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Abstract

Background and objectives: The invention described herein is a prototype based on computer
vision technology that measures depth perception and is intended for the early examination of
stereopsis.

Materials and methods: The prototype (software and hardware) is a depth perception measure-
ment system that consists on: (a) a screen showing stereoscopic models with a guide point that
the subject must point to; (b) a camera capturing the distance between the screen and the sub-
ject’s finger; and (c) a unit for recording, processing and storing the captured measurements.
For test validation, the reproducibility and reliability of the platform were calculated by com-
paring results with standard stereoscopic tests. A demographic study of depth perception by sub-
group analysis is shown. Subjective comparison of the different tests was carried out by means of
a satisfaction survey.

Results: We included 94 subjects, 25 children and 69 adults, with a mean age of 34.2 + 18.9
years; 36.2 % were men and 63.8 % were women. The DALE3D platform obtained good repeatabil-
ity with an interclass correlation coefficient (ICC) between 0.94 and 0.87, and coefficient of vari-
ation (CV) between 0.1 and 0.26. Threshold determining optimal and suboptimal results was
calculated for Randot and DALE3D test. Spearman’s correlation coefficient, between thresholds
was not statistically significant (p value > 0.05). The test was considered more visually appealing
and easier to use by the participants (90 % maximum score).
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Conclusions: The DALE3D platform is a potentially useful tool for measuring depth perception
with optimal reproducibility rates. Its innovative design makes it a more intuitive tool for chil-
dren than current stereoscopic tests. Nevertheless, further studies will be needed to assess
whether the depth perception measured by the DALE3D platform is a sufficiently reliable param-

eter to assess stereopsis.

© 2023 Published by Elsevier Espana, S.L.U. on behalf of Spanish General Council of Optometry.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

Introduction

Stereopsis is the ability to perceive objects in three dimen-
sions, including width, height, and depth.’ It is achieved by
the human visual system, which consists of two eyes sepa-
rated by interpupillary distance (IPD). Each eye perceives a
slightly different image of the object due to the images
being projected differently onto the retina of each eye,
resulting in retinal disparity. The brain combines these two
different images through 3D reconstruction to create a sin-
gle image, enabling depth perception. This process is known
as binocular vision."

Stereopsis is essential for perceiving different distances
and sizes of objects in the environment, and making precise
judgments about these perceptions. In addition, it is related
to correct psychomotor development.? There is evidence
that motor speed and precision are significantly affected in
monocular conditions.**

Impaired stereoscopic vision (ISV) can occur in diseases
such as amblyopia or strabismus, where there is low vision in
one eye or the eyes are not aligned.® This condition affects
approximately 5 % of the population and is underdiagnosed.®

Development of the binocular vision system begins almost
from birth and is established at around 7 years of age.’
Although there are cases of ISV returning to normal in adult-
hood, outcomes are better during childhood due to cerebral
plasticity.” Early diagnosis and treatment of pathologies
such as amblyopia and/or strabismus confer better out-
comes in terms of stereoscopic vision.®

In current clinical practice, haploscopic booklets such as the
TNO test, Randot test, or Lang | and Il tests are used to detect
stereopsis. However, these tests have limitations. Traditional
tests can give false positives due to presenting monocular
cues,”'° and false negatives” "' in some cases due to their
inherent difficulty. In addition, these tests provide a static
evaluation of stereopsis, while reality is dynamic. Therefore,
cases of people with negative test results have been described,
even if they reported having 3D vision."* The stereopsis grading
system of standard tests is based on a limited number of dis-
parities,” between which there are large differences, and
which may therefore not be sensitive to certain changes in
stereoacuity.”'* These limitations, coupled with their out-
dated design, format and technology, have prompted the
search for new systems for evaluating stereopsis.

The main aim of this study is to evaluate depth percep-
tion detected with “DALE3D” platform as a measure of
grades of stereopsis in subjects with positive stereopsis test.
The platform is protected by patent ES2722473B2 and repre-
sents a double innovation in stereopsis assessment: meas-
ures a new parameter i.e. depth perception, using a new
method of measurement based in computer vision

technology and 3D models being more visually appealing to
children than traditional tests. A demographic study of ste-
reopsis was also carried out by population subgroup analysis.

