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Abstract
Purpose: To simulate both lens-induced and screen-induced aniseikonia, and to 
assess its influence on stereopsis. Additionally, to determine if screen-based size 
differences could neutralise the effects of lens-induced aniseikonia.
Method: A four-circle (4-C) paradigm was developed, where one circle appears in 
front or behind the others because of crossed or uncrossed disparity. This stereotest 
was used for three investigations: (1) Comparison with the McGill modified random 
dot stereogram (RDS), with anisometropia introduced with +2 D spheres and cylinders, 
and with aniseikonia introduced with 6% overall and 6% meridional (×180, ×90) mag-
nifiers before the right eye; (2) Comparison of lens-induced and screen-induced 6% 
overall and meridional magnifications and (3) Determining if lens and screen effects 
neutralised, by opposing 6% lens-induced magnification to the right eye with screen-
inducements of either 6% left eye magnification or 6% right eye minification. A pilot 
study of the effect of masking versus not masking the surround was also conducted.
Results: The 4-C test gave higher stereo-thresholds than the RDS test by 
0.5 ± 0.2 log units across both anisometropic and aniseikonic conditions. However, 
variations in power, meridian and magnification affected the two tests similarly. 
The pilot study indicated that surround masking improved neutralisation of screen 
and lens effects. With masking, lens-induced and screen-induced magnifications 
increased stereo-thresholds similarly. With lens and screen effects opposed, for 
most participants stereo-thresholds returned to baseline for overall and ×180 mag-
nifications, but not for ×90 magnification. Only three of seven participants showed 
good compensation for ×90 magnification.
Conclusions: Effects of lens-induced aniseikonia on stereopsis cannot always be 
successfully simulated with a screen-based method. The ability to neutralise re-
fractive aniseikonia using a computer-based method, which is the basis of digital 
clinical measurement, was reasonably successful for overall and ×180 meridional 
aniseikonia, but not very successful for ×90 aniseikonia.
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INTRO DUC TIO N

Binocular vision provides primates with several important 
advantages beyond the small (approximately 40%) im-
provement in visual acuity. It provides better postural sta-
bility,1 reading performance,2 driving performance,3 depth 
perception,4 fine motion control5–8 and sporting perfor-
mance.9 Anisometropia of 2D or more, which occurs in 1.7% 
of the population,10 is an impediment to binocular vision 
for the following reasons: uncorrected anisometropia in-
troduces uniocular blur which reduces stereoscopic ability; 
corrected anisometropia with spectacle lenses introduces 
aniseikonia, which can also detrimentally affect stereopsis 
and fusion and finally, anisometropia in early life can result 
in a more long-term visual deficit, amblyopia, which can 
also reduce stereopsis due to reduced visual acuity and 
suppression of the amblyopic eye. Understanding the po-
tential impact of anisometropia on binocular function, par-
ticularly stereopsis, requires an appreciation of how blur 
and aniseikonia individually impact stereoscopic ability, as 
well as an evaluation of the adequacy of the present meth-
ods for aniseikonia measurement.

In previous studies, the first issue was addressed by 
investigating the effects of blur (lens-induced monocular 
and binocular) and of aniseikonia on stereopsis.11,12  Trial 
lenses of differing power or magnification produced blur or 
aniseikonia, with participants making stereoscopic judge-
ments on a computer monitor using a standard random 
dot stereotest that determined the stereoacuity threshold. 
Stereothresholds were influenced by the meridian of blur 
but not by the meridian of aniseikonia, and for binocular 
blur conditions stereothresholds were more affected when 
blur meridians were orthogonal than when they were par-
allel in the two eyes.

