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SUMMARY

Within the population of humans with otherwise normal vision, there exists some proportion whose ability
to perceive depth from binocular disparity is poor or absent. The prevalence of this “stereo-anomaly” has
been reported to be as small as 2%, or as great as 30%. We set out to investigate this discrepancy. We
used a digital tool to measure stereoacuity in tasks requiring either the detection of disparity or the
discrimination of the direction of disparity. In a cohort of 228 participants, we found that 98% were
able to consistently perform the detection task. Of these, only 69% consistently performed the discrim-
ination task. The 31% of participants who had difficulty with the discrimination task could further be
divided into 17% who were consistently unable to perform the task and 14% who showed limited ability.
This suggests that identification of the direction of disparity requires further processing beyond merely
detecting its presence.

INTRODUCTION

In human vision, the horizontal separation of the two eyes can be exploited to determine the relative distances to objects in the outside world.
Fixation at a point in 3D space converges the eyes and establishes a curved surface of zero retinal disparity (the geometric horopter). Objects
closer or further away from the horopter will have retinal images projected at horizontally shifted locations in the two eyes (disparity). When the
objects are closer the disparity is said to be crossed. Objects further than the horopter are said to be in uncrossed disparity. Humans can show
exquisite sensitivity to binocular disparity when making judgments of the relative depth of objects.

Within the human population, some individuals lack the ability to determine depth from disparity (stereo-blindness) or else show an impair-
ment in that ability (stereo-anomaly). In some cases, this limitation is due to an identified disease (such as amblyopia) while in other cases the
ability is limited with no apparent cause. There is controversy over how common this latter condition is. Some studies have found stereo-
anomaly in up to 30% of participants.’” Other studies have found these cases to be much rarer, affecting as few as 1%-2% of individuals.*”’

More recent studies have implemented stereo testing on handheld digital tablet devices; this approach has been proposed as a conve-
nient clinical tool. One study that used a random-dot stimulus displayed on a tablet found that about 30% of the population with otherwise
normal vision were up to ten times worse in their stereo sensitivity.® This was surprising, as the widely used Randot clinical stereo test exhibits a
very narrow distribution of stereo sensitivity in that population.® Although these two approaches to clinical stereo measurement are different
in several ways, one possible explanation of this difference is particularly interesting: stereo deficits may be specific to tasks where the polarity
of the depth must be discriminated.”'® These stereo-anomalies would not be found with tests such as the Randot, which rely simply on de-
tecting shapes defined by disparity.

In the present study, we compare results from disparity detection and disparity discrimination tasks using otherwise equivalent stimuli in
the same individuals (Figure 1). Our goal is to identify the mechanistic basis for the previously reported deficit found in 30% of individuals with
otherwise normal vision. We find that the two tasks identify stereo-anomaly with very different prevalence. In the detection task it is quite rare
(2%) whereas in the discrimination task it is relatively common (31%). Therefore, the more common stereo-anomaly affects the mechanism that
identifies the direction of disparity, while the detection of disparity itself may be spared.

RESULTS
Test-retest analysis for detection and discrimination tasks

Stereoacuity thresholds were obtained from a cohort of 228 participants for both disparity detection and disparity discrimination. The test-
retest agreement for the two tasks is plotted in Figure 2. The data are divided according to the number of valid measurements obtained on
each task. It is immediately apparent that there are many more invalid results with the discrimination task than with the detection task. This
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Figure 1. Diagrams showing stimulus design for the two measurements

Stimuli are rendered in a 3D projected view, with the wedges of disparity indicated. (A) shows the design for the disparity detection task, in which there were four
possible target locations. This example shows the target on the right. (B) shows the design for the disparity discrimination task, in which there were two possible
target locations. In this example, the wedge on the right has crossed disparity and so is the target.

indicates a specific difficulty associated with the discrimination task. The test and retest distributions for each task are visualized as histograms
in Figure S1 of the supplemental information. The median discrimination thresholds are 25%-30% higher than the median detection thresh-
olds for the test and retest measurements. The largest group obtained a valid measurement on both repetitions of both tasks (68%). The other
two large groups were those who failed both repetitions (17%) or one repetition (14%) of the discrimination task. The proportion of invalid
results found using the discrimination task decreases from 29% on the first (“test”) measurement to 21% on the second (“retest”)
measurement.

