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Abstract 32 

Purpose: 1) To quantify the impact of degraded binocularity in keratoconus and its improvement 33 

with rigid contact lenses on a depth-related visuomotor task that emulates complex activities 34 

in daily living; 2) to determine whether visuomotor performance may be predicted from 35 

psychophysical estimates of stereo threshold. 36 

 37 

Methods: Participants were instructed to pass a metal loop around a wire convoluted in depth. Error 38 

rate and speed were measured in 26 controls, 30 cases with keratoconus with best-corrected 39 

spectacles, a subset of 17 cases with rigid contact lenses, and 10 uncorrected myopes with acuity 40 

and stereo thresholds comparable to the keratoconic cohort. Stereo thresholds were determined 41 

using random-dot stimuli. 42 

 43 

Results: Binocular error rates were lower than monocular error rates for controls, uncorrected 44 

myopes, and the better-performing half of cases (p < 0.001, for each), but not for the worst-45 

performing half (p = 0.07). Error rates in cases improved with contact lenses (p < 0.001). Within each 46 

cohort, the error rate was poorly correlated with the stereo threshold (r2 < 0.12, for each). 47 

Monocular speeds were significantly lower than binocular speeds for controls than for cases (p = 48 

0.003) and for uncorrected myopes than cases (p = 0.001).  49 

 50 

Conclusions: Degraded binocularity in keratoconus may limit the ability to perform depth-related 51 

visuomotor tasks. A portion of this loss may be overcome by using rigid contact lenses. The 52 

attributes of visuomotor task performance are, however, not predictable from the psychophysical 53 

estimates of stereo thresholds.  54 

 55 

Keywords: Blur; Contrast; Phase disruption; Retinal disparity; Visuomotor; Wavefront aberrations 56 

  57 
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1. Introduction 58 

Consider the acts of inserting a key into a keyhole, placing a light bulb in its socket, or threading a 59 

needle. These seemingly straightforward activities of daily living are complex visuomotor tasks that 60 

require precise estimation of the spatial configurations for the planning and execution of 61 

appropriate hand movements and grasp actions.1-3  The visual system’s ability to estimate 3D 62 

information, particularly for motor actions as opposed to perception3, is largely governed by the 63 

processing of retinal disparity arising from the triangulation of both eyes onto the object of interest.4 64 

The loss of binocularity arising from temporary occlusion or from the permanent loss of vision in 65 

one eye significantly impairs visuomotor performance.1, 5 Similar results are observed with the 66 

deterioration of binocularity from optical blurring,6 pathologies like amblyopia,7, 8 and macular 67 

degeneration.9  In general, task accuracy worsens and the speed of task performance decreases with 68 

degraded/absent depth vision, relative to viewing with intact binocularity.  69 

 70 

This background led us to investigate the status of visuomotor task performance in the optical 71 

condition of keratoconus. This progressive ophthalmic disease, typically affecting individuals in their 72 

2nd to 3rd decades of life,10 is characterized by spatial and depth vision losses arising from degraded 73 

retinal image quality caused by an abnormally shaped cornea of one or both eyes.11 The keratoconic 74 

eye’s optical quality, when described using the Zernike polynomial series, shows elevated levels of 75 

coma, trefoil and spherical aberrations.12, 13 The resultant radially asymmetric blur produces 76 

significant contrast demodulation and “doubling” or “ghosting” of local image features due to 77 

optical phase shifts.14, 15 Usually, even in bilateral keratoconus, the grade of disease and the 78 

topography is different between the two eyes, resulting in dissimilar blur patterns.16 The 79 

combination of the radial and bilateral asymmetry in blur significantly impacts the formation of the 80 

cyclopean image needed for processing binocularity.14, 15  All grades of binocularity appear to be 81 

degraded in keratoconus, relative to age-similar controls: retinal disparity processing is impaired 82 

due to correspondence mismatches in the aberrated retinal images14; the worse of the two eyes 83 

may be suppressed,17 and stereo thresholds maybe 3–7 fold worse, independent of keratoconus 84 

severity.18 Motor fusion and ocular accommodation may also be impaired in keratoconus, thereby 85 

preventing clear and single binocular vision at near viewing distances.19 86 

 87 

Three specific objectives surrounding the impact of the optical limitations on the depth-related 88 

visuomotor task performance in keratoconus were investigated in the present study. The primary 89 
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objective was to compare the monocular and binocular visuomotor task performance in keratoconic 90 

participants and similarly aged controls on a stereoscopic buzz-wire task. This task involves passing 91 

a metal loop around a wire that is convoluted in depth, avoiding contact as much as possible.1, 5 Task 92 

performance is quantified in terms of the error rate (i.e., the frequency of contacts made between 93 

the loop and the wire per second, each of which is signalled by an audio-buzz) and the speed of loop 94 

movement along the wire. This task has been shown to reveal a greater difference between 95 

binocular and monocular viewing in controls than tasks like the peg board and bead threading 96 

because it limits the use of tactile feedback.7, 8 We hypothesised that the degraded/absent 97 

binocularity in keratoconus would result in the error rate and speed of task performance becoming 98 

similar under monocular and binocular viewing conditions. The losses in spatial and depth vision 99 

arising from the degraded retinal image quality in keratoconus are typically managed using rigid 100 

contact lenses that replace the distorted cornea with a smoother refracting surface.20 Therefore, 101 

the second study objective tested the hypothesis that an improvement in retinal image quality using 102 

rigid contact lenses would result in a commensurate improvement in the buzz-wire task 103 

performance in keratoconus.  104 

 105 

While the status of binocularity may be investigated using several psychophysical paradigms, stereo 106 

thresholds obtained using dichoptic stereograms remain the most widely used measure in the clinic 107 

and in research investigations.21 Interestingly, the depth-related visuomotor task performance of 108 

individuals with amblyopia, strabismus and in those with purposely induced degradations in 109 

binocularity have all revealed a negative correlation with their stereo threshold.6-8 Given this, the 110 

third study objective tested the hypothesis that binocular advantages would be smaller with high 111 

stereo thresholds in keratoconus. 112 

 113 

2. Methods 114 

2.1. Participants 115 

Thirty participants with keratoconus (henceforth called “cases”) and 26 similarly aged participants 116 

without keratoconus (henceforth called “controls”) were recruited from the patient base and 117 

staff/student pool of the L V Prasad Eye Institute (LVPEI), Hyderabad, India. An a priori power 118 

analysis was conducted using G*Power version 3.1.9.4 for sample size estimation22, based on data 119 

from Gonzalez et al.,23 which compared depth precision in 9 uniocular children with depth precision 120 

in 13 binocular children. The effect size in that study was 1.1, considered to be large using 121 
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conventional criteria.24 With a significance criterion of α = 0.05 and power = 0.80, the minimum 122 

sample sizes needed with this effect size is N = 24 for a t-test between cases and controls, supporting 123 

the adequacy of our sample size of 30 cases and 26 controls.  124 

 125 

The study adhered to the tenets of the Declaration of Helsinki and was approved by the Institutional 126 