Materials and methods
Physical components of the equipment

The physical part of the system (hardware) includes
(Table 1): (a) a three-dimensional display screen configured
to show stereoscopic anaglyphs previously stored in a data-
base; (b) a chin rest upon which the subject’s chin is placed,
positioned 40 cm from the viewing screen; (c) red—green 3D

Table 1 Hardware components.
Hardware components
Devices Arrangement/ utility
PC PC with Windows 10, 8 GB RAM,
500 GB hard disk,
Intel i5 3.20 GHz.
Screens X2 HP Monitor 5:4 aspect ratio,

1280x 1024 px

Intel RealSense D415 RGBD,
rolling shutter, 1280x 720,
FoV 65°x40°

RGBD camera displays

Chin rest Used by the patient to keep
their head in a static position
while measurements are
taken

3D Glasses Red-green glasses to visualize

the model in 3D. Generic
red-green glasses for viewing
the anaglyph

80x50x40 cm (height, width,
depth). The distance
between the RGBD camera
and the centre of the screen
is set to 40 cm

To manage/store data tables
for users, patients and
sessions/measurements.

High intensity lineal diffuse
illumination, opening
angle > 40°. To provide a
stable and controlled lighting
environment where measure-
ments are taken.

Custom housing case

Database server

Lighting system
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glasses; (d) an upper camera that measures the distance
between the tip of the index finger and the monitor using
computer vision technology; (e) a computer with the proc-
essing unit configured to manage the equipment software;
and (f) a second monitor that can be viewed by the clinician
(Fig. 1). Devices a, b, and d are incorporated into a compact
system with custom housing and its own lighting system
(Fig. 2).

A
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Dlsplayed
3D object

Fig. 1

Software components of the equipment
Additionally, the software comprises:

Patient application

That includes stereoscopic models; a graphical interface
with a 3D object viewer; and a module for communication
with the clinician application.

Clinician application
That includes a data processing unit connected to a camera
equipped with a module for assessing depth perception using

Fig. 2

Prototype of the compact system.
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Layout of the physical components of the system.

computer vision processing algorithms and technology; a
program designed to measure the distance between a point
in space indicated by the subject with respect to the 3D
monitor; a patient database manager for analysing progress
over time; a module for communication with the patient
application; and data storage.

Creation of the models

Graphic design and professional 3D animation software were
used to model, texture and generate multimedia content for
three original characters, developed to be attractive to chil-
dren: parrot-pirate, fairy and robot (Fig. 3).

These are 3D models of complex figures that are located
in the most distal plane and have a reference point (guide
point) that the subject must point to with the tip of their
index finger. The character and guide point are displayed so
that there are no monocular cues that are helpful for the
user to determine the distance between the objects. Each
of these guide points appears at a different distance: further
away in the parrot-pirate and closer in the robot (Fig. 4).
This way, it will be easier to detect stereopsis with the par-
rot-pirate and more difficult with the robot, being the fairy
the intermediate difficulty.

The guide point (parrot’s beak in the pirate model, tip of
the magic wand in the fairy model, and end of the fist in the
robot model), is located (1) in the monitor centre, and (2)
shifted to one side respect the main object, leaving the

oy

Fig. 3  Three-dimensional models.
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Fig. 4 Each character has an object with a reference guide
point that protrudes from the distal plane where it is located
(pirate’s parrot, tip of the fairy’s wand and one of the robot’s

arms).
DIP+§6
d= g - tan r_ arctan @
2 2 400
Fig. 5 Geometric prediction. Distance “d” depends on the

interpupillary distance (IPD) of each patient, and the distance
of the figures on the screen ().

character displaced to one side; thus preventing monocular
cues of superposition.

Using the known measurements of the design of the differ-
ent images (IPD and distance of the figures on the screen (§)),
the exact point where subjects should place their fingertip
for detection by the camera was calculated mathematically
in milimeters (Fig. 5), i.e., the geometric prediction.

