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PURPOSE. Suppression has a key role in the etiology of amblyopia, and contrast-balanced
binocular treatment can overcome suppression and improve visual acuity. Quantitative
assessment of suppression could have a role in managing amblyopia. We describe a novel eye
chart to assess suppression in children.
METHODS. We enrolled 100 children (7–12 years; 63 amblyopic, 25 nonamblyopic with
strabismus or anisometropia, 12 controls) in the primary cohort and 22 children (3–6 years;
13 amblyopic, 9 nonamblyopic) in a secondary cohort. Letters were presented on a dichoptic
display (5 letters per line). Children wore polarized glasses so that each eye saw a different
letter chart. At each position, the identity of the letter and its contrast on each eye’s chart
differed. Children read 8 lines of letters for each of 3 letter sizes. The contrast balance ratio
was the ratio at which 50% of letters seen by the amblyopic eye were reported.
RESULTS. Amblyopic children had significantly higher contrast balance ratios for all letter sizes
compared to nonamblyopic children and controls, requiring 4.6 to 5.6 times more contrast in
the amblyopic eye compared to the fellow eye (P < 0.0001). Amblyopic eye visual acuity was
correlated with contrast balance ratio (r ranged from 0.49–0.57 for the 3 letter sizes). Change
in visual acuity with amblyopia treatment was correlated with change in contrast balance
ratio (r ranged from 0.43–0.62 for the 3 letter sizes).
CONCLUSIONS. Severity of suppression can be monitored as part of a routine clinical exam in the
management of amblyopia in children.
Keywords: suppression, amblyopia, bincocular vision

C

onverging evidence from animal models and clinical
research suggests that interocular suppression has a key
role in the etiology of amblyopia (see reviews by Birch,1 Hess
and Thompson,2 and Wong3) and that the severity of suppression is correlated with the severity of amblyopia.4–9 When
suppression is alleviated by reducing the contrast of the fellow
eye image to rebalance the effective contrast in the two eyes,
suppression can be overcome and binocular vision reinstated.10,11 Treatment regimens designed to alleviate suppression via
repeated exposure to contrast-balanced binocular stimuli improve visual acuity in amblyopic adults12 and amblyopic
children.13–16 Thus, severity of suppression may be a useful
baseline and outcome measure in clinical amblyopia research.
Several protocols for determining severity of suppression in
amblyopic adults have been described, including dichoptic
global motion coherence,11,17,18 binocular phase,19–21 and
binocular contrast summation.10,19,20 There have been attempts
to apply these tests to amblyopic children, but success has been
limited because the protocols rely on equipment that is
cumbersome for children (virtual reality goggles, shutter
glasses, haploscopic optical systems) coupled with the
challenges posed by subtle psychophysical judgments and
large numbers of trials.13
Our goal was to evaluate the feasibility of a novel, eye chartbased method to assess severity of suppression in children. Eye

charts are familiar tests for children as young as 3 years, and
have been standardized for electronic display to routinely
provide quick and reliable outcome measures for multicenter
randomized clinical trials in pediatric ophthalmology.22–25 The
approach of using a dichoptic eye chart to assess severity of
suppression, along with pilot data from mildly amblyopic
adults, was published recently by Kwon et al.26 They used
stereo shutter glasses to separate the images to each eye. Here,
we adapted their method for use in children by presenting on a
passive 3-D display that eliminated the need for bulky shutter
glasses. Specific aims of the present study were to determine
whether amblyopic children exhibited significantly more
severe suppression than nonamblyopic children with strabismus and/or anisometropia or controls, whether severity of
amblyopic visual acuity deficit was correlated with severity of
suppression, and whether changes in visual acuity as a result of
treatment or regression were associated with changes in the
severity of suppression.

METHODS
Participants
We enrolled 100 children (7–12 years old) in the primary
cohort: 63 amblyopic children with strabismus (n ¼ 10),

iovs.arvojournals.org j ISSN: 1552-5783

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License.
Downloaded from jov.arvojournals.org on 05/11/2021

5649

IOVS j October 2016 j Vol. 57 j No. 13 j 5650

Assessing Suppression in Amblyopic Children

The medical record from this examination provided diagnosis,
refractive error as determined by cycloplegic retinoscopy,
ocular motility, and measurements of heterotropia or heterophoria by simultaneous prism-and-cover test at near and
distance fixation. Strabismic children were only eligible to
participate if misalignment of the visual axes due to infantile
esotropia, accommodative esotropia, or acquired nonaccommodative esotropia had been treated successfully with glasses
and/or surgery (<5 pd residual strabismus). Exclusion criteria
were congenital malformation or infection, concurrent treatment with atropine penalization, prematurity ‡8 weeks,
developmental delay, and coexisting ocular or systemic disease.