Concerning the second issue, aniseikonia can be simu-
lated by the spatial scaling of stimuli with lenses (optical 
method) or on a monitor (digitally-induced screen-based 
method). Accordingly, the purpose of this study was to 
determine whether different sized stimuli provided to 
the right and left eyes, produced digitally on a computer 
screen, give similar stereo-thresholds to having different 
magnification lenses before each eye. This information is 
important for assessing the adequacy of present digital 
methods for measuring optical-induced aniseikonia, all of 
which use stimulus scaling.13

Recalculating the size of the stimulus images on a 
monitor would be problematic with a random dot-based 
stereopsis test. For this reason, a figural-based test was de-
veloped that comprised four circles (4-C test) presented in 
a diamond arrangement: one to the right, one to the left, 
and one up and one down from the screen centre. These 
circle stimuli are generated simply as functions of the x, y 
coordinates on the display. These coordinates can easily 
be transformed to produce the required distortions. These 
distortions also affected the crossed or uncrossed disparity 
between the right and left eye targets which was applied to 
one of the circles. Furthermore, we expect that the effects 

of aniseikonia will be less strong for the stimuli formed of 
four discrete circles compared to the random dot stimulus. 
We anticipate one of the consequences of aniseikonia for 
the random dot stimuli is that it will result in mismatched 
correspondence. That is to say that two dots which would 
not match up with each other before the distortion will be 
erroneously matched after the distortion. For the 4-C test, 
the stimuli are formed of four discrete circles. Therefore, we 
expect there to be less chance of a mismatched correspon-
dence between the images.

We hypothesised that interocular difference in target size 
would be similar to inducing aniseikonia with size lenses. 
This is the basis for clinical measurement of aniseikonia using 
digital devices such as the Awaya Aniseikonia Test (OCULUS, 
oculus.de.en) and the Aniseikonia Inspector.14  To deter-
mine if this was indeed the case, three investigations were 
performed. Firstly, we compared the new 4-C stereo test 
against the random dot stereogram test used in previous 
studies. Then we compared the effects of optical aniseiko-
nia introduced by lenses against a simulation performed by 
physically changing the images on the screen. Finally, we set 
out to determine whether equal and opposite lens-induced 
and screen size differences could negate each other.

M ETHO DS

Participants

Participants were recruited from the student and staff 
population of the Queensland University of Technology 
(QUT). Screening was undertaken to ensure all participants 
had good baseline habitual visual acuities (better than log-
MAR 0.0 (6/6)) and normal stereoacuity thresholds (≤40 sec 
arc) when wearing their correction. The study complied 
with the tenets of the Declaration of Helsinki, approval was 
obtained from the QUT University Human Research Ethics 
Committee, and informed written consent was obtained 
from all participants after procedures were explained.

There were 14 participants aged 19–65  years, with 
good general and ocular health including normal binoc-
ular vision. Mean spherical refractions ranged from +0.37 
D to –6.75 D. Participants had ≤0.75 D differences in the 
meridional refraction components of their two eyes. Eight 

Key Points

•	 The effects of lens-induced aniseikonia on ste-
reopsis can be simulated by a screen-based 
method.

•	 The neutralisation of optical aniseikonia by 
screen-induced aniseikonia was better for 
overall and ×180  magnifications than for 
×90 magnifications.
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participants were corrected with spectacles, trial lenses or 
contact lenses. Two presbyopic participants were given 
a near add of +1 D to correct vision for the test distance. 
Ten participants took part in Experiment 1, two took part 
in pilot Experiment 2, and seven took part in Experiment 3 
(two in common with Experiment 1).

Stereogram tests

Stimuli were displayed on a 24-inch ASUS VG248QE 3D 
monitor (ASUS, asus.com) and viewed through synchro-
nised shutter glasses (3D vision 2 - model P1431, NVIDIA, 
nvidia.com/en-us) worn over the spectacle correction and 
magnifying lenses. Room lights were turned off. Two tests 
were used to determine stereoacuity. The first test was 
the McGill modified random dot stereogram used in the 
previous study (RDS-test, McGill Vision Research,mcgill.ca/
mvr).15 The second test was the four circles stereogram (4-C 
test, McGill Vision Research, www.mcgill.ca/mvr).

