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Purpose: To describe two new stereoacuity tests: the eRDS v6 stereotest, a global
dynamic random dot stereogram (dRDS) test, and the Vivid Vision Stereo Test version
2 (VV), alocal or “contour” stereotest for virtual reality (VR) headsets; and to evaluate the
tests' reliability, validity compared to a dRDS standard, and learning effects.

Methods: Sixty-four subjects passed a battery of stereotests, including perceiving depth
from RDS. Validity was evaluated relative to a tablet-based dRDS reference test, ASTER-
OID. Reliability and learning effects were assessed over six sessions.

Results: eRDS v6 was effective at measuring small thresholds (<10 arcsec) and had a
moderate correlation (0.48) with ASTEROID. Across the six sessions, test-retest reliability
was good, varying from 0.84 to0 0.91, but learning occurred across the first three sessions.
VV did not measure stereoacuities below 15 arcsec. It had a weak correlation with ASTER-
OID (0.27), and test-retest reliability was poor to moderate, varying from 0.35 to 0.74;
however, no learning occurred between sessions.

Conclusions: eRDS v6 is precise and reliable but shows learning effects. If repeated three
times at baseline, this test is well suited as an outcome measure for testing interventions.
VV is less precise, but it is easy and rapid and shows no learning. It may be useful for
testing interventions in patients who have no global stereopsis.

Translational Relevance: eRDS v6 is well suited as an outcome measure to evaluate
treatments that improve adult stereodepth perception. VV can be considered for screen-
ing patient with compromised stereovision.

and inherent imprecision in the estimates of thresholds,
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Introduction

Stereoscopic vision relies on binocular dispari-
ties created by the difference of viewpoints between
the two eyes to extract depth information from the
environment. Stereoacuity refers to the quantitative
measure of stereoscopic vision and is most commonly
assessed with clinical stereotests. Unfortunately, these
tests often suffer from several of the following limita-
tions: (1) failure to detect stereoblindness,! (2) a lack
of precision, because of both classification of results
in discrete values rather than on a continuous scale,-

Copyright 2023 The Authors
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(3) a high chance level (probability of obtaining a non-
stereoblind result while responding randomly to the
test),' and (4) contamination by non-stereoscopic cues
that allow stereo-deficient patients to produce decep-
tively good results.* As a result, these tests have limited
construct validity: they do not necessarily measure
what they are supposed to.

An added challenge comes when evaluating inter-
vention efficacy: are the measures truly reflecting
intervention effects rather than possible test-retest
learning effects? Indeed, tracking changes in perfor-
mance throughout intervention implies multiple
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measurements and the measurement itself may
induce improved performance, either through percep-
tual learning’® or through task familiarity.®” Thus
good tests must show little or no learning through
repeated measurements while also being precise
enough to measure small improvements. In recent
years, there have been several attempts at developing
new computer-based stereoacuity tests.-®1® However,
studies have long since demonstrated that repeated
testing with the same stimuli results in perceptual
learning (i.e., improved perception of depth with
an improvement in thresholds).!”!® Some test-retest
studies have found improvements in stereoacuity!”->
despite a large interindividual variability.?-!>-16

To address the limitations of current clinical
stereotests, we developed and evaluated two new
measures of stereoacuity: a dynamic Random Dot
Stereogram (RDS) test called eRDS (version 6; Adrien
Chopin, Paris)' and a stereotest developed in a virtual
reality environment, the Vivid Vision Stereo Test
version 2 (VV; Vivid Vision Inc., San Francisco, CA,
USA).3

The eRDS v6 stereotest measures global stereopsis,
which requires the participant to first resolve the binoc-
ular correspondence problem when there are numer-
ous items in depth, as in Random Dot Stereograms
(RDS). We designed the test to precisely follow the
recommendations from Chopin and collaborators' for
a “pure” measure of the sensibility to binocular dispar-
ity. Among other features:

(1) The eRDS v6 stereotest can measure a large range
of stereoacuities, from fine stereopsis to what
Chopin et al.! refer to as ecological stereoblind-
ness (~1300 arcsec, based on the distribution of
environmental disparities at the fovea).

(2) The test uses a continuous scale and implements
a new efficient Bayesian sampling method, psi-
marg-grid, that avoids catastrophic test failures
when participants show a specific profile called
non-monotonic (see references’'->> for further
explanations and demonstrations).

(3) Using simulations, Chopin and colleagues’!
found the chance level for the sampling procedure
to be near 0.2% (the lower the better).

