





Downloaded from http://bjo.bmj.com/ on January 23, 2018 - Published by group.bmj.com

Clinical science

a two-square visual stimulus was displayed for 6s on a black
background. The participants were required to decide whether
one of the squares had a brighter luminance, coarser texture,
faster motion or was closer to the participants in depth than
the other or if both were the same by pressing the right, left or
middle button. If accuracy for the motion, texture or luminance
cue was below chance (33%), the participant was excluded from
the study. For the binocular disparity cue, only the results of
the control and strabismus-with-stereo groups were compared,
because accuracy for all strabismus-without-stereo subjects was
below chance level. The accuracy was analysed using ANOVA (in
monocular cues) or the t-test (in disparity cue) with the subject
group as a factor, at a significance threshold of the Holm-ad-
justed P value.

RESULTS
Accuracy in the feature discrimination task did not differ across
the three participant groups for the three monocular cues
(table 1).

For the binocular disparity cue, accuracy was significantly
poorer in the strabismus-with-stereo group than in the control
group. Linear regression analysis showed a significant correla-
tion between accuracy in the feature discrimination task using

Table 1 Correct performance (mean=SE, %)

Cue
Subject group Luminance Texture Motion Disparity
Control 86.7+2.27 92.8+1.49 73.6+3.19 86.1+2.92
Strabismus with ~ 83.5+2.54 93.7£1.17 74.3+2.69 70.5+4.70
stereo
Strabismus 85.0+2.55 94.3+1.21 73.0£2.76 (22.0+2.70)t
without stereo
P value 0.647 0.713 0.956 0.006*
Fvalue or tvalue F, =0.438 Fy 65=0-34 Foe=0.045  t,,=2919

[2, 63] 2, 63] 2, 63] [44]

*Statistical significance, threshold (p < 0.0125).
tThe accuracy was below chance level.

binocular disparity as the cue and stereo acuity in the strabis-
mus-with-stereo group (R=0.7065; P=0.0003).

Example of the control group’s responses to the presentation
of a 3D shape is shown in figure 1B-E. Even when the surface
was presented using different cues, responses clustered in the
frontoparallel plane near the true global maximum of the 3D
surface, as illustrated in the depth-colour map on the 3D surface
of the example (figure 1A). If the participant could not perceive
the 3D shapes well, the response distribution tended to be
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Figure 2 (A) Comparison of the average ellipses and their centres for each cue for control (solid line and small squares), strabismus-with-stereo

(dotted line and small pluses) and strabismus-without-stereo (dashed line and small asterisks) groups. (B) Comparison of average ellipse sizes
between control (white bar), strabismus-with-stereo (stippled bar) and strabismus-with-stereo (striped bar) groups. The error bar indicates SE.
Statistically significant differences indicated by *P<0.05 or **P<0.01. 3D, three-dimensional; 3D-SfD, 3D shape from disparity; 3D-SfM, 3D shape from

motion; 3D-5fS, 3D shape from shading; 3D-SfT, 3D shape from texture.
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Figure 3  Error in depth (cm) of 3D shape perception of control (white bar), strabismus-with-stereo (stippled bar) and strabismus-without-stereo
(striped bar) groups. The asterisk indicates a statistical significance. The error bar shows SE. 3D, three-dimensional; 3D-SD, 3D shape from disparity;
3D-SfM, 3D shape from motion; 3D-SfS, 3D shape from shading; 3D-SfT, 3D shape from texture.

random, resulting in a large area including most of the front
surface of the 3D shapes. On the other hand, if the responses
clustered at different points of the plane, they captured percep-
tual differences, reflecting uncertainty about locations in depth
between the groups. The frontoparallel plane distributions of the
responses were compared across the groups. For each monoc-
ular cue, an average ellipse was calculated across the 11 surfaces.
These average ellipses (figure 2A) and the sizes of these aver-
aged ellipses (figure 2B) were then compared across the groups.
Shapes and centre points of the average ellipses were similar
(figure 2A). For the 3D-SfS condition, the size from the stra-
bismus-without-stereo group was 1.5 times larger than that for
the control group, though the difference did not reach statis-
tical significance for the 3D-SfS condition (F[2, 30]=1.437,
P=0.254). For the 3D-SfT condition, the size of the strabis-
mus-with-stereo and strabismus—without-stereo were 2 and 2.5
times larger than those of the control group, respectively (F[2,
30]=4.911, P=0.014, adjusted threshold of P=0.0167). Posthoc
comparisons indicated that these differences were statistically
significant (P=0.045 and P=0.005 Bonferroni-corrected, respec-
tively). For the 3D-SfM condition, size did not differ across the
groups (F[2, 30]=0.257, P=0.775). However, the size of the
strabismus-with-stereo group was larger than for the control
group in the 3D-SfD condition (F[2, 30]=23.069, P<0.001
adjusted threshold of P=0.0125).