Review Board of LVPEI. All participants signed a written informed consent form before study 127 

induction. Diagnosis of keratoconus was based on a comprehensive eye examination that showed 128 

evidence of keratoconus with objective, non-cycloplegic refraction, slit-lamp examination, and 129 

corneal tomography. Standard clinical management was followed for all cases, with no influence of 130 

the study protocol on their clinical care. If necessary, keratoconus was managed with rigid contact 131 

lenses as per standard operating protocols.25 Disease severity was determined using the D-index, a 132 

multimetric measure of the corneal structural deformation, obtained using Scheimpflug imaging 133 

tomography (Pentacam HR®, Oculus Optikgeräte; Wetzlar, Germany).26 The D-index was derived for 134 

both eyes of all participants using the Belin-Ambrósio enhanced ectasia display map and included 135 

deviations of front and back surface elevations of the cornea, pachymetric progression, thinnest 136 

corneal point, and deviation of Ambrósio relational thickness maximum.26 This metric has been 137 

shown to have good reliability in the diagnosis and progression of keratoconus, with higher D-index 138 

values indicating greater disease severity.27  139 

 140 

The best spectacle-corrected, high contrast, monocular distance visual acuity in each eye, as 141 

estimated using the routine clinical protocol, ranged from 0.00 to 1.60 logMAR in cases. The 142 

equivalent acuity values were all 0.00 logMAR in controls (20/20; visual acuity beyond 0.00 logMAR 143 

is typically not measured in the clinical protocol at the institute where the study is conducted). All 144 

cases and controls had monocular near acuities between 0.00 and 0.40 logMAR (N8) at 40 cm. 145 

Unaided visual acuity was not recorded in this study. Participants with any other ophthalmic 146 

dysfunction, or any systemic condition that resulted in restricted body movement, visible shaking 147 

of hands, inability to follow instructions, or inability to fuse the stereogram for stereopsis 148 

measurements, were excluded.  149 

 150 

Seventeen cases were habitual rigid contact lens users [one case wore a Rose K2® lens (Menicon Co. 151 

Ltd., Nagoya, Japan), while the rest wore conventional rigid gas permeable lenses (Purecon 152 

McAsfeer, Silver line laboratory Pvt. Ltd, India)] (Appendix 1). Based on the severity and requirement 153 
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for contact lenses, 11 participants wore contact lenses in both eyes and the rest wore these lenses 154 

only in one eye (Appendix 1). The lenses were fitted by experienced contact lens practitioners at 155 

LVPEI, using the manufacturers’ recommended protocols, and the final lenses were ordered and 156 

dispensed to the participants as a part of regular clinical protocol.  The visual acuity, stereo 157 

thresholds and the buzz-wire performance were tested both before and after contact lens fitting. 158 

The visual acuities ranged from 0.00 to 0.40 logMAR with their contact correction.  159 

 160 

2.2. The buzz-wire apparatus and task performance 161 

The buzz-wire apparatus and task have been described in detail by Devi et al.5 Briefly, the apparatus 162 

comprised of a 33.5 cm long wire of 1 mm diameter shaped into three horizontal depth curves, with 163 

its edges clamped onto vertical posts (Figure 1A). The wire pattern was mounted parallel to the 164 

horizontal plane, resulting in continuous changes in depth from one end to the other (free-fuse the 165 

stereo pair in Figure 1B to experience the depth impression). A 10 mm diameter metal loop, held by 166 

hand with a 9 cm long stalk, was guided along the wire and delivered an auditory buzz each time 167 

the loop came in contact with the wire (Figure 1A). Three buzz-wire apparatuses with similar 168 

amounts of depth modulation but different wire patterns due to slight phase shifts were employed 169 

in this study to assess task reproducibility. Devi et al.5 determined that, if the wire were to be at the 170 

center of the loop in the buzz-wire task, the gap between the wire and one end of the loop would 171 

subtend a mean diastereopsis disparity of 611 arcsec (range: 450 - 715 arcsec, depending on the 172 

participant’s interpupillary and viewing distances) (see Figure 7 in Devi et al).5 The entire apparatus, 173 

the participants’ face, and the experimental surrounding were video recorded using the front 174 

camera of a standard cellular phone (Redmi Note 5 Pro®, Xiaomi, China) that was fixed to a custom-175 

built clamp at 30 cm from the buzz-wire apparatus (field of view captured by the phone camera: 42° 176 

x 55°).          177 

 178 

Participants were positioned 30 cm away from the buzz-wire at an average elevation angle of ~45° 179 

(inter-participant range depending on their height: 36 - 53°) (Figure 1A), so that it provided both 180 

monocular and stereoscopic cues to its convolutional structure. The buzz-wire task was described 181 

as a “game” to the participants, with the following instructions given at the beginning of the game, 182 

verbatim in English or in their local language:  183 

“Look at the camera without moving for 5 seconds, during which I will give a verbal countdown 184 

and say START, upon which you will start the game. Your task is to pass the loop from one end to 185 
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the other end without touching the wire. In case, the loop touches the wire, you will hear the 186 

buzzer ring. When you hear the buzzer, stop your movement, and make the buzzing stop by 187 

centring the wire within the circular loop. Once the buzzing stops, proceed forward until you 188 

reach the other end. Make sure the loop is held upright throughout the game”. 189 

 190 

 191 
 192 
Figure 1: Panel A) The buzz-wire apparatus from the participant’s viewpoint with the key elements 193 
highlighted. Panel B) A representative, stereoscopic photograph depicting the position of the metal loop 194 
around the wire track. Readers can cross-fuse the two images to view the pattern in 3D. Panel C) A 195 
representative spectrogram used for the audio analysis of the buzzes using the Audacity® software. The 196 
spectrogram shows the labels marked for the completion time and for the epochs of error time stamps (high 197 
contrast tracks in the spectrogram) during a representative trial. Panel D) A representative, cross-fusible, 198 
example of the random-dot stereogram used for estimating the stereo threshold. The fused stereogram shows 199 
a leftward tilted rectangular bar in crossed retinal disparity.  200 
 201 

No explicit instructions were provided to the participants on the speed with which they needed to 202 

play the game. The instructions were reiterated at the beginning of each experimental trial. The 203 

instructions were accompanied by the examiner demonstrating each step to ensure the participants 204 
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understood what should and should not be done.28, 29 However, no prior practice trials were given 205 

to the participants to retain the difference in the viewing conditions.7 The direction of movement 206 

of the loop, i.e., from the left end to the right end of the wire or vice versa — was randomized at 207 

the beginning of each trial. All participants performed the buzz-wire task under binocular and 208 

monocular viewing conditions. They performed the task thrice for each viewing condition with 209 

different patterns of the wire formation, all in random order. For monocular viewing of controls, 210 

one eye was randomly occluded, while the worse eye (based on visual acuity) of cases was occluded 211 

to minimize the impact of resolution loss on task performance. In cases with equal acuity in both 212 

eyes, one eye was randomly occluded. Their heads remained free to move during the task. Each run 213 

took approximately 40 sec to complete, following which participants were given 1-min of break prior 214 

to the next trial.  215 

 216 

The trial began once it was ensured that the participant was looking straight at the camera in the 217 

apparatus (Figure 1A). The task performance in each trial was recorded for offline analysis. After 218 

task completion, the examiner manually checked every video to discard trials where the participant 219 

dragged the loop along the wire, a strategy deemed invalid for task completion. The accepted video 220 

files were then analysed using custom-written software in Python (3.10 Version, Centrum voor 221 