Stimuli

FIGURE 1. Schematic diagram of the dichoptic eye chart. Letters were
band-pass filtered Sloan letters chosen from the e-ETDRS letter set. Five
letters were presented in a line with varying letter contrast on a gray
background. A different letter chart was presented to each eye using an
LG passive 3D video display. At each letter position, the identity and
interocular contrast-ratio of the letter on each chart differed while the
spatial-frequency content of the letter remained the same. Children
were instructed to read the 5 letters left to right and completed 8 lines
(40 letter/contrast combinations) for each letter size. Contrast balance
ratio was defined as the contrast ratio (amblyopic eye contrast/fellow
eye contrast) at which 50% of letters seen by the amblyopic eye were
reported. For nonamblyopic children with a history of treated
amblyopia, the contrast ratio was calculated as previously amblyopic
eye contrast/fellow eye contrast. For nonamblyopic children who were
never amblyopic and for normal controls, the contrast balance ratio
was calculated as right eye contrast/left eye contrast. Three letter sizes
were tested, 1.25 (20/480), 2.5 (20/240), and 5 c/deg (20/120), for a
total of 120 trials.

anisometropia (n ¼ 26), or both (n ¼ 27); 25 nonamblyopic
with strabismus (n ¼ 13), anisometropia (n ¼ 8), or both (n ¼
4); and 12 normal control children. In addition, 22 younger
children (3–6 years old) with strabismus and/or anisometropia
were enrolled in a secondary pilot study: 13 amblyopic and 8
nonamblyopic children.
For this study, amblyopia was defined as a best-corrected
visual acuity of ‡0.2 logMAR and an interocular difference of
‡0.2 logMAR associated with the presence or history of
strabismus, and/or anisometropia in an otherwise healthy child
who had been wearing spectacle correction for a minimum of
3 months. Strabismic amblyopia was defined as amblyopia in
the presence of a heterotropia at distance and/or near fixation,
a history of strabismus surgery, or resolution of misalignment
following hyperopic spectacle correction, with a spherical
equivalent interocular difference of 1.00 diopter (D) and
1.50 D interocular difference in astigmatism in any meridian.
Anisometropic amblyopia was defined as amblyopia in the
presence of a spherical equivalent interocular difference of
‡1.00 D or ‡1.50 D interocular difference in astigmatism in
any meridian with no measureable heterotropia at distance or
near fixation. Combined mechanism amblyopia was defined as
amblyopia in the presence of the strabismus and anisometropic
amblyogenic factors.
Written informed consent was obtained from a parent after
explanation of the nature and possible consequences of the
study. In addition, written informed assent was obtained from
children age 10 to 12 years. All procedures and the protocol
were approved by the Institutional Review Board of UT
Southwestern Medical Center and followed the tenets of the
Declaration of Helsinki.
Enrolled patients had a comprehensive ophthalmic examination performed by their referring pediatric ophthalmologist.
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For the primary cohort of 7- to 12-year-old children, the 11
Sloan font letters used in the electronic visual acuity Early
Treatment of Diabetic Retinoscopy Study (EVA e-ETDRS)
protocol22 were used for measuring contrast balance (suppression), with the exception that the letter O was replaced with X
(Fig. 1). The O was replaced because, in pilot work, it was
found to be much more salient than the other 10 letters. To be
able to examine potential spatial frequency dependence of
suppression,26 3 letter sizes were tested (1.25, 2.5, and 5 c/
deg). Letters were spatially band-pass filtered with a cosine log
filter (bandwidth ¼ 1 octave; radially symmetric) with peak
object spatial frequency of 3 cycles per letter.26 The object
spatial frequency of 3 cycles per letter was chosen because the
optimal spatial frequency for recognizing a letter lies between
1 and 7 cycles per letter, depending on letter size.27–32
Letters were presented on a passive 3-dimensionnal (3D)
display (LG D2343P-BN; 23 in; 1920 3 1080 pixel), with 5
letters per line. Because odd and even lines had opposite
polarization, the passive 3D display allowed for dichoptic
stimulation with different lines of letters for each eye when
children wore LG Cinema 3D polarized glasses. At each
position, the identity of the letter and its contrast varied
independently for each eye. Letter choice for each of the 5
positions for each eye was random with the exceptions that
the same letter could not be repeated with the line of 5 letters,
the same letter could not be presented to both eyes in the same
position, and presentation of letters to each eye that might
form another letter if perceived simultaneously was not
allowed to occur (e.g., H and V, which might be perceived
binocularly as M). The sum of the left and right eye contrasts
always was 100%; for example, when the contrast of the left
eye letter was 30%, the contrast of the right eye letter was 70%.
The relative contrast of the letters in each eye was determined
by an adaptive algorithm.26 The proportion correct for each
contrast ratio was computed and these data were used to
estimate the balance point ratio. The estimate was updated
each time the child completed reading a line of 5 letters and
the updated balance point ratio was used to guide the range of
contrast ratios presented on the subsequent line of letters,
gradually converging on the balance point ratio.
For the secondary pilot study of 3- to 6-year-old children, the
HOTV letter set in the EVA-Amblyopia Treatment Study (ATS)
visual acuity protocol25 was used, with the exception that the
O was replaced with X. Because there were only four available
letter choices (HVTX), a randomly chosen letter always
occurred in two positions in each line of 5 letters.