For the RDS-test, the stimuli were spatially bandpass 
(peak spatial frequency 2.5 cycles/degree) random dots (av-
erage luminance 48 cd/m2) on a uniform grey background 
(luminance 34 cd/m2). As mentioned above, the dots seen 
by the two eyes were offset to give the perception of a float-
ing disk with a missing sector (‘Pac-Man’ shape). The stimu-
lus subtended an angle of 9° at the 90 cm viewing distance, 
which was maintained with a head/chin rest. Initial disparity 
was set at 160 sec arc. Participants reported the perceived 
position of the sector in depth (up, down, left, right) by 
selecting a key on a keyboard in a four alternative forced 
choice procedure without feedback. A staircase method was 
employed to control the disparity presented for each trial. 
One staircase was 1-up-1-down and another staircase was 
2-up-1-down. Initially, the staircases were in ratio steps of 2, 
but after the first reversal they were in ratio steps of √2. Each 
staircase terminated after 70 trials or 9 reversals, whichever 
occurred first. The data were fitted by a cumulative normal 
psychometric function. Thresholds were calculated as the 
disparity required to achieve a 62.5% correct performance 
level.15 A study was carried out to assess the methodology 
underlying this digital stereoacuity measurement in groups 
with normal and abnormal binocularity.15  The repeatabil-
ity and expected measurement error were specifically ad-
dressed. When assessing test-retest reliability, an intraclass 
correlation coefficient of 0.77 was found from the group 
with normal stereo vision. The mean standard error of the 
log10-transformed stereo thresholds was 0.07 in the normal 
group. In linear terms, this is an error of around 17%.

For the 4-C test, four 1° diameter circles were presented 
2° to the right, left, up and down relative to the centre of 
the monitor screen. The circles were spatially bandpass, 
rendered using a fourth-order derivative of Gaussian func-
tion (after Wilkinson et al.16). Their peak spatial frequency 
was 2.5 c/deg. A disparity was applied to one of the circles. 
This disparity was selected from one of a pair of interleaved 
staircases, as in the random dot test above. The disparity 

was applied equally to the right and left eye targets. Unlike 
the random dot test, the disparity applied to the target 
circle could be either crossed (right eye target displaced 
to left side of participant, vice versa for left eye target) or 
uncrossed (with translations in the opposite direction). 
After the disparity was calculated, magnification was ap-
plied to the stimulus for one eye. The computer-induced 
target magnification modified the spacing, size and shape 
of the targets. Magnification could be either overall or me-
ridional, and could be applied to the right or left eye's tar-
gets. The orientation of magnification matched that of a 
meridional magnifying lens placed in front of an eye e.g., 
R  +  1.0%  ×  135 corresponded to 1% magnification along 
the 45° meridian, when looking at a participant's eye, or 
along the 135° meridian on the screen i.e., left-upwards to 
right-downwards.

All participants underwent training where the tests 
were explained, and data for one complete run at each test 
was performed with the habitual correction and subse-
quently discarded.

Experiment 1 – comparison between tests

Stereoacuity measures were taken using both the RDS and 
4-C tests under a range of anisometropia and aniseikonia 
conditions. Data for the conditions described below were 
collected for each test.

To induce anisometropia, trial lenses were placed in a 
Keeler Halberg trial clip (keeler.co.uk) in front of the specta-
cles or at the front of the trial frame. There were six trial lens 
powers and cylinder axis combinations, placed in front of the 
right eye. These included no lens (zero or baseline), +2 D and 
−2 D spheres and +2 D cylinders at 45°, 90° and 180° axes. The 
trial lens order for each participant was randomised based 
on the random number generator in Excel (microsoft.com). 
Three measures were taken for each participant/ power/ axis 
combination. These were converted into log10  seconds of 
arc, and the mean and standard deviation determined.

To induce aniseikonia, magnifying size lenses11 were 
placed in the front of the right cell of the trial frame. The 
magnifications were zero, 6% overall and 6% at 45°, 90° 
and 180° axes. The testing order of magnification lenses for 
each participant was randomly generated. Three measures 
were taken for each participant/size lens/axis combination, 
converted into log seconds of arc, and the mean and stan-
dard deviation determined.

Experiment 2 – effect of peripheral screen 
masking on the comparison between 
differential magnifications produced 
optically by lenses and digitally on the  
screen – pilot study

Two participants took part in this experiment. For the 4-C 
test, the same magnifications as in Experiment 1, except 

http://www.mcgill.ca/mvr
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for 6% × 45, were simulated on the screen. Lens and 
screen effects were then opposed by 6% lens-induced 
magnification for the right eye, combined with screen-
simulations of either 6% left eye magnification or 6% right 
eye minification. Six measures were taken for the zero 
condition, and three to six measures were taken for the 
other combinations. Because of concerns about whether 
the computer surrounds might affect the results, testing 
was repeated both without and with a peripheral field 
mask. The mask consisted of a matte black cardboard, 
70 cm long hollow frustum between the participant and 
the screen, with openings 200 and 100 mm diameters so 
that the former was as close to the eyes as possible, and 
the latter corresponded to approximately 8° diameter 
field of view.