Test-retest agreement was assessed using two-way mixed-effects intraclass correlation coefficient (ICC) scores. For the detection task all
ICC scores fell in the “excellent” range. For discrimination, the ICC score was at the top of the “good” range.'" These results show robust
agreement between test and retest for each group of participants. A Bland-Altman analysis (Figure S2) revealed no significant bias. This
means we do not find that thresholds generally improve between the test and retest measurements.

We performed an additional analysis exploring the overall proportion-correct performance of the participants in the discrimination task, by
collapsing over the different disparity levels (a method we previously used to look for residual stereopsis in amblyopic participants in Alarcon
Carrillo et al.'?). We calculated the 99% binomial confidence intervals of their overall proportion correct. These were used to determine
whether each participant appeared to be guessing (not significantly different from the 50% guess rate) or if there was evidence that they per-
formed better or worse than guessing (Figures S3-54). We found that participants who failed both test and retest measurements were typically
at chance performance. On the other hand, those who failed only one repetition tended to have performed above chance in both repetitions.

We can take this as evidence that the single valid result obtained from these individuals reflects an actual ability to perform the discrimination
task and is not due to chance guessing.

Comparison between detection and discrimination task results

For clarity, the analysis from this point will not feature data from the small number of participants who failed any repetition of the detection
task (four participants in total). We will return to these participants in our discussion. The remaining participants are those from whom valid
measurements were obtained in both repetitions of the detection task. We compared the performance of each participant on the two tasks.
This is presented in Figure 3. The cohort was divided into three categories: those from whom we obtained a valid discrimination threshold on
both the test and retest repetitions (pink, 154 participants), those who gave two invalid discrimination results (blue, 38 participants), and those
from whom we obtained a single valid discrimination result (cyan, 32 participants). We used the mean of the test and retest measurements for
participants where these were both valid. For participants where only one of the two was valid, we used the value from that valid measure-
ment only.
Among those who could perform both tasks (valid test and retest measurements for both detection and discrimination), we found a highly
significant Pearson correlation between their detection and discrimination thresholds on double-log axes (R=0.61, p <0.001). The equation is
shown in the bottom-right of Figure 3. The slope of the relationship was almost linear (0.91 on our double-log axes). We performed an addi-

tional analysis constraining the slope to be 1, in which case the offset value is 0.65. This means that the discrimination threshold for each partic-
ipant was generally around 60% higher than their detection threshold.
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Figure 2. Test-retest scatterplots for the two tasks

Data from the detection task are shown in the left panel (A), with data from the discrimination task shown in the right panel (B). Participants are divided according
to whether two, one, or zero valid measurement result was obtained in each task. Intraclass correlation coefficient (ICC) scores were calculated using a two-way
mixed-effects model for the groups with at least 30 participants. We use 2/2 to refer to participants where both test and retest measurements were valid, 1/2 to
refer to cases where one of the two was valid, and 0/2 where neither was valid.

The distributions of detection and discrimination thresholds from the three groups shown in Figure 3 are plotted as histograms in Figure 4.
For the detection thresholds (left column), the median stereoacuity was best (69 arc sec) for those who obtained two valid results in the
discrimination task. The highest median threshold (105 arc sec) was found in those who were unable to obtain a valid result in either repetition
of the discrimination task. In the group who had a valid result in one of the two repetitions of the discrimination task, the median threshold was
intermediate (83 arc sec). This suggests that the variation in ability to perform the discrimination task is predictive of performance in the detec-
tion task.

A Kruskal-Wallis H-test was performed on the detection threshold distributions, finding significant variation between them (H(2) = 26.0,
p < 0.001). Pairwise comparisons made using Mann-Whitney U tests found a highly significant difference between detection thresholds
from the groups who had either two or zero valid discrimination threshold measurements (U = 1404, ny = 154, n, = 38, p < 0.001). Analyses
made with the group who had one valid discrimination threshold showed a significant difference compared to those with either two (U = 1897,
ny =154, n; = 32, p = 0.041) or zero (U = 790, n; = 38, n, = 32, p = 0.032) valid thresholds.

For the discrimination task (right column of Figure 4), the median threshold was lower in the group who obtained valid results on both
repetitions (94 arc sec) compared to the group who only obtained a valid result on one repetition (133 arc sec). Comparing discrimination
threshold distributions between these groups, we find again that the difference is significant (U = 1916, n; = 154, n, = 32, p = 0.048).