Procedure
Children wore optical correction, if needed, prescribed by
their pediatric ophthalmologist in accordance with American
Association for Pediatric Ophthalmology and Strabismus
(AAPOS) guidelines (AAPOS Policy Statement, ‘‘Medical Need
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FIGURE 2. Contrast balance ratios (mean 6 SEM) of 7- to 12-year-old
amblyopic children, nonamblyopic children who had been treated for
strabismus and/or anisometropia, and normal control children.

FIGURE 3. Contrast balance ratios (mean 6 SEM) of 7- to 12-year-old
children with anisometropic amblyopia, strabismic amblyopia, and
combined mechanism amblyopia.

for Glasses,’’ available in the public domain at www.aapos.org).
Best-corrected visual acuity was obtained for each eye with an
opaque occluder patch and either the e-ETDRS (age 7–12
years) or ATS-HOTV (for 3–6 years) method.
For the suppression protocol, children were instructed to
read the 5 letters left to right and completed 8 lines (40 letter/
contrast combinations) for each of 3 letter sizes (1.25, 2.5, and
5 c/deg). Contrast balance was defined as the contrast ratio
(amblyopic eye contrast/fellow eye contrast) at which 50% of
amblyopic eye letters and 50% of fellow eye letters were
reported. For children who did not have amblyopia, contrast
balance was defined as the contrast ratio (right eye contrast/
left eye contrast) at which 50% of right eye letters and 50% of
left eye letters were reported. If the child was unable to report
any letters with 100% contrast for the amblyopic eye, the
contrast balance ratio was arbitrarily assigned a value of 10.0.

more contrast to overcome suppression; significantly less than
for amblyopic children (P < 0.0001), but significantly more
than the normal controls’ mean contrast balance ratio, which
was near 1.0 for all three letter sizes (P < 0.0001). Neither the
main effect of letter size nor the interaction was significant.
With the analysis limited to amblyopic children, there was a
significant main effect of etiology (strabismus and/or anisometropia; Fig. 3; F2,60 ¼ 5.32, P ¼ 0.007). Children with
anisometropic amblyopia required only 3.3 to 4.2 times more
contrast for the amblyopic eye compared to the fellow eye to
overcome suppression, significantly less than children with
combined mechanism amblyopia (P < 0.007). There was no
significant difference between strabismic and combined
mechanism amblyopia or between strabismic and anisometropic amblyopia. Also, there was a significant main effect of letter
size with the analysis limited to amblyopic children (F2,120 ¼
5.27, P ¼ 0.006), with significantly higher contrast ratios
observed for smallest compared to largest letter size (5 vs. 1.25
c/deg; P ¼ 0.004) and the medium letter size (2.5 c/deg; P ¼
0.011). The interaction between etiology and letter size was
not significant.
In a pilot study of children age 3 to 6.9 years (mean 6 SD,
5.3 6 1.0 years), contrast ratios were evaluated using the
HOTX letter set. Of 22 children enrolled, 20 (91%) were able to
complete the test, including 8 of 9 nonamblyopic and 12 of 13
amblyopic children. Three of the four 3-year-olds attempted
were able to complete the test. Contrast ratios from these two
groups of preschool children are shown in Figure 4. Overall,
nonamblyopic preschool children who had been treated for
strabismus and/or anisometropia had contrast balance ratios
near 1.0, similar to older normal controls and older nonamblyopic children. Amblyopic preschool children had mean
contrast ratios ranging from 5.8 to 6.6, similar to older
amblyopic children.