The sagittal component of the error vector was calculated
and compared across the groups (figure 3). A significant effect
of error in depth was found in the 3D-SfS condition (F[2,
722]1=7.605; P=0.001, adjusted threshold of P=0.0167) and
the error in depth of the strabismus-without-stereo group
was larger than that of the control group (P<0.001, Bonfer-
roni method). Although not reaching statistical significance, a
comparison of the three groups’ results for the 3D-SfT condi-
tion (F[2, 722]1=2.07; P=0.13) showed that the error in depth
tended to be greater for the two strabismus groups than for
the control group. No differences between groups were
found in the 3D-SfM condition (F[2, 722]=1.325, P=0.27).

In the 3D-SfD condition, the error in depth of the strabis-
mus-with-stereo group was greater than that of the control
group (F[1, 503]=22.159; P<0.001, adjusted threshold of
P=0.0125) and was more obvious than for the other cues. In
addition, a regression analyses for stereo acuity and error in
depth were performed in the strabismus—with-stereo group.
A correlation was found in the 3D-SfD condition (R=0.35,
P<0.001) and weak correlation was also found in the 3D-SfS
condition (R=0.1, P=0.031). However, there was no signifi-
cant correlation in the 3D-SfM condition (R=0.07, P=0.14) or
in the 3D-SfT condition (R=0.02, P=0.6).

To assess whether these differences resulted from the stra-
bismus itself or from reduced binocular stereo acuity, we evalu-
ated both the frontoparallel plane distributions and error in depth
for a subgroup of patients with strabismus: those 13 patients
with a normal range of stereo acuity (40-60 arc-s) and those of
16 control age-matched subjects. In-plane distribution of errors
represented by the averaged ellipses for each cue extensively
overlapped for the two groups (figure 4A) and ellipse size did not
differ significantly between groups (online supplementary table
1). In addition, error in depth did not differ between two groups
for any of the cues (figure 4B), F[1, 316]=2.87, P=0.091 in
the 3D-SfS condition; F[1, 316]=1.189, P=0.276 in the 3D-SfT
condition; F[1, 316]=0.924, P=0.337 in the 3D-SfM condition
and F[1, 316]=0.127, P=0.721 in the 3D-SfD condition).

DISCUSSION

This study revealed distinct differences in 3D shape perception
between normal and subjects with strabismus: strabismus-with-
out-stereo group perceived monocularly defined 3D shapes
poorly, producing larger sagittal error components in the 3D-SfS
condition and larger frontoparallel error components in the
3D-SfT condition. Strabismus-with-stereo group presented defi-
cits in both planes for the 3D-SfD condition and frontoparallel
errors for the 3D-SfT condition. These deficits were related
to the binocular stereopsis, not strabismus itself. On the other
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Figure 4 Comparison between control subjects and patients with strabismus with normal range of stereo acuity. (A) Average ellipses and their
centres for each cue for control (solid line and small squares) and strabismus (dotted line and small pluses) subjects. (B) Error in depth in control
(white bar) and strabismus (grey bar) subjects. The error bar indicates the SE. 3D, three-dimensional; 3D-SfD, 3D shape from disparity; 3D-SfM, 3D
shape from motion; 3D-SfS, 3D shape from shading; 3D-SfT, 3D shape from texture.

hand, perception of the 3D-SfM condition was not related to
alterations in binocular stereo acuity.

Accuracies in the feature discrimination tasks indicated no
differences across the three groups for monocular cues. Hence,
it can be assumed that the differences in 3D shape percep-
tion as defined by these monocular cues cannot be attributed
to the low-level visual processing of such elementary features.
However, the sensitivity of the feature discrimination tasks in
assessing the processing of low-level features was limited, since
we did not employ the QUEST procedure'® which allows an
estimation of the threshold.?’ Therefore, we cannot exclude the
possibility that abnormal low-level visual processing affected
3D shape perception in the subjects with strabismus, especially
those in the without-stereo group, who may have some degree
of amblyopia. Indeed, low-level visual processing abnormalities
in patients with amblyopia have been reported.”' > Moreover,
poor accuracy in the disparity feature discrimination tasks clearly
confirms that significant impairments exist in patients with stra-
bismus as a consequence of deficits in the low-level processing of
binocular disparity.