Wiskunde en Informatica Amsterdam, The Netherlands). The videos were first cropped from the 222 

beginning of the task to its end, as determined by the examiner’s verbal utterance of the word START 223 

to the metal loop entering the insulated portion of the wire on the other end. The videos were then 224 

analysed for buzzes using the open-source Audacity® software (3.2.1 version, Audio.com, Boston, 225 

USA) (Figure 1C). The spectrogram of the audio signal generated by the movement of the loop along 226 

the wire, including the buzzes, was then bandpass filtered to a frequency range of 4 to 4.1 kHz. 227 

Intensities outside this frequency range were cut off at –30 dB to differentiate buzzes from the 228 

background noise (Figure 1C). The total number of buzzes and the time stamps corresponding to 229 

the onset and termination of each buzz were then computed for the entire video.  230 

 231 

2.3. Estimation of outcome variables from the buzz-wire task 232 

The elapsed time between the beginning and end of the video file was deemed as the total task 233 

duration (in seconds). Error rate was calculated as the frequency of occurrence of the error buzzes 234 

over the total task duration (in errors/sec). The speed at which the task was completed, when the 235 

participant was not making an error, was calculated as the length of the wire (33.5 cm) divided by 236 
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the error-free time (in cm/sec). The error-free time, in turn, was calculated as the total task duration 237 

minus the total time spent in making the errors (each error epoch was defined as the elapsed time 238 

between the start and end of the error buzz). The binocular advantage in error rate was calculated 239 

as the ratio of the monocular to binocular error rate (in case of zero error rate, the respective values 240 

were arbitrarily replaced by 0.001, as described in Devi et al.5). Similarly, the binocular advantage in 241 

speed was calculated as the ratio of binocular to monocular speed. In both cases, a ratio greater 242 

than unity indicated superior performance under binocular than monocular viewing. 243 

 244 

2.4. Measurement of stereo threshold 245 

Stereo threshold was measured at a 50 cm viewing distance using random-dot stimuli presented on 246 

a gamma calibrated LCD monitor (1680 × 1050 pixel resolution, 59 Hz refresh rate) and controlled 247 

using the Psychtoolbox-3 interface of MATLAB (R2016a; The MathWorks, Natick, USA).30 The 248 

random-dot stimuli incorporated a rectangular disparity-defined bar oriented either with a leftward 249 

or a rightward tilt in crossed retinal disparity (Figure 1D). The dichoptic stimuli were fused using a 250 

handheld stereo viewer with built-in periscopic mirrors to adjust for the participant’s horizontal 251 

phoria and interpupillary distance (Screen-Vu Stereoscope, Portland, USA). Vertical phoria, if any, 252 

was corrected with minor adjustments in head orientation. Data collection began once the 253 

participant reported stable fusion of the bounding box that presented the random-dot stimuli 254 

(Figure 1D). Participants identified the direction of the bar tilt for every stimulus presentation while 255 

the retinal disparity varied in a 2 down and 1 up adaptive staircase manner with each presentation. 256 

For a better visibility of the stereoscopic rectangular bar, the initial disparity value was set anywhere 257 

between 2000 and 4000 arcsec. Until the first reversal, the disparity was changed by 50% of the 258 

previous disparity value. At the subsequent reversals, the disparity changed with a 5% step size. The 259 

staircase was terminated after 11 reversals. Response frequencies were fit with Weibull functions 260 

to obtain maximum-likelihood estimates and credible intervals for the 70.7% correct threshold 261 

level.31 262 

 263 

2.5. Protocol 264 

The buzz-wire and stereo tasks were performed by all participants with natural pupils and 265 

accommodative states. Among the cases, the first measurements were always made with their 266 

habitual spherocylindrical spectacles and then with their habitual rigid contact lenses, if any. The 267 

measurements were made in this order so as to not to deform the cornea with the rigid contact lens 268 
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wear, which, in turn, would alter the pattern of retinal image blur experienced by the participant.32 269 

Change in the monocular task performance with contact lens wear was not determined in this study.  270 

 271 

2.6. Schematic framework for data interpretation 272 

To enable ease of interpretation, the data clouds obtained for error rate and speed in controls and 273 

cases were fit with bivariate contour ellipses using plot_ellipse.m code in Matlab.33 The x- and y-274 

coordinates of the centroid and the major axes of the ellipses were determined from the fits. These 275 

outcomes were interpreted in the context of a schematic framework described below (Figure 2A). 276 

In this schematic, the binocular and monocular error rates are plotted against each other. Whereas 277 

the 45° line of equality indicates no binocular advantage and thus dominance of the task by 278 

monocular factors (purple cloud in Figure 2A), data below this line would indicate a performance 279 

advantage derived from binocular depth cues (e.g. retinal disparity) and/or from the integration of 280 

monocular cues (e.g., occlusion, perspective cues) from the two eyes. The data could be uniformly 281 

distributed below the line of equality, indicating a uniform binocular advantage across the range of 282 

monocular error rates (blue cloud in Figure 2A). The orientation of the data could also be steeper 283 

than 45°, indicating that the binocular and monocular error rates are becoming more and more 284 

similar, with an increase in the monocular error rates (turquoise cloud in Figure 2A). That is, the 285 

binocular advantage in error rate reduces with an increase in the monocular error. This could 286 

indicate that the binocular advantage in error rates may be determined by factors that limit the 287 

monocular performance in this task (e.g., retinal image quality, in this case) or simply that the error 288 

rates have reached the maximum that could be measured by the apparatus. 289 

 290 

A range of possible comparisons between controls and cases is further illustrated in Figures 2B - I. 291 

The data of cases and controls may overlap along the line of equality, indicating no impact of viewing 292 

condition or cohort on task performance (Figure 2B). The data clouds may remain overlapped but 293 

with both shifted below the line of equality, indicating a significant impact of only viewing condition 294 

but not cohort on task performance (Figure 2C). The data clouds may also appear translated along 295 

the equality line, indicating a significant impact of cohort (cases producing more errors than controls 296 

in this schematic) but not of viewing condition on task performance (Figure 2D). The data clouds 297 

may be shifted below the line of equality and appear horizontally translated relative to each other, 298 

indicating significant impact of both viewing condition and cohort but with no interaction between 299 

the factors (Figure 2E). Figures 2F–I show data clouds wherein the main effect of both factors and 300 
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the interaction between them are significant. In Figure 2F, the binocular advantage is present only 301 

for controls and not for cases. In Figures 2G and H, the binocular advantage is present for both 302 

cohorts, but only one cohort shows a monocular dependence of the binocular advantage - cases in 303 

Figure 2G and controls in Figure 2H. Finally, in Figure 2I the binocular advantage in error rates show 304 

monocular dependence, but to varying extents, in both cohorts. This data schematics can also be 305 

extrapolated to the speed of task performance wherein faster movement under binocular viewing 306 

is indicated by the data lying above the line of equality (schematic not shown here). 307 

