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How to precisely quantify the binocular eye balance (i.e., the contribution that each eye makes to the binocular percept) across a range of spatial frequencies using a binocular combination task, is an important issue in both clinical and basic research. In this study, we aimed to compare the precision of a binocular orientation combination paradigm with that of the standard binocular phase combination paradigm in measuring the binocular eye balance at low to high spatial frequencies. Nine normal adults (average age: 24.6 ± 2.0 years old) participated. Subjects viewed an LED screen dichoptically with polarized glasses in a dark room. The method of constant stimuli was used to quantitatively assess the point of subjective equality (PSE), i.e., the interocular contrast ratio when two eyes are balanced in binocular combination, for stimulus spatial frequencies from 0.5 to 8 cycles/degree. Precision was quantified by the variance [i.e., standard error (SE), obtained from 100 bootstrap estimates] associated to the PSE. Using stimuli whose interocular phase difference at the edge of the gratings was matched at 45°, we found that the orientation paradigm provides more precision than the standard binocular phase combination paradigm, especially at high frequencies (Experiment 1). Such differences remained when using stimuli that had three times larger interocular phase difference (Experiment 2) or displayed at four times higher stimuli resolution (Experiment 3). Our results indicate that a binocular combination tasked based on orientation rather than phase, provides a more precise estimate of binocular eye balance in human adults at high spatial frequencies, thus allowing a binocular balance to be assessed within the spatial region where amblyopes are most defective (i.e., high spatial frequencies).
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INTRODUCTION

Binocularity is an important visual property in primates. In humans, there are a number of conditions that involve disruptions to normal binocular vision and these are associated with gross changes in eye balance. For example, strabismus (Feng et al., 2015), anisometropia (Zhou et al., 2016) and amblyopia (Huang et al., 2009, 2011; Ding et al., 2013a; Zhou et al., 2013; Kwon et al., 2014) are all associated with large interocular imbalances, in which one eye contributes much more than the other to binocular processing. To simplify, we quantified the contribution that each eye makes to the binocular percept in terms of the “binocular eye balance” in this article.

Several groups have worked on developing binocular therapies to re-balance the two eyes, for example, the anti-suppression training (Li et al., 2013), the push-pull training (Ooi et al., 2013), the binocular action video game training (Gambacorta et al., 2018), the altered-reality based dichoptic training (Bao et al., 2018), for review, see Hess and Thompson (2015). Therefore, to precisely measure the binocular eye balance is important not only for understanding the binocular visual deficits in these above-mentioned visual diseases but also for designing and assessing binocular treatments to improve patients’ binocular function.

The binocular eye balance has been quantitatively assessed either when the two eyes view very different monocular patterns that produce perceptual rivalry (Ooi and He, 2001; Handa et al., 2004, 2006, 2012; Kwon et al., 2015) or when the two eyes view similar monocular patterns that fuse into a single cyclopean percept (Ding and Sperling, 2006; Huang et al., 2010; Zhou et al., 2014a). The latter approach is of particular interest to us as it reflects the normal state of affairs when the two eyes work together in binocular perception. Over the last decade, several paradigms have been introduced to study the nature of binocular combination, including the use of stimulus phase (Ding and Sperling, 2006; Huang et al., 2009), contrast (Huang et al., 2010; Ding et al., 2013b), second-order modulation (Zhou et al., 2014a,b), global motion coherence (Hess et al., 2007) and global orientation coherence (Zhou et al., 2013). The basic principle behind these methods is that the interocular contrast ratio is varied until the two eyes contribute equally to binocular vision, the interocular contrast ratio so measured can be used to quantify the binocular eye balance.

Recently, (Spiegel et al., 2016; Yehezkel et al., 2016) presented data to show that human adults are able to fuse two slightly differently orientated monocular gratings when the interocular orientation difference is less than 20°. Yehezkel et al. (2016) also demonstrated that the binocular combination of stimulus orientation is also contrast-gain controlled. The dependence on contrast-gain control suggests that it may provide an important new approach for quantifying perceptual eye dominance. Only a medium spatial frequency (i.e., 3 cycles/degree) was tested by Yehezkel et al. (2016), so we wanted to validate this approach for higher spatial frequencies as our understanding of perceptual eye balance in normals and the suppressive influences that disturb this balance in amblyopes and other binocular disorders is lacking in the high spatial frequency range.