In the current task, a greater contribution from ventral
visual pathway® to static 3D shape perception is suggested.
Human imaging studies, using the same stimuli as the present
study, have shown that the regions involved in 3D-SfS percep-
tion were restricted to temporal cortex and were very close
to the region supporting 3D-SfD, while regions involved in
3D-SIT perception were located in both temporal and pari-
etal cortex, again largely overlapping with those of the
3D-SfD." ®7 The fact that participants in the strabismus group

showed significant frontoparallel error components, not
sagittal error components, in the 3D-SfT condition indicates
that the second or third-highest convex point was intention-
ally, not randomly, selected. It may suggest that the extraction
of 3D-SfT was partially affected. It is plausible that extraction
of 3D-SfS, 3D-SfT and 3D-SfD interact in the ventral visual
pathway, but that there is weak or no interaction between
extraction of 3D-SfT and 3D-SfD in the parietal cortex.' ®”’
A previous patient study of posterior cortical atrophy pointed
to a probable critical role for right inferior temporal cortex
in 3D-SfS, because remaining, functional grey matter volume
here was highly correlated with error in depth for 3D-SfS
and 3D-SfD.'® The fact that perception of 3D-SfM was not
affected is consistent with previous reports showing that
patients with strabismus who have weak or no binocular stere-
opsis still perceive motion in depth.”'® One explanation may
be related to the difference between dynamic and static condi-
tion. It has been reported that depth is more easily detected
from dynamic disparity information than from static disparity
information.'" Another explanation is that again there is weak
or no interaction between extraction of 3D-SfM and 3D-SfD
in the dorsal pathway, since 3D-SfM were processed in the
intraparietal sulcus of the dorsal pathway, overlapping regions
where 3D-SfD were processed.”®

It can be presumed that subjects deprived of binocular stere-
opsis have a better perception of depth curvature in 3D shapes
defined by monocular cues, due to excluding any conflicting
or uncorrelated information between ‘zero’ binocular disparity
and monocular cues.” ** Although we did not evaluate a
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‘short-term’ deprivation of binocular stereopsis condition,"*™"

the fact that long-term reduced or absent binocular stereopsis
adversely affected the perception of 3D-SfS and 3D-SfT may
indicate that visual experience with binocular stereopsis is
necessary to extract information efficiently from spatial deriv-
atives of depth from shading or texture. A similar mechanism
based on binocular visual experience during development has
been suggested to be crucial in reaching towards targets.'”

In conclusion, reduced or absent binocular stereopsis coars-
ened perception of 3D-S£S and 3D-S{T. Binocular stereopsis is
proposed to play an important role in interacting with these
monocular cues when processed by ventral cortical regions.
The benefits of binocular stereopsis for visuomotor skills have
been previously reported,’*” but supplementary to these
reports, our findings demonstrate a perceptual aspect to the
benefits of binocular stereopsis in patients with strabismus.
The present techniques could be used in future studies to assess
the effect of surgery, which often improves binocular stere-
on depth perception.

Acknowledgements We thank Professor Rik Vandenberghe (Laboratory for
Cognitive Neurology, Department of Neurosciences, KU Leuven 3000 Leuven,
Belgium) for visual stimuli. We also thank Dr Steven Raiguel for valuable comments
and English corrections on the manuscripts.

Contributors Research design: HS, CRG, JTT and GAO. Data acquisition and
statistical analysis: HS. Writing of manuscript: HS, CRG and GAOQ. Final approval of
manuscript: all authors.

Funding This work was supported by Japan Society for the Promotion of Science
(JSPS) KAKENHI Grant Number JP16K 11319 and JP15KK0333, Takeda Science
Foundation, Charitable Trust Fund for Ophthalmic Research in Commemoration of
Santen Pharmaceutical’s Founder (HS). CRG was supported by a Sir Henry Wellcome
Postdoctoral Fellowship (098771/2/12/2).

Competing interests None declared.

Patient consent Obtained.

Ethics approval The Ethics Committee of Tokyo University Hospital.
Provenance and peer review Not commissioned; externally peer reviewed.