(4) To prevent participants from deceiving the test
by using monocular cues, the test presents
dynamic random dot stereograms (dRDS),?* and
to prevent the use of binocular non-stereoscopic
cues,”* the test is designed around a near-far
depth-sign task,! where the participant simply
reports whether a strip of dots is closer or further
than another strip of dots.
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The VV test measures local stereopsis, based on
matching the contours of isolated items with no corre-
spondence ambiguity. It is available clinically, has a
short test time, and was also designed to partially
address the limitations above:

(1) VV can measure a large range of stereoacuities,
from fine stereopsis to 2400 arcsec.

(2) It uses a continuous scale. As provided, the test
assumes that performance increases monotoni-
cally with disparity. Because this assumption is
sometimes incorrect, we have analyzed the test
data here by using a non-monotonic psychome-
tric function.

(3) It is designed to prevent monocular cues by
adding binocular random jitter to the items to be
compared in depth. However, it was not designed
to eliminate binocular non-stereoscopic cues.’*

(4) We performed the test 30 times using randomly
generated responses, which always produced a
“no stereo” result, suggesting a chance probabil-
ity of passing the test without stereo ability below
3.3%.

Our study has two aims: (1) to describe the above
mentioned new stereoacuity tests and (2) to assess the
concurrent validity of these new stereotests, their relia-
bility across multiple measures and their susceptibil-
ity to test-retest learning. Concurrent validity assesses
whether a new test is measuring the construct that it is
supposed to measure, by comparing the test to another
test that has already been proven to be valid for that
construct (the reference test). For this study, we used
ASTEROID as a reference for measuring stereoacu-
ity. This stereotest is a child-friendly clinical stereotest,
developed with the goal of overcoming some of the
above limitations.>>>-2 It tests over a large continu-
ous range of disparities, and we measured its chance
level to be lower than 3.3%.2* The test consists of
a dynamic RDS, which does not have any useable
monocular cues.”” ASTEROID was recently evaluated
and showed both good reliability and good concurrent
validity compared to the Randot circles stereotest?
and the Randot Preschool.?

In measuring the validity of the two new tests, we
are measuring how well they agree with ASTEROID.
Lower validity might be expected for VV because, by
design, VV measures contour stercopsis rather than
global stereopsis. However, if instead, VV had good
validity for global stereopsis, then we would have a
single, flexible tool for all patients. With the reliabil-
ity analysis we measure the susceptibility to test-retest
learning and the noise in repeating those measures.
If we observe no learning between sessions, then we
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would consider that our tests could be reliably used for
measuring specific treatment effects during interven-
tions. At a group level, a reliable test allows to interpret
any statistical differences between sessions in an inter-
vention or between conditions as a real change. Evalu-
ating the Bland-Altmann limit of agreement between
2 measures allows one to know precisely what can be
considered a real change for a particular individual.>-?
Indeed, if a test shows a limit of agreement of 0.4 log
units, it means that an intervention needs to reach at
least an effect size of 0.4 log unit to be considered not
simply test noise for that particular individual.

Participants

Sixty-six young adults (13 females, 53 males) from
18 to 35 years old (mean = 22.8, standard devia-
tion [SD] = 3.71) were recruited from the Univer-
sity of Geneva and surrounding areas. The study was
approved by the Ethics Committee of the Faculty
of Psychology, University of Geneva. Participants
were paid for participating and all gave written
informed consent. Inclusion criteria were normal or
corrected-to-normal binocular visual acuity of at least
20/40, measured on a SLOAN chart at 3m viewing
distance with habitual optical correction, interocu-
lar acuity difference smaller than 0.2 logMAR, as
well as failing the Butterfly stereoblindness test or

T1 T2 T3
eRDS eRDS

E.':-\:\_ (s 1
S |

Vivid
Vision n=31 n=30
Vivid Vivid
Asteroid \ Vision Vision
» “H B
n=64 n=32 n=32

Figure 1.
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the Frisby test at 20 arcsec (see Supplement S1 for
more information). This last criterion was intended
to increase the range of stereoacuities present in our
sample. Another inclusion criterion was the ability
to fuse without suppression when tested with the
Diplopia-Suppression Test* during the first session.
Two participants were excluded: one due to an episode
of blurred vision and one stereoblind on all tests.
Six participants dropped out after the first session
(two for unknown reasons and four because of the
COVIDI19 situation), leaving a total of 58 partic-
ipants for reliability analysis and 64 for validity
analysis.

Experimental Design

The full experiment called for 6 sessions spaced
10 to 15 days apart (Fig. 1). At the first and last
sessions (T1 and T6), participants underwent a battery
of visual measurements (see Supplementary informa-
tion, S1). Here we report the stereotests of interest for
the present study: eRDS, the Vivid Vision Stereo test
version 2 (VV) and ASTEROID. To control for poten-
tial confounds, the order of the eRDS and VV tests
in T1 and T6 was counterbalanced across participants.
For the other sessions (T2, T3, T4 and T5) participants
were pseudo-randomized into two groups: the eRDS-
repeat group or the VV-repeat group. Experimenters
were not masked as to the assigned group, but partici-
pants were masked to the existence of separate groups.