Experiment 3 - comparison between 
differential magnifications produced 
optically by lenses and digitally on the screen

Based on the results from Experiment 2 (see Results), mask-
ing was used in this experiment and five additional par-
ticipants were tested under the conditions described for 
Experiment 2.

Statistical analysis

For Experiments 1 and 3, the outcomes of the Shapiro-
Wilks test were that only one of 20 data sets and three of 13 
data sets, respectively, were not normally distributed; on 
this basis, parametric statistics were used.

For Experiment 1, repeated measures analyses of vari-
ance were applied, with inter-subject variables for induced 
anisometropia being test (RDS, 4-C) and lens condition 
(zero, +2 D and −2 D spheres and +2 D cylinders at 45°, 90° 
and 180° axes) and inter-subject variables for induced ani-
seikonia being test (RDS, 4-C) and magnification condition 
(zero, 6% at 180°, 45° and 90° axes and 6% overall). The 
Holm-Bonferroni test was used in post-hoc analysis of me-
ridional pair-wise comparisons.

For Experiment 2, unpaired t-tests were applied to com-
pare conditions within individuals.

For Experiment 3, two repeated measures analysis 
of variance were applied: inter-subject variables for in-
duced aniseikonia being test condition (lens, screen) and 
magnification condition (6% at 90° and 180° axes and 6% 
overall); inter-subject variable of compensating condition 
(baseline, left eye screen compensation 6% at 90° and 180° 
axes and 6% overall, and right eye screen compensation 
6% at 90 and 180° axes and 6% overall). For the first anal-
ysis, the Holm-Bonferroni test was used in post-hoc analy-
sis of meridional pair-wise comparisons. For the second, a 
Bonferroni correction of 7 was applied in post-hoc analysis 
of pair-wise comparisons.

R ESULTS

Experiment 1 – comparison of random dot 
stereogram and 4-C tests

At baseline, the 4-C test had higher thresholds by 
0.39  ±  0.17  log units (in linear units, mean values were 
51 sec. arc for 4-C and 21 sec. arc for RDS). For induced ani-
sometropia (Figure 1a), test and lens conditions were sig-
nificant factors (both p < 0.001) but their interaction was 
not significant (p  =  0.11). The mean difference between 
tests was 0.47 ± 0.21 log units (3.0 times) across lens condi-
tions. For induced aniseikonia (Figure 1b), test and magni-
fication were significant factors (both p < 0.001) but their 
interaction was not significant (p  =  0.90). The mean dif-
ference between tests was 0.41 ± 0.17 log units (2.6 times) 
across magnifications.

The order of effects of lens conditions and magnifica-
tions were in the direction expected.11 Significant effects 
for anisometropia were 0  <  ×180  <  all other conditions. 
Significant effects for aniseikonia were 0 < ×180 <×45, ×90, 
OA; ×45 < OA (where OA = overall aniseikonia). The import-
ant finding is that the effects of anisometropia and ani-
seikonia were similar for the two tests, i.e., in this respect, 
the tests are interchangeable.

Experiment 2 - effect of peripheral screen 
masking on the comparison of differential 
magnifications produced optically by 
lenses and digitally on the computer screen 
– pilot study

Figures 2 and 3  show results for two participants. For the 
no masking condition (Figure 2), lens- and screen-induced 
aniseikonia gave significantly different effects for 5/6 cases 
(magnifications across two participants), and the compen-
sation conditions gave significantly higher thresholds than 
baseline in 9/12 cases, indicating incomplete compensation. 
For the peripheral field masking condition (Figure 3), lens- 
and screen-induced aniseikonia gave significantly different 
effects for 3/6 cases and the compensation condition gave 
significantly different thresholds than baseline in 5/12 cases.