Open Access This is an Open Access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work
is properly cited and the use is non-commercial. See: http://creativecommons.org/
licenses/by-nc/4.0/

© Article author(s) (or their employer(s) unless otherwise stated in the text of the
article) 2018. All rights reserved. No commercial use is permitted unless otherwise
expressly granted.

REFERENCES

1 Orban GA. The extraction of 3D shape in the visual system of human and nonhuman
primates. Annu Rev Neurosci 2011;34:361-88.

2 Fielder AR, Moseley MJ. Does stereopsis matter in humans? Eye 1996;10:233-8.

3 Vishwanath D. Toward a new theory of stereopsis. Psychol Rev 2014;121:151-78.

4 Norman JF, Todd JT, Orban GA. Perception of three-dimensional shape from specular
highlights, deformations of shading, and other types of visual information. Psychol Sci
2004;15:565-70.

5 Todd JT. The visual perception of 3D shape. Trends Cogn Sci 2004;8:115-21.

6 Georgieva SS, Todd JT, Peeters R, et al. The extraction of 3D shape from texture and
shading in the human brain. Cereb Cortex 2008;18:2416-38.

7 Georgieva S, Peeters R, Kolster H, et al. The processing of three-dimensional shape
from disparity in the human brain. J Neurosci 2009;29:727-42.

8 Orban GA, Sunaert S, Todd JT, et a/. Human cortical regions involved in extracting
depth from motion. Neuron 1999;24:929-40.

9 Watanabe Y, Kezuka T, Harasawa K, et al. A new method for assessing motion-in-
depth perception in strabismic patients. Br J Ophthalmol 2008;92:47-50.

10 Hess RF, Mansouri B, Thompson B, et al. Latent stereopsis for motion in depth in
strabismic amblyopia. Invest Ophthalmol Vis Sci 2009;50:5006—16.

11 Tidbury LP, Brooks KR, O'Connor AR, et al. A systematic comparison of static and
dynamic cues for depth perceptionstatic and dynamic cues for depth perception.
Investigative ophthalmology & visual science 2016;57:3545-53.

12 GrantS, Suttle C, Melmoth DR, et al. Age- and stereovision-dependent eye-hand
coordination deficits in children with amblyopia and abnormal binocularity. /nvest
Ophthalmol Vis Sci 2014;55:5687-7015.

13 Bloch E, Uddin N, Gannon L, et a/. The effects of absence of stereopsis on
performance of a simulated surgical task in two-dimensional and three-dimensional
viewing conditions. Br J Ophthalmol 2015;99:240-5.

14 O'Connor AR, Birch EE, Anderson S, et al. The functional significance of stereopsis.
Invest Ophthalmol Vis Sci 2010;51:2019-23.

15 Piano ME, O'Connor AR. The effect of degrading binocular single vision on fine
visuomotor skill task performance. Invest Ophthalmol Vis Sci 2013;54:8204-13.

16 Niechwiej-Szwedo E, Goltz HC, Chandrakumar M, et a/. Effects of strabismic
amblyopia on visuomotor behavior: part II. Visually guided reaching. Invest
Ophthalmol Vis Sci 2014;55:3857-65.

17 Niechwiej-Szwedo E, Goltz HC, Colpa L, et al. Effects of reduced acuity and stereo
acuity on saccades and reaching movements in adults with amblyopia and strabismus.
Invest Ophthalmol Vis Sci 2017;58:914-21.

18 Gillebert CR, Schaeverbeke J, Bastin C, et al. 3D Shape perception in posterior cortical
atrophy: a visual neuroscience perspective. J Neurosci 2015;35:12673-92.

19 Holm S. A simple sequentially rejective multiple test procedure. Scandinavian Journal
of Statistics 1979;6:65-70.

20 Watson AB, Pelli DG. QUEST: a Bayesian adaptive psychometric method. Percept
Psychophys 1983;33:113-20.

21 McKee SP, Levi DM, Movshon JA. The pattern of visual deficits in amblyopia. J Vis
2003;3:5-405.

22 Wong AM. New concepts concerning the neural mechanisms of amblyopia and their
clinical implications. Can J Ophthalmol 2012;47:399-409.