 308 

 309 
Figure 2: Schematics for the different pattern of results that may be obtained across controls and cases for 310 
the error rates in the buzz-wire task used in this study. Data clouds are assumed to have elliptical distributions. 311 
The solid circle is the centroid of the elliptical data cloud. The “smiley” face indicates statistically significant 312 
impact of the independent variable (i.e., viewing condition) on the dependent variable (i.e., error rate, in this 313 
case) while the “gloomy” face indicates no evidence of such a statistical significance. Panels B–I are described 314 
in the text. 315 
 316 
2.7. Data analyses 317 

Statistical analyses were performed using IBM SPSS Statistics® (Version 21; Armonk, NY), Matlab 318 

(R2016a) and Wolfram Mathematica (Version 14.1.0, Wolfram Research, Inc., Champaign, IL). Since 319 

there were no overall trends in the error rate or speed across the three repetitions of the buzz-wire 320 
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task,5 these quantities were averaged for further analyses. The Shapiro-Wilk test revealed that error 321 

rate, speed and the binocular advantage of error rate and speed were non-normally distributed. 322 

Hence, the datasets of error rate and speed were Box-Cox transformed using a λ value of 0.15 and 323 

the datasets of binocular advantage of error rate and speed were log transformed to achieve 324 

normality, thereby making them amenable to parametric statistics. Note, however, that Figures 3 - 325 

6 containing the study results are all constructed on the raw untransformed data for visualization 326 

purposes. Two-factor repeated measures multiple analysis of variable (RM-MANOVA) was 327 

performed to investigate the between-subject factor of cohort type (controls vs. cases) and the 328 

within-subject factor of viewing condition (binocular vs. monocular) on the dependent variables of 329 

error rate and speed. A separate one-factor, between-subjects MANOVA was performed to 330 

compare the binocular advantage in error rate and speed between controls and cases. Similarly, a 331 

separate one-factor, within-subjects MANOVA was performed to compare the impact of optical 332 

correction modality (rigid contact lens vs. spectacles) on stereo threshold, error rate, and speed. 333 

 334 

2.8. Comparison of buzz-wire performance in cases with those of uncorrected myopes  335 

The results from the main experiment revealed that the monocular and binocular buzz-wire task 336 

performance was worse in cases than in controls. An additional experiment was performed to 337 

determine whether this deterioration was unique to keratoconus or generic to any form of optical 338 

blur experienced by the individual – for instance, optical blur from uncorrected axial myopia, but 339 

with a regularly shaped cornea. This experiment tested the hypothesis that the error rate and speed 340 

in the buzz-wire task will be similar in cases and uncorrected myopic cohorts with comparable levels 341 

of visual acuity and stereo thresholds. Ten participants with –6.00D to –13.00D of uncorrected 342 

myopia (21 - 34 years) repeated the monocular and binocular versions of the buzz-wire task. All 343 

other details were identical to the main experiment.  344 

 345 

3. Results 346 

Table 1 describes the demographic and clinical details of the study participants (see Appendix 1 for 347 

individual cases). Ten of the 30 cases had bilateral keratoconus with similar severity in both eyes. 348 

The remaining were either bilateral keratoconus with different disease severities in the two eyes or 349 

those with a clinically manifest keratoconus in only one eye (Appendix 1). 350 

 351 

3.1. Buzz-wire task performance in controls and cases 352 
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Figure 3A shows scatter diagrams of the binocular and monocular error rate for controls and cases 353 

with their habitual spectacles. The error rate patterns in both cohorts resembled the schematic in 354 

 355 

Table 1: Demographic and clinical details of study participants 356 

Ca
se

s 
 

(n
 =

 3
0)

 

Age (years) 
Sex (M : F) 

20 (17 to 34) 
20 : 10 

 Right eye Left eye 
D-index (unitless) 8.09 (2.13 to 27.13) 7.28 (0.53 to 22.05) 

SER (D) 
J0 (D) 
J45 (D) 

–3.50 (–12.00 to 0.00) 
0.00 (–2.59 to 2.82) 
0.77 (–0.94 to2.95) 

–3.50 (–24.00 to –0.38) 
0.09 (–2.35 to 4.59) 

–0.99 (–3.87 to 2.38) 
BSCVA (logMAR) 0.30 (0.00 to 1.60) 0.30 (0.00 to 1.40) 

Stereo threshold (arcsec) 547.13 (52.66 to 1906.00) 

Co
nt

ro
ls

  
(n

 =
 2

6)
 

Age (yrs) 
Sex (M : F) 

24 (17 to 29) 
10 : 17 

 Right eye Left eye 
D-index (unitless) 0.72 (–0.37 to 2.45) 0.76 (–1.16 to 2.61) 

SER (D) 
J0 (D) 
J45 (D) 

0.00 (–5.00 to 0.88) 
0.00 (0.00 to 1.25) 
0.00 (0.00 to 0.00) 

0.00 (–5.00 to 0.88) 
0.00 (0.00 to 1.25) 
0.00 (0.00 to 0.32) 

BSCVA (logMAR) 0.00 (0.00 to 0.00) 0.00 (0.00 to 0.00) 
Stereo threshold (arcsec) 29.99 (3.18 to 77.70) 

The values indicate the median (minimum to maximum) for each parameter described in the study. The SER, 357 
J0 and J45 power vector terms represent the spherical equivalent of refraction and the regular and oblique 358 
astigmatic components of refraction, respectively.34 BSCVA = best spectacle-corrected visual acuity.  359 
 360 
Figure 2G. The orientation and the centroid locations of the bivariate contour ellipse for controls  361 

indicated a uniform shift in the data below the line of equality (Figure 3A). In contrast, the bivariate 362 

contour ellipse for cases was steeper than 45°, with its y-axis centroid remaining significantly lower  363 

than its x-axis centroid (Figure 3A). Additionally, the rightward and upward shift in the x and y-axes 364 

centroids, respectively, of cases, relative to controls, indicated an overall higher error rates in cases 365 

than in controls (Figure 3A). 366 

 367 

The bivariate contour ellipses for speed were oriented close to the 45° line of equality in controls 368 

and cases (Figure 3B). For controls, the x-axis centroid of the ellipse was lower than the y-axis 369 

centroid, indicating a slowing down under monocular viewing condition (Figure 3B) while in cases, 370 

the x- and y-axes centroids for cases were not different to each other (Figure 3B), indicating that the 371 

cases did not slow down as much as the controls under monocular viewing. Additionally, the speed 372 

ellipse of cases was shifted rightwards, relative to controls, suggesting that under monocular 373 

viewing, the former cohort performed the task faster than the latter cohort under monocular 374 

viewing conditions (Figure 3B). 375 

 376 
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The Box-Cox transformed monocular error rates of controls and cases were higher than the 377 

binocular values (Table 2, Section 1a). The multivariate test in the two-factor RM-MANOVA revealed 378 

significant main effects of viewing condition and cohort and significant interaction between the two 379 

main effects on the combined dependent variables of error rate and speed (Table 2, Section 2a). 380 

These effects were retained in the univariate tests, with the effect size being stronger for the former  381 