The models are shown with a background image that
allows clear separation between the background and the 3D

Fig. 6 Images of each of the stereoscopic models: (a) stereo-
scopic model of a fairy with a magic wand with a star at the tip,
leaning forward; (b) stereoscopic model of a pirate with a parrot
flying ahead at a certain distance; (c) stereoscopic model of a
robot with the left fist outstretched.

model. To that end, a background with a white noise ran-
dom-dots pattern was used, as shown in Fig. 6.

Study subjects

The sample size was calculated in order to detect significant
differences between different stereopsis grades, assuming
an « error of 5 % and a B error of 10 %. Based on these calcu-
lations, the number of subjects needed was at least 80.

The study included 94 healthy volunteers who met the fol-
lowing inclusion criteria: (1) age range: 4—65 years; (2) cor-
rected visual acuity 20/20 or higher; (3) absence of far and
near tropia by cover test; (4) correct fusion with Worth light
test; (5) measurable stereopsis on the Randot Stereostest; (6)
absence of past or current eye or systemic diseases.

In the study, a descriptive analysis of the demographic
and clinical variables of the subjects was carried out. Quan-
titative variables are summarized by mean, median, and
standard deviation. Categorical variables are reported as
frequencies and percentages.

Methodology

Subjects were examine and included by ophthalmologist
investigators. Each of the participating subjects underwent
an anamnesis, including their age and sex, and an ophthalmo-
logical examination that included autorefractometry (includ-
ing IPD), visual acuity, biomicroscopy, fundoscopy, cover test,
Worth test, and eye dominance. The subjects’ depth percep-
tion was then analyzed using the DALE3D platform.

In addition, a stereopsis study was performed using the
following standard stereoscopic tests: Lang | and Il (Vision
Assessment Corporation, Illinois, USA), TNO (TNO test for
stereoscopic vision, 5™ edition, Lameris Ootech, Nieuwe-
gein, Netherlands) and Randot (Cicle test, Stereo Optical
Company, Inc., Chicago, Illinois). The Randot circles test
was selected for the DALE3D correlation study because it
offers the most levels of stereoacuity.

Examination using standard stereoscopic tests

Different types of stereoscopic tests were used: continuous
contour-based (Randot test) and random-dot tests (Lang |
and Il test, and TNO test). All show haploscopic images
whose stereoacuity is measured in seconds of arc (arcsec).
Lang | and Lang Il are panoscopy based test that do not
require a separation between the eyes, whereas the TNO is
anaglyphic and Randot is vectrogaphic (polarization based
separation between the eyes).

Randot test. This test consists of three tests: the butterfly,
circles and animals, and measures disparities from 3000 arcsec
(“the butterfly”) to 40 arcsec (“the nine circles”). During the
test, stereoscopic images mixed with 2D flat images are pre-
sented, and the subject has to detect the stereoscopic images
from among them using polarized glasses. The pictures are
located 40 cm from the subject, in a well-lit environment.'®
Lang tests | and Il. These are three-dimensional plastic
cards that show the subject at a distance of 40 cm, in a well-
lit environment, detecting disparities from 1200 to 200
arcsec.'®

TNO test. The stereograms are presented to the subject at
40 cm, and viewed through complementary red/green
glasses. In particular, plates of “pancakes” (plates V—VI)
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which detect disparities between 480 and 15 arcsec were
presented.'®

Examination using the DALE3D platform
After the clinician has entered the subject’s personal data
into the system, the subject is positioned in front of a moni-
tor. The monitor is configured to display patient-viewable 3D
models that are stored in a database. The subject, wearing
red—green anaglyph 3D glasses, rests their chin on a chin
rest. The monitor is located 40 cm away from the chin rest
to allow the subject to touch the monitor with their index
finger by extending their arm. The clinician instructs the
subject to try to touch the guide point of the stereoscopic
model with their fingertip and to hold the fingertip at that
point. The camera detects the subjects index finger and
measures the distance to the monitor in milimetetres (dis-
tance din Fig. 1).

Three measurements are taken for each of the three
models presented sequentially, from highest to lowest geo-
metric prediction.

Test validation

To validate the test, the repeatability and reliability of the
test were calculated, analyzing the data using R software
(version 4.0.2).

Repeatability

Measurements A, B and C for each model (pirate, fairy and
robot), made by the same subject, were analyzed. To that
end, the coefficient of variation (CV) and the intraclass cor-
relation coefficient (ICC) were used, and represented by
Bland—Altman plots.