Statistical Analyses
In analyses conducted with the primary 7- to 12-year-old
cohort, amblyopic, nonamblyopic, and normal control contrast
balance ratios were compared using 1-way ANOVA and post
hoc Bonferroni pairwise comparisons. For amblyopic children
in the primary cohort, the main effects of amblyopia and its
etiology, and the interaction between these factors were
evaluated using 2-way ANOVA and post hoc Bonferroni
pairwise comparisons. The association between severity of
suppression and severity of amblyopic visual acuity deficit was
evaluated using Pearson Product Moment correlation coefficient. The association between changes in the severity of
suppression and changes in the severity of amblyopic visual
acuity deficit with treatment or amblyopia recurrence was
evaluated using the Pearson Product Moment correlation
coefficient. For the secondary pilot study of 3- to 6-year-olds,
only success rate and descriptive statistics (means and standard
errors) were calculated, due to the small sample size.

RESULTS
Amblyopic children had significantly more severe suppression
than nonamblyopic children and normal controls (F2.97 ¼
62.26, P < 0.0001; Fig. 2). Amblyopic children required 4.6 to
5.6 times more contrast in the amblyopic eye than in the fellow
eye to overcome suppression and identify the amblyopic eye
letters (e.g., 83% amblyopic eye contrast and 17% fellow eye
contrast). Nonamblyopic children who had been treated for
strabismus and/or anisometropia required only 1.3 to 1.5 times
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Visual Acuity and Suppression
Among amblyopic children, visual acuity was correlated with
severity of suppression (Fig. 5). Correlation coefficients ranged
from 0.49 to 0.57 (P ¼ 0.008, 0.025, and 0.016 for the large,
medium, and small letter sizes, respectively). For 30 of the
amblyopic participants, contrast balance ratio was measured
on two visits so that the relationship between visual acuity
change and contrast balance ratio change could be examined.
Contrast balance ratio changes were correlated with changes in
visual acuity due to regression or improvement with treatment
(Fig. 6). Correlation coefficients ranged from 0.43 to 0.62 (P ¼
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FIGURE 4. Contrast balance ratios (mean 6 SEM) of 3- to 6-year-old
amblyopic children and nonamblyopic children who had been treated
for strabismus and/or anisometropia.

0.021, <0.0001, and 0.013 for the large, medium, and small
letter sizes, respectively).