Finally, we compared detection thresholds against discrimination thresholds from the two groups (top and bottom rows of Figure 4). In
both groups, the median discrimination threshold was higher than the detection threshold. For participants who obtained two valid measure-
ments on both tasks, the difference in performance between the two was highly significant (Wilcoxon signed-rank test Z = 1413, n = 154,
p < 0.001). For participants with only one valid discrimination measurement, the difference was significant (Z= 145, n = 32, p = 0.025).

DISCUSSION

Previous investigations of the prevalence of stereo-anomaly have found inconsistent results, ranging from 2%"° to 30%."*® These previous
studies have differed in the methods used to measure stereoacuity. It has been suggested that certain tests present more difficulty (partic-
ularly to inexperienced participants) than others.'® In this study we compared the incidence of stereoacuity measured using two tests with
similar stimuli but slightly different task design in the same population.

We found that 98% of our participants gave valid results in both repetitions of a disparity detection task. The remaining 2% proportion of
stereo-anomalous participants agrees with the previous studies that found lower prevalence of the condition.*® Within the group that could
perform the detection task, however, only 69% were able to perform both repetitions of an otherwise equivalent discrimination task. Of the
other 31%, there were 14% who were able to perform one of the two repetitions. The remaining 17% were unable to perform either repetition
of the discrimination task. We therefore propose that the more common stereo-anomaly concerns the identification of the sign of disparity.
The 30% value from the previous literature may reflect a combination of individuals who have difficulty with discrimination tasks (our 14%) and
those who are simply unable (our 17%). Our results indicate that individuals who have difficulty with the discrimination task perform worse at
the detection task, compared to those who can perform disparity discrimination.
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Figure 3. Scatterplot showing relationship between disparity discrimination and disparity detection performance

Thresholds obtained from both tasks are shown for the 224 participants from whom we obtained two valid detection thresholds. When thresholds were out of
range the data points are placed at a disparity of 14,000 arc sec. A linear regression analysis was performed on the data from the individuals with normal stereo.
This is shown by the pink line, and the statistics are reported in the bottom-right.

We performed additional analyses to investigate possible explanations for this result. Our analysis of the overall probability of responding
correctly (regardless of disparity) found that the individuals we class as having difficulty with disparity discrimination tend to show above-
chance performance (even when a valid result is not obtained). On the other hand, those we define as “unable” typically perform at chance
when faced with a discrimination task. Although the majority of those with only one valid measurement performed better in the retest mea-
surement compared to the test measurement, our Bland-Altman analysis did not reveal a general test-retest bias for either the detection or
discrimination task.

Results from other tasks can further narrow down our interpretation. In our other studies using similar methods and stimulus design, we did
not find the large proportion of stereo-anomalous individuals identified in this study. In Carrillo et al. (2020)'* we looked for, but did not find,
stereo-blindness specific to detecting stimuli in one direction of disparity.’> We speculate that a deficit of this kind would also give a different
result in the current study, as the ability to see one direction of disparity should still allow participants to perform the discrimination task. Simi-
larly, Alarcon Carrillo et al.' introduced an “odd-one-out” version of the test where there were four wedges. Three wedges had the same
disparity (crossed or uncrossed); the target was the fourth wedge, which had the opposite sign of disparity. Among the 17 control participants
in that study, we also did not find any stereo-anomalous participants. This suggests that identifying the direction of disparity may introduce an
additional difficulty for some participants which is not present in tasks which only require them to discriminate an odd one out.

Specific difficulties related to the discrimination of disparity information have been noted previously.' It has been suggested that sensi-
tivity in depth discrimination tasks relates to the past stereoscopic viewing experience of the participant.'” Recent work with experts trained to
identify features in stereoscopic aerial photographs found an enhanced use of disparity information to distinguish hedges from ditches (by the
direction of disparity) but no association between this ability and a clinical test of stereoacuity that did not require the identification of
disparity direction.'® Perhaps conversely, a negative association with age has also been found. In discrimination experiments using stimuli
with both crossed and uncrossed targets (similar in that way to our design), better performance was found in children aged 4-6 years old
compared to adults (who were at chance'?). We expect the portable tablet-based testing approach used in the current study will provide
an efficient means of identifying the possible stimulus and task factors that show this stereo-anomaly in future work.