Reliability

Using Spearman’s correlation coefficient, the correlation
between the Randot test and the results of the DALE3D test
was calculated.

Additionally, to compare the results of the Randot test
(arcsec) with those of the DALE3D platform (mm), a thresh-
old was established to determine stereopsis as optimal or
suboptimal in both tests. Consequently, contingency tables
were developed to calculate the positive predictive value
(PPV), negative predictive value (NPV), sensitivity (Se) and
specificity (Sp) for each of the models of the DALE3D plat-
form.

Subgroup analysis

To assess possible differences between different groups of
the study sample (sex, age, spherical equivalent, IPD), sub-
group analyses was performed. After verifying that the vari-
ables did not conform to normal wusing the
Kolmogorov—Smirnov test, non-parametric tests were used.
The Mann—Whitney test was used to compare two groups
and the Wilcoxon test was used to compare more than two
groups.

Satisfaction survey
Each subject was given a satisfaction survey for the different

stereopsis tests (TNO, Randot, Lang and DALE3D) with a
score of 1(worst) to 5 (best) represented by emoticons.

Three question about each test were asked: Did you like the
test? Did you like the images shown? Was it difficult to under-
stand?

Ethics

The studies of this diagnostic platform were carried out in
accordance with the Declaration of Helsinki and approved
by the Clinical Research Ethics Committee of the Hospital
General de Elda (Alicante) / FISABIO (Foundation for the Pro-
motion of Biomedical Health Research of the Valencian Com-
munity). All participating subjects were informed about the
study and signed written informed consent to participate;
confidentiality and data protection was guaranteed in accor-
dance with Spanish data protection law (Organic Law 7/
2021).

Results
Descriptive analysis of the sample

The study included 94 subjects, 25 children and 69 adults,
with a mean age of 34.2 + 18.9 years; 36.2 % were men and
63.8 % were women. Two-thirds of participants (60.6 %)
showed right ocular dominance compared to 39.4 % with left
ocular dominance. The spherical equivalent of both eyes
showed a myopic tendency (OD —0.17 + 2.4; OS —0.01 +
2.4). The mean IPD recorded was 61.3 &+ 4.67 mm (Table 2).

The mean results of the standard stereoscopic tests are
shown in arcsec, obtaining a maximum for stereoacuity with
the Randot test (60.32 arcsec) and a minimum with the Lang
| test (550 arcsec). With respect to the DALE3D platform,
depth perception is shown in mm, the maximum being in
pirate model (54.86 mm) and the minimum in robot (12.82
mm) (Table 3).

Repeatability

The DALE3D platform obtained very good repeatability with
an ICC (Table 4) close to 1 in all models (0.94—0.87), and CV
(Table 5) between 0 % and 5 % in all models (0.1-0.26). It is
represented by Bland Altman plots for each model in Fig. 7.

Table 2 Descriptive summary of the sociodemographic and
clinical profile of the subjects.
Variable
Mean =+ SD/n (%)

Age 34.2 +18.9
Sex

Male 34 (36.2 %)

Female 60 (63.8 %)
Dominance

Right 57 (60.6 %)

Left 37 (39.4 %)
SE (OD) -0.17+2.4
SE (0S) —0.01+2.4
IPD 61.3 +4.67
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Table 3  Descriptive summary of the results of the stereoscopic tests.

Descriptive statistics

Minimum Maximum Mean STD. deviation

TNO (arcsec) 60 480 132.77 101.04

Randot (arcsec) 40 400 60.32 50.49

Lang | (arcsec) 550 550 550 .000

Lang | (arcsec) 200 200 200 .000

Pirate meas. (mm) 14 80 54.86 13.47

Fairy meas. (mm) 12 79 32.64 13.347

Robot meas. (mm) 3 54 12.82 8.74

Table 4 Intraclass correlation coefficient (ICC) for each of
the models.

Table 6 Spearman correlation coefficient of the Randot
test and the DALE3D for each model.