DISCUSSION
Although the classical view is that interocular suppression
arises as a secondary compensatory response to conflicting
monocular visual inputs, recent evidence suggests that
suppression may instead be the primary progenitor of
amblyopia and that treatment aimed at reducing interocular
suppression is effective in improving visual acuity in amblyopic
children and adults.1–3,5,6,9,13–16,20,33 With this new emphasis
on suppression and the importance of its remediation during
treatment, the inadequacy of current clinical suppression tests
that provide only binary outcomes is conspicuous. To address
the need for quantitative assessment of severity of suppression
and response to treatment, we developed a novel dichoptic eye
chart, adapted from a protocol originally described by Kwon et
al.,26 that can be used to quantify severity of suppression in
amblyopic children as young as 3 years old.
We chose to use a letter chart format because children as
young as 3 years are familiar with letter chart tests, making the
test easy to administer. Also, previous studies have used similar
bandpass filtered letters successfully to measure adult contrast
sensitivity in clinical settings.34–36 A third rationale for the
letter chart is that some amblyopic children exhibit greater
visual acuity deficits with optotype visual acuity than with
grating acuity, perhaps related to abnormal binocular function.1 Finally, letter charts have a low chance level, and so are
likely to provide more accurate and reliable estimates of
suppression than two-alternative tests with a limited number of
trials, especially for children.
The validity of the dichoptic eye chart as an outcome
measure for severity of interocular suppression was supported
by three results. First, amblyopic children exhibited signifi-
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cantly more severe suppression than nonamblyopic children
with strabismus and/or anisometropia or normal controls, and
normal controls had a contrast balance ratio near 1.0. The
approximate 5:1 contrast ratio found in amblyopic children in
the present study is similar to that reported by a number of
previous studies of interocular suppression in amblyopic adults
that used a variety of dichoptic tasks, including the dichoptic
eye chart protocol of Kwon et al.,26 dichoptic phase
discrimination,21,37 and dichoptic global motion coherence.38
Two recent studies have reported that the contrast ratio was
dependent on spatial frequency;20,26 for example, Kwon et
al.26 reported a significantly lower contrast ratio for very large
letters (0.5 c/deg) than for 2.5 or 5.0 c/deg letters. Very large
(0.5 c/deg) letters were not included in the present study due
to constraints of the passive 3D display size. Nonetheless,
when the analysis was limited to amblyopic children, we did
observe significantly higher contrast balance ratios for the
smallest letter size compared to the other two letter sizes.
We found no significant difference in contrast balance ratio
between nonamblyopic children and controls. Others have
reported that strabismus, in the absence of amblyopia, is
associated with suppression.21,39 However, some or all of the
adult patients studied were exotropic, many with exotropia ‡
5 pd. Our nonamblyopic cohort on the other hand, included
only strabismic children who had been corrected to <5 pd as
well as anisometropic children. Longstanding exotropia ‡ 5 pd
may be associated with suppression.
Second, severity of amblyopia was correlated with severity
of interocular suppression; that is, we found a direct
relationship between the strength of suppression and the
depth of amblyopia. Similar results have been reported in
studies of amblyopic adults using a dichoptic global motion
coherence task, 5,6,8,38 dichoptic phase discrimination,8 and
global orientation discrimination8 to measure the severity of
suppression. Support for a direct relationship between severity
of suppression and depth of amblyopia also comes from a study
that used an adaptation of the global motion task to quantify
suppression in amblyopic children7 and a study of amblyopic
children and adolescents that used an interocular phase task
quantify suppression.21 In addition, animal models of amblyopia also argue for a direct relationship between the degree of
suppression and the degree of amblyopia in neuronal
populations in V1 and V2 areas of visual cortex.9,40
Third, changes in contrast ratio balance were correlated
with changes in visual acuity. Most of the children in the
present study who showed visual acuity improvement with
treatment were participants in an ongoing study of a binocular
amblyopia treatment based on the protocol originally described by Hess et al.2,13,15,33,41 Previous reports of amblyopic
adults who participated in similar binocular treatment protocols reported correlated improvements in contrast ratio
balance and amblyopic eye visual acuity.2,12,33,38,42–45 However, prior studies of amblyopic children who participated in

FIGURE 5. Amblyopic eye visual acuity as a function of contrast balance ratio (amblyopic eye/fellow eye).
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FIGURE 6. Changes in contrast balance ratio (baseline  outcome ratio) and change in logMAR visual acuity (baseline  outcome) for 30 children
tested on two visits. For both changes, positive numbers indicate improvement, while negative numbers indicate regression.

binocular treatment have consistently failed to show improvement in contrast ratio balance despite improvements in visual
acuity.13,14,16,46 These earlier studies in amblyopic children
relied on the dichoptic global motion coherence task to
quantify severity of suppression. The combination of virtual
reality goggles, subtle psychophysical judgments, and large
numbers of trials may have been difficult for children, leading
to noise in the data and low sensitivity to changes with
treatment. The ability of the dichoptic eye chart protocol to
detect changes in contrast ratio balance that are correlated
with changes in visual acuity during amblyopia treatment
supports its validity as an outcome measure for severity of
interocular suppression in amblyopic children. This quantitative measure of interocular suppression may provide an
important outcome measure for clinical trials of amblyopia
treatment.