 382 

 383 

Figure 3: Scatter diagrams of the error rate (panel A) and speed (panel B) obtained from controls (green 384 
symbols) and cases (red symbols) while performing the buzz-wire task in this study. The coloured patches 385 
represent the best-fit bivariate contour ellipse for the controls and cases datasets. The major and minor axes 386 
are shown for each ellipse, the intersection of which represents its centroid. The diagonal line in each panel 387 
represents the line of equality for monocular and binocular performance. The gestalt obtained from these 388 
contours may be readily compared with the schematics described in Figure 2. Panels C and D show the Box 389 
and Whisker plots of the binocular advantage in error rate and speed obtained for controls and cases in this 390 
study, respectively. For each box and whisker plot, the horizontal line is the median, the edges are the 25th 391 
and 75th quartiles and the whiskers are the 1st and 99th quartiles. The green and the red dots are the individual 392 
data points, jittered randomly along the X-axis for ease of visualization.  393 
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Table 2: Results of the main statistical analyses conducted in this study. 394 
  Section 1: T-Tests 

Comparison 
of error rate 
and speed 

among 
controls and 

cases 

1a. Paired t-tests 

  
Error rate Speed 

Mean diff ± SEM t value p-value Mean diff ± SEM t value p-value 
Control Bino vs Mono –1.00 ± 0.19 –5.23 <0.001 0.26 ± 0.06 4.26 <0.001 

KC Bino vs Mono –0.44 ± 0.09 –4.92 <0.001 0.03 ± 0.05 0.5 0.62 
KC below 
threshold Bino vs Mono 0.71 ± 0.10 –7.11 <0.001 

– 
KC above 
threshold Bino vs Mono 0.08 ± 0.04 –1.93 0.07 

  Section 2: Two-factor RM-MANOVA Analysis 

Effect of 
viewing 

condition 
(Bino vs 

Mono) and 
cohort type 
(control vs 
cases) on 

error rate and 
speed 

2a. Multivariate tests 
  F p-value Partial ƞ2 

Viewing condition 41.8 <0.001 0.61 
Cohort type 9.33 <0.001 0.26 

Viewing condition x Cohort type 11.72 <0.001 0.31 
2b. Univariate tests 

  Error rate Speed 
 Mean ± SEM p-value Partial ƞ2 Mean ± SEM p-value Partial ƞ2 

Viewing condition 
Binocular –1.73 ± 0.11 

<0.001 0.48 
0.50 ± 0.06 

<0.001 0.24 
Monocular –1.03 ± 0.03 0.36 ± 0.06 

Cohort type 
Controls –1.66 ± 0.10 

<0.001 0.26 
0.31 ± 0.08 

0.03 0.08 
KC –1.10 ± 0.10 0.55 ± 0.08 

Viewing condition 
x Cohort type – – 0.004 0.15 – 0.004 0.14 

  Section 3: One-factor RM-MANOVA Analysis 

Binocular 
advantage in 

error rate and 
speed among 
control and 

cases 

3a. Multivariate tests 
  F p-value Partial ƞ2 

Cohort type 13.06 < 0.001 0.33 
3b. Univariate tests 

  
Error rate Speed 

Mean ± SEM p-value Partial ƞ2 Mean ± SEM p-value Partial ƞ2 

Cohort type 
Controls 0.53 ± 0.06 

< 0.001 0.21 
0.14 ± 0.03 

0.003 0.13 
KC 0.22 ± 0.06 0.02 ± 0.03 

  Section 4: One-factor MANOVA Analysis 

Effect of 
spectacle and 
contact lenses 

on stereo, 
error rate and 

speed 

4a. Multivariate tests 
  F p-value Partial ƞ2 

Correction modality 163.89 <0.001 0.97 
4b. Univariate tests 

  
Stereo threshold Error rate Speed 

Mean ± SEM p-value Mean ± SEM p-value Mean ± SEM p-value 
Correction 
modality 

Spectacle 2.71 ± 0.12 
0.001 

–1.23 ± 0.12 
<0.001 

0.69 ± 0.12 
0.001 

Contact lens 2.34 ± 0.12 0.76 ± 0.02 1.10 ± 0.01 
  Section 5: One-factor RM-MANOVA Analysis 

Effect of 
viewing on 

error rate and 
speed among 
uncorrected 

myopes 

5a. Multivariate tests 
  F p-value Partial ƞ2 

Viewing condition 23.06 0.001 0.72 
5b. Univariate tests 

  
Error rate Speed 

Mean ± SEM p-value Partial ƞ2 Mean ± SEM p-value Partial ƞ2 
Viewing 

condition 
Binocular –1.56 ± 0.12 

0.001 0.72 
0.16 ± .15 

0.003 0.64 Monocular –0.99 ± 0.05 0.08 ± 0.19 
  Section 6: Mann-Whitney test 

Bino 
advantage 
myopes Vs. 
cases with 

comparable 
stereo loss 

  
Error rate Speed 

Median (IQR) Z p-value Median (IQR) Z p-value 

Cohort type 
Myopes 1.98 (1.37 – 2.32) 

–2.26 0.02 
1.27 (1.09 – 1.53) 

–2.72 0.005 
Cases  1.16 (0.99 – 1.81) 1.03 (0.87 – 1.12) 
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Section 1 shows the results of t-tests comparing the binocular vs. monocular performances of controls and 395 
cases. Sections 2a and b show the results of the multivariate and univariate two-factor RM-MANOVA 396 
comparing the binocular and monocular task performances of controls and cases, respectively. Section 3a and 397 
b show the results of the multivariate and univariate one-factor RM-MANOVA comparing the binocular 398 
advantages for the two outcome variables in controls and cases. Sections 4a and b show the results of the 399 
multivariate and univariate one-factor MANOVA comparing the impacts of correction modality on the 400 
stereoacuity and error rate of cases. Sections 5a and b show the results of the multivariate and univariate 401 
one-factor MANOVA reporting the impacts of viewing condition on the error rate and speed in uncorrected 402 
myopes. Section 6 shows the results of the Mann-Whitney test comparing the binocular advantages in error 403 
rates and speed among uncorrected myopes and cases with comparable stereo loss. The mean ± standard 404 
error of the mean (SEM) shown here are the Box-Cox transformed values, as described in the Methods section. 405 
The mean values shown here may be retransformed to its raw form by using the formula: 𝑥𝑥𝑟𝑟𝑟𝑟𝑟𝑟 =406 
 �𝜆𝜆 𝑥𝑥𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 1 𝜆𝜆 , where  𝑥𝑥𝑟𝑟𝑟𝑟𝑟𝑟 is the mean of the raw data, 𝑥𝑥𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is the mean of the transformed data, and λ 407 
is the Box-Cox transformation exponent used in this study (𝜆𝜆 = 0.15). Relationships with p < 0.05 (uncorrected 408 
for multiple comparisons) appear in bold.  409 
 410 
than the latter outcome variable (Table 2, Section 2b). To further investigate the pattern of error 411 

rates obtained in cases, their monocular and binocular error rates were divided into two subgroups 412 

about the y-axis centroid i.e., participants with binocular error rates lower and higher than the y-413 

axis centroid. The mean difference in the Box-Cox transformed monocular and binocular error rates 414 

was found to be significant only for the latter subgroup and not the former subgroup (Table 2, 415 