To be able to extend measurements of binocular eye balance to higher spatial frequencies while using interocular contrast with its contrast-gain control underpinnings, unlike Yehezkel et al. (2016), we used gratings not rotated about the vertical meridian but rotated about the horizontal meridian (Figures 1C,D; Spiegel et al., 2016). This enables us to provide the appropriate comparison with a standard binocular phase combination task (Ding and Sperling, 2006) that utilizes horizontal stimuli (Figures 1A,B) and to avoid inducing a depth percept as a consequence of the interocular phase or orientation differences. The binocular phase combination was developed by Ding and Sperling (2006), in which two horizontally oriented sine-wave gratings with phase-shifts in opposite directions of the same magnitude were presented dichoptically, the interocular imbalance being quantified by the interocular contrast ratio corresponding to a binocular perceived phase of 0° (i.e., when the two eyes had balanced contributions). It has been widely used, by us and other groups, in quantifying the binocular eye balance in normals and patients with binocular disorders (Ding and Sperling, 2006; Huang et al., 2009, 2010, 2011; Ding et al., 2013a,b; Zhou et al., 2013, 2014a,b, 2016; Kwon et al., 2014; Feng et al., 2015).
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FIGURE 1. The binocular phase and orientation combination tasks. (A) Diagrammatic illustration of the binocular phase combination task. In Experiments 1 and 3, the interocular phase-shift difference was set as 45°; In Experiment 2, the interocular phase-shift difference was set as 135°. (B) The two horizontal gratings that we dichoptically presented to the two eyes in the binocular phase combination task. The contrast of the gratings in the nondominant eye was fixed at 50%, while the contrast of the gratings in the dominant eye was varied with an interocular contrast ratio (0.2, 0.5, 0.8, 1.1, 1.4, 1.7, and 2.0); subjects were instructed to answer whether the dark stripe of the perceived cyclopean grating was above or below the center of the screen by pressing a keyboard. (C) Diagrammatic illustration of the binocular orientation combination task. In Experiments 1 and 3, the interocular orientation difference was set as 7.2°; which enabled a 45° of interocular phase difference at the edge of the two-cycle gratings; In Experiment 2, the interocular orientation difference was set as 21.7°; which enabled a 135° of interocular phase difference at the edge of the two-cycle gratings. (D) The two oriented gratings that we dichoptically presented to the two eyes in the binocular orientation combination task. The contrast of the gratings in the nondominant eye was fixed at 50%, while the contrast of the gratings in the dominant eye was varied with an interocular contrast ratio (0.2, 0.5, 0.8, 1.1, 1.4, 1.7, and 2.0); subjects were instructed to answer whether the perceived cyclopean grating was rotated clockwise or counter-clockwise relative to the horizontal by pressing a keyboard. (E) An illustration of the psychometric function. The proportion of trials in which the observers reported that dominant eye dominated (i.e., the perceived orientation or the perceived phase closed to the input orientation or phase in the dominant eye) was plotted as a function of the interocular contrast ratio (DE/nonDE; in log units). We fitted this curve using the cumulative Gaussian distribution function. The “point of subjective equality (PSE)” (i.e., the PSE) corresponds to the 50% point of the best fitting Gaussian function was derived from the fitting, which indicates the point at which the two eyes were balanced in binocular combination. The standard error (SE) of the estimated “PSE” were derived based on 100 times’ parametric bootstrapping procedure and used as the precision of the measure.