Acknowledgments
Presented, in part, at the Annual Meeting of the American
Association for Pediatric Ophthalmology & Strabismus, Vancouver,
British Columbia, Canada, April 6 through 10, 2016.
Supported by a grant from the National Eye Institute (EY022313).
Disclosure: E.E. Birch, None; S.E. Morale, None; R.M. Jost,
None; A. De La Cruz, None; K.R. Kelly, None; Y.-Z. Wang, None;
P.J. Bex P

References
1. Birch EE. Amblyopia and binocular vision. Prog Retin Eye Res.
2013;33:67–84.
2. Hess RF, Thompson B. Amblyopia and the binocular approach
to its therapy. Vision Res. 2015;114:4–16.
3. Wong AM. Implications of interocular suppression in the
treatment of amblyopia. J AAPOS. 2011;15:417–418.
4. Hess RF, Thompson B, Baker DH. Binocular vision in
amblyopia: structure suppression and plasticity. Ophthalmic
Physiol Opt. 2014;34:146–162.
5. Li J, Hess RF, Chan LY, et al. Quantitative measurement of
interocular suppression in anisometropic amblyopia: a casecontrol study. Ophthalmology. 2013;120:1672–1680.
6. Li J, Thompson B, Lam CS, et al. The role of suppression in
amblyopia. Invest Ophthalmol Vis Sci. 2011;52:4169–4176.
7. Narasimhan S, Harrison ER, Giaschi DE. Quantitative measurement of interocular suppression in children with amblyopia.
Vision Res. 2012;66:1–10.
8. Zhou J, Huang PC, Hess RF. Interocular suppression in
amblyopia for global orientation processing. J Vis. 2013;
13(5):19.

Downloaded from jov.arvojournals.org on 05/11/2021

9. Bi H, Zhang B, Tao X, et al. Neuronal responses in visual area
V2 (V2) of macaque monkeys with strabismic amblyopia.
Cereb Cortex. 2011;21:2033–2045.
10. Baker DH, Meese TS, Mansouri B, Hess RF. Binocular
summation of contrast remains intact in strabismic amblyopia.
Invest Ophthalmol Vis Sci. 2007;48:5332–5338.
11. Mansouri B, Thompson B, Hess RF. Measurement of suprathreshold binocular interactions in amblyopia. Vision Res.
2008;48:2775–2784.
12. Hess RF, Thompson B, Black JM, et al. An iPod treatment of
amblyopia: an updated binocular approach. Optometry. 2012;
83:87–94.
13. Birch EE, Li SL, Jost RM, et al. Binocular iPad treatment for
amblyopia in preschool children. J AAPOS. 2015;19:6–11.
14. Knox PJ, Simmers AJ, Gray LS, Cleary M. An exploratory study:
prolonged periods of binocular stimulation can provide an
effective treatment for childhood amblyopia. Invest Ophthalmol Vis Sci. 2012;53:817–824.
15. Li SL, Jost RM, Morale SE, et al. Binocular iPad treatment of
amblyopia for lasting improvement of visual acuity. JAMA
Ophthalmol. 2015;133:479–480.
16. Li SL, Jost RM, Morale SE, et al. A binocular iPad treatment for
amblyopic children. Eye (Lond). 2014;28:1246–1253.
17. Black JM, Hess RF, Cooperstock JR, To L, Thompson B. The
measurement and treatment of suppression in amblyopia. J Vis
Exp. 2012;70:e3927.
18. Black JM, Thompson B, Maehara G, Hess RF. A compact
clinical instrument for quantifying suppression. Optom Vis Sci.
2011;88:E334–E343.
19. Ding J, Klein SA, Levi DM. Binocular combination in abnormal
binocular vision. J Vis. 2013;13(2):14.
20. Ding J, Levi DM. Rebalancing binocular vision in amblyopia.
Ophthalmic Physiol Opt. 2014;34:199–213.
21. Kwon M, Lu ZL, Miller A, et al. Assessing binocular interaction
in amblyopia and its clinical feasibility. PLoS One. 2014;9:
e100156.
22. Beck RW, Moke PS, Turpin AH, et al. A computerized method
of visual acuity testing: adaptation of the early treatment of
diabetic retinopathy study testing protocol. Am J Ophthalmol.
2003;135:194–205.
23. Cotter SA, Chu RH, Chandler DL, et al. Reliability of the
electronic early treatment diabetic retinopathy study testing
protocol in children 7 to <13 years old. Am J Ophthalmol.
2003;136:655–661.
24. Holmes JM, Beck RW, Repka MX, et al. The amblyopia
treatment study visual acuity testing protocol. Arch Ophthalmol. 2001;119:1345–1353.
25. Moke PS, Turpin AH, Beck RW, et al. Computerized method of
visual acuity testing: adaptation of the amblyopia treatment
study visual acuity testing protocol. Am J Ophthalmol. 2001;
132:903–909.