Section 1a).  416 

 417 

The one-factor MANOVA performed on the log-transformed binocular advantage scores showed a 418 

significant difference between controls and cases for the combined dependent variables (Figure 3C 419 

and D, Table 2, Section 3a). The univariate tests showed that the binocular advantages in error rate 420 

and speed were higher in controls than in cases, with the effect size being higher for error rate than  421 

speed (Table 2, Section 3b). These trends were expected from the binocular and monocular data of 422 

these outcome variables reported in Table 2, Sections 1 and 2. 423 

 424 

3.2. Relationship between stereo threshold and binocular advantage in error rate  425 

Unlike controls, the addition of binocularity had a differential impact on error rates of cases (Figure 426 

3A). To determine if this pattern was related to the participants’ stereo thresholds, the binocular 427 

advantages in error rates of cases were plotted against their stereo thresholds (Figure 4). The same 428 

relationship for controls is also shown in this figure for comparison. All controls had stereo 429 

thresholds lower than the buzz-wire task’s diastereopsis threshold (vertical line in Figure 4), making 430 

the task a suprathreshold activity. While all the controls showed a distinct binocular advantage in 431 

error rate, this advantage was poorly correlated with stereo threshold (Pearson’s r = –0.25, p = 0.22). 432 
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Only 10 cases had stereo thresholds lower than the diastereopsis threshold, all of whom also 433 

showed a binocular advantage in the error rate (Figure 4). Amongst the remaining 20 cases with 434 

stereo thresholds poorer than the diastereopsis disparity threshold, 10 exhibited near unity 435 

binocular advantage, 3 had binocular advantage comparable to that of controls and the binocular 436 

advantage of the rest was somewhere in between (Figure 4). Overall, like controls, there was a non-437 

significant correlation between binocular advantage in error rate and stereo threshold in the cases 438 

(Pearson’s r = –0.32, p = 0.08).  439 

 440 

Amongst cases, binocular advantage in error rate poorly correlated with the two eyes’ maximum D-441 

index, the difference between the two eyes’ D-indices, and the maximum, mean, and the difference 442 

between the two eyes’ best-corrected visual acuity (r ≤ –0.32, p ≥ 0.08, for all). 443 

 444 
Figure 4: Binocular advantage in error rate plotted against the random-dot stereo threshold for controls 445 
(green), cases (red), and uncorrected myopes (blue). The transparency of the dots represents the 68% credible 446 
interval for the stereo thresholds. The vertical line indicates the disparity threshold (611 arcsec or 2.79 log 447 
arcsec) for diastereopsis.5, 23 The horizontal line denotes the level where there was no binocular advantage. 448 
 449 
3.3. Impact of rigid contact lenses on the error rates of the cases 450 

With rigid contact lens wear, the stereo threshold and error rate of cases were below the 1:1 line, 451 

indicating an improvement in these variables relative to spectacles (Figure 5A and B, Table 2, Section 452 

4b).  The one-factor MANOVA showed a statistically significant impact of the correction modality 453 

for the combined dependent variables (Table 2, Section 4a). The univariate tests confirmed this 454 

effect for both stereo threshold and error rate, with the effect size being larger for the latter than 455 

the former variable (Table 2, Section 4b). However, the proportional improvements in stereo 456 
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threshold and error rate, obtained by dividing the value obtained with spectacles by the value 457 

obtained with contact lenses, proved to be uncorrelated (Pearson’s r = 0.02, p = 0.94; Figure 5C). 458 

 459 

3.5. Buzz-wire task performance of uncorrected myopes 460 

Visual acuities amongst the uncorrected myopes (0.91 ± 0.07 logMAR) were significantly poorer 461 

than amongst those cases that were above the diastereopsis threshold (0.50 ± 0.07 logMAR; t =  462 

4.01, p = 0.001). Stereo thresholds, on the other hand, were comparable between the two cohorts 463 

(uncorrected myopes: 3.28 ± 0.20 log arcsec; cases: 3.20 ± 0.06 log arcsec, t = 0.43, p = 0.67) (blue 464 

vs red bubbles in Figure 4)].  465 

 466 

 467 
Figure 5: Panels A and B show the stereo threshold and error rate, respectively, obtained with the spectacle 468 
and contact lens corrections in cases. The transparency on the right and left hemispheres in Panel A, 469 
represents the 68% credible interval for the spectacle and contact lens, respectively. Panel C shows the fold-470 
change in stereo threshold from spectacles to contact lens wear plotted against the corresponding fold-471 
change in error rates of the buzz-wire task. The region above the intersection of the vertical and horizontal 472 
lines indicates an improvement in both parameters with contact lens wear in this panel. The region diagonally 473 
opposite this indicates worsening of performance in both parameters with contact lens wear. 474 
 475 

Scatter diagrams of error rate and speed for the participants with uncorrected myopia have been 476 

fit with bivariate contour ellipses and superimposed on the corresponding ellipses for controls and 477 

cases in Figure 6. The bivariate contour ellipse for error rates in the uncorrected myopes was 478 

oriented at 57.9°, with its x-axis centroid remaining higher than its y-centroid (Figure 6A). The one-479 

factor RM-MANOVA analysis showed a significant impact of viewing condition on the combined 480 

dependent variable (Table 2, Section 5a) and the univariate tests confirmed a significant impact of 481 

viewing condition for both error rates and speed (Table 2, Section 5b). The log-transformed 482 

binocular advantage in error rate (mean ± SEM: 0.22 ± 0.04) was well correlated with logMAR visual 483 

acuity (Pearson’s r = –0.73; p = 0.02) (data not shown) but poorly correlated with stereo threshold 484 
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(Pearson’s r = –0.09; p = 0.80) (Figure 4). The binocular advantages in error rate and speed were also 485 

significantly higher amongst uncorrected myopes than amongst cases with comparable levels of 486 

stereo threshold (Figure 4; Table 2, Section 6). 487 

 488 

  489 
Figure 6: Scatter diagrams of the error rate (panel A) and speed (panel B) in uncorrected myopes (blue 490 
symbols) while performing the buzz-wire  task plotted along the corresponding bivariate contour ellipses. The 491 
ellipses of the controls (green) and cases (red), identical to those in Figure 3, are also reproduced here for 492 
comparison purposes. All other details are the same as Figure 3.  493 
 494 

4. Discussion 495 

4.1. Summary of results 496 

1. Controls made fewer errors when viewing the buzz wire binocularly (Table 2, Figure 3A). 497 

However, only those cases with relatively low monocular error rates showed a similar 498 

advantage from binocular viewing (Figure 3A). Cases with high monocular error rates also had 499 

higher error rates when viewing the buzz wire binocularly (Table 2, Figure 3A).  500 

2. An improvement in the retinal image quality of cases with rigid contact lens wear reduced the 501 

binocular error rates in the buzz-wire task, vis-à-vis, spectacles (Figure 5B).  502 

