourier Phase Information Boosts the 395 

Deprived Eye's Dominance during Interocular Competition but Not Interocular Phase Combination. 396 

Neuroscience. 2017;352:122-30. 397 

44. Kohli V, Mehta B, Kuma S, Sahu S. Extent of Improvement in Binocularity and Stereopsis in 398 

Contrast Concomitant Horizontal Strabismus after Surgical Management and its Association with the 399 

Postoperative Ocular Alignment. Journal of Evidence Based Medicine & Healthcare. 2017;4(6):80-5. 400 

 401 

Figure Legends 402 

Figure 1. The binocular phase combination paradigm. (A) Illustration of the stimuli and 403 

measurement. Two horizontal sine-wave gratings with equal and opposite phase-shifts of 22.5° 404 

(relative to the center of the screen) were dichoptically directed to the appropriate eyes. The 405 

perceived phase of the cyclopean grating was determined by the internal representations of the 406 

binocular inputs. Sensory eye dominance is quantified by the interocular contrast ratio at which 407 

the perceived phase of cyclopean sinusoidal grating was equal to zero, i.e., the balance point, 408 

where the two eyes are balanced. (B) Two configurations used in the measurement: (1) the 409 

phase-shift was +22.5° in the nondominant eye and −22.5° in the dominant eye; (2) the phase-shift 410 

was −22.5° in the nondominant eye and +22.5° in the dominant eye. (C) Trial sequence. Each trial 411 

started with an alignment task in which a cyclopean cross with four dots should be perceived with 412 

correct vergence. Once the vergence was achieved, a specified key was instructed to be pressed 413 

and then only the surrounding frames was displayed immediately. 500 milliseconds later, 414 

horizontal sine-wave gratings were presented to the two eyes. Subjects were asked to move the 415 

reference line to indicate the center of the dark stripe of cyclopean grating. After the observer 416 

finished the task, a blank screen was presented for 1000 milliseconds.  417 

 418 

Figure 2. The perceived phase of cyclopean image versus interocular contrast ratio (PvR) 419 

functions for patients with AACE after surgical correction. Eleven patients’ individual and average 420 

results are shown in separate panels as red circles. The average result for fourteen normal controls 421 

is also presented as green triangles in each panel for comparison. The red sold line and green 422 

dotted line are the fit derived from contrast gain control model for surgically corrected patients 423 



and normal controls, respectively. The effective contrast ratio at balance point is denoted by the 424 

red arrow for patients and by the green arrow for normal controls. Error bars represent standard 425 

error. 426 

  427 

Figure 3. Sensory eye dominance for patients with AACE after the surgery and normal controls. 428 

Error bars represented standard errors. ** P<0.01. Statistical significance derived from 429 

independent t-test.  430 

 431 

Figure 4. The correlation between the contrast ratio at the balance point and (A) the interval from 432 

AACE onset to strabismus surgery and (B) the interval from surgery to the examination of sensory 433 

eye dominance. The red dotted line represented the best fit to the data. The Pearson correlation 434 

coefficients and their significances are indicated at the left lower corner of each plot. 435 

 436 



Figures

Figure 1

The binocular phase combination paradigm. (A) Illustration of the stimuli and measurement. Two
horizontal sine-wave gratings with equal and opposite phase-shifts of 22.5° (relative to the center of the
screen) were dichoptically directed to the appropriate eyes. The perceived phase of the cyclopean grating



was determined by the internal representations of the binocular inputs. Sensory eye dominance is
quanti�ed by the interocular contrast ratio at which the perceived phase of cyclopean sinusoidal grating
was equal to zero, i.e., the balance point, where the two eyes are balanced. (B) Two con�gurations used in
the measurement: (1) the phase-shift was +22.5° in the nondominant eye and −22.5° in the dominant eye;
(2) the phase-shift was −22.5° in the nondominant eye and +22.5° in the dominant eye. (C) Trial
sequence. Each trial started with an alignment task in which a cyclopean cross with four dots should be
perceived with correct vergence. Once the vergence was achieved, a speci�ed key was instructed to be
pressed and then only the surrounding frames was displayed immediately. 500 milliseconds later,
horizontal sine-wave gratings were presented to the two eyes. Subjects were asked to move the reference
line to indicate the center of the dark stripe of cyclopean grating. After the observer �nished the task, a
blank screen was presented for 1000 milliseconds.

Figure 2



The perceived phase of cyclopean image versus interocular contrast ratio (PvR) functions for patients
with AACE after surgical correction. Eleven patients’ individual and average results are shown in separate
panels as red circles. The average result for fourteen normal controls is also presented as green triangles
in each panel for comparison. The red sold line and green dotted line are the �t derived from contrast gain
control model for surgically corrected patients and normal controls, respectively. The effective contrast
ratio at balance point is denoted by the red arrow for patients and by the green arrow for normal controls.
Error bars represent standard error.

Figure 3

Sensory eye dominance for patients with AACE after the surgery and normal controls. Error bars
represented standard errors. ** P<0.01. Statistical signi�cance derived from independent t-test.



Figure 4

The correlation between the contrast ratio at the balance point and (A) the interval from AACE onset to
strabismus surgery and (B) the interval from surgery to the examination of sensory eye dominance. The
red dotted line represented the best �t to the data. The Pearson correlation coe�cients and their
signi�cances are indicated at the left lower corner of each plot.