Intraclass correlation coefficient (ICC)

Spearman’s correlation coefficient Randot and DALE3D

ICC 95 % confidence interval Pirate Fairy Robot
Lower Upper Randot Correlation —0.17 -0.2 0.06
- coefficient
Pirate 0.93 0.91 0.95 Significance 0.093 0.1 0.53
Fairy 0.93 0.91 0.95
Robot 0.94 0.92 0.96

Table 5 Coefficient of variation (CV) for each of the mod-
els.

Coefficient of variation (CV)

Mean Standard deviation
Pirate 0.1 0.11
Fairy 0.15 0.15
Robot 0.26 0.44

Reliability

Correlation

Correlation of DALE3D with the Randot circles test. We
found a weak correlation (0-0.4) that did not reach statisti-
cal significance (p value > 0.05) (Table 6).

Correlation between DALE3D and the geometric prediction.
We found a weak correlation (0—0.4) that did not reach sta-
tistical significance (p value > 0.05) in all models (Table 7).

Comparision Randot and DALE3D

Threshold determination. Randot test threshold. The ster-
eoacuity threshold in the general population was set at 60
arcsec.'” Therefore, values on the Randot circles test less
than or equal to 60 arcsec were considered optimal, and val-
ues greater than 60 arcsec were suboptimal.

DALE3D threshold. Using the known measurements of the
design of the different images, the exact point where sub-
jects should place their fingertip for detection by the cam-
era was calculated mathematically (Fig. 6), i.e., the
geometric prediction (distance “d” in Fig. 1).

Table 8 shows the mean and standard deviation of the cal-
culated geometric prediction for each model.

To obtain the threshold, the mean of the difference of
the geometric prediction and the mean of the DALE3D mea-
surement in each of the models was calculated (Table 9).

Measurements with a value greater than or equal to the
threshold were considered optimal, while measurements
with values less than the threshold were considered subopti-
mal.

Contingency tables. The overall sensitivity and specificity of
the DALE3D platform was 50 % in both cases. The overall
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Fig. 7 Bland—Altman plots for each of the models.

6



Journal of Optometry 17 (2024) 100491

Table 7

Spearman correlation coefficient of geometric projection and DALE3D for each model.

Spearman’s correlation coefficient geometric projection and dale3D

Pirate Fairy Robot
Geometric projection Correlation coefficient —0.5 0 0.16
Significance 0.65 0.9 0.13

Table 8 Mean and standard deviation of the geometric
prediction of each model.

Table 11
groups.

Analysis of stereoscopic tests according to age

Geometric prediction

Analysis of stereoscopic tests according to age groups

Pirate Fairy Robot Mann—Whitney Significance
Mean 104.24 56.37 30.33 TNO 786.5 0.77
Standard deviation 5.96 3.76 2.18 Randot 726.5 0.36
Lang 816.5 1
Pirate 746.5 0.54
Table 9 Threshold of the DALE3D test for each model Fairy 7305 036
able reshold of the test for each model. Robot 614.5 0.07
DALE3D threshold
Pirate Fairy Robot
Threshold 49.38 23.72 17.51 Tat:le 1? lAnalysis of stereoscopic tests according to spher-
Standard deviation 15.16 13.99 8.47 Ul il

positive predictive value was 15 % and the overall negative
predictive value was 80 % (Table 10).

Subgroup analysis

No statistically significant differences were observed
between the two age groups: children (0—18 years) and
adults (>18 years) (p value > 0.05), either in the standard
stereoscopic tests or in the DALE3D test (Table 11).

Among the groups established according to the spherical
equivalent (hyperopia and emetropia, and myopia), no sta-
tistically significant differences (p value > 0.05) were
observed in any of the stereoscopic tests (Table 12).

The analysis of depth sensation according to sex (male or
female) showed statistically significant differences (p value
< 0.05) in all models, with higher measurements in females
than in males (Table 13).

In terms of the correlation between the IPD and the depth
sensation detected, no statistically significant differences
were obtained in any of the models (p value > 0.05)
(Table 14).

Satisfaction survey

The test that was most liked was the DALE3D (90 % of the
maximum score) and the least liked was the Lang test. The

Table 10  Contingency table Randot and overall DALE3D.