3. Two observations indicate that psychophysical estimates of stereo thresholds may not be a 503 

good predictor of error rates in visuomotor activities like the buzz-wire task. First, stereo 504 

threshold proved to be poorly correlated with the binocular advantage in error rate amongst 505 

the participants within each cohort. Second, stereo threshold proved to be poorly correlated 506 

with the reduction in error rate enjoyed by cases, when they switched from their best-corrected 507 

spectacles to contact lenses (Figure 5C). 508 
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4. Controls, uncorrected myopes and cases executed the buzz-wire task faster under binocular 509 

than monocular conditions (Figures 3B and 6B). However, the magnitude of speed reduction 510 

from binocular to monocular viewing was smaller in cases than in the controls and uncorrected 511 

myopes (Figures 3B and 6B, Table 2). 512 

 513 

These results compare well with previous findings of deficient visuomotor task performance in other 514 

forms of ophthalmic disease such as amblyopia and strabismus7, 8, and indicates that functional 515 

depth vision may be severely compromised with degraded binocularity, irrespective of the cause of 516 

this dysfunction. Finally, these results also align well with those of Knill, who showed that 517 

visuomotor tasks like hand reaching are heavily weighted towards the binocular retinal disparity 518 

cue, with little influence of monocular cues on task performance.3 519 

 520 

4.2. Stereo threshold as poor predictor of visuomotor task performance  521 

There are at least two reasons why the psychophysical stereo threshold may correlate poorly with 522 

error rate in the buzz-wire task. First, the executive requirements of the random-dot stereogram 523 

task and the buzz-wire task may be quite different.35 The former is a hyperacuity task, requiring 524 

good quality correspondence matching of the monocular images for fusion, computation of retinal 525 

disparity from the fused percept, and an inference about the geometric shape of the 3D object in 526 

an otherwise two-dimensional field of random dots.36 The buzz-wire task, on the other hand, relies 527 

on accurate and continuous judgment of the diastereopsis of a physical 3D structure that guides 528 

hand movements to avoid contact between the loop and the wire in the task.5 These two measures 529 

may respond very differently to the degraded retinal image quality experienced in the present study. 530 

Random-dot stereo targets may be more vulnerable to the contrast loss and phase distortions in 531 

the blurred retinal image,15, 37 reaching stereo-blindness levels when thresholds exceed 1300 arc 532 

sec,38 while useful information regarding diastereopsis may still be available in the buzz-wire task 533 

for comparable levels of blur. Evidence for this possibility arises from the uncorrected myopes 534 

continuing to show a binocular advantage in the buzz-wire task, even while they were all nearly 535 

stereo-blind (Figures 4 and 6A). This binocular advantage may be derived from non-stereoscopic 536 

cues that may aid the identification of the gap between the loop and the wire in this task, unlike 537 

random-dot stereograms that are entirely reliant on the retinal disparity cue for stereo processing. 538 

However, the prominent monocular cue of motion parallax derived from head movements may not 539 

be useful for depth judgments in the buzz-wire task, as reported recently by Devi et al.5 The 540 
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complexity of integrating retinal image motion arising from head velocity with the velocity of object 541 

motion arising from passing the loop through the buzz wire may make this cue less beneficial to the 542 

present task performance.5  543 

 544 

The second reason is that the stereoscopic information in a random-dot target is to be inferred from 545 

a two-dimensional field of random dots might make this task more unnatural and, thus, more 546 

vulnerable to retinal image quality degradation. On the contrary, the buzz-wire task is similar to 547 

routine depth-related activities of daily living wherein the stereoscopic information is derived from 548 

objects that are physically separated in space. Perhaps a top-down knowledge of the buzz-wire 549 

configuration, and/or the depth information derived from convergence eye movements while 550 

tracking the depth convoluted buzz-wire makes this task less vulnerable to retinal image quality 551 

degradation.39 After all, our ability to generate accurate vergence eye movements remains largely 552 

unaffected in the presence of either iso-ametropic or anisometropic retinal image blur.40 Future 553 

studies could employ depth judgments between physically separated objects to determine the 554 

relationship between stereo thresholds and errors in the buzz-wire task.  555 

 556 

4.3. Retinal image quality and its impact on visuomotor task performance 557 

The nature of blur experienced by the participant and its bilateral (a)symmetry could have a 558 

determining impact on the buzz-wire  task investigated in this study. Deeper insights into this issue 559 

may be obtained through simulation of how the buzz-wire  apparatus may appear from the blur in 560 

cases, uncorrected myopia, and in controls (Figure 7). All the following simulations were performed 561 

for 555 nm light and 5 mm pupil diameter, using standard Fourier optics techniques.41 The point 562 

spread function (PSF) of the eye with clear vision was generated using only population average 563 

higher-order Zernike wavefront aberrations obtained from Cheng et al.42 (Figure 7A). The PSFs of 564 

uncorrected myopes were generated by adding 1 D, 3 D, and 10 D worth of defocus to the 565 

population average higher-order Zernike aberrations (Figures 7B - D, respectively). Case PSFs are 566 

obtained from higher-order Zernike aberrations, corresponding to early, mild, moderate and severe 567 

keratoconus already available in the laboratory (Figures 7E–H).12 Lower-order aberrations are 568 

assumed to be fully corrected in keratoconus, while in reality, some may remain owing to variability 569 

in estimating the subjective refraction endpoint.43, 44  570 

 571 

 572 
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 573 
Figure 7: Panels A–H) Point-of-view optical simulations of the buzz-wire apparatus with clear vision (panel A), 574 
blurred vision from uncorrected myopia (panels B – D) and blurred vision from cases, whose severity is 575 
indicated on top of each panel by the root-mean-squared values of the higher-order aberrations (HORMS) 576 
(panels E–H). Panels I–K show cross-fusible zoomed-in stereoscopic image pairs of the buzz-wire apparatus 577 
illustrating the location of the loop relative to the wire when vision is clear in both eyes (panel I) and when 578 
vision is bilaterally (panel J) or unilaterally (panel K) blurred from keratoconus. The wavefront aberration 579 
values used to blur the right eye (RE) and left eye (LE) of the stereogram are indicated in each figure panel. 580 
 581 

The uncorrected myopes in the present study were all iso-ametropic, resulting in similar magnitudes 582 

of radially symmetric blur in the two eyes. This radial symmetric blur is characterized largely by 583 

contrast demodulations while retaining the spatial relationship between the loop and the wire 584 

(Figures 7B–D). The bilateral symmetry of blur continues to support the fusion of the monocular 585 
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percept (Figure 7J). Both features may help retain the diastereopsis information under binocular 586 

viewing in uncorrected myopia (Figure 7J). In contrast, the cases experience radially asymmetric blur 587 

that may be of bilaterally dissimilar owing to interocular differences in disease severity (Table A1). 588 

The radially asymmetric blur introduces significant phase distortions that disrupt the spatial 589 

relationship between the loop and the wire under monocular viewing (manifesting as “ghosting” or 590 

“doubling” of the wire in Figures 7E–H).15 Binocularly, the phase distortions may disrupt the 591 

correspondence matching between the monocular precepts14 and the bilaterally asymmetric blur 592 

may induce interocular suppression of the more blurred percept,17 both of which may lead to poor 593 

quality diastereopsis (Figure 7K). These effects may explain the absence of binocular advantage in 594 

the buzz-wire task for the cases, even while it was retained in the uncorrected myopes (Figure 6). 595 