T4 T5 T6

eRDS eRDS

Vivid
n=28 Vision
Vivid Vivid
Vision  Vision / Asteroid
BE’ -
n=31 n=30 n=61

Experimental design. For sessions 2 to 5, participants were attributed either to the eRDS-repeat group or to the VV-repeat group;

each session (T1 to T6) lasted between 15 to 30 minutes, depending on the group. n at T6 is higher than n at T5 because participants leaving
after the start of the study were kindly asked to come for the post-test session.
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Figure 2.

(a) eRDS stimuli. Participants have to decide whether the blue-and-black-dot strips are in front or behind the black-and-white-

dot strip. Lines and white background do not exist and are presented here only for illustration purpose. The background of each strip is gray.
(b) Vivid Vision Stereoacuity stimulus. Participants must detect which target appeared in front of the others c. ASTEROID stereotest. Partici-

pants must touch the panel where a square of dots appears in depth.

The eRDS Stereotest

The eRDS (version 6) is a dRDS test that measures
stereoscopic vision performance using recommenda-
tions from Chopin and collaborators.! It is a 3D
depth detection task where stimuli are presented on
a computer screen and viewed through a stereoscope
(see Supplementary Information S1 for more details).
The stimuli are composed of three strips of RDS,
with one strip having a different depth (Fig. 2a).
The strips are 6.6° of visual angle long x 2.7° wide,
with either black-and-white dots or black-and-blue
dots. Participants have to detect whether the strips
with black-and-blue dots are in front or behind the
strip with black-and-white dots. Half of the dots are
0.5 degree in diameter, half are 0.1 degree, allow-
ing optimal performance both for typical and ambly-
opic observers.*® To increase stereoacuity, dots cannot
overlap?! and their minimal distance is 10 arcmin
to prevent crowding.’®> The dots have no coherent
motion, because coherent motion decreases stereoacu-
ity Instead, a new stereogram configuration is gener-
ated every 400 ms, thereby avoiding monocular cues.
Disparities are introduced as an equal shift of the
dot locations in opposite directions between the two
eyes. The disparity magnitude varies separately for
near and far disparities, following a new Bayesian
adaptive method, psi-marg-grid.”! We extracted a
single stereoacuity measure using the weighted sum of
the posterior distribution with all thresholds capped at
1300 arcsec.

All participants performed a short training session
prior to the test, then started the test with long presen-
tation duration (2000 ms) followed by the test with
short presentation duration (200 ms). Long presenta-
tions were expected to lead to better (lower) thresh-
olds by allowing time for vergence and eye movements.
Participants received meaningful feedback during the
training and for the first 12 trials of each test. The
total test duration was approximately 30 minutes (five
minutes for stereoscope calibration, 15 minutes for

Downloaded from tvst.arvojournals.org on 03/22/2023

2000 ms presentation and five minutes for 200 ms
presentation).

Vivid Vision Stereotest

VividVision (https://www.seevividly.com/) is a
virtual reality computer-based application that was
developed for assessing and treating different vision
problems* (i.e. convergence insufficiency, strabis-
mus, lack of binocular vision, or amblyopia) using a
virtual-reality headset. The Vivid Vision Stereo test
version 2 (VV) presents four filled discs on a slowly
moving textured square background (Fig. 2b). The
mean position of each disc is horizontally shifted in
one eye, creating disparity. Measurable stereoacuities
range from 15 arcsec to 2400 arcsec.

Once the participant was used to the headset
positioning and the virtual environment, a stimulus was
presented for 2000 ms and participants chose which
target was in front of the others. To avoid motion paral-
lax, the stimulus was locked to the headset, meaning
that the targets and the background moved with
head movements. Participants received no feedback on
their responses. Thresholds were measured by a VV
based on a staircase procedure. As this procedure did
not capture non-monotonic psychometric functions
found in stereovision® and could sometimes lead to
nonconvergence of the staircase,’?*® we extracted a
62% correct threshold from a psychometric function
fitted to all the responses in a session, which is a
departure from the commercial version. The test itself
lasted between two to five minutes. Because of the use
of reversals during the staircase procedure the time
was dependent on the participant’s responses (i.c., in
our sample: between 23 to 176 trials, mean = 42.0,
SD = 18.9).

ASTEROID Test

ASTEROID v1.0 (Accurate STEREOtest) is a
battery of vision tests on an auto-stereogram tablet
(Commander 3D). This test includes a disparity
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detection test presenting a dRDS composed of
small and dense colored dots presented on a
black background (Fig. 2c).”® We administered the
“stereoacuity standard test” (20 trials). Each trial of
the test presents four square boxes where three are flat
RDS and the fourth contains a squared shape which
appears in depth. Measurable stereoacuities range
from 12 arcsec to 1200 arcsec.