Our findings may align with recent work on the perception of depth from anti-correlated stereograms. Feedforward models of depth
perception based on V1 neurophysiology predict a reversal of perceived disparity in these stimuli, but such a result is not typically found exper-
imentally.”>?" Recent work suggests that this predicted mis-perception of disparity direction is usually prevented by feedback from higher
visual areas.””** A defect in this feedback process may be responsible for the deficit we find in some individuals for the discrimination task.

Conclusion

We found that an inability to detect disparity-defined targets in a random-dot stimulus was quite rare (2% in our sample). Far more common
was a difficulty (14%) or inability (17%) in discriminating the direction of disparity. We propose this finding explains why previous studies that
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Figure 4. Histograms of thresholds obtained on the detection (first column) and discrimination (second column) tasks

The three rows show thresholds obtained from the three groups, into which they are divided by the number of valid results obtained on the discrimination task (as
in Figure 3). Panels A and B show detection and discrimination performance (respectively) from the group who obtained two valid results on the discrimination
task. Panel C shows the detection performance from the group who obtained no valid results on the discrimination task. Panels D and E show the detection and
discrimination performance from the group who obtained only one valid result on the discrimination task. The triangle marker indicates the median of each
distribution.

used different tasks to investigate the prevalence of stereo-anomaly found disparate results. The studies that found a lower prevalence could
be performed using detection alone. The studies finding a higher prevalence required participants to discriminate the direction of disparity.
We therefore conclude that: i) the mechanism by which depth is perceived from disparity in human vision has a component that determines
the sign, which can be separately impaired even in otherwise normal vision and ii) a comprehensive assessment of stereo-ability should mea-
sure both detection and discrimination performance.

Limitations of the study

We did not set out to recruit a diverse group of participants for this study. Our participant cohort was 66% female, and the study was not
designed to perform any analyses investigating sex as a factor. There have been relatively few studies looking at sex-related differences in
visual perception; however research investigating other (non-stereo) tasks has found evidence of such differences.”* Additionally, the partic-
ipants were recruited and tested at one site (Wenzhou Medical University) and were of a relatively narrow age range. Performance on stereo
tasks is expected to change over the lifespan,” and so the proportions we report may also have been different had we included older or
younger participants in our sample. It is notable however that the prevalences we do find are in line with those reported by previous studies.

STARXMETHODS
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Psychophysical Data figshare https://doi.org/10.6084/m9.figshare.
24526675

Software and algorithms

Palamedes Toolbox v1.11.11 https://www.palamedestoolbox.org/ https://doi.org/10.3389/fpsyg.2018.01250
Matplotlib v3.7.1 https://matplotlib.org/ https://doi.org/10.1109/MCSE.2007.55
NumPy v1.25.2 https://numpy.org/ https://doi.org/10.1038/s41586-020-2649-2
SciPy v1.10.1 https://scipy.org/ https://doi.org/10.1038/s41592-019-0686-2
Pingouin v0.5.3 https://pingouin-stats.org/ https://doi.org/10.21105/joss.01026
Statsmodels v0.14.0 https://www.statsmodels.org/ https://doi.org/10.25080/Majora-92bf1922-
011
RESOURCE AVAILABILITY

Lead contact

Requests for any further information and data should be sent to the lead contact, Alex Baldwin (alexander.baldwin@mcgill.ca).

Materials availability
Not applicable, no reagents were generated in this study.

Data and code availability
e Data: Psychophysical data deposited to figshare, https://doi.org/10.6084/m?9.figshare.24526675. These data will be available as of the
date of publication.
e Code: The analysis performed in this study uses code from open-source Python packages, and the Palamedes Toolbox referenced in
the quantification and statistical analysis section and in our key resources table.
e All otheritems: Any additional information required to re-analyse the data reported in this paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

We tested 228 participants (aged 17-36, 150 female). Participants were recruited at Wenzhou Medical University. All participants had normal
vision or were corrected-to-normal with prescribed optical correction (above 20/20). Participants that reported any visual disorders (cataracts,
glaucoma, or amblyopia) were excluded from the study. Written informed consent was given by all participants. All testing was performed in
accordance with the Declaration of Helsinki and approved by the Research Ethics Board of the McGill University Health Centre and Wenzhou
Medical University.