Relative to spectacles, rigid contact lenses may have improved buzz-wire task performance in cases 596 

by reducing the contrast demodulation and phase disruption in the monocular retinal images and 597 

by improving the symmetry in the retinal image quality of the two eyes.15, 17, 37 A future study could 598 

compare the buzz-wire task performance in uncorrected anisometropia and bilaterally asymmetric 599 

keratoconus to gain deeper insights into this issue. The improved error rates in the buzz-wire task 600 

of cases with rigid contact lenses could also be a learning effect, as the buzz-wire task was first 601 

performed with spectacles and then with contact lenses. However, Devi et al.5 investigated this 602 

possibility and found no evidence of a learning effect over the three trials. Nonetheless, future 603 

studies may systematically investigate the impact of any learning effect on the buzz-wire task 604 

performance.    605 

 606 

4.4. Clinical implications 607 

The present results suggest that keratoconus may increase the difficulty in executing activities of 608 

daily living that involve 3D depth judgments (e.g., driving, navigating obstacles and climbing stairs) 609 

(Figure 3). These factors, combined with their sub-optimal spatial vision,11 may contribute towards 610 

an overall deterioration in their quality of life and general well-being.45 Rigid contact lenses that 611 

improve retinal image quality may be one way to minimize this deterioration (Figure 5B). 612 

Interestingly, neither the disease severity nor the routinely evaluated clinical measures of visual 613 

acuity or stereoacuity were good predictors of such visuomotor activity limitations (Figure 4). This 614 

observation, on one hand, reveals the limitation of the clinical measures in reflecting the real-world 615 

visual experience of the patient, and, on the other hand, underlines the need for expanding the 616 

visual assessment battery to include measures that emulate the complexities of daily tasks.  617 
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The lack of a prominent speed reduction in the buzz-wire task in keratoconus is contrary to the 618 

expectation of how this parameter may decline in the presence of uncertain sensory inputs (arising 619 

from blurred vision and poor stereopsis, in this case11, 18). This may be so for two reasons. First, the 620 

binocular and monocular viewing experience in keratoconus in such tasks may be similar, given their 621 

habitually sub-optimal vision. Thus, there may be no overt reason to decrease the speed under 622 

monocular viewing, relative to binocular viewing. Second, keratoconics may harbour false beliefs 623 

that they can see well in depth despite their degraded binocularity. This may reflect the general 624 

personality trait of keratoconics and the difficulties they may experience coping with vision loss.46, 625 

47 These hypotheses need further investigation.  626 
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Appendix  730 

Table A1: Demographic details of the 30 keratoconic participants along with their corneal topographic outcomes (maximum keratometry and D–index) and visual 731 

functions (logMAR visual acuity and stereo thresholds) with spectacles and contact lens. 732 

Sub 
No. 

Age 
(yrs) Sex 

Maximum Keratometry 
(D) 

D–index  
(unitless) 

Visual acuity with 
spectacles (logMAR) Stereo threshold with 

spectacles (arc sec) 

Visual acuity with 
contact lens (logMAR) Stereo threshold with 

contact lens (arc sec) 
RE LE RE LE RE LE RE LE 

1 19 M 45.5 70.8 2.96 16.77 0.00 0.60 841.97 * 0.10 820.65 
2 18 M 44.6 79.3 2.13 22.05 0.00 1.10 3372.25 * 0.40 1032.86 
3 19 M 55.5 44.1 8.06 0.53 1.40 0.00 800.18 0.00 0.00 62.03 
4 19 M 58.5 51.4 7.97 5.51 0.30 0.18 462.70 0.30 0.00 142.78 
5 22 M 56.7 48.8 7.94 4.29 0.40 0.00 222.54 0.18 0.00 33.94 
6 22 F 67.6 50.7 14.2 6.44 0.70 0.00 1159.30 0.00 * 233.76 
7 20 F 44.9 43.0 9.41 4.12 0.18 0.00 63.31 0.10 0.00 56.88 
8 25 M 56.6 57.0 7.19 7.89 0.00 0.30 281.38 * 0.00 127.48 
9 26 F 48.6 55 3.87 6.89 0.00 0.10 60.62 0.00 0.00 192.58 

10 17 M 60.1 52.6 11.09 5.89 0.30 0.18 278.80 0.00 0.00 401.12 
11 26 F 61.3 57.1 14.96 16.32 0.30 0.18 584.58 0.00 0.00 145.83 
12 32 M 48.5 64.6 7.27 12.8 0.18 0.48 251.90 * 0.00 138.43 
13 18 M 62.4 75.5 8.38 16.95 0.18 0.30 1390.05 0.00 0.00 1115.27 
14 21 F 53.6 41.4 10.12 3.36 0.70 0.10 1997.88 0.00 * 601.26 
15 18 M 56.8 49.8 11.96 6.83 0.40 0.18 855.42 0.00 0.00 169.57 
16 24 M 56.1 61.9 9.03 8.7 0.00 0.40 717.63 0.10 0.00 296.03 
17 24 M 49.7 50 6.99 6.52 0.18 0.10 200.85 0.00 0.10 134.62 
18 25 F 54.4 52.7 4.85 4.63 0.18 0.18 666.34 NA NA NA 
19 17 M 48.5 55.6 3.38 7.67 0.30 0.30 1855.71 NA NA NA 
20 34 F 53.2 53.1 4.99 3.58 0.30 0.30 1773.45 NA NA NA 
21 22 M 63.6 60.2 11.29 10.2 0.18 0.10 146.20 NA NA NA 
22 28 M 52.9 42.8 5.31 1.35 0.48 0.48 250.76 NA NA NA 
23 19 M 63.3 55.2 14.44 8.33 0.48 0.18 601.53 NA NA NA 
24 22 M 44 46 2.27 5.17 0.30 0.18 139.60 NA NA NA 
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25 19 F 65.9 44.6 NA 4 1.10 0.00 4596.21 NA NA NA 
26 24 F 71.3 50.8 24.6 16.3 0.90 0.18 1118.56 NA NA NA 
27 20 M 62.4 53.5 11.67 11.24 0.60 0.48 1720.88 NA NA NA 
28 18 M 62.4 52.5 27.13 10.17 1.60 0.80 1269.90 NA NA NA 
29 28 F 46.9 54.4 8.09 10.71 0.30 0.40 1927.61 NA NA NA 
30 17 M 48.9 52.3 9.89 12.49 0.70 1.10 1048.99 NA NA NA 

Abbreviations: max K: maximum keratometry reading, stereo: stereo threshold, RE: right eye, LE: left eye, SP: spectacle, CL: contact lens, NA: not applicable (these 733 

participants were not tested with contact lens correction). Participants 1 – 17 performed the task with both spectacles and contact lenses. The asterisk symbol indicates 734 

participants wore contact lens only in one eye, for which the visual acuity is reported. The fellow eye’s refractive error was corrected with spectacles, if any. The fellow eye’s 735 

acuity thus equalled what is reported in columns 8 and 9 of this table. Participants 18 – 30 performed the task with only their spectacles. 736 
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