Furthermore, we used a method of constant stimuli to measure the binocular eye balance for a binocular combination of orientation information, rather than using a signal detection rating method, as Yehezkel et al. (2016) did. The binocular eye balance was quantified by the 50% point of the best fitting psychometric function, i.e., the point of subjectively equality (PSE). The use of the method of constant stimuli enables one to derive non-parametric bootstrapped estimates of the precision of binocular eye balance measurements [i.e., using the psychometric data; standard error (SE) on the PSE] for different the spatial frequencies that can be compared with that of the standard binocular phase combination task (Figure 1E). The advantage of comparing results from the binocular orientation paradigm with that from the binocular phase combination paradigm is that both methods use comparable stimuli and are based on a common contrast-gain control model for binocular combination (Ding and Sperling, 2006; Yehezkel et al., 2016). Previous studies have shown that the probability of fusion decreased as the interocular phase difference increased (Georgeson and Wallis, 2014; Spiegel et al., 2016), we thus used matched spatial phase-shifts at the edges of the stimuli (Figures 1A,C) to rule out any potential binocular rivalry artifact in the comparison of these two tasks. We found that the binocular orientation combination paradigm provided more precise estimates (smaller SE of the PSE) than that of the binocular phase combination paradigm, especially at high spatial frequencies. Our results suggest that the binocular orientation combination paradigm is a more precise tool than that of the binocular phase combination paradigm to quantify binocular eye balance at high spatial frequencies.

MATERIALS AND METHODS

Participants

Nine adults (average age: 24.6 ± 2.0 years old) with normal or corrected to normal visual acuity (LogMAR ≤ 0.0) in the two eyes and normal stereopsis (less than 60 arc seconds in the Stereo Fly Test; Stereo Optical Company, Inc., Chicago, IL, USA) participated in this study. All subjects had normal alignment and no history of ocular operations or any organic eye diseases. Observers wore their habitual optical correction if required.

Except for the first author (YW), all observers were naive as to the purpose of the experiment. Informed consent was obtained prior to the study, which was approved by the Institutional Review Board of the Wenzhou Medical University in China. The methods were carried out in accordance with the approved guidelines.

Apparatus

All measurements were conducted on a PC computer running Matlab (MathWorks, Inc., Natick, MA, USA) with Psychtoolbox 3.0.9 extensions (Brainard, 1997; Pelli, 1997). The stimuli were presented on a gamma-corrected LG D2341PY 3D LED screen (LG Life Science, South Korea) with a 1,920 × 1,080 resolution and a 60 Hz refresh rate. Subjects viewed the display dichoptically with polarized glasses in a dark room at a viewing distance of 85.5 cm in Experiments 1 and 2 and 342 cm in Experiment 3. The change in viewing distance was used to control for any loss in sensitivity in the phase combination task due to loss of screen resolution (i.e., pixels/spatial cycle). The background luminance was 39.4 cd/m2 on the screen and 16.25 cd/m2 through the polarized glasses. The polarized glasses had low crosstalk between the two lenses (<3% at the highest contrast level).

Design

In Experiment 1, observers’ binocular eye balance probability in binocular orientation combination as well as binocular phase combination was measured at seven interocular contrast ratios (0.2, 0.5, 0.8, 1.1, 1.4, 1.7, and 2.0) for five spatial frequencies (0.5, 1, 2, 4 and 8 cycles/degree) using the method of constant stimuli. The interocular phase-shift difference was 45° at the edge of the gratings for both tasks. Different tasks (phase and orientation) and spatial frequencies (in total 10 sessions for 2 tasks × 5 spatial frequencies) were measured in different measurement sessions with a randomized order across subjects. In Experiment 2, similar measures as Experiment 1 were done at 8 cycles/degree with the interocular phase-shift difference at the edge of the gratings increased to 135°. In Experiment 3, similar measures as Experiment 1 were done at 8 cycles/degree with the viewing distance increased to 342 cm.