METHOD DETAILS

Apparatus

Testing was carried out using two stereoacuity apps developed at McGill Vision Research.?® These are variations on the Baldwin-Hess stereo
test design that has been used in a number of previous studies.'”'*?*?” These were installed on a 5th generation Apple iPad mini (model
A2133; Apple Inc, Cupertino, CA). Testing was performed at a viewing distance of 32 cm (maintained with the aid of a length of string attached
to the tablet). At this distance, the display had 72 pixels per degree of visual angle. The screen brightness was set to about half the maximum
level, approximately 150 cd/m?. The iPad’s automatic brightness control feature was turned off.

Stimuli

The stimuli in the detection and discrimination tasks were generated using methods similar to those reported in our previous studies.'*'*?/

These studies share the use of stimuli generated from spatially-bandpass (peak spatial frequency 0.4 c/deg, spatial frequency
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bandwidth +2.2 octaves) isotropic log-Gabors which are composed into a field of “fuzzy” dots on a grey background. These dots reduce the
impact of optical factors on the clarity of the stimulus image (by removing higher spatial frequencies), and also allow for fine positioning by
sub-pixel interpolation without introducing regions of blur in the stimulus. The current study uses a mixture of dots with dark and light centres,
after Alarcon Carrillo et al. (2020)."* They were placed with an average dot-to-dot distance of 32 arc min. Stimuli were presented at a Michelson
contrast of 80%.

Disparity was introduced into the stimuli by shifting the horizontal position of the dots. For the disparity detection task (Figure 1A) the dots
falling within a wedge-shaped target zone (6 deg radius) were given a crossed disparity equal to half of the total stimulus disparity. The re-
maining "background” dots were given an equal amount of “uncrossed” disparity. The total stimulus disparity therefore is that between the
foreground (wedge) and background dots. This has the benefit of applying the same positional shift to every dot in the stimulus, safeguarding
against both binocular and monocular cues that might allow a participant without stereo vision to perform this task.*

The disparity discrimination task featured two wedge-shaped targets to which disparity was applied (Figure 1B), with the remaining dots
being rendered at the plane of the display. The target wedge was rendered with crossed disparity, and the other wedge with uncrossed
disparity.

Procedure

The disparity detection task was a four-alternative forced-choice task (target shown in the left, right, top, or bottom position), whereas the
discrimination task was two-alternative forced-choice (target on the left or on the right). Disparity thresholds were obtained for both the
detection and discrimination tasks. The disparities were selected on a trial-to-trial basis using a pair of interleaved two-down one-up staircase
algorithms to sample the informative region of the psychometric function. The initial disparity was 1024 arc sec and the step size was a factor of
two. Testing was performed indoors, and in a single session for each participant. The detection and discrimination tasks were performedin a
semi-random order, constrained by the requirement that each participant needed to perform each type of measurement twice (“test” and
“retest”).

QUANTIFICATION AND STATISTICAL ANALYSIS

Psychometric functions were fitted using the Palamedes toolbox®” in GNU Octave.®" Further analysis and graph plotting was performed in
Python (Python Software Foundation, Wilmington, DE) using the Matplotlib® and NumPy™ libraries. Intraclass Correlation Coefficients
(ICC) were calculated using Pingouin.”” Mann-Whitney U tests, Kruskal-Wallis H-tests, Wilcoxon signed-rank tests, and t-tests were performed
using SciPy.” Statsmodels®” was used to calculate binomial confidence intervals. Details of the main statistical results can be found in the
Results section, in Figures 2, 3, and 4, and in their captions. Further statistical results can be found in the supplemental information, in
Figures S1-54, and in their captions.

In all analyses, we took the log, of the disparity values and performed our fitting and analysis with this logarithmic scale. This is a typical
approach taken to stereoacuity data,”® and appropriate for a measurement which must be positive and can span a large range.*® To fit the
psychometric function, we used a Logistic function and obtained the threshold at 55.20% correct for the 4-alternative forced-choice detection
task and 76.02% correct for the 2-alternative forced-choice discrimination task (corresponding to a d’ of 1 in both cases). An advantage of this
approach was that it allowed for an estimate of the error associated with the threshold parameter, which can be used to reject data where
atypical behaviour (i.e. by guessing alone) resulted in thresholds which were poorly constrained.

We obtained standard errors of the stereoacuity thresholds through non-parametric bootstrapping. We set criteria on the result of the
psychometric function fitting to determine whether a valid result had been obtained. Invalid results were those with a large standard error
(>2logy units) or those where the computed threshold was outside of the range measurable by the device (see Appendix B in Alarcon Carrillo
et al.,, 2023). In this case that limit was 4,096 arc seconds (12 log, units).
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