Participants’ task was to detect the square and they
performed the test three times. The 75% correct thresh-
old was computed using a geometric mean of the three
scores. We used a chin rest and a stand to rest the tablet
at 40 cm distance. As imprecise head position may
result in crosstalk between the eyes affecting disparities,
if participants had trouble perceiving depth, they were
instructed to move the device or their head slightly. As
a result, the test may have included both static sterco-
scopic and motion-in-depth cues. Motion-in-depth
perception relies both on stereoscopic cues and on
motion cues,’’ which raises the possibility that partici-
pants may have used some binocular non-stereoscopic
motion cues to pass the test. The stimulus remains on
the screen until the participant answers. Following the
authors’ instructions, three measures were taken from
which the geometric mean was extracted. One measure
lasted approximately five minutes with the total test
duration lasting between 10 to 15 minutes (three
measurements).

Statistical Analysis

Data analysis and statistics were carried using
Matlab R2018b (version 9.5) and Jamovi version
1.6.18.0. A minimum sample size of 30 was chosen,
sufficient to interpret a true correlation above 0.35 as
being greater than 0, at a confidence level P < 0.05, in
each of our groups.®®

Because the thresholds were not normally
distributed, all disparity values were transformed
into base-10 logarithms. All statistical tests were bilat-
eral, and effects were considered significant at P values
< 0.05.

A large proportion of eRDS scores indicated stere-
oblindness when the eRDS duration was 200 ms
(61.5% at T1, 71.8% at T2). Although a “stereoblind-
ness” result could have diagnostic utility, this short
presentation version did not allow us to quantify
stereovision with sufficient resolution in individuals
with likely weak stereovision for our analysis, so
we did not perform any further analysis on those
data.

Spearman correlation was used as part of the valid-
ity and reliability analyses, and we assessed agree-
ment, repeatability precision, and homogeneity of the
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measures through the Bland-Altman method.***!
The Bland-Altman plot represents the differences
between two measurements against the mean of those
two measurements. We considered agreement between
measures to be good when their mean difference was
close to zero. The repeatability of a measure is repre-
sented by the 95% limits of agreement (LOA; the
+1.96 SD range of the differences). The homogene-
ity across the range of possible scores—ensuring the
differences are independent from the magnitude of
the means—was evaluated through Spearman corre-
lations between the differences and the means of two
measurements.

Validity analyses were performed at first session for
both groups (n = 64), and at T2 (n = 31) and T3
(n = 30) for the eRDS-repeat group. A correlation <0.3
was considered to be weak, between 0.3 and 0.59 to be
moderate, and >0.6 to be high.** For Bland-Altman
analysis, as lower and upper limits of measurable
stereoacuity were different for each test, the minimum
threshold was capped at 12 arcsec and the maximum
at 1200 arcsec when comparing eRDS to ASTER-
OID, and when comparing VV to ASTEROID, the
minimum was capped at 15 arcsec and the maximum
at 1200 arcsec. We interpreted significant mean
differences as one method overestimating stereoacu-
ity compared to the other method (poor agree-
ment). This was estimated with Wilcoxon signed rank
tests.

Reliability analyses were conducted on partici-
pants who completed the entire protocol (n = 58). A
test-retest correlation lower than 0.5 was consid-
ered as poor, between 0.5 and 0.75, as poor-to-
moderate reliability, between 0.75 and 0.9, as good
and >0.9, as acceptable for clinical measures.*}
Bland-Altman mean differences between two sessions
significantly lower than zero were considered as
learning (perceptual learning or task familiarity).
This was estimated with a non-parametric Fried-
man analysis of variance (ANOVA) and post-hoc
analyses (Durbin-Conover) when the result was
significant.

At baseline, there were no significant differences
between eRDS-repeat (n = 28) and VV-repeat (n = 30)
groups in mean age (Mann-Whitney U =393, P=0.11)
and stereoacuity levels for each of the three tests: eRDS
(Mann-Whitney U = 436, P = 0.31), VV (Mann-
Whitney U =486, P =0.73), and ASTEROID (Mann-
Whitney U = 473, P = 0.61). The order in which
the tests were given (eRDS first or VV first) did not
affect stereoacuities (Mann-Whitney Uerps = 111,5
P = 056, UVV = 89, P = 0.15; UASTEROID = 106,
P = 0.43). For further analyses we pooled the different
orders and groups together.
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participants labeled stereoblind on eRDS at T1 had
measurable thresholds on this test at T2. Note that only
o one of these individuals was labeled stereoblind on all

The eRDS stereotest labeled 15 (23%) participants excluded from further analysps. o
“stereoblind” at T1 whereas VV scored three as stere- eRDS was able to effectively capture 75%-correct