In one typical measurement session of the phase task or the orientation task, two configurations were used for each interocular contrast ratio to cancel any potential positional starting bias: for the phase task, the phase-shift was +22.5° from horizontal (in Experiments 1 and 3) or +65.5° from horizontal (in Experiment 2) in one eye and −22.5° from horizontal (in Experiments 1 and 3) or −65.5° from horizontal (in Experiment 2) in the other eye in one configuration and in the other, the reverse; For the orientation task, the orientation was +3.6° (in Experiments 1 and 3) or +10.85° (in Experiment 2) counter-clockwise towards horizontal position in one eye and −3.6° (in Experiments 1 and 3) or −10.85° (in Experiment 2) clockwise toward horizontal position in the other eye in one configuration and in the other, the reverse. Each condition (interocular contrast ratio and stimuli configuration) was repeated 40 times (i.e., 80 trials per interocular contrast ratio). In total, there were 560 trials in each measurement session for a given task and a given spatial frequency; the interocular contrast ratio and configuration were randomized in different trials. Each measurement session was divided into four sub-blocks (i.e., 140 trials) in the measurement, observers were allowed to take short breaks after they finished one sub-block if they felt tired.

Before the start of data collection, a hole-in-the-hand test (Dane and Dane, 2004) was used to determine sighting dominance; proper demonstrations were provided with practice trials to ensure observers understood the task.

Stimuli

As illustrated in Figure 1, stimuli for the binocular phase combination task were two horizontally oriented sine-wave gratings, with equal and opposite phase-shifts relative to the horizontal center. Stimuli for the binocular orientation task were two horizontally oriented sine-wave gratings, with equal and opposite orientation tilts relative to the horizontal center. A fixed two cycles of gratings were used when testing different spatial frequencies. The contrast of the gratings in the nondominant eye was fixed at 50%, while the contrast of the gratings in the dominant eye was varied with an interocular contrast ratio (0.2, 0.5, 0.8, 1.1, 1.4, 1.7, and 2.0). A high-contrast frame (length: 3*gratings size) with four white diagonal bars (length: 1.4*gratings size) were presented continuously surrounding the grating in each eye to assist observers in maintaining vergence when they performed the tasks. The size of the grating and frame were varied proportionately at different spatial frequencies.

Procedure

In each measurement session, subjects first completed an alignment task in which they adjusted the coordinates of stimuli with cross and dots to make sure the images seen by the two eyes were perfectly fused. This was followed by the binocular phase combination or the binocular orientation combination task. In one typical trial of the two tasks, the gratings were presented continually until subjects made their decision by pressing a corresponding keyboard and then followed by a 500-ms blank screen (with only the surrounding frame and diagonal bars presented) and the presentation of the next trial. For the binocular phase combination task, subjects were instructed to answer whether the dark stripe of the perceived cyclopean grating was above or below the center of the screen by pressing a keyboard. For the binocular orientation combination task, subjects needed to answer whether the perceived cyclopean grating was rotated clockwise or counter-clockwise relative to the horizontal by pressing a keyboard.

Curve Fits

We fitted the proportion of trials in which the observers reported that dominant eye dominated (i.e., the perceived orientation or the perceived phase closed to the input orientation or phase in the dominant eye) vs. interocular contrast ratio (DE/nonDE) using cumulative Gaussian distribution functions. Two free parameters were derived from the fitting of these cumulative Gaussian distribution functions, namely the “PSE” and the “Sigma”: the “PSE” corresponds to the 50% point of the best fitting Gaussian function, i.e., the PSE, indicates the point at which the two eyes were balanced in binocular combination. The “Sigma” is a measure of the slope at the PSE point. The SEs of the estimated “PSE” were derived based on 100 times’ parametric bootstrapping procedure and used as the precision of the measure. For each psychometric function, what we did was: (1) fit the observed data using the cumulative Gaussian function; (2) resample to get 100 groups of data. In particular, for each interocular contrast ratio, we resampled 100 times based on the binomial distribution binornd(n, p), in which n was the trail number we measured in this study for each interocular condition (n = 80) and p was estimated from the cumulative Gaussian function derived from the fitting of the observed data and (3) fit the 100 groups of data using the cumulative Gaussian functions. The standard deviation of the 100 fitted PSEs based on the resampled data was used as the SE of the estimated PSE based on the observed data.