Analysis of stereoscopic tests according to spherical

equivalent
Mann—Whitney Significance
TNO 1059.5 0.46
Randot 942.5 0.16
Lang 1102.5 1
Pirate 878.5 0.09
Fairy 994 0.41
Robot 1084.5 0.9
Table 13  Analysis of depth sensation according to sex.
Analysis of depth sensation according to sex
Median male Median female Significance
Pirate 52 57.2 0.04
Fairy 25.8 30.7 0.004
Robot 8.5 11.2 0.026

favourite models were the DALE3D (88 % maximum score)
and the least popular were those of the Lang test. The test
reported as the easiest to perform by the participants was
the DALE3D (73 % very easy) and the most difficult to per-
form was the TNO test (Fig. 8).

Randot suboptimal (108)

Randot optimal (456)

DALE3D suboptimal (275) 53
DALE3D optimal (289) 55
Sensitivity 0.5

222 Positive PV 0.2
234 Negative PV 0.81
Specificity 0.51
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Table 14  Analysis of depth sensation according to sex.
Correlation ipd and depth sensation
Correlation (95 % Cl) Significance
Pirate 0.05 0.65
Fairy 0 1
Robot —0.21 0.06
Discussion

The DALE3D platform consists of a system for measuring
depth sensation using computer vision technology and 3D
models. This is a double innovation that represents advances
in both the method of measurement, overcoming the limita-
tions of the traditional tests, and the parameter to be mea-
sured, i.e., depth perception.

With respect to the method of measurement, the
repeatability of the machine was studied and showed very
favourable results in all models (ICC close to 1, and CV
between 0% and 5 %).

The measurement of stereopsis is especially important in
childhood to screen for amblogenic factors that are most suc-
cessfully treated in this population group.” Therefore, it is
important that stereoscopic tests are suitable for children, in
terms of difficulty and visual appealing. This study has shown
that there are no significant differences in outcomes obtained
by adults compared to children (p value >0.05). In addition,
the results of the satisfaction survey report the DALE3D plat-
form as the preferred method of measurement due to its
attractive models and simplicity of implementation.

On the other hand, as regards the objective to be mea-
sured, the new platform offers the possibility of evaluating
stereopsis by measuring depth perception. Depth perception
is understood as the sensation of three-dimensionality
described by the subject. As it is a perception described by
the individual himself, this concept is subjective and even
changeable, and therefore difficult to correlate with both
the routine tests and the geometric prediction (Spearman
0-0.4, and p value > 0.5).

Given the weak correlation obtained, the results in terms
of sensitivity and specificity (50 % in both cases) show that
the measurement of depth perception using the DALE3D

|
W sestane
I a0
Poco
Nada
RANDOT e DALED

Test

N

platform is not a reliable system as a diagnostic method for
stereoscopic impairments.

Therefore, limitations of this study can be summarize as
follows: (1) The main limitation of this study is that depth
perception concept is subjective, necessitating future
research lines on stereopsis evaluation, which rethinking of
this concept in order to develop a measurement system that
can provide objective quantification of this parameter. (2)
The use of anaglyphic separation between the eyes, which
has been shown to induce differences in perception, leading
to reduced stereothresholds. For instance, the TNO test
notoriously yields higher thresholds compared to other ster-
eotests.'® (3) Cost is not set as this is a prototype but it is sti-
mated to be higher than traditional tests.

¢Ha sido facil
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tenias que hacer?
|
B castane
[ ™

Poco

Nada

DALED

LANG

RANDOT

Test

Satisfaction survey graphs.

Conclusion

The DALE3D platform is a potentially useful tool for measur-
ing depth perception. Its innovative design makes it a more
visual appealing and easier-to-use tool for children than cur-
rent stereoscopic tests. However, depth perception mea-
sured using the DALE3D platform is not sufficiently reliable
to assess stereopsis.

Key messages

1. In current clinical practice stereopsis is detected by hap-
loscopic devices which have some limitations.

2. The DALE3D platform offers the possibility of evaluating
stereopsis by measuring a new concept: depth percep-
tion.

3. The platform presents an innovate design, being more
attractive and easier-to-use tool for children than cur-
rent stereoscopic tests.

4. Depth perception measured using DALE3D platform is not
sufficiently reliable to assess stereopsis.
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