. thresholds smaller than 10 arcsec as shown by the
blind (59 d ASTEROID t 3%). Half of th o . .
oblind (5%) an wo (3%). Half of the distribution of stereoacuity thresholds at T1 (Fig. 3),

while VV did not capture 62%-correct thresholds under

15 arcsec, as expected by design.
1000 -

Validity: Comparison With ASTEROID at T1

We found a moderate correlation between eRDS
and ASTEROID (r = 0.46, P < .001, R*> = 0.17;
Figure la in supplementary S2). We conducted a
Bland-Altman analysis and found the LOA to be
+1.31 log unit. eRDS thresholds were significantly
higher than ASTEROID thresholds (mean difference
of —0.47 log unit, confidence interval [CI; —0.64;
—0.31], Wilcoxon signed rank W = 1662, P < .001;
Fig. 4a). Higher thresholds were also associated

100 -

-t
o
1

Thresholds at T1 (arcsec)

eRDS wW Asteroid with higher ASTEROID-eRDS differences, indicating

heterogeneity (r = 0.70, P < .001).
Figure 3. Box plots of stereo-thresholds with median line for eRDS, Comparing VV and ASTEROID scores at TI,
VV and ASTEROID tests at T1 (n = 65). Each dot is a participant. we found a weak correlation (r = 0.23, P = 0.07,

o

LOA +0.89
LOA +1.31

°
)
"

i oy mean difference
_0.39%+

mean difference
- 047

Difference Asteroid-VV T1
B

LOA-0.89

Difference Asteroid-eRDS T1

LOA-1.31

[

100% inside -OA 98.4% inside LOA
10 15 20 25 30 15 20 25

Mean eRDS T1-Asteroid T1 Mean VV T1-Asteroid T1

Figure 4. eRDS and VV concurrent validity with ASTEROID. All values are in log10(arcsec); ***P > .001; (n = 64) Bland-Altman plots with
mean difference and LOA +1.96 SD (dotted lines). Points below difference (solid line) represent participants with higher thresholds on eRDS
or VV, compared to ASTEROID. The shaded area depicts the confidence intervals for the mean difference (dark gray), and the upper and lower
LOA (light gray). Ninety-five percent of observations are expected to be within the LOA (points in Cl were considered as inside the limits).
(a) eRDS maximum thresholds were capped at 1200 arcsec. (b) VV maximum thresholds were capped at 1200 arcsec and ASTEROID minimum
threshold were capped at 15 arcsec.

Table 1. ERDS Test-Retest Reliability (n = 28)

Durbin-Conover

translational vision science & technology

Spearman Correlations Measures of Agreement Post-Hoc Analysis
Sessions  rdf=26 P Effect Size (R*) Mean Difference 95% Cl LOA Stat P
T1vs. T2 0.83 <.001 0.65 —0.28 [—0.44, —0.13] 0.78 2.98 0.004
T2vs. T3 0.89 <.001 0.90 —0.11 [—0.19, —0.03] 0.40 3.39 <.001
T3vs. T4 0.90 <.001 0.74 —0.00 [—0.13,0.14] 0.68 0.09 0.93
T4 vs. T5 0.87 <.001 0.70 —0.06 [—0.21, 0.08] 0.73 0.18 0.86
T5vs. T6 0.88 <.001 0.80 —0.11 [—0.21, —0.01] 0.49 1.61 0.11

Downloaded from tvst.arvojournals.org on 03/22/2023
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R?> = 0.12; Figure lc in Supplementary Material
S2) and a LOA at £0.89 log units. VV thresholds
were significantly higher than ASTEROID thresholds
(mean difference of —0.39 log unit, CI [—0.51; —0.28],
Wilcoxon signed rank W = 1928, P < .001, Fig. 4b) and
ASTEROID-VYV differences were homogeneous across
the different scores (r = 0.22, P = 0.09).

Test-Retest Reliability

The correlations between eRDS scores at times T
and T+1 were all >0.83 (Table 1, Fig. 2 in supple-
mentary information S2), suggesting good test-retest
reliability. However, we found a significant effect of
session on eRDS scores (repeated-measures Friedman
ANOVA Q) = 54.6, P < 0.001), so we conducted a
post-hoc analysis. Scores were significantly better at
T2 than at T1 (Durbin-Conover = 2.98, P = 0.003)
and better at T3 than at T2 (Durbin-Conover = 3.39,
P < 0.001), indicating learning between those sessions
(Fig. 5a; see Supplementary Information S2 for Bland-
Altman plots). Indeed, stereo-thresholds improved by
62.6% between T1 and T2, and 27.0% between T2
and T3. No learning occurred at the next sessions
(all P > 0.13). The Bland-Altman LOA varied
from 4+0.4 to +£0.78 log units and score differ-
ences between sessions (learning) did not depend on
score magnitudes (rri-t2) = —0.09, rr2-13) = 0.08,
r(T37T4) = —0.05, F'(T4-T5) = —0.20, F'(T5-T6) = —0.22; all
P > 0.05), indicating homogeneity across the possible
thresholds.