RESULTS

Experiment 1. Measurement of Binocular Eye Balance From Low To High Spatial Frequencies

In Experiment 1, observers’ psychometric functions were measured with an interocular phase difference at the edge of the grating being set as 45° from 0.5 to 8 cycles/degree at a viewing distance of 85.5 cm. The averaged psychometric functions for the nine subjects are presented in Figure 2, in which each panel contains results for the two tasks at one spatial frequency. The derived PSE estimate (the PSE, i.e., the point at which the two eyes were balanced in binocular combination) with its bootstrapped SE (based on 100 times’ parametric bootstrapping procedure) were also provided for the two tasks in each panel. Apparently, as spatial frequency increases, the slopes of both curves gradually decreased, especially at higher spatial frequencies (4 and 8 cycles/degree). Also, the slope of the psychometric function for the orientation task was steeper than that for the phase task at all, but especially higher, spatial frequencies. This shows that the orientation task provides a more precisie estimate of the binocular eye balance than the phase task, especially at higher spatial frequencies.
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FIGURE 2. The average psychometric functions for the two tasks. Data of different spatial frequencies are shown in separate panels. In each panel, the mean probability of the dominant eye stronger was plotted as a function of interocular contrast ratio (DE/non-DE) for the two tasks. The solid and dash line represents the best fitting cumulative distribution functions for the two tasks. Error bars represent SEs across the nine subjects. The horizontal error bars in each graph indicate the derived PSE (the PSE, i.e., the point at which the two eyes were balanced in binocular combination) and its bootstrapped SEs (based on 100 times’ parametric bootstrapping procedure).



To highlight the difference in precision between the two tasks, we plotted the averaged bootstrapped SE ratio between the two tasks (orientation/phase) as a function of spatial frequency in Figure 3 (individuals’ results are also provided). The orientation measurements exhibited a smaller SE than the corresponding phase measurements at all the spatial frequencies we tested here, as the sigma ratio was always less than 1 (all p < 0.001, two-tailed one sample t-test compared to 1). This result indicated that the orientation paradigm has higher precision for measuring the binocular eye balance. It is also obvious that as spatial frequency increases, the SE ratio decreased, indicating a larger difference between the two tasks the higher the spatial frequency. A correlation analysis showed that the correlation between the ratio of the bootstrapped SEs and the spatial frequency was significant and strong (r = −0.985, p = 0.002). The averaged slope of the best linear fits for individuals’ data (plotted as colored dashed lines in Figure 3) was −0.0684 ± 0.0068 (Mean ± SE), which matched the slope of the best linear fit for the averaged data (plotted as a black solid line), i.e., −0.0685.
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FIGURE 3. A comparison of the precision of the two tasks; the relationship between the ratio of the bootstrapped SEs and spatial frequency. Each circle represents an averaged SE ratio (orientation/phase) of the PSE across nine subjects at one spatial frequency. Individuals’ results are also provided for each spatial frequency using triangle symbols. The best linear fits for individuals and means are provided with colored dashed lines and black solid line, respectively. Regression analysis results are provided in the figure. Error bars represent SEs across the nine subjects.



In Figure 4, we plotted the estimated interocular-balance index, calculated by abs(1–10PSE), as a function of the spatial frequency for the two tasks. An interocular-balance index of 0 indicates balanced binocular combination, while a larger interocular-balance index indicates a more imbalanced binocular combination (it should be noted that, for the phase task, since observers’ binocular eye balance could not be precisely measured at high spatial frequency, so the averaged interocular-balance index across subjects might also not be precise at high spatial frequency). The results suggest that the two eyes were more imbalanced at high spatial frequencies than they are at low spatial frequencies for both the binocular phase combination and the binocular orientation combination. The spatial frequency dependency was significant for both tasks: for the orientation task, r = 0.970, p = 0.006; for the phase task, r = 0.993, p = 0.001; two-tailed Pearson correlation. On the other hand, more imbalance was found in the phase task than that in the orientation task, especially at a high spatial frequency. A repeated-measure analysis of variance (ANOVA) also showed that the interocular-balance index was significantly different between the two tasks (F(1,8) = 16.209; p = 0.004) and was significantly different between different spatial frequencies (F(1.684,13.47) = 9.785; p = 0.003; Greenhouse-Geisser method was used to adjust the degrees of freedom), the interaction between the task and the spatial frequency was also significant (F(1.505,12.042) = 5.343; p = 0.028).
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FIGURE 4. The relationship between the interocular-balance index and spatial frequency. The interocular-balance index was calculated by abs(1–10PSE) and plotted as a function of the spatial frequency for the two tasks. Areas indicate the range of ± between subjects’ SEs.