Experiment 3 - comparison between 
differential magnifications produced 
optically by lenses and digitally on the 
computer screen

For the no masking condition, the two participants in 
the pilot experiment showed considerable differences in 
lens- vs digitally-induced aniseikonia, and in most cases 
compensation of lens-induced aniseikonia by screen-
induced magnification was only partial. The number of 
cases in which this occurred were reduced considerably 
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by peripheral masking; therefore, masking was used in 
Experiment 3.

Figure 4  shows stereoacuity results of the 4-C test for 
seven participants with masking. There was no significant 
difference between thresholds for lens- and screen-induced 
aniseikonia (F1, 8  =  31.47, p  =  0.27). Unlike Experiment 1, 
there was a considerable influence of meridian on thresh-
olds (F2, 12 = 1.96, p = 0.001) with the ×90 meridian having 
greater thresholds than ×180 by 0.3 log unit (p = 0.01) and 
overall magnification by 0.2  log unit (p  =  0.03). For the 
compensation conditions, there was a significant effect 
on threshold (F6, 36 = 3.89, p = 0.004), but only the L com-
pensated ×90 condition was different from the baseline 
(0.3 log unit, p = 0.04). There was excellent compensation 
for the x 180 and overall magnification conditions.

Figure 5  shows the stereoacuity differences between 
the relevant baseline and magnification conditions for 
individual participants. Two participants had broadly the 

“classical” pattern of aniseikonia having similar effects on 
stereoacuity for all meridional conditions10 (Participants 4 
and 7), but five had greater effects ×90 of which four had 
the pattern of ×90 > OA > ×180. Although there were con-
siderable inter-individual differences, there was no “outlier” 
who distorted the mean results. Three participants showed 
good compensation for all lens conditions (Participants 1, 2 
and 6), while the other four had poor compensation for the 
×90 condition. While the mean compensations were sim-
ilar at 0.32 ± 0.08 (×180), 0.30 ± 0.23 (×90) and 0.32 ± 0.19 
(OA), it must be appreciated that ×90 required greater full 
compensation than the other lens conditions.

D ISCUSSIO N

To understand better the impact that aniseikonia has on 
stereopsis and how best to measure aniseikonia, we used 

F I G U R E  1   Stereoacuity for random-dot stereogram and four circle tests in Experiment 1. (a) Results under conditions of induced anisometropia, 
with powered lenses placed in front of right eyes. (b) Results under conditions of induced aniseikonia, with magnifying lenses placed in front of right 
eyes. Data are mean ± standard deviations. OA, overall aniseikonia
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a stereopsis test involving four circles (4-C) whose spatial 
properties could be modified on the screen to simulate the 
magnification effects of lenses. The spatial scaling changes 
were designed to replicate the effect of optical aniseikonia, 
except that effects were localised to the circles themselves, 
and head and eye movements were not taken into account.

Comparison of the RDS and 4-C tests for a range of lens-
induced anisometropic and aniseikonic conditions showed 
that while stereoacuity thresholds were about 0.4 log units 
higher with the 4-C test, the two tests were interchange-
able in that thresholds were similarly affected by blur and 
magnification. We believe that this difference reflects the 
difficulty of the 4-C task, and that there is additional in-
duced disparity leading to a confusing depth decision; this 
is further explored later.

When the 4-C test was used with lens-induced mag-
nification and screen simulations of magnification in 
Experiment 4 with screen periphery masking, results 
were similar for the lens-induced and screen simulations. 

However, here the effect of ×90 magnification was much 
greater than for ×180 and overall magnifications. Screen-
based compensations for the lens-induced effects were 
successful in returning results to baseline levels for ×180 
and overall conditions, but this was only partially success-
ful for ×90 magnification, and varied between participants. 
In short, we were not able to fully replicate the effects of 
lens-induced aniseikonia on stereopsis simulations by rep-
licating the physical effects on the screen. One possible 
contributor to the difference between lens-induced and 
screen-based effects is that for the former, the whole field 
of view, which includes the edges of the monitor and be-
yond, is affected by magnification, whereas for the latter 
only the four circles are affected.