23 Goodale MA, Milner AD. Separate visual pathways for perception and action. Trends
Neurosci 1992;15:20-5.

24 Koenderink JJ, van Doorn AJ, Kappers AM. On so-called paradoxical monocular
stereoscopy. Perception 1994;23:583-94.

25 Lal G, Holmes JM. Postoperative stereoacuity following realignment for chronic
acquired strabismus in adults. J Aapos 2002;6:233-7.

26 Lee DS, Kim SJ, Yu YS. The relationship between preoperative and postoperative near
stereoacuities and surgical outcomes in intermittent exotropia. Br J Ophthalmol
2014;98:1398-403.

Sawamura H, et al. Br / Ophthalmol 2018;0:1-6. doi:10.1136/bjophthalmol-2017-311393


http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://dx.doi.org/10.1146/annurev-neuro-061010-113819
http://dx.doi.org/10.1038/eye.1996.51
http://dx.doi.org/10.1037/a0035233
http://dx.doi.org/10.1111/j.0956-7976.2004.00720.x
http://dx.doi.org/10.1016/j.tics.2004.01.006
http://dx.doi.org/10.1093/cercor/bhn002
http://dx.doi.org/10.1523/JNEUROSCI.4753-08.2009
http://dx.doi.org/10.1016/S0896-6273(00)81040-5
http://dx.doi.org/10.1136/bjo.2007.117507
http://dx.doi.org/10.1167/iovs.09-3551
http://dx.doi.org/10.1167/iovs.14-14745
http://dx.doi.org/10.1167/iovs.14-14745
http://dx.doi.org/10.1136/bjophthalmol-2013-304517
http://dx.doi.org/10.1167/iovs.09-4434
http://dx.doi.org/10.1167/iovs.12-10934
http://dx.doi.org/10.1167/iovs.14-14543
http://dx.doi.org/10.1167/iovs.14-14543
http://dx.doi.org/10.1167/iovs.16-20727
http://dx.doi.org/10.1523/JNEUROSCI.3651-14.2015
http://dx.doi.org/10.3758/BF03202828
http://dx.doi.org/10.3758/BF03202828
http://dx.doi.org/10.1167/3.5.5
http://dx.doi.org/10.1016/j.jcjo.2012.05.002
http://dx.doi.org/10.1016/0166-2236(92)90344-8
http://dx.doi.org/10.1016/0166-2236(92)90344-8
http://dx.doi.org/10.1068/p230583
http://dx.doi.org/10.1067/mpa.2002.123399
http://dx.doi.org/10.1136/bjophthalmol-2013-304853
http://bjo.bmj.com/
http://group.bmj.com

Downloaded from http://bjo.bmj.com/ on January 23, 2018 - Published by group.bmj.com

Binocular stereo acuity affects monocular
three-dimensional shape perception in
patients with strabismus

Hiromasa Sawamura, Céline R Gillebert, James T Todd and Guy A
Orban

Br J Ophthalmol published online January 6, 2018

Updated information and services can be found at:
http://bjo.bmj.com/content/early/2018/01/06/bjophthalmol-2017-31139
3

These include:

References This article cites 26 articles, 11 of which you can access for free at:
http://bjo.bmj.com/content/early/2018/01/06/bjophthalmol-2017-31139
3#ref-list-1

Open Access This is an Open Access article distributed in accordance with the Creative
Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work
non-commercially, and license their derivative works on different terms,
provided the original work is properly cited and the use is
non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/

Email alerting Receive free emalil alerts when new articles cite this article. Sign up in the
service box at the top right corner of the online article.

Topic Articles on similar topics can be found in the following collections

Collections Open access (283)

Notes

To request permissions go to:
http://group.bmj.com/group/rights-licensing/permissions

To order reprints go to:
http://journals.omj.com/cgi/reprintform

To subscribe to BMJ go to:
http://group.bmj.com/subscribe/


http://bjo.bmj.com/content/early/2018/01/06/bjophthalmol-2017-311393
http://bjo.bmj.com/content/early/2018/01/06/bjophthalmol-2017-311393
http://bjo.bmj.com/content/early/2018/01/06/bjophthalmol-2017-311393#ref-list-1
http://bjo.bmj.com/content/early/2018/01/06/bjophthalmol-2017-311393#ref-list-1
http://creativecommons.org/licenses/by-nc/4.0/
http://bjo.bmj.com//cgi/collection/unlocked
http://group.bmj.com/group/rights-licensing/permissions
http://journals.bmj.com/cgi/reprintform
http://group.bmj.com/subscribe/
http://bjo.bmj.com/
http://group.bmj.com