Experiment 2. Measurement of Binocular Eye Balance With a Larger Interocular Phase Difference

So far, we have shown that the orientation task has superior precision to that of the binocular phase combination paradigm because of its associated smaller SEs of the PSE, especially at high frequencies. Precise results were also achievable at 8 cycles/degree, as observers’ psychometric functions were still sufficiently steep for PSE estimates when using the binocular orientation task, but not when tested using the binocular phase task. During this measurement, a small interocular phase difference at the edge of the gratings of 45° was used to minimize any potential effect of binocular rivalry. The question arises as to whether better results would be obtained using the binocular phase combination task if a larger phase difference was used. Using a 135° interocular phase difference (Ding et al., 2013b), a previous study showed that the psychometric functions are sufficiently steep for PSE measurements to be derived using the binocular phase combination task at 2.72 cycles/degree. We, therefore, conducted an additional control experiment (Experiment 2), in which similar measurements as described in Experiment 1 were undertaken at 8 cycles/degree, while the interocular phase difference at the edge of the gratings increased from 45° to 135°. For the orientation task, this was achieved by applying a larger interocular orientation difference (from 7.2° to 21.7°) while kept the stimulus size fixed. If our observation in Experiment 1 (i.e., smaller SEs of the PSE of the orientation task than that of the phase task) was simply due to the confounding influence of the magnitude of interocular phase difference, we should reveal smaller SEs of the PSE of the phase task than found previously and ones that are comparable to that previously found for the orientation task (Experiment 1).

In Figures 5A,B, we plot the averaged psychometric functions for the phase task and the orientation task for the two interocular phase differences. Increasing the interocular phase difference from 45° (black open symbols) to 135° (red filled symbols) resulted in steeper psychometric functions for both tasks. However, the slopes of the orientation task were still higher than those of the phase task for all of our nine observers as evidenced by the smaller bootstrapped SE estimates of the PSE in the orientation task that are shown in Figures 5A,B. We also further compared the SE ratio between the two tasks at the 45° condition with that at the 135° condition (Figure 5C), and found that the difference was not significant (z = −0.533, p = 0.594, two-tailed Wilcoxon Signed Ranks Test). With these results, there is no support for the proposition that the difference in precision of the PSE estimate that we observed between the two tasks (phase and orientation) in Experiment 1 was due to the small interocular phase difference used.


[image: image]

FIGURE 5. A comparison of the precision of the two tasks at 8 cycles/degree; interocular phase difference of 45° vs. 135°. The average psychometric functions for the two tasks and two interocular phase differences are plotted in (A,B): black circles and black triangles represent the mean probability of dominant eye stronger for the binocular phase combination paradigm and the binocular orientation combination paradigm when the interocular phase difference was 45° (data from Experiment 1); red circles and red triangles represent the mean probability of dominant eye stronger for the binocular phase combination paradigm and the binocular orientation combination paradigm when the interocular phase difference was 135° (data from Experiment 2). The solid and dash line represents the best fitting cumulative distribution functions. Error bars represent SEs across the nine subjects. (C) The bootstrapped SE ratio between the orientation task and the phase task at the 135° conditions was plotted as a function of that at the 45° condition for the nine observers. Each open circle represents results of one observer; the filled circle represents the averaged results. The dash line is the equal line. Error bars represent SEs across the nine subjects.