IOVS j October 2016 j Vol. 57 j No. 13 j 5654

Assessing Suppression in Amblyopic Children
26. Kwon M, Wiecek E, Dakin SC, Bex PJ. Spatial-frequency
dependent binocular imbalance in amblyopia. Sci Rep. 2015;5:
17181.
27. Ginsburg AP. Specifying relevant spatial information for image
evaluation and display design: an explanation of how we see
certain objects. Proc SID. 1980;21:219–227.
28. Gold J, Bennett PJ, Sekuler AB. Identification of bandpass
filtered letter and faces by human and ideal observers. Vision
Res. 1999;39:3537–3560.
29. Kwon MY, Legge GE. Spatial-frequency cutoff requirements for
pattern recognition in central and peripheral vision. Vision
Res. 2011;51:1995–2007.
30. Majaj NJ, Pelli DG, Kurshan P, Palomares MT. The role of spatial
frequency channels in letter identification. Vision Res. 2002;
42:1165–1184.
31. Parish DH, Sperling G. Object spatial frequencies, retinal
spatial frequencies, noise, and the efficiency of letter
discrimination. Vision Res. 1991;31:1399–1416.
32. Solomon JA, Pelli DG. The visual filter mediating letter
identification. Nature. 1994;369:395–397.
33. Hess RF, Babu RJ, Clavagnier S, et al. The iPod binocular homebased treatment for amblyopia in adults: efficacy and
compliance. Clin Exp Optom. 2014;97:389–398.
34. McAnanay JJ, Alexander KR. Contrast sensitivity for letter
optotypes vs. gratings under conditions biased toward
parvocellular and magnocellular pathways. Vision Res. 2006;
46:1574–1584.
35. Dorr M, Lu ZL, Lesmes LA, Bex PJ. Rapid and reliable
assessment of the contrast sensitivity function on an iPad.
Invest Ophthalmol Vis Sci. 2013;54:7266–7273.
36. Hou F, Lesmes LA, Bex PJ, Dorr M, Lu ZL. qCSF in clinical
application: efficient characterization and classification of

Downloaded from jov.arvojournals.org on 05/11/2021

37.
38.

39.
40.

41.

42.

43.

44.
45.

46.

contrast sensitivity functions in amblyopia. Invest Ophthalmol
Vis Sci. 2010;51:5365–5377.
Huang CB, Zhou J, Lu ZL, Feng L, Zhou Y. Binocular
combination in anisometropic amblyopia. J Vis. 2009;9(3):17.
Li J, Thompson B, Deng D, et al. Dichoptic training enables the
adult amblyopic brain to learn. Curr Biol. 2013;23:R308–
R309.
Sireteanu R. Binocular vision in strabismic humans with
alternating fixation. Vis Res. 1982;22:889–886.
Endo M, Kaas JH, Jain N, Smith EL III, Chino Y. Binocular crossorientation suppression in the primary visual cortex (V1) of
infant rhesus monkeys. Invest Ophthalmol Vis Sci. 2000;41:
4022–4031.
Thompson B, Mansouri B, Koski L, Hess RF. From motor cortex
to visual cortex: the application of noninvasive brain
stimulation to amblyopia. Dev Psychobiol. 2012;54:263–273.
Hess RF, Mansouri B, Thompson B. A new binocular approach
to the treatment of amblyopia in adults well beyond the
critical period of visual development. Restor Neurol Neurosci.
2010;28:793–802.
Hess RF, Mansouri B, Thompson B. A binocular approach to
treating amblyopia: antisuppression therapy. Optom Vis Sci.
2010;87:697–704.
Hess RF, Mansouri B, Thompson B. Restoration of binocular
vision in amblyopia. Strabismus. 2011;19:110–118.
Hess RF, Thompson B. New insights into amblyopia: binocular
therapy and noninvasive brain stimulation. J AAPOS. 2013;17:
89–93.
Li SL, Reynaud A, Hess RF, et al. Dichoptic movie viewing
treats childhood amblyopia. J AAPOS. 2015;19:401–405.