Test-retest correlations for VV were poor or poor-
to-moderate depending on the session (all >0.35,
Table 2, Fig. 2 in Supplementary Information S2).
All correlations were significant except for the corre-
lation between T1 and T2, that was close to signif-
icance (P = 0.06). We found no significant effect of
session on the scores (repeated-measures Friedman
ANOVA Q) =9.61, P = 0.09), indicating an absence
of learning (Fig. 5b; see Supplementary Information
S2 for Bland-Altman plots). The Bland-Altman LOA
varied from £0.62 to £1.07 log units (Table 2), with
homogeneity of the test-retest differences across scores
(V(TI,TQ) = 006, rT2-13) = 036, rr3-T4) = —0.15,
I'(T4-T5) = 001, (T5-T6) = —025)

Because VV intra-individual scores were highly
variable between sessions and no learning was observed
between sessions, we considered reducing measure-
ment error by pooling the data from sessions T1-T2—
T3 together and T4-T5-T6 together (Fig. 5c). The
correlation between those pooled sessions (T1-T2—
T3 vs. T4-T5-T6) was good (r = 0.79; P < 0.001,
R> = 0.66) and no learning between sessions was
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Figure 5. Test-retest reliability: thresholds at each session in
boxplots with mean line and 95% Cl. All values are in log10(arcsec).
*#*p < 01, ***P < .001. (a) reliability for eRDS (n = 28). (b) reliability
for VV (n = 30). (c) reliability for VV pooled sessions (n = 30).

present (mean difference of —0.01, CI [—0.11; 0.09],
Wilcoxon signed rank W = 175, P = 0.53; Figure 4
in Supplementary Information S2). The Bland-Altman
LOA was reduced (40.52 log units) and the homogene-
ity of test-retest differences across scores was preserved
(r=10.03, P =0.88).
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Table 2. VV Test-Retest Reliability (n = 30)

Spearman Correlations
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Measures of Agreement

Sessions rdf=28 P Effect Size (R%)* Mean Difference 95% Cl LOA
T1-T2 0.35 0.06 0.31 0.10 [—0.06, 0.26] 0.85
T2-T3 0.59 <.001 0.66 0.00 [—0.12,0.12] 0.62
T3-T4 0.74 <.001 0.68 —0.03 [—0.15,0.09] 0.62
T4-T5 0.48 0.007 0.24 0.10 [—0.11,0.31] 1.07
T5-T6 0.52 0.004 0.50 —0.03 [—0.19,0.12] 0.81
eRDS Validity Revisited Validity

Because we found significant learning between T1,
T2, and T3 with eRDS, the concern that participants
might need to learn how to do the eRDS task led
us to check our validity analysis on T2 (n = 31)
and T3 (n = 30) measures. The correlation between
eRDS at T2 and ASTEROID at T1 was higher
(r = 0.58, p < .001, R*> = 0.17, Fig. 5a in supple-
mentary information, S2), with a LOA reduced to +
0.89 log unit. The agreement between scores was good
with the ASTEROID-eRDS differences not signifi-
cant (—0.06, CI [—0.23; 0.11], Wilcoxon signed-rank
W = 227, p = 0.69; Fig. 5b in supplementary infor-
mation, S2), and with homogeneity in these differences
across scores (r = 0.27, p = 0.14). For T3, the correla-
tion with ASTEROID was high (r = 0.60, p < .001,
R?> = 0.33), and agreement between eRDS and
ASTEROID measures remained good (mean differ-
ence = 0.01, CI[—0.15; 0.18], not significantly different
from zero, W = 181, P = 0.30; LOA = +0.88 log units),
with homogeneity of these differences across scores
(r=0.23, P=0.23)