Experiment 3. Measurement of Binocular Eye Balance With a Higher Stimuli Resolution

For our measurements in Experiment 1, the gratings were scaled with a fixed two-cycle size at different spatial frequencies, so that the interocular phase difference at the edge of the gratings was fixed. This means that the stimulus resolution (i.e., pixels per cycle) decreased as spatial frequency increased. Even though stimulus resolutions equally affected both the phase task and the orientation task, it will impact the phase measurements more because it will directly limit the resolution of the phase measurement per se. To ensure that our conclusions from Experiment 1, namely that the orientation combination task provided a more precise measure of the binocular eye balance than the phase combination task at higher spatial frequencies, we conducted Experiment 3, which was similar to Experiment 1 for the 8 cycles/degree stimulus condition but with a viewing distance increased from 85.5 to 342 cm, so that the stimulus could be displayed at four times its previous spatial resolution.

In Figures 6A,B, we plotted the averaged psychometric functions for the phase task and the orientation task at these two viewing distances. However, the slopes of the orientation task were still higher than those of the phase task for all of our nine observers, as evidenced by the smaller bootstrapped SE estimates of the PSE in the orientation task that are shown in Figures 6A,B. This results in bootstrapped SEs for the PSE being much smaller for the orientation than the phase task reflecting the superior precision of the former task. We also compared the bootstrapped SE ratio between the two tasks at the low stimulus resolution condition (@85.5 cm) compared to that at the high stimulus resolution condition (@342 cm) in Figures 6C, and found that the difference was not significant (z = −0.178, p = 0.859, two-tailed Wilcoxon Signed Ranks Test). With these results, we have no reason to think that the reason why the orientation task provides more precise measurement of the binocular eye balance in Experiment 1 has anything to do with the spatial resolution of the stimuli used.
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FIGURE 6. A comparison of the precision of the two tasks at 8 cycles/degree; viewing distance of 85.5 cm vs. 342 cm. The average psychometric functions for the two tasks and two viewing distances are plotted in (A,B): black circles and black triangles represent the mean probability of DE stronger for the binocular phase combination paradigm and the binocular orientation combination paradigm when the viewing distance was 85.5 cm (i.e., a low stimuli resolution; data from Experiment 1); blue circles and red triangles represent the mean probability of DE stronger for the binocular phase combination paradigm and the binocular orientation combination paradigm when the viewing distance was 342 cm (i.e., stimuli resolution increased to four times higher; data from Experiment 3). The solid and dash line represents the best fitting cumulative distribution functions. Error bars represent SEs across the nine subjects. (C) The sigma ratio between the orientation task and the phase task at the 342 cm conditions was plotted as a function of that at the 85.5 cm condition for the nine observers. Each open circle represents results of one observer; the filled circle represents the averaged results. The dash line is the equal line. Error bars represent SEs across the nine subjects.



DISCUSSION

In this study, we assessed the precision of binocular eye balance measurement using a binocular orientation combination paradigm and compared it with that of the standard binocular phase combination paradigm in normal adults. With our way of “matching” the two tasks (matched interocular phase-shift difference at the left and right edges of the gratings), we show clear evidence that the orientation paradigm is superior to the binocular phase combination paradigm in terms of precision for the measurement of PSE, especially at high frequencies. We also show that normal adults’ two eyes are less balanced at high spatial frequencies than that at low spatial frequencies.

In Experiment 1, 3.6° of counter-clockwise and clockwise oriented (from horizontal) sine-wave gratings were used to measure binocular eye balance for the binocular combination of orientation information. This degree of orientation tilt was chosen so that the phase difference at the left and right ends of the two cycles gratings were 45°, matching that used in the binocular phase combination measurement. Since previous studies have shown that the two eyes can fuse interocular phase differences of up to 135° (Ding and Sperling, 2006; Huang et al., 2009), this choice of orientation tilt ruled out any potential binocular rivalry artifact in the comparison of these two tasks. Furthermore, the 7.2° of interocular orientation difference we used in the current study was well within the effective range of single vision (Braddick, 1979). In Experiment 2, we further tested the binocular phase combination and binocular orientation combination at 8 cycles/degree with three times larger interocular phase-shift difference (i.e., 135°), the largest interocular phase-shift difference that had been validated in previous studies in binocular combination (Ding and Sperling, 2006; Huang et al., 2009). Phase shifts larger than 135°, may result in binocular rivalry.