It is known from the pioneering work of Ogle17 that me-
ridional magnification at axis 90% produces a rotation of the 
horopter, the so-called geometric effect, and that this affects 
the whole visual field (as demonstrated by the globally per-
ceived distortions to the Ames leaf room). What this means 

F I G U R E  2   Stereoacuity for four-circle test for the no masking condition in Experiment 2. (a) Participant 1. (b) Participant 2. Data are means and 
standard deviations of 3–6 runs. Lens: 6% magnifying lens placed in front of right eyes; screen: 6% screen magnification simulation in front of right 
eyes; L comp: 6% magnifying lenses placed in front of right eyes and 6% screen magnification for left eye targets; R comp: 6% magnifying lenses 
placed in front of right eyes and 6% minifying screen simulation of right eye targets. # indicates that lens and screen simulation are significantly 
different, * indicates that compensations are significantly different from zero condition. OA, overall
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F I G U R E  3   Stereoacuity for four-circle test for the peripheral field masking condition in Experiment 2. Other details are as for Figure 2

F I G U R E  4   Stereoacuity for four-circle test for seven participants with peripheral field masking in Experiment 3. Participants 1 and 2 are included. 
* indicates that compensation is significantly different from zero condition. Other details are as for Figure 2
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is that the plane of reference for the stereo judgements was 
not constant for all the circular stimuli, rendering the judge-
ment of depth more difficult because the reference plane 
was no longer at zero disparity. Subjects would also be tak-
ing this global context into account in the optical condition, 
and this would render the image-based compensation less 

effective. This finding is relevant to digital clinical tests such 
as the Awaya Aniseikonia Test and the Aniseikonia Inspector, 
which measure aniseikonia by a screen-based manipulation. 
Unsurprisingly considering the current results, it has been 
shown that these methods tend to underestimate lens-
induced aniseikonia.18,19 What we show here is that this has a 

F I G U R E  5   Stereoacuity, relative to baseline results, for four-circle test for individual participants with peripheral field masking in Experiment 3. 
Data are the averages of three runs per test condition
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meridional dependence as well as subject-based variability in 
terms of its implications for stereopsis.

It should be remembered that with lens-induced ani-
seikonia, the induced image size difference between the 
two eyes distorts the entire horopter plane and thus the 
ability to accurately determine depth. Using the computer 
display, the reduction in stereoacuity can then be mea-
sured. In the case where the size difference is simulated 
using computer-generated targets, this occurs only for the 
four circles (one in each quadrant) and here it is unlikely 
that the entire horopter plane is distorted. This could ex-
plain the need for the peripheral field mask.

These differences in lens-induced aniseikonia and display-
induced interocular target size difference would also af-
fect the outcomes of the experiment aimed to determine 
if the lens-induced aniseikonia could be countered using 
computer-generated targets. This was achieved reasonably 
well for overall and vertical, but not for horizontal aniseikonia. 
It is possible that for the horizontal meridian, the mask could 
not adequately eliminate all of the peripheral cues, particu-
larly where vergence and accommodation links would likely 
have greater roles. We speculate that the peripheral mask did 
not eliminate all distortion to the peripheral reference plane 
because the mask itself was visible. It is virtually impossible to 
provide a mask that is itself invisible at its edges. The visible 
mask edges would have been subject to lens distortion, and 
therefore could still have affected the reference plane from 
which the central stereo judgement was made.

We have shown that it is possible, at least to some ex-
tent, to negate the effects on stereopsis of lens-induced 
aniseikonia by directly altering the size of targets pre-
sented to each eye on a computer screen. This has possible 
applications to the virtual reality industry, where individu-
als with poor stereoacuity have reduced performance, and 
in the case where some of this may be due to aniseikonia, it 
might be possible to compensate for this using the display.

CO NCLUSIO N

The effects of lens-induced aniseikonia on stereopsis can-
not always be successfully simulated by a screen-based 
method. The ability to neutralise a person's refractive an-
iseikonia using a computer screen-based method, which is 
the basis of digital clinical measurement, was reasonably 
successful for overall and ×180 meridional aniseikonia but 
not for ×90 aniseikonia. We hypothesise that optical distor-
tions that extend well beyond the display are considered 
by the visual system in more global processing when stere-
opsis is measured. This has implications for x 90 meridional 
aniseikonia, and the calculation of compensating size lens 
corrections need to take this into account.
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