The purpose of this study was to describe and evalu-
ate the validity, reliability and test-retest learning of
two new stereotests. At stake is the issue of being able
to measure stereoacuity and determine stereoblindness
with valid and reliable tests showing minimal contam-
ination by monocular or binocular non-stereoscopic
cues and triggering little learning through multiple
testing sessions. It is important to underline that our
two new tests and the ASTEROID differed in length
and duration (for more details on the tests differences,
see the test comparison table in Supplementary Infor-
mation S3): eRDS had 170 trials (15-20 minutes), VV
presented between 28 to 176 trials (2-5 minutes) and
ASTEROID had 3 x 20 trials (10—15 minutes).
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At T1, we found that eRDS had moderate concur-
rent validity, and overestimated thresholds compared
to ASTEROID. The overestimation was heteroge-
neous, with larger differences observed for larger
scores. Indeed, eRDS attributed a large number of
stereoblindness scores at T1 (13) to participants that
were not classified as such by ASTEROID (thresh-
olds between 14.3 arcsec and 136.4 arcsec). eRDS and
ASTEROID are both global stereotests but moving the
ASTEROID tablet laterally (which is allowed accord-
ing to the manufacturer’s instructions) could have
introduced motion-in-depth which is based both on
a stereoscopic cue (change of disparity across time)
and a non-stereoscopic binocular cue to depth (interoc-
ular velocity difference). eRDS is free of these non-
stereoscopic cues by design and can therefore be
considered as a more “pure” test of stereopsis, which
might explain why participants could detect depth at
lower disparity levels in ASTEROID. Other possible
reasons are discussed in the reliability section.

Because participants improved on eRDS between
T1 and T3, we also performed validity analyses at T2
and T3. For both measures, we found good concur-
rent validity, with good agreement between eRDS and
ASTEROID, and a reduced LOA, compared to T1. We
note that the T2 and T3 analysis compared thresholds
taken on different days: T1 for ASTEROID and T2 or
T3 for eRDS. This could be an issue if the underlying
ability measured with ASTEROID is not stable across
time and indeed, our participants slightly improved
their thresholds on ASTEROID between T1 and T6,
independent of which group they were assigned to
(Wilcoxon signed rank: W = 1332, P = 0.002, Supple-
mentary Analysis, S2). This is in line with McCaslin et
al.” who also reported slight learning between ASTER-
OID measures taken on different days. Still, the most
plausible interpretation of these results is that eRDS
at T2 and T3 agreed better than eRDS at T1 with
ASTEROID at T1 because of the learning necessary
to pass eRDS. We discuss this in the reliability section
below.
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VV showed weak concurrent validity for global
stereopsis. Being a local stereotest, we did not expect a
high correlation between VV and ASTEROID, a global
stereotest. More generally, the correlation between
eRDS and ASTEROID was notably higher than the
correlation between VV and ASTEROID. This differ-
ence is in line with a study that failed to find signifi-
cant correlation between local and global stereopsis,**
suggesting that the ability to perceive global stereopsis
(eRDS and ASTEROID) is not well correlated with the
ability to perceive local stereopsis (VV). Indeed, some
people who cannot see stereodepth in RDSs can see it
in other (local) stimuli with binocular disparity.*>>°

We had expected that the presence of recogniz-
able monocular shapes in VV would lead to better
stereoacuity than when measured with RDS.#-3!
However, our data showed the opposite pattern,
with VV estimating higher thresholds compared to
ASTEROID. This discrepancy could be explained by
other differences between those two tests. First, VV
presented stimuli for 2000 ms only, while ASTEROID
used unlimited presentation, allowing more time for
vergence and scanning eye movements. Second, the
differences in thresholds may be related to the 3D
headset. Informally, we observed that many partici-
pants preferred VV to the other two tests, but virtual
reality can generate fatigue or visual discomfort related
to the conflict between vergence and accommoda-
tion distances.’>> Also, the pixel size in the headset
significantly limits the smallest disparity that can be
presented.’

Reliability

Although eRDS had good test-retest reliability,
learning occurred in the first sessions. The large
improvement between T1 and T2 together with the
proportion of participants found sterecoblind at T1
and yet showing measurable stereopsis in the following
sessions (or when using ASTEROID and VV at T1),
suggests that the initial practice session was not suffi-
cient for participants to fully understand and accom-
plish the task at T1. Large and rapid improvements
occurring at the start of a task are usually explained by
learning of the task and material (task familiarization),
while slow and gradual improvement reflects perceptual
learning.>* >7 In particular, the observed improvement
could be due to learning how to see depth in the stere-
oscope, e.g., how to cope with the accommodation-
vergence conflict in the stereoscope. We minimized the
conflict as much as possible by equalizing the accom-
modation and vergence distances of the screen, but
there is still a small conflict when stimuli are presented
in front or behind the screen. The stereoscope has
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been demonstrated to be responsible for a decrease in
the initial precision of depth perception that can be
improved with training.”®->° Therefore we believe that
the improvement from T1 to T2 was due to task famil-
iarization (e.g., learning how to use the sterecoscope).
Residual learning was also observed between T2 and
T3, the reasons for this later improvement being less
clear. eRDS sessions accumulated 340 trials per session
and 1020 by the end of T3 (counting trials with 2000 ms
and 200 ms presentations). If perceptual learning was
at play, it would also have been expected between all
subsequent sessions. Yet our post-hoc analyses revealed
no improvement between those last sessions, although
this result might have been limited by our relatively
small sample size. It is possible that the early fast phase
of perceptual learning accounts for the progression
between T1 and T3, with T4 to T6 being too few trials
to allow for the slower phase of perceptual learning to
be expressed. Alternatively, additional task familiariza-
tion may have occurred between T2 and T3.