Given the fact that all monitors have a limited spatial resolution and that this limitation affects higher spatial frequency more, could such a spatial resolution limitation contribute to the precision difference we found here between these two tasks? To answer it, we conducted Experiment 3, in which the stimulus resolution was increased by a factor of 4 by changing viewing distance. We show that the difference in precision between the two tasks at higher spatial frequencies remains the same at the longer viewing distance.

The relationship between orientation tuning and spatial frequency has previously been measured using psychophysical tests (Campbell and Kulikowski, 1966; Phillips and Wilson, 1984; Blake and Holopigian, 1985; Baker and Meese, 2007; Cass et al., 2009) and physiology recordings (Maffei et al., 1973; Movshon and Lennie, 1979). Phillips and Wilson (1984), in a masking paradigm, found that the orientation tuning in humans narrowed as the peak spatial frequency of the test stimuli increased. Results from single-unit physiological studies also come to a similar conclusion. In the monkey striate cortex, De Valois et al. (1982) showed that the orientation bandwidth of a cell’s orientation tuning function is likely to be negatively correlated with the cell’s preferred spatial frequency. Additional evidence has been provided by Vidyasagar and Siguenza (1985), who found that with increasing stimulus spatial frequency, the orientation tuning of simple cells becomes progressively narrower in neurons of cat area 17. However, in measuring the spatial frequency and orientation tuning dynamics in awake monkey, Mazer et al. (2002) found that spatial frequency and orientation tuning are largely separable in V1. Nevertheless, these previous studies suggest that there is either an inverse proportionality or a separable dependence of orientation bandwidth on spatial frequency, which may explain why the precision of orientation-based judgments remains high at high spatial frequencies.

Interestingly, we also found that with increasing spatial frequency, observers’ two eyes became more imbalanced. Such a spatial frequency dependency of binocular eye dominance is consistent with and extends Kwon et al.’s (2015) finding in amblyopia using a dichoptic ETDRS letter task acuity chart task from 0.5 to 5.0 cycles/degree and Ding et al.’s (2013a) study in amblyopia using the binocular phase combination from 0.68 to 2.72 cycles/degree. The spatial frequency dependency of binocular eye dominance was true for both the binocular phase combination task and the binocular orientation combination task. However, there was a significant between-task difference, especially at high spatial frequencies. This might be due to the different processing in different binocular combination pathways (Huang et al., 2010, 2011; Zhou et al., 2013).

In clinical practice, anomalies in binocular eye balance are commonly detected by the Worth 4-dot test (Shimko, 2001; Roper-Hall, 2004). There is also quantitative measure using Sbisa bar, Bagolini filter bar, and neutral density filter bar (Piano and Newsham, 2015) to help clinicians in assessing the need for/effect of therapy. In the current study, we show that using a simple orientation discrimination task and constant stimuli measurement method, we are able to precisely quantify the extent of perceptual eye dominance using binocular orientation combination. The main advantage of our measure is that it could provide not only quantitative assessment of the binocular eye balance but also enable precise estimation for stimuli of different spatial frequencies (i.e., up to 8 cycles/degree), which in turn provide more information for understanding the binocular visual deficits in diseases such as amblyopia. This approach may be more time efficient and thus more clinically relevant in assessing binocular eye balance than that of other approaches using signal detection rating methodology (Yehezkel et al., 2016), which are more parametric in nature and ideally suited for answering modeling questions concerning binocular contrast-gain control. In total, approximately 12–15 min were required for each participant to make a precise measurement of one psychometric function for one spatial frequency (constant stimuli method with seven levels of interocular contrast ratio and 80 trials per level). This can be shortened to 4 min for clinical use if only five levels of interocular contrast ratio with 40 trials per level are measured.

We conclude that the binocular orientation combination paradigm provides an efficient and precise way for measuring the binocular eye balance across a wide spatial frequency range and thus could be an effective tool in quantifying binocular function in normal as well as patients with binocular anomalies.
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