Learning effects after multiple testing have been
observed frequently in the literature. Gardiner and
colleagues,’’ in a paradigm testing the visual field of
patients with early glaucoma once a year, found a
learning effect, with most of the improvement occur-
ring over the first testing sessions. In another study,
McCaslin et al.? reported a small learning effect on a
third testing session of the ASTEROID test, although
they found good test-retest reliability between the first
two sessions. However, it has to be noted that their
first two sessions were performed on the same day,
whereas the third session was taken 14 days later. We
underline that in our study, we also observed some
learning between T1 and T6 on the ASTEROID test.
This result is difficult to interpret, as we observed
this improvement in both of our groups, eRDS-repeat
and VV-repeat. We therefore cannot exclude the possi-
bility of test-retest learning on ASTEROID. Other
computer-based stereotests reported no learning on
their retest session.” %! Looking more in detail,
those studies repeated their testing sessions on the
same day, which might be a potential explanation for
this difference, as sleep can act to consolidate learn-
ing.%%-%3 However, Tittes and collaborators!” observed
learning in subjects with poor stereopsis, although
they repeated their testing on the same day. Liter-
ature approaching this issue of multiple testing is
very sparse, and studies exploring the reliability of
new tests often take two measures on the same day.
This does not reflect clinical situations, where patients
are tested on different days or months, and under-
lines the importance for a better understanding of
the reliability of the used tests under multiple testing
situations.
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VV showed no learning between sessions. However,
single sessions had poor/poor-to-moderate test-retest
reliability, with a test-retest correlation only marginally
significant between T1 and T2, and a large test-
retest LOA (between 0.62 and 1.08) compared to
eRDS (between 0.40 and 0.78) and ASTEROID (0.46).
This relatively high variability across sessions can be
expected given that each VV test was much shorter
than the eRDS test, with just 28 to 176 trials. Pooling
3 sessions together reduced this variability, producing
a good test-retest correlation and an improved LOA
(0.52). This result must be interpreted with caution
because we pooled sessions over different days. That
said, given that no learning occurred across the six
sessions, the assumption of stability seems valid.

Limitations, Future Directions and
Recommendations

The eRDS stereotest could capture low thresholds
(under 10 arcsec) which makes it particularly efficient
for measuring changes in people with good stereo-
vision. However, we observed substantial learning in
the first sessions. Moreover, because of its use of a
stereoscope and long duration (15 minutes), eRDS
has limited utility with children. The Vivid Vision
stereo task is easier to understand and can be rapidly
performed, at the cost of lower reliability. To reduce
inter-session variability, future studies might consider
taking 3 measures of VV stereoacuity and pooling the
data. Limitations of this test include its inability to
capture threshold under 15 arcsec and the potential
presence of binocular non-stereoscopic cues. On the
other hand, ASTEROID, which we used as our refer-
ence test, is easy to use and captures threshold as low as
12 arcsec. This test is limited by the potential presence
of binocular non-stereoscopic cues under the condi-
tions that we used, and by the fact that it relies on the
ZEST sampling method, which can be catastrophically
sensitive to non-monotonic profiles.”!

In addition, we did not specifically recruit partic-
ipants with stereoblindness. More people with stere-
oblindness are likely to participate in future treatment
studies, so a limitation of the current study is that
our tests have not yet been fully characterized in this
population during treatment.

In this work, we document two new tests and
how they relate to a reference test. Therefore our
conclusions only cover these three tests. The choice
of which test to use, among the two new tests and
ASTEROID, may vary depending on the measure-
ment purpose (screening versus quantitative evalua-
tion) and do not preclude the use of other tests. Consid-
ering the three tests used in this study, we recom-
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mend the following: (1) for testing children, ASTER-
OID is best suited; (2) for screening patients with
compromised stereovision, VV can be considered given
that it is quick, and it can be complemented by
ASTEROID which targets a different aspect of stere-
ovision (global stereopsis); (3) for precise measures
or intervention studies targeting stereovision improve-
ments in adults, eRDS could be advantageous as it
captures small changes in stereoacuity and low thresh-
olds, and is not contaminated by any binocular non-
stereoscopic cues. eRDS appears best used by admin-
istering three measures before training and using T3 as
the baseline to minimize test-retest learning effects that
may contaminate any improvement due to the interven-
tion. It comes with the burden of long measurement
times (around 45 minutes) and the need for a stereo-
scope. In future versions, that burden could be limited
through the use of a tablet version with anaglyph
glasses or through a virtual reality version.
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